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Abstract

:

Cellulose acetate (CA) is a semisynthetic, biodegradable polymer. Due to its characteristics, CA has several applications, including water membranes, filament-forming matrices, biomedical nanocomposites, household tools, and photographic films. This review deals with topics related to the CA membranes, which are prepared using different techniques, such as the phase inversion technique. CA membranes are considered very important since they can be used as microfiltration membranes (MF), ultrafiltration membranes (UF), nanofiltration membranes (NF), reverse osmosis (RO) membranes, and forward osmosis (FO) membranes. Membrane fouling results from the accumulation of materials that the membrane rejects on the surface or in the membrane’s pores, lowering the membrane’s flux and rejection rates. There are various forms of CA membrane fouling, for instance, organic, inorganic, particulate fouling, and biofouling. In this review, strategies used for CA membrane antifouling are discussed and summarized into four main techniques: feed solution pretreatment, cleaning of the membrane surface, membrane surface modification, which can be applied using either nanoparticles, polymer reactions, surface grafting, or surface topography, and surface coating.
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1. Introduction


Due to their functionality, processability, affordability, and lightweight, traditional materials have been substituted with polymers in the application of packaging, such as paper, glass, and metal [1]. However, despite their wide range of applications, polymers are nonbiodegradable materials with adverse environmental effects [2]. They cause air and groundwater pollution and contribute to the “greenhouse effect,” which is dangerous for human and animal life [3]. As a result, nonbiodegradable polymers are now being replaced with biodegradable polymers of natural and manufactured origin [2]. Cellulose acetate (CA), a safer substitute for cellulose nitrate, began at the start of the twentieth century [4].



CA is a semisynthetic biodegradable polymer produced by a chemical reaction between cellulose, one of the most prevalent polysaccharides on earth, acetic anhydride, and acetic acid in the presence of sulfuric acid (H2SO4)–Figure 1. CA is a vital cellulose ester [4,5,6].



CA is an insoluble cellulose derivative that is considered a nontoxic, nonirritant, and biodegradable substance. CA is partially acetylated, with an acetyl concentration ranging from 29% to 44.8%, corresponding to mono-, di-, and triacetate [7].



Thermal stability, low weathering, good toughness, heat and chemical resistance, insolubility in water, nontoxicity, good mechanical properties, good hydrolytic stability, biocompatibility, biodegradability, high affinity, relatively low cost, comfort, natural feel, softness, luster, excellent chemical resistance, draping quality, and dimensional stability are all characteristics of CA [8,9,10,11]. Its properties depend on the extent of esterification, which is measured by the number of acetate groups that substitute OH groups and defines whether the final compound is acetate, diacetate, or triacetate [4]. The average amount of acetyl groups that substitute hydroxyl groups is called the degree of substitution (DS). CA with a DS higher than 0.8 is soluble in acetic acid; when DS is between 2.0 and 2.5, CA is soluble in methyl acetate, acetone, and dioxane. Higher acetylated forms of CA are soluble in dichloromethane [5,12].



One of the most prevalent biopolymers that degrades after disposal is cellulose. However, its ability to be made into membranes on an industrial scale is constrained because it is only soluble in a small number of solvents. One of the most alluring uses for cellulose membranes is organic solvent nanofiltration (OSN), which aims to get over this barrier. It is an emerging technique between cellulose, a plant-based material, and other materials, such as date-seed biomass [13], sacrificial acetate groups as electron donors or hole scavengers [14], or chitosan [15], which is obtained from shrimp farming waste and used as biomass material. These materials were investigated for the fabrication of oil- and solvent-resistant nanofiltration membranes and to increase the stability separation performance of CA membranes [13,15].



CA has several other applications, including biomedical nanocomposites, biomedical separation, antimicrobial membranes, affinity membranes, and filament-forming matrices [10]. It has also been utilized in various household items, including fabrics, children’s toys, eyeglass frames, and tool handles, although its primary use is as a basis for photographic film [4]. In addition, cellulose derivatives such as the butyrate derivative can be used for drug-releasing purposes in capsules [16].



This review highlights the main aspects of cellulose acetate as membranes, including fouling types and antifouling strategies, since CA is one of the most used polymeric materials that has been used in so many different types of membranes. The following sections elaborate on the importance of this polymer as a membrane compared to other types of polymers, in addition to its fouling issues, which, if handled properly, would maximize the use of its benefits.




2. CA Membranes, among Other Polymeric Membranes


Other than cellulose acetate, membranes are composed of different polymeric materials, such as polyamide (PA) polyvinylidene fluoride (PVDF), polyvinyl alcohol (PVA), polypropylene (PP), polysulfone (PSF), polyethersulfone (PES), and polyethylene (PE), however efficient biodegradable polymers are of great interest in science and technology, making CA of particular interest to researchers since it is a biodegradable polymer that has hydrophilic nature, and has high chemical and mechanical stability, nontoxicity, superior transport properties, excellent film-forming property, ease of availability, environmentally friendly, biocompatible, renewability, cost-effective, and a proper substrate for developing nanocomposites with novel material properties. Due to such attractive properties, CA has been used in the preparation of different types of membranes, such as gas separation, reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), microfiltration (MF), pervaporation, etc. [17,18].



While CA membrane consists of only one polymeric material with a very thin asymmetric structure, another type of membrane, a thin film composite (TFC) membrane, consists of at least two distinct layers; a top active, selective layer and a porous substrate, allowing for sufficient water flux. The most popular TFC membranes are based on the PA selective layer [19]. Commercial RO membranes were initially obtained from PA and CA membranes. Additionally, TFC membranes are used for nanofiltration (NF) processes due to their thin selective layer and high mechanical strength, resulting in high flux [20]. Compared to CA membranes, TFCs show better salt rejection, higher water flux, and higher resistance to biological attacks, in addition to working at a broader range of temperatures and pH. However, TFC has the disadvantage of having a low resistance to chlorine, and since chlorine is usually present in chlorinated waters, this is considered a performance inhibitor [21]. On the other hand, CA membranes exhibit higher chlorine resistance, rejection rate, and durability [22]. To make use of the advantages of both types of membranes, Ounifi et al. (2021) deposed a PA thin film over a CA support by the interfacial polymerization method, leading to solid adhesion between PA and CA, which was explained by the formation of the polyamide film on the substrate surface and inside the pores [19].




3. CA Membranes: Types and Applications


Membrane processes are divided into categories based on various factors, such as driving force, membrane materials, membrane configuration, the size range of components eliminated, and separation mechanisms [23]. The pores’ dimensions in a membrane classify membranes. The smaller the pores, the more deriving force is required during the processes. Numerous factors influence membrane porosity, including the polymer solution’s temperature, the solvent/coagulant used, the cast polymer film’s thickness, the environment or the coagulation bath, the polymer solution’s composition, the salt addition, air moisture time, the support material (nonwoven, glass, metal, and polymer), and the nonsolvents used [24,25]. Brown used CA for the first time as a membrane in the 1910s. CA membranes are prepared using different techniques, and each has some advantages and disadvantages, such as (1) evaporation, (2) thermally induced phase separation, (3) vapor-induced phase separation, and (4) immersion precipitation [26,27]. The phase inversion technique is widely used to produce CA membranes [16]. CA can be used as microfiltration membranes (MF) [27], ultrafiltration membranes (UF) [28], nanofiltration membranes (NF) [29], reverse osmosis (RO) membranes [30], and forward osmosis (FO) membranes. Table 1 includes examples from the literature of materials used in the preparation of different types of CA membranes.



3.1. Cellulose Acetate MF Membrane


Due to the comparatively wide pore dimension (0.1–1.0 µm), MF is categorized as a low-pressure (<2 bar) process. Using the physical separation principle, MF can eliminate significant pathogens, macrometer-sized particles, microscopic bacteria, yeast cells, and proteins, as well as organic colloids [56,57]. MF CA membranes are used for different purposes, such as membrane bioreactors, wastewater treatment, enzyme filtration, protein filtration, diagnostic cytology, biological fluid filtration, and more [58].



The casting solutions are usually composed of CA with acetone [32,33] or a mixture of formamide and acetone as solvent [59]. In general, a mixture of different compositions can be prepared. First, air bubbles are removed by leaving the solution to stand for some time in an airtight atmosphere. Then, after partial evaporation in the atmosphere for a specific time that can range between a few seconds and a few minutes, it is cast on a plate gently submerged in water. When the membrane is produced, it is rinsed with deionized water for many hours after complete precipitation to remove all solvents and additives [32,33,59].



The biomedical industry may use commercially treated CA MF membranes with antibacterial properties for venting and safeguarding medical equipment and the ventilation of operating and intensive care rooms [60]. Additionally, the CA MF membranes have been used for the separation of oil and water [61,62], whey and fruit juice filtration [33], and adsorption techniques [63].




3.2. Cellulose Acetate UF Membrane


UF is also classified as a low-pressure (2–5 bar) process. UF membranes generally operate by sieving. However, they have a more extensive separation range than MF membranes (typically between 0.01 and 0.1 µm). They can eliminate colloids, particles, pathogens, and viruses [23]. The ultrafiltration process can successfully separate proteins and other substances with high molecular weights from contaminated water. It has been intensively used in the food, biotechnological, pharmaceutical, electrical, chemical, and electrocoating industries for product recovery and pollution management [64].



Phase inversion is typically used to manufacture CA-UF membranes. The solution for casting is usually composed of CA and N,N-dimethyl formamide (DMF), dimethylacetamide (DMAc), and acetone:




	
The casting solution is mixed until it becomes homogenous.



	
The solution is degassed to clear any air bubbles before casting. The solution is then cast, and following that, the evaporation time during membrane formation spans from 2 sec to 120 sec.



	
A deionized water bath is gradually filled with the cast film.



	
When the inversion process is completed, for further characterization, the membrane is kept in a deionized water bath [28,65,66,67].








CA membranes are now the go-to solution for avoiding the fouling of proteins [65,68,69]. However, due to the denser top layer and low porosity sublayer of CA-UF membranes, water flux during the separation process is low, which limits their applications. Therefore, in order to broaden the range of applications for cellulose acetate ultrafiltration (CA-UF) membranes and increase their efficiency, CA must be modified to fulfill the demands of an antifouling-high-water flux membrane system [66,70]. CA-UF membrane properties can be improved in several ways. One of these is to alter the solvent in the casting solution. For instance, mixed solvents of acetone, DMF, and/or 2-propanol were utilized on a trial basis to prepare CA casting solution [71,72,73].



Furthermore, additives or pore-forming agents significantly improve the CA membranes’ performance. For example, Arthanareeswaran et al. prepared CA-UF membranes with an additive of polyethylene glycol 600 [1]. Additionally, Sivakumar increased the water flux of CA/polyurethane UF membranes by utilizing an agent for pore-forming; polyvinylpyrrolidone [68].



The CA UF membranes have been used in many disciplines, including removing heavy metal [74,75], treatment of dye wastewater [76], separating oil and water [77], BSA filtration [78,79], separation of protein [80], and blood hemodialysis [81,82].




3.3. Cellulose Acetate NF Membrane


NF is classified as a high-pressure process. NF membranes were created with the primary goal of simultaneously removing and softening organics. The pore size of the NF membranes is between 1 nm and 5 nm, which enables certain monovalent salts, such as Cl-, and low-sized solutes to pass through. Utilizing NF membrane technology in the treatment of wastewater, drinking water, and process water generation has sparked attention in the previous decade [23,83].



The first polymer utilized to make NF membranes was CA. CA is resistant to chlorine and solvents, which makes it a suitable material for membranes [72]. For CA-NF membrane preparation, a mixture of acetone and formamide [39,43,84] or NMP [42] is utilized in the process of preparing the casting solution. First, the solution is stirred to dissolve the CA polymer. After degassing, the solution of CA is cast on a glass plate and then instantly immersed in a cold-water bath for a few hours. Following that, the membranes are submerged in a hot water bath for a few minutes so that any remaining solvent is removed [39,43,84].



However, a very low flux and rejection ratio result from the low-porosity sublayer and dense skin layer (Figure 2). As a result, many researchers focused on using additives in the CA membrane casting solution to improve the membranes’ properties. Polyvinylpyrrolidone (PVP) has been introduced to the CA casting solution as a pore former, while hydrophilic PEG 600 has been added in order to change the membrane’s porosity [24,43,85].



The CA-NF membranes have been used in many disciplines, including desalination [86,87], removal of heavy metals [84], treatment of dye wastewater [87], nitroaromatic rejection from water contaminated by dye, pesticide, and explosives [88,89], domestic wastewater treatment [90], and removal of micropollutants from water [91].




3.4. Cellulose Acetate RO Membrane


RO is also a high-pressure process (up to 80 bar). RO membranes have a homogenous polymer layer that permits water to pass through them on top of a hierarchically structured polymer support. The application pressure must exceed the solution’s osmotic pressure. Most dissolved materials are rejected by the RO’s very selective membranes [23,92,93,94].



In the 1950s, the symmetrical CA membrane had been reported to retain salt successfully, attaining a rejection rate of 98 percent, but the permeate flux was poor (<10 mL m−2 h−1) [95]. Then, a 200-nm-dense layer was created on top of a microporous layer to create a CA asymmetric membrane. The water flux was much more significant with this new morphology than with the original symmetric membrane [96]. In today’s world, RO is the most extensively utilized desalination method because of its high rejection of salts; sodium chloride is rejected by 99.5–99.8% of commercial seawater RO membranes. Despite their high water permeability, RO membranes of brackish water routinely employed for potable reuse reject approximately 99.5% of salt [23,97].



The casting solution used in RO preparation is composed of CA, with acetone, DMA, and DMF-NMP as solvents used solely or in mixtures. First, casting is performed on a glass plate, and the solvent is allowed to evaporate, forming a semisolid mass, and then immersed in a water bath. Then, the resulting membrane is heated for annealing. Finally, the resulting RO membrane is stored in water for further uses [26,44,45,46,47,48,98].



The CA-RO membranes have been used for desalination [46,48,99,100], to remove ammonium from aqueous solutions [101], a trace of organic compounds and micropollutants are rejected from water more effectively by the CA-RO membranes [102], and fermentation broth separation [103].




3.5. Cellulose Acetate FO Membrane


Due to its potential for lower energy usage, high rejections to pollutants, and low membrane fouling, the CA forward osmosis (FO) membrane has received much attention in the fields of water desalination and water recovery [104,105].



As an affordable alternative to CA-RO, CA-FO technologies that run at little or no pressure can desalinate water. Similar to CA-RO, CA-FO separates water from dissolved solutes using a semipermeable membrane [106]. Small molecules, such as water, can pass across the semipermeable membrane, whereas larger molecules are blocked. This technique involves circulating a concentrated solution on the membrane’s permeate side with a higher osmotic pressure than the feed. The osmotic pressure gradient across the membranes promotes the flow of pure water through the membrane. Reduced pressures, high dissolved solute rejection, and low fouling propensity are all characteristics of CA-FO operation [107,108]. The CA-FO membrane displays minimal or reversible membrane fouling and runs at zero or low operational pressure [109].



The CA-FO membrane casting solution consists of CA with DMA, DMAc, or NMP as solvents. After casting, the solvent is allowed to evaporate for a few seconds, and then the casting plate is immersed in a water bath for a specific time. Finally, the prepared membrane is peeled off the plate and stored in a deionized water bath [52,53,54,55].



The CA-NF membranes have been used in many disciplines, including desalination [110], desalination using MgSO4 draw solution [108], salt rejection [111,112], treated sewage effluent [113], and recovery of water and nutrients from wastewater [114].





4. Cellulose Acetate (CA) Membrane Fouling


Fouling arises through the accumulation of materials rejected by the membrane within its pores or on its surface [115]. The particle dimensions of the pollutants present in the feed solution significantly influence the fouling mechanism. Contaminants may be adsorbed at the internal pore surface, leading to pore plugging, if the foulant size is similar to or lower than the membrane’s pore diameter. However, when the foulant has more significant dimensions than the membrane’s pores, a cake layer is formed on its surface [116,117]. The CA membrane has more significant fouling problems than other frequently used polymeric membranes due to its low surface hydrophilicity.



In general, the classification of membrane fouling is based on foulant type, with four main foulant types: particulate, organic, inorganic, and biological micro-organisms. In addition, another classification is based on the fouling location, internal or external fouling [118].



Internal membrane fouling refers to accumulating both colloidal particles and solutes in the pores. In contrast, external membrane fouling refers to the deposition of colloids, particles, and macromolecules on their surface, creating a fouling layer over the top of the surface, where it could be a gel layer formed due to the pressure variance between the permeate and the feed, or it could be a cake layer formed as a result of solids accumulation on the membrane surface [119]. It also can be classified according to the degree of foulant removal, where it could be removed by physical cleaning (reversible), or it could be irreversible, thus, requiring the chemical cleaning to be removed [120]. The following subsection briefly describes the four primary fouling types based on dominant foulants.



4.1. Types of CA Membrane Fouling Based on Foulant Types


In general, the membrane material or membrane type may affect the fouling type due to different surface morphology or different modes of filtration (i.e., pressure driven). However, the main affecting factor is the solution chemistry [121], and besides the foulant properties, the foulant layer structure and interaction membrane surface, the foulant controls the fouling type and behavior [122].



4.1.1. Organic Fouling


Organic fouling is the accumulation of dense organic materials mainly on the surface of the membrane [118,123]. Natural and soluble organic matter and synthetic compounds are all examples of dissolved organic matter [118,123]. Organic fouling occurs by various mechanisms, mainly: adsorption, attachment, pore-clogging, and the development of a gel or cake layer. Several parameters affect the occurrence of these mechanisms, such as organic matter characteristics (charge, hydrophobicity, size), membrane characteristics (surface charge, pore size, hydrophobicity, surface roughness), feedwater chemistry (pH, concentration of divalent cation, and ionic strength); and operating conditions (permeate flux, pressure, temperature, and crossflow velocity) [124,125,126].



Membrane surface characteristics have a substantial role in organic matter adsorption, which is the dominant organic fouling mechanism. Thus, reducing the effect of organic matter adsorption can control such fouling. For example, it was reported that surface roughness reduction and membrane hydrophilicity increase have the potential to decrease and control organic fouling [126,127].




4.1.2. Inorganic (Scaling) Fouling


Inorganic fouling occurs when the feed water contains inorganic compounds, such as hydroxides, salts, and minerals that precipitate out of the solution once the solution’s concentration becomes higher than its saturation point (equilibrium solubility), resulting in its deposition and accumulation on the membrane surface or in between its pores, where it leads to the development of a cake layer or clogging of the pores [118,128,129]. Several researchers have proved that inorganic fouling is likely to happen if the feed water contains high calcium or magnesium concentrations [3].



Inorganic fouling occurs through two mechanisms: crystallization, which includes ion precipitation, and then deposition on the surface. In addition to particulate fouling that occurs through convective particulates transport from the solution to the surface [128,130] since the concentration of the inorganic compounds at the surface is higher than that in the solution [129].




4.1.3. Particulate/Colloidal Fouling


Particulate/colloidal fouling is produced by a buildup of large macromolecules (aggregates), including biological, organic, and inorganic material on the membrane surface [129,131], creating a cake layer that blocks water from going through pores of the membrane resulting in pores clogging [132]. This affects energy consumption, where the pressure required for operation should increase to enforce the water passing through the membrane [133].



The particulate fouling occurs first by pore-plugging, which arises due to particles building up around the pore opening, causing the aperture to be narrowed and restricted. Over time, this led to deposition accumulation on the initial ply, resulting in the closing of the membranes’ pores. Then a thick ‘cake layer’ is produced due to particle deposition increase. Such a layer affects the membrane’s efficiency as the hydraulic resistance increases and permeate flux decreases [129].



In general, smooth and low surface charge membranes with improved hydrophilic properties are less likely to be exposed to particulate fouling. In contrast, inappropriate operating conditions such as high flux rates of membrane and low crossflow velocity can result in severe membrane fouling [118,134].




4.1.4. Biological Fouling (Biofouling)


Biofouling occurs due to the growth and buildup of biological pollutants (microorganisms) in the pores of the membranes or on their surfaces. It includes microorganisms, plants, algae, and others, and it restricts the flowing of water from one side to the other. Such foulants are present, grow, and multiply in warm nature with low flow rates and produce a protective material known as extracellular polymeric substance (EPS); thus, the microorganisms and EPS together create a layer called biofilm that resists the backwashing cleaning technique [118]. The EPS is mainly composed of polysaccharides and proteins as well as macromolecule sources, including heteropolysaccharides, lipoproteins, and glycoproteins, and it induces the micro-organism’s growth as it creates the favorable conditions for bacteria to grow close to each other [131].



The biofouling mechanism involves three stages; the accumulation of soluble and suspended EPS on the surface and in the pores of membranes; the clocking of membrane pores via cell debris and tiny colloidal particles; and the sludge cake adhesion on the surface of the membrane [135]. Biofouling control is critical, especially for CA membranes, since it is more vulnerable to a microbial attack where the microorganisms can degrade the membrane surface and utilize cellulase enzymes [127,130,136]. Maddah et al. [137] have identified the most common microorganisms that attack the membranes, including bacteria (Mycobacterium, Pseudomonas, Bacillus, … etc.) and fungi (Penicillium, Mucor, Aspergillus, … etc.).





4.2. CA Fouling Influencing Factors


Several researchers have studied the influencing factors of CA fouling in several types of membranes. For instance, Xinghua Sun et al. [138] have investigated fouling using Bovine Serum Albumin (BSA) at constant permeate flux during the dead-end microfiltration, taking into consideration; the effect of the protein’s aggregates size, blocking, and constriction of membrane pores, cake formation and the solution’s pH on fouling of the membrane. They stated that the formed cake layer resists the front-washing cleaning strategy and cannot be removed. However, it can be removed easily at a pH of 6.9, proving the CA membrane’s reversibility and pH-dependent nature. They also reported that the main reason for fouling was the cake layer formed due to large BSA aggregates since it significantly affected membrane fouling compared to small aggregates. While Winfield [139] investigated Cellulose Acetate-Reverse Osmosis (CA-RO) membranes fouling by sewage effluent, he stated that membrane fouling is dominated by dissolved organic matter than large suspended particles.



Another study by Masatoshi Hashino et al. [140] examined the behavior of the fouling of the cellulose acetate butyrate (CAB) membrane using three kinds of natural organic matter (NOM), including sodium alginate, BSA, and humic acid. They observed the blocking of the pores and the development of a cake layer that consisted of substances with a size of more than 0.1 µm.—which is considered high molecular weight—when using the sodium alginate solution, thus leading to a more significant decline in permeate flux than in humic acid and BSA. However, a progressive reduction in permeate flux was detected when using the BSA solution after 240 min of filtration due to BSA adsorption to the CAB membrane, resulting in a lower permeate flux than humic acid.



Moreover, Xunyao Fu et al. [141] investigated the surface morphology effect on the fouling of cellulose acetate butyrate (CAB) membranes using a humic acid solution where they prepared different surface structures. They observed a fast decline in the membrane’s relative permeability due to fouling by the solution of humic acid, which penetrates the membrane and deposits onto its pores, resulting in lower rejection of humic acid and consequently leading to substantial flux decline.



Furthermore, Dwi Indarti et al. [142] have explored the fouling behavior of CA UF membrane using Tempe wastewater with high protein content. They found that both the exerted pressure and protein concentration affect the membrane fouling, where high protein molecules concentration in the feed water results in membrane fouling while the high exerted pressure leads to enhancing the permeate flux and thus enhancing fouling resistance. In other words, the higher the protein molecules concentration in the feed water and the lower the exerted pressure, which strongly affects the permeate flux, the more significant the fouling. The fouling resistance of the CA UF membrane has also been studied by Andrea Iris SCHÄFER [143], where they investigated the temperature impact on water flux by adjusting the temperature between 15 °C and 40 °C and measuring the variation of flux as well as variation of dynamic viscosity with temperature. An enhancement in permeate flux was detected as the viscosity decreased, thus indicating a higher permeability and fouling resistance at a higher temperature.



Additionally, the impact of the ionic strength and the colloid concentration of the feed water on fouling was also explored. Zhu and Elimelech [144] have examined the fouling of CA-RO membranes by colloidal silica. It was found that the membrane fouling is negatively affected by the high solution’s ionic strength and high concentration of feed colloids. This is because the particles will be less negative in higher ionic strength solutions due to double layer compression and stern layer charge reduction [145]; because equivalently charged ions repel negatively charged particles, membrane fouling is delayed [146]. It is worth mentioning that the researchers have conducted the same experiment using an aromatic polyamide composite RO membrane, and they found that the flux across the CA-RO membrane decreased at a lower rate compared to the composite RO membrane due to the differences in the roughness of the membranes surface, where the CA membrane surface is considered smooth, confirming that the surface morphology has significant effects on the colloidal fouling. This was also confirmed by Gu et al. [121], who studied the organic fouling of two membranes and reported that cellulose triacetate membrane had less fouling at early stages compared to polyamide membranes which have rougher membrane surface as it offers a larger surface area than smooth membrane surface that induces the interaction between particles [147] and leads to particle accumulation, resulting in severe flux decline [148].



The hydrophilicity of the membrane’s surface is known to enhance antifouling properties. Different studies in the literature studied enhancement hydrophilicity and, consequently, enhancement of the antifouling properties. Khan et al. [149] introduced an organic acid to the casting solution of CA membranes preparation, which caused asymmetry in the membrane structure, high hydrophilic properties, and the smoothness of the surface, leading to better antifouling performance. In comparison, another study was performed on CTA membranes by Naseem et al. [150], who introduced TiO2/GO nanoparticles into the membrane matrix, which enhanced membrane hydrophilicity and antifouling performance. No study was found to compare CA and CTA fouling behavior.



The efficiency of CA membranes is strongly influenced by the acetylation degree. An increase in acetylation produced a more excellent salt rejection ratio, but the flux values were shallow [151]. Depending upon the number of hydroxyl groups in the repeat unit of cellulose that are replaced by acetyl groups, three different forms of cellulose acetates with varying degrees of acetylation can be produced: cellulose monoacetate, cellulose diacetate, and cellulose triacetate, the average number of acetyl groups per repeat unit of the polymer, which determines the degree of acetylation, ranges from 1 to 3 [152,153]. Hydrophobic acetyl groups replace the hydrophilic hydroxyl groups on the cellulose surface throughout the process of acetylation reactions, and the molar ratio of acetic anhydride to acetic acid causes an increase in the degree of acetylation. Increasing the acetylation degree results in an increase in the hydrophobic properties of the cellulose. The acetylation degree effects on cellulose acetate’s hydrophobic characteristics are believed to be significant for membranes, filters, scaffolds, and textile applications [154].



Zhu and Elimelech [144] examined the effect of permeate water flux by using various permeation rates (3.31 × 10−6, 5.27 × 10−6, and 1.10 × 10−5 m/s) on membrane fouling at similar solution chemical composition (0.01MNaCl and 30 mg/L silica colloids), and found that the amount of deposited colloids increases as the rate of particle transport increases, thus fouling is more significant at high permeation rates [144].



They also examined the fouling of CA-RO membranes by aluminum oxide colloids. The experiments were conducted at different concentrations of NaCl, mainly: 0.1, 0.01, and 0.001 M, at a fixed transmembrane pressure of 400 psi and pH = 5.6 to 6. In addition, they used a feed concentration of 100 mg/L.



The CA-RO colloidal fouling was substantial at high ionic strength (0.1 M). That was because the double layer’s repulsive forces decreased, and particles interacted with previously retained particles and deposited onto their surface instead of on the membrane surface, producing a thick fouling layer that increases the water flow resistance and consequently decreases the water flux. Humic substances’ effects on colloidal fouling have also been explored since most of the feed water selected to be treated by RO membrane has a considerable amount of dissolved organic matter with a considerable fraction of humic substances. Therefore, a series of experiments were performed without colloidal particles and at different concentrations (0, 10, 30, and 100 mg/L) with humic substances available at 0.6 mg/L total organic carbon (TOC) and 0.1 M NaCl. It was found that the higher the particle concentrations, the more severe the membrane fouling. Moreover, it was detected that the utilized concentration of humic substances would not cause fouling to the membrane, as can be confirmed by the constant water flux through the membrane in the absence of colloidal particles [144].



According to all the studies mentioned above, it is evident that improving the performance of CA membranes is necessary. Therefore, several studies have investigated CA membrane’s fouling remediation and cleaning techniques, as described in the following section, where a substantial enhancement was accomplished.





5. Cellulose Acetate (CA) Membranes Antifouling Strategies


Strategies for CA membrane antifouling can be achieved using different techniques (Figure 3):



5.1. Feed Solution Pretreatment


This technique is often used as a first step to prevent quick membrane fouling by preventing the solute from settling on the membrane’s surface or in between the pores. This technique generally employs physical or chemical means. A pre-filtration or adsorption is typically employed in the physical method to eliminate foulants that are outcast due to their fouling proclivity [116]. Antiscalants or disinfectants are included in the solution for the chemical pretreatment to help the particles in the feed precipitate, coagulate, or flocculate [155].




5.2. Cleaning of the Membrane Surface


Methods of cleaning membranes are divided into physical, chemical, and biological methods [155]. Cleaning by simple physical methods can remove a small number of foulants, but the only way to remove a high amount of foulants is to use aggressive chemical cleaning, which causes membrane matrix materials to degrade [156]. In biological cleaning methods, a cleaning solution containing bioactive agents is used to catalytically decompose foulants and lower the probability of fouling [155]. Enzymes, antibodies, peptides, nucleic acids, and polysaccharides are the bioactive agents used in biological cleaning methods [157,158].




5.3. Surface Modification


Foulants’ interactions with the membrane surface are influenced by surface chemistry. According to Whiteside and coworkers, surfaces that resist fouling have three common characteristics: they are electrically neutral, hydrophilic, and capable of establishing hydrogen bonds [159].



A pure water layer can quickly form on a very hydrophilic surface, inhibiting the hydrophobic foulants from adhering to and depositing on the membrane’s surface, thereby decreasing fouling [160].



5.3.1. Surface Chemistry Modification Using Nanoparticles (NPS)


The surface can be chemically modified either by incorporating nanoparticles inside the polymer matrix or by changing the chemistry of the polymer matrix using different reactions.



Metal-Based Nanoparticles


The influence of bioinspired polydopamine (PD) coating accompanied by in situ silver nanoparticles (AgNPs) immobilization on CA/UF membrane modification was studied by Saraswathi and coworkers. CA membrane’s hydrophilicity, antifouling, and anti-biofouling characteristics have all improved dramatically due to the treatments. The immobilized AgNPs offered outstanding anti-biofouling properties to the modified membrane, while the PD coating provided strong surface hydrophilicity and antifouling properties [161]. In another study, bactericidal CA nanofiltration composite membranes were prepared with three types: CA-based membranes with polyvinylpyrrolidone coated AgNPs, B-zeolite, and silver ion-exchanged B-zeolite. The results showed that adding AgNPs increases the hydraulic permeability of the membrane by three times while adding silver-ion loaded zeolite increases the permeability of the hydraulic by 56.3% [162]. Additionally, in 2015, AgNPs bonded with the CA polymer matrix showed improvement in the hydraulic permeabilities by Sonawane and coworkers [163].



The utilization of dispersed Au (0), Ag(0), or Pt(0) NPs in a 1-n-butyl-3-methylimidazolium bis(trifluoromethane sulfonyl)imide ionic liquid (IL) in combination with CA resulted in functionalized membrane films with good thermal, mechanical, and chemical stability as found by Scheeren and coworker. The CA/IL/NPs combination increased their ability to resist E. coli and S. aureus [164].




Metal Oxide-Based Nanoparticles


The phase inversion technique was used to make ZnO nanoparticles (NPs) modified ultrafiltration CA membranes (CA/ZnO NPs). Surface pore size, porosity, contact angle, and surface hydrophilicity were all impacted by varying concentrations of ZnO NPs in the polymeric membrane. The CA membranes’ permeability is reduced when polymer content is increased. The permeability of the blended membranes increased due to the increasing hydrophilicity and porosity of the membrane. Notably, a tiny amount of ZnO NP supplementation was adequate to improve mechanical characteristics. Due to a network of hydrogen connections between CA and ZnO NPs, the inclusion of ZnO NPs increased the surface hydrophilicity, allowing for acceptable wettability [165].



The electrospinning method was used to produce hybrid membranes made of CA and titanium oxide nanoparticles (TiO2NPs)/ (CA-TiO2) hybrid membranes. The CA–TiO2 hybrid membranes had a structure similar to that of a pristine CA membrane. However, the network linking the fiber structures was enhanced by the deposition of NPs on the membrane fibers’ surfaces. Characterization investigations confirmed the presence of NPs in the CA electrospun membrane matrix, and the pristine CA membrane was successfully modified. Increasing the TiO2 amount in the solution of CA improved the positively charged properties of hybrid membranes, and it led to an increase in the roughness of the surface and an improvement the tangles and the network connecting the fibers. Furthermore, considerable amounts of agglomerations were noticed on the upper layer of the membrane for higher concentrations of TiO2NPs (4.5 and 6.5 wt%), and a portion of the fibers exhibited a change in shape from round to flat. As a result, 1.0 and 2.5 wt% of hybrid membranes were determined to have the optimal morphological structures [166].



Merging silicon oxide nanoparticles (SiO2NPs) and poly(3,4-ethylene dioxythiophene) (PEDOT) into the CA matrix resulted in the construction of new antifouling UF nanocomposite membranes. The nanocomposite membranes outperform the pristine membrane in terms of hydrophilicity, porosity, bovine serum albumin (BSA) rejection, and flux, using the abundance of surface-terminating groupings on CA, SiO2NPs, and PEDOT. Molecular modeling was utilized to theoretically and experimentally examine the properties of the membranes and synthesized materials. The hypothesized membrane structure was moderately positive and demonstrated a preference for electrophilic addition reactions [37].




Metal-Organic Frameworks (MOFs)


Another nanoparticle that can be used for enhancing antifouling is metal-organic frameworks (MOFs), which were found to increase the hydrophilicity of membrane surfaces, leading to the enhancement of antifouling properties [167]. Vantopour et al. [168] introduced zeolitic imidazole framework-8 (ZIF-8) particles into CA-NF membranes. This resulted in an increase in flux recovery, a decrease in contact angle, and a decrease in fouling. They concluded that the ZIF-8 MOF enhanced the hydrophilicity of the membrane surface, leading to a compact water barrier and decreasing the interactions between the contaminant and the surface of the membrane. In another study, Yang et al. [36] synthesized MOF-Lignocellulose nanofibrils composed of HKUST-1@ LCNFs, a hydrophilic filler, and blended them with CA-UF membranes, which resulted in improved antifouling properties. Ee et al. [169] used a composite of cellulose nanocrystals (CNC) with UiO66-NH2 as an electrospray coating for CA membranes, which led to higher biofouling resistance.




Clay-Based Nanoparticles


The wet-phase inversion technique was used to make CA/nanoclay mixed matrix membranes. Mixing nanoclay with the CA polymer solution enhanced the rate of demixing, resulting in the creation of macrovoids. Two different forms of nanoclay were used: Na- montmorillonite and organically modified montmorillonite. CA organo-montmorillonite outperformed virgin CA and CA sodium montmorillonite in terms of membrane performance and antifouling characteristics. In addition, the membrane pore size, porosity, and hydrophilicity improved when organo-montmorillonite was embedded in the CA matrix compared to sodium montmorillonite [170].




Carbon-Based


To enhance the UF/CA membrane efficiency, various amounts of virgin multiwalled carbon nanotubes were blended with the CA membrane to enhance the UF/CA membrane efficiency and produce asymmetric flat-sheet composite membranes for methylene blue removal. Due to the high hydrophilicity of the surface supplied by the CNTs, the composite membranes had the best antifouling capabilities and showed an improvement in methylene blue removal [171].



De Faria and coworkers reported the development of functional materials that can resist bacterial colonization by combining graphene oxide-silver (GO-Ag) nanocomposites with CA membranes. S. aureus and E. coli strains demonstrated promising antibacterial activity when CA membranes included graphene oxide-silver nanocomposites. The treated membranes showed extraordinary resistance to E. coli adhesion and proliferation. In the (GO-Ag) nanocomposites membranes, surface pores were larger, and pure water flux was higher than in virgin membranes [172].




Others


Using the phase-inversion process, asymmetric RO membranes of CA were produced in the presence of chitosan NPs as an anti-biofouling agent. According to the observations, the inclusion of chitosan NPs boosted the salt rejection and water flux. In addition, the static adhesion test revealed that the membrane incorporating chitosan nanoparticles had improved fouling resistance to bacterial activity [15].



Hydrophilic polydopamine-sulfobetaine methacrylate—PDA/SBMA—De Guzman and coworkers synthesized NPs. Increased demixing rates were achieved by adding hydrophilic PDA/SBMA NPs to the CA solution. As a result, membranes become more porous, hydrophilic, and thick. However, incorporating smaller NPs into the CA matrix did not always result in greater efficiency. PDA/SBMA nanoparticles of sufficient net charge and size must be introduced to achieve optimal membrane characteristics and performance. It had good antifouling characteristics as well. Furthermore, it was effective in treating a variety of oily feed combinations comprising various forms of emulsified oil [77].





5.3.2. Surface Chemistry Modification Using Polymer Reaction


A one-step reaction recently synthesized PA with greater hydrophilicity and oleophobicity characteristics than CA by esterification between perfluoroalkyl polyethoxy acetic acid and the hydroxyl groups. A blend membrane created by combining CA and PA in a 4:1 ratio demonstrated better membrane characteristics. Furthermore, the results showed that the membranes were antifoulants because they had excellent hydrophilicity and superoleophobicity because the fluorinated group introduced in PA was built using both oleophobic and hydrophilic perfluoroalkyl groups [173].



In another study, a two-step procedure that included chlorination and subsequent substitution reactions produced a new kind of antifouling dopamine-modified CA membrane. The results showed enhancements in the permeability and hydrophilicity of modified membranes compared to those of the nonmodified membranes. In addition, the CA membrane modified with dopamine had excellent durability and a broader range of applications in water treatment [174].



In 2014, Kanagaraj and coworkers synthesized charged surface-modifying macromolecules (cSMM) mixed at different concentrations to prepare CA membranes using solution casting. The additive content of cSMM increased surface hydrophilicity and the pore dimensions, causing higher pure water. The average pore size, porosity, and molecular weight cut-off value of a cSMM blended membrane rise dramatically as the content of cSMM rises. The enhanced hydrophilicity resulted in resisting protein adsorption at the surfaces of the membrane and consequently improved antifouling characteristics [175].




5.3.3. Surface Grafting


Surface grafting is a chemical modification, e.g., covalent bonding between the surface and a substance, leading to a change in the surface’s properties [176]. For example, Tyrka et al. [176] examined the potentiality of covalent bonding, an active substance covalently bonding 3-aminopropyl (diethoxy)methylsilane to the CA membrane surface in scCO2 to obtain anti-biofouling properties. Grafting increased material hydrophilicity, as supported by contact angle results, and showed anti-biofouling solid properties. In another study, CA membrane surfaces were grafted with epoxy propyl dimethyl dodecyl ammonium chloride [177]. The antibacterial, antifouling, and antibioadhesion properties of the CA membrane were enhanced due to grafting.




5.3.4. Surface Topography


In order to gain optimum surface area interactions and protection, micro-organisms head to set in zones that are somewhat larger than themselves. Therefore, surface topography depends on limiting micro-organism settlement by forcing restrictions on size; as a result, developing a nano- or microstructure on the surface top limits the attachment options numbers, decreasing fouling adherence and making fouling removal more accessible in the event of settling [83]. Additionally, fouling particles prefer to be trapped by a rougher surface than by a smoother one; hence, a smoother membrane surface is predicted to have faceless fouling [178].



The function of the morphology of the membrane surface in colloidal fouling of CA and thin-film composite polyamide membranes was examined by Elimelech and coworkers. Compared to the CA membranes, the thin-film composite membranes had a greater fouling rate [179]. Hence, decreasing the membrane’s surface roughness might increase its antifouling characteristics, but on the other hand, it could adversely affect the membrane flux [180].



A hydrophilic CA-graft-(glycidylmethacrylate-g-polyethylene glycol) (CA-g-(GMA-g-PEG)) was developed and inserted into acetylated methyl cellulose (AMC). Increased CA-g-(GMA-g-PEG) concentration in the AMC matrix, decreased macrovoids and caused sponge-like structures all over the membrane cross-section. Treating membranes with AMC resulted in a smoother surface and increased hydrophilicity, which resulted in a lower fouling tendency in the membrane compared to untreated membranes [181].





5.4. Surface Coating


The membrane surface is coated with a thin layer to enhance its surface charge, hydrophilicity, and smoothness. However, this is only applied to polymers with a high molecular weight. Another problem is instability caused by a weak surface-layer interaction (also known as interfacial incompatibility) [182]. The electrostatic repulsive force reduces fouling production when both the foulant and the membrane have similar surface charges [183]. Poly (ethylene glycol) and other hydrophilic polymers (polysaccharides, polyacrylates) were used to make antifouling coatings, but attention to these materials has lately switched to zwitterionic polymers [184].



The surface of the electrospun CA fiber networks was efficiently covered with chitin nanocrystals, resulting in a new and exceptionally effective surface treatment approach for antifouling membrane fabrication. In addition, hydrophobic CA was used to make superhydrophilic membranes with a 0° contact angle [185].



To increase the hydrophilicity and lipophilicity of cellulose nanocrystals (CNCs), dopamine (DA) was self-polymerized in water, resulting in a thin coating of polydopamine (PDA). The PDA-coated CNCs (PDA@CNCs) were combined with cellulose acetate and a pore-forming agent (CA). The filtration capacity, antifouling performance, and tensile strength of the CA membrane were significantly improved by adding a small amount of PDA@CNCs. Additionally, adding PDA@CNCs enhanced the lipophilicity and dispersion of CNCs, increased the binding force between CNCs filler and CA matrix, and enhanced the performance of CA composite membranes, expanding the industrial application of CA materials and opening up a wide range of new application possibilities in the fields of biological separation membranes and water [186].



Another process is used to enhance the characteristics of the membrane, which is created by covering the porous electrospun polyacrylonitrile (ePAN) substrate with negatively charged (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)-oxidized cellulose nanofibers (CNF). As a result, the morphology, pore size distribution, hydrophilicity, and zeta potential of CN membranes showed great permeation flux, high rejection ratios, good antifouling tendencies, and high practical antifouling self-cleaning, which have all been significantly impacted by this advancement. In addition, the outcomes demonstrated the viability of utilizing charged CNF as a barrier layer for ultrafiltration membranes used in wastewater treatment to prevent fouling [187].





6. Conclusions and Future Prospective


Since CA has many characteristics, such as being biodegradable, biocompatible, insoluble in water, nontoxic, having excellent chemical resistance, and highly stable, it has been intensively used in different applications. However, CA membranes, which can be used as MF, UF, NF, RO, and FO membranes, are susceptible to fouling, affecting the membrane performance. This review highlights different strategies used for antifouling. It summarizes them into four main techniques:




	
Feed solution pretreatment, which can be achieved physically or chemically.



	
Cleaning of the membrane surface, which can be achieved physically, chemically, or biologically.



	
Surface modification can be achieved either by using nanoparticles (metal or metal oxide-based, clay-based, or carbon-based nanoparticles) or by using polymer reactions, or through surface grafting or surface topography.



	
Surface coating.








As CA has been used in numerous applications in water filtration, finding solutions for its antifouling issues would maximize the use of its benefits when compared to other polymeric membrane systems. Some points to be considered in future work are examining the difference in antifouling behavior between cellulose acetate and cellulose triacetate, as this might be an interesting aspect that should have been studied more deeply in the literature.



Another suggestion is to examine the effect of preparation techniques, such as solution casting, electrospinning, and spin coating, since this is expected to affect the morphology and structure of the membrane.
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Abbreviations




	AgNPs
	Silver Nanoparticles



	BSA
	Bovine Serum Albumin



	CA
	Cellulose Acetate



	CAB
	Cellulose Acetate Butyrate



	CA-g-(GMA-g-PEG)
	CA-graft-(glycidylmethacrylate-g-polyethylene glycol)



	CAP
	Cellulose Acetate Propionate



	CA-RO
	Cellulose Acetate Reverse Osmosis



	CA-TiO2
	CA and titanium oxide



	CA-UF
	Cellulose Acetate Ultrafiltration



	CDA
	Cellulose Diacetate-



	CNCs
	Cellulose Nanocrystals



	CNF
	Cellulose Nanofibers



	DA
	Dopamine



	DMA
	N, N-Dimethylacetamide



	DMAc
	Cellulose Triacetate Forward Osmosis



	DMF
	N,N-Dimethyl Formamide



	DS
	Degree of Substitution



	ePAN
	Electrospun Polyacrylonitrile



	EPS
	Extracellular Polymetric Substance



	FO
	Forward Osmosis



	GO
	Graphene oxide



	GO-Ag
	Graphene Oxide-Silver



	GVL
	γ-Valerolactone



	MAC
	Methyl Acetate



	2ME-THF
	Methyltetrahydrofuran



	MF
	Microfiltration membrane



	MOFs
	Metal Organic Frameworks



	NF
	Nanofiltration



	NMP
	1–Methyl–2–Pyrrolidone



	NOM
	Natural Organic Matter



	NPs
	Nanoparticles



	OSN
	Organic Solvent Nanofiltration



	PA
	Polyamide



	PDA
	Polydopamine



	PDA/SBMA
	Polydopamine-Sulfobetaine Methacrylate



	PE
	Polyethylene



	PEDOT
	Poly(3,4-Ethylene Dioxythiophene)



	PES
	Polyethersulfone



	PP
	Polypropylene



	PSF
	Polysulfone



	PVA
	Polyvinyl Alcohol



	PVDF
	Polyvinylidene Fluoride



	PVP
	Polyvinylpyrrolidone



	RO
	Reverse Osmosis



	SiO2NPs
	Silicon Oxide Nanoparticles



	SMM
	Surface Modifying Macromolecule



	TEMPO
	2,2,6,6-Tetramethylpiperidin-1-yl)oxyl



	TFC
	Thin Film Composite



	TiO2NPs
	Titanium Oxide Nanoparticles



	TOC
	Total organic carbon
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Figure 1. Scheme for the preparation of cellulose acetate. 
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Figure 2. Nanofiltration membrane layers. 
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Figure 3. Different techniques of membrane antifouling. 
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Table 1. Examples from the literature for materials used in different CA membrane types.
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Membrane Type

	
Membrane Material

	
Reference




	
Polymer

	
Solvent

	
Non-Solvent

	
Additives






	
MF

	
Cellulose triacetate- CTA (MW = 405 000), cellulose diacetate-CDA (MW = 219 000), and cellulose acetate propionate—CAP (MW = 189 000)

	
2-ethyl-1,3-hexanediol, sulfolane, 1,3-butylene glycol and neopentyl glycol

	
1,3-BG for CDA and CTA, water for CAP.

	

	
[31]




	
MF

	
CA with an average molecular weight of 30,000 g/mol

	
Acetone

	
Water

	
CaCO3 as pore template, Glycerin as pore-forming spacer.

	
[32]




	
MF

	
CA with average molecular weight of 50,000 g/mol

	
Acetone

	
Water

	
Cellulose nanofibers

	
[33]




	
UF

	
CA (Mn = 30,000)

	
N, N-dimethylacetamide (DMA)/methyl acetate (MAC)

	
Water

	

	
[34]




	
UF

	
CA (Mn = 30,000)

	
N, N-dimethylacetamide (DMA)

	
Water

	
oligomeric ε-DL-grafted cellulose copolymer

	
[35]




	
UF

	
CA (Mn = 30,000)

	
N, N-dimethyl formamide (DMF)

	
Water

	
PEGLignocellulose nanofibrils

	
[36]




	
UF

	
CA

	
DMA

	
Water

	
Silicon oxide nanoparticles, poly(3,4-ethylene dioxythiophene)

	
[37]




	
UF

	
CA (Mn = 30,000)

	
DMF

	
Water

	
ZnO-graphitic carbonNitride

	
[38]




	
NF

	
CA

	
Acetone and formamide

	
Water

	

	
[39]




	
NF

	
CA

Cellulose triacetate

	
γ-Valerolactone (GVL)

	
WaterEthanol

	

	
[40]




	
NF

	
CA (30,000)

	
glycerol derivatives (triacetin, diacetin, monoacetin or glycerol formal)

Methyltetrahydrofuran (2ME-THF)

	
WaterEthanol

	

	
[41]




	
NF

	
CA (Mw = 102.09 g/mol)

Polyethersulfone (MW = 75,000 g/mol)

	
1–methyl–2–pyrrolidone (NMP)

	
Water and isopropanol mixture

	
PVP (pore former and hydrophilic agent)TiO2

	
[42]




	
NF

	
CA

	
Acetone- formamide-water

	
Water

	
Magnesium perchlorate

	
[43]




	
RO

	
CA (MW100,000)

PVA

	
DMA

	
Water

	
Graphitic carbon nitride

	
[44]




	
RO

	
CA (MW100,000)

PVA

	
DMA

	
Water

	
TiO2

	
[45]




	
RO

	
CA (100,000)

PVDF

	
Dioxane/ acetone/ acetic acid/ methanol

	
Water

	
UiO-66 nano MOF

	
[46]




	
RO

	
CTA

	
NMP + ethylene glycol (EG mixture)

	
Water

	

	
[47]




	
RO

	
CA (30,000)

	
DMF

	
Water

	
Graphene oxide (GO)

	
[48]




	
FO

	
CA (30,000) and CTA

	
Cyrene

	
Water

	

	
[49]




	
FO

	
CA (50,000)

Polycaprolactone (80,000)

	
DMF and acetone

	
Water

	
Graphene oxide (GO)

	
[50]




	
FO

	
CA

	
NMP

	
Water

	
Manganese oxide nanoparticlesPVP

	
[51]




	
FO

	
CA

	
NMP

	
Water

	
PVPTiO2

	
[52]




	
FO

	
CA (30,000)

	
NMP

	
Water

	
PVPManganese oxide incited graphene quantum dots

	
[53]




	
FO

	
CA

	
DMA and 1,4-dioxane and PEG-400

	
Water

	
UiO-66-NH2 MOF

	
[54]




	
FO

	
CA

	
DMF

	
Water

	
TiO2

	
[55]
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