
© <2021>. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/         
The definitive publisher version is available online at https://doi.org/  
10.1016/j.biortech.2021.124998 

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.watres.2019.03.069


 

1 
 

Progress in osmotic membrane bioreactors research: contaminant 

removal, microbial community and bioenergy production in 

wastewater 

 

Ahmad Hosseinzadeh, John L. Zhou*, Amir H. Navidpour, Ali Altaee 

 

Centre for Green Technology, School of Civil and Environmental Engineering, University of 

Technology Sydney, NSW 2007, Australia 

 

 

 

 

*Correspondence author: 

Prof John L. Zhou, email: Junliang.zhou@uts.edu.au 

  

mailto:Junliang.zhou@uts.edu.au


 

2 
 

Abstract 

Renewable energy, water conservation, and environmental protection are the most important 

challenges today. Osmotic membrane bioreactor (OMBR) is an innovative process showing 

superior performance in bioenergy production, eliminating contaminants, and low fouling 

tendency. However, salinity build-up is the main drawback of this process. Identifying the 

microbial community can improve the process in bioenergy production and contaminant 

treatment. This review aims to study the recent progress and challenges of OMBRs in 

contaminant removal, microbial communities and bioenergy production. OMBRs are widely 

reported to remove over 80% of total organic carbon, PO4
3-, NH4

+ and emerging contaminants 

from wastewater. The most important microbial phyla for both hydrogen and methane 

production in OMBR are Firmicutes, Proteobacteria and Bacteroidetes. Firmicutes' 

dominance in anaerobic processes is considerably increased from usually 20% at the 

beginning to 80% under stable condition. Overall, OMBR process has great potential to be 

applied for simultaneous bioenergy production and wastewater treatment. 
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1. Introduction 

The rapid industrialization, urbanization, and global population growth have led to 

considerable problems in the environmental and energy fields. Today, fossil fuel is the most 

widely used energy source in industry, agriculture, transport and household throughout the 

world. It has been reported that the global energy demand will be increasing considerably in 

the next few decades, as energy is the most fundamental driver of the global economy. More 

fossil fuel consumption has resulted in increasing emission of greenhouse gases and 

contaminants into the atmosphere and, consequently, global warming and deteriorating air 

quality (Huang et al., 2019; Hosseinzadeh et al., 2020a). Therefore, striking a harmony 

between the anthropogenic activities and sustainability of the environment is of great 

importance (Ali et al., 2016) resulting in more attention in renewable energy production (Sun 

et al., 2019b). It is expected that renewable energy sources will contribute to more than 50% 

of the total electricity generation by 2040, which more than doubles the value of 22% in 2016 

(Alassi et al., 2019). In addition, water shortage is currently a serious problem worldwide, 

which is exacerbated by climate change. The annual water requirement is growing rapidly 

owing to world population increase and industrialization (Hosseinzadeh et al., 2020a; 

Hosseinzadeh et al., 2020b). There are different technologies to tackle each of these 

challenges individually, e.g. by applying advanced oxidation (Bao et al., 2020), adsorption 

(Alidadi et al., 2018) or membrane processes (Cheng et al., 2018; Kheirieh et al., 2018; Luo et 

al., 2018) for water treatment and reclamation, and by producing energy from renewable 

resources, e.g. geothermal, ocean, solar, hydro, wind and wave in lieu of fossil fuels (Tran and 

Smith, 2017; Wu et al., 2021). More interestingly, the development of processes which can 

simultaneously address all three challenges of renewable energy production, water resources 

conservation and environmental protection are extremely important for the society today, as 

part of our efforts to meet the UN sustainable development goals (Hosseinzadeh et al., 

2020a). 
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Membrane bioreactor (MBR) technology, which integrates conventional activated sludge 

with physical processes of membrane separation like ultrafiltration (UF) and microfiltration 

(MF), has been extensively developed to treat and reclaim wastewater (Cheng et al., 2018). 

This technology is promising and reliable by easier maintenance and operation, smaller 

footprint, lower generation of sludge, and better effluent quality (Liu et al., 2014; Yurtsever et 

al., 2015). In addition, anaerobic MBR (AnMBR) is considered as a remarkable process for 

wastewater treatment and energy production (Liu et al., 2021), due to the high degradation 

capacity of anaerobic microorganisms, longer sludge retention time, and better effluent 

qualities (Cheng et al., 2018). Therefore, AnMBR has a great potential to produce energy, 

treat wastewater and consequently protect the environment in one process (Liu et al., 2014). 

Conventional activated sludge process has recently been combined with forward osmosis 

(FO) to create a new process called osmotic membrane bioreactor (OMBR) (Achilli et al., 

2010; Hosseinzadeh et al., 2020b). In the OMBR process, the difference of osmotic pressures 

between two sides of the membrane is the driving force for purified water from a low salinity 

feed solution into the draw solution (DS) through a FO semipermeable membrane. 

Subsequently, some other desalination processes such as distillation and reverse osmosis (RO) 

may be applied to regenerate clean water from DS for different usages like irrigation as 

fertilizers and potable water (Alturki et al., 2012; Cai, 2016; Hosseinzadeh et al., 2020b). 

Concerning the orientation of the membranes, two different modes, FO and pressure retarded 

osmosis (PRO) are proposed for this process. In a way that when DS runs against the selective 

thin and support layers, the process will be called FO and PRO, respectively (Ge et al., 2013). 

OMBR has some advantages over the conventional MBRs such as the low energy 

consumption, low fouling propensity and superior performance in the removal of 

contaminants particularly emerging contaminants e.g. endocrine disrupting chemicals, steroid 

hormones, pesticides and pharmaceutically active compounds, which are of the greatest 

concern currently (Luo et al., 2018). The results demonstrated that the emerging contaminants 
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with a high molecular weight (> 266 Da) were removed by more than 80%, while the removal 

of low molecular weight compounds was sporadic, due to the fact that FO membrane can 

more effectively retain high molecular weight contaminants resulting in their longer retention 

time and more biological degradation (Alturki et al., 2012; Blandin et al., 2018). Luo et al. 

(2018) reported that by using a novel biomimetic aquaporin FO membrane, 30 trace organic 

contaminants (TrOC) were removed by over 85% regardless of their physicochemical 

properties. Despite these advantages, the salinity build-up is one of the most important 

disadvantages of this process, which occurs in the bioreactor by virtue of the DS reverse 

diffusion and salt rejection (Hosseinzadeh et al., 2020b). Several MBRs review articles have 

focused on various characteristics such as high strength wastewater treatment with MBRs 

(Mutamim et al., 2012), OMBR (Viet et al., 2019), OMBR salinity build-up (Song et al., 

2018), and extracellular polymeric substances in MBRs (Lin et al., 2014). Furthermore, the 

capability of the OMBRs in energy-nutrient-water solute recovery was reviewed and 

concluded that the energy balance of either electrodialysis or bioelectrochemical based 

OMBR processes was negative. The anaerobic OMBRs were regarded as energy efficient 

systems; however, the salinity build-up of OMBRs is regarded as a considerable drawback 

hindering such capability (Yang et al., 2021). In a biological-driven process such as OMBR, 

the microorganisms play a crucial role in its overall energy and environmental performance. 

Yet, there is a lack of study concerning the microbial community in OMBRs to assess the 

capability of these systems for different applications especially energy recovery. Therefore, 

this study aims to address the recent advances in OMBR process, particularly the microbial 

community controlling the process efficiency. In addition, the potential of energy production 

by OMBR with a focus on microbial community and other components of OMBR will be 

discussed. Finally, the main challenges and potential solutions are addressed in future 

outlook. 
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2. MBR 

MBR is a hybrid treatment system composed of both biological treatment and filtration by 

membrane process (Luo et al., 2018). It is reported that the performance of the biological 

process is higher than the filtration by membrane process. The biological process converts 

particles and dissolved organic matter (DOM) of wastewater to flocs, which are then 

separated from the effluent by membrane filtration (Mutamim et al., 2012). The strengths and 

biodegradability of the wastewater are two important factors affecting the appropriate 

selection process for wastewater treatment. For more biodegradable and high-strength 

wastewater, AnMBRs are regarded as a better option than the aerobic MBRs (AeMBRs) from 

the economic and technical aspects (Mutamim et al., 2012; Pretel et al., 2016). Each of these 

processes has its advantages and disadvantages, which are summarized in Table 1. 

Generally, the biological reactor and membrane module of MBRs can be presented in two 

different configurations, i.e. submerged and side-stream MBRs (Aslam et al., 2018). In 

submerged MBR, a submerged membrane module is directly installed in a bioreactor 

containing mixed liquor suspended solids (MLSS) with a vacuum pump to generate permeate 

from the bioreactor. In a side-stream configuration, the bioreactor is separated from the 

membrane module and run under pressure to generate permeate.  
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Table 1. 

A summary comparison of the anaerobic and aerobic MBRs. 

 AnMBR AeMBR Reference 

Advantage Degradation of organic matter 

without aeration 

Energy recovery from biogas 

production   

Lower sludge production 

Working at both low and high 

temperatures 

Lower energy consumption  

Slower fouling rates  

Less fouling 

Working at low 

temperature 

Higher efficiency in 

treatment 

Less membrane area 

needed  

Wang et al., 

2018; Pretel et 

al., 2016; 

Xiong et al., 

2016b; 

Skouteris et 

al., 2020 

Disadvantage Higher membrane investment 

Energy demand 

Harder fouling control   

More fouling 

Need for more membrane area  

More dissolved methane at 

warmer effluents and more 

emission into the atmosphere  

Minimal nutrient removal  

Lower operation fluxes and 

higher fouling tendency  

Fouling 

More sludge 

production 

Need for aeration  

Wang et al., 

2018; Pretel et 

al., 2016; 

Yurtsever et 

al., 2017; 

Yurtsever et 

al., 2015; 

Skouteris et 

al., 2020 

Flux 5-12 Lm-2h-1  20-30 Lm-2h-1  Wang et al., 

2018 

H2 production √ - Bakonyi et al., 

2015 

Electricity 

production 

√ 

 

Aerobic-anaerobic-

MBR/MFC process for 

bioelectricity 

production  

Tian et al., 

2014; Liu et 

al., 2014 

VFA recovery √ - Khan et al., 

2019 

Micro-plastic 

removal 

√ In a combined 

anaerobic/aerobic and 

membrane system 

In a combined 

anaerobic/aerobic and 

membrane system 

Talvitie et al., 

2017 

Pharmaceutical 

contaminant 

√ √ Chen et al., 

2018; Ng et 

al., 2016 

Pesticide 

removal 

√ √ Bakonyi et al., 

2015; 

Mukherjee et 

al., 2018 

Textile dye 

removal 

Almost 100% dye removal  30-50% dye removal  Yurtsever et 

al., 2015 
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3. OMBR units 

As OMBR couples FO membranes for physiochemical separation and biological activated 

sludge process for organics and nutrients removal, it is composed of different components that 

can potentially affect the performance of the system from both aspects of energy production 

and treatment efficiency (Aslam et al., 2018; Luo et al., 2018). These include the feed 

solution, FO membrane, bioreactor and DS. Furthermore, important operating parameters 

such as the microbial communities, salinity build-up, and fouling all affect the system's 

performance, especially in energy production.  

3.1. FO membranes 

FO membranes are commonly configurated as the asymmetric hollow fiber and flat sheet 

(Widjojo et al., 2013). Commercial FO membranes made from cellulose triacetate (CTA) are 

widely used in different applications of FO process; however, low salt rejection and water 

flux, especially in seawater desalination, are considered two of the most important drawbacks 

of these membranes (Widjojo et al., 2013). Therefore, the attentions are being paid to 

producing the next generation of FO membranes such as thin-film composite (TFC) 

membranes (Dutta and Nath, 2018). FO membranes are composed of two layers, a very thin-

film active layer on a much thicker porous layer called the support or the substrate layer. The 

support and active layers are responsible for providing the mechanical resistance for the 

modules and salt rejection, respectively (Dutta & Nath, 2018). Both TFC and CTA 

membranes are asymmetric with a substrate and active layers(Ismail et al., 2015), and have 

been used in FO processes (Hosseinzadeh et al., 2020b). The main characteristics of TFC 

membranes are the formation of a very thin active layer (< 0.2 μm) of polyamide (PA) on the 

porous substrate layer with < 0.5 nm interstitial pore size. Generally, interfacial 

polymerization is a procedure by which active thin layers are formed in a way that a monomer 

as a PA thin film is polymerized on the surface of a substrate (Ismail et al., 2015) Phase 

inversion is another procedure by which the substrate is generated (Akther et al., 2019). 
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Among these two membranes, TFC is regarded as the most effective one to desalinate water 

(Ismail et al., 2015). According to the results obtained by (Li et al., 2018), the water 

permeability of TFC is approximately three times higher than CTA. In addition, reverse salt 

fluxes as the main reason for salinity build-up are almost three times more in TFC than CTA. 

By contrast, CTA membranes have demonstrated great selectivity and superior chlorine  

resistance in comparison to TFC (Ong and Chung, 2012). Nevertheless, the high 

biodegradability which can decrease the membrane lifespan, more vulnerability to high 

temperature, and high sensitivity to pH, are considered as some of the restrictions of CTA 

(Cath et al., 2006; Ismail et al., 2015). Therefore, the majority of the recent FO research has 

focused on the fabrication of TFC membranes as well as their modifications.  

Since 2012, inorganic nanomaterials have been applied in the enhancement of the 

membrane performances. These nanomaterials have been used in four states, including the 

nanomaterial-coated active layer, nanocomposite PA active layer, nanocomposite substrate 

and nanomaterial interlayer (Akther et al., 2019). The nanomaterials may be dispersed in 

either organic trimesoyl chloride (TMC) or aqueous m-phenylenediamine (MPD) phase 

according to their hydrophobicity and hydrophilicity features. 

Despite all of the improvements in FO membranes, more studies are needed to promote 

the characteristics of such membranes including antifouling property, mechanical strength, 

permeability, reduction of the reverse solute flux, selectivity, salt rejection, concentration 

polarization and chemical stability (Cath et al., 2006; Xu et al., 2017). To improve the quality 

of the membranes, the current focus is towards substrates, additives and two fields of 

interfacial polymerization including the application of novel monomers, and the modification 

of membrane formation processes (Lau et al., 2012). 

3.1.1. Monomers and nanomaterials 

Chemical characteristics such as functional groups, bonds and crosslinking along with 

membrane structure properties like hydrophilicity, roughness, thickness and pore dimension 
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demonstrate strong effects on membrane performances; therefore, considering the 

fundamental principles of the effectiveness of the different membrane components is essential 

(Asghari & Afsari, 2017; Ismail et al., 2015; Kardani et al., 2020). It is apparent that the 

membranes’ performance depends on how to optimize the fabrication condition of the 

membranes substrates such as materials and effective factors; furthermore, the monomers and 

other additives applied also play an important role in determining membrane characteristics 

particularly membrane selectivity (Lalia et al., 2013). Some of the extensively used 

monomers are isophthaloyl chloride (IPC), 5-isocyanato-isophthaloyl chloride (ICIC) and 

TMC, as some of the acyle chloride monomers in the organic phases, along with MPD, 

piperazine (PIP) and p-phenylenediamine (PPD) as diamine monomers in the aqueous phases 

(Lau et al., 2012; Xiong et al., 2016a). Overall, TMC and PD are the two most applied 

monomers for the formation of PA layer (Ismail et al., 2015; Xiong et al., 2016a). 

To improve membrane performance, carbon nanotubes (CNTs), silica, graphene oxides 

and zeolites are considered as the most widely used nanomaterials for FO membrane 

modifications (Akther et al., 2019). Table 2 compares the properties and performances of 

different FO membranes modified by the different nanomaterials. Considering the different 

merits of CNTs in FO membrane structures such as self-cleaning characteristic, chemical 

stability, mechanical resistance, low biofouling capability and superior separation, attention 

has been focused on applying CNTs in FO membrane modifications. The membrane 

selectivity can be promoted by salt ions rejection and allowing water molecules transport 

owing to the specific pore diameter of CNTs. In addition, with CNT's tubular structures, its 

application in membranes can facilitate frictionless water molecules transport and 

consequently improve the permeability of the membranes. It is worth highlighting that CNTs 

are regarded as a hydrophobic material; therefore, they can be functionalized with polar 

functional groups like amine or carboxylic ones through treating by either amines or acids to 
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become more appropriate for water treatment and disperse properly in monomer solutions 

(Akther et al., 2019). 

Graphene oxide can increase the membrane water permeability due to some of its 

exclusive properties such as amphiphilicity, a large surface to thickness ratio, and ample 

surface functional groups. For example, the amphiphilic property of the graphene oxide may 

result in channel creation in its interlayer and improve water permeability. The hydrophilic 

hydroxyl groups of graphene oxide can firstly adsorb water molecules, and then become 

quickly dispersed among the hydrophobic carbon core (Hung et al., 2014). 

As a microporous aluminosilicate with a porous crystalline structure, zeolites can play a 

molecular sieve role. In addition, zeolites can not only be resistant to different thermal and 

chemical conditions, but also facilitate the shape and size-selective molecules separation, due 

to their uniform pore system (McLeary et al., 2006). 

Silica, regarded as another porous material with uniform nanostructure, is useful for size 

selectivity in membranes. In contrast to zeolites, silica has a spherical morphology helping to 

scatter properly. Owing to some exclusive characteristics of silica like high surface 

hydrophilicity and large specific surface area, it has been utilized in various processes such as 

FO, nanofiltration (NF), RO and gas separation (Kresge et al., 1992). 
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Table 2.  

The properties and performances of the modified TFC membranes by CNTs, silica, GO and zeolite 

Membrane Substrate Sublayer/monomers and 

nanomaterials 

Draw 

solution 

(NaCl) 

Membrane 

Orientation 

Contact 

angle 

Application Water 

flux 

Reference 

TFC PVDF PA/CNTs 2 M  FO mode 48 ° Flux 32 L/m2.h Zhao et al., 

2017 

TFC Polyetherimide 

(PEI)  

PA/multi-walled CNTs 1 M  FO mode NP Flux 61 L/m2.h Tian et al., 

2015b 

TFC PEI PA/Silica 1 M  FO mode 131° Flux 72 L/m2.h Tian et al., 

2017 

TFC PSf/GO PA 0.5 M  FO mode 62 ° Flux 40.5 

L/m2.h 

Park et al., 

2015 

TFC PSf PA/Zeolite 1 M FO mode 72 ° Flux/desalination 38 L/m2.h Ma et al., 

2012 
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3.1.2. Substrates 

Substrates play an important role in TFC membranes performances. Hydrophilic substrates 

have higher preferences because they can enhance water transport into the membrane and 

increase water permeability. In other words, hydrophilic substrates can decrease the internal 

concentration polarization (ICP), hence increasing water flux. However, higher substrate 

hydrophilicity can adversely affect the adhesion among the active and substrate or support 

layers. In addition, the pore size of the substrate materials should potentially be controlled 

with adjusting the fabrication process like polymer concentration, coagulation environment 

and temperature (Akther et al., 2019; Ismail et al., 2015). Furthermore, substrates should 

provide a better condition for the membranes’ properties, e.g. antifouling, chemical, and 

mechanical stability (Akther et al., 2019). Polysulfone (PSf) is a relatively hydrophobic 

material and most widely used substrate in membrane fabrication, due to a wide range of 

advantages such as high chemical, mechanical, thermal and chlorine resistance along with 

wide pH tolerances and high flexibility in membrane fabrication (Ismail et al., 2015; Lalia et 

al., 2013). Polyethersulfon (PES) polymer which has similar characteristics to PSf, is another 

hydrophobic and conventional substrate with higher pore size and slightly less hydrophilicity, 

and is widely used in membrane fabrication as well (Akther et al., 2019). In contrast to 

conventional membranes, Bucky-paper is regarded as a new substrate for FO membrane 

fabrication (Dumée et al., 2013). One of the new procedures for membrane substrate 

modification is embedding some nanomaterials such as CNTs, silica, zeolites, graphene 

derivatives and zinc oxide in the polymer dope solution as a raw material improving the 

chemical, thermal and mechanical properties of the membranes (Akther et al., 2019). 

3.2. DS and energy production 

The chemical potential of an isolated system tends to be spontaneously equilibrated based on 

the second law of thermodynamics. In FO process, the solvent molecules spontaneously pass 

across a membrane from a less concentrated solution (feed solution) to a more concentrated 
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solution (DS) to equilibrate the general chemical potential of this isolated system 

(Hosseinzadeh et al., 2020b). Under the osmotic pressures between two sides of the 

membrane and the semipermeable membranes' exclusive properties, some of the components 

can move to the more concentrated solution. Thus, the difference in osmotic pressure acts as a 

driving force in the separation process in FO. DS plays a critical role in the FO process, and 

its quality and property are so important in FO performance. The main characteristics of a 

viable DS are high osmotic pressure production resulting in high water flux and low back DS 

permeability; inexpensive recovery of the diluted DS and reuse; non-toxicity particularly for 

the production of potable water; inherent characteristics like sensitivity to pH and aqueous 

affinity to maintain an appropriate interaction with water; no adverse effects on bacterial 

activity and sludge quality in OMBR, and the environment and human health (Bowden et al., 

2012; Cai, 2016; Gwak et al., 2015); good degradability resistance unless in post-FO 

(Lutchmiah et al., 2014a); low viscosity even at high concentrations (Cai, 2016); and high 

solubility, diffusivity and viscosity (Pathak et al., 2018). Up to now, a wide range of DSs has 

been used in the FO process. The applied DS in FO process has been classified into two major 

categories: novel synthetic materials and conventional compounds, which are further divided 

into four subcategories comprising organic and inorganic solutes, volatile compounds and 

gases (Alejo et al., 2017; Ge et al., 2013). DS may also be classified into responsive and non-

responsive groups. The responsive DS refers to the DS’s important water affinity changes in 

response to different incentives like light, electro-magnetic, pH, and temperature. In contrast, 

there is no significant change in water affinity of the non-responsive DSs upon exposure to 

the different incentives. The mentioned ability of the responsive DSs can result in their easy 

regeneration while maintaining their high quality (Cai, 2016). The majority of the non-

responsive DSs focus on the enhancement of the osmotic pressure and the abatement of the 

reverse diffusion led salinity build-up. One of the advantages of these DSs is the fact that NF 

instead of RO can be applied to regenerate most of these DSs. In addition, it has been claimed 
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that FO-RO or FO-NF processes need less energy than FO alone to desalinate seawater (Cai, 

2016); however, this has been called into question by other studies from at least the 

theoretical aspects (Elimelech & Phillip, 2011; Phuntsho et al., 2014). Organic and inorganic 

salts along with a wide range of water-soluble polymers have been applied as some of the 

non-responsive DSs in the FO process. Since the 1970s, saccharides and sugars, as well as 

various inorganic salts such as MgCl2, NaCl, KHCO3, Ca(NO3)2, (NH4)2SO4, and Na2SO4 

have been used as DSs in FO process (Achilli et al., 2010). Since the monovalent salts such as 

NaCl, NH4Cl and KNO3 can generate more water fluxes, these traditional DSs have been 

widely used in FO processes. However, these salts need to be separated by the RO process, 

which will increase energy consumption of the overall process. Besides, more back diffusion 

is regarded as another drawback of these DSs (Achilli et al., 2010; Lee et al., 2010). To tackle 

these problems, di- and trivalent salts like CaCl2, MgCl2 and FeCl3 have been proposed as 

alternatives, although the back diffusion of 5.6 g/m3 reported for 0.5 MgCl2 was considered 

high (Nguyen et al., 2015; Trung et al., 2017). Also, cobaltous and ferric hydroacid 

compounds were applied as a DS. One of the most important properties of these compounds is 

high osmotic pressure due to high dissociation rate and solubility, resulting in a high flux of 

water ranging from 60 to 80 L m-2.h-1. On the other hand, the reported back diffusion for these 

DSs is lower than the monovalent salts due to their larger size (Ge et al., 2014). Table 3 

summarizes the commonly used DSs in OMBRs, detailed information of membranes, and 

procedures of controlling the salinity build-up. 

3.2.1. Organic DSs 

A wide spectrum of organic compounds has been applied as DS in FO processes such as 

sodium lignin sulfonate (NaLS), poly(sodium acrylate), sodium ethylenediaminetetraacetic 

acid (EDTA-Na) salts and the sodium salt of poly(aspartic acid) (Alejo et al., 2017). Reverse 

diffusion is one of the most important parameters affecting the efficiency of the FO process, 

as reverse diffusion directly depends on the molecular dimensions of the DS components. In 
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general, the higher the molecular dimensions and weights of the components, the lower the 

reverse diffusion.  However, high viscosity can heighten the problems like DS circulation and 

concentration polarization in both FO and RO processes (Tian et al., 2015a). Based on such 

conditions, MF and UF are regarded as the appropriate procedures to regenerate these DSs. 

Although proved to be perfectly efficient, their main drawback for field-scale implementation 

is toxicity (Alejo et al., 2017). Polyelectrolytes such as poly sodium4-styrenesulfanate (PSS) 

with various molecular weights (70,000, 200,000, 1,000,000 Da) have recently been applied 

as a DS in the FO process, and have demonstrated higher FO process performance from the 

aspect of water flux and the reverse diffusion due to their large molecular size. Nonetheless, 

the application of the recovered DS by UF process did not show satisfactory results with > 

40% decrease in water flux, due to its loss during recovery (Tian et al., 2015a).  

3.2.2. Fertilizers and volatile gases 

Another interesting approach is to use fertilizers as a DS in the FO process so as to avoid the 

regeneration of the diluted DS, which can be used directly for agricultural application. 

However, the most important drawback of this idea is finding an appropriate membrane for 

such a system. Some of the applied fertilizers as DS in the FO process were calcium nitrate, 

potassium sulphate, ammonium sulphate, potassium chloride and ammonium chloride (Alejo 

et al., 2017). Also, CO2 and ammonia were simultaneously used to produce ammonium 

bicarbonate as a DS, which can be regarded as a fertilizer (Cai, 2016). Similarly, human urine 

was also used as a DS in the FO process (Volpin et al., 2019). In addition, different soluble 

gases may be applied as DS. For example, the application of SO2 along with CO2 or NH3 has 

been proposed as potential DSs with desirable osmotic pressures. Their regeneration process 

can be accomplished by evaporation and air-striping under pressure and temperature 

controlled conditions (Cai, 2016). 
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Table 3.  

The draw solutions applied in osmotic membrane bioreactors. 

DS DS 

concentration 

Water flux 

(L.m-2.h-1) 

Osmotic 

pressure 

 

Membrane Membrane 

orientation 

Effective 

mem. 

Area (m2) 

Salinity build-

up control 

method 

Removal (%) Reference 

MgCl2, 

NaCl 

48400 mg L-1, 

49000 mg L-1 

6.46 4.0 MPa at 

23 °C 

CTA-ES flat-

sheet 

FO mode  2 × 0.018

  

Daily discharge 

of 146 mL 

supernatant 

> 97% TOC; 

> 97% NH4
+; 

> 95% PO4
3− 

Qiu & 

Ting, 

2014 

Synthetic 

wastewater 

35000 mg L-1 10±2  TFC FO mode 0.05  MF >90% TrOC Blandin et 

al., 2018 

NaCl 0.5 M 

 

6.06-9.67 in 

FO, 7.23-

9.24 in MF  

 TFC flat 

sheet 

MF (PVDF) 

FO mode 0.056   MF (PVDF): 

0.20 μm 

>95% TrOC Zhu et al., 

2018 

Industrial effluent 

containing  

ammonium sulphat

e 

EC: 

130 mS cm−1 

pH: 4 

1.6-7.8   CTA-NW 

flat sheet  

FO mode 0.042   80% COD Luján-

Facundo 

et al., 

2018 

NaCl 1 

 

FO: 7.7–9.5  

MF: 11±1  

 TFC flat 

sheet 

MF (PVDF) 

FO mode 0.056  MF (PVDF): 

0.20 μm 

98% TOC; 

> 85% NH4
+; 

 

Wang et 

al., 2017b 

Synthetic seawater 

with10 salts, e.g. 

NaCl 

MgCl2 

Na2SO4 

CaCl2 
 

 

 

24530 mg L-1 

5200 mg L-1 

4090 mg L-1 

1160 mg L-1 
 

⁓3-7 26.45 bar CTA FO mode 0.020   >90% TOC; 

80.2% NH4
+; 

>90% PO4
3− 

 

Sun et al., 

2016 

NaCl 0.5 M 

 

3  CTA-flat 

sheet 

FO mode 0.12   98% TOC; 

98% PO4
3− -; 

80% NH4
+; 

Aftab et 

al., 2017 

NaCl 6 M ⁓3 (stable 

flux) 

 CTA-flat 

sheet 

FO and 

PRO 

modes 

0.0162   >80% TrOC Alturki et 

al., 2012 

NaCl 1.1 M  10.7-6.8  51.78 atm; 

EC: 

91.26 mS 

cm-1 

flat-sheet 

TFC-PA 

MF 

FO mode 0.0264  MF: 0.33 μm 92% TOC; 

76% TN;  

63% PO4
3− 

Pathak et 

al., 2020 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/effluent
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ammonium
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sulphate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sulphate
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NaCl, 

KCl,  

NaOAc 

0.75 M 

0.75 M 

0.75 M 

7.95–6.5 

7.46–6.0 

7.1–2.6   

34.08; 

32.45; 

30.38 atm 

CTA-flat 

sheet 

FO mode 0.0264  MF: 0.33 μm;  

0.1 m2 area  

98% TOC; 

97% PO4
3−; 

85% TN 

Pathak et 

al., 2018 

NaCl 1.1 M 11.54–6.98  51.78 atm; 

EC: 

91.26 mS 

cm-1 

TFC-flat 

sheet 

FO mode 0.0264  MF: 0.33 μm;  

0.1 m2 area  

97% TOC; 

87% PO4
3−; 

94% TN  

Pathak et 

al., 2017 

NaCl 49000 mg L-1 

 

8.64-5.15 4.0 MPa at 

23.5 °C 

CTA-flat 

sheet 

NP 0.036  Discarding 150 

mL clear 

supernatant 

daily 

>98% TOC; 

>97% NH4
+; 

> 75% 

antibiotics  

Srinivasa 

Raghavan 

et al., 

2018 

NaCl 0.5 M  4-8  TFC-flat 

sheet 

FO mode 0.0300  - 100% TOC 

 

Luo et al., 

2017 

NaCl 0.5 M 8.7-4  CTA-flat 

sheet 

FO mode 0.0272  - >93% COD; 

>99% 

phosphorus 

Hou et 

al., 2017 

NaCl 0.5 M 

 

9.22-2   TFC-flat 

sheet 

FO mode 0.025 MF (PVDF): 

pore Size: 

0.20 μm 

0.025 m2 area  

98 % TOC;  

100 % TP; 

NH4
+ ≈ 0% 

Wang et 

al., 2017a 

NaCl 0.25 M 

0.5 M 

1 M 

2 M 

⁓4.5-1.2 

⁓7.7-2.5 

⁓13.8-5 

⁓17-3 

11.45 bar 

22.95 bar 

47.39 bar 

102.04 bar 

TFC FO mode 0.025 MF (PVDF): 

 

0.025 m2 area  

> 98% TOC; 

99.7 TP; 

NH4
+ = 35-

53% 

Wang et 

al., 2019 

TP: total phosphorous
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3.2.3. Nutrient compositions 

Nutrients such as glucose, glucose-fructose combination and sucrose (Su et al., 2012) are the other 

types of DSs used in the FO process. They were first applied to a water supply in lifeboats and then 

used in wine, food and wastewater treatment (Su et al., 2012). Currently, the application of such 

DSs in FO processes is attracting more attention. It was reported that the water flux produced from 

1 M sucrose is comparable to that from 1 M MgCl2. As the molecular size of sucrose is greater than 

that of MgCl2, therefore, the reverse flux of sucrose DS is negligible (Su et al., 2012).  

3.2.4. Advanced DSs 

3.2.4.1. Nanoparticles and coated nanoparticles 

In general, nanoparticles in DSs are applied to provide various benefits including higher osmotic 

pressure, less reverse flux and higher DS regeneration ability. In some cases, various modifications 

on nanoparticles are performed, e.g. coating some polymers on nanoparticle to prevent irreversible 

agglomerations, dimension uniformity of the used nanoparticles, which are favorable for efficient 

regeneration (Cai, 2016). The theoretical support for providing higher osmotic pressure by these 

DSs is when a hydrophilic polymer like poly(ethylene glycol) diacid or polyacrylic acid is coated 

on magnetic nanoparticles, the synthesized hydrophilic nanocomposites are able to absorb more 

water molecules into DS. Therefore, there is a potential to provide more water flux, although a 

moderate water flux (approximately 18 LMH) was reported at the first stage. On the other hand, 

since the size of nanoparticles, ranging from 1 to 100 nm, is bigger than the pore sizes of TFC and 

CTA membranes as two common FO membranes, the reported reverse flux was lower than the 

traditional DSs. Regarding the regeneration, various procedures are used to recover the diluted DSs 

such as different membrane technology, and electric and magnetic fields based on the 

characteristics of the applied nanoparticles (Alejo et al., 2017; Cai, 2016). One of the important 

merits of magnetic nanoparticle-based DSs is their easy regeneration by the application of a 

magnetic field. However, the agglomeration under high-strength magnetic field is regarded as its 

main drawback. Ultrasonication is reported as a non-efficient procedure for the regeneration of such 
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DSs, although the application of an electric instead of magnetic field together with UF has 

demonstrated better outcomes. It is worth mentioning that the size of nanoparticles used is a crucial 

parameter for DS regeneration in FO processes, as nanoparticles less than 11 nm or larger than 20 

nm are difficult to be regenerated. In addition, the application of uniform sized nanoparticles is 

recommended for maximizing regeneration efficiency (Alejo et al., 2017; Cai, 2016). 

3.2.4.2. Thermal responsive DSs 

These DSs demonstrate different solubility under various temperature conditions. There is a paucity 

of information concerning this type of DSs performances. The scarcity of appropriate membranes 

for different temperature conditions can also be a limiting factor for applying such DSs. It was 

reported that a smart DS, thermal responsive magnetic nanoparticles, as a subcategory of thermal 

responsive DSs, was produced by coating composite nanoparticles with a polymer (Cai, 2016; 

MingáLing, 2011). However, the spontaneous agglomeration of these coated nanoparticles, which 

can occur above the critical temperature, is a reason to restrict the use of magnetic fields for their 

regeneration (MingáLing, 2011; Zhang et al., 2010). In addition, there is another category of DSs 

with lower critical solution temperature (LCST) in aqueous solutions, which undergo phase 

separation to form two phases, i.e. water-rich and DS-rich (Nakayama et al., 2014). 

3.2.4.3. Polarity switchable DSs 

Another type of DS having many applications in different industries is switchable polarity solvents, 

which can change the water affinity of these DSs. For example, a hydrophobic amine reacts with 

CO2 and is subsequently changed to become hydrophilic. Therefore, this hydrophilic DS draws 

water with more osmotic pressure. In order to regenerate this DS, CO2 is eliminated from the 

structure of these molecules, and the hydrophilic DS produced is changed back to become 

hydrophobic, which facilitates both water and amine recoveries (Stone et al., 2013). 

However, as shown in Table 3, the most widely used DS in OMBR remains NaCl. This salt, as 

well as KCl, command no toxicity and great solubility. Furthermore, NaCl and KCl as the most 

widely used DS of OMBR with great water flux have been introduced as ideal DSs to produce high 
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osmotic pressure and minimize ICP (Pathak et al., 2018). However, it has been noted that the 

application of organic-based DSs like NaOAc demonstrates less reverse flux due to their 

biodegradability. In addition, it has been reported that the presence of different elements in 

bioreactors can positively increase the activity of the activated sludge and energy production 

(Zhang et al., 2015). Thus, applying appropriate DSs and the reverse diffusion of these DSs can 

demonstrate desired effects on the metabolisms of the bioenergy producing microorganisms leading 

to more energy production.  

 

4. Microbial communities and energy production 

In order to obtain the optimized outcomes from anaerobic biological processes for wastewater 

treatment and energy production, the collaboration between the microbial species in the reactor 

plays a critical role (Appels et al., 2011). It has been reported that bacteria and archaea are the 

primary microorganisms of the anaerobic systems. According to the results obtained, the 

degradation of the organic matter and formation of volatile fatty acids (VFAs) as intermediate 

products is accomplished by bacteria, and archaea carry out further degradation of VFAs to produce 

biogases (Nakasaki et al., 2015). In investigating the microbial communities of three reactors 

including upflow anaerobic sludge blanket (UASB), microbial fuel cell (MFC)-blast furnace dusting 

ash (BFDA)-UASB and BFDA-UASB, Firmicutes were observed to be the most dominant phylum, 

and Actinobacteria, Proteobacteria, and Bacteroidetes were the most abundant in all three reactors 

(Yang et al., 2019). In addition, (Nakasaki et al., 2015) studied the diversity and richness of the 

microorganisms in anaerobic biological reactors with and without salinity, and found that the 

salinity increased the diversity but decreased the richness of the microorganisms in the reactors. 

Salinity is regarded as one of the most important parameters affecting microbial communities in 

various biological systems. A wide range of halophilic microorganisms can be active in saline 

biological systems. The biological evolutionary process, ecological environment, temperature, and 

saline level can be considered as the most effective parameters in selecting the halophilic 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/blast-furnace
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microorganisms in various systems (Tan et al., 2019). Halotolerant or halophilic microorganisms 

are classified into four categories i.e. salt-sensitive, low salinity, medium salinity and high salinity 

which are able to activate under < 10000 mg L-1, 10000-30000 mg L-1, 30000-150000 mg L-1 and > 

150000 mg L-1 NaCl, respectively. Luo et al. (2016b) studied the structure and diversity of the 

microorganisms in a MBR, and indicated that the salinity reduced the performance of the biological 

process, but did not affect the diversity of the microbial community. Furthermore, they showed that 

Proteobacteria, Bacteroidetes, Planctomycetes and Armatimonadetes were the dominant phyla of 

the process without salinity; however, after augmentation of the salinity, Actinobacteria were 

identified as one of the most dominant phyla while Armatimonadetes could not tolerate the salinity. 

Table 4 shows the dominant microorganisms in various biological systems at phylum and genus 

levels. 
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Table 4. 

Dominant microorganisms of the various saline biological systems at phylum and genus levels. 

 

 

As shown in Table 4, Firmicutes, Proteobacteria, Bacteroidetes and Chloroflexi were the most 

dominant phyla in both saline and non-saline anaerobic systems in which treatment coupled with 

Process Dominant microorganism 

 

Type of 

salinity 

Aerobic/ 

Anaerobic 

Product Reference 

phylum level genus level 

An-

OMBR 

Firmicutes 

Proteobacteria 

Aminicenantes 

Chloroflexi 

Actinobacteria 

NP MgCl2 Anaerobic  Zhao et al., 

2019 

An-

MBR 

Proteobacteria 

Bacteroidetes 

Chloroflexi 

Firmicutes 

Actinobacteria 

Bacterial: 

Dechloromonas 

Smithella 

Ottowia 

Archaeal: 
Methanosaeta 

Methanolinea  

Methanobacterium 

 Anaerobic methane Niu et al., 

2020 

An-

MBR 

Firmicutes 

Bacteroidetes 

Bacteroidetes 

Proteobacteria 

Clostridium 

Bacteroidetes 

Cytophaga 

Geobacter 

 Anaerobic methane Seib et al., 

2016 

An-

MBR 

Proteobacteria  

Bacteroidetes 

Firmicutes 

Verrucomicrobia 

Archaeal: 
Methanosaeta 

(Methanothrix)  

 Anaerobic methane Damodara 

Kannan et 

al., 2020 

An-

MBR 

Firmicutes 

Chloroflexi 

Proteobacteria  

Bacteroidetes 

Bacterial: 

Trichococcus, 

Clostridium-sensu-

stricto 

Ornithobacterium 

Archaeal: 
Methanosaeta 

 Anaerobic methane Li et al., 

201) 

OMBR Proteobacteria 

Bacteroidetes 

Gemmatimonade

tes 

Nitrospirae 

NP NaCl Aerobic - Luo et al., 

2017 

OMBR Proteobacteria 

Bacteroidetes 

Saccharibateria 

Nitrospirae 

Bacterial: 

Ferribacterium 

PHOS-

HE51_norank  

Archaeal: 
NP 

Seawate

r 

Aerobic - Sun et al., 

2018 

MBR Proteobacteria 

Bacteroidetes 

Planctomycetes 

Actinobacteria 

NP  Aerobic - Luo et al., 

2017 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/clostridium
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/cytophaga
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/geobacter
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methane production is regarded as the main targets. However, it should be stressed that in a study, it 

was suggested that Bacteroidetes in OMBR with salinity build-up can be more active than in the 

MBR without salinity. Proteobacteria and Bacteroidetes are regarded as the most dominant phylum 

in both saline and non-saline aerobic systems (Luo et al., 2017). Concerning biological H2 

producing systems, Yang and Wang analyzed the changes of the microbial community of a dark 

fermentation process, and found that after 6 h fermentation, the relative abundance of Firmicutes 

phylum was more than 99.5% while the first inoculum structure was Proteobacteria 

(2%), Synergistetes (2.4%), Chloroflexi (5.1%), Actinobacteria (6.8%), Atribacteria (8.3%), 

Bacteroidetes (36.1%) and Firmicutes (38.1%) (Yang & Wang, 2019). In addition, (Rafieenia et al., 

2019) detected Proteobacteria and Firmicutes with 48.2% and 34.8% as the most dominant phyla at 

the end of fermentation. Furthermore, in another study, Yin and Wang detected Firmicutes and 

Proteobacteria phyla with 40.7% and 35.9% dominance respectively (Yin & Wang, 2016). 

Therefore, for anaerobic H2 production, Firmicutes and Proteobacteria phyla are widely reported as 

the most dominating species. As shown in Fig. 1, which is based on the literature results (Jia et al., 

2019; Laothanachareon et al., 2014; Slezak et al., 2017; Yang & Wang, 2019), the augmentation of 

Firmicutes from the beginning to the final stable condition of the anaerobic process (dark 

fermentation) for H2 production is considerable. 
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Fig. 1. Changes in the composition of the microbial communities during the anaerobic process for 

H2 production in different studies. Data for (a) from Jia et al. (2019); (b) from Yang and Wang, 

(2019); (c) from Laothanachareon et al. (2014); (d) from Slezak et al. (2017). 

 

5. Effective operating parameters and energy production 

5.1. Temperature and pH 

There are three temperature conditions for bacteria growth, being < 15°C for psychrophilic, 25-40 

°C for mesophilic, and 50-60 °C for thermophilic, respectively. The temperature has a significant 

effect on microbial activity and consequently, the performance of biological processes. For 
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instance, in a microbial electrolysis cell, a reduction of process operating temperature from 25-30 

°C to 4 and 9 °C reduced methane production as a process final product with changing microbial 

diversity (Lu et al., 2011; Lu et al., 2012). Geobacter (Ge.) was detected as a dominant genus in a 

temperature range of 4-30 °C in this system; however, temperature variation led to changes in the 

types of Geobacter. It has been reported that the domination of Ge. chapelleii changed to Ge. 

psychrophilus, when the temperature was reduced from 25 to 4 or 9 °C (Lu et al., 2011). The 

optimum temperatures for aerobic and anaerobic processes are different as shown in Tables 5 and 6, 

with 35 °C and 25 °C as the desirable temperature for anaerobic and aerobic processes, respectively. 

Biogas production is regarded as one of the most important advantages of anaerobic processes. 

Methane, as well as hydrogen, are two of the most important biogases; however, each of them can 

be produced under some specific conditions. The reported optimum temperatures for both hydrogen 

and methane production are listed in Table 5. In addition, (Khan et al., 2016) suggested that 43–47 

°C is the temperature range in which most methane has been produced. However, a noticeable 

increase in methane production from 30 to 40 °C is obvious. Therefore, the optimum temperature 

for OMBR operation depends on the defined purpose of the process.  

 

Table 5. 

The reported optimum pH and temperature for hydrogen and methane production. 

 Process Optimum 

pH 

Optimum 

temperature 

Optimum 

ORP 

H2 production Reference 

Hydrogen 

production 

 

 

 

Dark 

fermentation 

5.4 26 °C  1 mole H2/mole 

glucose 

Infantes 

et al., 

2011 

Dark 

fermentation 

Optimum: 

5.8 

Initial: 7 

30-55 °C 

(30–40 °C) 

-507 mV 

Initial -

192 

1.3 mol H2/(mol-

xylose) 

Lin et al., 

2008 

Dark 

fermentation 

5.6 At only 35 

°C 

-491 mv 20 L H2/L.d HPR; 

1.53 ± 0.7 (mol H2/mol 

hexose) HY  

Lin et al., 

2016 

Dark 

fermentation 

3.7-6.5 35 °C  1090 mL cumulative 

H2 production 

Ma and 

Su, 2019 

Dark 

fermentation 

Inlet pH: 

6.5 

Influent 

pH: 

4.49 ± 0.46 

37 °C  2.35 mol H2/mol 

substrate HY; 

0.085 L/h.L HPR  

Tomczak 

et al., 

2018 

https://www.sciencedirect.com/topics/engineering/mols
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Effluent 

pH: 

3.63 ± 0.51 

Methane 

production 

 7.0 ± 0.2 35 ± 1.0 ℃  - Maximum methane 

accumulation  

270.6 ± 13.4 to mL g-

1 VSS 

Tao et al., 

2020 

  ≈ 7 Thermophilic 

condition 

 Maximum cumulative 

methane production 

and yield 

7386 ± 134 mL d-1 and 

310.4 ± 9.2 mL g-1 VS  

Sun et al., 

2019a 

 7-8 54 °C  - Production rate and 

methane yield of 

15.63 L CH4 d−1 and 

0.803 L CH4 g−1 COD 

rem.d−1 

Zainal et 

al., 2020 

 

 

All of the biological processes like OMBR can potentially be operated in an anaerobic state and 

produce value-added products. In order to tackle the production of biohydrogen, biomethane and 

VFAs in anaerobic processes, pH is regarded as one of the most important factors (Khan et al., 

2016). Reported desirable pH values for hydrogen and methane production through biological 

processes are approximately 5.5 and 7, respectively (Ruggeri et al., 2015; Sun et al., 2019a). The 

reported optimum pH for production of hydrogen and methane in different studies are presented in 

Table 5. To produce VFAs by different fermentation processes, approximately pH 10 has been 

reported as the optimum condition (Jie et al., 2014; Wu et al., 2010). However in other studies, a 

wide range of pH from 5.25 to 11 has been reported as the optimum for extracting different VFAs 

from different feedstocks depending on the type of the wastes (Lee et al., 2014). The pH has direct 

effects on the structure, morphology and metabolic processes of microorganisms (Lin et al., 2012), 

hence each enzyme can reach its highest activity at a specific pH. The pH can be so important in the 

selection of certain bacteria with specific abilities (Lay et al., 1997); therefore, pH is applied as a 

control to choose desired microbial communities for a specific purpose. For instance, by reducing 

pH to 5-6, Chung and Okabe suppressed the methanogens bacteria so that the hydrogen-producing 

bacteria became dominating in a biohydrogen production process (Chung & Okabe, 2009).  



 

28 
 

Besides, pH can be effective in influencing membrane function and its fouling propensity as 

well. Acid pH 4.9 was suggested as more suitable than alkaline pH 9 in controlling the fouling 

behavior of FO membrane (Viet et al., 2019). In addition, pH affects water flux and reverse salt flux 

in FO processes. It was reported that the increase of pH from 4.5 to 7 caused an increase in osmotic 

pressure in DS, and a slight increase in the proportions of water flux and reverse salt flux (Hau et 

al., 2014; Wang et al., 2014a). 

5.2. Hydraulic retention time (HRT) 

HRT is a vital parameter in biological treatment processes affecting both the properties of the 

sludge and the process performance (Song et al., 2017), as well as membrane fouling (Zhen et al., 

2019). Based on a study by (Kunacheva et al., 2017), the elimination of COD in an AnMBR 

experienced a stable condition under a wide range of HRT from 2 h to 12 h; however, more 

reduction of HRT down to 1 h resulted in decreasing elimination of COD and accumulation of the 

VFAs and consequently the poor quality of the effluent. However, when Ho and Sung (2009) 

reported that HRTs from 6 to 12 h did not considerably affect the elimination of COD and methane 

production. Nevertheless, these different studies (Ho & Sung, 2009; Kunacheva et al., 2017) 

recommended the use of HRTs ranging 2 to 10 h. In comparison, as presented in Table 6 and a 

study by (Viet et al., 2019), a wide range of HRTs up to 408 h have been applied in OMBRs 

indicating that the optimal HRT may be highly dependent on the system being studied. 

 

Table 6. 

Operating condition of the OMBRs and AnOMBRs. 

 HRT (h) SRT (d) DO (mg L-

1) 

Temperature 

(oC)  

Initial MLSS 

(g L-1) 

pH Reference 

OMBR 25-158 30 5 26   Yao et 

al., 2020 

OMBR 5.7-6.8  10  3.5  25   Wang et 

al., 2017b 

OMBR 30-80  50  5 22  6-7 Luo et 

al., 2016a 
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AnOMBR 408 40-50  Anaerobic 25   Zhao et 

al., 2019 

AnOMBR 15-40  60  Anaerobic 25 5  Wang et 

al., 2018b 

AnOMBR 12.5-90  90  Anaerobic 25 3.8  Wang et 

al., 2017a 

 

 

5.3. Solid retention time (SRT) 

SRT is another important factor of biological treatment processes affecting the elimination of COD 

and production of biogases from wastewater or sludge. In addition, there is a reverse relationship 

between the SRT and the proportion of sludge produced from biological treatment processes (Zhen 

et al., 2019). It has been reported that appropriate concentration of biomass and SRT are needed for 

the complete decomposition of COD. In a study by (Huang et al., 2011), it was reported that limited 

SRT increase could positively affect the proportion of the produced biogases, and optimum SRT is 

essential for maintaining the performance in biological treatment processes. It may be attributed to 

the more adsorption of substrate in biological process than degradation by microorganisms. 

Therefore, the SRT for MBRs can be different depending on various factors, e.g. the substrates 

(Zhen et al., 2019). According to Fig. 2 which drew results from literature (Aftab et al., 2017; Qiu 

and Ting, 2014; Srinivasa Raghavan et al., 2018; Sun et al., 2016; Wang et al., 2019; Wang et al., 

2017b), OMBR demonstrates maximum performance in removing TOC and NH4
+ from wastewater 

under different operating conditions and SRTs. As observed in Table 6 and Fig. 2, the value of the 

SRT in OMBR is highly variable ranging from 10 to 100 days. It has been reported that at longer 

SRTs, the MBRs face with more membrane fouling. As in such conditions, the biological system is 

operated in endogenous phase owing to less food per microorganism resulting in more death and 

degradation of the microorganisms and more accumulation of the soluble microbial products 

(SMPs) in the system. Since the SMPs are regarded as one of the most important causes of the 

membrane fouling, the higher membrane fouling can be caused due to this reason (Huang et al., 
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2011). Apart from the effects on the properties of sludge and membrane fouling, SRT can adjust the 

accumulation of salts in the OMBRs. Higher SRT can result in salt accumulation, and consequently, 

less water flux as well (Wang et al., 2014b; Zhu et al., 2018). It is worth highlighting that the 

relationship between HRT and SRT is thought-provoking in a way that at high HRTs (> 5 h), the 

performance of the AnMBR becomes SRT-independent, and the reverse is true when SRTs are 

longer than 30 d (Zhen et al., 2019).  

  

Fig. 2. Performance of OMBR in TOC and NH4
+ removal from wastewater with various SRTs 

(Aftab et al., 2017; Qiu & Ting, 2014; Srinivasa Raghavan et al., 2018; Sun et al., 2016; Wang et 

al., 2019; Wang et al., 2017b). 

 

6. Challenges 

6.1. Salinity build-up 

In OMBR, the reverse diffusion of DS transfers solutes to the bioreactor and forms salinity build-

up, usually indicated by mixed liquor conductivity. Salinity build-up can detrimentally influence the 

biological process, and cause more dilutive ICP in OMBRs resulting in water flux reduction 

(Hosseinzadeh et al., 2020b). The extent of the salinity build-up is highly dependent on the 

membrane selectivity determined by the water vs. salt permeability of the membrane (Song et al., 

2018). In contrast to applying the highly selective FO membrane in OMBRs, the proportion of the 
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reverse solute and consequently salinity build-up will be negligible in OMBR systems in case of 

using a less selective membrane (Hou et al., 2016). Moreover, the system operating parameters can 

be effective in controlling the proportion of the solute in OMBRs, as for example, the higher the 

HRT and the lower the SRT, the more appropriate for the reduction of salinity build-up in OMBRs. 

However, in general, the more suitable condition for better operation of the biological systems is 

longer SRT and shorter HRT. Therefore, the optimization of the operating parameters in OMBRs is 

essential which can be considered as the salinity build-up control in OMBRs (Xiao et al., 2011). In 

addition, installing MF membranes in OMBRs for salinity build-up reduction can be another option 

in this regard (Hosseinzadeh et al., 2020b). Different studies have reported the detrimental effects of 

the salinity build-up on biomass. (Wang et al., 2014b) demonstrated decreased dehydrogenase 

enzyme activity, which is considered an indicator of microbial activity, over time in OMBR. 

Furthermore, the reduction in the proportion of the biomass in reactor along with a reduction in the 

specific oxygen uptake rate as another microbial activity indicator suggested the adverse effects of 

the salinity build-up on the process (Luo et al., 2018). However, it has been reported that the 

adverse effects of salinity build-up on biomass proportion and biomass activity decreased over time, 

due to microbial adaptation (Luo et al., 2016b; Qiu and Ting, 2013). In addition, the influence of the 

salinity build-up on the production of extracellular polymeric substances (EPS) and SMP was 

detected. Also, the salinity increase in the OMBR process broke the flocks and reduced the size of 

particles (Wang et al., 2014b). It is worth highlighting that EPS and SMP can augment the fouling 

of membrane systems. Therefore, as observed by Qin and Tin, salinity increase in OMBR reduces 

the water flux and consequently the membrane performance because of the decline in osmosis force 

by the accumulation of the solute in the bioreactor (Qiu & Ting, 2013). Overall however, the 

OMBR process showed great capability for contaminant removal despite the salinity build-up (Song 

et al., 2018). 

6.2. Salinity build-up and bioenergy 
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Despite some reports regarding adverse effects of salinity on biogas production, the generation of 

the biogas from saline wastewater in OMBRs is usually widely carried out. (Picos-Benítez et al., 

2019) studied the salinity effect on biogas production in the fishing industry wastewater, and 

observed that the production of the biogas decreased to 64% when the salinity was increased from 0 

to 20000 mg L-1. (Lefebvre & Moletta, 2006) reported that more than 10000 mg L-1 sodium 

concentrations in wastewater caused a severe inhibitory effect on methanogenesis during a long 

period. Similarly in another study, the inhibitory effects of OMBR salinity build-up on the growth 

of methanogenic bacteria, especially acetoclastic and hydrogenotrophic ones, were demonstrated, as 

shown by the reduction in the methanogenic bacteria strength due to competition from the sulphate 

reducing bacteria (Wu et al., 2017). Despite these findings, (Gu et al., 2015) indicated the 

potentially high resistance of the methanogenic bacteria against salinity, as methane production in 

an OMBR maintained a relatively stable condition after a long operation period. Therefore, 

methanogenic bacteria can develop adaptation to saline water provided sufficient time of transition 

is allowed.  

6.3. Membrane fouling 

Membrane fouling is a common issue for all of the membrane-based water and wastewater 

treatment technologies, and can be defined as the sedimentation of dissolved or suspended solids on 

or within the membrane pores, resulting in the performance deterioration of the membranes (Wang 

et al., 2016). Fouling usually shows adverse effects on membrane lifespan, water flux, rejection 

abilities of the membranes and consequently, maintenance and operational expenditures of the 

membrane-based systems (Hosseinzadeh et al., 2020b; Wang et al., 2016). The term of membrane-

foulants refers to all substances causing membrane fouling that can be EPS, SMP, sludge flocks, 

colloids, biopolymer clusters, DOM, and other inorganic and organic matter. A wide spectrum of 

studies has been carried out to identify the nature of these foulants (Lin et al., 2014). By virtue of 

less water flux and the hydraulic pressure deficiency, FO processes are usually regarded as low 

fouling membrane technology compared to the pressure-driven processes such as RO (Lutchmiah et 
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al., 2014b). Nonetheless, fouling is one of the most important challenges of the FO processes, 

which is considerably further complicated in OMBRs (Wang et al., 2016). All of the membrane-

foulants are generally categorized in four classes of colloidal, inorganic, organic and biological, 

while the concentration polarization (CP) is proposed as the main cause of fouling in membrane 

processes including FO. There are four categories of CP, i.e. concentrative internal CP, 

concentrative external CP, dilutive external CP and dilutive internal CP. The last one is the most 

effective factor in reducing the water flux in the FO process. There is a direct relationship between 

the proportion of the driving force (osmotic pressure) and the concentration of DS (Hosseinzadeh et 

al., 2020b). Therefore, the interactions between the CP and MLSS coupled with ingredients of the 

feed solution can increase the complexity of causation of fouling in OMBRs.  

 

7. Future outlook 

Regarding the obstacles facing OMBRs, most current research has been conducted to improve the 

quality of the membranes to reduce the back diffusion and increase the water flux, and to improve 

the quality of the DSs to augment the osmotic pressure and simplify the regeneration of the DS. 

Such research should be able to enhance the operating condition and performance of this emerging 

process. In addition, with respect to the capabilities of the OMBR, two general procedures should 

be given more consideration for OMBR process in future. Firstly, the hybridization and 

combination of OMBR with other processes can potentially take advantage of the salinity build-up 

more appropriately to produce more value-added products. Secondly, more research is needed for 

avoiding DS regeneration involving additional energy consumption; as an example, appropriate 

liquid fertilizers can be applied as DS, which when diluted, can be used for spraying to agricultural 

land. 

 

8. Conclusions 
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This study critically reviewed recent research progress in microbial community and bioenergy 

production by OMBR processes. OMBR membranes have been extensively studied in relation to 

membrane fouling and reverse diffusion. Different DSs are being studied to improve process 

performance, augmentation of the osmotic pressure and direct reclamation of diluted DS as a 

fertilizer. Furthermore, the microbial communities in OMBRs contain Firmicutes, Proteobacteria 

and Bacteroidetes phyla, which are the most important ones for biogas production. By optimizing 

the operating conditions and bioenergy production processes, there is a considerable scope in using 

OMBR for efficient bioenergy production and wastewater treatment simultaneously. 
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