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Abstract: Water supply sustainability is one of the biggest challenges of the century, 

necessitating efficient and economical technologies for water purification. One of the most 

critical technologies in our world is filtration because it tremendously helps to tackle water 

scarcity issues. Conventional filtration technologies such as distillation, condensation, 

coagulation, and adsorption are demanding energy and their operational conditions are 

complicated. Therefore, it is necessary to explore a cost-effective and energy-efficient 

method for the filtration process. Membrane-based water treatment technology is a 

promising technique because of its efficiency in terms of cost and separation performance. 

However, the membranes are suffering from fouling phenomena and fabricating 

membranes with fouling-resistance properties is important. In the first study, NaA zeolite 

was fabricated on a stainless steel mesh by secondary growth method through optimizing 

aluminum/silicon ratio (ASR) to effectively separate oily water. The NaA zeolite-coated 

mesh was tested for various oils, including olive oil, mineral oil, and diesel to assess the 

effect of the type of oil on oil/water separation efficacy. In the second study, ZnO atomic 

layer deposition (ALD) modified membranes were developed for treating produced water. 

ZnO ALD coating helped improve membrane hydrophilicity and antifouling property and 

reduced the roughness and pore size of the membranes by improving hydrophilicity and 

decreasing roughness. In the third study, mixed matrix membranes were developed by 

embedding hydrophilic nanoparticles (MIL-101(Cr)-NH2) into cellulose acetate (CA) 

matrix to enhance hydrophilicity to treat dye/salt solution. This helped counter fouling 

problems that membranes face when used to treat industrial wastewater by enhancing 

hydrophilicity. In the fourth study, super hydrophilic silica nanoparticles (Si NPs) were 

used to modify tubular α-alumina membranes to improve their performance in terms of 

flux, oil rejection, and antifouling properties. The prepared membranes were applied for 

oil/water emulsion treatment. The Si NPs leaching decreased from the surface of the α-

alumina tubular membrane by using polyvinyl alcohol (PVA) as a pre-treatment step. By 

coating Si NPs, the surface roughness decreased, leading to lower fouling since traps on 

the membrane surface for containment decreased with decreasing membrane roughness. 
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CHAPTER I 
 

 

INTRODUCTION 

 

 

The availability of clean water has been an important issue around the globe. The safety and 

maintenance of clean water sources are critical to the environment, societal concerns, and to human 

health. Oil spills attract the attention of the public because of their negative impact on human health, 

the environment, and regional economics [1]. Consequently, the development of oil/water 

separation technology has been a worldwide goal and challenge [2]. Various methods for water 

purification have been proposed, such as coagulation, adsorption, air flotation, and sorption [3-5]. 

However, these methods have drawbacks, such as high cost, large machinery, and low efficacy [6, 

7]. Membranes have been widely used in oil-water separation and desalination (the process by 

which the dissolved mineral salts in water are removed) due to their high separation capability and 

facile operation conditions [8, 9]. Micro/nano and ultra-filtration membranes have also been 

utilized for water treatment [10]. Typically, microporous membranes, regardless of their 

construction, suffer from fouling, which reduces the permeation efficiency. Membrane fouling is a 

process by which the particles, colloidal particles, or solute macromolecules are deposited or 

adsorbed onto the membrane pores or onto a membrane surface by physical and chemical 

interactions or mechanical action, which results in smaller or blocked membrane pores. 
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Although membranes are attractive due to their effective selectivity, affordable cost, easy handling, 

and low energy consumption, the membranes are prone to fouling by natural organics, proteins, 

and biofilms and corresponding decreases in flux over time. To remove foulants on the membrane 

surface, chemical rinsing is a proposed remedy, but the strong chemical can damage the membrane 

structure and decrease its lifetime [10]. Generally, there are two major categories of membrane 

materials: Organic (polymeric), and inorganic (ceramic) materials. Organic membranes are 

composed of modified organic polymers, while inorganic membranes are ceramic and metals-based 

[13]. Inorganic membranes have shown excellent thermal and chemical stability compare to 

polymeric membranes, and as well as greater fouling-resistant properties due to the inherent 

hydrophilic of inorganic material [14].  

Although polymer membranes have exhibited lower resistance to higher temperatures and harsh 

chemicals than inorganic membranes, they have been widely used for wastewater treatment due to 

their facile preparation, lower cost, lower energy requirement, and flexibility in membrane 

configuration [15]. Currently the local governing bodies or industries are using membrane 

technology for water filtration [15]. The current membranes have high energy requirements and 

require chemical usage for cleaning. The chemical usage increases the hazardous toxic material 

release to the environment [15]. The current work is about treatment of oil-in-water emulsion and 

dye/salt solution using ceramic and polymeric membranes, respectively. Significant efforts have 

been made to reduce membrane fouling [16-19]. For instance, Ju et al. [16] synthesized the fouling-

resistant poly (ethylene glycol) diacrylate (PEGDA) membrane for oil/water separation. This 

membrane showed higher permeation and lower oil fouling than uncoated polysulfone (PSF) 

ultrafiltration membranes. Although water permeability increased from 10 to 150 L μm/ (m2 h bar), 

the prepared polymeric membranes were not tolerated for harsh environmental conditions such as 

acidic, basic, and hot solutions [17]. Vatanpour et al. [20] improved the cellulose acetate (CA) 

membrane by incorporating ZnO graphitic carbon nitride nanocomposite to obtain pure water flux 
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(PWF) of 51.3 LMH, which was 2.1 times greater than pristine CA at same given driving force, 

while demonstrating highest rejection rate for synthetic textile wastewater containing Blue 3R dye. 

Although, the modified cellulose acetate (CA) membrane showed lower fouling ratio than the 

pristine cellulose acetate (CA), the membranes were applied only for one synthetic textile 

wastewater containing Blue 3R dye with high molecular weight (789.4 Da). The synthetic textile 

wastewater could not be a perfect model for real textile wastewater since it contains dyes with lower 

molecular weight that effect immensely the performance of membranes in terms of dye rejection 

and antifouling properties.  

In Aim I, NaA zeolite was coated on a stainless steel mesh by secondary growth method through 

optimizing aluminum/silicon ratio (ASR) to effectively separate oily water. Zeolite membranes 

have attracted significant attention due to their high surface area, unique molecular sieving 

properties, and various pore sizes [21, 22]. Zeolites consist of aluminum, oxygen, and silicone with 

tetrahedral crystalline framework, which produces discrete pore sizes [23]. In addition to that, 

zeolite membranes are inherently hydrophilic which results in lower oil fouling. Hydrophobic 

membranes are intrinsically vulnerable to oil fouling since hydrophobic materials are prone to 

adsorbing on the membrane surface due to their oleophilic properties [24, 25]. Using hydrophilic-

material-coated meshes for oil/water separation is promising because they repel oil droplets and 

facilitate the removal of oil foulants. Materials such as hydrogel [26], ZnO [27], and TiO2 [28, 29] 

have been coated on meshes to enhance hydrophilicity for oil/water separation. In spite of the 

aforementioned membranes’ high oil rejection efficiencies, their structures are not compatible in 

hot, acidic, and basic solutions [30, 31]. Zeolite membranes are favorable because of their chemical, 

mechanical, thermally stable, and corrosion resistant properties [32].  

In Aim II, ZnO atomic layer deposition (ALD) membranes were prepared for treating produced 

water. The ALD technique improved membrane hydrophilicity and reduced the roughness and pore 

size of the membranes. The applicable methods to endow hydrophilicity are hydrophilic 
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nanoparticle coatings, such as TiO2 [33], Al2O3 [34], SiO2 [35], graphene oxide [36], zeolite [37], 

and Fe3O4 [38] on the surface and inside the pores of the membrane. However, it is worth 

mentioning that such coatings can suffer from agglomeration that drastically decreases the 

performance of the membranes [39]. Alternatively, surface modification methods have been 

utilized, such as plasma treatment [40], dip coating [41], surface grafting [42], interfacial assembly 

[43], and surface deposition [44]. However, these traditional modification methods suffer from low 

stability, fragile membrane structure, restricted suitable substrates, and non-uniform surface [45]. 

To overcome such issues, atomic layer deposition (ALD) has emerged as a promising tool to 

fabricate membranes with controllable pore size and uniform structures. ALD has three advantages 

over conventional methods. First, the ALD process is compatible with a wide range of substrates 

[45]. Second, ALD generates a uniform coating over uneven supports, which not only keeps the 

original pore structure of the support but also reaches complete coverage [45]. Third, ALD allows 

for unprecedented control of the thickness of the coating, and can be tuned from nanometers to 

micrometers [45, 46].   

In Aim III, superhydrophilic silica nanoparticles (Si NPs) were coated on tubular α-alumina 

membranes to improve their performance in terms of flux, oil rejection, and antifouling properties. 

Membranes made out of ceramic materials such as alumina, zirconia, titania, and silica have 

attracted far more attention than other materials because of their biological stability and thermal, 

chemical, and mechanical resistances [47-49]. Alumina membranes are highly chemically inert and 

thus can be employed in over a wide pH range [50]. Muller et al. [51] applied an α-alumina 

membrane with a pore size of 0.8 µm for oil/water emulsion separation with oil droplet size and 

concentration of 4 µm and 250 ppm, respectively. Muller et al. reported stable permeability and a 

rejection rate of 30 L m−2 h−1 bar−1 and 30 %, respectively [51]. Hua et al. [52] studied the 

performance of α-alumina membrane with a 50-nm pore size for oily wastewater treatment with a 
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a500 ppm oil concentration. The results showed stable permeability and rejection rate of 63.9 L 

m−2 h−1 bar−1 and 98.1%, respectively [52].  

Grafting and coating are two commonly used methods for modifying membranes to improve their 

fouling properties and enhance the efficiency of operation [53]. Zhang et al.  grafted a Zwitterionic 

monolayer onto an α-alumina ceramic membrane, which immensely improved its flux and 

antifouling properties for O/W emulsion separation [54]. The main disadvantage of hydrophobic 

coatings is the rapid increase in membrane fouling resulted in high tendency of oil component to 

deposit on hydrophobic surface, which stops the filtration process and leads to a rise in operational 

costs [52]. Although anti fouling membranes were synthesized using coating hydrophilic 

nanoparticles for oil/water emulsion, there is a gap to study nanoparticles leaching from membrane 

surface during oil water filtration operation. This work describes the effects of modifying α-alumina 

membranes with different loadings of hydrophilic fumed Si NPs to improve the hydrophilicity of 

the membranes and increase their performance characteristics. In addition, Si NPs leaching from 

surface of the α-alumina membranes were studied.  

In Aim IV, modified cellulose acetate (CA) membranes were prepared by embedding hydrophilic 

MIL-101 (Cr)-NH2 nanoparticles into cellulose acetate (CA) matrix to enhance its hydrophilicity 

to treat dye/salt solution. Among various polymers, cellulose acetate (CA) is one of the most 

commonly utilized polymers due to its unique specification such as high selectivity, low cost, 

outstanding biocompatibility, durability, thermal stability, and abundance in nature [55, 56]. CA is 

somewhat hydrophilic due to hydroxyl groups in its structure, providing better film-forming and 

oleophobic properties [57, 58]. This template is best used for directly typing in your content. 

However, you can paste text into the document, but use caution as pasting can produce varying 

results. Although CA shows some hydrophilic property, membrane fouling regarding CA is still 

considered one of the biggest issues because of inadequate hydrophilicity allowing solute 
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molecules to stick to the surface. Therefore, membrane modification is necessary to enhance 

membrane performance [11, 12].  

Fouling in NF membrane is the major challenge limiting their application in large scale. Making 

membrane more hydrophilic is found to be an effective way to mitigate fouling, hence not 

drastically reducing flux. Polymer blending, where hydrophilic nanoparticles are directly mixed 

into the polymer matrix is a facile technique applied for membranes preparation that is easily 

implemented in the current commercial fabrication techniques [13].  

To improve hydrophilicity, nanoparticles are embedded into the polymer blend, called mixed-

matrix membranes, which help improve membrane performance such as permeability, and fouling-

resistant property, increasing membrane longevity [14, 15]. Organic nanoparticles are a promising 

alternative because of their higher interaction with polymers, which could be attributed to ample 

hydrophilic functional groups in them. These hydrophilic groups enhance hydrophilicity and 

fouling-resistant of the prepared membranes. These nanoparticles include metal-organic framework 

[16], chitosan [17], polystyrene [18], and polydopamine [19].  

Aim I: Fabricate zeolite membranes with tunable hydrophilicity for oil-water mixture separation.  

Significance: NaA zeolite-coated membranes with tunable hydrophilicity were prepared using a 

secondary growth method and used for high-level oil/water separation and then calculate and test 

the zeolite-based membranes to evaluate the oil/water separation efficiency, reusability, 

regenerability, and stability.  

The strategies are listed below followed by an illustration of the synthetization of the NaA zeolite 

coated mesh, shown in Figure 1.1.  

Task 1: NaA zeolite membranes preparation by secondary growth method through optimizing 

aluminum/silicon ratio (ASR). 
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Task 2: Characterization of NaA zeolite membranes.  

Task 3: Study performance of the fabricated membranes by measuring oil rejection rate and flux. 

 

 

Fig. 1.1 Schematic illustration of the synthetization of the NaA zeolite coated mesh (a) dip-coating, 

(b) hydrothermal synthesis, (c) zeolite-coated mesh, and (d) oil/water separation procedure. 

Aim II: Improving antifouling property of alumina microfiltration membranes by using atomic 

layer deposition technique for produced water treatment.  

Significance: ALD technique as a new approach was utilized to develop ZnO-coated alumina 

membranes with tunable hydrophilicity. ALD membranes were fabricated with a different 

number of ALD cycles, and performance parameters like pure water flux, total organic carbon 

(TOC) rejection, and anti-fouling property will be investigated. As shown in Fig. 1.2, nitrogen 

was used as a carrier gas and DI water as the oxidizer and diethylzinc, Zn(C2H5)2, (Strem 

Chemicals Inc., >95%, Newburyport, MA, USA) as the Zn source. Samples were prepared with 

20, 40, 60, 80, 100 and 120 cycles. The ZnO ALD reaction as the following, 
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The tasks are listed below followed by the schematic of membrane coating process using ALD 

technique. 

Task 1: Improved the pristine α-alumina membrane by coating ZnO using the ALD technique.  

Task 3: Characterization of the ZnO ALD membranes. 

Task 2: Study the anti-fouling property of the prepared membranes. 

 

 

Fig. 1.2 Schematic of membrane coating process using ALD technique. 

Aim III: Improving cellulose acetate (CA) mix matrix membranes by incorporating hydrophilic 

MIL-101-NH2 nanoparticles for treating dye/salt solution.  

         Significance: Mixed matrix membranes were developed by embedding hydrophilic 

nanoparticles (MIL-101 (Cr)-NH2) into cellulose acetate (CA) matrix to enhance hydrophilicity. 

The major goals of this study are mentioned as follows: (1) To achieve enhanced efficiency and 

antifouling properties of synthesized membranes; (2) To synthesize new CA/MIL-101(Cr)-NH2 

membranes utilizing phase inversion; (3) To determine the optimal concentration of synthesized 



9 
 

nanoparticles (MIL-101(Cr)-NH2), which were incorporated in the CA matrix. Figure 1.3. 

exhibited the CA/MIL-101(Cr)-NH2 membranes preparation steps using the phase inversion 

technique. First, a certain amount of the fillers (0.01, 0.05, 0.1, 0.2, 0.5, and 1 wt.%) relative to the 

CA were added to DMF and the solution sonicated for 30 min. Next, PEG (3 wt.%) and the CA (18 

wt.%) were loaded into the solution by stirring at 30 °C for 24 h.  

        The resulting membrane sheets were immediately immersed in a distilled water bath as 

nonsolvent at room temperature. After coagulation, the resulted membranes were rinsed and 

placed in fresh distilled water until tested. 

       The three tasks are listed below followed by an illustration of CA/MIL-101(Cr)-NH2 membrane 

preparation steps as shown in Figure 1.3. 

Task 1: Synthesizing MIL-101(Cr)-NH2 nanoparticles and CA/MIL-101 (Cr)-NH2 membranes 

using the phase inversion method.   

Task 2: Characterization of MIL-101(Cr)-NH2 nanoparticles and the prepared membranes. 

Task 3: Study the performance of the prepared membranes for treating salt/dye solution. 
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Fig. 1.3 CA/MIL-101(Cr)-NH2 membrane preparation steps. 

Aim IV: Improving antifouling property of alumina tubular microfiltration membranes by 

coating hydrophilic silica nanoparticles for oil/water emulsion treatment.  

Significance: Super hydrophilic silica nanoparticles (Si NPs) was coated on tubular α-alumina 

membranes to improve their performance in terms of flux, oil rejection, and antifouling properties. 

Initially, the α-alumina tubular membrane was washed with DI water to remove dust and pollutants 

and then dried in an oven at 60 °C overnight. A coating solution was prepared by dispersing the 

hydrophilic silica NPs into deionized water and stirred for two hours to form a homogeneous silica-

NPs solution at various weight percentages of 0.25%, 0.5%, 1%, and 3%. Before coating Si NPs 

on the surface of the α-alumina tubular membrane, a pre-treatment process was applied using a 

PVA solution. For the pre-treatment process, as shown in Fig. 1.4a and b,  the α-alumina tubular 

membrane was immersed in 10 wt.% PVA solution [20] and then dried in the oven at 60 °C 

overnight, respectively. The pre-treatment process was repeated several times to make sure most 

of the void and vacant sites of the pristine α-alumina tubular membrane were filled with PVA. Fig. 

1.4c shows that the pre-treated membranes were then immersed in Si NPs solution at various weight 
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percentages of 0.25%, 0.5%, 1%, and 3% several times and dried for a day. Finally, as exhibited in 

Fig. 1.4d, the fabricated membranes were then calcinated at 550 ºC for 3 hours to remove PVA 

(PVA melting point is 200 °C) and form mesoporous Silica coated membranes.  

 

Fig. 1.4 The schematic of the Si NPs coating on α-alumina tubular microfiltration membranes.  

          The tasks of the modified Si NPs coated on tubular α-alumina were listed below followed 

by schematic of the Si NPs coating on α-alumina tubular microfiltration membranes.  

       Task 1: Incorporate silica nanoparticles into inorganic membranes for oil/water emulsion 

separation in a cross-flow system.  

       Task 2: Characterization of the prepared membranes and study Si leaching from surface of 

membranes.  

       Task 3: Study the performance of the prepared membranes in terms of flux, oil rejection rate, and 

anti-fouling behavior in a cross-flow system.  
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CHAPTER II 
 

 

LITERATURE REVIEW 

 

 

2.1. Water and wastewater treatment process 

Due to climate changes that are critical for our global population, the significance of water as a 

necessary asset for humankind is inevitable. Water demand has tremendously increased recently 

and based on an estimation the water demand for the whole globe will be reached to 6900 billion 

m3 by 2030 [21, 22]. This amount is more than water available to most nations by approximately 

64%. Thus, to tackle this water sacristy, using filtration systems to recycle water for reusing should 

be a priority. For example, if companies that consume huge amount of groundwater in industrial 

processes (oil and gas companies, textile manufacturers, laundries, breweries, etc.) treat their 

wastewater to a level for reuse, it will be the most promising method to decrease groundwater 

consumption and tackle water scarcity issues [21, 22]. Unlike the conventional techniques, such as 

coagulation/flocculation, biological treatment, and settling, and media filtration, the pressure driven 

membrane technology is more efficient and cost effective. Pressure driven membrane processes 

(microfiltration, ultrafiltration, nanofiltration, reverse osmosis) can be applied to reject a wide range 

of components [21, 23].
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For example, the pressure driven membranes are used to remove components ranged from 

suspended solids (microfiltration process) to small organic compounds and ions (reverse osmosis 

process). However, the membrane process should be selected based on wastewater and water type. 

In other words, choose the rational pressure driven membrane process helps not only improve 

quality of treated water, but also decrease the cost of filtration process [24].   

2.2. Pressure-driven membranes 

Membrane filtration is a robust technique to remove particles in liquid solutions or gas mixtures. 

This technique has a wide range of applications ranging from dairy processing to wastewater 

treatment. The membranes act as a barrier that removes larger particles, while allowing smaller 

molecules to pass through the membrane into the permeate [25]. The driving force for pressure-

driven membrane processes is the pressure difference between the feed and permeate side to pass 

feed through the membrane. Containments are removed according to different mechanism such as 

size, shape, and charge. Pressure-driven membrane processes can be categorized their 

characteristics (pore size) or applied pressure on membranes. The four main techniques of pressure-

driven membrane filtration are Microfiltration (MF), Ultrafiltration (UF), Nanofiltration (NF), and 

Reverse Osmosis (RO), in order of decreasing pore size and operational pressure (Fig 2.2) [25, 26]. 

As shown in Fig 2.1, the pore size of microfiltration membranes ranges from 0.1 to 10 µm. They 

are mainly applied for removing large particulates, colloids, and bacteria from feed streams [26]. 

Ultrafiltration is similar to microfiltration in terms of process, but with smaller pore sizes ranging 

from 0.01 to 0.1 µm. UF membranes are used in the removal of viruses and polypeptides. These 

type of membranes are immensely applied in protein concentration and wastewater treatment 

industries. NF membranes are similar to reverse osmosis membranes in terms of structure. They 

are both have a dense layer (<1 μm) on top of a porous layer (50 to 150 μm) for small ion selectivity 

[22, 27]. NF membranes are able to remove multivalent salts and uncharged solutes, while allowing 

some monovalent salts to pass through. Unlike RO, NF membranes operate at lower pressures, 

making them an ideal option in terms of cost and also achieving an optimal combination of flux 
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and rejection. The pore size of RO membranes are smaller NF membranes and are able to reject all 

monovalent ions while allowing water molecules to pass through in aqueous solutions [23]. 

 

 

 

Fig. 2.1 Pressure-driven membrane process for water treatment technologies [25].  

 

2.3. Ceramic membranes  

In the early 1960, ceramic membranes were discovered and used for alcohol treatment and gas 

separation [76]. Generally, ceramic membranes are widely divided into porous and rigid ceramic 

membranes. The porous ceramic membranes are widely utilized in water treatment and have 

asymmetric structure including a thin selective layer (top layer), and a permeable support layer 
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(Fig.2.3). The ceramic membranes are categorized into cylindrical (hollow fiber and tubular) shape 

and flat sheets in terms of geometrics and configuration (Fig. 2.2) [77]. Among these two types of 

ceramic membranes, tabular and hollow-fiber ceramic membranes are immensely used in 

wastewater treatment because these membranes have higher active surface area, mechanical 

strength, and packing density [77, 78]. 

 

Fig. 2.2 The schematic (a) cross-section, (b) tubular (c) flat sheet, and (d) hollow fiber of the 

ceramic membrane [28].  

One of the most significant advantage of ceramic membranes over polymeric membranes is that 

the ceramic membranes are tolerated in harsh environmental conditions, such as strongly acidic, 

basic and hot solutions [29, 30]. The ceramic membranes are thermally stable up to 280° C (in some 

cased with specially designed up to approximately 700° C) and have fantastic corrosion-resistance. 

Finally, the ceramic membranes have a long operational life, and high membrane flux [29]. On the 

other hands, the most disadvantage of ceramic membrane is that they are relatively more expensive 
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than polymeric membranes. It is hard to deal with the ceramic membranes because of their 

brittleness property. In addition, the ceramic membranes have low rejection and modification 

process to adjust pore size is a complicated process [30].    

2.4. Polymeric membranes 

Polymeric membranes are relatively the first option for industrial applications since they are very 

cost-friendly and efficient. Unlike the ceramic membranes, it is very easy to control and adjust pore 

size of the membranes during different formation techniques, such as mixed matrix and interfacial 

polymerization. We usually select a polymer Selection of a polymeric membranes depends heavily 

on feed that is supposed to be filtered [31]. Cellulose acetate (CA), polyacrylonitrile (PAN), 

polyimide, polycarbonate (PC), polyethylene (PE), and polypropylene (PP), and 

polytetrafluoroethylene (PTFE) are common types of polymeric membranes. Generally, the 

performance of polymeric membranes is improved by embedding nanofillers like metal/metal oxide 

or CNTs. Among various membrane processes such as reverse osmosis (RO), nanofiltration (NF), 

and ultrafiltration (UF), NF membranes have been widely applied for textile wastewater treatment, 

as they showed substantial benefits for salt and dye rejections [32]. Cellulose acetate (CA) is one 

of the most commonly utilized polymers due to its unique specification such as high selectivity, 

low-cost, outstanding biocompatibility, durability, thermal stability, and abundant natural resources 

[33, 34]. CA showed high tendency for hydrophilic materials which can be attributed to the 

existence of hydroxyl groups in its chemical structure, giving better film-forming and oleophobic 

properties [35, 36]. Although CA is hydrophilic, membrane fouling regarding CA is still considered 

one of the biggest issues because its hydrophilicity is not enough to avoid dye droplet deposition 

tendency toward CA surface.  

Therefore, membrane modification would be a suitable choice to enhance membrane performance 

[11, 12]. Regarding the improvement of membrane performance, organic nanoparticles are 

promising alternative because they interact with polymers perfectly which could be attribute to 
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huge amount of hydrophilic functional groups. These hydrophilic groups enhance hydrophilicity, 

and fouling-resistant of the prepared membranes. The nanoparticles are metal-organic framework 

[16], chitosan [17], polystyrene [18], and polydopamine [19]. 

 

2.5. Methods    

2.5.1. Membrane performance test  

The oil rejection rate is defined and evaluated as follows:  

0

1 iC

C
 = −          (1)  

where η stands for oil rejection rate, and C0 and Ci are the concentration of oil in feed and permeate, 

respectively. The permeation flux was calculated using the following equation: 

V
J

A t
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         (2)  

where J is permeation flux (L m-2 s-1), V (L) is the volume of the permeate, A (m2) is the effective 

membrane surface area, and t (s) is the permeation time. The anti-fouling property of the 

membranes is measured by obtaining flux recovery rate (FRR). Initially, the filtration process using 

membranes is run for 1 h to calculate pure water flux (Jw,1), then BSA is treated for 1 h, and the 

obtained flux is defined as (Jp). During BSA treatment, the cake layers, responsible for fouling, are 

formed on the surface of the membrane. Next, the fouling is removed from the surface of the 

membranes by DI water washing for 10 minutes. Then, the cleaned membranes are placed in the 

setup to calculate the second water flux defined as (Jw,2). The flux recovery ratio (FRR) is obtained 

using equation 3, which shows the ability of the membranes against fouling phenomena. FRR is 

defined as follows: 
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2.5.2. Atomic Layer deposition (ALD)  

ZnO ALD was performed in an ALD reactor unit (OkYay Tech, Ankara, Turkey). The deposition was 

operated at 120 ºC and 120 millitorr. Before the deposition process, the α-alumina supports (1-inch 

diameter, 1 mm thickness, and ~25% porosity from Coorstek) were placed and stabilized inside the 

chamber for 30 min. To deposit a thin and uniform layer of ZnO (with a thickness of ~2 Å per cycle), 

nitrogen was used as a carrier gas and the subsequent amount of DI water and diethylzinc, Zn(C2H5)2, 

(Strem Chemicals Inc., >95%, Newburyport, MA, USA) were run at the various cycles (20, 40, 60, 80, 

100 and 120, respectively). The ZnO ALD process was conducted through the following mechanism, 

which was illustrated in Fig. 1.2 [37]. 

 

                                                              (4) 

 

2.5.3. Dead-end and cross-flow filtration systems 

Generally, pressure-driven membrane processes can be operated in two different modes: dead-

end and cross-flow operations. In the dead-end mode, there are only two streams, one inlet and one 

output. One stream of the feed enters the membrane module and flows vertically toward the 

membrane surface, and the other stream leaves the membrane module. However, in the cross-flow 

mode, there are three streams, one stream of the feed flows tangentially to the membrane surface, 

and the other two streams leaving the membrane module with one as a retentate flow and the other 

one as the permeate flow [38]. The dead-end mode is employed mostly in microfiltration (MF) and 

ultrafiltration (UF) for clarification and sterilization, where the feed is relatively clean. In most 

applications, the accumulation of the rejected particles or molecules is so severe that dead-end 

operation becomes impractical and cross-flow operation has to be adopted. The tangential flow in 

the cross-flow mode can help to shear away the accumulated rejected species at the membranes, 
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limit the heights of cake layers, and hence maintain the permeate flux [39]. Fig. 2.3 Shows the 

schematic diagrams of the dead-end mode and the cross-flow mode, and their effects on the 

permeate flux and the height and resistance of the cake layer [39]. 

 

Fig. 2.3 The schematic diagrams of the dead-end mode and the cross-flow mode, and their effects 

on the permeate flux and the height of the cake layer [39].  
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 CHAPTER III 

 

 

FABRICATE ZEOLITE MEMBRANES WITH TUNABLE HYDROPHILICTY FOR OIL-

WATER MIXTURE SEPARATION 

 

 

3.1. Introduction 

The availability of clean water has been an important issue around the globe, where the safety and 

maintenance of clean water sources is critical to environmental, societal and human health. Oil 

spills attract the attention of the public because of their negative impact on human health, the 

environment and regional economics [40-42]. Consequently, the development of oil/water 

separation technology is a worldwide goal and challenge. Various methods for oil/water separation 

have been proposed to refine the water, such as coagulation, adsorption, air flotation, and sorption 

process [43-49]. However, these methods have drawbacks, such as high cost, large machinery and 

low efficacy [50, 51]. Membrane filters have been widely used in oil-water mixture treatment due 

to their high separation capability and facile operation conditions [52, 53] Micro/nano and ultra-

filtration membranes have also been utilized for oil-water separation [54, 55].
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Typically, porous membranes, regardless of their construction, suffer from fouling, which reduces 

the permeation efficiency [50, 51, 54, 55]. For instance, polymeric membranes are attractive due to 

their effective selectivity, affordable cost, easy handling and low energy consumption [54], but are 

prone to fouling by natural organics, proteins and biofilms and corresponding decreases in flux 

over time. To remove foulants on the membrane surface, chemical rinsing is a proposed remedy, 

but strong oxidants can damage the membrane structure and decrease its lifetime [56]. Thus, 

regardless of its own costs and benefits, efforts on the use of organic membranes have remained an 

open challenge to be resolved.  

Inorganic membranes have great potential for oil-water separation due to their chemical and 

physical properties, high durability and reusability [52]. For treating oily wastewater, inorganic 

membranes, such as carbon nanotubes, graphene, and zeolite-based membranes have been 

proposed [57, 58]. Zeolite membranes have attracted significant attention due to their high surface 

area, unique molecular sieving properties, and various pore sizes [59, 60]. Zeolites consist of 

aluminum, oxygen, and silicone with tetrahedral crystalline framework, which produces discrete 

pore sizes [61]. In particular, NaA zeolites have been used in membrane applications because of 

their unique properties, such as high thermal stability and tunable pore diameters from 0.3-0.5 nm 

using ion exchange of aquatic calcium or potassium salt [62, 63]. Kiadehi et al. synthesized a NaY 

zeolite using the secondary growth method on stainless-steel mesh for hydrogen separation. They 

reported that the NaY zeolite mesh improved the hydrogen permeation flux by approximately 12 

times relative to a palladium composite membrane [64]. Jiang et al. synthesized hollow fiber CHA 

zeolite membranes with varied Si/Al ratios. CHA zeolite membranes with Si/Al ratios > 2.9 showed 

the highest separation factor (>10,000), as compared to 5,000 for a Si/Al ratio of 2.7. They reported 

it is probably because the low Si/Al ratio resulted in low crystallinity of membranes and the 

incomplete crystallization or dissolution of CHA zeolite crystals. The optimized Si/Al ratio 

enhanced the membrane’s stability in harsh environmental conditions, such as acidic environments, 
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because the high crystalline zeolites were not blocked, unlike the lower Si/Al ratio membranes [65]. 

For alcohol/water separation, Li et al. improved stability of NaA zeolite membranes by adding a 

polyelectrolyte on the membrane surface, which produced a permeability of 875 g m-2 h-1 and 

ethanol separation of 99.8% [66]. Liu et al. investigated the effect of seeding methods, such as dip-

coating, rubbing, and combinations of both rubbing and dip-coating, on the NaA zeolite 

membrane’s performance. The combination of rubbing and dip-coating showed a more uniform 

seed layer and improved its performance for ethanol/water separation, as compared to separating 

dip-coating and rubbing seeding methods [67]. Significant efforts have been made to reduce 

membrane fouling [68-71]. For instance, Ju et al. [68] synthesized the fouling-resistant poly 

(ethylene glycol) diacrylate (PEGDA) membrane for oil/water separation. This membrane showed 

higher permeation and lower oil fouling than uncoated polysulfone (PSF) ultrafiltration 

membranes. Water permeability increased from 10 to 150 L μm/ (m2 h bar) when the amount of 

water in the prepolymerization water mixture increased from 60 to 80 wt%. The membranes not 

only demonstrated a high tolerance for a wide range of pH (1-14) but also improved anti-fouling 

for oil/water separation [69].  

In order to reduce fouling, an attractive approach is to develop hydrophilic membranes. 

Hydrophobic membranes are intrinsically vulnerable to oil fouling since hydrophobic materials are 

prone to adsorbing to the membrane surface due to their oleophilic properties [72, 73]. Using 

hydrophilic-material-coated meshes for oil/water separation is promising because they repel oil 

droplets and facilitate the removal of oil foulants. Materials such as hydrogel [74], ZnO [75-77], 

and TiO2 [53, 78] have been coated on meshes to enhance hydrophilicity for oil/water separation. 

In spite of the aforementioned membranes’ high oil rejection efficiencies, their structures are not 

compatible in hot, acidic, and basic solutions [79, 80]. Zeolite membranes are favorable because of 

their chemical, mechanical, thermally stable, and corrosion resistant properties.  
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Herein, a NaA zeolite-coated mesh with tunable hydrophilicity is developed by a secondary growth 

method and placed in practice for high-level oil/water separation. The zeolite meshes are calcined 

and retested to investigate the oil/water separation efficiency, reusability, regenerability, and 

stability. The ratio of Al/Si (ASR) in the NaA zeolite mesh is considered as a key factor. Moreover, 

the NaA zeolite-coated mesh is tested for various oils including olive oil, mineral oil, and diesel to 

assess the effect of the type of oil on oil/water separation efficacy. The degree of hydrophilicity is 

evaluated along with for mesh stability analysis in in acidic, basic, and hot solutions.  

3.2. Experimental 

3.2.1. NaA seed synthesis 

The procedure for preparing NaA seeds has been previously reported by Zhang et al. [81] and only 

an abbreviated description is provided here. Sodium aluminate (Al (Al2O3):50-56%, Na (Na2O):40-

45%), sodium metasilicate nonahydrate (≥98% purity) and sodium hydroxide (99.99%) were 

purchased from Sigma-Aldrich (USA). Sodium aluminate (7.16 g) was added to 35 g of deionized 

(DI) water, and the resulting aluminate solution was stirred for 5 min. Silicate solution was 

produced by adding 20.72 g of sodium metasilicate nonahydrate to 42 g of DI water, and the 

resulting solution was stirred at 50 oC for 10 min. Subsequently the silicate solution was gradually 

added to the aluminate solution under vigorous stirring for 15 min. The resulting solution was 

transferred into a hydrothermal vessel and processed at 100 oC for 4 h. The synthesized NaA zeolite 

powder was washed in deionized water in a centrifuge and dried. Then, NaA seeding solution (3 

wt%) was obtained by adding 1.5 g of NaA zeolite powder into 50 ml of DI water. The pristine 

stainless steel mesh (0.9 in × 0.9 in) was washed and cleaned by ethanol, acetone, and deionized 

water, in that order. The cleaned mesh was dried overnight at 50 °C in an oven. Before hydrothermal 

synthesis, the cleaned mesh was seeded by dip-coating method (immersed in in NaA seeding 

solution) for 5 min (Fig. 1.1).  
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3.2.2. Zeolite-coated mesh synthesis 

The synthesis solution for secondary growth was prepared using  the following procedure [81]: 

Sodium hydroxide was dissolved in DI water under vigorous stirring for 5 min. Then, sodium 

aluminate was added and the resulting solution was stirred for 3 h. Subsequently, a uniform solution 

was obtained by adding sodium metasilicate nonohydrate and the solution was stirred vigorously 

for 30 min. The molar ratio of the solution was maintained at H18Na2O12Si: NaOH: H2O: NaAlO2 

= 1: 1.89: 172: X, respectively. The value of X was varied from 0 to 1.82. The dried seeded mesh 

was kept vertically inside a 20 ml autoclave reactor which contained 18 ml of synthesis solution 

and hydrothermal synthesis was carried out at 100 °C for 4 h (Fig. 1b and c). After hydrothermal 

growth, the fabricated membrane was taken out from the reactor and washed with DI water. Then, 

the NaA zeolite coated mesh was calcined at 450 °C for 4 h with a heating and cooling rate of 30 

°C/h. 

3.2.3. Characterization  

A FEI Quanta 600F field emission scanning electron microscope (SEM) equipped with an Energy 

Dispersive Spectrometry (EDS) X-ray microanalysis unit was used to examine the surface 

morphology and chemical composition of the NaA zeolite mesh, respectively. The phase and 

crystal structure of the NaA zeolite mesh was characterized by X-ray powder diffraction (XRD) 

(Bruker D8-A25-ADVANCE) scanning from 2Ɵ of 5–40°. UV–vis spectrophotometer (Beckman 

Coulter DU 730) and the analytical weighing scale (Cole-Parmer Instrument Company-USA) was 

used to measure the oil concentration in the permeate. A contact angle goniometer (Rame-Hart 

Goniometer model 250) was used to measure the contact angles of the mesh at room temperature. 

While measuring contact angle, a section of the mesh was put on plastic coverslips to hold the mesh 

and to avoid its submersion into water. To obtain a reliable oil contact angle (OCA), the results 

reported herein are on the average of three measurements on the three different areas of the NaA 
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zeolite mesh. Moreover, n-hexane (2 µL) was descended on the membrane surface for each contact 

angle measurement.  

3.3. Results and Discussion 

3.3.1. Characterization of NaA zeolite mesh 

The surface morphologies of the pristine and NaA zeolite coated mesh were examined by SEM. 

For an ASR = 0 (Fig. 3.1a0-a2), the coating is highly nonuniform when compared with those 

processed with a higher ASR (0.3-1.82), which indicates the crystallization was incomplete. 

However, with increasing ASR (Fig. 3.1b-e), it was found that the mesh surface was entirely coated 

by NaA zeolite crystals. The pore size of the meshes decreased from 150 µm (pristine mesh) to 

about 10 µm (ASR = 1.21, Fig. 3.1e0). As shown in Fig. 3.1c2, 3.1d2, and 3.1e2, the NaA zeolite 

meshes were aggregated on the stainless steel mesh surface and showed higher surface roughness, 

a very crucial factor for the underwater super-hydrophobicity of the mesh [79, 82]. To evaluate the 

stoichiometry of the NaA zeolite mesh, EDS was performed on the pristine and the zeolite coated 

mesh (ASR = 1.21). Based on Fig. 3.2a, iron, chromium, and nickel are the main components of 

the pristine mesh, as expected per the manufacturers specifications. The carbon peak is attributed 

to the carbon adhesive used to hold the mesh onto the SEM specimen holder. For the zeolite coated 

mesh with ASR = 1.21 (Fig. 3.2b), the elemental stoichiometry is 49% O, 15% Na,15% Al, and 

12% Si, which confirms that NaA zeolite film has been deposited on the stainless steel mesh. The 

XRD pattern of NaA zeolite powder, pristine stainless steel mesh, and NaA zeolite mesh are shown 

in Fig. 3.3. The XRD pattern of the NaA zeolite powder (Fig. 3.3c) ranges from 5 to 35°, which 

corresponds to the characteristic peaks of NaA zeolite crystals [83, 84]. The XRD pattern of NaA 

zeolite coated mesh (Fig. 3.3a) presents characteristic peaks of NaA zeolite crystals, as well as 

some peaks coming from the stainless steel mesh [64, 83, 84], which is to be expected. 
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Fig. 3.1 SEM photos of NaA zeolite coated mesh with (a) ASR = 0, (b) ASR = 0.31, (c) ASR = 

0.61, (d) ASR = 0.91, and (e) ASR = 1.21.  
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Fig. 3.2. (a) The energy dispersive spectrometer (EDS) element distribution of pristine mesh and 

(b) NaA zeolite (ASR = 1.21) coated on the mesh support. 
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Fig. 3.3. XRD pattern of a) the NaA zeolite coated mesh, b) pristine mesh, and c) NaA zeolite 

powder.  

The wettability of pristine mesh and NaA zeolite coated mesh were assessed by water contact angle 

(WCA) and oil contact angle (OCA) measurements. As shown in Fig. 3.4a, for a 2 µL DI water 

dropped on the surface of the pristine mesh, the WCA is 115.3°, indicative of the intrinsic 

hydrophobicity of the pristine mesh. For the zeolite coated mesh (ASR = 1.21), the WCA is 0° (Fig. 

3.4b), indicating that the NaA zeolite significantly increases the hydrophilicity of the mesh. To 

study the effect of ASR on the wettability of the membrane, underwater OCA was measured using 

n-hexane (2 µL). The underwater OCA of the zeolite mesh (ASR = 1.21) is 163.7° (Fig. 3.4c), 

indicating that the underwater super-oleophobicity of the membrane increases with the introduction 

of aluminum. In other words, the oil-fouling of the zeolite meshes decreases with increasing ASR 

from 0 to 1.21.  
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Fig. 3.4 Water contact angle in air for (a) pristine mesh, (b) NaA zeolite mesh (ASR=1.21), and 

(c) underwater oil contact angle for NaA zeolite coated mesh (ASR = 1.21). 

 

Fig. 3.5 shows the underwater super-oleophobic property of zeolite meshes for various ASRs. With 

increasing ASR from 0 to 1.21, OCA value increase from 132.0° to 163.7° (Fig. 3.5) and then 

slightly decreases to 160.7° for an ASR = 1.82. Given the high levels of OCA (e.g., 163.7° at ASR 

= 1.21), it is possible that a water layer forms between the NaA zeolite coated mesh and the n-

hexane droplet [85-87]. If NaA zeolite crystals are engaged and anchor the water layer, it could 

repel the oil from adhering to the surface[85, 88]. The empty 2p orbitals of Al3+ ions have an 

enormous tendency to link with water, resulting in an increase in the density of hydroxyl groups on 

the surface of the NaA zeolite crystals. Therefore, the enhanced hydrophilicity of the hydroxylated 

surface remarkably helps to reject oil molecules [85, 88]. Assuming that the capacity of empty 2p 

orbitals of Al3+ ions is limited, after incrementing the ASR there was not a considerable increase in 

OCA values. However, the OCA decreased slightly for ASR> 1.21.  
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Fig. 3.5 Underwater oil contact angles of n-hexane on the zeolite-coated mesh as a function of 

Al/Si ratio.  

3.3.2. Zeolite-coated mesh performance for oil/water separation 

As shown in Fig. 3.6, the oil rejection rate for ASR = 0 decreased from 96.2% to 93.7% after 4 

separation cycles, probably because there are no Al3+ ions that can enhance membrane surface 

hydrophilicity. However, the oil rejection rates of the mesh with ASRs of 0.3-1.82 were higher than 

that of ASR = 0, and the mesh with ASR of 1.21 showed the highest oil rejection rate of 99.4% 

during 4 separation cycles. Since Al3+ ions were incorporated in the zeolite structure by replacing 

Si4+ ions, the empty 3p orbital on the Al3+ ion accept unaccompanied pair electrons from electron 

donors. Therefore, it is expected that a larger concentration of Al3+ ions will increase the oil 

rejection [61, 89]. In other words, the higher the concentration of Al3+ ions incorporated into the 

membrane structure, the higher the oil separation rate. Once an oil/water mixture liquid is applied 

to the membrane surface, hydroxyl groups attach to Al3+ ions through synchronized bonds [65, 89], 

which converts the surface of the mesh from hydrophobic to hydrophilic through hydrogen bonding 

of hydroxyl groups. Consequently, a larger ASR in the mesh increases the connection between 

water and the mesh surface and leads to a higher oil rejection rate [81, 89].   
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Fig. 3.6 The oil rejection rate of NaA zeolite-coated mesh as a function of Al/Si ratio. 

 

Fig. 3.7 is a plot of the permeation performance of NaA zeolite-coated mesh as a function of ASR. 

According to Fig. 3.7, the water flux increases with increasing ASR, where the maximum water 

flux of 13,356 L m-2 h-1 is achieved for an ASR = 0.91 and subsequently decreases with increasing 

ASR. This decreasing trend of the flux for ASR>0.91 is attributed to the combination of underwater 

OCA and the decreasing pore size of the zeolite coated mesh (Fig. 3.5)[53]. Since the underwater 

OCA value is proportional to water penetration across the mesh [53, 90], the smaller OCA could 

decrease water penetration across the zeolite mesh, indicative of a weakening of the water capillary 

films.  To test the NaA zeolite coated mesh in corrosive aqueous solutions, the best zeolite mesh 

(ASR = 1.21) was selected and tested in various oils, such as n-hexane, mineral oil, olive oil, and 

diesel fuel. Fig. 3.8 shows that the oil rejection rates for various oils were above 98.1%.  
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Fig. 3.7. Effects of varied Al/Si ratios on water flux and oil rejection rate of the zeolite-coated 

meshes.  

 

Fig. 3.8. Oil rejection rate of NaA zeolite-coated mesh with ASR = 1.21 for various oils. 
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3.3.3. Reusability and stability of the NaA zeolite coated mesh membrane for oil water 

separation 

One of the primary challenges in membrane technology is fabricating anti-fouling membrane for 

long-term usage. Generally, membranes are highly prone to fouling, which reduces their separation 

efficiency and increases energy consumption [91]. To test the long-term reusability of the zeolite 

mesh for oil/water separation, we selected the mesh with ASR = 1.21 and evaluated for multiple 

separation cycles. After washing the used membrane with DI water and waiting for 10 min., the 

next oil/water separation was performed. As shown in Fig. 3.9, the oil rejection rate for the zeolite 

mesh with ASR = 1.21 after operating for 15 separation cycles remains greater than 99%. The 

results indicated impressive stability and reusability of the zeolite mesh. To assess the stability, the 

zeolite mesh was tested in acidic, basic, and hot oil/water mixtures, respectively. Before the test, 

the mesh was pre-wetted by 1M HCL(acidic), 1M NaCl, and hot water, respectively.   

 

Fig. 3.9 Oil rejection rate of the NaA zeolite-coated (ASR = 1.21) mesh during 15 separation 

cycles of oil/water mixture.  
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Fig. 3.10 shows that the zeolite mesh is quite stable in corrosive or hot aqueous solutions. The 

average oil rejection rate in normal, hot water, acidic, and basic solutions is 99.4%, 99.7%, 99.4%, 

and 99.4%, respectively. SEM images of the mesh before and after testing in corrosive or hot 

aqueous solutions are presented in Fig. 3.11. Although some cracks are observed on the mesh 

surface, the NaA zeolite structure remains unchanged, indicative of the high stability of the NaA 

zeolite structure in harsh conditions, which is supported by permeation results.  

 

Fig. 3.10. Oil water separation rate of NaA zeolite-coated mesh with ASR = 1.21 in ordinary, 

acidic, basic, and hot solutions.  

Moreover, reusability is one of the most significant features of the zeolite mesh. We examined the 

reusability by the re-calcination process. The used zeolite coated-mesh were re-calcined in the oven 

at 550 °C for 6 h with heating and cooling ramping rates of 30 °C/h. Upon subsequent use, the oil 

rejection rate is nearly unchanged and the average oil rejection rate after 3 re-calcination cycles is 

>99.4% (Fig. 3.12), as compared to that before calcination (99.7%). After 4 cycles of calcination, 

the zeolite-coated mesh exhibit reproducibility in terms of oil/water separation performance, which 

demonstrates that the recalcination is a simple and fast method to refresh the used mesh without 
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sacrificing performance. The re-calcination can not only save the membrane regeneration time, but 

also decreases the operational cost [89].  

 

 

Fig. 3.11 SEM photos of NaA zeolite-coated mesh a) before and b) after oil / water separation test 

in harsh environmental conditions. 

 

Fig. 3.12 Oil rejection rate of the NaA zeolite-coated meshes with ASR = 1.21 before and after 

calcination for oil/water separation. 
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To further investigate, the stability of the zeolite mesh, EDS has been performed before and after 

cyclic re-calcinations to observe changes in the zeolite stoichiometry and is summarized in Table 

3.1. The ASR decreases slightly from 1.21 to 1.11 after three re-calcination cycles, which is 

attributed to the loss of Al. During the re-calcination process, organic components, epoxy, and 

residual oil on the mesh surface can be burned and converted to form water [92, 93]. The re-

calcination process in the presence of water under 550 oC cause dealumination in the zeolite 

structure.  

Table 3.1: Elemental surface composition of NaA zeolite coated mesh (ASR = 1.21) before and 

after 3 times re-calcination.  

Samples 
EDS atomic %  

Al/Si  
Al Si 

Before re-calcination 21.59 17.86 1.21a 

After 1st re-calcination 21.10 17.52 1.20b 

After 2nd re-calcination 20.55 17.24 1.19 b 

After 3rd re-calcination 16.61 14.98 1.11 b 
a before separation test 
b after separation test 

 

3.4. Conclusion 

We synthesized NaA-type zeolite-coated mesh and controlled hydrophilicity by varying the Al/Si 

ratio (ASR). The zeolite mesh with ASR = 1.21 showed the highest separation efficiency of 99.5%. 

By increasing ASR from 0 to 1.21, the oil contact angle increased from 132° to 163.7°, an indication 

of increasing hydrophilicity of the mesh. However, with further increasing of the ASR from 1.21 

to 1.82, the oil contact angle slightly decreased to 160°. NaA zeolite layer formation on the mesh 

was confirmed by EDS, with a composition of 49% O, 15% Na,15% Al, and 12% Si, respectively. 

The zeolite-coated mesh (ASR = 0.91) had a water flux of > 13,513 L m-2 h-1 and the zeolite-coated 



37 
 

mesh (ASR = 1.21) had an oil rejection rate of > 99.4%. The zeolite mesh exhibited good stability, 

reproducibility, and refreshability in corrosive or hot aqueous solutions. The mesh performance in 

various oils, such as n-hexane, mineral oil, olive oil, and diesel, the oil rejection rate was above 

98%. The results show that the NaA zeolite-coated membrane is suitable for oil/water mixtures 

separation.  
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CHAPTER IV 
 

 

IMPROVING ANTIFOULING PROPERTY OF ALUMINA MICROFILTRATION 

MEMBRANES BY USING ATOMIC LAYER DEPOSITION TECHNIQUE FOR PRODUCED 

WATER TREATMENT 

 

4.1 Introduction 

Produced water (PW) is the water that comes out of a well with crude oil during production. PW is 

a combination of dissolved and dispersed oil components, dissolved minerals, production 

chemicals, and produced solids that contains a complex mixture of water, salts, and heavy metals 

[94]. Regulations restrict the discharge of PW into the environment. For instance, per the Paris 

Convention, the maximum Total Dissolved Solids (TDS) level for discharge can be 40 mg/L for 

offshore and 5 mg/L for onshore [95]. However, in the United States, the Environmental Protection 

Agency (EPA) has set an upper limit of overboard discharge of 72 mg/L per day and 48 mg/L per 

month [96]. These stringent regulations demonstrate the urgent need for evolving efficient 

treatment technologies. The conventional technologies for treating PW are dissolved air flotation 

(DAF) [97], coagulation [98], solvent extraction [99, 100], froth flotation [101, 102], 

biodegradation [103], and adsorption [104, 105]. These methods have disadvantages, such as low 

efficiency, high cost, corrosion, and re-pollution [94].



39 
 

Filtration of PW utilizing membrane technology has been studied since 1976. Compared to conventional 

technologies, membrane separation provides advantages, such as high selectivity, easier scale-up, energy-

efficient operation, and smaller space requirements [106]. These benefits make membrane treatment a 

potential method for treatment of PW [94, 106], where polymeric [107, 108] and ceramic membranes [109-

111] have been used. Ceramic membranes showed advantages over polymeric membranes, such as high 

thermal stability and easier regeneration. Ceramic membranes can be operated in harsh environmental 

conditions like acidic, basic, and hot solutions [96, 109]. Although polymeric supports have been 

extensively used in industry, due to lack of functional groups in the majority of polymeric supports, 

polymeric supports might not be modified with atomic layer deposition (ALD). Thus this likely restricts 

the use of non-polar polymeric membranes for many applications [112]. Multiple membrane interface 

engineering methods like plasma coating, layer by layer (LBL) assembly, and sol-gel treatment have been 

used to sterilize non-polar polymeric support in order to make them amenable for ALD but most of these 

techniques are not only expensive, but also time-consuming under operating condition [113]. Therefore, 

ceramic supports were selected in this study. A significant obstacle that restricts the broader application of 

membrane-based separation is fouling [114], where  fouling is the deposition of PW components like 

organic and inorganic materials on the membrane surface or inside of the pores, which results in decreased 

permeation flux and filtration performance [115]. PW contains high amounts of organic contaminants and 

TDS that are derived from the decomposition of minerals and organic components [116]. For instance, TDS 

of PW from the Marcellus shale reaches 390,000 ppm (39%). Such high salinity causes the filtration to be 

more complicated, and fouling phenomena would be inevitable during PW treatment [117]. 

Hydrophilicity plays an essential role in the fouling phenomenon, which can be controlled to inhibit 

membrane fouling. The applicable methods to endow hydrophilicity are hydrophilic nanoparticle coatings, 

such as TiO2 [118], Al2O3 [67], SiO2 [119], graphene oxide [120], zeolite [121], and Fe3O4 [122] on the 

surface and inside the pores of the membrane. However, it is worth mentioning that such coatings can suffer 

from agglomeration that drastically decreases the performance of the membranes [123]. Alternatively 

surface modification methods have been utilized, such as plasma treatment [124], dip coating [125], surface 
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grafting [126], interfacial assembly [127], and surface deposition [128]. However, these traditional 

modification methods suffer from low stability, fragile membrane structure, restricted suitable substrates, 

and non-uniform surface [129].  

To overcome such issues, atomic layer deposition (ALD) has emerged as a promising tool to fabricate 

membranes with controllable pore size and uniform structures. ALD has three advantages over conventional 

methods. First, the ALD process is compatible with a wide range of substrates. Second, ALD generates a 

uniform coating over uneven supports, which not only keeps the original pore structure of the support but 

also reaches complete coverage. Third, ALD allows for unprecedented control of the thickness of the 

coating, and can be tuned from nanometers to micrometers [129, 130]. Li et al. [131] utilized an ALD 

technique in order to coat Al2O3 on zirconia support with a pore size of ~50 nm, where they reported that 

the pore size of the substrate decreased with increasing ALD cycles. The deposition of 600 cycles of Al2O3 

by ALD caused a reduction of flux from 1,698 L m-2 h-1 bar-1 for the pristine zirconia support to 118 L m-2 

h-1 bar-1, while its bovine serum albumin (BSA) rejection increased immensely from 3% to 97% [131]. By 

increasing the number of ALD cycles, the membrane pore size and water permeability decreases, but the 

rejection rate increases due to hydrophilicity enhancement [131-134]. ALD has also been used for coating 

polymer-based membranes [135-140].  

In this work, ALD was successfully utilized as a new approach to develop ZnO coated alumina membranes 

with tunable hydrophilicity. Membranes were prepared with a different number of ALD cycles, i.e. 

thicknesses, and their pure water fluxes, TOC rejections, and anti-fouling properties were investigated. ZnO 

ALD was able to efficiently enhance the permeability, selectivity, and anti-fouling property of the 

membranes. 

4.2. Experimental section  

4.2.1. ZnO ALD thickness on the α-alumina support 

The various cycles and ZnO coated thickness of the prepared membranes are shown in Fig. 4.1 The 

thicknesses of the prepared membranes were determined by ellipsometry. In this method, blank Si wafers 
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were run simultaneously with the membrane samples and their thicknesses subsequently measured [141]. 

The thickness of the ZnO thin film was measured by using Ellipsometry (VB-400 VASE ellipsometer 

system, J.A. Woollam Co.). Experimental Ellipsometry and reflectivity data were acquired using 

wavelength from 330 to 800 nm at an interval of 1 nm with incident angle of 70º. A model with a 3 layered 

stack consisting of ZnO film, native SiO2 layer, and Si substrate with estimated thickness was constructed. 

Then, the model was fitted with an ellipsometry spectrum to obtain the thicknesses of SiO2 and ZnO layers. 

Further, we validated this model by demonstrating that it correctly generates the reflectivity spectrum. 

Once, a monolayer of the interfacial layer is formed, the ZnO layer should be growing on top of the ZnO 

layer. Hence, it was concluded that the film thickness grown on Si substrate should be comparable to the 

film thickness grown on α-alumina substrate.  

 
Fig .4.1 The number of ZnO ALD cycles and thickness of ZnO for the prepared membranes. 
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4.2.2. Membrane set-up 

The setup for flow-through PW treatment is shown in Fig. 4.2 The ZnO ALD membrane was fixed 

to a bell-shaped glass tube using an adhesive epoxy, and then the attached membrane was immersed 

in PW so that the ALD treated surface was facing down. In this setup, the driving force was created 

due to the pressure differential across the membrane using a vacuum pump, which caused the 

transport of PW across the membrane. A vacuum pump (1400B-01, WELCH-ILMVAC, Denver 

Gardner, Laguna Hills, CA, USA) was utilized in order to maintain a vacuum in the permeate side 

and the pressure differential of ~1 atm across the membrane. The feed side and permeate side 

pressures were 1.05 and 1.3×10-6 atm, respectively. The pressure differential through the 

membrane was continuously monitored by a pressure gauge. The glass tube, cold trap, and vacuum 

pump were connected with plastic tubes. All experiments were run until the pores of the membrane 

were blocked completely and there was no PW flow available across the membrane. During the 

filtration process, the water passed through the membrane in liquid form, while the hydrophilic 

membrane prevented the oily components from passing through. At the same time, because of 

vacuum conditions in the permeate side, evaporation occurred in the permeate side at room 

temperature. The water that passed through the membrane was very salty; however, evaporation in 

the permeation side of the membrane caused the salt reduction [166]. The salty water stayed on the 

top of the permeate side of the membrane, and clean water evaporated and flowed to the cold trap. 

The evaporated water was condensed in the cold trap, and then the collected water was measured 

to calculate water flux.   

4.2.3. Characterization 

A FEI Quanta 600F field emission scanning electron microscope (SEM) equipped with an energy 

dispersive spectrometry (EDS) and X-ray microanalysis unit were applied to investigate the surface 

morphology and elemental dispersion of both the ZnO ALD membranes and cross-sections, 

respectively. The surface of the sample was scanned by accelerating a fine focused electron beam 

under maximum potential difference of 20 kV. 
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Fig. 4.2 The Schematic of flow-through produced water treatment setup. 

 

 

For both SEM pictures and EDX analysis, samples were first coated by the gold layer (thickness of 

200–300 Å) to avoid any charges and then analyzed. The pore size distribution of the fabricated 

membranes was measured using Image J software. A contact angle goniometer (Core Laboratories 

IFT-10) was used to calculate the hexane contact angles (HCA) and water contact angle (WCA) of 

the ZnO ALD membranes at room temperature. The left contact angle (θ1) and right contact angle 

(θ2) of the hexane drop (mostly the amount of θ1 and θ2 were so close) were calculated and the 

average of five contact angles measurements (each for left and right side) was taken to be the final 

contact angle. The same measurement was done at three different positions on the surface of the α-

alumina support and the modified membranes. DR 5000™ UV-Vis spectrophotometer (HACH 

company, USA) was used to compute TOC parameter. The method 10173 (15 to 150 mg/L C) was 

applied to measure TOC of the treated PW; however, method 10128 (100 to 700 mg/L C) was used 

to calculate TOC of PW. A ZetaPALS ζ-potential (Brookhaven Instrument Corporation, USA) 

analyzer was used. DLS measurements were taken at 90° angle. A 200 μL fractional of PW 
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complexes were put inside the instrument. Triplicate measurements, including at least ten runs per 

measurement, with each run taking 1 min was applied to calculate oil droplet diameter. Finally, the 

vials were put inside UV-Vis spectrophotometer to read TOC. For each sample, we measured three 

different samples to obtain trustable data. The atomic force microscopy (AFM), MFP-3D Infinity 

Asylum Research, Santa Barbara, CA, USA) was used to study surface topography and membrane 

roughness (20 µm×20 µm). Inductively coupled plasma (ICP) model SPECTRO ARCOS 

(Germany) emission spectroscopy (Method 3120 B) was used to detect and measure elements such 

as salt components. The TDS was calculated using the following methods: 

Na + Ca + Mg + K + SO4 + Cl + NO3-N + HCO3 + CO3 (in ppm) = TDS (ppm) 

 

4.2.4. The produced water analysis 

PW was collected from Oklahoma wells. Based on the lab analysis, TOC and TDS of PW were 

measured as 160 ppm and 311388 ppm, respectively. The samples were taken from the middle of 

the PW container and then oil droplet size was measured using DLS equipment. For consistency, 

the same PW was used for filtration purposes in all experiments. Fig. 4.3 shows that the overall 

range of particle size for the PW ranged between 98 and 446 nm.  

 

Fig. 4.3 The oil droplet diameter of PW. 
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4.3. Results and Discussion  

4.3.1. Membrane characterization  

The characterization of the α-alumina support and the ZnO ALD membranes were carried out by 

SEM, EDX, HCA, and AFM. To alter the thickness of the deposition layer, the deposition cycles 

in the ALD process were varied. SEM images were taken to investigate the effect of ZnO ALD 

coating on the morphology of the α-alumina supports. As shown in Fig. 4.4, the α-alumina support 

had a coarse and non-uniform surface, but after ZnO ALD, the membrane surface became smooth 

[142]. There are no notable changes in morphology between the α-alumina support and ZnO ALD 

membranes (Fig. 4.4a1-e1). The identical surface morphology of the α-alumina support and ZnO 

ALD membranes could refer to the homogeneous and conformal layer coated on the surface of the 

α-alumina support [137]. However, the pore size of the ZnO ALD membranes changed slightly 

with varying ALD cycles due to the deposition of ZnO. Measuring the pore diameter of the 

membranes exhibited that with increasing number of ALD, the membrane pore diameter reduced 

slightly, but continuously (Fig. 4.4a3-e3). The mean pore diameter reduced from 200 nm for the α-

alumina support to 197.2, 193.8, 189.2, and 184.7 nm for the membranes after 40, 80, 100, and 120 

ALD cycles, respectively. Moreover, the thickness of ZnO coat increased with the number of ALD 

cycles, which is another explanation for the reduction of the membrane pore size (Fig. 4.1). Add 

10 mL of sample to a 50-mL Erlenmeyer flask. To adjust the pH, 0.4 mL of buffer solution was 

added to the samples to reach pH 2. The flask was put on a stirrer plate and the solution was stirred 

at a moderate rate for 10 min. Then, TOC persulfate powder pillow was added to acid digestion 

vial, the following 1 mL of the samples were added to these vials. To prepare the blank vial, 1.0 

mL of organic-free water was added to acid digestion vial. All the samples were placed inside the 

DRB200 reactor (HACH Company) for 2 hours at 103 to 105 °C. The vials were removed from the 

reactor and put in a test tube rack to cool for one hour. The physicochemical properties of PW 

complexes were determined by utilizing dynamic light scattering (DLS) to calculate the size of oil 

droplets. 
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Fig. 4.5 EDS element distribution of (a) M0 and (b) M6. SEM images corresponding to 

element distribution of (c) M0, and (d) M6. 
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To investigate chemical composition of the membrane surfaces, EDS was performed on the pristine 

M0 and M6 membranes. In Fig. 4.5, aluminum and oxygen are the main elements in M0 [143]. The 

carbon peak in both M0 and M6 is attributed to carbon, which is used for sputtering before SEM. 

For M6, the elemental stoichiometry showed 47.76% Al, 35.22% O, 6.63% Zn, and 1.35% Na, and 

negligible values of Mg, Si, Ca, which verifies that ZnO has been coated on the α-alumina support. 

The Zn/Al ratio increased from 0% for M0 to 13.9% for M6. To further investigate the presence of 

ZnO, EDS cross-section elemental map distribution has been performed for both M0 and M6. In 

Fig. 4.6, alumina and oxygen are the only elements in the cross-section for M0. However, in Fig. 

4.6b, the presence of Zn elements in M6 verified that ZnO has been coated on the surface of α-

alumina support. Zn concentration near the top surface of the membrane M6 is higher than the 

lower part, which indicates that ZnO was coated on the top surface of α-alumina support. In 

addition, the cross-section elemental distribution of the prepared membranes is shown in Fig. 4.7 

to observe changes in ZnO stoichiometry. The amount of Zn slightly increases from 0 to 1.98% 

after 20 cycles (M1) and it reached 9.77% after 120 cycles (M6). 

 

 

 

 

 

 

 

 

 

Fig. 4.6 EDS cross section elemental map distribution of (a) M0 and (b) M6 
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Fig. 4.7 EDS cross-section elemental distribution of α-alumina support (M0) and the modified 

membranes (M1-M6).  

For investigating the roughness, AFM images of the α-alumina support and ZnO ALD membranes 

(scan size of 20 µm × 20 µm) were taken and are shown in Fig.4.8 As exhibited in Fig 4.8a, M0 

has a rough surface with "hill-and-valley" morphology distributed throughout the membrane 

surface. After coating ZnO by the ALD technique, most of the hill-and-valleys became weak, and 

the surface became smooth [132]. Clearly, ZnO ALD reduced the roughness of ZnO ALD 

membranes in comparison with the α-alumina support (Fig. 4.8a-g). The surface roughness 

parameters of the membranes such as average roughness (Sa), root means square height (Sq), and 

the height difference between the highest peak and the lowest valley (St) are summarized in Table 

1. The roughness decreases with increasing ZnO ALD cycles. For instance, Sa, Sq, and St are 509 

nm, 629 nm, and 4490 nm for M0, respectively, while the corresponding roughness values 

decreased to 332 nm, 427 nm, and 2893 nm for M6. With reducing the surface roughness of the 

membranes, the trapping and sticking of contaminants into the "hill-and-valley" decreases 

dramatically, which likely improves the anti-fouling property of the prepared membranes [129].  
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Fig. 4.8 AFM images of M0 (a), M1 (b), M2 (c), M3 (d), M4 (e), M5 (f), and M6 (g). 
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Table 4.1: The surface roughness of the α-alumina support and ZnO ALD membranes. 

Membrane name 

Roughness Parameters 

Sa (nm) Sq (nm) St (nm) 

M0 509 629 4490 

M1 459 571 3621 

M2 434 540 2982 

M3 420 523 2992 

M4 407 488 2322 

M5 356 446 3174 

M6 332 427 2893 

 

The wettability of the M0 was studied by measuring HCA values. α-alumina support (M0) is 

hydrophilic inherently and some research confirmed this. Like for instance, Ahmad et al. measured 

water contact angle for the pristine α-alumina. They reported water contact angle zero for pristine 

alpha alumina confirming its inherent hydrophilic property [144]. In addition, because of 

hydrophilic nature of  ZnO, Shen et al. reported that water contact angle of polyethersulfone (PES) 

support improved by incorporating ZnO nanoparticles into the membrane matrix structure from 80º 

for PES to 55º for PES/ZnO membranes with 0.4 gr of incorporated ZnO [145]. 

To investigate the impact of ZnO ALD coating on the wettability of membranes, instead of WCA, 

underwater HCA was measured using n-hexane (2 µL). Note that the hydrophilicity increases by 

increasing HCA values. Fig. 4.9 exhibits the underwater super-oleophobic property of both the α-

alumina support and the ZnO ALD membranes. HCA increased from 165.1° (M0) to 170.5° (M6). 

The membranes showed the oil-fouling resistant property due to their hydrophilic property; oil did 

not show any tendency to stick on the surface of the prepared membranes [109, 146].   
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Fig. 4.9 Underwater oil contact angles of n-hexane on the pristine and ZnO ALD membranes as a 

function of the ZnO ALD cycles.  

 

4.3.2. TOC rejection rate in PW 

Fig. 4.10 represents both permeation flux and TOC rejection rate of ZnO ALD membranes as a 

function of ALD cycle. TOC rejection rate was 96.4% for M0, which could be attributed to the 

intrinsic hydrophilicity property of M0 (Fig. 4.9). With increasing ZnO ALD cycles, TOC rejection 

rate continuously increased up to 99.0% for M6. One factor that can explain the increasing trend 

of the TOC rejection rate is the thickness of the membranes. Increasing the number of ALD cycles 

leads to thicker deposition of ZnO on the membrane pore entrance and, consequently, causes a 

reduction of membrane pore sizes [133, 147].  

In addition, hydrophilicity showed a considerable impact on TOC rejection rate and permeability  

[133, 142]. With an increase in the number of ALD cycles, TOC rejection rate and permeability 

increased. This occurs because the contact between the solution and the pore walls impacts the 

filtration resistance [133, 148]. As shown in Fig. 4.10, all the ZnO ALD membranes exhibited 

better performance in comparison with the α-alumina support. The flux increased from 147.8 ± 1.6 

L m-2 h-1 for M0 to 170.2 ± 4.9 L m-2 h-1 for M2. With more ZnO ALD cycles, the flux of the 
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prepared membranes continued to increase until it reached a maximum value of 192.2 ± 5.3 L m-2 

h-1 for M5. However, the flux slightly decreased for M6 and reached 185.7 ± 3.4 L m-2 h-1 probably 

because permeability of the membrane was affected by both the reduced membrane pore size and 

the hydrophilicity [129, 133, 138, 148]. At smaller number of ALD cycles, M1 and M2, the pore 

size of the membranes decreased slightly as depicted in Fig. 4.4a2-e2. Therefore, the hydrophilicity 

dominated water permeability for M1 to M5, which further increased the flux. For M6, the layer of 

ZnO kept growing thicker, the membrane pore size decreased, and the impact of the membranes 

pore size became more dominant in permeation values which resulted in flux reduction from 192.2 

± 5.3 to 185.7 ± 3.4 L m-2 h-1 [133, 149, 150].  

 
Fig. 4.10 Effects of ALD ZnO cycles on water flux and TOC rejection rate. 

 

4.3.3. TDS rejection rate in PW 

The results of the α-alumina support and the ZnO ALD membranes on desalination are shown in 

Fig. 4.11 TDS in PW is high, 311388 ppm, which is not suitable for drinking water and agricultural 

purposes based on EPA regulations [151].  Because of its high total dissolved salts, high sodium 

level, and high boron content, PW is not recommended for livestock watering and crop irrigation, 
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respectively (Table 4.2). The PW water has greater Na concentration (89453 ppm) than EPA 

Livestock Water Limits guideline, and it is recommended to keep Na concentration less than 1000 

ppm. In addition, the PW water exceeds the guideline of 5mg/L for boron, which is likely harmful 

able for some livestocks. Excess boron in the diets of livestock may decrease feed consumption 

and cause weight loss [151]. In the flow-through PW treatment process, multiple factors such as 

hydrophilicity, membrane thickness, and pore sizes of the membrane play essential roles in 

membrane salt reduction and water permeability [152, 153]. Although TDS decreased  to 53205 

ppm in M0 by the flow-through process, the PW quality (permeate) is not suitable for livestock and 

irrigation watering (Table 4.2) [151, 154]. As shown in Fig. 4.11, with increasing the number of 

ZnO ALD cycles, TDS values gradually decreased, and the permeate reached the standard value 

for agriculture-based EPA regulations. After doing 40 cycles of ZnO ALD, the permeant contained 

low enough total dissolved salt and sodium content which is suitable for livestock and irrigation 

watering (Table 4.2) [151].  

 

Fig. 4.11 Analysis of membrane performance efficiencies for the desalination of the produced 

water. 
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Table 4.2: Analysis of produced water and treated produced water using ZnO ALD membrane 

(40 cycles).   

Analysis Produced water 
Treated after ZnO ALD 

membrane (40 cycles) 
EPA Livestock Water Limits 

B 47.5 ppm 0.2 ppm < 2.4 

Ca 22790 ppm 7 ppm No Guidelines 

Cl 194971 ppm 6.5 ppm <250 ppm 

Cu 0.06 ppm < DL <0.5 ppm 

Fe 0.03 ppm < DL No Guidelines 

Mg 2649 ppm 0.04 ppm No Guidelines 

Mn 1.8 ppm < DL No Guidelines 

NO3-N 0.3 ppm < DL <100 ppm 

K 1309 ppm < DL No Guidelines 

Na 89453.3 ppm 3.3 ppm <1000 ppm 

SO₄²- 189.4 ppm 0.2 ppm <1000 ppm 

Zn 0.03 ppm < DL <25 ppm 

EC 235000 µmhos/cm 35.6 µmhos/cm No Guidelines 

Hardness Class Very Hard Soft No Guidelines 

pH 5.9 6.7 5.5 - 9 

TDS 311388 ppm 28.5 ppm 3000 ppm 

DL: Detection Limit 

 

4.3.4. Anti-fouling properties of the membranes 

Membrane fouling is a significant problem that limits the durability and efficiency of the 

membranes. Membrane fouling is caused by the precipitation of contaminants (particulates or 

molecules) on the surface and within the pores of the membrane [155]. As shown in Fig. 4.12, after 

1 h of separation of PW, a huge amount of contaminants were precipitated on the surface of the 

membrane, and completely blocked the pores of the membrane. 
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Fig. 4.12 The morphology of M0 (a) before and (b) after 1 h operation of PW membrane  

filtration. 

This phenomenon can cause a reduction in membrane performance and increase the flow resistance 

across the membrane. Fouling on the membranes was investigated using characterization and 

performance tests. Fig. 4.13a and b show EDS data for M0 and M6, respectively. There are 

contaminants such as boron, oxygen, silicon, chlorine, calcium, iron, and sulfur stuck on the surface 

on M0. Similarly, these foulants were present on the surface of M6. However, the atomic 

percentage of contaminants on M6 is lower than M0, which indicates that ZnO ALD improved the 

fouling-resistant property. As mentioned, with increasing ALD cycles, the hill-and-valleys of the 

membranes decreases (Table 4.1), which likely helps in improving the anti-fouling factor because 

there are fewer vacant spaces for the contaminants to be precipitated [133, 138]. Another 

explanation regarding the anti-fouling property can be contributed to the alumina peak. Based on 

Fig. 4.13c, alumina peak intensity in M0 is weaker than M6, which contributed to the higher amount 

of foulants on the surface of M0 in comparison with M6. In this case, contaminants blocked the 

surface of M0, and the EDS beam could not detect the surface of M0 as efficiently as M6 [132]. 

The atomic percentage of contaminants such as B, Ca, Na, and Fe on the surface of M0 are more 

than M6, which shows M6 has a better anti-fouling property than M0.  
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Fig. 4.13 EDS elemental distribution of top surface of (a) M0, (b) M6, and (c) EDS atomic 

percentage of M0 and M6 after 1 h operation of PW membrane filtration.  

An FRR parameter was used to study the fouling behavior of the ZnO ALD membranes. To 

calculate FRR, we applied three steps: after 1 h pure water filtration, PW was filtered for 1 h, and 

finally, the pure water was filtered for another 1 h [156]. Fig. 4.14 exhibits FRR values for pristine 

and ZnO ALD membranes. All ZnO ALD membranes showed better FRR than the pristine 

membrane, which can be ascribed to higher hydrophilicity [157]. The higher hydrophilicity of ZnO 

ALD membranes is less oleophilic, which caused the reduction of oily foulants on the surface of 

the ZnO ALD membranes [109, 133]. M0 exhibited the lowest FRR value of 93.2 ± 0.54%, while 

FRR values of all ZnO ALD membranes were higher than 96.5%, and it reached the maximum 

amount of 99.5 ± 0.26 % for M5. The FRR results are consistent with the analyses and 

characterization results, such as HCA and roughness values. Increasing ZnO ALD cycles caused 

an increase in HCA values, which means that the ZnO ALD membranes have a lower inclination 

toward oils, and oil foulants were precipitated less on the membrane surface [158]. Roughness is 

another parameter affecting FRR values. Based on Table 1, the ZnO ALD converted the rough and 
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uneven surface of the pristine membrane to a uniform and smooth surface [136, 138]. Hence, 

pollutants in the PW, such as heavy metals and salts, did not have enough space in hill-and-valleys 

to be precipitated. In this case, FRR of ZnO ALD membranes increased because their anti-fouling 

property increased.  

 

Fig. 4.14. Flux recovery ratios (FRR) of the membranes as a function of ZnO ALD membranes. 

 

In order to better assess the fouling-resistant property of the ZnO ALD membranes, the membranes 

were tested to treat PW to the point that their pores were entirely blocked and the flux drastically 

reduced. As shown in Fig. 4.15, M0 filtered PW only for 2 h, and the water flux reached from 147.7 

± 1.7 L m-2 h-1 during 1 h of operation to 26.3 ± 6.1 L m-2 h-1 by the end of 2 h operation. Because 

of the high roughness of the membrane surface, the foulants can be confined inside the valleys, 

which caused reduction of the performance (Table 4.1) [136, 137]. However, separation time 

increased from 2 h to 4 h for ZnO ALD membranes M3 and M5, respectively. With more ZnO 

ALD cycles, the surface of ZnO ALD membranes  became smoother [142]. Therefore, the 

permeation operating time of ZnO ALD membranes (M1-6) increased, which prolonged the 

lifetime of the membranes. 
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M5 worked for 4 h with the flux reaching 190 ± 5.3 L m-2 h-1 during 1 h of operation to 65 ± 6.97 

L m-2 h-1 at the end of 4 h of operation, which showed tremendous improvement in comparison 

with the alumina support. Clearly, the membrane lifetime is dependent on the anti-fouling property 

of the membrane, which can be easily improved through ZnO ALD. 

Fig. 4.15. Flux vs. time for the pristine and ZnO ALD membranes. 

 

4.4. Conclusion  

ZnO was coated on the α-alumina support using ALD, which helped improve membrane 

hydrophilicity and reduced the roughness and pore size of the membranes. Contact angle 

measurements showed that the oil contact angle increased from 165.1° for the α-alumina support 

to 170.5° for ZnO ALD membrane (120 cycles), which enhanced pure water flux. Membrane pore 

size is another main factor that significantly affects flux. The flux increased from 147.8 ± 1.6 L m-

2 h-1 for M0 to 192.2 ± 5.3 L m-2 h-1 for M5. We assumed that for M0-M5, the hydrophilicity 

dominated water permeability, which caused an enhancement in flux value. With higher 

hydrophilicity, water passes through the membrane faster which resulted in flux enhancement. 

However, the flux slightly decreased for M6 and reached 192.2 ± 5.3 L m-2 h-1 for M5 to 185.7 ± 
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3.4 L m-2 h-1 for M6 because the layer of ZnO kept growing thicker, the membrane pore size 

decreased. Consequently, the impact of the membranes pore size became more dominant in 

permeation values.  

ZnO ALD also helped reducing the roughness of the membrane, which improved the anti-fouling 

property. Although ZnO atomic layer deposition (ALD) has shown considerable improvement 

against membrane fouling in our current work, it is not the ultimate solution to overcome the 

membrane fouling problem. Recent work by Zheng et. al [159] describes the emerging role of 

methods and materials from photocatalytic pollutant degradation to alleviate membrane fouling 

problems. In addition, Zhang et. al [160] used photocatalysis with membrane separation to 

significantly reduce membrane fouling. A visible light-activated photocatalytic film was prepared 

by N2 doping on TiO2 deposited (via ALD) ceramic support and a stable membrane operation was 

observed. By reducing the surface roughness of the membranes, the trapping and percipitation of 

contaminants into the "hills-and-valleys" decreased dramatically. TOC rejection and TDS were 

96% and 311388 ppm for M0 and 99% and 10 ppm for M5, respectively. The drastic reduction in 

TOC and TDS values was a result of improved membrane hydrophilicity and decreased membrane 

roughness by ZnO ALD. Purified water met the irrigation standards of the Environmental 

Protection Agency (EPA), and thus ZnO ALD modified membranes provides a potentially 

sustainable and robust solution for the purification of PW. The reusability and longevity of the ZnO 

ALD membranes was enhanced in comparison to the α-alumina support.   
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CHAPTER V 
 

 

IMROVING CELLULOSE ACETAT (CA) MIX MATRIX MEMBRANES BY 

INCORPORATING HYDROPHILIC MIL-101-NH2 NANOPARTICLES FOR TREATING 

DYE/SALT SOLUTION 

 

Industrial wastewater, especially in biomedical and textile industries, generates a huge amount of 

extremely polluted wastes that contain harmful dyes, toxic macromolecules, inorganic salts such 

as NaCl, suspended solid particles, acids, and other hazardous chemicals. The complex structure 

and chemical stability of such pollutants make the treatment process challenging [161]. Generally, 

several methods have been used to treat textile wastewater, including physical, chemical (Fenton 

oxidation, chemical coagulation, and electro-coagulation), and biological treatment (aerobic and 

anaerobic degradation) [162, 163]. Drawbacks of these methods involve long process time in case 

of biological treatment, sludge generation in oxidation process, and high energy demand for 

adsorbent recovery. However, membrane technology, being a pressure-driven physical separation 

process can benefit from low energy requirement while providing selectivity, lower maintenance, 

and operation simplicity, and its modular design allows handling of varying feed quality and 

volume [164, 165].Polymers have been widely utilized in fabricating membrane materials because 

of their immense variety, low cost, and ease of fabrication process [166]. Among reverse osmosis 

(RO), nanofiltration (NF), and ultrafiltration (UF), NF membranes serves best for 

wastewater treatment, because of higher permeance compared to RO.  
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However, RO membranes are significantly high separation capabilities for salt and other 

solute compared to UF membranes [32]. Among various polymers, cellulose acetate (CA) 

is one of the most commonly utilized polymers due to its unique specification such as high 

selectivity, low cost, outstanding biocompatibility, durability, thermal stability, and 

abundance in nature [33, 34]. CA is somewhat hydrophilic due to hydroxyl groups in its 

structure, providing better film-forming and oleophobic properties [35, 36]. Although CA 

shows some hydrophilic property, membrane fouling regarding CA is still considered one 

of the biggest issues because of inadequate hydrophilicity allowing solute molecules to 

stick to the surface. Therefore, membrane modification is necessary to enhance membrane 

performance [11, 12]. 

Fouling in NF membrane is the major challenge limiting their application in large scale. Making 

membrane more hydrophilic is found to be an effective way to mitigate fouling, hence not 

drastically reducing flux. Techniques like surface coating; surface chemical treatment, surface 

grafting, and polymer blending have been studied to enhance membrane hydrophilicity [12, 167]. 

Surface coating runs the risk of peeling of the hydrophilic coating under harsh crossflow conditions 

and this technique is only appropriate for high molecular weight polymers [168-170]. Although 

chemical modification involving addition of polar groups, for example –OH, –COOH, and –NH2 

or grafting hydrophilic monomers, is effective, but it requires, often sophisticated, post-processing 

step after membrane fabrication, that limits membrane scaleup [171-174]. Polymer blending, where 

hydrophilic nanoparticles are directly mixed into the polymer matrix is a facile technique applied 

for membranes preparation that is easily implemented in the current commercial fabrication 

techniques [13].  

To improve hydrophilicity, nanoparticles are embedded into the polymer blend, called mixed-

matrix membranes, which help improve membrane performance such as permeability, and fouling-
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resistant property, increasing membrane longevity [14, 15]. However, mixed-matrix membranes 

using inorganic nanoparticle faces two main challenges. First, particles, if large, tends to aggregate, 

leading to an uneven membrane surface, hence increasing risk of fouling. Secondly, the low affinity 

between the inorganic nanoparticles surface and the polymer chains leads to uneven dispersion, 

causing nanoparticle clusters in the polymer matrix, failing to impart uniform desirable property 

throughout the membrane [175, 176]. On the contrary, organic nanoparticles are a promising 

alternative because of their higher interaction with polymers, which could be attributed to ample 

hydrophilic functional groups in them. These hydrophilic groups enhance hydrophilicity and 

fouling-resistant of the as-prepared membranes. These nanoparticles include metal-organic 

framework [16], chitosan [17], polystyrene [18], and polydopamine [19].  

Vatanpour et al. [177] improved the CA membrane by incorporating ZnO@graphitic carbon nitride 

nanocomposite to obtain pure water flux (PWF) of 51.3 LMH, which was 2.1 times greater than 

pristine CA at same given driving force, while demonstrating highest rejection rate for bovine 

serum albumin (BSA) and Blue 3R dye (Reactive Blue 50) rejections. Polyethersulfone (PES) 

nanofiltration membrane was modified in terms of antifouling behavior by incorporating 

nanocrystalline Ce(III) MOF (Metal Organic Framework) [178], and pure water flux and dye 

rejection rate were reported 21.2 LMH and 99%, respectively. Vetrivel et al. [179] studied CA 

modification using embedding hydrous manganese dioxide (HMO) nanoparticles, and the modified 

membranes showed PWF (143.6 LMH), BSA rejection (95.9%), and FRR (93.3%). 

CA/nanohydroxyapatite membranes were synthesized for NaCl rejection, and the modified 

membrane exhibited NaCl rejection rate of 99.1% and water permeability of 34.96 LMH bar. In 

this research, MIL-101(Cr)-NH2 nanoparticles were selected to be embedded into the CA matrix to 

develop nanocomposite membranes due to their low cost, mesoporous zeotype architecture with 

mesoporous and microporous cages windows, a giant cell volume, huge surface area, 

hydrophilicity, and numerous unsaturated chromium [180]. Only a few works have been published 

on applying MIL-101(Cr) nanoparticles in the water treatment area [181]. 
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The major goals of this study are as follows: (1) To achieve enhanced efficiency and antifouling 

properties of synthesized membranes; (2) To synthesize new CA/MIL-101(Cr)-NH2 membranes 

utilizing phase inversion; (3) To determine the optimal concentration of synthesized nanoparticles 

(MIL-101(Cr)-NH2), which were incorporated in the CA matrix. Synthesized nanoparticles were 

characterized by Fourier transform infrared (FTIR) spectroscopy, Transmission electron 

microscopy (TEM), and scanning electron microscopy (SEM). The structure and chemical 

stoichiometry, hydrophilicity, surface morphology and separation performance of the synthesized 

membranes, and the pure water, dye, and BSA flux were measured comprehensively.  

5.2. Experimental  

5.2.1. Materials  

Cellulose acetate (Mn = 50,000 Da), polyethylene glycol (PEG, MW = 4000 Da), N, N-

Dimethylformamide (DMF, 99.8%), chromium (III) chloride hexahydrate (>96%), terephthalic 

acid, ammonium fluoride (>98%), epichlorohydrin (>99%), and sodium hydroxide and bovine 

serum albumin (BSA) were purchased from Sigma Aldrich® Chemical Co (Germany). Ammonia 

solution 25% was purchased from Merck (Germany). Methyl blue (C37H27N3Na2O9S3, MW = 799.8 

g/mol) was provided from Alfa Aesar (England).  

5.2.2. Synthesizing MIL-101(Cr)-NH2 nanoparticles  

MOF was fabricated via hydrothermal reaction of chromium (III) chloride hexahydrate, 

terephthalic acid (TPA), and deionized (DI) water (the reactants molar ratios were chromium(III) 

chloride hexahydrate:TPA:H2O = 1:1:300), as described elsewhere [180]. The precursor solution 

was placed inside a hydrothermal autoclave reactor and heated in an oven at 210 °C for 8 h. After 

hydrothermal synthesis, the synthesized MOF was purified and collected in three steps. First, 1 g 

of the synthesized MIL-101(Cr) was dispersed in 300 mL of deionized water and stirred for 5 h at 

70 °C. Subsequently, the MIL-101(Cr) nanoparticles were separated by centrifuge (4000 rpm, 10 

min) and dried in the oven for 6 h. Secondly, the MIL-101(Cr) nanoparticles were added to 250 
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mL of ethanol, and stirred for another 3 h at 60 °C and collected by centrifuge (4000 rpm, 10 min). 

In the last step, the MOF collected from the second step was loaded to 150 mL of 30 mM NH4F 

solution and stirred for 10 h at 60 °C [182]. The final solid purified MOF was filtered with a 

centrifuge (4000 rpm, 20 min), washed sufficiently with hot water, and placed in an oven overnight. 

The synthesized MOF was functionalized by adding 1.1 g of MIL-101(Cr) to 100 g of water and 

sonicated for 2 minutes. Then, 5 molar NaOH was added to the solution and then stirred vigorously 

for 15 minutes. Afterwards, 70 ml of epichlorohydrin was added to the solution and stirred for 24 

hours. Finally, 60 ml of ammonia was poured in the solution and then stirred for 1 hour. The desired 

product was separated by centrifuge (4000 rpm, 30 min) and washed with DI water, and then MIL-

101(Cr)-NH2 as final product was dried at 60 °C in an oven [181]. 

5.2.3. Membrane preparation  

The CA/MIL-101(Cr)-NH2 membranes were prepared using the phase inversion technique (Fig. 

1.3). First, a certain amount of the fillers (0.01, 0.05, 0.1, 0.2, 0.5, and 1 wt.%) relative to the CA 

were added to DMF and the solution sonicated for 30 min. The concentration of the casting solution 

is summarized in Table 5.1. Next, PEG (3 wt.%) and the CA (18 wt.%) were loaded into the solution 

by stirring at 30 °C for 24 h. After that, the casting solutions were put in an oven at 60 °C for 

degassing. Finally, the casting solutions were cast on glass with a casting knife of 150 μm thickness. 

The resulting membrane sheets were immediately immersed in a distilled water bath as nonsolvent 

at room temperature. After coagulation, the resulted membranes were rinsed and placed in fresh 

distilled water until tested. To determine the optimal concentration of synthesized nanoparticles 

(MIL-101(Cr)-NH2), which were incorporated in the CA matrix. Synthesized nanoparticles were 

characterized by Fourier transform infrared (FTIR) spectroscopy, Transmission electron 

microscopy (TEM), and scanning electron microscopy (SEM). The structure and chemical 

stoichiometry, hydrophilicity, surface morphology and separation performance of the synthesized 

membranes, and the pure water, dye, and BSA flux were measured comprehensively.  
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Table 5.1. Different concentrations of casting solution for the preparation of the membranes. 

Membrane 
MIL-101-Cr 

(%wt.) 
CA (%wt.) 

PEG 

(%wt.) 

DMF (%wt) 

M0 0 18 3 `79 

M0.01 0.01 18 3 72.97 

M0.05 0.05 18 3 72.94 

M0.1 0.1 18 3 72.91 

M0.2 0.2 18 3 72.88 

M0.5 0.5 18 3 72.85 

M1 1 18 3 72.82 

 

5.2.4. Membrane characterization   

The bonding behaviors of the synthesized nanoparticles were studied by Fourier-transform infrared 

(FT-IR) spectroscopy (Nicolet iS50 FTIR spectrometer, Thermo Scientific, Waltham, MA, USA) 

in the range of 4000-500 cm-1. A FEI Quanta 600F field emission scanning electron microscope 

(SEM) connected with an energy dispersive spectrometry (EDS) and X-ray microanalysis unit were 

used to study the surface morphology and elemental stoichiometry of both the CA/MIL-101(Cr)-

NH2 membranes top surfaces and cross-sections. Before capturing SEM and EDX pictures, samples 

were initially coated with the gold layer (thickness of 200–300 Å) to avoid charging. Water contact 

angle (WCA) was measured using a goniometer consisting of a digital microscope positioned 

horizontally (make: Dino Lite; model: AM7815MZTL), a cold background light source with 
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diffusor, and a height adjustable stage. A 5 μL water droplet was gently put on the surface of the 

membrane, and then the image of the droplet was captured. A minimum of five contact angle 

measurements on each membrane was obtained, and the average values with standard deviations 

are reported. The atomic force microscopy (AFM), MFP-3D Infinity Asylum Research, Santa 

Barbara, CA, USA) was used to study surface topography and membrane roughness (20 µm×20 

µm).  

5.2.5. Performance of nanofiltration membranes and pore size 

The performance of the fabricated membranes was investigated by using a lab-scale dead-end 

filtration set-up. The prepared membranes (1.7 cm2) were put between two Teflon sheets and was 

sealed completely by plastic O-ring and epoxy resin. Before running the experiment, the fabricated 

membranes were first compressed at a pressure of 5 bar, and then the separation experiments were 

run at a pressure of 4 bar using pure water.  The steady permeation flux, J, was calculated as follows: 

         
V

J
A t

=


                                                                                                  (1) 

where V is the total volume of permeate (L), A is the effective surface area of the membrane (m2), 

and t is the duration of the filtration process (h). The rejection rate (R) was defined by the following 

equation: 

          
0

1 iC

C
 = −                                                                                                   (2) 

where η stands for the rejection rate, and C0 and Ci are the feed and permeate solution 

concentrations, respectively. The concentrations of salt solutions were calculated by a portable 

conductivity meter (Mi 306, Milwaukee, Romania). Na2SO4, MgSO4, and NaCl were the salts used 
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in this study. Physical properties including the ionic radius and hydrated radius of various salts and 

the property of the dyes used in this study, are summarized in Table 5.2.  

 

Table. 5.2: Specification of salts and dyes used in this study [183, 184]. 

Dyes Molecular Structure Mw (Da)* λ(nm)** Charge 

MB 

 

799.8 594 Anionic 

MeB 

 

319.8 664 Cationic 

RhB 

 

479.02 560 Cationic 

* Molecular Weight 

**Maximum absorption wavelength 

Salts 

Ion Crystal ionic radius (Å) Hydrated radius (Å) 

Na+ 0.95 3.6 

Mg2+ 0.65 4.3 

Cl- 1.8 3.3 

SO4
2- 2.9 3.8 
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The molecular weight cut-off (MWCO) of the prepared membranes was measured by the rejection 

of PEGs with various molecular weights (200, 400, 600, 800, 1000, and 1500 Da). Whenever 

rejection surpasses 90% for a given PEG, the molecular weight of that PEG is defined as the 

MWCO of the membrane. PEGs solution with concentration of 200 mg L–1 was used to probe the 

MWCO of the prepared membranes. The PEG concentration in the feed and permeate was 

calculated using DR 5000™ UV-Vis spectrophotometer (HACH Company, USA). The methods 

10173 (15 to 150 mg/L C) and 10129 (0.3 to 20.0 mg/L C) were applied to measure the TOC of the 

feed and permeate. The MWCO values of every single membrane were calculated using the 

MWCO curve, which is a plot of the rejection of PEGs versus their molecular weight. In addition, 

the mean pore diameter of the prepared membranes was obtained utilizing the following equations 

[185, 186]: 

  dp = 33.46 × 10-12 × M0.557                                                                          (3) 

where M is the molecular weight of PEG (Da) and dp is the mean pore diameter (nm) of the 

prepared membranes. Dye concentrations in this study was obtained by a UV–vis 

spectrophotometer (Beckman Coulter DU 730). Methyl Blue (MB), Methylene Blue (MeB), and 

Rhodamine B (RhB) are used to study the dye rejection performance of the prepared membranes. 

At least three membrane samples were utilized for all separation performance measurements. 

5.3. Results and Discussion  

5.3.1. Characterization of nanomaterials 

Fig. 5.2 shows the FT-IR spectra of MIL-101(Cr) and MIL-101(Cr) –NH2 nanoparticles. The 

spectra of MIL-101(Cr) nanoparticles exhibited several strong IR absorption bands consistent with 

the reported spectrum [187]. The absence of vibration peak of carboxylic groups in FTIR spectrum 

at 1740 cm−1 showed the chelation between Cr3+ and –COOH that resulted in the formation of Cr–

O bond [187, 188]. The rest of bonds between 590 and 1548 cm-1 are attributed to benzene rings, 
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consisting of the C=C stretching vibration at 1505 cm−1 and the C–H deformation vibration at 729, 

972, and 1000 cm-1[189]. The vibrational bands at 1420 cm−1 proved the existence of –O–(C=O)– 

(dicarboxylate groups) in the MIL-101(Cr) structure[187]. Besides, the sharp peaks at 1392 and 

1548 cm−1 confirmed the presence of the stretching vibration of the carboxylates bond asymmetric 

vibrations on the terephthalic acid [187, 189]. The FT-IR image of MIL-101(Cr)-NH2 exhibited 

that two peaks appeared at 3380 and 3600 cm−1 which, are attributed to N-H stretching of amide 

[190].  

 

Fig. 5.2. FTIR spectra of (a) MIL-101(Cr) and (b) MIL-101(Cr)-NH2 nanoparticles. 

Fig. 5.3 (a-d) exhibited the morphology and structure of the fabricated MIL-101(Cr)-NH2 

nanoparticles. The SEM images Fig. 3 (a-b) of MIL-101(Cr)-NH2 nanoparticles mainly consisted 

of prismatic crystals and hexagonal aggregated particles [191]. TEM images Fig.3 (c-d) also 

confirmed the hexagonal structure of MIL-101(Cr)-NH2, and determined black small accumulated 

particles in TEM image (Fig. d) which can be attributed to NH2, showing the deposition of NH2 

group on the surface of MIL-101(Cr) [189]. 
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Fig. 5.3. SEM (a-b) and TEM (c-d) images of MIL-101(Cr)-NH2. 

5.3.2. Rheological properties of polymeric (casting) solutions 

The rheological behavior of the polymeric solution studied utilizing steady-state rheological 

measurement that immensely influenced the phase inversion process, the morphology of the 

membranes, and their performance. The effect of MIL-101(Cr)-NH2 nanoparticles on the viscosity 

of CA solution is exhibited in Fig. 5.4a, showing the viscosity of pure CA and CA/MIL-101(Cr)-

NH2 casting solutions vs. shear rate. All the membrane casting solutions (M0-M6) exhibited the 

Newtonian property in the investigated range of shear rate [32]. As shown in Fig. 5.4b, an 

enhancement in the viscosity of the casting solution was observed by adding MIL-101(Cr)-NH2 

nanoparticles. The highest value of the casting solution viscosity was reached at 149 Pa.s with the 

maximum incorporation of 1 wt% MIL-101(Cr)-NH2 nanoparticles. The viscosity of the casting 

solution increased from 53 to 149 Pa·s by increasing of the MIL-101(Cr)-NH2 nanoparticles from 

0.0 to 1.0 wt%. The enhancement of the casting solution viscosity by adding MIL-101(Cr)-NH2 

(filler) shows the suitable interaction between MIL-101(Cr)-NH2 and the polymer [32, 192]. This 

phenomenon can be attributed to polymer (CA)/solvent and polymer/filler interactions. By loading 



 

73 
 

fillers into casting solution, the dominant role of polymer decreased consequently since the fillers 

might behave as physical barriers to reduce the blend of polymer with solvent, resulting in the 

enhancement of casting solution viscosity [32, 193]. In other words, the enhancement in viscosity 

with loading MIL-101(Cr)-NH2 can be related to more interaction of polymer (CA) and fillers 

(MIL-101(Cr)-NH2) rather than polymers and solvents (DMF), therefore it causes the reduction of 

DMF molecules for polymer dissolution that make the polymer solution more viscous.  

 

Fig. 5.4. The viscosity of casting solution vs. (a) shear rate and (b) various amount of MIL-

101(Cr)-NH2 loading. 

5.3.3. Stability of CA/MIL- 101(Cr)-NH2 in CA matrix 

To study the stability of MIL-101(Cr)-NH2 nanoparticles inside the CA matrix structure, M0 and 

M1 were immersed inside DI water at room temperature over 30 days. The precise value of the 

water contact angle (WCA) of the immersed samples was calculated to assess the tendency of MIL-

101(Cr)-NH2 nanoparticles to leach out from the CA membrane matrix. WCA values for M0 and 

M1 in terms of soaking time (days) are summarized in Table 3.  

The values of WCA for M0 and M1 were remained almost constant, and WCA values were between 

64.8 ± 0.4 and 66.4 ± 3.2 for M0. Similarly, the WCA values for M1 were constant, indicating 

negligible leaching out of MIL-101 (Cr)-NH2 from the CA matrix into the liquid media.   
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           Table 5.3: WCA values for M0 and M6 over 30 days. 

Time (day) M0 (WCAº) M1 (WCAº) 

Day 1 65.5 ± 1.4 50.5 ± 1.7 

Day 4 63.9 ± 0.7 50.6 ± 0.4 

Day 6 66.4 ± 3.2 50.9 ± 2.2 

Day 10 64.8± 3.6 52.9 ± 1.2 

Day 30 64.8 ± 0.4 52.3 ± 2.2 

 

5.3.4. Characterizations of the prepared membranes   

The top surface SEM images of the prepared membranes are exhibited in Fig. 5.5 As shown; 

recognition of the pores of the top surface is difficult even with 100,000X magnification, which 

indicates tiny pore sizes of the prepared membranes, which are difficult to see via any 

characterizations. The morphology of the membranes (M0-M1) was not substantially altered by 

loading various amount of CA/MIL-101(Cr)-NH2 nanoparticles. As depicted in Fig. 5.5, the top 

surface of all the prepared membranes (M0-M1) are smooth and flat without any significant 

accumulative indication of CA/MIL-101(Cr)-NH2 nanoparticles. Furthermore, the membrane 

surface was well developed without any sign of crack on the membranes surface.  

Fig. 5.6 exhibits the cross-sectional SEM images of the pristine CA (M0) and modified membranes 

(M0.01-M1) membranes. The images showed that the membranes' unsymmetrical structure 

includes the top layer with a dense selective barrier and a bottom layer with macro void porous 

substructure. 
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Fig. 5.5 SEM images of the top surface of the prepared membranes at various concentrations of 

MIL-101 (Cr)-NH2.  

Enhancing embedding MIL-101(Cr)-NH2 nanoparticles up to 0.2 wt% (M0.01-M0.2) caused a 

reduction in the thickness of the upper layer and enhancement in the macro void porous structure 

of the bottom layer. The reason is by adding MIL-101(Cr)-NH2 nanoparticles in the casting 

solutions immensely affects kinetic and thermodynamic of the phase inversion process by 

enhancing the mass transfer rate between DMF as the solvent and water as non-solvent phases. At 

the same time, the membranes coagulation affects the asymmetrical structure of the membranes by 

making larger pores [194]. Thus, MIL-101(Cr)-NH2 nanoparticles act as a pore–making agent, 
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which possibly causes increased porosity of the membranes. In addition, because of the water 

affinity property of MIL-101(Cr)-NH2 nanoparticles, water diffusion increased during the phase 

inversion which caused quicker phase separation and it reduced the thermodynamic stability of the 

solution [195]. This process increased pores of the prepared membranes by making progress in the 

diffusion rate of MIL-101(Cr)-NH2 nanoparticles in the casting solution. However, enhancing MIL-

101(Cr)-NH2 incorporation in the casting solutions from 0.2 to 1 wt% enhanced the viscosity of the 

casting solution, which resulted in a lower exchange rate between the solvent and non-solvent 

phases. In this case, the rate of the membrane coagulation reduced, that caused denser structure and 

lower porosity of the prepared membranes (M0.2-M1) [196]. Thus, adding more nanoparticles into 

the casting solution created the accumulation of nanoparticles, which resulted in defective pore 

formation.  

AFM images of the prepared pristine CA and CA/MIL-101(Cr)-NH2 NF membranes are exhibited 

in Fig. 5.7 and the surface roughness parameters are summarized in Table 5.4. In given images, the 

red spots represent the highest points of the membrane surface, while the blue regions show valleys 

or pores of the membranes. AFM images indicate that the surface roughness of modified 

membranes is less than the pristine CA membrane (M0). By incorporating the filler up to 0.5%, the 

average roughness decreased from 41.3 nm for M0 to 5.5 nm for M0.5. However, by increasing the 

filler from 0.5% to 1%, the average roughness increased from 5.5 nm to 8.3, which can be attributed 

to MIL-101(Cr)-NH2 agglomeration. Enhancing embedding MIL-101(Cr)-NH2 nanoparticles up to 

0.2 wt% (M0.01-M0.2) caused a reduction in the thickness of the upper layer and enhancement in 

the macro void porous structure of the bottom layer. The reason is by adding MIL-101(Cr)-NH2 

nanoparticles in the casting solutions immensely affects kinetic and thermodynamic of the phase 

inversion process by enhancing the mass transfer rate between DMF as the solvent and water as 

non-solvent phases. At the same time, the membranes coagulation affects the asymmetrical 

structure of the membranes by making larger pores.  
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Fig. 5.6 Cross-sectional SEM images of the prepared membranes. 
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Fig.5.7 AFM images of the prepared membranes.  

 



 

79 
 

Table 5.4: Surface roughness parameters of the membranes. 

Membrane name 

Roughness Parameters 

Sa (nm) Sq (nm) St (nm) 

M0 41.3 51.2 154 

M0.01 32 31.9 138.1 

M0.05 16.9 21.1 92.04 

M0.1 11 14.6 81.7 

M0.2 7.4 9.5 72.3 

M0.5 5.5 6.7 43.9 

M1 8.3 11.01 101.3 

 

Fig. 5.8 shows EDX mapping and Cr percentage of M0, M0.05, M0.2, and M1. The MIL-101(Cr)-

NH2 nanoparticles scattered in the CA matrix are exhibited with orange points, confirming the 

attendance of the chromium element. As shown in Fig. 5.8, at low MIL-101(Cr)-NH2 nanoparticles 

concentrations, the EDX mapping of the Cr element exhibited the uniform scattering of MIL-

101(Cr)-NH2 nanoparticles in the CA membrane matrix. The nanoparticles were agglomerated by 

increasing the nanoparticles loading, particularly in M1. As shown in Fig. 5.8b, the amount of Cr 

as major element of MIL-101(Cr)-NH2 nanoparticles increased from 0 form M0 to 0.26% for M1. 

This excessive deposition of MIL-101(Cr)-NH2 nanoparticles and agglomeration at the top surface 

of the membrane might block the pores. The membrane pore blockage has an immense effect on 

the flux and separation performance of the prepared membranes.  
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Fig. 5.8. EDX mapping and Cr percentage of M0, M0.05, M0.2, and M1.  
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One of the most significant indices for evaluating the performance of membranes in terms of 

permeability is surface hydrophilicity. In order to study the impact of MIL-101-(Cr)-NH2 

incorporation on the hydrophilicity of the prepared membranes, water contact angle (WCA) was 

calculated. A lower WCA indicates higher hydrophilicity and, consequently, higher water affinity 

to the surface of the membrane. In other words, lower WCA shows that membranes have higher 

water flux and fouling-resistant properties, particularly in UF/NF membranes [32]. As shown in 

Fig. 5.9a-b, drop of water on the surface of M1 spread out more than M0, indicating higher 

hydrophilicity of M1 membrane. The Plot of dynamic WCA exhibited that by adding MIL-101-

(Cr)-NH2 into the CA membrane matrix, WCA decreased from 65.1 ± 0.5 for M0 to 50.3 ± 1.9 for 

M1. It should be mentioned that hydrophilic functional groups such as NH2 in MIL-101-(Cr) 

structure and its hydrophilic property of MIL-101-(Cr) are two main reasons for improving the 

hydrophilicity property of the modified membranes. Thus, by increasing the weight percentage of 

MIL-101-(Cr)-NH2 nanoparticles in the membrane structure, the water affinity of the modified 

membranes increased consequently.  

 

Fig. 5.9. Dynamic WCA of M0 (a), M1(b), and the WCA values of the prepared membranes (c). 
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Surface charge is one of the most significant parameter that immensely affects the separation 

efficiency, particularly for the salts rejection. As shown in Fig. 10, all the prepared membranes 

showed negative zeta potential from -27.6 ± 0.3 to -10.8 ± 0.11 mV for the pH of 6. It is obviously 

the negative surface charge of CA membrane (M0) is because of the 𝐶𝐻3
− and 𝑂𝐻−of CA polymer 

[197]. The incorporated membranes showed less negative surface charge compared with the 

pristine CA because of the positively surface charge of MIL-101(Cr)-NH2 nanoparticles. In fact, 

trimeric Cr octahedral clusters and terephthalate ligands make the MIL-101(Cr)-NH2 positively 

surface charged [198, 199]. By incorporating MIL-101(Cr)-NH2 nanoparticles up to 0.5 wt%, the 

zeta potential increased from -27.6 ± 0.25 mV for M0 to -19 ± 0.35 mV for M0.5. However, by 

adding more MIL-101(Cr)-NH2 nanoparticles from 0.5 to 1 wt%, the zeta potential increased from 

to -19 ± 0.35 mV for M0.5 to -10.4 ± 0.36 for M1 which can be attributed to the agglomeration of 

MIL-101(Cr)-NH2 nanopartilces [194, 200]. Furthermore, by adding the nanoparticles the surface 

charge became more negatively because the nanoparticles moved toward the top layer of the 

membranes [200].  

Fig. 5.10. Zeta potential results of the prepared membranes at pH value of 6. 
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To study the Impact of embedding of MIL-101-(Cr)-NH2 nanoparticles on the structure and 

performance of the prepared membranes, MWCO (Da) and mean pore diameter (nm) were 

calculated by utilizing Eq. 3. The MWCO results for the prepared CA/MIL-101-(Cr)-NH2 NF 

membranes and the mean pore diameter (nm) are shown in Fig. 5.11 and summarized in Table 5.5, 

respectively.  

 

Fig. 5.11. PEG rejection of the prepared membranes (PEG concentration = 200ppm). 

According to the obtained results, the mean pore diameter of the modified membranes (M0.01-M1) 

is larger than the pristine CA (M0). Enhancing MIL-101(Cr)-NH2 nanoparticles into the CA matrix 

from 0 to 0.2 wt% caused an enhancement of the mean pore diameter and MWCO from 1.07 nm 

(504 Da) to 1.34 nm (756 Da), respectively. This phenomenon might be attributed to the movement 

of MIL-101(Cr)-NH2 nanoparticles toward the top layer of the prepared membranes during the 

phase inversion process, which causes a prompt exchange between the solvent and non-solvent. 

The prompt exchange increased the porosity and the mean pore diameter of the prepared 

membranes [32, 186]. Nevertheless, by incorporating more MIL-101(Cr)-NH2 nanoparticles in the 
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CA matrix membrane from 0.2 to 1 wt%, a reduction observed in the mean pore diameter that could 

be explained based on the accumulation of MIL-101-(Cr)-NH2 nanoparticles and enhancing the 

viscosity of the casting solution. These two phenomena reduced the exchange rate between solvent 

and non-solvent phases, which caused a reduction in overall porosity and mean pore diameter of 

the prepared membranes.  

     Table 5.5: MWCO and mean pore diameter of the prepared membranes. 

Membranes Molecular cut off (Da) Mean pore diameter (nm) 

M0 504 1.07 

M0.01 594 1.17 

M0.05 634 1.22 

M0.1 706 1.29 

M0.2 756 1.34 

M0.5 568 1.15 

M1 527 1.10 

 

5.3.5. Permeation performance of the prepared membranes 

5.3.5.1. Effect of pressure on pure water flux 

In addition to membrane properties, the membrane driving force, such as applied pressure has a 

significant impact on membrane performance, such as pure water flux and separation efficiency. 

Fig. 5.12 exhibits the impact of applied pressure (0.2, 0.4, and 0.6 MPa) on the prepared 

membranes' PWF. Obviously, PWF of all the prepared membranes was enhanced by increasing the 



 

85 
 

applied pressure from 0.2 to 0.6 MPa. However, the amount of this enhancement was different for 

the prepared membranes. Although M0.2 showed the highest PWF at pressure 0.2 and 0.4 MPa, 

M1 showed the highest amount of PWF at pressure 0.6 MPa. For instance, at the pressure of 0.4 

MPa, the highest and the lowest PWF were related to M0.2 (53.97 ± 2.3 LMH) and M0 (23.2 ± 1.7 

LMH) membranes, respectively. For applied pressure (0.2, 0.4, and 0.6MPa), M0 showed the 

lowest PWF that can be attributed to its water contact angle and smaller pore size compared with 

other prepared membranes. Generally, the membrane flux is significantly impacted by 

hydrophilicity and the pore structure of membranes [201]. On similar lines, it was observed that 

PWF was considerably enhanced by increasing the amount of MIL-101(Cr)-NH2 from 0.0 to 1 

wt%, which can be attributed to increasing hydrophilicity of the prepared membranes. In fact, the 

higher hydrophilicity of the prepared membranes can increase water permeability by improving the 

water affinity of the membranes. Furthermore, increasing the amount of MIL-101(Cr)-NH2 in the 

membrane matrix remarkably enhanced the porosity of the membranes, which caused higher PWF 

[202]. However, with a further enhancement of MIL-101(Cr)-NH2 content from 0.2 to 1 wt%, PWF 

was reduced at pressure of 0.2 and 0.4 MPa from 34.9 ± 0.87 to 27.36 ± LMH, and from 53.97 ± 

2.2 to 48.1 ± 1.5 LMH, respectively. This reduction might be attributed to the agglomeration of the 

incorporated nanoparticles which resulted in non‐uniform dispersion and pore blockage of the 

prepared membranes. Unlike 0.2 and 0.4 MPa, PWF of the prepared membranes at pressure of 0.6 

increased continuously from 26.98 ± 1.8 LMH for M0 to 68.1 ± 0.87 LMH for M1 that can be 

attributed to hydrophilicity dominant compared with pore size at pressure of 0.6 MPa.  

5.3.5.2. Study the performance of membranes for salts rejection 

Na2SO4, MgSO4, and NaCl were considered to study the performance of prepared membranes at 

the operational condition of 500 ppm salt concentration, pressure of 0.4 MPa, and temperature of 

24 ± 0.5. For the prepared membranes, salt rejections reduced in the order of Na2SO4> MgSO4 > 
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NaCl (Fig. 5.13) that can be explained based on the electrostatic interaction and size exclusion 

(pore size). 

 

Fig. 5.12 Effect of pressure on Pure water flux of the prepared membranes.  

As shown in Fig. 5.13, the highest and lowest NaCl rejection were 14.4 ± 1.4 and 8 ± 0.5 for M0 

and M0.2, respectively. However, the highest and lowest rejection of Na2SO4 was 65.1 ± 2.5 and 

51 ± 8 for M0 and M0.5, respectively; while the corresponding values for MgSO4 were 59.3 ± 2.3 

and 46.1 ± 0.8 for M0 and M0.5, respectively. According to the order, the size exclusion might 

explain the higher rejection rates of Na2SO4 and MgSO4 compared to NaCl. For the salt summarized 

in Table 5.2, the order is SO4
2-> Cl- > Na+ > Mg2+, and it can be explained based on a universal rule 

for the size of ions with a negative and positive charge. The ions with negative charges are much 

bigger than ions with positive charges. In fact, the more positive and negative charge of ions, the 

smaller and bigger ions, respectively (Table 5.2) [183]. Like for instance, according to the sieving 

effect, the hydrated radius of SO4
2– (3.8 Å), and Na+ (0.95 Å) are bigger than Cl– (3.3 Å) and Mg2+ 

(0.65 Å), respectively.  
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Fig. 5.13. Salt rejection of the prepared membranes for different kinds of salt solutions of NaCl, 

Na2SO4, and MgSO4.  

This could be a solid explanation for the higher rejection of sodium sulfate than magnesium sulfate. 

In addition, salt rejection for the prepared membranes depends not only on size exclusion (pore 

size) but also on electrostatic interaction between the surface of the membranes and the ions 

existing in the solution. Generally, this phenomenon can be clarified by the Donnan exclusion 

effect. The Donnan effect is the failure distribution of charged particles evenly across the two sides 

of the membrane close a semi-permeable membrane that sometimes fail to distribute evenly across 

the two sides of the membrane [203]. The usual cause is the presence of a different charged 

substance that is unable to pass through the membrane and thus creates an uneven electrical charge 

[204]. As shown in Fig. 5.10, the results of zeta potential confirmed that all the prepared membranes 

are negatively surface charged, while after incorporating MIL-101(Cr)-NH2 as fillers, the surface 
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of the prepared membranes became less negatively surface charged. M0 showed higher Na2SO4 

and MgSO4 rejection because of the higher negative surface charge that led to the existence of 

stronger electrostatic repulsion. In fact, the anion SO4
2− was rejected due to the stronger electrostatic 

repulsion with the M0 membrane having higher negative charge compared with other membranes. 

Furthermore, based on the Donnan Exclusion mechanism (the electrostatic repulsive interaction), 

the anion valence electrons dominantly control the amount of salt rejection in the negatively 

charged prepared membrane. For example, divalent anions (SO4
2-) are heavily rejected by the 

prepared membrane, however, monovalent anions (Cl–) are repulsed lower. Therefore, the salt 

containing sulfate can be removed more than salts containing chloride. Therefore, the order of the 

rejection rate of salts used in this study is perfectly attributed to the anion valence reduction order 

or weaker anion repulsion forces [205]. Finally, the order of desalination can be explained 

according to the cation charge density enhancement.  

The amount of electric charge per volume is defined as the cation charge density (ρ) as follows:  

ρ= 
𝑞

4

3
𝜋𝑟3

                                                                                                         (4) 

where q is the cation charge, and r is the ionic radius (Å) [206]. Based on equation 4, the more 

charge density of a cation acquires, the stronger electronic affinity. Therefore, the electrostatic 

attraction of negatively charged membranes on the Mg2+ is more than Na+ (1.66 Vs. 0.26), which 

caused lower rejection of Mg2+ than Na+.  

5.3.5.3. Study the performance of membranes for dye rejection 

Methyl Blue (MB), Methylene Blue (MeB), Rhodamine B (RhB) are applied to study the 

performance of the prepared membranes for dye rejection. The molecular weight of MeB (319.8 

Da) is lower than the MWCO of the prepared membranes (504-756 Da), meaning that the MeB 

enters the pore and channels of the prepared membranes and then passes through the membrane 

easily. Therefore, the prepared membranes did not show any rejection for MeB. However, the 
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prepared membranes rejected MB and RhB. The molecular weight of MB (799 Da) is larger than 

the MWCO of all the prepared membranes (504-756 Da). Therefore, the rejection of MB is 

immensely caused by size exclusion, and confirms that the pore diameter of the prepared 

membranes are generally smaller than the effective hydrodynamic size of the dyes. As shown in 

Fig. 5.14, all the prepared membranes showed a rejection rate for MB higher than 97%. The 

prepared membranes showed less rejection for RhB because the MWCO of all the prepared 

membranes (504-756 Da) is higher than the molecular weights of RhB (479.02 Da). For negatively 

surface charged membrane, cationic RhB dye is adsorbed on the membrane surface. Therefore, the 

Donnan exclusion as a result of the strong negative charge of the M0 membrane could effectively 

improve the rejection rate of the positively charged RhB because M0 showed highest tendency to 

adsorb the positive charge RhB than M1 that is less negatively charged according to the membrane 

surface zeta potential results (Fig. 5.15).  

 

Fig. 5.14. Dyes rejection of the prepared membranes for Mb and RhB dye solutions (dyes 

concentration = 100 ppm, pressure=0.4 MPa, and at room temperature). 
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Fig. 5.15 Image of M0 and M1 membranes before and after dye/salt rejection. 

 

5.3.5.4. Study the performance of membranes for dye/salt rejection  

Existing salts in the dying process or byproduct from the synthesis of dye might affect dye rejection 

and permeate flux during the filtration of the dye/salt solution. To investigate the effect of salt on 

dye rejection and vice versa, M0 and M0.2 were applied for various concentrations of MB/Na2SO4 

and RhB/Na2SO4. Fig. 5.16 exhibited the filtration of MB/Na2SO4 for M0 and M0.2, respectively. 

By increasing the salt concentration from 100 ppm to 2000 ppm, Na2SO4 rejection for M0 and M0.2 

decreased from 83.2 ± 2.95 to 44.5 ± 3.3 and from 76.6 ± 3.5 to 39.3 ± 0.5, respectively (Fig.5.16a-

b). This reduction might be due to the Debye length of the electrostatic interaction between the 

charged ions and the membrane is extended as the salt concentration increases. In fact, by 

increasing salt concentration from 100 ppm to 2000 ppm, the impact of the cation shield is 
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immensely stronger on the negatively surface charged prepared membranes. This phenomenon 

caused the reduction of the prepared membranes’ repulsion on the anions, leading to the reduction 

of the salt rejection. In addition, as shown in Fig. 5.16a-b, by twentyfold enhancement of MB 

concentration from 50 ppm to 1000 ppm, the dye rejection remained almost same for M0 (99.7%) 

and M0.2 (97.9%). As explained earlier, MB is an anionic dye with bigger molecule size than 

MWCO than M0 and M0.2 meaning the rejection of MB is mostly caused by size exclusion (Fig. 

5.16a-b). M0 and M0.2 showed higher Na2SO4 rejection in the RhB/Na2SO4 solution than 

MB/Na2SO4 solution. For the MB/Na2SO4 solution, Na2SO4 rejection at the concentration of 100 

and 2000 were 83.2 ± 2.95 and 44.5 ± 3.3 for M0, respectively, while the corresponding values 

were 76.6 ± 3.5 and 39.3 ± 0.5 for M0.2 (Fig. 5.16c-d). However, in the RhB/Na2SO4 solution 

Na2SO4 rejection at the concentration of 100 and 2000 increased to 86.2 ± 3.8 and 50.5 ± 0.84 for 

M0 and 82.03 ± 1.3 and 44.5 ± 0.65 for M0.2, respectively (Fig. 5.16c-d). The Na2SO4 rejection 

enhancement in the RhB/Na2SO4 solution can be attributed to cationic property of RhB dye. By 

increasing RhB concentration, the adsorption and accumulation of positively charged RhB dye 

increased on the surface of negatively charged membranes leading to a reduction of the prepared 

membranes’ pore size. In other words, enhancement of RhB adsorption on the membrane surface 

improved the effect of steric exclusion leading to Na2SO4 rejection enhancement in the 

RhB/Na2SO4 solution compared with the MB/Na2SO4 solution. Furthermore, by increasing dye 

concentration from 50 ppm to 1000 ppm, dye rejection decreased for M0 and M0.2 that can be 

attributed to the Donna effect. As mentioned earlier, M0 and M0.2 membranes showed less 

rejection for RhB because their MWCO is lower than the molecular weights of RhB (479.02 Da). 

Thus, since the RhB rejection is mainly dominated by the Donnan effect, by increasing the dye 

concentration, its rejection rate decreased consequently.  
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Fig. 5.16. Performance of M0 and M0.2 for dye/salt solution treatment.  

5.3.5.5. Study antifouling property of the prepared membranes  

Fouling is a major issue in membrane technology leading to the reduction in flux and lifetime of 

the membranes. The hydrophilicity, pore size, and roughness of the membrane surface play a 

significant role in the fouling behavior of the membranes. Super hydrophilic membranes with larger 

pore size and lower surface roughness might result in better fouling-resistance membranes [200]. 

In order to study the antifouling properties of the prepared membranes, a Bovine serum albumin 

(BSA) solution was utilized for filtration in this study. First, the membranes were tested for pure 
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water for 120 minutes. Then, the feed solution was switched from pure water to BSA solution, and 

the water flux for the prepared membranes was obtained (Fig. 5.17a). As shown in Fig. 5.17a, the 

water flux for the BSA solution for all the prepared membranes suddenly reduced and stayed almost 

stable over 120 min of BSA filtration. The reduction might be attributed to BSA agglomeration, 

and deposition on the membrane surface resulted in blocking some membrane pores since BSA 

protein has a high tendency to stick on the membrane surface [207]. After that, the fouled 

membranes were taken out, washed with DI water for 10 min, and then immersed in DI water for 

20 min. Finally, the washed membranes were tested to calculate pure water flux after switching 

back the feed solution from BSA to DI water for the third 120 min. As exhibited in Fig. 5.17a, M0 

and M0.2 showed the highest and lowest pure water flux before and after BSA flux, respectively, 

contributing to better fouling-resistant property of M0.2. Additionally, M0.2 showed higher BSA 

flux because of its higher hydrophilicity. As explained before, by incorporating MIL-101 (Cr)-NH2 

nanoparticles, the hydrophilicity of the membranes increased. During the phase inversion process, 

the nanoparticles moved toward the top surface of the membranes. The hydrophilic nanoparticles 

on the top surface of membranes make a strong interaction with a water molecule, which creates a 

very thin layer of water on the top surface of the membranes. In this case, the thin film plays a 

significant role in improving the membranes' antifouling property and drastically decreasing the 

BSA protein deposition on the membrane surface. To better understand the antifouling property of 

the prepared membranes, FRR was calculated. As exhibited in Fig. 5.17b, FRR increased from 

54.3% ± 2.4 for M0 to 82% ± 2.5 for M0.2, which might be explained based on higher hydrophilic 

property of M0.2. However, FRR decreased slightly from 82% ± 2.5 for M0.2 to 77.2% ± 4.7 which 

is attributed to agglomeration of nanoparticles on the membrane surface. The surface roughness is 

another parameter that significantly impacts the fouling behavior. As shown in Table 5.4, by adding 

MIL-101 (Cr)-NH2 into the CA membrane matrix, the roughness decreased, which helped in 

improving the antifouling property of membranes since there are fewer channels for the 

containments on membranes surface to deposit. 
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Fig. 5.17. Permeated water flux (a) vs time, and (b) FRR (flux recovery ratio) of the prepared 

membranes. 
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5.4. Conclusion 

In this study, MIL-101(Cr)-NH2 nanoparticles were incorporated into CA membranes, which 

helped improved membranes hydrophilicity and reduced the roughness of the modified membranes. 

Improve hydrophilicity and reduce the roughness of the membranes resulted in anti-fouling 

property improvement of the membranes. Water contact angle results showed that the WCA 

decreased from 65.1 ± 0.5 for M0 to 50.3 ± 1.9 for M1, which led to pure water flux enhancement. 

The Zeta potential measurements showed that by incorporating MIL-101 nanoparticles up to 0.5 

wt%, the zeta potential increased from -27.6 ± 0.25 mV for M0 to -19 ± 0.35 mV for M0.5. 

However, by adding more MIL-101 nanoparticles from 0.5 to 1 wt%, the zeta potential increased 

from to -19 ± 0.35 mV for M0.5 to -10.4 ± 0.36 for M1 which can be attributed to the agglomeration 

of MIL-101 nanopartilces. MWCO results showed that enhancing MIL-101-(Cr)-NH2 

nanoparticles into the CA matrix from 0 to 0.2 wt% caused an enhancement of the mean pore 

diameter. However, by incorporating more MIL-101-(Cr)-NH2 nanoparticles in the CA matrix 

membrane from 0.2 to 1 wt%, a reduction observed in the mean pore diameter that could be 

explained based on the accumulation of MIL-101-(Cr)-NH2 nanoparticles and enhancing the 

viscosity of the casting solution. PWF at various pressure (0.2, 0.4, and 0.6 MPa) was obtained and 

results showed that PWF of all the prepared membranes was enhanced by increasing the applied 

pressure from 0.2 to 0.6 MPa. Although M0.2 showed the highest PWF at pressure 0.2 and 0.4 

MPa, M1 showed the highest amount of PWF at pressure 0.6 MPa. For applied pressure (0.2, 0.4, 

and 0.6MPa), M0 showed the lowest PWF that can be attributed to its water contact angle and 

smaller pore size compared with other prepared membranes. Na2SO4, MgSO4, and NaCl solution 

were considered to study the performance of prepared membranes for salt rejection and according 

to the results, for the prepared membranes, salt rejections reduced in the order of Na2SO4> MgSO4 

> NaCl that explained based on the electrostatic interaction and size exclusion.  
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CHAPTER VI 
 

 

IMPROVING ANTIFOULING PROPERTY OF ALUMINA TUBULAR MICROFILTRATION 

MEMBRANES BY COATING HYDROPHILIC SILICA NANOPARTICLES FOR 

OIL/WATER TREATMENT 

 

6.1. Introduction  

Oily wastewater is a major environmental concern. Several industrial processes release oily 

wastewater into the environment, such as metallurgy, transportation, food processing, and the oil 

and gas industry, which negatively impacts the environment [208, 209]. “Produced water”, the 

water that is produced concomitantly with oil and gas extraction, is another source of oily 

wastewater which can cause significant environmental damage [210, 211]. It is important to look 

at oily wastewater to understand and design an efficient purification process for produced water. 

Various technologies have been tried for purifying oily wastewater and oil/water emulsions such 

as flocculation, membrane filtration, flotation, absorption, ultrasonic separation, coagulation, 

heating, ozonation, and electric fields [212-217]. Membrane technology is increasingly becoming 

a viable option for treating oily wastewater. Investigation for membrane separation technology for 

dealing with oily wastewater started in 1973 and since then gained appreciable momentum [218]. 

The main advantage that membrane separation provides over other technologies is efficient 

separation performance while maintaining a relatively simplistic operational process [219].
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Among the various modes available for membrane separation processes, microfiltration (MF) and 

ultrafiltration (UF) can be efficient for oil/water separation [220, 221]. Different types of materials 

have been studied for MF and UF including polymer composites, metal meshes, filter paper, 

manganese oxide nanowire, textiles, silicon, and plastics [222-225]. Recently, there have been 

many reports wherein separation has been carried out in using the MF mode using polymer and 

ceramic membranes that showed promising results [226-228]. Membranes made out of ceramic 

materials such as alumina, zirconia, titania, and silica have attracted far more attention than other 

materials because of their biological stability and thermal, chemical, and mechanical resistances 

[229-231]. Many membranes (including paper, textile, and polymeric membranes) are cheaper than 

ceramic membranes but corrode far more easily. Alumina membranes are highly chemically inert 

and thus can be employed in a varied pH range [219]. Muller et al. applied an α-alumina membrane 

with a pore size of 0.8 µm for O/W emulsion separation with oil droplet size and concentration of 

4 µm and 250 ppm, respectively. They reported stable permeability and rejection rate of 30 L m−2 

h−1 bar−1 and 30 %, respectively [232]. Hua et al. studied the performance of α-Al2O3 membrane 

with 50 nm pore size for oily wastewater treatment with 500 ppm oil concentration. The results 

showed stable permeability and rejection rate of 63.9 L m−2 h−1 bar−1 and 98.1%, respectively [233].  

  Grafting and coating are two commonly used methods for modifying membranes to improve their 

fouling properties and enhance the efficiency of operation [234]. Zhang et al. improved the 

antifouling property of α-Al2O3 ceramic membrane by grafting the Zwitterionic monolayer. The 

results showed that zwitterion can immensely improve the flux and antifouling property of modified 

ultrafiltration membrane for O/W emulsions separation [235]. The coating has been practised using 

hydrophobic and hydrophilic substrates on membranes [236]. The main disadvantage of 

hydrophobic coating is the rapid increase in membrane fouling. The filtration process suffers and 

in the end, leads to a rise in this operational cost. To overcome these issues hydrophilic coatings 

can be used with high efficiency [237, 238]. Chang et al. improved the hydrophilicity of 

commercial Al2O3 membrane by coating it with nano-sized Al2O3 coating. The coating increased 
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the hydrophilicity of the membrane by altering the character of its surface that resulted in pure 

water flux enhancement by 27%. The authors also reported the water flux enhancement of the 

modified membrane by 20% compared with the pristine one.  

This current work modifies α-alumina membranes with different loadings of hydrophilic fumed 

silica particles to improve the hydrophilicity of the membranes and increase their performance 

characteristics. Tests were conducted using pure DI water and oil in water (O/W) emulsions to 

evaluate the resistance to fouling and rejection of the oil phase. 

6.2. Experimental  

6.2.1. Materials  

In this study, α-alumina tubular membrane (70mm length, 11mm outer diameter, 8mm inner 

diameter, 0.2 μm pore size) was provided from Ceramco, USA. Hydrophilic Si NPs (16 nm, A200, 

AEROSIL) were provided from Evonik, Germany. Polyvinyl alcohol (PVA, 80% hydrolyzed, 

average molecular weight 9000-10000) was purchased from Sigma-Aldrich.  

6.2.2. Membrane preparation 

Initially, the α-alumina tubular membrane was washed with DI water to remove dust and pollutants 

and then dried in an oven at 60 °C overnight. A coating solution was prepared by dispersing the 

hydrophilic silica NPs into deionized water and stirred for two hr to form a homogeneous silica-

NPs solution at various weight percentages of 0.25%, 0.5%, 1%, and 3%. All the prepared 

membranes are named as shown in Table 6.1. Before coating Si NPs on the surface of the α-alumina 

tubular membrane, a pre-treatment process was applied using a PVA solution. For the pre-treatment 

process, the α-alumina tubular membrane was immersed in 10 wt.% PVA solution [20] and then 

dried in the oven at 60 °C overnight (Fig. 6.1a and b). The pre-treated membranes were then 

immersed in Si NPs solution at various weight percentages of 0.25%, 0.5%, 1%, and 3% several 

times and dried for a day (Fig. 6.1c). The fabricated membranes were then calcinated at 550 ºC for 

3 hours to remove PVA (PVA melting point is 200 °C) and form mesoporous Silica coated 

membranes (Fig. 6.1d).  
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Table 6.1: The prepared membranes with various concentrations of Si NPs. 

Membrane Silica NPs (%) 

M0 The pristine α-alumina 

M0.25 0.25 

M0.5 0.5 

M1 1 

M3 3 

 

 

Fig. 6.1. The schematic diagram for the preparation process of the Si NPs coating on α-alumina 

tubular microfiltration membranes. 
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6.2.3. Membrane test  

Microfiltration experiments were conducted in a cross-flow filtration system with the tubular 

membrane module with a membrane surface area of 16.2 cm2 and at room temperature. The setup 

consists of a 37.8 L feed tank equipped with a Stenner Peristaltic Metering Pumps (USA) to pump 

the feed to the membrane module. A needle valve was installed in the output of the membrane 

module to pressurize the system. A by-pass line and a pressure gauge were used to set the pressure 

at a given value, and a flowmeter adjusted the feed flow rate on the retentate side. The permeate 

flow across the membrane was continuously collected and weighed by a digital balance. The 

retentate flow from the output of the membrane module was recycled to the feed tank. A scheme 

of the cross-flow filtration system is shown in Fig. 6.2.  

 

Fig. 6.2. Schematic of microfiltration cross-flow experimental set-up. 

 

The performance of unmodified (the pristine α-alumina) and modified membranes was evaluated 

with pure water and O/W emulsion filtration. The permeate flux and oil rejection are significant 

parameters to assess membrane performance. The oil rejection was obtained as follows:    
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𝑅 (%) = (1 −
𝑇𝑂𝐶𝑃

𝑇𝑂𝐶𝐹
) × 100                                                                        (1) 

where R is oil rejection (%), and TOCF and TOCP are the total organic carbon concentration (Oil 

concentration) on feed and permeate side, respectively. The permeation flux was obtained using 

the following equation: 

V
J

A t
=


                                                             (2)  

where J is permeation flux (L m-2 h-1), V (L) is the volume of water that passes through the 

membranes as permeate, A (m2) is the effective membrane surface area, and t (h) is the permeation 

time.  

6.2.4. Membrane characterization   

An FEI Quanta 600F field emission scanning electron microscope (SEM) equipped with an energy 

dispersive spectrometry (EDS) was applied to observe the membranes' surface morphology and 

elemental composition. The prepared samples were coated with a thin layer gold layer with a 

thickness of 4-5 nm to avoid any charges. The oil contact angle (OCA) of the membrane surface 

was measured by a contact angle goniometer (Core Laboratories IFT-10) at room temperature. 

OCA was measured for three different spots of the membrane surface and the average amount was 

reported as the OCA of the α-alumina tubular and the prepared membranes. To measure the TOC, 

DR 5000™ UV-Vis spectrophotometer (HACH Company, USA) was applied in this study using 

Method 10173 (15 to 150 mg/L C). To study surface topology and membrane roughness before and 

after Si NPs coating, AFM, and MFP-3D Infinity Asylum Research (Santa Barbara, CA, USA) was 

used to study surface topography and membrane roughness. The samples were fixed on a holder 

double-side tape and 5 μm×5 μm areas of membranes were selected. Three different spots of the 

surface of the membrane were tested, and the average values of roughness were reported.  

6.2.5. Emulsion analysis 

O/W emulsions were prepared using cyclohexane as the oil phase, and DI water with a resistivity 

of 18.2 million ohm-cm was used as the continuous phase. A surfactant, Sodium Dodecyl Sulphate 
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(SDS), was used to make the emulsions. SDS is a water-soluble surfactant having an HLB value of 

40. An Ultra-Turrax digital homogenizer was used for preparing the emulsions. An RPM of 15,000 

was used. The homogenizer was kept running for 10 minutes after the last drop of cyclohexane was 

added to the water. The surfactant SDS was added to the continuous phase beforehand and the 

homogenizer was operated at 3000 RPM for 5 minutes to mix the surfactant in perfect dropwise 

addition of cyclohexane followed this example. The concentration of the oil phase was 1000 ppm 

and the weight percentage of surfactant was 0.13%. The optical analysis was carried out using an 

Olympus BX53 cross-polarized optical microscope. The microscope is equipped with a high-speed 

camera to analyze the droplet size of the emulsion accurately. Image J was used to analyze the 

images obtained from the microscope. Details of the methods for determining the emulsion droplet 

size distribution may be found elsewhere [239]. Fig. 6.3 shows the droplet size distribution of the 

emulsion used for the membrane tests. The mean droplet size (diameter) was found to be 

3.07 ± 1.75 μm. Emulsions were prepared right before the start of an experiment. 

Fig.6.3 The oil droplet size distribution (diameter) of O/W emulsion. 
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6.3. Results and Discussion  

6.3.1. Membrane Characterization  

Fig. 6.4 shows the SEM cross-section of M0 and M3. The cross-section SEM with higher 

magnification shows that M0 has a rough structure. However, after coating Si NPs with a 3% 

concentration, a thin layer of Si with a thickness of 29 µm was coated on the surface of the α-

alumina tubular membrane and the surface became smoother (Fig. 6.4 M3-b1-b2). The surface 

images of the α-alumina tubular membrane (M0) and modified membranes (M0.25-3) with Si NPs 

are given in Fig. 6.5. The Si NPs were coated on the surface and gradually covered the pore 

channels of the α-alumina tubular membrane (Fig. 6.5 M0.25-M3). With increasing Si NPs coating 

from 1% to 3%, the surface and most of the pore channels of the membrane were almost covered. 

(Fig. 6.5 M3-e1-2). In this case, the pores of the membrane were partially blocked.  

 

Fig. 6.4. The cross-section SEM images of (a1-2) M0 and (b1-2) M3.  
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Fig. 6.5. The surface SEM images of (a) M0, (b) M0.25, (c) M0.5, (d) M1, (e) and M3. 
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Surface roughness plays an important role in the membrane fouling phenomena [240, 241]. The 

membrane becomes more vulnerable to fouling with the enhancement of membrane roughness 

because the rougher surface has more surface traps for particles to deposit [240]. After coating Si 

NPs, the AFM analysis was performed to study the changes in surface roughness. The AFM images 

(scan size of 20 µm × 20 µm) of uncoated and coated membranes are shown in Fig. 6.5, and the 

values of the surface roughness parameters of the membranes such as average roughness (Sa), root 

means square height (Sq), and the height difference between the highest peak and the lowest valley 

(St) are presented in Table 6.2.  As indicated in Fig. 6.5a, the M0 membrane with “hill-and-valley” 

morphology has the roughest surface than the modified membranes. Fig. 6.6a-e confirmed that the 

surface of the modified membranes became smoother coating Si NPs. The decrement of roughness 

in surface properties of fabricated membranes leads to lower fouling since with reduction of the 

membrane roughness, traps on the membrane surface for containment immensely decreased. Si 

NPs coating turned the surface of the membrane into a smoother layer. More specifically, Sa, Sq, 

and St are 708 ± 40 nm, 877 ± 21 nm, and 6142 ± 451 nm for M0, respectively, while the 

corresponding roughness values decreased to 498 ± 161 nm, 623 ± 200 nm, and 4123 ± 1169 nm 

for M3.  

     Table 6.2. The surface roughness parameters of the membranes 

Membrane name 

Roughness Parameters 

Sa (nm) Sq (nm) St (nm) 

M0 708 ± 40 877 ± 21  6142 ±  451 

M0.25 662 ±  33 825 ±  46 5678 ±  775 

M0.5 593 ±  99 751 ± 121 5110 ±  1128 

M1 505 ±  128 627 ±  160 4608 ±  1320 

M3 498 ±  161 623 ±  200 4123 ±  1169 
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Fig. 6.6. AFM images of M0 (a), M0.25 (b), M0.5 (c), M1 (d), and M3 (e).  
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6.3.2. Si NPs leaching 

To investigate the amount of Si NPs coating on the surface of the α-alumina membrane, EDS was 

performed on the M3 membrane. To study the effect of the pre-treatment process using PVA, we 

measured EDX for M3 fabricating without and with the PVA pre-treatment process. Three spots 

on the surface of M3 were selected to measure EDX as shown in Fig. 6.7. The spots were 1 cm 

apart from each other on the active surface area of the membrane. We marked the membrane on 

the inner side to recognize the area of the spots and used the SEM ruler to capture the same spots 

to get reliable data (Fig. 6.7). The EDX results for the amount of Si NPs coating are summarized 

in Table 6.3. According to the EDX result, the pre-treatment process using PVA improved Si NPs 

coating on the surface of the α-alumina membrane. The amount of Si NPs coated on α-alumina 

membrane spots 1, 2, and 3 increased from 4.28 %, 86%, and 3.99 % for the M3 membrane without 

the pre-treatment process to 34.22 %, 26.98 %, and 44.63 % for M3 membrane with the pre-

treatment process, respectively. The coated Si NPs can be attributed to the sticky property of PVA, 

which helped to enhance Si NPs coating.  

 
Fig. 6.7 The image of selected spots on membrane surface for performing EDX and its active 

surface area. 
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Table 6.3: The amount of Si NPs coated for M3 membrane synthesizing without and with the pre-

treatment process. 

 Spots Elements 

The elemental membrane 

composition of M3 without the 

PVA pre-treatment 

The elemental membrane 

composition of M3 with the PVA 

pre-treatment 

1 

Al 95.7 65.8 

Si 4.3 34.2 

2 

Al 93.1 73.0 

Si 6.9 26.9 

3 

Al 96.0 55.4 

Si 4 44.6 

 

Using PVA as the pre-treatment process not only improved Si NPs coating but also decreased Si 

NPs leaching from the surface of the modified membranes. Si NPs leaching from the surface of M3 

fabricating without and with PVA pre-treatment are summarized in Table 6.4. Using PVA before 

coating Si NPs helped stabilize Si NPs on the surface of the α-alumina tubular membrane. Even 

after 12 hours of O/W emulsion operation, a very small amount of Si NPs leached from the surface 

of M3 fabricating with PVA than without the PVA pre-treatment process. Silica leaching from 

spots 1, 2, and 3 on the surface of M3 increased from 0, 38.7%, and 9.4% for M3 fabricating with 

PVA to 21.7%, 76.7%, and 75% for M3 fabricating without PVA after 12 h operation of O/W 

emulsion filtration. Given that, the pre-treatment process using PVA stabilized Si NPs on the 

surface of the α-alumina tubular membrane. 
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Table 6.4: Si NPs leaching from surface of M3 fabricating with and without PVA after 12 h 

operation of O/W emulsion filtration.  

spots 

Silica leaching from M3 fabricating with 

PVA  after 12 h operation of O/W 

emulsion filtration (%) 

Silica leaching from M3 fabricating 

without PVA after 12 h operation of 

O/W emulsion filtration (%) 

1 No leaching 21.7 

2 38.7 76.7 

3 9.4 75 

 

6.3.3. Wettability Study as a function of ZnO ALD cycles 

The wettability study of the unmodified membrane (M0) was evaluated by calculating Oil contact 

angel (OCA). We used the α-alumina tubular membranes and modified them by coating super 

hydrophilic Si NPs. To study the effect of Si NPs coating on the wettability of membranes, 

underwater OCA was calculated using cyclohexane (2 μL). As shown in Fig. 6.8, by coating Si 

NPs, OCA increased consequently, which means the Si NPs endowed hydrophilic property to the 

membranes. For instance, OCA increased from 133.9° for M0 to 171.4° for the M3 membrane.  

 

Fig. 6.8. Underwater oil contact angles of cyclohexane on the unmodified and modified 

membrane by coating Si NPs. 
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6.3.4. The membrane performance in terms of TOC rejection and flux   

Fig. 6.9 represents water permeance of α-alumina membrane and modified membranes vs. time. 

As shown in Fig. 6.9, for all the membranes, the water permanence decreased during the O/W 

filtration operation because oil components were immediately deposited on the surface of the 

membrane, leading to the formation of a fouling (cake) layer. In this study, the steady permeate 

flux obtained after forming the stable cake layer started relatively from the third hour of O/W 

filtration operation (Fig. 6.9). The initial and stable permanence increased from 406 ± 8.5 and 246 

± 2.2 L m-2 h-1 bar-1 for M0 to 482 ± 3.4 and 312 ± 8.5 L m-2 h-1 bar-1 for M1, respectively (Table 

6.5). The water permanence enhancement can be assigned to the hydrophilic improvement of M1 

by coating Si NPs. After increasing Si NPs coating from %1 to %3, the corresponding values 

decreased to 459 ± 3.96 and 279 ± 5.9 L m-2 h-1 bar-1 because after coating more Si NPs pore 

channels of the modified membranes became blocked (Fig. 6.3 e1-2). The water permanence for 

the M3 membrane that was fabricated without PVA pre-treatment decreased significantly compared 

with other membranes attributed to Si NPs leaching from the membrane surface  

           Table 6.5: Initial and stable permanence of the α-alumina and modified membranes. 

      Membranes Initial permeance 

         (L m-2 h-1 bar-1) 

Stable permeance 

        (L m-2 h-1 bar-1) 

M0 406 ± 8.5 246 ± 2.2 

M0.25 420 ± 3 244 ± 4.1 

M0.5 450 ± 11.9 264 ± 4 

M1 482 ± 3.4 312 ± 8.5 

M3 459 ± 3.96 279 ± 5.9 

M3 without the PVA 

pre-treatment 

417 ± 1.7 229 ± 2.4 
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Fig. 6.9. Water permeance for various membranes vs. time. 

 

Fig. 6.10 indicates the performance of membranes in terms of organic components removal for the 

first three hours of O/W operation filtration. The modified membranes showed better performance 

than an unmodified membrane (M0). TOC rejection increased from 93.1% ± 0.4 for M0 to 97.7% 

± 0.25 for M3 because of hydrophilic improvement of the modified membranes (Fig. 6.8). In 

addition, by coating Si NPs on the membrane surface, the pore size of membranes decreased (Fig. 

6.4b1-2). The TOC rejection increased from 1st hour to 3rd hour of O/W filtration operation for 

almost all the tested membranes. The reason is that by running the O/W filtration process, since 

pure water was extracted from O/W emulsion over time, the oil concentration increased in the feed 

tank. Consequently, the membranes’ pore channels were mostly covered and blocked, and then oily 

particles were added into a cake layer over the membrane surface [110, 242]. Thus, increasing the 

oil concentration, resulted in an extra decline in penetration through the membrane which caused 

higher TOC rejection [242, 243].  
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Fig. 6.10. TOC rejection of various membranes for the first three hours of O/W treatment 

filtration.  

6.3.5. Anti-fouling properties of the membranes 

The anti-fouling property of the unmodified and modified membranes immensely depends upon 

the hydrophilic property of the membranes. Therefore, we studied the fouling-resistant property 

of the prepared membranes by treating O/W emulsion. Fig. 6.11 shows the FRR (flux recovery 

ratio) of the unmodified (M0) and modified membranes by Si NPs coating. As exhibited, in all 

O/W treatment operations, FRR increased from 71.3% for M0 to 85.9% for M1, which can be 

attributed to the hydrophilic improvement of modified membranes after coating super hydrophilic 

Si NPs (Fig. 6.8).  However, by coating more Si NPs, FRR decreased immensely from 85.9% for 

M1 to 67.7% for M3 attributed to Si NPs accumulation on the membrane surface that blocked the 

pores of the modified membranes. Another possible explanation for increasing FRR can be 

roughness reduction after coating Si NPs resulting in lower valleys and alleys for oil components 

to stick on the membrane surfaces. 
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 Fig. 6.11 Flux recovery ratios (FRR) of the unmodified and modified membranes. 

 

6.3.6. Comparison of membranes in the literature 

As shown in Table 6.6, various membranes for filtering oil-in-water emulsion are summarized in 

terms of the membrane material and configuration, oil concentration, filtration operation condition, 

and performance of the membranes in terms of flux and oil rejection. Although we filtered out O/W 

emulsion at the lowest pressure to find a potential membrane for industry application, flux, and oil 

rejection in this study were relatively high compared with most of the other studies.  
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Table 6.6 performance comparison of ceramic MF membranes for treating oil-in-water emulsion in the literature. 

Materials configuration Pore size 

(µm) 

Oil 

concentration   

(ppm) 

TMP 

(bar) 

Droplet size 

(µm) 

Permeance  

(Lm-2h-1 bar -1) 

R(%) Refs 

Mullite Hollow fiber 0.7 500 0.15 1 880 97 [258] 

Modified Al2O3 Tubular 0.14 1000 1.6 1.79 505 98.5 [252] 

Fly ash/Al2O3 Cylindrical 0.1 200 0.5 0.06-10 165 99.2 [249] 

Mullite 

monolith 

Tubular 0.4 1000 1 1.09 35 93.8 [260] 

Kaolin-Quartz Flat 1.06 100 2.07 0.99 96 87 [261] 

Mullite 

monolith 

Tubular 0.45 1000 2.07 2 48.6 97.6 [259] 

Silicon Carbide Circular disk 0.4 500 0.5 1 324 98.5 [262] 

α-Al2O3 Tubular 0.2 1000 0.35 1-9 311.5 96.5 This study 
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6.4. Conclusion 

Si NPs were coated on the α-alumina tubular membrane support using dip-coating that improved membrane 

hydrophilicity and reduced the roughness of the modified membranes. The modified membranes with Si 

NPs coating showed excellent flux and antifouling property. Using PVA helped to stabilize Si NPs on the 

membranes surface more efficiently. Embedding Si NPs increased oil contact angle which this factors 

endow the membrane high flux. M1 showed better performance compared with other membranes and we 

have plan to evaluate the performance of M1 membrane for real produced water. The decrement of 

roughness in surface properties of fabricated membranes leads to lower fouling since with reduction of the 

membrane roughness, traps on the membrane surface for containment immensely decreased. Si NPs coating 

turned the surface of the membrane into a smoother layer and among the membranes, M1 showed excellent 

fouling resistant. The initial and stable permanence increased from 406.2 ± 8.5 and 245.7 ± 2.2 L m-2 h-1 

bar-1 for M0 to 482.4 ± 3.4 and 311.5 ± 8.5 L m-2 h-1 bar-1 for M1, respectively. In addition, TOC rejection 

increased from 93.1% ± 0.4 for M0 to 97.7% ± 0.25 for M3 because of hydrophilic improvement of the 

modified membranes. 
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CHAPTER VII 
 

 

SUMMARY AND FUTURE WORK 

 

7.1. Microporous membranes for oil/water separation and desalination 

This work aimed to fabricate and assess ceramic and polymeric membranes to identify potential 

commercial membranes for removing organic and salt components. In this dissertation, three 

inorganic and one organic membranes including NaA zeolite-coated mesh, α-alumina flat sheet, α-

alumina tubular and cellulose acetate membranes were synthesized and tested successfully. All of 

membranes were applied to the treatment of oil/water emulsion and desalination purposes. The first 

membrane, NaA zeolite-based membrane was fabricated on a stainless steel mesh by secondary 

growth method through optimizing aluminum/silicon ratio (ASR) to effectively separate oily water. 

The NaA zeolite-coated mesh with the highest superoleophobic property had an ASR of 1.21 and 

an oil contact angle of 163.7o. The highest membrane flux obtained was 13,513 L m-2 h-1 for ASR 

= 0.91 and the highest separation efficiency was 99.5% for ASR = 1.21. NaA zeolite meshes were 

recycled and reused for 15 cycles by rinsing the membrane with DI water between each test.
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The oil rejection rate of the mesh for ASR = 0 decreased approximately 2.7% after 4 cycles of 

separation, but the oil rejection rate of the meshes for ASRs = 0.3-182 did not change with 4 cycles 

of oil water separation, which is attributed to the uniformity of the NaA zeolite coating and its 

thermal stability. 

For the second membrane, ZnO atomic layer deposition (ALD) modified membranes were 

developed for treating produced water from wells in Oklahoma, as a model of produced water, 

having very high salt and oil content. ZnO ALD membranes increased hydrophilicity with an oil 

contact angle increasing from 165° for an α-alumina support to 171° for a ZnO ALD membrane 

(120 cycles), which induced a dramatic rise in the pure water flux from 148 to 192 L m−2 h−1. ZnO 

ALD on the membranes enhanced Total Organic Carbon (TOC) rejection from 96% to 99% and 

decreased Total Dissolved Solids (TDS) content from 53,205 ppm to 10 ppm. The results showed 

that the average roughness (Sa) was 509 nm for the pristine α-alumina support and was reduced to 

332 nm for the ZnO ALD membrane (120 cycles). Additionally, the anti-fouling property of 

membranes with flux recovery ratio increased from 93% to 99%. Overall, the ZnO ALD membrane 

showed great potential to purify produced water. 

In the third study, mixed matrix membranes were developed by embedding hydrophilic 

nanoparticles (MIL-101 (Cr)-NH2) into cellulose acetate (CA) matrix to enhance hydrophilicity. 

This helped in countering the inevitable problem of fouling that membranes face when used for the 

treatment of industrial wastewater, by enhancing hydrophilicity. Synthesized membranes were 

characterized by Fourier transform infrared (FTIR) spectroscopy, transmission electron microscopy 

(TEM), scanning electron microscopy (SEM), water contact angle, and atomic force microscopy 

(AFM). These mixed matrix membrane structures showed impressive stability with a negligible 

change in water contact angle even after 30 days. The inclusion of MIL-101(Cr)-NH2 into the CA 

membrane helped in reducing the water contact angle from ~ 65.1˚ to ~ 50.3˚, thus improving 

hydrophilicity. Adding as little as 1 wt. % MIL-101(Cr)-NH2 into the CA matrix enhanced the pure 

water flux to 68.1 ± 0.87 LMH, an increase of ~ 150% compared to pristine CA membrane owing 
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to its enhanced hydrophilicity and higher pore size while maintaining similar salt rejection. The 

prepared membranes also showed impressive rejection (>97%) on the basis of size exclusion 

mechanism for Methyl Blue (MB) dye. Moreover, flux recovery ratio (FRR) increased from ~ 

54.3% for pristine CA to ~ 82% for mixed matrix membrane having 0.2 wt.% containing MIL-

101(Cr)-NH2, thus showing significant enhancement of the antifouling property of the prepared 

membrane. 

Lastly, super hydrophilic silica nanoparticles (Si NPs) were used to modify tubular α-alumina 

membranes to improve their performance in terms of flux, oil rejection, and antifouling properties. 

The prepared membranes were applied for oil/water (O/W) emulsion treatment. By coating the 

membranes with Si NPs, their hydrophilicity was improved, and the oil contact angle (OCA) 

reached 133.8 for M0 to 171.4 for M3. To prevent Si NP leaching from the surface of the α-alumina 

tubular membrane, a polyvinyl alcohol (PVA) coating was first used as a pre-treatment step. By 

coating the membrane with Si NPs, the surface roughness and associated containment traps on the 

membrane surface decreased, which resulted in less fouling. TOC rejection increased from 93.1% 

± 0.4 for M0 to 97.7% ± 0.25 for M3 because of hydrophilic improvements of the modified 

membranes. The Si NP coating improved the anti-fouling property of membranes with flux 

recovery ratio increased from 71.3% for M0 to 85.9% for M1. SEM (Scanning Electron 

Microscopy), EDS (Energy-dispersive X-ray spectroscopy), OCA, and AFM (Atomic Force 

Microscopy) characterization tests were applied to study morphology, the amount of Si NPs, 

wettability, and surface roughness of the fabricated membranes, respectively.  

7.2 Comparison with other researchers  

We utilized a novel and robust nanofiltration membrane in aim III with low energy consumption 

and chemical free to treat underground water and surface water to convert to portable water which 

meets the EPA requirements. The membrane worked in nanofiltration scale which demands 

tremendously lower energy than a reverse osmosis (RO) membrane since nanofiltration membranes 

operate at lower pressure than RO. The longevity of the membrane was superior due to its anti-
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fouling properties. The prepared membranes were re-used using inexpensive backwash techniques 

with water unlike current membranes that require chemical cleaning. All these benefits combined 

has helped us reduce the operational cost of running a membrane unit of filtration by 50%. Based 

on our current pricing strategy the customer will get a 1.6X benefit for the investment they make 

on our membrane. In Summary, our nano filter membrane is easy to use and pocket friendly. The 

membranes were developed a novel nanofiltration membrane by taking advantage of interfacial 

polymerization. Nanofiltration membranes are between non-porous reverse osmosis (RO) 

membranes and porous ultrafiltration (UF) membranes. These allow ions to be separated through a 

combination of size & electrical effects of ultrafiltration (UF) membranes and ion interaction 

mechanisms of reverse osmosis (RO) membranes. The membrane preparation includes two major 

steps. First, synthesizing nanoparticles known as metal organic framework (MOF) and 

functionalize it to increase its hydrophilicity. In the second step, the polyamide membrane was 

prepared by the phase inversion method. The polyamide solution was poured on the surface of non-

woven to stabilize the membrane structure. The polyamide film was then placed inside water for 

the phase inversion process. Finally, nanoparticles were embedded inside the polyamide. The lab-

scale membrane dimension is (8-inch length, 4-inch width, 140-micrometer thickness). Another 

important feature is the flexibility of our product in terms of scalability. We will be able to provide 

industrial membrane in any dimension because phase inversion is a facile method to scale up from 

bench to pilot scale. The industrial membrane preparation is as follows:  

• The first step is MOF preparation. Based on our estimation, it takes two weeks to prepare 

10 kg of MOF using industrial equipment.  

• Second, full-scale membrane casting. Each industrial bath of membrane consists of 10,000 

m2.  

• Third, the prepared flat membrane sheet should be tested to make sure that the scale-up 

process does not decrease the membrane performance, and this step can be called quality control.  

• Then, the prepared membranes are rolled into a spiral form and sent to the next section.  
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• The final step will be gluing and winding of spiral-wound membrane. The envelopes are 

glued to separate feed and permeate sides. The envelopes are rolled into a spiral and taped for 

curing. The final product will be applied to membrane modules for treating water and wastewater. 

Various dimensions (in terms of length, width, and diameter) of industrial membranes are prepared 

using different prototypes. These porotypes are used to make sure that the final product meets 

standard dimensions.  

Intellectual Property The intellectual property for this technology belongs to Oklahoma State 

University Technology Development Center (TDC). Since this technology will be owned by 

Oklahoma State University, the OSU Intellectual Property Office will manage and complete all 

paperwork associated with the pursuit of intellectual property filings, including patent protection. 

Furthermore, the university will cover the full capital cost and take all risk associated with patent 

filing and procurement.  

Our sales strategy is a B2B strategy, and our immediate customers are Nanofiltration module 

distributors and Nanofiltration equipment makers. Our end users are the food and beverage 

companies, municipalities, farmers, and homeowners. Currently the customers using the nano 

filters present in the market face the following issues: 

• They will have to replace the Nanofilters every 12 months  

• They will have to use expensive cleaning technologies to clean their membranes which not 

only increases the overall cost but also increases the carbon footprint. 

With our filter the customer can replace the filter every 18months meaning our Nanofilters provide 

a 1.5 more longevity compared to the ones present in the market. Third, the prepared membrane 

can be re-used using inexpensive backwash techniques with water unlike current membranes that 

require chemical cleaning. The surge in the utilization of Nanofiltration membranes in most of the 

industrial sectors, especially food and beverages, chemicals, and wastewater treatment industry, is 

a major Nanofiltration membrane market growth driver and this surge seems to be huge in both the 
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developing and developed countries. In developing countries, the need for efficient, low-cost water 

filters are surging as the availability of water continue to reduce. 

 
7.3 Future work  

To identify a potential industrial membrane, one must overcome membrane drawbacks such as 

fouling. Besides that, improve fabrication process of membranes in terms of cost is another 

parameter that should be considered. In this dissertation, the various fabrication and modification 

techniques were applied to enhance anti-fouling property of the membranes for water treatment 

purposes. It has been found that modification of membranes using hydrophilic nanoparticles can 

improve fouling-resistance property. We also studied stabilizing the hydrophilic nanoparticles in 

the membrane structure while keeping anti-fouling property of the membranes.  

as explained in chapters 3, 4, 5, and 6, the fabricated inorganic membranes (NaA zeolite-coated 

mesh, α-alumina flat sheet, and α-alumina tubular) and organic membrane (cellulose acetate) 

showed excellent performance on a lab-scale for water treatment purposes. Nevertheless, to scale 

up these membranes for commercial application, we need to test the membrane for longer time to 

assure anti-fouling property remains unchanged. Then, results reproducibility of the fabricated 

membranes should be examined by national labs to make certain our results are re-creatable. After 

recreating the results, testing membranes in industrial scale is challengeable since operating 

condition and membrane dimensions might affect results. Hence, further study on numerical 

simulation of the membrane fouling process and optimal operational condition might be helpful to 

fabricate membranes for industrial application with lower cost.  
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