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Abstract

:

Organic fouling in the forward osmosis process is complex and influenced by different parameters in the forward osmosis such as type of feed and draw solution, operating conditions, and type of membrane. In this article, we reviewed organic fouling in the forward osmosis by focusing on wastewater treatment applications. Model organic foulants used in the forward osmosis literature were highlighted, which were followed by the characteristics of organic foulants when real wastewater was used as feed solution. The various physical and chemical cleaning protocols for the organic fouled membrane are also discussed. The study also highlighted the effective pre-treatment strategies that are effective in reducing the impact of organic fouling on the forward osmosis (FO) membrane. The efficiency of cleaning methods for the removal of organic fouling in the FO process was investigated, including recommendations on future cleaning technologies such as Ultraviolet and Ultrasound. Generally, a combination of physical and chemical cleaning is the best for restoring the water flux in the FO process.
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1. Introduction


Water scarcity due to climate change and industrialization has urged researchers to focus on developing sustainable technology for desalination and wastewater purification [1,2]. Additionally, uncontrollable anthropogenic activities and an increase in population resulted in a huge rise of emerging pollutants in groundwater [2,3]. In general, wastewater contains a massive amount of pollutants including heavy metal ions, radioactive metals, pesticides, pharmaceutical waste, and many others [4]. A traditional pressure-driven membrane, such as microfiltration, ultrafiltration, nanofiltration, and reverse osmosis processes are applied to concentrate or purify a contaminated solution [5,6]. The pore size and pore distribution of the membrane in these processes decrease in the order of microfiltration < ultrafiltration < nanofiltration < reverse osmosis [7]. With a decrease in pore size, the resistance of the membrane will increase for the mass transfer, which requires higher pressure to obtain the same flux [6,8]. The pollutants present in wastewater remain dissolved in water for a longer duration. Hence, the continuous operation for wastewater treatment is not feasible when using traditional pressure-driven membrane processes [9,10]. In addition, high energy consumption, the cost for chemical cleaning, and membrane life are other limitations for pressure-driven membrane processes [11].



Recently, researchers are attracted toward the potential of the forward osmosis (FO) technology for the water/wastewater treatment where a concentration difference between feed and draw solution acts as a driving force [12]. Lower energy consumption for water recovery makes FO one of the increasing separation technologies when compared with reverse osmosis. FO uses an osmotic pressure difference between concentrated draw solution and feed solution separated by a semi-permeable membrane to produce clean water [13]. The FO process has become popular due to high rejection of organics and micropollutants from wastewater [14]. The FO process works under the low-pressure condition when compared to traditional pressure-driven membrane processes (such as RO), as shown in Figure 1.



Kessler et al. developed the concept of FO four decades ago, where both theoretical and experimental results were demonstrated to produce freshwater from saline water [15]. The FO process is applied for the osmotic dilution or the pre-treatment of seawater for hybrid FO-RO and multi-effect desalination plants [16,17]. Apart from desalination, currently, FO is utilized for the treatment of secondary or tertiary sewage effluent [18], landfill leachate water [19,20], and wastewater [21,22]. As mentioned above, since the energy consumption is low, zero liquid discharge systems make FO a sustainable technology for reclaiming wastewater treatment [16,23]. However, the production of concentrate needs to be addressed since wastewater treatment results in membrane fouling [13].



Fouling in the FO process can be mainly divided into biofouling, organic fouling, inorganic scaling, and colloidal fouling. Detailed information about the individual type of fouling is available in the literature [24,25]. Among these various types of fouling, organic fouling is perhaps the most complex and poorly understood [26]. Therefore, in this article, we attempt to review and focus on organic fouling in the FO process, particularly for wastewater treatment applications. We also highlight the characteristics of model organic foulants used in the FO literature and characteristics of organic foulants when the real wastewater is used as a feed solution. We explore and highlight recent advancements in membranes and nanomaterials for mitigation of organic fouling in the FO process.




2. Fundamentals of the FO Separation


Forward osmosis uses an osmotic pressure gradient to permeate water from a solution of low solute concentration (also known as Feed solution or FS) through a semi-permeable membrane toward a solution of high solute concentration (also known as draw solution or DS). The draw solution generates the osmotic pressure required for freshwater extraction from the feed solution. FO uses the osmotic pressure difference ∆π rather than using hydraulic pressures ∆P as in reverse osmosis [27]. The hydraulic pressure ∆P is zero in the FO process [28], which negates the need for high-pressure hydraulic pumps and duplex stainless-steel tubing as required by reverse osmosis [29]. Due to the osmotic pressure gradient, water flows from the feed side to the draw side, and the draw solution becomes diluted. The FO process requires an additional process for freshwater separation from the draw solution.



The FO membrane is the heart of the FO system. FO membranes are asymmetric with a dense active layer and a porous support layer. In general, an asymmetric membrane having a polyamide layer on the top is utilized for the FO application [30]. Due to the nature of the structure of the FO membrane, internal concentration polarization (ICP) is the major drawback in FO, where feed contaminants deposit within the support layer. This results in a decrease of osmotic pressure and flux [31]. Hence, the structure of the support layer plays an important role in reducing ICP. A porous substrate with low resistance is recommended to achieve maximum performance in FO [32]. On the other hand, a selective thin polyamide (PA) layer is suggested for selectivity [33]. Asymmetric cellulose triacetate (CTA) membranes are known as first-generation FO membrane commercially supplied by Hydration Technology Innovations (HTI). A CTA material is used to prepare the dense active layer of this membrane, and a polyester mesh is used as a support layer. Low salt rejection, modest water flux, and limited pH tolerance were the main drawbacks of the CTA HTI membrane [34,35]. Afterward, Oasys Water and HTI supplied the second generation FO membranes named as thin-film composite (TFC), where the flux (30–40 LMH) has increased four times when compared to CTA [36]. Yet the rejection was almost equivalent to that of CTA. In the former case, the structural configuration can be altered accordingly, where microporous support material [37,38,39,40] can be changed to enhance permeability, and the selective PA layer can be tuned to cater to the end application. Usually, the support layer is fabricated using none solvent-induced phase separation and the selective layer of PA via interfacial polymerization (IP). Since 2015, more FO membrane suppliers have entered into the market such as the Trevi System, Modern water, Aquaporin A/S, etc. Hence, it is important to review the recent challenges and advancements in the development of FO membranes.



Polymeric membranes are commonly used in the industrial processes as supporting layers for FO membranes such as cellulose, cellulose triacetate [37], polysulfone (PSF) [38], polyethersulfone (PES) [39], and polyvinylidene fluoride (PVDF) [40]. Recently, ceramic and sintered metal-based membranes were also studied in industries [41]. The selection of membrane material must be made by keeping in mind the chemical and mechanical tolerances of membrane material toward foulants. Additionally, operational conditions and cleaning protocols are important for the selection of an appropriate membrane material. Yet, obtaining high hydrophilicity with excellent chemical and mechanical stability is still challenging. However, cellulose-based membranes showed a lower water contact angle, which helps in permeability with decreasing ICP, but poor resistance to hydrolysis and weak biological stability restrict its application. In the case of Polysulfone (PSF) [38,42] and Polyethersulfone (PES) [39], the hydrophobicity restricts the water permeability. Additionally, high cost limits its application. Hence, it is important to fabricate an ideal membrane for FO, which has high permeability with good resistance to foulants. To solve this problem, various attempts have been made by incorporating different inorganic materials into the polymer matrix such as modified graphitic carbon nitride (g-C3N4) [43], silica [44], TiO2 [45], zeolite [46], carbon nanotube [47] reduced graphene oxide (rGO) [48], and graphene oxide (GO) [49]. Recently, nanofiber-based membranes are also utilized for the FO processes [50]. Electrospinning and melt blowing techniques are used to incorporate nanofibers with carbon-based nanomaterials to develop a highly selective FO membrane. Electrospun nanofiber membranes (ENFMs) have connected porous framework with extensive pore size distributions, which enhanced its selectivity and permeability for wastewater treatment [51]. Pankaj M. Pardeshi et al. [52] introduced novel composite substrate material prepared using polyvinyl chloride and layered double hydroxide (LDH) for FO. An active layer facing feed solution (AL-FS) and an active layer facing draw solution (AL-DS) exhibited high pure water flux 37.46 LMH and 50.89 LMH, respectively, under osmotic flux evaluation [52].



The draw solution plays a pivotal role in the FO operation by providing the driving force for separation. In Forward Osmosis, water transport across a semi-permeable membrane is due to the osmotic pressure gradient between the draw solution side and the feed solution side [53]. The basic principle is that the osmotic pressure of the draw solution must be higher than the feed side to promote transport of water across the semi-permeable membrane [53,54]. Thus, an optimal draw solution is paramount for an efficient forward osmosis process. Most of the literature on the forward osmosis process revealed that finding an ideal solute that can easily be regenerated and reused is the main obstacle in the feasibility of an efficient forward osmosis process [55]. According to Johnson et al. [56], an effective draw solute must have high osmotic pressure, low viscosity, low reverse salt diffusion, high diffusion coefficient to mitigate ICP (internal concentration polarisation), must be non-toxic, must be available at low cost and high quantities, must be able to regenerate at a competitive cost, and must not contaminate the product water. However, there are some exceptions to this criterion. For instance, some draw solutes, such as NaCl, have a small molecular size and high diffusion coefficients to mitigate internal concentration polarisation, but they exhibit high reverse salt flux. There is also not a unanimous agreement with whether a high diffusion coefficient will lead to low internal concentration polarisation [55] whereas several other researchers have used high viscosity hydrogels as draw solutions [57]. Furthermore, the regeneration step is void in cases where the end product is not freshwater such as when fertilizers are used as draw solution. The diluted fertilizers can be used for irrigation purposes or when industrial wastes are used as draw solutions [58,59].



The applications of FO in various applications are listed below.




	
The biggest advantage of FO in treating wastewater is its low fouling propensity. Wastewater has low osmotic pressure than seawater but has higher fouling propensity. Therefore, FO is ideal for treating complex wastewaters [60].



	
Recently, a study successfully adapted FO to concentrate radioactive liquid waste generated in hospitals. FO successfully rejected natural and radioactive iodine at a rate of 99.85%, which is higher than 99.7% for Ultrafiltration (UF) and Reverse osmosis (RO) reported in the literature [61].



	
An integrated forward osmosis system can treat dewatered construction water (DCW) for reuse or for discharging into the sea, which reduces the adverse impacts of DCW on the environment if discharged to the sea directly [62].



	
FO can be used to dewater textile wastewater and Brackish water [63], can reject oil from oily wastewater by up to 99% [64], and, under optimal conditions, can retain a high percentage of radioactive Cesium Cs(I) from simulated radioactive wastewater [65].



	
FO combined with electrochemical oxidation can reject more than 98% of antibiotics from pharmaceutical wastewater [66].









3. Organic Fouling in the FO Process


Effluent organic matter (EOM) and raw wastewater organic matter (WOM) such as proteins, cell debris (particulates), lipids, amino acids, antifoams, nucleic acids, polysaccharides (gums), colloidal particles, bovine serum albumin, alginate, humic, and folic acids are responsible for the membrane fouling in treatment of raw wastewater and wastewater effluent [59,67]. Organic fouling is brought about by amassing organic material such as proteins, sugar, humic, and polysaccharides. In wastewater, proteins tend to interact with each other via hydrogen bonding, which results in the aggregation on the membrane surface and further results in severe fouling [68]. Usually, the membrane fouling occurs due to pore blocking or solute aggregation caused by foulants. This process further results in the cake formation or gel layer on the membrane surface (Figure 1). Initially, the membrane fouling starts with the surface conditioning and then due to the chemical interactions between the active layer and foulants. There will be a change in the membrane structure over time. Additionally, it is a well-known fact that, with an increase in the surface roughness of the membrane, organic fouling caused due to Effluent organic matter (EOM) and raw wastewater organic matter (WOM) increases due to an increased interaction with the membrane surface [56,69,70].



3.1. The Adsorption Model for Predicting Permeate Flux Decline in the FO Process Due to Organics


The resistance in the series model is generally used to describe flux decline due to the fouling process [71]. For the FO process in the absence of hydraulic pressure, the water flux (Jw) can be presented as Equation (1).


   J w  =   − Δ π   η  R  t o t a l      



(1)




where ∆π is the osmotic driving force for the FO process and η is the viscosity of the solution. Rtotal represents the intrinsic resistance of the membrane to pure water, Rm, and every additional resistance such as adsorption resistance, Ra, concentration polarization layer resistance, Rcp, cake layer resistance, Rc, resistance due to pore-clogging, Rp, and resistance due to the gel-layer, Rg [72]. Mathematically, Rtotal can be presented by Equation (2).


   R  t o t a l   =  R m  +  R c  +  R  c p   +  R a  +  R g   



(2)







The pure water permeability “A” value of the FO membrane using the resistance in series model can be obtained by Equation (3).


  A =  1  η  R  t o t a l      



(3)







Assuming that only fouling adsorption on the membrane surface is responsible for the increase in resistance. Equation (3) can be modified by the equation below.


  A =  1  η  (   R m  +  R a   )     



(4)







The increase in resistance due to adsorption of organics for the FO membrane can be, therefore, determined using Equation (4), if the pure water permeability A value, the viscosity of the solution, and the resistance of the membrane to DI water is known.



Several studies have also demonstrated that the membrane fouling during filtration of wastewater containing organics is mainly due to the adsorption of organic compounds on the membrane surface [73,74]. At the initial stage of filtration, the fouling rate (r) is related to the number of occupied sites (θ) by an organic compound (i) as presented by Equation (5) [75].


  r =   ∑  i   k i   θ i   



(5)




where ki is the fouling rate constant and θ is the surface coverage of the membrane by the organic compound. If we assume that the organic compounds are uniformly adsorbed on the membrane surface, the model can be presented by Equation (6) using the Langmuir model.


  θ =   K  C m    1 + K  C m     



(6)




where K is the Langmuir adsorption coefficient and Cm is the concentration of organics on the membrane surface. The value of the denominator approaches the value of 1 for dilute solutions [75] and, therefore, Equation (6) can be presented as Equation (7).


  θ = K  C m   



(7)







The adsorption of organics on the membrane surface is linearly proportional to the flux decline (J0 − J).


   J 0  − J =  k a   (   C  m 0   −  C m   )  V  



(8)




where J0 is the initial permeate flux, and J is the water flux at time t, ka is the proportionality coefficient, and V is the volume of the effluent. From Equation (8), the value of Cm can be expressed by the equation below.


   C m  =  C  m 0   −    J 0  − J    k a  V    



(9)







Substituting the value of Cm into Equation (7), the surface coverage of the membrane by organics can be expressed by Equation (10).


  θ = K  C m  = K  (   C  m 0   −    J 0  − J    k a  V    )   



(10)







Substituting the value of θ in Equation (4), the fouling rate r of the membrane by organics can be expressed by Equation (11).


  r =   d J   d t   = k θ = k K  (   C  m 0   −    J 0  − J    k a  V    )   



(11)







Integrating Equation (11), at boundary conditions t = 0, J = J0 and re-arranging leads to Equation (12).


  J =  J 0  +  k a  V  C  m 0      (   e    k K    k a  V   t   − 1  )   



(12)




where the value of kaV can be obtained from the slope of Equation (8). The Langmuir coefficient K can be determined from the Langmuir isotherm, and the value of k can be obtained from the slope of Equation (11). Thus, the permeate flux decline due to the adsorption of organics on the FO membrane can be estimated from Equation (12). The value can be obtained by using one of the concentration polarisation models outlined by McCutcheon and Elimelech [76] and Yip et al. [77].




3.2. Characteristics of Organic Foulants


Natural organic matter (NOM) found in most ground and surface water is a complex mixture composed of humic acids, fulvic acids, low molecular weight organic acids, proteins, carbohydrates, and other compounds [78]. Frimmel et al. [79] divide natural organic matter (NOM) into two major classes. The first class, known as the autochthonous class, is derived from extracellular macromolecules of micro-organisms in the water body and carbon fixation by algae and aquatic plants [80]. In the second class of organic matter, which is known as allochthones, NOM is derived from the decay of plants and animal residues [79]. This type of NOM is also referred to as humic substances. The humic substances are further divided into humic and fulvic acid [78]. Humic acids are the high molecular weight fractions that are not soluble in water under acidic conditions (below pH 2), but become soluble at a high pH whereas fulvic acids are moderate molecular weight fractions soluble in water under all pH conditions [81]. However, researchers should think of humic acids as a substance rather than a molecule with a specific molecular weight [82].



Forward osmosis was proposed for treating feed waters with high organic content such as landfill leachate, oil and gas wastewater, shale gas wastewater, textile wastewater, and industrial wastewater [83,84,85,86,87]. However, the performance of the FO process is severely hindered by membrane fouling, particularly by organic foulants in the raw wastewater or wastewater effluent [88]. The deposition of organic foulants on a membrane surface is best depicted by the classical cake filtration model [75]. In the first stage, the organic foulants are deposited on the membrane surface, which leads to an increase in hydrophobicity of the membrane and reduced area for filtration. Subsequent deposition of organics on the membrane surface creates a fouling layer leading to a further increase in hydrophobicity and hydraulic resistance of the membrane [75]. The fouling in the FO is more exacerbated due to the reverse salt flux from the draw side since the salt is trapped in the fouling layer [89]. Once the fouling layer forms, a rapid flux decline is observed, and changes in hydrodynamic conditions or intermolecular adhesions have none or little effect on flux decline [90]. Under severe fouling conditions, fouling is governed by the interaction between the foulant approaching the membrane surface and the fouling layer [91,92].



Extensive research has been conducted to identify organic compounds responsible for membrane fouling and understanding the fouling mechanism [93]. Nevertheless, among the different types of fouling, organic fouling is perhaps the most poorly understood when compared to other types of fouling, such as biofouling and colloidal fouling [26]. The reason for this is mainly because the classification of organic fouling overlaps colloidal fouling (organic colloids) and biofouling (organic matter derived from microbial-cellular debris) [26]. Fouling of organic colloids is promoted mainly by divalent cations (calcium or magnesium), high initial flux, and hydrodynamic conditions such as low crossflow velocity [94]. Divalent cations, in particular, accelerate fouling of membranes by bridging humic acid molecules [90,95]. One study has demonstrated that humic acids have a high intermolecular interaction with divalent magnesium ions as compared to alginate [96]. The bridging effect of divalent cations with organic matter leads to a compacted fouling layer that leads to a severe flux decline [97]. A high permeate flux and low crossflow velocity lead to an increase in the concentration of divalent cations on the membrane surface due to concentration polarization, which, in turn, enhance membrane fouling [98]. An increase in crossflow velocity can mitigate the adverse effects of divalent cations binding to the organic matter on the membrane surface by reducing the concentration of the cations on the membrane. Lower permeate flux, on the other hand, is independent of calcium ion concentration [98].




3.3. Model Organic Foulants Used in the Forward Osmosis Process


Model organic foulants such as sodium alginate, bovine serum albumin, tannic acid, and humic acid are often used to simulate and investigate organic fouling of the FO membrane. Chemical structures of the model mentioned prior to foulants are shown in Figure 2. These model foulants were reported to be the major components of organic fouling in seawater and wastewater [99].



A wealth of literature has been published on the organic fouling investigation using model organic foulants. Simulated organic foulants, unfortunately, are not representative of the actual organic matter in real wastewaters and, hence, the results from such studies would not resemble the situation of membrane fouling in the real wastewater environment or pilot plant. The chemical structure of the model organic foulant might be significantly different from the foulant in real wastewater [93]. Properties of model organic foulants are summarized in Table 1. Practically, there is a wide range of organic substances in the real wastewater responsible for membrane fouling. Thus, laboratory results using model organic foulants are not entirely reliable [102]. However, the use of model foulants still allows researchers to understand the fundamentals of the fouling mechanism under constant and well-defined conditions [93].



Lee et al. [99] used alginate, Suwanee river humic acid, and Bovine Serum Albumin (BSA) as model foulants to investigate organic fouling in the FO. RO experiments were conducted in parallel for comparison of fouling behaviour between the FO and the RO process. This study also investigated the impact of draw solutions on the FO fouling. Hence, two different types of draw solutions (NaCl and dextrose) were used. Experimental results showed that the structure of the fouling layer is affected by both physical (initial flux, cross-flow velocity, and pressure) and chemical (pH, ionic strength, and presence of divalent cations) conditions. Similar results were obtained by another study using model organic foulants [90]. For solutions with a lower reverse salt flux such as dextrose, cake enhanced osmotic pressure (CEOP) is less severe when compared to solutions with a high reverse salt flux such as NaCl [99]. According to the Lee et al. study, the permeate flux decline due to BSA was less than the permeate flux decline due to alginate or humic acid due to Hofmeister effects for protein for the BSA [109]. The decline in water flux may also occur due to the cake layer formation under the hydrodynamic conditions. BSA will only form a cake layer when the hydrodynamic conditions are most favourable, whereas alginate forms a cake layer under all hydrodynamic conditions due to its strong molecular adhesion [90].



Several researchers have suggested that the effect of mixtures of model foulants is different from the sum of individual effects [110,111]. As such, for simulated fouling conditions, a mixture of foulants would be more suitable to simulate real wastewater like the environment for fouling studies. Wang et al. [96] systematically investigated the effects of combined organic foulants (tannic acid and alginate) in the FO process in the Active layer-Draw Solution (AL-DS) or Pressure retarded osmosis (PRO) mode (active layer facing draw solution). Experiments demonstrated that tannic acid plays a significant role in flux decline and fouling compared to alginate, and the presence of divalent calcium ions had a favourable effect on flux decline by combined foulants. Another study by Balkenov et al. [112] showed that, when two model foulants (alginate + BSA or tannic acid) were added to a feed solution, there was a 12% loss in permeate flux. However, when three foulants were added to the feed side, the flux declined by 27%. This study also concluded that water flux declined by individual foulants could not be an indicator of water flux reduced by combined foulants. Similar results were reported for combined colloidal and organic fouling using model foulants, where synergetic effects were observed for combined foulants [113].




3.4. Characteristics of Organic Foulants in Real Wastewater


Parida and Ng [102] systematically investigated organic fouling in the forward osmosis using RO brine instead of model organic foulants. The draw solution used in this study was 2 M NaCl. The analysis of the organic foulants on the membrane structure revealed that organic foulants possess an irregular and random structure, whereas inorganic salts have a well-defined crystalline structure. Binding mechanism of calcium with humic acid is shown in Figure 3. The structure of the organic fouling layer is mainly affected by solution chemical conditions (such as pH, ionic strength, and presence of divalent cations) as well as by initial flux, cross-flow velocity, and pressure [99].



Table 2 lists different studies and their main findings for organic fouling in the FO process using real wastewater feed solutions. Pramanik et al. [114] investigated organic fouling in the FO process using municipal wastewater as a feed solution and NaCl as a draw solution. The Thin-film composite (TFC) Porifera membrane was used in this study. The TFC FO membrane achieved a rejection rate of almost 100% for fluorescent molecules indicating these molecules also play a significant role in FO membrane fouling. Pramanik et al. [114] also concluded that fouling due to organic matters of large size molecular weight is reversible, whereas small molecular weight organics promote irreversible fouling and are stubborn to remove. Dong et al. [20] investigated the treatment of landfill leachate with a forward osmosis process using the HTI membrane and 3 M NaCl draw solution. This study also found that proteins and polysaccharides were the major organic foulants on the membrane. The organic fouling layer on the membrane also hindered the back diffusion of salt from the draw solution, which led to inorganic precipitation.



Another study reported that low molecular weight organic foulants penetrate the pore of the membrane surface more easily than high molecular weight organics in a landfill leachate wastewater using CTA membrane and 5 M NaCl draw solution [115]. This study also reported that low molecular weight organics have a strong binding with the CTA membrane than high molecular ones. However, building blocks and humic-like substances contributed more than the low molecular organic foulants to the irreversible fouling on the TFC Porifera membrane used for treating dairy wastewater [116]. Furthermore, it was found that the initial foulants on the membrane surface were high molecular weight organics when secondary wastewater effluent was used as a feed solution for a CTA membrane and 0.5 M NaCl draw solution [117]. It is clear from the results of different studies that the fouling behaviour changes with the membrane type and feed solution type [118,119]. As such, the different types of wastewater results in different fouling mechanisms. The CTA membrane shows more resistance to organic fouling than the commercial TFC membrane in both the FO and the Pressure retarded osmosis (PRO) mode [104]. For this reason, the majority of the studies in the FO literature use the CTA membrane for wastewater treatment applications [120,121] and are compared to TFC membranes. Some studies have reported excellent antifouling behaviour (for model organic foulants) for laboratory fabricated TFC membranes known as thin-film nanocomposite membranes [122]. However, the performance of these membranes with real wastewater feed solution are scarce in the FO literature and might need further investigation.



Few studies have investigated draw solutions other than NaCl for wastewater treatment. Ye et al. [119] investigated the dewatering of algal wastewater using a TFC Porifera membrane and MgCl2 draw solution. The initial water flux at 4 M draw solution was lower than that at 3 M draw solution in the first 30 min due to the higher initial flux at higher draw solution concentration, which created a higher permeation drag and higher deposition of foulants. Microalgal cells and algogenic organic matter (AOM) was mainly responsible for fouling in the treatment of algal wastewater. Li et al. [34] investigated three different draw solutions (NaCl, CaCl2, and MgCl2) and two different membranes (CTA HTI and TFC lab-fabricated) for dewatering of soluble algal products wastewater. The higher flux decline was achieved with CaCl2 draw solution for both membranes. When MgCl2 was used as draw solution, the flux loss in the CTA membrane was higher than the TFC membrane in the PRO mode. The adsorption of algal products on the CTA membrane surface was lower than the TFC membrane in the membrane orientation. The adsorption of algal products was also dependent on the reverse salt flux of the draw solution. A higher reverse salt flux increased the adsorption of algal products on the membrane surface. The impact of different draw solutions on organic fouling behaviour with different feed solutions is scarce in the literature, and further research is needed in this area.



Organic fouling with real wastewater feeds is also significantly influenced by inorganic matter. A recent study by Im et al. [117] revealed that organic compounds (C and O) and inorganic ions (Ca and Fe) interact with each other on the membrane surface to form a fouling layer with a more complex structure. The reason for this is due to the adsorption of organic macromolecules onto a membrane surface, which creates a conditioning layer serving as a platform for inorganic scaling of FO membranes [123]. Similar results were reported for treating activated sludge with the TFC (Toray chemicals) membrane using synthetic seawater draw solution [118]. The inorganic foulants (Fe and P) on the fouling layer were from the feed solution since they were not present in the synthetic seawater draw solution.





4. Organic Fouling Mitigation with Pre-Treatment


Pre-treatment reduces membrane fouling either by removing or modifying the foulants in wastewater [124]. Cost-effective pre-treatment of wastewater can have numerous benefits such as disinfection, settling of large suspended particles, and removal of total suspended solids (TSS) as well as low fouling propensity of the feed wastewater after pre-treatment. Pre-treatment of wastewater includes but is not limited to using sand filters, settling and multimedia filters [62], and using Ultrasound and Ultraviolent (UV) treatment [125] coagulation-flocculation and flotation [126]. Employing cost-effective pre-treatment for high Total dissolved solids (TDS) solution can help reduce membrane fouling, protect the membrane, and improve Forward osmosis (FO) performance [127]. Settling and multimedia filtration has been proven as an excellent alternative for dilution of seawater in a hybrid FO system [62]. In the settling process, the settleable solids tend to settle down at the bottom due to a gravitational sedimentation mechanism. The settling method was able to enhance the flux by 13.5%, and multimedia filtration removed most of the particles that would induce fouling (Figure 4). However, settling cannot remove the small particulate matter in the feed water, which is the leading cause of membrane fouling in the FO process.



Urea hydrolysis, in combination with a low pH feed solution, can significantly improve the total nitrogen (TN) rejection in aquaporin-based membranes in the FO process [128]. The results in the referenced study revealed that this pre-treatment could increase the TN rejection from 67% to 89% at a water recovery rate of 75% using a 5 M NaCl draw solution. This process, however, consumes a great amount of HCl for lowering the feed solution pH and is not suitable for practical applications. Electro-coagulation pre-treatment can also be an effective option for produced water treatment and has been proven to achieve a total organic carbon (TOC) rejection of up to 91.3% and 99% for Total suspended solids (TSS) [129]. An alternative to these approaches, granular activated carbon (GAC) is considered to be one of the best adsorbents for the removal of TOC. GAC pre-treatment in combination with the FO process restricted almost all the organic pollutants from a reverse osmosis concentrate feed solution to a 2 M NaCl draw solution [130].




5. Cleaning Protocols for Fouled FO Membranes


During the FO process, the membrane surface gets fouled, which causes a decline in the permeability and selectivity of the membrane. Several cleaning methods were suggested and developed by researchers to restore the membrane water flux. However, the cleaning protocols should not damage the membrane and must be practical and less time consuming with an ease of installation. Moreover, the cleaning solutions and cleaning cycles are one of the critical factors to decide the membrane life.



5.1. Physical Cleaning


The initial step in the physical cleaning involves the unwinding and redissolution of the foulant layer into the feed stream. Direct flushing at high cross-flow velocity is applied to remove firmly attached foulants. Loosely bounded foulants can be easily removed by flushing the membrane module with water. For plate and flat sheet modules, backflushing can be applied to reduce the fouling within pores and to eliminate the cake layer or gel layer formation on the active site of the membrane. In contrast, the non-homogeneous flow through the pores restricts its applicability. Recently, researchers reported the energy cost and an ultra-sonication cleaning to remove foulants, but the main challenges are scaling up. Air scouring is utilized as a cleaning strategy to control the membrane fouling effect and to prevent any complicated reaction before it occurred [131].



The cake layer formed in the FO and RO processes is very different. Compressible foulants in RO formed a dense cake layer, which can reduce flux and increase the energy due to increasing the hydraulic resistance along the membrane. On the other hand, the flux decline in the FO was due to cake formation on the membrane surface because of the enhanced osmotic pressure [99]. The fouling in FO was reversible and not compressed when compared to the RO mode, which involved the hydraulic pressure, and may affect the morphology of the alginate gel. As a result, cleaning the FO membrane was easier than the RO mode due to lower hydraulic compaction of the foulant layer [103]. Many factors can affect the efficiency of membrane cleanings such as type of feed water, membrane type, duration frequency, and intensity [132]. Surface flushing is an effective method for cleaning the reversible foulant on the FO membrane surface. The membrane can simply obtain cleaning efficiency by around 98% with increased cross-flow velocity and cleaning duration. Additionally, air bubbles can be added to enhance the cleaning efficiency due to increasing shear force on the membrane and the turbulence, and reducing the time of cleaning. Hence, this may achieve 100% efficiency without any chemical reagents [133]. However, this method is insufficient for the RO membrane due to the porous factor of the support layer, which can decline the shear force and reduce the cleaning efficiency [134]. Osmotic backwashing is another physical cleaning method that can be used for the FO membrane. The osmotic backwash is implemented by reducing the salinity of the draw solution and increasing the feed solution salinity or swapping the feed with the draw solution inlet to break down the foulant on the support layer [135]. Some studies recommended osmotic backwash as an effective cleaning method, especially with membrane fouled by complex water such as anaerobic digester concentrate, MBR feed water, industrial wastewater, and municipal wastewater [136,137,138,139,140].



In contrast, other studies reported low flux recovery obtained when using osmotic backwashing for membrane cleaning [134,141]. Some foulants may form gypsum in the support layer and required additional hydraulic backwash to obtain 100% flux recovery, especially in the RO mode due to a compressed foulant. In case of using the cellulose acetate (CA) membrane for both FO and RO, apply 4 M NaCl Draw solution for FO and, under 28 bars, hydraulic pressure for RO for 20 h until the flux notably reduced. The cleaning process by rinsing the foulant membrane with 50 mM NaCl solution for 15 min found that the flux on the FO membrane recovered by around 100%, while, for RO, was around 70% [103]. Therefore, osmotic backwashing can be used for the FO mode due to the lower compaction of foulant on the membrane while, in case of the RO, the suitable method for physical cleaning is hydraulic backwashing in case of cleaning without chemical reagents.




5.2. Chemical Cleaning


Since complete removal of foulants is not possible, using physical cleaning, various chemicals are used to break down the chemical structure and bonding of foulants with the membrane. Chemicals used in cleaning reacts with foulants to enhance their solubility by the degradation of foulants in a more soluble form. Surfactants and wetting agents are also used as cleaning chemicals since they can easily remove the foulants inside the pore. The sanitization operation is performed to avoid the growth of microorganisms on the membrane surface. In some studies, hypochlorite is applied as a disinfectant agent. Mass transfer of foulants and chemicals to and from the membrane decides the efficiency of cleaning. Circulation time and flow rate at various pH of cleaning with chemicals is a critical factor in obtaining highly efficient cleaning. In general acids, bases, steam, gas sterilization, and sequestrants are used as cleaning agents. Acid solution mainly reduces efficiently inorganic fouling while the whole alkali solution is responsible for removing organic fouling [142].



Information about the main components of the water source and fouling composition helps to obtain better cleaning in a short amount of time while considering safety, cost, and the impact of the cleaning agent to the environment and membrane [143]. Gao, Liang et al., 2011, reported that sometimes two agents need to be mixed to reduce foulant from the surface of one membrane [131]. Tragardh (1989) stated that chemical cleaning should follow some steps to avoid damaging the system and sustainable working such as keeping the fouling loose and solute to avert forming new fouling and keep the membrane clean and safe with all other wetted surfaces sterilized. Additionally, the efficiency of the chemical cleaning depends on the flow rate of the cleaning, concentration, and temperature of cleaning material and the percentage of the foulant [144]. The positive effect of the interaction between the foulant and the chemical agent can be presented in three ways: (i) the foulant can be removed, (ii) the morphology of the foulant can be changed such as swelling or compacting, and (iii) the hydrophobic or charged is modified because the surface chemistry of the deposit may be altered [145]. This cleaning agent may react chemically with foulant so they can break down the cohesion force between the foulant ions and reduce the adhesion force between the foulants and the membrane surface.



In the case of the FO membrane, thin-film composite (TFC) required chemical cleaning due to strong adhesion with alginate when compared to the cellulose triacetate (CTA) membrane [103]. Sodium hydroxide (NaOH), sodium ethylenediaminetetraacetic acid (EDTA), and sodium hypochlorite (NaOCl) with a concentration range between 0.5–1.0%. Several studies reported that chemical cleaning could achieve highly efficient membrane cleaning from organic foulant, which may have a strong interaction to the membrane surface [136,146,147,148,149]. Although chemical cleaning has a high cleaning efficiency, hardly removed foulant from membrane pores [136], can be harmful to the FO membrane, may reduce the membrane life [141], and might cause an environmental problem due to the effluent stream during the cleaning process [103,150]. For an example of RO mode, cleaning reagents chosen for an organic foulant similar to FO as NaOH as an alkaline solution, certified grade disodium ethylenediaminetetraacetate (Na2-EDTA) as a metal chelating reagent, certified grade sodium dodecyl sulphate (SDS) as an anionic surfactant, and NaCl as a salt cleaning solution at pH 11 [151]. Thin-film composite LFC-1 as an RO membrane was used, and the foulants within the irreversible fouling layer on the membrane surface, which may have a strong intermolecular adhesion force between particles from wastewater effluent [152]. The cleaning process starts by adding the chemical reagent as a feed solution for a suitable duration time, which may also affect the cleaning efficiency. Some flounts required one chemical cleaning reagent to obtain a high cleaning efficiency, while others need to combine more than one at the same time. Generally, Ang, Yip et al. (2011) stated that adding NaOH as a cleaning reagent (alone or combined with another reagent) can improve the cleaning performance due to its capability to loosen the fouling layer.




5.3. Physio-Chemical Cleaning


Some foulants cannot be effectively removed by physical cleaning only, so are required to combine a chemical cleaning process to recover membrane permeability [153]. This method utilizes physical cleaning methods gathering some chemical agents to improve the capability of the cleaning process. Some researchers use the backflush water method by adding a small amount of the chemical agent to the water. This procedure can enhance the cleaning efficiency [154]. This method keeps improving, and currently, they use a developed method for a mechanical-chemical cleaning process with ultra-sonication-enhanced chemical cleaning [155]. Adding low frequencies of the ultrasound to a chemical cleaning agent like ethylene diamine tetra-acetic acid (EDTA) will enhance the cleaning process more than using the chemical or ultrasound separately [156].




5.4. Biological/Biochemical Cleaning


A biological foulant can attach reversibly or irreversibly to the membrane surface due to the interaction between the biomass and the membrane surface. The interaction between colloidal particles and bacteria cells blocks the membrane pores. Some chemical compounds such as hydrogen peroxide (H2O2) can harm the membrane and may cause fouling with a negative effect on the microbial community. If there is any bio-fouling formed on the membrane, using one of the biological cleaning methods with different chemical agents such as biocide solution can minimize the effect of the bio-fouling [157] or using mixtures of cleaning contains bioactive agents like enzymes or single molecules to promote the foulants extract [158]. Using an environmentally-friendly and mild cleaning agent like purified enzymes and surfactants to avoid damage or corrosion to the membrane surface during the biological cleaning process is advised [159]. For example, some researchers used a new enzymatic protocol for biological cleaning to UF fouled membrane used for abattoir effluent and obtain a 100% flux recovery [160]. Although two more strategies can be used to control osmotically-driven membrane processes (ODMPs), membrane fouling such as energy uncoupling and quorum quenching [161], enzymatic cleaning is the most common biological method for FO and RO membrane cleaning [154].




5.5. Factors Influencing Cleaning Efficiency


Many factors impact the cleaning efficiency of the fouled membrane, such as the sequence of the cleaning steps. Practically, physical cleaning can remove loose particles on the membrane surface (reversible fouling). Generally, physical cleaning cannot retrieve membrane permeability effectively, and a combination of chemical and physical cleanings are usually used for the removal of such fouling [153,162]. In addition, the sequence in the chemical cleaning may affect the membrane permeability degree. Some studies reported that an alkaline cleaning substance could be more efficient when followed by an acid cleaning substance better than when cleaning the membrane from dominant organic matter foulants [163,164]. Other studies found that precipitation of an inorganic scaling or metal hydroxide on the membrane surface prefers acid than the alkali substance sequence for the cleaning process [142,165].



Temperature is considered another factor that may take effect on the membrane cleaning strategy. Increasing temperature is substantial for cleaning the fouling membrane by increasing solubility due to reactivity of functional groups at high temperatures of the organic matters and increasing mass transfer dispersive with mechanical destabilization of biofilm layers on the membrane surface [166]. In contrast, high-temperature biofilm tends to precipitate on the membrane surface in the form of calcium carbonate, ferric hydroxide, and silicates, which makes the process more difficult to separate [167].



Increasing the pH has a direct proportion with membrane cleaning efficiency in case all carboxylic functional groups of EDTA are deprotonated [168]. For instance, increasing pH from 4.9–11.0 will affect the cleaning percentage from 25%–44% and, at pH 11, are very easy to break down the gel layer on the membrane surface when compared to the lower pH. While Ang, Lee et al. (2006) found that, in the case of sodium dodecyl sulphate (SDS), the effect of the pH is very low on the cleaning efficiency because the chemical reaction between the foulants and the SDS effect slightly by changing pH [168]. Table 3 shows the cleaning protocols for fouled membranes. Furthermore, Al-Amoudi, A. concluded that permeable efficiency relies on the membrane cleaning step within the membrane process [164].





6. Future Outlook and Conclusions


Water and wastewater treatment using the FO process holds a significant promise for addressing the global water crisis. In general, the biggest challenge for FO commercialization originates from the financial feasibility. However, to maintain the FO process at commercial scale for wastewater treatment, there are critical challenges to overcome, such as fouling problems. An ideal FO membrane must exhibit high pure water flux with a low structural parameter value. One of the most complicated membrane fouling is organic fouling since it affects membrane performance and could result in irreversible fouling. Real-time monitoring of complex formation between organic foulants and membrane materials can help develop strategies to alleviate organic fouling. Several chemical and physical cleaning methods were developed to remove membrane fouling. However, a combination of chemical and physical cleaning methods is more efficient for membrane cleaning. New and innovative cleaning methods such as UV and ultrasound have not been thoroughly covered in the literature, and more experimental work should be done in future studies to investigate the efficiency and cost-effectiveness of non-conventional cleaning methods. Moreover, the research outcomes from various studies involving advanced membrane materials, draw solutions, pre-treatment, and post-treatment should be tested for real-time wastewater applications to facilitate the commercialisation of FO at industrial scale. Pilot-scale FO experiments need to be performed for a long-term operation to understand the formation of irreversible fouling in the FO process.
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Figure 1. Schematic diagram of membrane fouling and cleaning mechanism in the forward osmosis (FO) processes. 
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Figure 2. Molecular structure of model foulants. (a) Sodium alginate and Bovine serum albumin (BSA) adapted from Reference [100] and (b) tannic acid adapted from Reference [101]. (c) Humic acid. 
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Figure 3. Structure of Humic acid (a) Binding of calcium with the humic acid group (b) adapted from Reference [102]. 
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Figure 4. Multimedia sand filter unit for the pre-treatment of construction wastewater [62]. 
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Table 1. Properties of model foulants.
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	Type of Fouling
	Model Foulant
	Molecular Weight **
	Properties
	Reference





	Organic
	Sodium Alginate
	216.12 g/mol
	Represents polysaccharides. Carboxylic groups are protonated under neutral pH. The molecular structure is not sensitive to photo excitation.
	[103,104,105]



	Organic
	Bovine Serum Albumin (BSA), Humic Acid, Sodium Alginate
	66430.3 g/mol 227.17 g/mol
	BSA represents proteins, while humic acid represents humic matter.
	[90]



	Organic
	Alginate, humic acid, and BSA
	-
	Carboxylic acidities are 3.5, 3.4, and 1.0 meq/g, respectively, for the three foulants.
	[99,105]



	Organic
	Humic Acid salt
	-
	Carboxylic groups are protonated under neutral pH conditions.
	[105,106]



	Organic
	Tannic acid
	1701.19 g/mol
	High tannic acid in feed solution affects FO membrane retention. Enhances internal concentration polarisation by penetrating the porous layer.
	[96,107]



	Organic
	Indole
	117.15 g/mol
	Nitrogen-containing heterocyclic agent found in coking wastewater.
	[108]



	Organic
	Pyridine
	79.1 g/mol
	Mostly found in coking wastewater. Endocrine disruptor.
	[108]







** Molecular weights from Pubchem.
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Table 2. Different studies and their main findings for organic fouling in the forward osmosis (FO) process.
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	Type of Wastewater
	Membrane Used
	Draw Solution
	Major Findings
	Ref.





	Municipal wastewater
	Thin-film composite (TFC) Porifera
	1 M Sodium chloride (NaCl)
	Larger molecular organics contribute more to reversible fouling, whereas low molecular organic promotes irreversible fouling.
	[114]



	Biologically treated landfill leachate
	Cellulose triacetate (CTA) HTI
	3 M NaCl
	Protein and polysaccharides are major organic foulants in the landfill leachate.
	[20]



	Landfill leachate
	CTA Fluid Technology Solution (FTS)
	5 M NaCl
	Low molecular weight organics have more pore-penetrating ability and strong binding with the membrane surface.
	[115]



	Dairy wastewater
	TFC Porifera
	1 M NaCl
	No passage of building blocks, low molecular weight organics, and humic substances through the FO membrane, and these are responsible for organic fouling.
	[116]



	Secondary wastewater effluent
	CTA Hydration Technology Innovations (HTI)
	0.5 M NaCl
	Hydrophilic high molecular weight organics are the initial foulants on the FO membrane.
	[117]



	Waste activated sludge
	TFC (Toray chemicals, Korea)
	Synthetic seawater
	Organic and inorganic compounds promoted fouling on the membrane.
	[118]



	Microalgae wastewater
	TFC Porifera
	2 M Magnesium chloride (MgCl2)
	Microalgae cells and algogenic organic matter was mainly responsible for fouling on the FO membrane.
	[119]



	Soluble algal products wastewater
	CTA HTI and TFC (lab-fabricated)
	1 M NaCl, Calcium chloride (CaCl2) and MgCl2
	Fouling was more severe with CaCl2 as the draw solution. The adsorption of algal products was higher for the TFC membrane than the CTA membrane.
	[34]
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Table 3. Cleaning protocols for fouled forward osmosis (FO) membranes.
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Cleaning Method

	
Membrane Type

	
Feed Solution

	
Draw Solution

	
Factors/Cleaning Condition

	
Cleaning Efficiency %

	
Flux %

	
Ref.






	
Mechanical

	
Vertical hollow fibres

	
Bentonite

	

	
8 mm amplitude + 8 Hz frequency vibration compared to no vibration

	
90

	
-

	
[169]




	
-




	




	
γ-Al2O3 ceramic

	
Natural water include colloidal silica

	
-

	
3.5 cm

	
100

	
60

	
[170]




	
2.6 cm

	
75




	
1.7 cm

	
97




	
Distance between the ultrasonic source probe and the membrane surface for 1.56 µm particles

	




	
Chemical

	
Hydrophobic Polyvinylidene fluoride (PVDF) membrane

	
Surface water

	

	

	
-

	
150

	
[171]




	
-

	
Oxidants and bases

	
60




	

	
400 ppm NaClO

	
10




	

	
0.1 M NaOH

	




	
Cellulose acetate (CA)

	
200 mg/L alginate, 50 mM NaCl, and 0.5 mM Ca2+

	
(DI) water with 28 bars (400 psi)

	
21 cm/s, 50 mM NaCl solution for 15 min

	
-

	
RO = 70

	
[103]




	
FO




	




	

	
4 M NaCl

	
FO = 100




	
Combined chemicals

	
Polyethersul-fone (PES)

	
Synthetic wastewater

	
-

	
NaClO + citric acid

	
80%

	
70–78

	
[172]




	
recover membrane permeability higher than single-agent cleaning




	
Mechanical-Chemical

	
RO/LFC-1

	
Suwannee River natural organic matter

	

	
−ethylene diamine tetraacetic acid (EDTA) 0.5 mM + pH 5.7

	

	
-

	
[173]




	
-

	

	
25




	

	
−EDTA 0.5 mM + pH 11 for 15 min

T20 °C

	




	

	

	




	

	
−EDTA 2 mM + pH 11 for 15 min

	
43




	

	

	




	

	
−EDTA 0.5 mM + pH 11 for 60 min

	




	

	

	
100




	

	
−EDTA 0.5 mM + pH 11 for 15 min T40 °C

	




	

	

	




	

	

	
85




	

	

	




	

	

	




	

	

	
97




	

	
−sodium dodecyl sulfate (SDS)

	

	
-

	
[173]




	

	
2 mM + pH 11

	
15




	

	

	




	

	
−SDS 2 mM + pH 11 for 15 min

	




	

	

	
18




	

	
−SDS 2 mM + pH 11 for 60 min

	




	

	

	




	

	
−SDS 10 mM + pH 11 for 15 min

	
25




	

	

	




	

	
−SDS 10 mM + pH 11 for 60 min

	




	

	

	
70




	

	

	




	

	

	




	

	

	
95




	

	

	




	
Hollow fibre

	
Seeding sludge + synthetic municipal wastewater

	
-

	
0.5 ppm NaClO solution +

	
-

	
77

	
[174]




	
Backflush 15 min




	
Polyethersul-fone (PES) flat sheet UF

	
Extract of Radix astragalus (RA)

	
-

	
Ultrasound 20 kHz and 120 W + 0.1 M NaOH

	
-

	
80

	
[155]




	
FO cellulose acetate (CA)

	
Sodium alginate

	
-

	
−NaCl solution at

	
-

	
96

	
[103]




	
(10 g/L)

	
8.5 cm/s for 24 h

	




	

	

	




	

	
−NaCl solution at

	
98




	

	
21 cm/s after 15 min of rinsing

	




	
Biological

	
Ultrafiltration (UF) membrane

	
wastewater treatment plant

	
-

	
New enzymatic cleaning protocol (25–30 °C)

	
100

	
-

	
[160]




	
Bulgarian UF 60 Polyacrylonitrile (PAN) spiral-wound

	
Water from the Kamchia dam after its chlorination

	

	
Preliminary treatment of the water-chlorination or UV irradiation by low-pressure mercury- vapor lamps at a wavelength of 253.7 nm

	
80

	
-

	
[175]




	
Flat-sheet polysulfone (PSf)

	
Abattoir process

	
-

	
Pseudomonas lipase in conjunction with the identified proteases

	
-

	
−100

	
[176]
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