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Abstract

Biofouling is a persistent and unmet challenge in reverse osmosis (RO) technology.  The attachment of microorganisms on the membrane surface has severely deteriorated the performance of RO membranes hence significantly affected the overall productivity and energy consumption of the system.  Different strategies have been established to mitigate the thorny issue in order to minimize the adverse impacts of biofouling. This contribution provides a comprehensive review on the contemporary strategies that are focused on RO membrane design and modification to address the biofouling issues. The strategies for the development of anti-biofouling RO membrane in terms of material characteristics and selections as well as the techniques established to render anti-biofouling properties are extensively discussed. The performance of RO membranes through approaches including coating, layer by layer, grafting immobilization and surface patterning are reviewed. Finally, this review is wrapped up with the technological issues and challenges as well as the future perspective of these strategies.
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1. Introduction

Reverse osmosis (RO) is one of the most important and widely applied technologies to produce fresh water from seawater and brackish water as well as from industry process water and effluents [1,2]. The widespread utilization of RO technology is majorly due to its operational reliability, high quality product water, modularity and aptness for multiple applications compared to many conventional treatment methods [3]. With the breakthroughs made in the fabrication of asymmetric cellulose acetate membranes and high performance aromatic polyamide thin-film composite (TFC) membrane, RO technology has been prevailingly used for industry operations for more than half a century. In the last two decades, RO process has become increasingly popular in the modern desalination. The technology has overwhelmingly dominated the commercial desalination market due to the high product water standard and reliable performance compared to traditional thermal approaches [4]. With the excellent separation properties demonstrated by polyamide TFC RO membranes, the process can remove almost all types of molecules and ions, hence promoting it for many potable and industrial uses.


Membrane is the heart of RO process and it plays a key role in determining the efficiency of the process. Albeit being regarded as a promising desalination and wastewater treatment alternative, RO technology faces some critical challenges. While striving to reduce the energy consumption to make it competitive with other conventional wastewater treatment technologies, the sustainability and economic aspects of RO technology at commercial scale are often confounded by severe membrane fouling issue [5]. Membrane fouling can be customarily categorized into i) organic fouling, ii) particle/colloidal fouling, iii) scaling/inorganic fouling and iv) biofouling. Fouling caused by these organic, inorganic and microbial components can take place simultaneously and interact with each other [6]. Among these, biofouling has contributed more than 45% out of these membrane fouling phenomena and is known to be cumbersome to deal with [7]. The presence of biomass and organic loads found in seawater as well as permeates from food and dairy industries are the major risks that contribute to biofouling of RO membranes. Due to the rapid self-reproducing nature of microorganisms, biofouling cannot be effectively removed through pretreatment [8]. Inconsiderable number of microbes accumulated on the membrane surface is capable to multiple at the expense of biodegradable matters found in the feed water. The dead bacteria can also act as food source to exacerbate the bacterial colonization and other microorganisms such as algae and fungi [9]. Biofouling is undoubtedly a major issue in RO process because the negative implications of biofouling is tremendous [10]. In some instances, microorganisms of the biofilm might infiltrate the RO membrane and enter the permeate water, leading to the deterioration in the produced water quality [11]. The excretion of acid from biofilm can result in biodegradation of membrane, particularly ﻿on cellulose acetate. The molecular weight and deacetylation process take place simultaneous when the membranes are attacked by the microbial activities [12]. Over the last decade, the rapidly growing works on biofouling indicates that it is one of the core problems that needs to be urgently addressed in this field. 


In a broad context, membrane biofouling is an irreversible, non-specific adhesion and accumulation of bioorganic matters onto the membrane surface. Pseudomonas strains have been identified as one of the most common species in biofilms deposited on the surface of RO membranes [13]. The secretion of extracellular polymeric substances (EPS) enhances the attachment of these microbes and promotes the further growth of bacterial colonies [14]. Subsequently, biofilms are formed and stabilized on the membrane surface via electrostatic interactions, hydrogen bonding and other physico-chemical interactions [15,16]. Biofilm increases the hydraulic resistance and deteriorates the flux over time, hence higher operating pressure is required to sustain the productivity [17]. The concentration polarization is aggravated as the biofilms hamper the diffusion of rejected salts thus reduce the salt rejection and flux [18]. Some general tools and indicator such as silt density index (SDI) and modified fouling index (MFI) have been used to simulate membrane fouling process and assess the probability of fouling [19]. However, despite some efforts of visualizing biofilm formation based on techniques such as ﻿heterotrophic plate counts and ﻿epifluorescence microscopy counting, the monitoring of biofouling potential remains a great challenge [20,21]. No model has been established to correlate flux decline with the occurrence of biofouling. The detection of biofouling is laborious as the uneven growth of bacterial colonies, especially in spiral wound membranes, may occur before any appreciable change in the differential pressure is observed.

The challenges in dealing with biofouling are often associated to the time-dependent, slow and complicated mechanisms of biofouling.  Physical and chemical approaches have been developed to disinfect microbes, prevent adhesion, propagation and maturation of biofilm, as well as also to eliminate the biofilms and other conditions that foster further microbial growth. Some of these approaches are cleaning in place, pretreatment, spacer design, application of magnetic field and membrane modification [22–26]. The selection of anti-biofouling approach for RO systems is dictated by their effectiveness, operation and maintenance cost as well as the effects on the RO membrane structure and properties [27]. Membrane cleaning can be performed to weaken the biofilm matrix using oxidants and remove biofilm via mechanical forces such as rinsing and ultrasonication [28]. ﻿The spiking of chemical cleaning agents is periodically perform to mitigate biofouling in RO system [29]. Alkaline solutions such as sodium hydroxide control biofouling by hydrolysing and solubilizing the biofilm whereas acidic solutions such as hydrochloric acid attack and disrupt the cell wall structure bacterial cell [30]. Although strong oxidants such as chlorine and chloromines can effectively remove biofilms and recover the membrane performance [31,32], it is rare that the performance of the membrane can be recovered to the pre-cleaned condition. Moreover, harsh cleaning protocol often shortens membrane lifespan and brings the membranes closer to replacement. The amide bonds in the commercially used polyamide RO membranes are highly vulnerable towards chlorine attack and easily cleaved by chlorine treatment [33]. The polyamide layer is known to suffer seriously from decomposition upon chlorine exposure hence the residual chlorine in the feed water must be removed before passing through RO [34]. Although dechlorination has been carried out prior to RO unit in typical industrial RO process to protect the RO membranes from oxidation, those surviving bacteria can still accumulate and regrow on the RO membrane [35]. 


As biofouling is an inevitable phenomenon, most of the strategies are implemented to keep it under control by preventing bacteria adhesion on membrane surface. Several pre-treatment options can be implemented to reduce biofouling in RO. Physical disinfection techniques such as ozonation, ultraviolet (UV) irradiation and filtration have been commercially used as a pre-treatment unit to slow down the effects of biofouling [32,36]. However, the main pitfall of these techniques is that they only disrupt the structure of bacteria to retard reproduction or merely focus on removing bacteria according to particle size. Disinfection with chlorine derivatives is not an attractive mean to control the biofouling in polyamide membrane in practical [27]. The effectiveness of chlorination for microbial inhibition and membrane biofouling control has been doubted as evidence has shown  bacterial growth in the seawater desalination RO pre-treatment stages [37]. The un-interrupted nutrient concentration during free chlorine disinfection process has posed high tendency for biological regrowth. A very recent study pointed out that ﻿the increasing chlorine dosage during disinfection stage has resulted in more severe flux reduction over a long period of operation [38]. This phenomenon is due to the ﻿drastically increased number of chlorine-resistant bacteria ﻿which produce more EPS with higher molecular weight, hence aggravating membrane biofouling.  

Double barrier of microfiltration (MF) and ultrafiltration (UF) have been addressed as one of the most effective pre-treatment of RO processes. The pretreatment removes the potential foulants including particles, bacteria and large molecular weight organic maters that responsible for membranes fouling. Several cost evaluations of UF/MF upstream RO demonstrated that UF/MF is not economically feasible on the best water quality to pretreat. Additionally, UF/MF membranes with cut off generally higher than 100,000 kd are incapable to reject the smaller organic matter molecules that cause biofouling on RO membranes. Particularly, the marine bacteria with size approximately 0.1 μm and vary in shape from spherical to filamentous threads can effortlessly permeate through the membrane pores [39]. Conventional approaches such as dissolved air floatation (DAF) has also been used as seawater RO pretreatment option for organic matter removal. DAF can effectively eliminate organic matters by floating the low density organic matter flocs [40]. Compared to membrane technology that is relatively straightforward and easy to be operated,  ﻿controlling the operating parameters of DAF in different feedwater environments is difficult as the performance is sensitive towards the condition of the feedwater such as the salt concentrations. The pretreatment conditions like pH and coagulant dose also have significant impacts on the DAF performance.


Compared to other anti-biofouling strategies, membrane modification is demonstrative and straight forward [41]. An RO membrane with tailored properties can be accommodated with new functionalities in its matrix to pave way for enhanced anti-biofouling performance [42,43]. Novel membrane development through incorporation of fillers into the membrane matrix, either in the substrate or selective layer, is widely described in the literature as it is a simple method to modify the RO membranes [44–46]. Physical methods such as coating, plasma and thermal treatment as well as chemical methods like grafting and cross-linking are well-established techniques to decorate membrane surface with desired functionalities [47,48]. However, there is a need of caution in the design of effective RO membranes with exceptional anti-biofouling properties. Experimental studies evidenced that hydrophilic modification or introduction of biocidal on the membrane surface or active layer would be more beneficial to the antifouling efficiency due to the increased contact possibilities with the feed water composition [5]. As such, post modification of membrane to manipulate the surface properties through physical and chemical means is more favourable [49].  


A number of comprehensive reviews related to biofouling in membrane system have been published over the last two decades [9,50–54]. Nevertheless, RO  anti-biofouling strategies that is focused on membrane modification is still lacking. In this review, the primary emphasis focuses on the contemporary strategies for the development of anti-biofouling RO membranes. With the new innovations and exciting findings made in the past 5 years, this review aims to provide more timely information on RO membrane modifications where the academics and industries can harness to address the issues related to biofouling in RO processes. Firstly, the mechanisms of biofouling and its core problems towards RO operation are briefly presented. The approaches and breakthrough made in the fabrications and modifications of anti-biofouling membranes are then comprehensively scrutinized by addressing the current constraints and achievements. Despite the debates revolve around the practicability and technological readiness of these approaches to be implemented at commercial stage, there are overwhelming evidences from bench-scale studies that bio-fouling can be greatly suppressed through the careful design and modification of RO membranes using advanced and functional materials. In the last section of this review, the challenges and future perspective involved in this field are highlighted. 


2. Biofilm and Biofouling Mechanism

Despite the complexity, elucidation of the biofilm formation and biofouling mechanism is fundamental and essential to address the problem. A comprehensive understanding of physical and chemical interaction taking place through biofilm analysis is critical to verify the presence of microbial community. The studies on the actions of biofilms during RO system operation is also of high demand because the key to successful implementation of anti-biofouling strategies is largely hinged upon a more complete understanding of the nature of biofilm formation.

Biofouling takes place when live bacteria and microorganisms as well as the nutrients essential for bacterial growth and proliferation concurrently present in the feed water and attached onto  the membrane surface [55]. The favourable conditions prompt the growth and multiplication of the attached living cells and eventually contribute to biofilm formation on the RO membrane surface. Specifically, a biofilm is a heterogenous assemblage of adherent microbial cells that is ﻿enclosed in a complex EPS matrix of interlaced biological polymeric materials, particularly ﻿ polysaccharides, proteins and nucleic acids [56]. EPS serves as a host to enhance water retention, provide mechanical stability and scaffolds for biofilm cells attachment and nutrient sorption [57].  The detailed characteristics and the roles of EPS in exacerbating the occurrence of biofouling has been comprehensively discussed in many open literatures [58–60].

In general, biofilm develops through several distinctive stages i.e. i) induction phase, with rapid primary colonization, ii) ﻿logarithmical growth phase where cell grown on the surface contributes to biofilm accumulation and iii) ﻿plateau phase that involves cell multiplication (Figure 1). Biofilm growth has been majorly controlled by ﻿nutrient concentration, cell growth rate, stability of the biofilm and the effective shear forces [61]. The steps involved in biofilm development, particularly the most critical cell attachment step has been comprehensively reviewed by Palmer et al [62]. The living cells forming the biofilm can be distinguished from the freely suspended entities by the formation of an EPS matrix﻿ and the genes that are transcribed. The biofilm-related cells are also characterized with lower growth rate. Often, noncellular components such as mineral, metal ions, silt particles and macromolecules may also be embedded in the biofilm matrix [63]. The microbial colonies enclosed in the EPS matrix are separated from the suspended colonies by the water channels which ﻿allow the diffusion of nutrients and other antimicrobial agents. EPS synthesized by microbial cells may come in different chemical and physical properties such as their amount hydrophobicity/hydrophilicity and solubility but they are generally highly hydrated due to the presence of hydrogen bonding to accommodate large amounts of water into its structure [64].The amount of EPS also tends to increase with the increasing age of the biofilm. Another important EPS property that has remarkable effect on the biofilm is the conformation of the polysaccharides in which the more rigid and less deformable structure often leads to poor solubility. 
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Figure 1: The stages of biofilm development. (Open resource; Credit: Bay Area Lyme Foundation)

Majority of EPS are polyanionic due to the presence of uronic acids or ketal-linked pyruvate and inorganic residues such as phosphate. While some EPS can also be neutrally charged but only a very few EPS are polycationic macromolecules [65]. It has been observed that the bacteria resided in the center of the biofilm can resist foreign substances while still receiving nutrients that transported through the highly permeable channels in the biofilm [66]. While microbial cells deposited on the membrane surface has directly contributed to biofouling, the decline of water flux is mainly due to the formation of gel-like EPS that cross-link with the membrane surface. The rough and viscoelastic properties of EPS reduce the void fraction between cells in the biofilm such that the water permeation through membrane is significantly hampered [61].  ﻿EPS creates diffusion resistance over convectional mass transport and reduce turbulent flow near the membrane surface, consequently leading to increased concentration polarization on the membrane and decreased salt rejection [67].
﻿
﻿ 
Microbial attachment and the architecture of biofilm that comprised of cell and EPS are complex phenomena governed by multiples conditions. The biofilm structure and heterogeneity are constantly changed by various external and internal processes of the environment [68]. The fate of the bacterial colonies growth in biofilm is determined by biotic and physical variables like growth medium, substratum, chemistry and hydrodynamics of the feed water medium as well as the topology and properties of cell surface. The interactions of microorganisms within the biofilm allows the modification of their habitat where the stability, function and structure of the microbial communities within biofilms can be easily altered [69]. Additionally, external variables involving pretreatment conditions, pH and temperature also influence the development of biofilm. It is known that an increase in flow velocity, water temperature and  nutrient concentration often responsible to the increased biofilm thickness [70]. The ideal environment at the solid-liquid interface between membrane surface and feed water medium facilitates the attachment and growth of microorganisms. Regardless of the feed water nature, the RO membrane surface exposed to the aqueous medium can be almost immediately conditioned by organic materials and has direct effects on the microbial growth rate and the extent of attachment [56]. It is generally agreed that the  attachment of biofilm will readily take place and exaggerated on rough and hydrophobic membrane surfaces. ﻿ Uneven flow distribution can be easily induced on a membrane surface with irregularities and micrometer-scale roughness, subsequently act as a shielding site to entrap bacteria and protein sources [71]. The larger surface areas resulted from the rough surface peak and valley structures also unfavourably increase the binding site for the adhesion of biofilm [72]. 

﻿ 
Inspection and estimation of the severity of membrane biofouling is an important undertaking for RO plant operation. For any RO processes, the variation of the microbiological quality in terms of their microbial features, persistency and growth in the feed water is a serious concern in tackling biofouling issue.  The microorganisms can present at the start-up of the RO membrane installation or can be introduced into the process due to the contamination from the environment. It has also been suggested that the multiple stage treatment process in the RO plant can potentially change the chemical and physical qualities  of water as well as the community of microorganisms in distinctive ways. As the assessment of membrane antifouling efficiency in actual water treatment plant condition are tedious, time-consuming and impractical for large number of different surfaces,  measurement of bacterial deposition kinetic is more favourable and has been commonly reported in open literature. Using well-define ﻿hydrodynamic conditions, the bacterial attachment kinetic simulates the critical initial stage of biofouling and offers a direct measurement of the bacteria adhesion on the membrane the surface. By observing the ﻿anti-biofouling activity of commercial RO membranes grafted with negatively charged, positively charged and zwitterionic hydrophilic polymers ﻿on different bacterial strains, Berstein et al. observed reduced bacterial deposition but enhanced biofilm formation with the RO membrane modified with negatively charged ﻿sulfonatedglycidyl methacrylate [73]. In contrast, ﻿ the positively charged modified RO membrane enhanced initial deposition but has shown significant inhibition of biofilm formation. It can be reasonably concluded that bacteria adhered to the membrane surface has no direct correlation with the biofouling resistance of the surface. One important point to be emphasized is that from the moment biofoulant deposition and biofilm adhesion is initiated, the solute-foulant interaction immediately takes over the effect of solute-membrane interaction, the antifouling strategy is no longer effective in preventing the propagation of fouling. Therefore, both robust polymer structure and effective surface modification strategies are equally important to impart effective anti-biofouling characteristics to the membrane surface.

﻿ 

3. Contemporary Strategies for the Development of Anti-biofouling Reverse Osmosis Membrane

As discussed in the preceding section, the shortcomings of RO pretreatment and membrane cleaning approaches prompt the search for better strategies. The design of low fouling membrane is a feasible way of countering membrane fouling effects. Low fouling membranes, such as  Hydranautic LFC series commercialized by AMI Inc, can be commonly found in the market. Low fouling membranes can generally reduce the fouling rates and maintain membrane efficiency by restoring the nominal performance after cleaning. With the increase in membrane durability and higher tolerance towards harsh chemical cleaning, the emergence of low fouling membranes can significantly lengthen the membrane lifespan and reduce the cost of membrane replacement.

In terms of biofouling, the efforts have been focused on the strategies that capable of inhibiting EPS excretion or biofilm formation. Tailoring the membrane surface characteristics to minimize its tendency for bacterial deposition provides more rooms for biofouling control.  Enormous publications have appeared in recent years documenting innovative membrane surface construction for enhanced antifouling properties [74–76]. From economical and technical points of view, surface modification of RO membranes without altering other desired bulk properties through molecular design biofouling mitigation is preferable [77]. In this section, the potential materials and their selection criteria as well as the techniques adopted for anti-biofouling membrane modification are presented. 

3.1 Material Characteristics and Selections
Resistance to microorganism adhesion is a vital factor in biofouling suppression as the attachment of microbes is responsible to the subsequent colonization and biofilm formation [78]. Hence, extensive studies have been focused in altering the surface functionalities and properties to make the membrane less receptive to microbe attachment [79]. Improving the surface hydrophilicity has been addressed as a feasible and effective method to mitigate biofouling. The formation of hydration layer on the hydrophilic membrane surface can act as an energetic barrier to prevent the adhesion of organic matters such as proteins, cells and bacteria without imparting significant conformational changes [80]. Other  membrane surface chemistry associated criteria include neutral charge and stable surface hydration with the absence of hydrogen bond-donating groups. Poly(ethylene glycol) (PEG), a hydrophilic polymeric material, is of the ﻿most efficient antifouling materials that could fulfil the required antifouling criteria to improve resistance towards nonspecific protein adsorption [81,82]. Zwitterionic polymers such as polysulfobetaine and carboxybetains as well as inorganic nanomaterials such as titanium dioxide and graphene oxide have also been widely studied for the modification of polyamide layer. Compared to PEG, these alternatives are attractive for non-fouling surface engineering due to their higher hydrolytic and oxidative stability. 

Zwitterionic materials that are highly resistant to protein adsorption and microbe adhesion have been widely explored in marine anti-biofouling application [83]. In  recent years, there has been a rapid rise in the use of zwitterionic polymers to tackle biofouling issues in RO [84–86]. Structurally resemble to the zwitterionic phosphatidylcholine ionic groups that are abundantly found in the cell membrane phospholipid layer, zwitterionic polymers contain both positively and negatively charged species that are uniformly distributed on the same monomer unit, hence result in overall charge neutrality [87]. The antifouling behavior of zwitterionic materials at the membrane-water interface involves two major mechanisms, i.e. formation of hydration shell and steric hindrance effects [80]. Zwitterionic materials are capable to interact with water molecules via electrostatically induced hydration without disrupting the hydrogen bonding between water molecules [88,89]. This can in turn establish strong and stable bonding to give rise in denser and tighter adsorbed water. As the maximum Gibbs free energy of zwitterion-modified surfaces is higher than that of neat surfaces, the adsorption of foulant is a thermodynamically unfavourable hence unlikely to take place. Compared to conventionally used PEG-based polymeric antifouling materials, zwitterionic species can better resist biological macromolecule foulants and are more biocompatible because the hydration shell created through electrostatic interactions demonstrates feature that is more similar to free water [90]. Additionally, the long chain zwitterionic polymers usually form dense and smooth coverage to reduce surface roughness and improve biofouling resistance [91,92]. Currently, zwitterionic polymers have been feasibly introduced to the membrane surfaces via grafting, adhesion and coating approaches. 

The most straight forward way to modify RO membrane is through the functionalization of membranes with antimicrobial materials. The ability of antimicrobial nanomaterials to penetrate into biofilms offers an attractive method to inhibit biofilm formation. Metal and metal oxides nanoparticles inherited with antimicrobial properties have attracted great attentions in various applications [93]. A typical example of antimicrobial metallic nanomaterial is unquestionably silver nanoparticles (AgNP) that that has a long history of usage for wound management [94]. AgNP with a wide spectrum antimicrobial properties is a proven antimicrobial agent towards bacteria, fungi and virii [95,96]. ﻿ Many studies have evidenced that, co- or post-deposition of functional groups on the AgNP surface can effectively suppress and control the releasing rate of Ag ions, hence prolonging the effectiveness of AgNPs and extending the antibacterial activities of the membrane  [97–99]. The mechanistic studies of the antibacterial activity of AgNP and other similar biocides are essential to foster understanding and further predict their behaviour as antimicrobial agents. In order to initiate the antimicrobial activities, the biocidal nanoparticles need to be in contact with the bacterial cells and cross through the cell membrane [100]. The possible forms of interaction include electrostatic attraction, van der Waals forces, hydrophobic interactions and receptor–ligand bonding [101]. The antimicrobial mechanism of nanoparticles can be generally associated to three established models, namely oxidative stress induction, metal ion release and  non-oxidative mechanisms that can take place independently or simultaneously. Scientists have reached a general conclusion on the antimicrobial mechanisms of the most commonly used AgNP. The surface of AgNP are prone to oxidation in the environmental and biological system, causes the release of toxic silver ions. Debates have been made in identifying the roles of AgNPs and silver ions release, as well as the extent of the metal form and ionic form of Ag has contributed on the antibacterial activities. The few possible ﻿antibacterial action and toxicity of AgNP, in which some of them are also associated to the  release of Ag are: i) uptake of free silver ions by the bacterial cells followed by disruption of adenosine triphosphate (ATP) formation and DNA replication, ii) generation of reactive oxygen species (ROS) by both AgNP and silver ions, and iii) direct action of AgNP that damages  the cell membrane (Figure 2(a)) [102]. While these mechanisms can be generalized for most metal and metal oxide nanoparticles, it is known that the toxicity of metal oxides is commonly attributed to ROS. 

TiO2, ZnO and MgO nanoparticles are commonly studied metal oxides that show antimicrobial activities. These inorganic biocides can be used in their as-synthesized nanoparticle form, or deposited onto supports such as halloysite nanotubes, alumina and zeolite to confer higher stability and reusability, thereby improving the long-term antibacterial efficiency [103–105]. Upon light activation, semiconductor nanoparticles such as TiO2 generated reactive holes and electrons; superoxide ions as well as hydroxyl, hydrogen peroxide and hydroperoxyl radicals that act as ROS to destroy cell membrane and eventually result in cell material leakage, loss of functional activity such as enzyme inhibition, protein deactivation and electrolyte imbalance, consequently leading to cell death [106]. Strong antibacterial activity has been observed for MgO in the absence of any ROS production and oxidative stress. In this circumstance, the membrane damage was attributed due to the attachment of MgO to the cell membrane, in combination with the effects of pH change and magnesium ion release [107]. Although it has been demonstrated that action of biocidal can inhibit the production of EPSs,  interfere with biofilm integrity by interacting with EPSs and ﻿affect the rates of bacterial adhesion and biofilm formation, the ﻿specific mechanisms of these actions are not conclusively understood.


Carbon-based nanomaterials have demonstrated satisfactory bacterial inactivation efficiency.  Carbon nanotubes (CNTs), graphene oxide (GO) and carbon dots (C-Dots) have demonstrated strong capacity in disrupting microbial membranes [108–112]. In addition to the production of ROS that causes toxic reactions in bacterial cells, ﻿there are strong evidences that carbon-based nanomaterials can act as  effective sorbents of bacteria and viruses [113]. There is  growing support for the claim that various forms of nano-structured carbon materials have much improved anti-microbial capacity compared to traditional adsorbents [114]. Graphene and GO nanosheets can adsorb, wrap around and isolate the targeted bacteria such as E. coli, hence preventing the diffusion of nutrient across the cell membrane and thereby retarding growth [115]. The large surface areas increase the contact area and interaction with the microorganisms. However,  from a toxicological perspective, the antibacterial efficiency does not purely relying on the surface areas, but also many important factors such as their shapes, size, chemical composition and surface structure [116]. For instance, the carbon-based nanomaterials synthesized in tubular, sheets and spherical geometries, which can be classically represented by CNT, GO and fullerene, respectively may exhibit different degree of deposition and interactions with the microorganisms [117]. Some results also provide confirmatory evidence that, despite sharing the similar tubular geometry, SWNTs demonstrated much higher toxicity to bacteria than MWNTs [118]. Figure 2 (b) shows the possible antimicrobial mechanisms of GO which involve various physical or chemical interactions between GO and the bacterial cell [119]. Hydrazine-reduced GO nanosheets are featured with sharper edges that can damage cell membrane by mediating charge transfer between bacterial cells through physical interaction. However, Gram-negative bacteria has been found to be more resistant to this effect compared to Gram-positive bacteria due to the presence of outer cell membrane [120]. Other possible interactions include oxidative stress, penetration through lipid bilayer and lipid extraction by graphene sheet. 
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Figure 2: The possible microbial mechanisms of (a) AgNP [102] and (b) GO [119]. The ﻿antibacterial activities of these biocidal nanomaterials are arisen from different physical or chemical interactions between the nanomaterials and bacterial cell. 

An important aspect for the development of antimicrobial nanoparticles is the synergistic effect that formulated when two or more nanomaterials are combined. GO have been extensively explored for its hybridization with other functional nanomaterials. GO provides an anchoring site for nanoparticles such as AgNP and many of these studies have evidenced that the dispersion and antibacterial activity of the nanoparticles could be enhanced when they are anchored on the GO nanosheets. The antimicrobial activity of AgNPs and GO sheets hybrid was found superior towards the growth of E. coli [121–123]. The hybrids of graphene and reduced GO with metal oxides such as Fe3O4 and TiO2 have been explored as an antimicrobial agent for the disinfection and sensitization of water [124]. Metal organic framework (MOF) is another class of compound that demonstrate superior antimicrobial properties against Gram-negative and Gram-positive bacteria [125]. Compared to the abovementioned inorganic microbial compounds, MOF takes advantage from its highly tunable structure with diversified metal center and organic ligand. An attractive feature harnessed from its structure is the release of metal ions from the framework to render antimicrobial activities. Silver and cobalt containing MOFs have been synthesized  as a source of antibiocidal ions [126,127]. ﻿Assembly of silver-based MOFs onto surface functionalized TFC membrane has been demonstrated where the Ag-MOF nanoparticles rendered antibacterial activities to the membrane hence resulting almost complete removal of live bacteria [128].

Other than the conventionally used classes of antimicrobial nanomaterials, some other emerging biocidals that can be potentially used for RO membrane modification include biomimetic materials, antibiotic, enzymes and biocidal polymer. Surface modification of biomimetic polydopamine  (PDA) evolved from the observation of the universal adhesive properties of mussel fibers. A PDA layer can be deposited through self-assembly and oxidative cross-linking on any substrate that is immersed in the dopamine monomer solution [129]. The resultant PDA layer, which is featured as a durable, hydrophilic and nano-scale coating, is  tightly adhered to the surface by strong covalent and hydrogen bonding interactions [130]. The antibiofouling potential of PDA for RO membrane modification has also been explored. The functional groups of dopamine, such as amine and phenol, can react with acyl chloride groups of TMC monomer, hence forming dense thin coating on the polyamide layer [131]. The antibacterial property of PDA is arisen from the protonated amine groups that can cause bacteria lysis upon contact with the cell wall. Karkhanechi et al. observed that ﻿the anti-biofouling properties of the PDA coated RO membrane was ascribed to the increase of anti-adhesion properties meanwhile the membrane surface hydrophilicity and charge density were not significantly affected by the PDA coating [132]. On the other hand, some studies have demonstrated the adverse effects of PDA coating in which self-polymerized PDA tends to block surface pores of membrane [133]. Antimicrobial activity of chitosan against bacteria, fungi and yeasts have been widely demonstrated whether it has been used alone or in the form of biocomposite [134,135]. Chitosan can be feasibly hybridized with other components owing to its large number of surface pendant groups such as -OH and -NH2 [136]. Recently, carboxylated chitosan is favourably used due to the availability of more hydrophilic hydroxyl and carboxyl groups to facilitate dissolution in neutral medium such as water [137]. Chitosan containing guanidine or bi-guanidine groups have also gained attentions for antimicrobial application [138]. 

Membrane-disrupting antibiotics that are active against Gram-positive and Gram-negative bacteria can also be attractive candidates for RO membrane modification [139]. Antibiotics with potent and effective bactericidal characteristics such as aminoglycoside and tetracyclines can lead to cell death by either disrupting the cell outer membranes or inhibiting protein synthesis process [140,141]. Enzymes such as protease and lysozyme are effective to degrade and remove biofilms. ﻿The lysozyme-immobilized membrane has demonstrated long lasting antibacterial activity against the Gram positive bacteria ﻿by lysing the adsorbed bacteria and retarded their growth [20]. Amphipathic antimicrobial peptide with various chain lengths has also been attempted to suppress biofilm formation [142]. However, the stumbling blocks for the feasibility of enzymes and peptide for large scale membrane modification are the material cost as well as the possible degradation or inactivation of the substances during the fabrication or filtration processes. Polymer containing quaternary ammonium (N+) groups that are covalently grafted onto or electrostatically interacted with the membrane surface can disrupt the growth of bacteria based on the direct contact process with the bacteria [143,144]. The guanidinylated polymers are cationic antimicrobial polymers that show toxicity  through direct contact with the anionic cell surface of bacteria containing phospholipids and proteins, hence result in bacterial death. Guanidine containing biocidal polymer can be readily protonated in a wider pH range and able to establish stronger interaction with the bacterial cell membrane surface through bidentate hydrogen-bonded ion pairing [145]. N-halamine with high stability and effective antimicrobial properties toward a wide range of microorganisms have also been studied [146]. An N-halamine compound contains one or more nitrogen−halogen covalent bonds which confer the polymer biocidal properties based of the +1 oxidation state of Cl or Br in the chemical bond. These oxidizing halogens can act in two actions, i.e. i) through transfer of biocidal element to the bacterial cell and  ii) through dissociation to free halogen in aqueous media. By introducing the N-H containing precursor of N-halamine on the polyamide layer, ﻿ the reversible transition between the N–H and N-can regenerate the anti-biofouling properties of the membrane within the presence of chlorine source. In a typical RO system, the presence of free chlorine in pretreatment can advantageously enable this transition to take place [147]. Some findings have pointed out that the antimicrobial activities of these antimicrobial polymers were significantly decreased after being crosslinked or insolubilized [148].


The use of quorum sensing (QS) inhibitors for biofouling control in wastewater treatment is prevailing in the past few years [149–151]. ﻿Biofilm formation is controlled by QS systems where signalling molecules, also known as auto-inducer, are secreted by bacteria to ﻿govern communication with the neighbouring bacteria. ﻿The function of QS inhibitor is therefore to interfere QS pathways through signalling molecule degradation, signal production  blockage or competition with signalling molecule to prevent their binding to the receptor protein [152]. Biofouling control based on QS inhibitor is  highly effective and it prevents bacterial resistance. The deposition of a beneficial biofilm consisting QS signal-negative strain on the surface of commercial membrane was proven effective to prevent the secretion of nitric oxide which act as biofilm dispersal agent during the dispersal stage of biofilm formation [153]. Based on the  bacteria group isolated from RO membranes installed at Carlsbad Desalination pilot plant and Perth Desalination plant, Katebian et al. evidenced that the use of  commercially available and non-toxic vanillin and cinnamaldehyde at 1200 mg/L could effectively act as QS inhibiting compounds to mitigate biofilm formation by more than 79% and 70%, respectively [154]. Recently, Li et al. demonstrated that the addition of methyl anthranilate in feed water of RO process could effectively inhibit Pseudomonas quinolone signal and reduce the lever of EPS, hence mitigating biofilm growth and reduce the cell number in the biofilm [155]. 

﻿Table 1 summarizes the antimicrobial behavior, advantages and limitations of various antimicrobial materials. These materials exhibit multiple anti-biofouling mechanisms based on  the nature and physical characteristics of the materials. While these materials generally demonstrating attractive anti-biofouling features, the selection of an appropriate material for the modification of RO membranes largely depending on several factors such as cost, technological feasibility in terms of mass production and reproducibility. For emerging material like QS inhibitor, it remains a wide knowledge gap in their interactions and mechanisms towards bacteria cells after being incorporated into membrane structure. 


3.2 Approaches and Techniques

Physical adsorption of materials such as surfactants and dendrimers can significantly improve the hydrophilicity and membrane antifouling properties. However, the weak boundary layer introduced through non-covalent attachment may result in the coated material leaching particularly during long-term operation. On the other hand, chemical modification through establishment of stable covalent bonding can provide more stable surface modification. Yet, with the use of complex, non-versatile and non-scalable chemistry that normally only specific to particular membrane surface material, chemical modification is not a practical method for commercial membrane manufacturing [77]. Different physical and chemical approaches including direct incorporation into polymer matrix, coating, grafting, polymerization, self-assembly, chemical coupling and irradiation have been established to introduce new functionalities into RO membrane in order to enhance their microbial resistance. Despite the preparation convenience of embedding the filler or surface modifier into the polymer matrix during membrane fabrication, depositing an anti-biofouling coating is a more versatile strategy. Coating is a conventional surface modifications approach that can well preserve the optimized bulk property of the substrates. One significant advantage of RO membrane surface coating in relative to nanofiller incorporation is that the former method is normally performed on the surface of optimized commercial RO membrane, hence impart minimum impact on the integrity of the membrane selective layer. This aspect is of major concern because the formation of defects, even at the scale of pinholes can increase the surface roughness and accelerate the attachment of bacteria.  Furthermore, ﻿it can be integrated as a post-fabrication step and optimized independently during membrane manufacturing without interfering the established TFC membrane manufacturing process. However, some debates have called into question on the grounds that the additional coating layer may potentially induce an additional hydraulic resistant layer on the membrane surface, which responsible for the water flux decline. 

Layer by layer (LbL)  is drawing growing attention in performing surface coating due to its versatility compared to conventionally used coating technique to control the nano-scale ﻿formation of thin film on the membrane support [156,157]. First proposed by Iler, the concept of LbL has been later widely applied as a highly versatile technique to fabricate ordered nanostructured thin film that has been extensively used in areas spanning from polymer science to biological, photocatalysis and electronics devices [158].  As shown in Figure 3 (a), LbL assembly involves the deposition and interaction of cationic and anionic nanostructured polyelectrolyte layers on the support [159]. Owing to its simplicity, robustness and high reproducibility, it has been recognized as an alternative for modifying membrane surfaces. LbL offers a high degree of freedom to fabricate and optimize the nanostructured thin film as it  allows the layer properties to be optimized independently. The surface charge moieties can be tailored by selecting the outermost layer with the purpose of meeting the criteria required by the application. The LbL coating of oppositely charged polyelectrolytes on a membrane substrate can be performed using methods such as dip-coating, spray coating and spin-coating. Among these, dip-coating is the most commonly employed method as it requires only short processing time and consumes low amount of liquids for large surface area coating [160]. Ma et al. demonstrated spray- and spin-assisted LbL (SSLbL) assembly for ﻿controllable and uniform bilayer of polyethyleneimine-coated copper NPs ﻿as a polycation and poly(acrylic) acid as polyanion. The time taken for SSLbL ﻿(32s/ bilayer deposition) was remarkably faster than the commonly used dipping ﻿(60s/ bilayer deposition) [161]. Membrane surface modified LbL assembled layers can be further enhanced with surface multi-functionalization based on the existing binding sites for hierarchical interactions with functional nanomaterials. Unlike the extra resistance introduced by the conventionally coated functional layer, the extra layers introduced through LbL assembly are architecture in molecular level, hence poses minimum impact on the hydraulic resistance. The flux decline issue can also be alleviated by controlling the bilayer number and adjusting the chemical compositions of the polyelectrolytes. ﻿ In fact, other than the membrane permeation capability, the number of polyelectrolyte multilayers has marked influences on film thickness, surface charge, hydrophilicity and roughness [51]. 

Surface grafting, which can be further divided into ‘grafting to’ and ‘grafting from’ is performed by incorporating the functional polymer chains such as anti-biofouling zwitterionic polymer and biocidal polymer onto the membrane surface through stable chemical bonding [162,163]. In the ‘grafting to’ approach, the molecules with tailored functionalities is pre-fabricated prior to the attachment on the membrane substrate surface meanwhile for ‘grafting from’ method, the functional groups are directly polymerized onto the membrane surface via chain propagation reaction as shown in Figure 3 (b) [164]. This approach allows the stable and durable architecture of complex molecule. It also enables accurately controllable grafted surface thickness and density, molecular weight dispersity and chain length [165]. On the other hand, due to the better practicability and higher flexibility in the design of polymers or molecules that cannot be obtained from direct polymerization, ‘grafting to’ approach is also attracting considerable attentions in introducing functional polymers groups onto the polyamide surface [162]. In some practices, oxygen plasma treatment was performed to create dangling bond to create strong interface between the depositing film and the RO membrane surface. Atom transfer radical polymerization (ATRP) is a common ‘grafting from’ method to incorporate zwitterionic polymers onto membrane surface [166]. In typical surface initiated-ATRP, an organohalide initiator such as 2-bromoisobutyryl bromide (BIBB) is immobilized onto the membrane surface to initiate the polymerization [167]. As the as-fabricated polyamide surface is generally characterized by small number of terminal group and less reactive with the initiator, functional groups such as 3-aminopropyltrimethoxysilane (APTES) and diethanolamine (DEA) are used to enhance the surface reactivity and facilitate the immobilization of initiator [168]. However, this modification can be omitted for commercial membranes such as Filmtec SW30HR that has polyamide layer readily coated with hydrophilic hydroxyl group layer.

﻿Compared to ex-situ modification methods, in-situ method through immobilization of biocidal nanomaterials within the polyamide layer of TFC membrane can avoid the issues related to layer detachment or loss of antimicrobial functionalities during chemical washing [169]. Two main processes have been implemented i.e. i) incorporation of as-synthesized and ii) in-situ formation of biocidal nanomaterials during the polymeric membrane fabrication. One of the most straightforward way of incorporating as-synthesized nanomaterials is shown in Figure 3 (c), where the biocidal materials are blended into organic phase or/and aqueous phase of the selective layer monomers such as meta-phenylene diamine (MPD) and trimesoyl chloride (TMC) used for polyamide layer formation via interfacial polymerization process [170]. In-situ formation of biocidal nanomaterials alongside with membrane formation can be performed through sol gel process and in situ reduction [171]. The former involves the controlled hydrolysis and polycondensation reaction of precursor followed by polymer solidification meanwhile the later involves the use of reducing agents to reduce the inorganic precursor. ﻿NaBH4 is a commonly used reducing agent as the highly reactive NaBH4 can rapidly reduce metal and does not react with the  constituents of the polymeric substrate of polyamide selective layer [172]. In both cases, the inorganic precursor or reducing agents can be added into the casting solution or in the coagulation bath. The main challenges to be tackled in these modification approaches are to suppress the agglomeration of nanoparticles, improve the compatibility between nanoparticles and polymers as well as to  prevent nanoparticles leaching from the polymeric matrix. 
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Figure 3: Schematic illustration of the fabrication techniques of antibiofouling RO membranes based on (a) LbL of polycation and polyanion with non-adhesion and bacteriacidal properties [159], (b) grafting of zwitterionic polymers onto the membrane substrate [164] and (c) incorporation of biocidal nanomaterials within the polyamide layer to form TFN membrane during interfacial polymerization process [170]. 
Membrane surface patterning has been explored to create well-defined patterns that can in turn modify the hydrodynamic, roughness, hydrophobicity and charges of the membrane surface [173,174]. These surface characteristics have been closely associated to the membrane fouling propensity. Currently, the established surface-patterning methods are mainly based on two major categories i.e. template-based micro-molding and direct printing [79]. In the former method, the periodic surface patterns are first obtained using a master mould through lithographic processing before replicated onto the membranes meanwhile the latter involves the use of ink-jet printing or three-dimensional microstereolithography printing. A growing body of literature has also been dedicated to examine the use of electro-responsive membrane to mitigate biofouling [175]. The application of electrical potential over conductive polymer coating such as polyaniline (PANI) and polypyrrole (PPy) induced local unstable and unfavourable conditions that could reduce microbial cell viability hence prevent the bacterial adhesion [176]. Although smooth surface is generally favourable to prevent bacteria adhesion, surface patterns can induce local turbulence and higher shear stress due to the alteration in local hydrodynamics [79]. As a result, bacterial adhesion and biofilm formation can be suppressed. 


4. Performance Evaluation of Anti-Biofouling Membranes Modified through Various Approaches

4.1 Coating

﻿A thin film of AgNP was coated on polyamide active layer through in situ reduction of ﻿AgNO3 solution using NaBH4 [177]. During the reduction process, the negatively charged carboxylic groups exist on the polyamide surface form electrostatic pairs with silver ions thus facilitated the nucleation of AgNP on the TFC RO membrane surface. Owing to the specificity of NaBH4, the surface properties of the polyamide layer were not significantly affected in terms of the surface roughness, hydrophilicity, charges and salt rejection. A reduction up to 17% in water permeability was observed, mainly due to the decrease in membrane surface area for water passage. The dissolution and release of silver ion rendered strong antibacterial activity, leading to reduction of the number of ﻿E. coli, P. aeruginosa, and S. aureus bacteria colonies by 78 %, 91 %, and 96 %, respectively, compared to the unmodified membrane. As a result, the biovolume reduced by 73%, 38%, and 25% for live cell, dead cell and EPS respectively. When the same approach was also performed to introduce a thin layer of CuNP on TFC RO membrane [178], similar antimicrobial improvement was achieved where ﻿the number of live E. coli attached to the modified surface was reduced by 89.6 % compared to the pristine membrane. It was also observed the stronger antibacterial activity of Cu-NPs compared to Cu ions due to the penetration and dissolution of CuNPs into toxic ions within the bacteria cell. 
﻿

Armendáriz-Ontiveros et al. ﻿evaluated the antibiofouling resistance of polyamide commercial RO membranes coated with iron nanoparticles (FeNP) and GO [179]. ﻿An ex-situ coating method was applied to introduce the GO-FeNP atop of the microporous substrate as shown in Figure 4(a). This approach can advantageously control the desired size of GO sheets and prevent their oxidation, The unoxidized -OH groups along the GO planar facilitated the anchoring of FeNP. The uniform dispersion of FeNP reduced the surface roughness GO–FeNP coated membrane hence lowering the tendency of microorganisms adhesion capacity onto the membrane surface. The antibiofouling properties of the RO membranes were evaluated using bacteria from real seawater sample collected from the Sea of Cortez. The comparison in Figure 4(b) suggested that the biofilm layers formed on the coated membranes were thinner than that of uncoated membrane, suggesting greater repulsion against bacteria deposition by the coated membrane. ﻿ The  coverage of membrane surface with GO-FeNPs that could generate reactive oxygen species and cause cell wrapping has reduced the amount of live cells by 44% in FeNPs and by 68% in GO–FeNPs with respect to the unmodified membrane (Figure 4(c)). Despite the improved anti-biofouling properties, a critical issue to be looked into is the significant decline in water flux by 75% compared to unmodified membrane, due to the  decrease in membrane surface hydrophilicity and presence of coating layer that added resistance for the transport of water through membrane. 

﻿
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Figure 4: (a) The schematic illustration of Dow Filmtech RO membrane dip-coated with GO-FeNP layer, (b) The biofilm of uncoated membrane is much thicker compared to that of GO-FeNP membranes and (c) The number of dead cells and live cells attached on the membranes was significantly reduced with the presence of coating layer with anti-biofouling properties [179]. 


Katebian et al. ﻿introduced two types of QS inhibitors, namely vanillin and cinnamaldehyde ﻿through physical adsorption ﻿of the QSI solution that was performed in a crossflow cell [180]. The RO TFC membrane modified with QS inhibitor experienced slightly lower pure water permeate flux and ﻿initial permeate flux due to the low water solubility of the QS inhibitors. ﻿In the antibiofouling study using mixture of Alteromonas sp. and Shewanella sp. isolated from the fouled RO membranes installed at Carlsbad desalination pilot plant, ﻿the live cell biomass was reduced by 58.39% and thickness by 97.83%  as compared to pristine membrane. The modified membrane exhibited a significantly slow decline of permeate flux compared to the unmodified membranes due to the ﻿ability of the QS inhibitor to disrupt bacterial communication and reduce biofilm formation. Over the filtration period of the QS inhibitor layer was found reducing, probably due to the detachment of the layer from the membrane surface or the binding of QS inhibitor with bacteria. Very recently, Hirsch et al. deposited AgNPs on polyamide surface through plasma enhanced magnetron sputtering to reduce the chemical used for the reduction of AgNP [181]. The bacterial efficiency was maintained around 64% even after the membrane was contacted with ﻿P. fluorescen in steady-state cultivation for 14 days. 


4.2 Layer by Layer Assembly

Wang et al. assembled several bilayers of ﻿ ﻿poly acrylic acid/﻿tobramycin (PAA/TOB) by alternating the deposition of TOB and PAA on the surface of commercial membrane where ﻿N-hydroxysuccinimide (NHS) and 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) crosslinkers were used to stabilize the LbL layer by converting the electrostic force to covalent bonds, as shown in Figure 5(a)  [182]. PAA/TOB assembled RO membranes were endowed with amphoteric surface due to the presence of surface carboxylic acid and amine groups. Continuous flux drop was observed when the number of PAA/TOB bilayer was increased more than three due to the domination of water passage resistance. The optimum salt rejection of 99.5% and water flux of 47.7 Lm-2h-1 was achieved with 3-bilayer PAA/ TOB-modified membranes. The membrane has also demonstrated FRR of 40% higher than that of unmodified membrane, which was  87.5% for BSA (Figure 5(b)). TOB, a form of aminoglycoside antibiotic, act as the bacteriacidal ﻿for E. coli ad B. subtilis in the bilayer. In the plate count assay, the 3-bilayer PAA/ TOB-modified membranes exhibited bacteria motility rate of 99.0% as shown in Figure 5 (c), which was more effective than commonly reported AgNP modified RO membrane. 


Kim et al.  grafted bilayer of chlorhexidine, a non-oxidising biocidal, onto the surface of polyamide layer using glutaraldehyde as crosslinker to establish a strong chemical binding to allow LbL deposition of chlorhexidine at molecular level [183]. The stable covalent amide bonds between chlorhexidine and the polyamide layer allowed the modified membrane to stably sustain chemical exposure and chemical cleaning. In the static antimicrobial tests using drip-flow cells, the modified membranes exhibited high anti-bacterial potential due to the dense and complete coverage of the bilayer chlorhexidine. However, a noticeable decrease in water flux of about 20% was observed due to the increased hydrophobic characteristic of the modified surface which originated from the ﻿hexamethylene chains in chlorhexidine structure. The bilayer deposition of chlorhexidine has also considerably contributed to extra resistance for water passage across the membrane. Similar observation was made in the study where TiO2 nanoparticles and GO nanosheets were LbL assembled onto polyamide membrane surfaces through hydrogen bonding ﻿between carbonyl group and surface hydroxyl group [184]. The water flux increased with the increasing bilayer number due to the ﻿improved surface hydrophilicity of TiO2/GO and the nanochannels provided by GO layers to facilitate water transport. However, the water flux decreased dramatically from ﻿23.6 Lm-2h-1 for 6 bilayer coating to 14.0 Lm-2h-1 for 10 bilayer coating, which implied that the resistance introduced by the bilayer coating has more dominant effects when the bilayer number was increased beyond 6. When the antibiofouling properties were evaluated in filtration testing after the membranes were immersed in UV-irradiated E. coli suspension for up to 3 days, the water flux of  TiO2/GO modified membrane and unmodified membrane was declined by 24% and 63%, respectively. 
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Figure 5: (a) Schematic diagram of the LbL assembly of TOB/PAA bilayer stabilized by crosslinkers, (b) ﻿ 3 bilayer PAA/TOB-modified membrane exhibited FRR of 87.5% in the presence of BSA, which was 40% better than unmodified RO membrane, (c) ﻿The mortality rate of 99% was achieved upon the contact of E. coli and B. subtilis with 3 bilayer PAA/ TOB-modified membrane and unmodified RO membrane [182].





4.3 Grafting

Ginic-Markovic et al. applied the industrially favorable ATRP method to create a durable poly﻿sulfobetaine coating on commercial RO membranes [185].The polysulfobetaine coating layer with thickness less than 40 nm has increased the hydrophilicity and reduced the membrane surface roughness. Approximately 80% reduction in microbial abundance was achieved in both 3-month static aquarium test and hydrodynamic test conducted with ﻿sodium alginate in cross-flow filtration mode.  Regardless of the type of commercial RO membrane, the polysulfobetaine modified membrane exhibited flux and rejection that were comparable to the neat membranes. Zwitterionic ﻿copolymer films of poly(4-vinylpyridine-co-ethylene glycol diacrylate) (p(4-VP-co-EGDA)) coatings has also been performed on the polyamide surface of TFC-HR commercial RO membrane via iCVD technique [84]. In the static antibacterial test where  the membrane coupons were exposed to bacterial suspensions of P. aeruginosa and B. licheniformis for 2 hours, ﻿the zwitterion grafted membrane surface demonstrated reduced adhesion of bacteria by 98% compared to the neat RO membranes. ﻿Molecular force mapping has further verified that the low magnitude of adhesion force between the biofoulants and the zwitterion modified membranes due to ﻿the high resistance of ﻿zwitterionic moieties-associated hydration layer to the adsorption of biopolymers. 

﻿Marré Tirado et al. assessed the biofouling resistance of ﻿2-[(methacryloyloxy)ethyl] dimethyl-(3-sulfopropyl) ammonium hydroxide (SPE) grafted commercial RO membranes [186]. The introduction of SPE layer through UV-assisted radical grafting has favourably changed the surface charged and hydrophilicity of the membrane surface to reduce the tendency of bacteria adhesion. The short term study indicated that a significant improvement in the biofouling resistance was achieved by the SPE grafted RO membranes in which the permeation flux remained stable compared to the neat counterpart. The less severe biofouling was due to the weak adhesion of EPS on the PSPE-grafted RO membrane surface. However, with prolonged operation and thickening of biofilm, similar trend of flux decline was observed in both modified and neat membranes, suggesting that the anti-biofouling zwitterionic coatings could not sustain the antimicrobial performance in long run. The possible reason was the acclimatization capabilities of the antimicrobial community which has overwhelmed the alteration in surface properties through the zwitterionic modification. ﻿The similarity in the adhesive properties of the EPS extracted from the biofilms developed on PSPE-grafted and neat RO membranes after long operation suggested that other factors such as differences in EPS amount and surface coverage by PSPE may be dominant factors in governing the biofouling behavior. 

Hirsch et al. compared the anti-biofouling efficiency of 3 commonly used zwitterionic polymers, namely hydroxyethyl methacrylate (HEMA), 2-methacryloyloxyethyl phosphorylcholine (MPC) and [2-(methacryloyloxy)ethyl]-dimethyl-(3-sulfopropyl) ammonium hydroxide (SBMA) [166]. The surface of polyamide layer was activated by plasma and subsequently functionalized with brominated alkyl groups prior to the surface grafting of the oligomer layers via surface initiated-ATRP (SI-ATRP). The microscopic observation of the percentage of biofilm coverage after steady state and batch cultivation, the formation of biofilms of P. fluorescens on the zwitterion coated TFC has been drastically reduced compared to the high concentration of bacteria colonies deposited on the neat TFC. The increase of water flux by 13-33% was mainly attributed to the enhanced surface hydrophilicity while the salt rejection was maintained. Yang et al. applied the same technique to graft poly[(2-methacryloy- loxy)ethyl]dimethyl[3-sulfopropyl]ammonium hydroxide (pMEDSAH) on the APTES-functionalized RO membrane surface [91]. They found that the chain length of the grafted pMEDSAH has significant influence on the biofouling behavior where longer chain of pMEDSAH was capable to reduce tendency of bacterial adhesion and biofilm growth. This improvement was attributed to the increased hydrophilicty and smooth surface that prevented bacteria adhesion. However, the formation of a thick layer of pMEDSAH on the membrane surface was found detrimental to water permeation. 


﻿Single-step gamma irradiation using cobalt-60 source was performed to graft N-isopropyl acrylamide and ZnO nanoparticles onto polyamide TFC RO membrane [187]. The enhancement of surface hydrophilicity and surface negative charge that accompanied with increasing surface roughness was due to the deposition of hydrophilic surface modifier. The flux declines of 43% for the pristine membrane and 10.3% for the modified RO membrane were observed, suggesting that the modification has improved ﻿the overall fouling resistance. A novel polymerization-nanoparticle loading method has been introduced by Khajouei et al. to graft PANI/CuNP on polyamide layer of RO TFC membrane [188]. The in situ polymerization of PANI initiated by aniline oligomers provided sufficient surface functional groups for the deposition of CuNP. ﻿Coating of PANI formed a dense and small nodule-size structure that also led to the smoother polyamide active layer. The interaction of PANI with the entrapped CuNP  prevent the release of nanoparticles from the membrane. PANI/CuNP ﻿rendered surface hydrophilicity and reduce the surface roughness of the membrane, which in turn resulted in the increase in water flux from ﻿17.24 Kg m-2h-1 for pristine membrane to 13.44 Kg m-2h-1 for the modified membrane. Upon immersion of the neat and modified membrane into E. coli suspension for 8 h,  the inhibition zone around the PANI/Cu modified membrane was larger compared to that of pristine membrane. A flux recovery of 89%  and stable performance up to 6 days were also reported in this study. ﻿ Similar concept has also been reported by Ma et al. who performed covalent grafting of cysteamine (Cys) thiol-derivative on the surface of  RO membrane to act as bridging agents between CuNP biocide and the membrane surface [189]. The Cys surface with high metal affinity ﻿provided more reactive sites for the in-situ formation of CuNP thus led to the formation of small and even distribution of nanoparticles on the membrane surface. ﻿Despite the fact that Cys alone does not exhibit antimicrobial activity, RO membrane modified with Cys cross-linked﻿ CuNPs ﻿maintained 72% E. coli inactivation, which was also 33% better than the same RO membrane modified with CuNP alone. Similarly, ﻿Zhang et al. introduced a covalently bound layer of carboxylated chitosan which act as reducing agent for the chelation of CuNPs onto polyamide layer of TFC RO membrane [190].  The carboxylated chitosan also served as a capping agent to control the uniform growth of nanosized CuNPs and the slow release of copper ions into the aqueous medium to ensure ﻿long-lasting antibacterial activities, which was ﻿lower than 0.12 μgcm-2day-1 after 1 week immersion in water.
﻿

Bio-active 2-aminoimidazole was grafted onto the polyamide layer of commercial RO membranes through the activation of free carboxylate groups in the polyamide layer using EDC [191]. The anti-biofouling property was mainly rendered by the non-biocidal 2-aminoimidazole compound which has disrupted the bacterial regulatory system that governs the biofilm development and cell attachment across different classes of bacteria. With the antimicrobial activity demonstrated by 2-aminoimidazole, the growth of P. aeruginosa biofilms was inhibited by up to 96%. It was also interesting to note that, in contradict to the commonly reported findings, the alterations in surface charge, hydrophobicity and roughness upon the grafting did not significantly contribute to the biofilm inhibition. However, the decrease in initial permeability suggested that optimization of the grafting approach is required to counter the trade-off effect. Part et al. ﻿grafted the polyamide layer of TFC RO membrane with nonionic triclosan (TC) through amination followed by ﻿amide formation reaction with ﻿the acyl chloride on the polyamide surface [192]. ﻿The grafted TC reduced bacterial adhesion thus suppressing biofilm formation. ﻿With 4% TC grafted on the TFC membrane, the number of live bacteria was reduced by 79 %, 45 % ﻿and 76 % for E. coli, P. aeruginosa and S. aureus, respectively. The ﻿biofilm thickness was also significantly reduced from 11.91 m for the unmodified membrane to 3.82 m for the TC grafted membrane. However, Despite the ﻿slight reduction in NaCl rejection from 99.8% to 98.5%, severe reduction in water flux by 40% from ﻿28.7 Lm-2h-1 to 17.2 Lm-2h-1 was also observed. The former was ﻿due to the swelling and loosening of the polyamide network caused by the solvent used in the modification, meanwhile the latter was ascribed to the decreased water wettability and additional transport resistance upon introduction of hydrophobic organic layer atop the selective layer.  
﻿
Using second interfacial polymerization (SIP) technique, Wang et al. introduced a layer of ﻿amine functional hydantoin derivative that was chemically bonded onto polyamide membrane surface [193]. Compared to the unmodified polyamide RO membrane, the modification of PA membrane surface using low concentration of  ﻿amine functional hydantoin derivative (0.05%) has increased the water flux from 47.2 L m-2 h-1 to 53.8 L m-2 h-1, without compromising the rejection performance. The hydrogel nature of hydantoin copolymer has facilitated water adsorption, which in turn improved the flux. In the static antimicrobial assay using 10 strains E. coli, the 1 minute contact hydantoin modified polyamide TFC has resulted in 99.9% removal. During the antimicrobial mechanism, the release of chlorine has resulted in the conversion of N-halamine to the precursor N-H group. However, the consumption of free chlorine present in pretreatment system has enabled the regeneration of N-halamine to perform subsequent cycle of antimicrobial activities. Worth mentioning that the pilot-scale demonstration in this study has revealed the potential of applying SIP as a facile technique to prepare antibiofouling membrane. The grafting of dense quaternary ammonium cations and salicylaldimines can render combined effects of chlorine and biofouling resistance [194]. The synergistic disinfection and sterilization functions of the two biocides have improved the bacterial adhesion resistance and exhibited bacteria cell contact killing capability. The modified membrane that was exposed to microbial cell suspension for 24 hours only experienced negligible decrease in the water flux, suggesting the strong anti-microbial activities of the modified membrane.


Based on the antimicrobial properties of ﻿guanidine-based polymer, Gao et al. modified the surface of ﻿BW30FR  membrane with ﻿(guanidine-hexamethylenediamine-PEI) (poly(GHPEI)) ﻿via PDA immobilization, as depicted in Figure 6(a) [195]. The grafting of 2 wt% of poly(GHPEI) in 2 hour reaction time has formed a layer of reduced roughness (Figure 6(b)) with thickness of 234 nm atop of polyamide layer (Figure 6(c)).  The antibacterial mechanism of poly(GHPEI) was rendered by the dendritic structure with abundant amine and guanidine groups that can be readily protonated to enhance the electrostatic attractions with the negatively charged bacterial surface. The grafting of poly(GHPEI) has resulted in the alteration of the polyamide layer surface properties to hinder bacteria adhesion, i.e. improved surface hydrophilicity, smaller roughness parameter and neutral surface charge. The bacteriacidal efficiency of the modified membrane against E. coli and B. subtilis based on static bacteria count as illustrated in Figure 6(d) was 98.6% and 96.5%, respectively. During filtration, ﻿the permeate flux of  poly(GHPEI) grafted membrane only decreased by 9.8% ﻿after immersing into bacterial suspension, indicating its excellent antibiofouling propensity. 
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Figure 6: (a) schematic illustration of the modification route of BW30FR membrane with PDA followed by poly (GHPEI), (b-c) surface roughness of membrane was reduced with the grafted poly (GHPEI) (c-d) The thickness of the grafted poly (GHPEI) layer was estimated as 234 nm (e) bacteria colonies of poly (GHPEI) modified samples was significantly less than the unmodified membrane [195]. 




4.4 Immobilization within polymeric matrix

﻿Liao et al. incorporated polypyrrole (PPy) nanosphere ﻿with uniform sizes of less than 200 nm into ﻿TMC/hexane solution during the formation of polyamide layer via interfacial polymerization [196]. Owing to the their compatibility, PPy nanospheres were tightly wrapped by the polyamide matrix. The structure of PPy incorporated polyamide was remained intact and conserve the high salt rejection of 97%. ﻿ Remarkably improved water flux by 118% compared to unmodified membrane was associated to the combined factors of i) enhanced membrane hydrophilicity upon the incorporation of hydrophilic PPy nanospheres, ii) lowered polyamide crosslinking degree resulted in the creation of more hydrophilic carboxyl group on the membrane surface and iii) enhanced water passage for diffusion in the loose polyamide structure. The static bacteria count study showed the antimicrobial activity of the membrane against E. coli where mortality rate of 89.1% was attained. The biocidal properties of PPy nanospheres was arisen from the intrinsic positive charge of the nanosheet which can disrupt the negatively charged cytoplasmic cell membrane, causing the leakage of internal compositions and eventually the death of E. coli. Bera et al. incorporated melamine and PEG into  polyamide network of RO membrane [197]. During membrane fabrication, melamine and MPD terminated-PEG were added into MPD solution for the interfacial polymerization with TMC. The surface hydrophilicity was enhanced owing to the hydrophilicity of PEG whereas the reduced surface roughness was due to the reducing amount of polyamide network with the addition of low reactivity melamine. The heterocyclic aromatic ring of melamine with antibacterial activity and the hydrophilicity of PEG have contributed to the increased water flux and improved antibiofouling towards ﻿ E. coli and B. subtilis bacteria. While increasing the water flux from 26 to 38 Lm-2h-1, the triazine ring and PEG modified membrane have significantly reduced bacterial adhesion by 100 times compared to the pristine membrane. 

A coaxial arc plasma deposition (APD) technique (Figure 7(a)) was used by Park et al. to partially incorporate AgNPs within polyamide layer RO TFC membrane as shown in Figure (Figure 7(b))  [198]. The surface modification performed with 60 APD pulse shots exhibited water flux increment by 40% to 38.27  L m-2 h-1 while maintaining the NaCl rejection at ﻿98.8%. The improvement was attributed by the enhanced surface hydrophilicity and increased structural flexibility of the polyamide selective layer during the APD process. The positive alteration of these characteristics has facilitated the passage of water molecules across the membrane. As summarized in Figure 7(c), the AgNP immobilized RO membrane exhibited high bacterial viability of 95%, 80% and 85%, for E. coli, P. aeruginosa and S. aureus, respectively, demonstrating its capability of inhibiting both Gram positive and gram negative bacteria. ﻿The monitoring of the releasing rate of silver ions from the Ag-TFC membrane indicated that ﻿the antibacterial effect of AgNP immobilized TFC membrane could be sustained up to 3 months. GO nanosheets have been embedded into the polysulfone (PSf) substrate and polyamide layer of TFC RO membrane to attain synergistic effects for separation performance and antibiofouling propensity [199]. The GO nanosheets was added into the casting solution subsequently embedded into PSf via non-solvent induced phase separation meanwhile the inclusion of GO nanosheet ﻿was carried out by introducing the nanosheet into the MPD solution during interfacial polymerization with TMC to form the polyamide layer. The incorporation of GO nanosheet in both substrate and active layer has resulted in increased hydrophilicity and surface negative charge. These features not only increased the water flux by 70%  compared to neat TFC membranes, the hydrophilic and negatively charged membrane surface has also resulted in the electrostatic repulsion of hydrophobic and negatively charged bacteria. Consequently, the biovolumes of cells attached to the GO modified membrane was ﻿reduced by 99%. Similar improvement was also achieved by introducing ﻿GO in the TMC solution during interfacial polymerization [200]. It has also been pointed out that the GO nanosheets synthesized by Staudenmaier method can simultaneously achieve high permeability and selectivity while exhibiting antimicrobial and antifouling properties, compared to GO synthesized using modified Hummer’s method. ﻿The biofilm volume on the membrane was reduced from 0.61 μm3mm−2 for pristine TFC to 0.38 μm3mm−2 for GO embedded membrane. Other than anti-adhesion effect, contact-mediated antimicrobial effect of GO was also observed, suggesting that GO immobilized with polyamide layer could play the same role as  ﻿biocide-releasing coatings.

Prior to the incorporation within PA layer, GO can also readily modified with tannic acid to improve miscibility with the polymer matrix and antimicrobial activities [201].  Tannic acid coated GO combined the oxidative stress capability of GO and radical scavenging properties of tannic acid to synergistically improve the antimicrobial activities. While exhibiting water flux that was improved by 26% compared to neat TFC membrane, the RO membrane modified with tannic acid coated GO could effectively reduce the number of viable cells compared to TFC and GO modified RO membrane counterparts. Zhang et al. added ﻿palygorskite clay (Pal) and TiO2 photocatalytic into ﻿MPD solution and followed by interfacial polymerization  with TMC to form Pal/TiO2 modified polyamide layer [202]. The modified RO membrane exhibited improvements in terms of surface hydrophilicity, flux and rejection. Pal with tubular structure provided additional water channels to speed up water transport trough the dense PA matrix. Under UV irradiation, the Pal/TiO2 modified RO membrane achieved bactericidal rate of 98.2%. ﻿The UV illumination generated oxidative species such as hydroxyl radical and hydrogen peroxide that could destroy the outer membrane of bacteria. 
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Figure 7: (a) ﻿Schematic illustration of the deposition of AgNPs using APD technique, (b) TEM image evidenced the partial immobilization of AgNP within the polyamide selective layer and (c) Comparison of antibacterial properties of  unmodified and AgNP modified TFC membrane against E. coli, P. aeruginosa and S. aureus [198]. 


4.5 surface Patterning

Using a sol−gel based nanoimprinting technique as shown in Figure 8(a), Choi et al. created submicron TiO2 pillar patterns on PA layer formed by LbL approach. ﻿The coating of TiO2 pattern material significantly increased the membrane hydrophilicity and reduced the ﻿density of negatively charged groups on the membrane surface. Owing to the robustness of the pattern, ﻿the TiO2 pillar morphology as shown in Figure 8(b) was well conserved even after filtration test. However, like other coated membranes, the patterned membrane suffered from serious decrease in water flux from 29.5 Lm−2 h−1 for un-patterned membrane to 10.8 Lm−2 h−1 for patterned membrane due to the increased hydrodynamic resistance resulted from the TiO2 coating layer. Nevertheless, the patterned membranes have significantly better antibiofouling resistance against ﻿ P. aeruginosa compared to the pristine membrane. ﻿ Throughout 24 hours filtration, the patterned membrane has experienced minimum flux decline compared to its non-patterned counterpart (Figure 8(c)). No apparent biofilm formation but only sparsely distributed bacteria were found adhering on the patterned polyamide surface.  
(a)
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Figure 8: (a) ﻿Schematic illustration of the fabrication of TiO2-patterned membrane via sol−gel based nanoimprinting technique (b) surface morphology of TiO2-patterned membrane and (c) ﻿ Water flux desline of the TiO2-patterned membranes with the addition of P. aeruginosa was least severe compared to the non-pattern counterparts [203]






4.6 Summary

﻿The separation and antimicrobial performances of RO membranes modified via coating, grafting, LbL, immobilization and surface patterning have been evaluated and summarized in Table 2. Amongst these approaches, grafting has been favourably applied to introduce zwitterionic and organic biocides possessing abundant functional groups. However, in most of the reported studies, despite the decrease in surface hydrophilicity, the surface coating or grafting approaches have reduced the permeate flux of the membrane in different extends. On the other hand,  immobilization is more common for nanomaterials that can favourably alter the physico-chemical properties of membrane such as hydrophilicity, surface charge and water permeability. GO is one of the most studied nanomaterials for RO membrane modification through immobilization. From antibiofouling point of view, immobilization of antimicrobial materials within the polymeric matrix is generally less favourable than others ex-situ modification methods due to several concerns associated to the structural integrity of polyamide layer, efficiency and regeneration of the embedded biocidal. It should be noted that, the biofilm formation was majorly supressed through the creation of hydrophilicity surface which in turn prevent the adhesion of bacteria. As the immobilized biocidals are almost entirely wrapped within the polyamide matrix, the release of oxidising ions, hence the bacterial killing action is restricted. Although contact-mediated antimicrobial effect has been observed in some studies, the effectiveness of such action has not been widely performed. While surface patterning has been common for asymmetric membranes and thin film composite, the modification of  RO membrane through surface patterning for antibiofouling purpose has been scarcely reported. 


5. Challenges and Future Prospective

﻿
﻿The monitoring and control of biofouling require proper and systematic sampling of membrane surface. However, the monitoring and detection of membrane biofouling are still challenged by factors such as cost and feasibility. To date, various studies on biofouling monitoring have been performed but real-time monitoring of biofouling is still an under-explored areas. Particularly, the direct detection or measurement of biofoulants on RO membrane is not technically sound due to the high operating pressure  and spiral-wound membrane modules. ﻿The development of more useful and reliable tools to further explore the key characteristics of thin biofilm are of great demand. Ultrasonic time domain reflectometry (UTDR), a ﻿non-invasive acoustical technique, has been used in-situ to assess the initial biofilms development process ﻿and monitor the growth of a fouling layer and cleaning process of membrane [204]. UTDR has been adapted to monitor biofouling by periodic dosing of colloidal silica that acts as acoustic enhancer so that the detection can be performed ﻿in high pressure membrane processes  [205]. Real time monitoring of RO biofouling using  electrical impedance spectroscopy (EIS) has also been attempted [206]. The key signals obtained from the EIS measurements such as the Nyquist plot and the conductivity of the diffusion polarization layer provide considerable insights into the biofilm formation on the membrane surface. However, the employment of EIS for biofouling monitoring is still relatively new hence needs more attentions for further improvement. Since biofouling of RO membrane cannot be completely avoided in a long run operation, biofouling control strategies have been focused on delaying the biofilm formation or minimizing the impacts on biofilms on membrane performance. Membrane modification seems serving this purpose well. Developing new and innovative anti-biofouling RO membranes serves as an interesting alternative to reduce the dependency on pretreatment processes and chemical disinfection. 

The advancement of materials sciences has so much to offer for membrane modifications. The last two decades have witnessed the huge growth of efforts combating RO membrane biofouling through membrane surface modifications using nanoparticles. AgNP has been widely used in membrane modification to attain antimicrobial activities. However, the antibacterial effect of most of the reported AgNP modified TFC could last for average 120 days [177,198,207], ﻿which is still much shorter compared to the average membrane lifetime of 5 years. This suggests that huge efforts are still desired in extending the antibacterial efficiency of the modified membranes. One of the possible way to do so is by suppressing the dissolution and releasing rate of biocidal ion such as silver ion via the control of feed water chemistry (pH and dissolved substances) and hydrodynamic conditions of RO operation (pressure and flow rate). Despite their attractive antimicrobial activities, the antimicrobial activities of some semiconductor metal oxides like TiO2 are largely depending on the presence of UV light to activate their antimicrobial properties. The limitation has become a major hindrance for the RO membranes modified by such biocides to be practically applied for commercial operation. The development of visible light responsive metal oxide biocidal is expected to become an attractive solution to resolve the limitation. On the other hand, with the positive outcomes and well understood ﻿fundamental aspects of their interaction with cells and bacteria, material scientists have seen zwitterion as one of the most effective anti-biofouling materials for membrane modification. Nevertheless, looming challenges in terms of  the complexity and time consumption in the modification procedures are still deserving serious attentions. QS inhibitor is an emerging material for biofouling control. However, the application of QS inhibitor as membrane modifier is still scares. Research should be directed to explore the methods for RO surface modification that can maintain QS inhibitor activity during the modification and under harsh operating condition. Focus should also be placed on understanding the mechanisms and behaviour of membrane modified with QS inhibitors upon contact with bacteria cells found in the feed water.

﻿ 
Important observation has been made where AgNP showed higher toxicity effects on E. coli than S. aureus due to differences in in their cell wall structure. Such finding emphasizes a new aspect where the antibacterial activity of the nanoparticles also depends on the target microorganisms species [208]. Many studies have also interestingly pointed out that the size of AgNP is an important parameter for the toxicity release. For biomolecules such as chitosan, the ability to inhibit microorganisms is also influenced by its molecular weight and presence of immobilized foreign substances like metal oxide [209]. Another example is GO nanosheet that is known to display membrane transport properties as the function of its sheet size. GO synthesized from Staudenmaier method has  also been proven to have higher biologically reactivity compared to other synthesis such as modified Hummer’s method [210]. These findings imply that the selection of an all-rounder material that is aimed to one-size-fits-all may not be a viable option in membrane modification due to the mix-species biofilm nature. Hence,  systematic studies are required to assess and compare the antimicrobial activities of the identified biocidals prior to their uses in membrane modification.


There are also some considerable ambiguities regarding the currently applied synthesis and modification approaches to attain antimicrobial properties. Modification of membrane surface through coating and grafting has been feasibly reported in many studies but the loss of bio-fouling resistance and separation performance has also been associated to the leaching of the loosely adhered species from the membrane surface. The detachment of these functional groups can severely take place after several cycles of filtration and cleaning, especially for the functional groups rich in hydroxyl and carboxylate ester group which show high degree of hydrolysis [83]. The long term flux decline and flux recovery after washing are critical parameters to be considered for a techno-economical feasible RO operation. The ex-situ modification often requires multiple reactions and extra post-treatment process, resulting in time- and cost-consuming fabrication process. In fact modification based on the coating of anti-adhesive layer is hard to implement in roll-to-roll fabrication of TFC membrane at commercial scale. The significant reduction in membrane permeance due to the resistance introduced by the coating layer can be a concerning matter [211]. 

﻿Much work on the potential of embedding nanomaterials in the polyamide layer of RO membrane has been carried out, yet there are still some critical issues to be addressed. The modifications based on biocidal incorporation often lead to the alteration of membrane performance. One of the most critical challenges for in-situ approach is the agglomeration and nonuniform distribution of the nanomaterials within the selective layer due to the incompatibility and inadequate dispersion in the organic or aqueous phase. The agglomeration has inevitably led to the formation of pin holes or more severe defects on the polyamide layer, hence compromising the salt rejection capability. ﻿ Various surface modifications on the nanomaterials prior to the immobilization process can alleviate the issues, but the additional costs and efforts can be detrimental to the practicability of this modification approach. Additionally, the embedded biocidal in polyamide layer may compromise their antibacterial efficiency [212]. Nonconventional membrane surface modification through surface patterning is interesting due to its sustainable effects in mitigating biofouling. Currently, membrane patterning have been majorly limited to porous micro and ultra-filtration membranes. The surface patterning of  RO membrane is largely restricted by the fragility of delicate and ultrathin polyamide selective layer . It is also technically challenging to perform surface patterning on polyamide layer formed from conventional interfacial polymerization technique that results in intrinsically rough surface and with nonconformal growth mechanism.

The use of biocides for RO membrane modification is a straightforward approach to kill or inactivate the microbes. Despite the considerable number of publication touting the fascinating antimicrobial effects of various biocides, the mechanisms by which these biocides exert antimicrobial activity when they are attached onto or incorporated into membranes has been rarely elucidated. Problematically, several detrimental effects may be provoked if the bacteria and biofilms are not adequately removed. Long term usage of biocides has commonly led to the adaptation of microbes to be immunized from the biocide effects. The biocides may undesirably promote biofilm formation by triggering a protective response from bacteria. Also, the biofouling may be accelerated and intensified when the dead bacteria release various organic matters such as proteins and lipids that could serve as a breeding ground for further biofouling. To maximize the biocidal activity and extend the membrane lifespan, research should also be directed to the design of membranes with dual-action biocidal materials and surfaces where the  materials with synergistic actions that combine contact-disruption and released-based biocidal mechanisms. Most of the well-established biofouling control materials and modification strategies is known to be highly effective at the initial stage. Some claims on the antimicrobial performance of nanoparticles also seemed to be exaggerated as it has been demonstrated that biocidal-modified membranes show a decreasing trend of antimicrobial effect with prolonged usage due to the adaptability of the biofilm to the environment and conditions imposed. ﻿Temporal control of biofilm formation will require more in depth understanding and correlation on the stages and characteristics of biofilm formation. Hence, whether a conventional or a distinctly novel approach that is reliable and highly reproducible is highly desired. The interdisciplinary research that encompasses separation engineering and biomedical science should be adopted to fuel innovations in this field.

In most of the reported bench-scaled anti-biofouling studies, investigations were commonly conducted using synthesis feed water such as protein-containing water and bacterial suspended water. Although static antimicrobial assay using bacterial culture can closely mimic the chemistry and biology of seawater, the hydrodynamic conditions have been neglected. The biofilm studies are also limited by the use of model strains and bacteria that retrieved from the RO membrane. There have been dissentients views on the reliability of the anti-biofouling membranes because most lab-scale biofouling tests were majorly assessed based on the direct contact of the membranes with feed water with unrealistically high bacteria colonies. There is insufficient research on the performance evaluation using real water source and desalination plant operating conditions to draw any firm conclusions about the efficiency of the developed  anti-biofouling RO membranes. While the findings may shed some lights on the effectiveness of the developed strategies, such systems have failed to reflect and address the real biofouling behaviours which involve bacterial attachment and growth as well as biofilm formation on the membrane surface. Hence, the results may not be orthodox in the real conditions where complex seawater and brackish water are involved. In fact, the determination of the predominant microorganism that causes biofilm formation in a specific feedwater is tedious and challenging because the bacterial species vary with the changes in feed water quality, temperature and process control, as well as from one RO plant to another in different process-specific operating conditions. Currently, only a scrap of published works looked into the sustainability aspects through long-term cross-flow filtration tests to examine the robustness of the established approach. To reflect the actual filtration system, the effects of shear and pressure conditions that are encountered in typical spiral-wound membrane systems operated at commercial plant should be the one of the major scopes in studies related to anti-fouling membrane development. 
 

Despite having well-funded research and engineering to upgrade to new advancements at academic level, the implementation of new RO membrane on an industrial scale will require considerable investments in scale up as well as performance and risk related validations. As the utilization of membrane is not the only viable way to combat biofouling, the switching from conventional membrane to highly biofouling resistant novel membranes must be justified by substantial increase in the efficiency and overall cost reduction. Therefore, while leveraging the benefits of various RO membrane modification approaches in tackling biofouling issues, it is prudent to assess the economical  commitment to avoid any financial setbacks while moving forward. The economic feasibility involves a complex computation that is determined by various factors, including cost of chemicals, cost of technique upscaling to perform the modification to fulfil the demands in commercial scale. The justification of the selections will be more convincing if the cost-benefit assessment is performed to provide an indication in terms of investment and operating costs for these possible technological solutions. As a rule of thumb, the approach used for RO membrane modification has to be less expensive to produce. The utilization of RO membrane with enhanced antimicrobial activities can only be considered as a feasible technology if the long term saving offset the additional economic costs.


One important aspect that goes beyond the cost and technical feasibility is the implications on health and environments. Although much progress has been made toward mitigating biofouling using inorganic nanoparticles and their composites,  there has been some disagreement concerning the safety and reliability of these antibacterial nano-sized agents. They are frequently associated to the high cost of production, instability and high tendency of leaching into the water body. It is worth to point out that, the findings from cytotoxicity studies of nanomaterials such as CNTs are often contradictory, probably due to  difference in the purities and degree of functionalization. Like most inorganic nanomaterials, the formalization of biocide in wastewater treatment is also hampered by their potential environmental, ecological and toxicological hazards. Therefore, to foster the acceptance of biocide or nanomaterials modified RO membranes,  the impact of the leached nanomaterials and biocides on the receiving environment needs to be carefully assessed. It has been evidenced that biocides like AgNP ﻿not only capable in destroying microorganism, but also poses unintended threat to higher organisms.  As has been repeatedly pointed out in many preceding publications, innovators and users should remain cautious of the new risks that nanomaterials could probably introduce to humans or the environment with their widespread utilization. In depth studies to assess the design, usage, and discharge of these potential hazardous nanomaterials are necessary. A shift towards the use of abundantly accessible and inexpensive biomolecules which are also characterized with excellent biodegradability and non-toxicity will be a wise choice to minimize the environmental impact. 

6. Conclusion

Demands for high quality fresh water will continue to hike in the coming decades. Desalination based on RO technology is an unarguably promising way that has gained worldwide industry acceptance to produce freshwater from saline water. Despite all the advancements made, RO technology, like other membrane-based processes, suffer from inevitable fouling.  Research on anti-biofouling RO processes is proceeding on many fronts and design of biofouling resistant membranes is one of the focuses in this field. This review is concerned with the issue of biofouling in RO membrane where the recent findings of contemporary approaches for RO membrane modification have been comprehensively reviewed. On the basis of the complexity of bio-fouling mechanism, it seems reasonable to conclude that no single mitigation approach can serve as the ultimate solution to remediate the issues related to this phenomenon. The limitations of the existing materials and approaches for anti-biofouling membrane design will act as the driving force to motivate continual search for simple and versatile strategies. Such a progress will not only push innovation in the development of anti-biofouling RO membranes but also accelerating the progress of adopting the technology for industry operations. Unarguably, the mitigation of biofouling based on membrane design and modification is not likely to be the sole game changer of RO processes at industry level. While agreeing that membrane improvement stands out to be one of the most straightforward and effective ways to deal with biofouling, it is also worth mentioning that other approaches such as pre-treatment can definitely complement and add values as part of the holistic solution.  A combination of pre-treatment, cleaning and membrane modification strategies is deemed to provide the most rational way to combat biofouling issues. The industries will take advantages of the strength of each approach to create a stronger integrated offering for an efficient and economically sound solution to address biofouling issue in RO technology. Nevertheless, within the next few years, membrane modification is destined to continue becoming an important component in RO research. The efforts in developing anti-biofouling membrane continue to blossom as the year progressed.  It is likely to see a considerable rise in the generation of insightful and mind-blowing ideas that are adequate to meet the criteria required to address the issue.
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Table 1: Summary of the antimicrobial behavior, advantages and limitations of various antimicrobial materials.

	Anti-biofouling materials
	Examples
	Features of antimicrobial behaviour
	Advantages 
	Limitations

	Zwitterions
	Polysulfobetaine, carboxybetains
	· Formation of hydration shell and steric hindrance effects

	· Increase membrane hydrophilicity
· High resistance towards biological macromolecule foulants
· The length of chain can be varied to optimize surface roughness and density

	· Synthesis of zwitterions involves multiple steps of complicated reactions

	Metal and metal oxides
	AgNP, TiO2, ZnO and MgO

	· Release of metallic ions
· Penetration inside the cell
· Generation of ROS
	· Strong antibacterial activity 
· Well established synthesis method
· Can be easily deposited on support

	· Agglomeration of nanoparticles at high loading

	Carbon-based nanomaterials
	CNTs, GO
	· Wrap and isolate bacteria
· Generation of ROS
· Cell membrane puncturing 
	· Properties can be tailored by changing the structure and geometry
· Large surface area 
· Can act as a support for the deposition of biocidal materials

	· Agglomeration of nanoparticles at high loading
· Reproducibility in mass production

	Biomimetic material
	PDA, chitosan
	· Anti-adhesion
· Bacteria lysis upon contact with the cell wall
	· Form durable, hydrophilic and nano-scale coating
· Easily form through self-assembly and oxidative crosslinking
· Biocompatible and biodegradable

	· Self-assembly process may results in membrane pore blockage

	Antibiotic and enzyme
	Aminoglycoside, tetracyclines, protease and lysozyme
	· Disrupt cell outer membranes
· Inhibit protein synthesis 
	· Long lasting antibacterial activity
· Able to degrade and remove biofilms
· Biocompatible

	· Material cost
· Degradation or inactivation during the fabrication or filtration processes
· Emergence of drug resistant strains


	Biocidal polymer
	N-halamine,
Polymer containing quaternary ammonium, guanidinylated polymers
	· Transfer of biocidal element to the bacterial cell
· Dissociate to free halogen in aqueous media
	· Can be easily crosslinked on membrane surface 
· Biocompatible and biodegradable

	· Synthesis of polymers involves multiple steps of complicated reactions
· Loss of biocidal activities after crosslinking or insolubilization


	Quorum sensing inhibitor
	Vanillin, cinnamaldehyde, methyl anthranilate
	· interfere quorum sensing pathways
· signal production  blockage
	· Highly effective
	· The interaction between cells and QS inhibitor is complicated 



Table 2: Recent advances in antibiofouling membrane based on various modifications approaches.

	Approach
	Technique
	Biocides/nanomaterials/ active compounds
	Bacteria strains/biofoulant
	Removal %/
biofilm thickness, volume
	Flux 
	Ref

	Coating 
	Chemical reduction
	AgNP
	﻿E. coli
P. aeruginosa
S. aureus  
	78%
91%
96 %
	﻿Neat=2.4 Lm−2 h−1b-1
Modified=2.0 Lm−2 h−1b-1
	[177]

	Coating
	Chemical reduction
	CuNP
	E. coli
	﻿89.6%
	﻿Neat=2.53 Lm−2 h−1b-1
Modified= 2.97 L Lm−2 h−1b-1
	[178]

	Coating
	Dip coating
	Iron NPs on graphene oxide
	﻿B. halotolerans
	68%
	11.36 Lm−2 h−1

	[179]

	Coating
	
	Physical adsorption
	﻿Vanillin and cinnamaldehyde
	Mixture of Alteromonas sp.and Shewanella sp
	﻿75.12%
	-
	[180]

	Coating
	Plasma-enhanced magnetron
Sputtering deposition 
	﻿AgNP
	﻿P. fluorescen
	64%
	Neat=1.14 ﻿m3m-2day-1
Modified=1.15 m3m-2day-1
	[181]

	LBL
	
	PAA/TOB 
	E. coli, B. subtilis
	99%
	Modified=47.7 Lm−2 h−1
	[182]

	LBL
	
	﻿Chlorhexidine/glutaladehyde
	﻿P. aeruginosa
	﻿Live cell volume=0.7﻿μm3/μm2
Dead cell volume=3.6 μm3/μm2
	Neat=27.0  Lm−2 h−1
Modified=22.0  Lm−2 h−1 

	[183]

	LBL
	
	TiO2/GO
	E. coli
	-
	Neat=20.3  Lm−2 h−1
Modified=23.6  Lm−2 h−1
	[184]

	Grafting
	iCVD
	poly(4-vinylpyridine-co-ethylene glycol diacrylate) (p(4-VP-co-EGDA)
	P. aeruginosa and B. licheniformis
	98%
	-
	[84]

	Grafting 
	SI-ATPR
	pMEDSAH
	S. paucimobilis
	Thinner coverage
	Neat=67.5 Lm−2 h−1b-1
modified= 50.5 Lm−2 h−1b-1
	[91]

	Grafting
	SI-ATPR
	MPC
	P. fluorescen
	85.4%
	-
	[166]

	﻿Grafting
	ATPR
	Poly(sulfobetaine)
	﻿Sodium alginate
	80%
	3 L/h/m2B
	[185]

	Grafting 
	Gamma radiation
	﻿NIPAM and ZnO nanoparticles 
	E. coli
	-
	Neat=48.9 Lm−2 h−1b-1
modified= 45.5 Lm−2 h−1b-1
	[187]

	Grafting
	In-situ polymerization and deposition
	PANI/ CuNP
	E. coli
	-
	Neat= ﻿13.44 Lm−2 h−1
Modified= 17.2 Lm−2 h−1

	[188]

	Grafting 
	Covalent bonding and deposition
	Cysteamine/ CuNP
	E. coli
	73%
	-
	[189]

	Grafting
	Carboxylation and chelation
	Chitosan/ CuNP
	E. coli
	99%
	-
	[190]

	Grafting 
	﻿Benzoyl conjugation
	2-aminoimidazoles
	P. aeruginosa
	95%
	Decreased by 25%
	[191]

	Grafting 
	Amination and amide formation
	TC 
	E. coli
P. aeruginosa
S. aureus
	79 %
45 % 
76 % 
	Neat= 28.7 Lm−2 h−1
Modified= 17.22 Lm−2 h−1
	[192]

	Grafting
	SIP
	﻿poly(3-allyl-5,5-dimethylhydantoin-co-vinylamine) (P (ADMH-co-Vam))
	E. coli
	99.9%
	53.8 Lm−2 h−1
	[193]

	﻿ Grafting
	Michael-type addition and Schiff base reaction
	﻿PDA-modified membrane was further covered by poly(GHPEI)
	﻿E. coli
B. subtilis  
	98.6% 
96.5%
	Neat= ﻿47.2 Lm−2 h−1
Modified= ﻿37.0 Lm−2 h−1

	[195]

	Grafting
	Ag‒S
bond

	Cysteamine modified TFC-AgNP/SiO2

	E. coli
P. aeruginosa
S. aureus

	92.7%
99.5%
73.3%

	Neat= 29 Lm−2 h−1
Modified= 30 Lm−2 h−1

	[207]

	Grafting
	UV-assisted
	﻿RWRWRWA-(Bpa) peptide
	﻿P. aeruginosa 
	55%
94% biofilm reduction
	Decreased by 36%
	[142]

	Immobilization
	PA layer
	PPy
	E. coli
	89.1%
	﻿Neat=19.34 Lm−2 h−1
Modified=97.06 Lm−2 h−1
	[196]

	Immobiliation
	PA layer
	Melamine and PEG
	E. coli ad B. subtilis
	Improved by 100 times
	﻿Neat=26 Lm−2 h−1
Modified=38 Lm−2 h−1
	[197]

	Immobilization
	Cellulose acetate
	AgNP
	﻿E. coli
P. aeruginosa 
S. aureus,
	﻿95%
80% 
85%
	﻿Neat=27.1 Lm−2 h−1
﻿Modified=38.2 Lm−2 h−1

	[198]

	immobilization
	substrate and PA layer
	GO nanosheet
	P. aeruginosa
	Biovolume reduced by 99%
	70% higher than unmodified membrane
	[199]

	Immobilization
	substrate and PA layer
	GO nanosheet
	﻿E. coli cells
	52%
Biovolume reduced by 40%
	﻿Neat = 1.7 Lm−2 h−1b-1
Modified = 2.3 Lm−2 h−1b-1
	[200]

	Immobilization 
	PA layer
	GO/tannic acid
	E. coli
	86%
	Neat= 32.11 Lm−2 h−1
Modified = 38.18 Lm−2 h−1b-1
	[201]

	Immobilization
	PA layer
	Pal/TiO2
	E. coli
	﻿98.2% with the assistance of UV illumination
	﻿Neat=24.5 Lm−2 h−1b-1
Modified =35.1 Lm−2 h−1b-1
	[202]

	Surface patterning
	﻿sol−gel based nanoimprinting 
	TiO2 pillar
	P. aeruginosa
	No visible biofilm 
	Neat=29.5 Lm−2 h−1b-1
Modified =10.8 Lm−2 h−1b-1
	[203]
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