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Abstract 
This work delves into the critical issue of emerging contaminants in wastewater and the imperative need for their removal 
to safeguard water resources and human health.  Various classes of emerging contaminants are identified, including pesti-
cides, pharmaceuticals, endocrine disrupting compounds, dyes, and personal care products, each posing unique challenges.  
The detrimental effects of emerging contaminants on aquatic ecosystems and human health are explored, emphasizing the 
urgency of effective removal strategies. Methods such as advanced oxidation processes, membrane separation, adsorption, 
and photocatalytic processes are discussed for emerging contaminants removal, with a specific focus on the efficacy of 
membrane bioreactors. Different membrane Bioreactors configurations are detailed, highlighting their potential in address-
ing emerging contaminants. The article also covers the critical concept of some operational parameters involving the solids 
retention time and hydraulic retention time in membrane bioreactors, as well as other operational parameters such as flux, 
flux recovery, transmembrane pressure, membrane aeration rate, crossflow velocity, and cleaning cycle, and their impacts 
on the system performance. The importance of membrane bioreactors in treating different types of wastewater, the chal-
lenges associated with the removal of contaminants, and the mechanisms, performance evaluations, and optimization strat-
egies for membrane bioreactors in sustainable wastewater management are also discussed.  
Keyword: Emerging contaminants, hydraulic retention time, membrane bioreactor 

1. Introduction 

In recent times, there is a growing use of certain products whose impact on the environment is not well-

documented. These products are categorized as Emerging Contaminants (ECs). Such substances have various 

adverse health effects on both aquatic life and humans. ECs could be of human origin or natural. Examples of 

such substances include pharmaceuticals and personal care products (PPCPs), Endocrine Disrupting Compounds 

(EDCs), flame retardants, plasticizers, perfluorinated compounds, nanoparticles, hormones, surfactants, pesti-

cides, polycyclic aromatic hydrocarbons, and more. Table.1 shows some examples for EC substances [1]. 

The diagram below in Figure.1 illustrates the pathways of ECs to aquatic life and human beings through 

potable water, where various contaminants enter and move through the environment, from sources like house-

holds, hospitals, agricultural lands, and industries. These contaminants travel through sewage systems, surface 

run-off, wastewater discharge, and more, ultimately affecting water systems like rivers and oceans. 

The aquatic environment is experiencing considerable repercussions due to the ecological impacts of var-

ious ECs infiltrating these ecosystems. Investigations of numerous water bodies have confirmed the presence of 

multiple ECs within the aquatic environment [2]. Research has demonstrated the potential threats these pollutants 

pose to aquatic organisms, highlighting their ecotoxicological relevance and interactions with other substances. 

Consequently, it is imperative to consider strategies to prevent their entry into aquatic ecosystems [3]. 

Advanced treatment technologies, including adsorption, advanced oxidation, membrane filtration, and 

membrane bioreactors, demonstrate significant efficacy in the removal of ECs and in safeguarding aquatic eco-

systems [4]. This research focuses on the membrane bioreactors capabilities and performance in ECs removal.  

While similar research focuses on the other aspects of this system [5], this article aims to highlight the 

operational parameters of the membrane bioreactors, to optimize this system in ECs removal. 
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Table 1 : Examples of ECs  [1], [6] 

Class Examples 

Pesticides 

Hinosan, Alachlor, Metolachlor, Chlorpyrifos, Fipronil, Endosulfan, Atrazine, Ametryn, Mala-

thion, Chlorophenol, Diuron, Aldrin, Endrin, Dieldrin, p,p’-DDT, p,p’-DDD, p,p’-DDE, Lindane, 

Hydroxybiphenyl, Isoproturon 

Pharmaceuticals and 

personal care products 

(PPCPs) 

Paracetamol, Ranitidinen, Salicylic acid, Sulfamethoxazole, Lincomycin, Carbamazepine, Keto-

profen, Antipyrine, Flurbiprofen, Diclofenac, Naproxen, Ibuprofen, Codeine, Azithromycin, 

Atenolol, Propranolol, Metoprolol, Sotalol, Flumequine, Caffeine, Diazepam, Salbutamol, Metro-

nidazole, Trimethoprim, Ketorolac, Primidone, Alkyl-hydroxybenzoate, Triclosan 

EDCs 

Bisphenol-A, Propyl paraben, Ethyl paraben, Methyl paraben, Butyl paraben, Equillin, Progester-

one, Oxybenzone, Octocrylene, Galaxolide, Estrone, Estriol, α-ethinyl estradiol, β-estradiol, 

Norgestral, Benzophenones, Phthalates 

Dyes Brilliant Green, Methylene Blue, Malachite Green, Rhodamine-B 

 

 

Figure 1 : Pathways of ECs [1] 

 

2. Different types of ECs 

2.1. Perfluorinated compounds (PFCs) 

PFCs are man-made organic substances created by replacing all hydrogen atoms in hydrocarbons with 

fluorine atoms. As a result, these compounds contain C–C bonds, C–F bonds, and other functional groups. They 

are utilized in the manufacturing of fire-fighting foams, lubricants, varnishes, and detergents due to their unique 

properties such as water and oil resistance and strong molecular bonds [7]. Being highly stable to heat, light, and 

chemicals, they pose a serious threat as they are very persistent and can accumulate in the environment and living 

organisms. Significant PFCs like perfluorooctane sulfonate (PFOS) and perfluorooctane acid (PFOA) a re partic-

ularly concerning because their breakdown process in the environment and living organisms is not well under-

stood [8]. 
 

2.2. Pharmaceutical active compounds (PHACs) 

PhACs, also known as human and veterinary medicines, are substances used for treating diseases. They 

come in different pharmacological forms, serving various purposes like reducing fever, fighting infections, re-

lieving pain, and preventing pregnancy [9]. Livestock are given pharmaceuticals for reasons such as increasing 

meat and dairy production and boosting their resistance to diseases. As a result, minute amounts of these sub-

stances can be found in animal excreta. Sometimes, these animal wastes are used as fertilizers in fields, leading 

to the introduction of PhACs into the food chain [10]. 
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PhACs enter the environment through multiple pathways. Human excreta contain incompletely metabo-

lized medicines, which end up in sewage. Even after treatment, some PhACs persist and are discharged into water 

bodies. Additionally, improper disposal of pharmaceutical waste contributes to their presence in landfills, where 

wildlife may ingest them [10], [11]. 

Many studies have identified certain PhACs as ECs and have highlighted the associated risks, especially 

as endocrine disruptors, emphasizing on the importance of research addressing the removal of PhACs and per-

sonal-care products (PCPs) through different treatment methods such as bio-sorption studies on various antibiot-

ics where various low-cost bio-sorbents suitable for remediating antibiotics from different effluents have been 

discussed [11]. Other studies have confirmed that PPCPs are indeed ECs due to their negative physiological 

effects on various environmental compartments, even at low concentrations, showing the fate of these compounds 

in the aquatic environment along with evaluation of their risks such as persistence, bioaccumulation, and toxicity 

[9]. 

 

2.3. Flame retardants (FRs) 

FRs are utilized to inhibit the initiation or escalation of fire and are found in diverse transportation and 

consumer goods, as well as electronic and electrical equipment. They are incorporated into products during pro-

duction or administered onto them and can lead to various harmful health impacts like endocrine disruption, 

neurological toxicity, and cancer. It has been noticed that children are particularly susceptible to the adverse 

effects of these substances [12], [13]. 

 

2.4. Plasticizers 

Plasticizers are added to substances to increase their flexibility or pliability. They are used in materials 

such as plastics, dental sealants, packaging, and eyeglass lenses to make them more flexible. These additives have 

a low molecular weight and are primarily used in the production of plastics. Bisphenol A (BPA) and its derivative 

Bisphenol A diglycidyl ether (BADGE), as well as Phthalates, are recognized as potent endocrine disruptors. 

BPA can be found in adhesives, varnishes, paints, and food/drink containers, while phthalates are present in soaps, 

detergents, and pesticides [14]. 

 

2.5. Pesticides 

Pesticides are chemicals used to eliminate pests and are classified based on the type of target pests, such 

as insecticides, herbicides, and fungicides, as well as their chemical structure, physical state, and origin. While 

initially used in agriculture to protect crops, they are now also used in home gardens. When an excess of these 

chemicals runs off into water bodies, it can pollute the water, making it unsuitable for aquatic life to thrive  [15]. 

Additionally, the consumption of these chemicals by aquatic organisms can lead to diseases such as cancers and 

tumours in fish and other higher organisms in the food chain. Humans consume food grains treated with pesti-

cides, which can cause various health hazards including birth defects, immune deficiencies, and respiratory dis-

eases [16]. 

 

2.6. EDCs 

The endocrine system comprises glands and organs that release, store, and transport hormones. EDCs are 

substances that disrupt the normal functioning of the endocrine system by imitating or obstructing natural hor-

mone activities, primarily affecting sexual and reproductive development in organisms. These compounds are 

predominantly used in producing pesticides, PPCPs, plasticizers, fire retardants, and various other ECs [17], [18]. 

 

3. Effects of ECs on the Environment  

The main emphasis will be on the aquatic environment as it is the most impacted. The harmful effects of 

ECs are numerous, with over 700 of them, including their byproducts and altered forms, expected to contaminate 

water sources and cause significant damage to aquatic ecosystems [19]. Aquatic organisms are highly susceptible 

to even slight changes in their surroundings. It is evident that the release of wastewater containing ECs results in 

the introduction of EDCs into water bodies. The existence of EDCs could lead to mutations in the genetic makeup 

of aquatic creatures, resulting in the ability to change one body part into another and causing genetic and repro-

ductive disorders. The harmful effects of ECs also encompass changes in the immune system, fluctuations in sex 

ratios, modifications in behaviour, and feminization among aquatic species [20]. ECs accumulate as toxins in the 

organisms' bodies through a process known as bioaccumulation, which occurs via skin absorption or ingestion. 
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Bioaccumulation typically takes place at the lower levels of food chains (producers and primary consumers) as 

they are directly exposed to ECs. The toxicity reaches a point where it becomes lethal to the organism [21]. 

The continual decline of a species could result in their extinction, causing a disruption in the ecosystem. 

Any disturbance in the aquatic ecosystem has the potential to impact the climate. Pollution of water alters im-

portant factors (such as pH, dissolved oxygen, salinity, temperature) necessary for the survival, reproduction, and 

sustainability of aquatic organisms. This can lead to the movement or death of aquatic organisms, significantly 

disturbing the food chain. The excessive discharge of ECs leading to an increase in nutrient concentration in the 

aquatic environment is known as Eutrophication [22], [23]. 

Cultural eutrophication leads to the emergence of Harmful Algal Blooms (HABs), comprising toxic or 

non-toxic algae. Non-toxic algae, when decomposed, can lead to decreased oxygen levels (Hypoxia) or complete 

lack of oxygen (Anoxia), resulting in asphyxiation. Toxic algae produce harmful toxins that can affect both 

aquatic and higher organisms as they move up the food chain. The excessive growth of these algae obstructs 

sunlight from reaching underwater plants, hindering their growth and potentially causing an imbalance in the 

ecosystem [24]. 

Phthalates and BPAs, which are found in plasticizers, lead to genetic abnormalities in amphibians and 

crustaceans, while certain molluscs experience disruptions in sperm production. The excessive nitrate runoff from 

pesticides leads to rapid plant growth in water bodies, creating stressful conditions for spawning fish that rely on 

sandy areas [25]. PPCPs disrupt the sex ratios and nesting behaviours of fish. Improper incineration of hazardous 

medical waste, such as pharmaceuticals and plastics, releases toxins like dioxins and furans, which are not only 

carcinogenic to humans but also contribute to climate change and global warming [14]. 

The use of Bisphenol A in polycarbonate plastics can lead to early puberty, diabetes, and obesity. Exposure 

to high doses of dioxin by-products, which are obtained during the production of herbicides, PCBs, and other 

chlorinated organic compounds, can result in chloracne, a severe skin disease, as well as gastrointestinal prob-

lems, amenorrhea, and pancreatitis, especially in cases of industrial exposure or food contamination [26]. 

UV filters found in PCPs like sunscreens, shampoos, and insect-repellents can lead to coral bleaching when 

they enter water bodies through wastewater discharge. This bleaching occurs when the coral reefs expel the algae 

with which they have an endosymbiotic relationship, ultimately causing the reefs to die and destroying the marine 

organisms' habitat and shelter [27]. 

The most pertinent example would be that of insecticide DDT (Dichlorodiphenyltrichloroethane). The 

poorly water-soluble pesticide DDT builds up in zooplankton (small creatures found in aquatic environments, 

especially crustaceans and fish larvae). Large fish prey on these zooplankton, and in turn, are eaten by fish-eating 

birds. The concentration of DDT in the zooplankton was approximately 0.04 parts per million (ppm), but this 

increased dramatically to 25 ppm (a 10-million-fold increase) when it reached the bodies of the fish-eating birds. 

This demonstrates how toxins accumulate at higher levels in the food chain, a phenomenon known as biomagni-

fication. Humans can be exposed to DDT by consuming large fish with a DDT concentration of 2 ppm, as well 

as through dairy products and meat. The symptoms of DDT poisoning can range from mild tremors and vomiting 

to severe seizures, depending on the concentration and duration of exposure [28]. 

In the human body, DDT is transformed into a compound called DDE, which has a significantly longer 

persistence than DDT. DDE was found in the serum of individuals, and even small amounts were detected in the 

breast milk of nursing mothers. PFCs lead to infertility and reduced lactation duration. When water is contami-

nated with nitrate from pesticides, it can cause Blue Baby Syndrome in human infants, which affects the blood's 

ability to carry oxygen. Excessive levels of fluorides in drinking water can result in dental and skeletal fluorosis, 

fluoride poisoning, thyroid disorders, reproductive issues, and neurological disorders [28]. 

The presence and harmful effects of ECs might have the potential to modify the metabolic processes of 

organisms. Biomagnification refers to the accumulation of toxic substances at higher trophic levels in an ecosys-

tem. Also called bio-amplification, these toxins are transferred to higher-level organisms that consume lower-

level organisms containing these toxins. Therefore, biomagnification is the result of long-term bioaccumulation 

[29]. 

ECs and their byproducts can be found in water bodies due to the limited effectiveness of traditional 

wastewater treatment methods in detecting and eliminating them, posing potential risks to human health. The 

origins and routes of ECs have been identified in various research, encompassing a wide range of known and 

emerging ECs with potential toxic effects [30]. Additionally, alternative approaches to addressing ECs have been 

explored considering the existing obstacles and limitations [31]. 
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4. Technologies of ECs removal 

The need for unconventional testing and the inefficiency of even advanced techniques in the removal of 

target contaminants have been considerably addressed through the development of innovative methodologies and 

the integration of cutting-edge technologies. These advancements have led to more effective detection and miti-

gation strategies, significantly improving the overall efficiency and reliability of contaminant removal processes  

[4]. 

To date, various advanced treatment systems have been investigated in the removal of ECs from 

wastewater. Advanced oxidation processes (AOPs) have been considered for their potent oxidizing doses, sub-

stantial presence of free radical compounds, and proven capability to cleanse wastewater streams containing or-

ganic ECs [32], [33], [34]. 

For instance, photocatalytic processes have been studied in the removal of organic dyes, pesticides, and 

pharmaceuticals [35], [36], [37], [38]. In addition, adsorption has been explored in the removal of ECs and showed 

promising results, where different mechanisms are presented, such as electrostatic attraction, pore filling, and 

biosorption  [39], [40], [41], [42]. 

These systems may all provide the needed and sought solutions regarding the ECs removal efficiency, but 

they all come with a drawback or more when it comes to operation. For example, non-conventional adsorbents in 

adsorption-oriented processes like cyclodextrin polymers and metal-organic frameworks can be expensive to pro-

duce, and some adsorbents may have limited reusability, leading to higher operational costs.  AOPs can generate 

harmful by-products that may require additional treatment, and techniques like ozonation require significant en-

ergy inputs, which can be costly [4]. 

In the last decades, membrane separation has been studied, and nanofiltration (NF) and reverse osmosis 

(RO) were identified as promising technologies for achieving high ECs removal where the main mechanisms 

responsible for removal are size exclusion, electrostatic repulsion, hydrophobic adsorption, and partitioning [43], 

[44]. 

Later on, membrane bioreactors (MBRs), which integrate an activated sludge process with membrane sep-

aration, offered an attractive solution for ECs removal, and an added efficiency of discharging less untreated 

micropollutants or potentially harmful by-products compared to the other methods used in EC removal such as 

AOP [45], [46]. 

Therefore, our work focuses on the MBRs capabilities in ECs removal, for their distinct advantages in 

providing a smaller footprint, enhanced removal mechanisms, consistent performance, and high-quality effluent, 

as per the previous studies that showed both effectiveness and superior performance of MBR when their opera-

tional parameters are properly addressed and adjusted [4]. 

 

5. Removal of ECs using MBRs  

MBR has become widely utilized for treating municipal and industrial wastewater in recent years. Studies 

suggest that using an MBR is feasible for eliminating ECs, such as removing anionic ECs from drinking water  

[47].. There have been positive findings regarding the effectiveness of pressure-driven MBRs, gas transfer MBRs, 

and ion exchange MBRs for EC removal. Moreover, research has shown that MBRs exhibit promising potential 

for BPA removal compared to conventional activated sludge reactors (CASR), allowing for higher volume load-

ing without compromising BPA removal efficiency [48], [49]. 

Furthermore, MBR proved to be more beneficial than traditional systems in PhACs and EDCs removal. 

The MBR effectively captured particulate matter, leading to an effluent free of suspended solids. In the case of 

highly adsorbing materials, total emissions were marginally lower in MBRs compared to conventional technol-

ogy. MBRs showed superior solids retention time in compact reactor volumes, leading to enhanced degradation 

and intensified processes [50], [51]. 

 

5.1. Different MBR configurations 

There are different configurations for the MBR system, with different applications for each type, and the 

choice of the adequate system must be considered as per the criteria of operation. First classification is based on 

the type of biological treatment included in the system, which can be aerobic or anaerobic. 

 

5.1.1. Aerobic MBR 

Aerobic MBRs are typically referred to as MBRs given that the aerobic biological treatment is more com-

monly used in this technology. In this system, microorganisms in the aerated activated sludge metabolize organic 

contaminants and ammonia in the presence of oxygen. Microorganisms play a crucial role in the removal of 
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carbon by metabolizing it in the presence of dissolved oxygen, which is essential for their growth and respiration, 

resulting in the conversion of organic carbon into carbon dioxide. The process of ammonia removal occurs via 

ammonia oxidation, commonly referred to as nitrification. This nitrification process is facilitated by microbial 

activity and takes place in aquatic environments characterized by moderate to high levels of ammonia, sufficient 

dissolved oxygen, and low levels of organic carbon [52]. 

Given that the MBR is a coupling between both activated sludge process and membrane retention process, 

different setups can be found regarding the configuration of both processes in the setup.  

 

5.1.1.1. Submerged MBR (SMBR) 

For SMBRs, the submerged configuration of the membrane where the membrane sheets are immersed 

directly in the mixed liquor, there is a reduced risk of fouling as shown in Figure. 2. Along with its ability to 

prevent the accumulation of a thick cake layer on the membrane surface, with the direct exposure of aeration, 

also SMBRs operation with shorter sludge retention times, minimizing the chances of sludge accumulation on the 

membrane, resulting in better fouling resistance [53]. 

The removal mechanisms in SMBR can be present in adsorption onto biomass, where the microorganisms 

in the activated sludge biomass adsorb ECs onto their surfaces, and such interaction contributes to EC removal 

within the bioreactor [54]. Also, through biotransformation, the microbes metabolize ECs, breaking them down 

into simpler compounds. Rejection, which is due the size exclusion by the membrane poring structure, selectively 

retains particles based on their size. And for volatile ECs, some compounds volatilize from the mixed liquor [55], 

[56]. 

 

 

Figure 2 Schematic Drawing for SMBR Setup 

 

5.1.1.2. Side-stream MBR (SSMBR) 

In SSMBR technology, the filtration modules are positioned externally to the aerobic tank as shown in 

Figure. 3, which is the basis for the term “side-stream configuration”. Like immersed or submerged configura-

tions, an aeration system is employed to both purify and provide oxygen to the microorganisms responsible for 

the degradation of organic materials. The biomass can be either directly pumped through multiple membrane 

modules arranged in series and returned to the bioreactor, or it can be directed to a collection of modules, where 

a secondary pump circulates the biomass through the modules in a series configuration [57]. Membrane cleaning 

and soaking can be performed in situ, utilizing an integrated cleaning tank, pump, and associated piping. The 

resultant product quality is sufficiently high to allow for its reuse in various process applications, attributable to 

the effective filtration capabilities of the micro- and ultrafiltration membranes [58]. 
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Figure 3 Schematic Drawing for SSMBR Setup 

 

The external or side stream configuration is typically employed in applications that are smaller in scale. A 

significant benefit of this configuration is the ability to independently design and size both the tank and the mem-

brane, which offers practical advantages for the operation and maintenance of the system [6]. Like other mem-

brane processes, it is essential to create shear over the membrane surface to mitigate or prevent fouling. The 

external/side stream configuration achieves this shear through a pumping mechanism, whereas the internal or 

submerged configuration relies on aeration within the bioreactor to generate shear [59]. 

 

5.1.2. Anaerobic MBR (AnMBR) 

AnMBR represents a cutting-edge approach to wastewater treatment, combining anaerobic biological pro-

cesses with membrane filtration technology. This system performs multiple roles, including the thickening of 

sludge, interception of sludge, and removal of pollutants [60]. By utilizing membrane technology to retain pollu-

tants, AnMBR successfully preserves both the concentration and activity of sludge within the anaerobic bioreac-

tor. This mechanism prolongs the retention time of organic pollutants, thereby enhancing the eff iciency of their 

degradation [61]. 

As shown in Figure. 4, the AnMBRs can also be configured same as the MBRs to submerged configuration 

or side stream, depending on the placement of the membrane sheets inside or outside the enclosed vessel in which 

the biological process takes place. 

 

 

Figure 4: Schematic Drawing for Different Configurations on AnMBR 
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Although AnMBR exhibits notable effectiveness in treatment and produces high-quality effluent, the chal-

lenge of membrane fouling frequently leads to a considerable decline in membrane flux, which undermines sys-

tem stability and hinders its broader implementation [62], [63]. 

Several methods are taken into consideration for mitigating membrane fouling in AnMBR such as the 

addition of flocculants, continuous stirring inside the reactor, vibration to membrane and mechanical scouring 

[64]. 

 

5.2. Membranes used in MBR 

The choice of membrane material and configuration significantly impacts the performance and efficiency 

of MBR systems, as per their effects on the treatment process regarding adsorption and size exclusion, and per-

formance traits such as durability and fouling [53]. 

 

5.2.1. Membrane materials 

Used materials in membrane strongly affects the removal efficiency and fouling properties of the MBR, 

as per the properties influenced by the membrane materials such as surface charge, pore sizing, surface roughness 

and hydrophilicity. Careful study of the used membrane materials as per the required application can positively 

impact the effectiveness of the whole process [59]. 

 

5.2.1.1. Polymeric membranes 

Polymeric membranes are commonly used due to their flexibility, cost-effectiveness, and ease of fabrica-

tion. Examples include polyvinylidene fluoride (PVDF), polyethersulfone (PES), and polyethylene (PE). How-

ever, they are more prone to fouling, which can reduce permeability and increase maintenance costs . While cost-

effective, they can degrade under harsh chemical conditions, high temperatures or break at high presures, limiting 

their use in certain industrial applications [60]. 

 

5.2.1.2. Ceramic membranes 

Ceramic membranes are known for their high chemical and thermal stability, mechanical strength, and 

long lifespan. Materials include alumina (Al2O3), zirconia (ZrO2), and silicon carbide (SiC). They offer higher 

resistance to fouling due to their smoother surfaces and higher chemical stability , but it comes with a price of 

high initial cost, and the brittleness of the membrane requires careful handling [61]. 

 

5.2.2. Membrane configurations 

The choice of membrane configuration in MBR systems depends on the specific requirements of the 

wastewater treatment application. Different configurations offer variable distinctions when it comes to cost-ef-

fective, space-constrains, maintenance, performance consistency, durability and fouling resistance. 

 

5.2.2.1. Hollow fiber (HF) membranes 

HF membranes consist of bundles of hollow fibers, providing a high surface area-to-volume ratio. They 

offer a large surface area for filtration, enhancing treatment capacity, and a compact design suitable for installa-

tions with space constraints due to their compact nature. They are generally more cost-effective in terms of ma-

terial and installation, but are more prone to fouling, especially at high flux rates, which can reduce permeability 

and increase maintenance needs [65]. 

 

5.2.2.2. Flat sheet (FS) membranes 

FS membranes comprise of flat membrane sheets, and they are often used in submerged MBR systems. 

They are easier to clean and maintain, reducing downtime and operational costs and offer higher mechanical 

strength compared to hollow fiber membranes, reducing the risk of damage. However, they offer a lower surface 

area-to-volume ratio compared to hollow fiber membranes, potentially requiring more space for the same treat-

ment capacity, and are generally more expensive than hollow fiber membranes [66]. 

 

5.2.2.3. Tubular membranes 

Tubular membranes are ideal for high-viscosity wastewater and applications requiring high mechanical 

strength, with their high durability and resistance to mechanical damage, making them suitable for harsh operating 
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conditions. They have lower fouling rates due to the ability to handle higher crossflow velocities, which helps in 

scouring the membrane surface. Their disadvantages lie in higher energy consumption where they require higher 

energy inputs for operation due to the need for higher crossflow velocities, leading to higher initial and operational 

costs compared to hollow fiber and flat sheet membranes [67]. 

 

5.3. Main MBR operational parameters 

The careful study of the operational parameters in MBR systems is critical for attaining high treatment 

efficiency, minimizing operational costs, and ensuring the long-term sustainability of the system, where carefully 

understanding and adjusting these parameters can significantly enhance the performance and reliability of MBRs 

in ECs removal [68]. 

 

5.3.1. Flux 

Flux is the rate at which water passes through the membrane surface. The unit of permeate flux is L. m ֿ ² 

.h ֿ ¹, it is indicated by J and is given by the following equation in Equation 1:[69] 

J=
Permeate Flow Rate

Area of Membrane
  (1) 

The permeate flux is associated with the trans-membrane pressure, which can be characterized as the driv-

ing force that facilitates the movement of water across the membrane. Flux can also be considered to affect the 

filtration effectiveness and fouling prevention. In other terms, flux changes can be attributed to fouling activity 

of the membrane, given that fouling contributes to blockage of membrane pores [59]. 

To properly study the effect of flux on MBR performance, membrane flux must be recorded, decline over 

time and recovery, along with other operational parameters of the membrane, to determine the behaviour of mem-

brane fouling, and the ability of the membrane to recover its permeability either by backwash, transmembrane 

pressure adjustments, or other means. Generally, MBR operates at fluxes between 10 to 150 L. m  ֿ ² .h  ֿ ¹, which 

varies based on membrane type, feedwater quality, and system configuration. The layout and the design of the 

MBR system plays a critical role in determining the proper flux rates, along with its effect on other parameters 

such as rejection and hydraulic retention time [70], [71].  

 

5.3.2. Flux recovery 

Membrane flux recovery is defined as the procedure aimed at reinstating the permeate flux of a membrane 

that has diminished because of fouling. This fouling occurs when particles, microorganisms, or various substances 

build up on the membrane's surface or infiltrate its pores, consequently resulting in a reduction of the membrane's 

permeability [53]. Ensuring a high rate of flux recovery is essential for the economic viability and operational 

effectiveness of membrane systems. This procedure contributes to extending the lifespan of the membranes and 

minimizing operational expenses [72]. 

Flux recovery as a value is the percentage of the original membrane flux that is restored after cleaning 

procedures are applied. Flux recovery is typically expressed by equation (2):  

Flux Recovery % = 
Initial flux

Flux after cleaning
𝑥100  (2) 

Flux Recovery is affected by many factors, such as the type of fouling (Organic, inorganic, and biological), 

membrane material where different materials react in different ways to cleaning agents and methods, and cleaning 

protocol where the duration, concentration of cleaning agents, and temperature can impact the success of flux 

recovery [53]. 

In MBR systems, flux recovery values were found to reach up to 32% with hydraulic cleaning methods 

such as backwashing. With mechanical cleaning (cleaning inside or outside the system), flux recovery can reach 

values of 89%. In submerged MBR systems, increasing aeration intensity can improve flux recovery by 56% [59]. 

There is also research dedicated to fouling mitigation in membranes for MBR systems, where flux recovery rates 

reach a full 100%. These values may fluctuate based on the conditions and cleaning protocols implemented. It is 

essential to adopt effective cleaning strategies to sustain high flux recovery and to guarantee the membrane's 

long-term functionality [73]. 

 

5.3.3. Transmembrane pressure (TMP) 

TMP serves as a vital parameter that significantly affects the operational performance and efficiency of 

membrane systems. TMP is defined as the pressure differential between the feed side and the permeate side of 
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the membrane. In MBRs, TMP can fluctuate based on various factors, including the membrane type, characteris-

tics of the feed water, and the specific operational conditions in place [74].  

Under typical operating circumstances, TMP values generally fall within the range of 0.1 to 0.5 bar (10 to 

50 kPa or 1.45 to 7.25 psi). When membranes are in a clean and new state, TMP values tend to be lower, typically 

between 0.1 and 0.2 bar (10 to 20 kPa or 1.45 to 2.9 psi). However, as fouling develops, TMP values may rise. 

Operators often establish a maximum TMP limit (for instance, between 0.5 and 1.0 bar or 50 to 100 kPa) to 

initiate cleaning protocols. In instances of significant fouling or elevated solids concentration in the feed water, 

TMP may surpass 1.0 bar (100 kPa or 14.5 psi), which requires more frequent cleaning interventions [53], [75], 

[76]. 

It is essential to maintain TMP within an optimal range to ensure the effective operation of MBRs and to 

mitigate the risks of excessive fouling and potential membrane damage. Consistent monitoring and maintenance 

practices are critical for the effective management of TMP [77]. 

 

5.3.4. Membrane aeration rate  

The aeration rate serves as a vital parameter in aerobic MBRs, exerting a significant influence on the 

system's overall performance, especially regarding the management of membrane fouling in SMBR systems, ox-

ygen transfer efficiency, and total energy usage. Aeration plays a key role in cleaning the membrane surface, 

thereby minimizing the buildup of foulants. While elevated aeration rates can enhance fouling management, they 

may also lead to increased operational expenses, as aeration represents one of the primary energy-intensive oper-

ations within MBRs. Therefore, optimizing the aeration rate is essential to achieve a balance between effective 

fouling control and energy efficiency. Proper aeration is essential to provide adequate oxygen for microbial pro-

cesses, which are critical for the biodegradation of ECs present in the influent. Inadequate aeration can result in 

suboptimal treatment outcomes  [53], [78]. 

Aeration rates of approximately 0.15 m³/h have demonstrated effectiveness in particular applications, no-

tably in the treatment of dye wastewater, where they achieve significant removal efficiencies for chemical oxygen 

demand (COD), ammonium, nitrogen, and color. Typically, aeration rates ranging from 0.8 to 1.2 m³ of air per 

square meter of membrane area per hour are employed to optimize the control of membrane fouling and to pre-

serve favourable sludge properties [79], [80]. However, when aeration rates exceed 1.2 m³ of air per square meter 

of membrane area per hour, there is potential for enhanced fouling control, although at the cost of increased 

energy consumption and possible adverse effects on biomass characteristics. Rates reaching up to 10 m³ were 

found to be used where minimum fouling occurred to membrane and consistent flux rate was attained [81]. 

In the context of aeration optimization strategies, the Specific Aeration Demand for membrane scouring 

(SADm) serves as a crucial metric for assessing energy efficiency. A reduction in SADm values signifies the 

implementation of more effective aeration methods [69]. The adoption of intermittent aeration has the potential 

to lower energy usage while still ensuring proper fouling management. Additionally, employing techniques such 

as fine bubble aeration or diffusers can enhance oxygen transfer efficiency and decrease  energy expenditures. 

Also measuring the dissolved oxygen (DO) in the bioreactor and maintaining it at required values for biodegra-

dation can be a governing factor in optimizing the aeration rates. It is vital to optimize the aeration rate to strike 

a balance between effective control of membrane fouling, sufficient oxygen delivery, and energy efficiency within 

MBR systems [82], [83]. 

 

5.3.5. Crossflow velocity (CFV) 

CFV serves as a critical parameter in MBRs, significantly affecting the hydrodynamic environment at the 

membrane interface. By generating a shear force, CFV plays a vital role in minimizing fouling and concentration 

polarization, thereby preventing the accumulation of particles on the membrane surface. In certain configurations, 

such as AnMBR and SSMBR, CFV is predominantly relied upon for controlling fouling, as aeration does not 

substantially contribute to fouling reduction in these systems [84], [85]. 

CFV as a value is the linear velocity of the flow tangential to the membrane surface. It is calculated by 

equation (3): [69] 

CFV = 
Volumetric Flow Rate

Cross Sectional Area of Flow
 (3) 

Higher CFV contributes to the mitigation of membrane fouling by augmenting shear forces that inhibit the 

accumulation of particles on the membrane surface. By sustaining an optimal CFV, one can enhance membrane 

flux and permeability through the reduction of fouling layer development. Although increased CFV can improve 

fouling management, it simultaneously leads to higher energy consumption. Consequently, the optimization of 

CFV is essential for achieving a balance between operational performance and energy efficiency [84], [85]. 
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Typical Values of CFV can have a lower range of around 0.1 to 0.2 m/s, when used in systems with lower 

fouling tendencies. Moderate CFV between 0.2 to 0.5 m/s are commonly used in many MBR applications to 

balance fouling control and energy use. High CFV above 0.5 m/s can be reached when used in high-fouling 

conditions but with higher energy costs. In SSMBR configurations, high CFVs are often used to reduce fouling. 

Typical CFV values can range from 1 to 3 m/s. This high velocity helps in maintaining a lower  fouling tendency 

but requires significant energy input [86], [87]. In AnMBRs, high shear operation is achieved through high CFV, 

which can promote higher fluxes. CFV values in these systems can be around 0.5 to 1.5 m/s, depending on the 

specific application and wastewater characteristics [88]. 

Understanding and optimizing CFV is essential for the efficient operation of MBR systems, particularly 

in applications where fouling is a significant concern. Optimization strategies will always be required for adjust-

ing flow rates to achieve the desired CFV without excessive energy consumption. Also designing flow channels 

to optimize CFV and enhance shear forces should be studied. An energy efficient solution could be using inter-

mittent high CFV to periodically clean the membrane surface while maintaining lower CFV during regular oper-

ation to save energy [87]. 

 

5.3.6. Hydraulic retention time (HRT) 

HRT is the average time that wastewater remains in the bioreactor. It is calculated as the ratio of the reactor 

volume (V) to the influent flow rate (Q) as shown in equation (4): 

HRT=V/Q (4) 

(V) is the volume of the bioreactor (in cubic meters) and (Q) is the flow rate of the influent (in cubic meters 

per hour) [69]. 

Adequate HRT ensures sufficient contact time between the wastewater and the microorganisms, allowing 

for effective biodegradation of organic pollutants and ECs. Furthermore, proper HRT helps in maintaining stable 

microbial populations and consistent treatment performance and impacts the removal efficiency of nutrients like 

nitrogen and phosphorus, which require specific retention times for complete biochemical reactions [5]. 

Modifying the influent flow rate to achieve the desired HRT is required for optimizing treatment effi-

ciency. Another parameter for HRT optimization is designing bioreactors with appropriate volumes and dimen-

sions to match the expected influent flow rates and treatment requirements. Regular monitoring of HRT and 

adjusting operational parameters is required to maintain optimal performance [59]. 

HRT values in MBR systems typically range from 3 to 10 hours. For municipal wastewater, HRT values 

are often between 4 to 8 hours to ensure effective removal of organic matter and nutrients , where for industrial 

wastewater, it depends on the complexity and concentration of pollutants, and HRT can vary widely, often re-

quiring longer retention times. Table 2 shows different research in optimum HRT based in the used configuration 

and target pollutants. 

 

5.3.7. Solids retention time (SRT) 

SRT is the average time that biomass (sludge) remains in the bioreactor. It is calculated as the ratio of the 

mass of solids in the reactor to the mass of solids removed per day as per equation (5). 

SRT = 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑝𝑒𝑟 𝑑𝑎𝑦
   also expressed as SRT = 

V .X

Qw⋅Xw
 (5) 

(V) is the reactor volume, (X) is the mixed liquor suspended solids (MLSS) concentration, (Qw) is the 

waste sludge flow rate, and (Xw) is the concentration of solids in the waste sludge [89]. 

The importance of optimizing SRT can be found in many aspects. For microbial population control, SRT 

determines the composition and concentration of the microbial population in the bioreactor. Longer SRTs allow 

for the growth of slower-growing microorganisms, which are essential for processes like nitrification and deni-

trification [89]. Also, when it comes to sludge production study, higher SRTs generally result in lower sludge 

production, as more biomass is retained and degraded within the system. As for nutrient removal, effective nutri-

ent removal, particularly nitrogen and phosphorus, often requires longer SRTs to ensure complete biochemical 

reactions. Furthermore, maintaining an optimal SRT helps in achieving stable and efficient system performance, 

reducing the risk of process upsets [90]. 

The impact of SRT on the performance of the MBR is contribution to membrane fouling, where longer 

SRTs can lead to higher concentrations of extracellular polymeric substances (EPS) and soluble microbial prod-

ucts (SMP), which contribute to fouling [91]. As for biomass characteristics, SRT influences the characteristics 

of the biomass, including particle size distribution, viscosity, and zeta potential, all of which affect membrane 
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filtration resistance. Optimal SRT enhances the removal efficiency of organic pollutants and nutrients, leading to 

better effluent quality [92], [93]. 

 

Table 2: HRT and SRT Values from Various Studies 

Configuration Target Pollutant(s) HRT (hours) SRT (days) Ref. 

Submerged forward os-

motic MBR  

Carbamazepine  Ranged from 25h to 150h 

during an 80 day operation 

30d [97] 

Single Species SMBR Malathion [(Diethyl 2-dimethoxyphos-

phinothioyl) sulfanyl] butanedioate 

72h based on the flask study 

experiments where the com-

plete degradation of mala-

thion was achieved by the mi-

croorganism. 

No discharge condi-

tion was set for the 

sludge during the op-

eration 

[98] 

SMBR with hollow fiber 

polyvinylidene fluoride 

(PVDF) microfiltration 

membrane 

Acetaminophen, 17β-estradiol, 

Naproxen, Diclofenac sodium, and Car-

bamazepine 

6h - [99] 

SMBR with Al2O3-based 

flat-sheet ceramic mem-

brane 

Carbamazepine  Ranges from 12 to 24h were 

studied, optimum value was 

found to be 24h  

Ranges from 5 to 15d 

were studied, opti-

mum value was found 

to be 5d 

[100] 

SMBR with hollow fiber 

membrane 

Hospital Wastewater containing Ibu-

profen, Hydroxy-ibuprofen, Diclofenac, 

Hydroxy diclofenac, Acebutolol, Es-

trone, Sulfamethoxazole, Clarithromycin, 

Desvenlafaxine, Caffeine, Carbamaze-

pine 

18h 100d [101] 

SMBR with hollow fiber 

membrane 

Di 2-ethyl hexyl phthalate (DEHP) Ranges from 4 to 8h were 

studied, optimum value was 

found to be 4h 

140d [14] 

SMBR integrating sponge-

plastic biocarriers  

Sulfonamide antibiotics (sulfadiazine and 

sulfamethoxazole) 

12h 45d [102] 

MBR Coupled with Ozona-

tion 

Azithromycin, Trimethoprim, Diclo-

fenac, Naproxen, Levonorgestrel, 

Medroxyprogesterone 

12h - [103] 

Two Step Anoxic – Aero-

bic MBR 

Amoxicillin, Acetaminophen, Triclosan, 

Atrazine, Estrone 

Ranges from 4 to 20h were 

studied, optimum value was 

found to be 12h 

- [104] 

SMBR with polyacryloni-

trile membrane 

PCPs (Triclosan, Methylparaben, 

Ethylparaben, Propylparaben, Butylpara-

ben, 2-Phenoxyethanol, Galaxolide, 

Musk Ketone, Ethylhexy, Methox-

ycinnamate) 

Ranges from 8 to 24h were 

studied, optimum value was 

found to be 16h 

No sludge discharged 

from reactor during 

the operating experi-

ment 

[70] 

SMBR with polyethersul-

fone hollow fiber mem-

brane 

Acetaminophen, Ketoprofen, Naproxen, 

Roxithromycin, Sulfamethoxazole, Tri-

methoprim 

9h and 13h periods were stud-

ied, 13h was more effective 

15 and 30d periods 

were studied, 30d was 

more effective 

[105] 

Anaerobic osmotic MBR 17α-ethinylestradiol, betamethasone, fen-

ofibrate, fluconazole, ketoprofen, lorata-

dine and prednisone 

240h 45d [106] 

SMBR with hollow fiber 

membrane 

Diclofenac, sulfamethoxazole, trime-

thoprim, carbamazepine, tramadol, 

naproxen, propranolol, ibuprofen, triclo-

san, gemfibrozil  

6h Zero Sludge Waste, 

15d, and 30d, 30d and 

zero waste was opti-

mum 

[107] 

 

Different periods of SRT from previous studies can be seen in Table. 2. SRT period should be decided 

based on the type of wastewater, required operational aspects, and impact on other parameters, where the period 

must ensure effective organic matter and nutrient removal and can extend to longer periods to handle specific 

contaminants depending on the complexity of the wastewater. SRT values can be typically low around 5 to 10 

days, often used in systems where rapid biomass turnover is desired. Moderate SRT values between 10 to 30 days 

are commonly used in municipal wastewater treatment to balance sludge production and nutrient removal.  Longer 

SRT values exceeding 30 days are used in applications requiring extensive nutrient removal and lower sludge 

production [92], [94]. 
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Optimization strategies must be studied in operation of MBR to properly tweak the required SRT value. 

Adjusting waste sludge flow rate can achieve the desired SRT without compromising treatment efficiency, and 

regular monitoring of MLSS and other biomass characteristics is needed to maintain optimal SRT. Appropriate 

SRT management would balance between minimizing membrane fouling and maximizing treatment efficiency 

[95], [96]. 

 

5.3.8. Cleaning cycle and protocols 

The process of membrane cleaning plays a crucial role in mitigating and managing membrane fouling, 

lowering TMP, and rejuvenating membrane flux. In the context of MBR operations, the techniques employed for 

contaminant removal can be categorized into two main types: physical cleaning, and chemical cleaning. However, 

achieving optimal cleaning outcomes through a singular approach is often challenging in practical applications. 

Typically, an effective cleaning strategy involves the integration of multiple methods. To ensure sustained mem-

brane performance, regular cleaning is imperative. The specific cleaning protocols may differ depending on the 

design of the system and the characteristics of fouling [53]. 

 

5.3.8.1. Physical cleaning 

Physical cleaning primarily targets the removal of reversible contaminants from both the surface and pores 

of membranes. The predominant techniques employed in this process include aeration, backwashing (utilizing 

either air or filtrate), ultrasonication, sponge scrubbing, and water washing. This approach enables MBRs to 

maintain a relatively stable flux while minimizing the risk of secondary contamination; however, it necessitates 

frequent cleaning, which can lead to increased operational costs. Among these methods, aeration is the most 

utilized cleaning technique in aerobic SMBRs. It leverages the crossflow generated by rising air to mitigate par-

ticle deposition on the membrane surface and to dislodge surface pollutants, thereby alleviating membrane foul-

ing. The combination of intermittent operation with aeration can further improve the dispersion of contaminants 

adhering to the membrane and effectively retard membrane fouling [108]. 

For physical cleaning by backwashing, backflushing is performed for 30 to 60 seconds. This can occur 

every 10 minutes during an operation involving reversing the flow through the membrane to dislodge and remove 

fouling particles [83]. 

Relaxation is also a physical cleaning method where the filtration is stopped temporarily while air scouring 

continues to help dislodge particulate matter from the membrane surface. Relaxation periods can last for a couple 

of minutes, often integrated into the operational cycle, occurring every 10 to 20 minutes [100], [109]. 

Another physical cleaning method is ultrasonic irradiation which serves as an effective method for cleaning 

fouled membranes by inducing significant physical action, such as microjets, micro streams, and shock waves. 

These procedures facilitate the detachment of particles from the fouled membrane at the heterogeneous liquid-

solid interface [110]. Additionally, the generation of active hydroxyl radicals during ultrasonic irradiation plays 

a crucial role in targeting and degrading the adsorbed foulants, thereby aiding in the control of membrane fouling. 

The ultrasonic cleaning approach can also be enhanced by integrating it with other cleaning techniques, such as 

chemical cleaning and backwashing, to further increase cleaning efficiency [111]. 

 

5.3.8.2. Chemical cleaning 

Chemical cleaning becomes necessary when physical cleaning fails to adequately address membrane foul-

ing issues. When undertaking chemical cleaning, four critical factors must be considered: the type of the cleaning 

agent, its concentration, the duration of contact, and the mechanical strength of the membrane [112]. 

Common chemical agents employed in this process include alkaline cleaning agents, acidic cleaning 

agents, oxidizing agents, and surfactants such as ethylenediaminetetraacetic acid (EDTA) and ammonium hydro-

gen fluoride. Alkaline cleaning agents are particularly effective in eliminating organic materials and biological 

contaminants [113]. The cleaning procedure involves several steps: first, water is introduced into the cleaning 

tank and heated using steam. The cleaning pump is then activated, and the cleaning agent is gradually added, 

ensuring complete dissolution. The first section of the membrane is cleaned, followed by the second section, with 

dynamic circulation maintained for 40 minutes, followed by a 50-minute soaking period. If the pH decreases by 

0.5, sodium hydroxide is added to maintain the pH within the range of 10 to 11. Once the pH stabilizes, water 

rinsing is performed until the effluent pH reaches 6 to 7, indicating the completion of the washing process [114]. 

Acidic cleaning agents are effective against mineral and inorganic fouling. The acid cleaning procedure 

mirrors that of alkaline cleaning, with water heated in the cleaning tank, followed by the gradual addition of 

hydrochloric acid while maintaining a pH of 2 to 3. Cleaning occurs in sections, with each section undergoing 40 

minutes of dynamic circulation followed by 40 minutes of immersion. Once the pH ceases to rise, water rinsing 
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is initiated, concluding when the effluent pH reaches 6 to 7. Hydrochloric acid is particularly adept at removing 

hydrophobic organic compounds, while sodium hydroxide is more effective against organic pollutants. The syn-

ergistic use of both agents can enhance the removal of surface contaminants on the membrane, although their 

efficacy in eliminating pollutants within the membrane pores is limited [115], [116]. 

Oxidizing cleaning agents serve to enhance the hydrophilicity of organic polymer contaminants, effec-

tively dislodging adherent materials from the membrane's pores. A surfactant enhances the interaction between 

the cleaning agent and contaminants, thereby increasing the efficacy of the cleaning process. Additionally, it has 

the capability to disrupt bacterial cell walls and mitigate the effects of biofilm-related foulants. Chemical cleaning 

methods can be applied in both on-line and off-line scenarios, significantly restoring membrane flux; however, 

the resultant cleaning waste may occasionally lead to secondary fouling issues [117]. 

Chemically enhanced backwash (CEB) represents a novel approach that integrates physical backwashing 

with chemical cleaning techniques, demonstrating significant efficacy in restoring membrane permeability. This 

method is particularly effective in eliminating both organic and inorganic foulants from the membrane's surface 

and pores, addressing limitations often encountered with conventional physical cleaning methods. Regular im-

plementation of CEB contributes to the stabilization of TMP and the maintenance of elevated permeate flux, 

thereby ensuring reliable system performance [118]. By proficiently managing fouling, CEB can extend the op-

erational lifespan of membrane modules. Common oxidants utilized in this process include sodium hypochlorite 

(NaClO), which is particularly effective against organic contaminants. Additionally, acids and bases such as citric 

acid and sodium hydroxide (NaOH) are frequently employed to target inorganic fouling and biofilms. Typically, 

CEB is conducted two to three times weekly, with each cycle lasting between 30 to 60 minutes  [118], [119]. 

 

6. MBR performance in ECS removal 

The basics of MBR performance in ECs removal is combining a suspended growth biological reactor with 

solid removal and filtration. MBRs consistently produce high-quality effluent with low concentrations of bacteria, 

total suspended solids (TSS), biochemical oxygen demand (BOD), and phosphorus. As for EC’s, Table. 3 shows 

different research regarding the degree of removal obtained using MBR. 

 

7. ECs main removal mechanism in MBR 

MBRs leverage a combination of removal mechanisms to achieve high-quality effluent and high EC’s re-

tention. Understanding these removal mechanisms is essential in order to integrate an MBR system that would 

successfully provide the required outcomes based on the wastewater characteristics and operational conditions [5]. 

 

7.1. Biodegradation 

Microorganisms in the MBR play a crucial role in the degradation of pollutants. They metabolize organic 

materials, nitrogenous substances, and various other contaminants found in wastewater. This process of biodeg-

radation resembles that of traditional activated sludge systems, yet it is enhanced by the incorporation of mem-

brane separation technology. And due to the organic nature of the ECs, biodegradation can play a major role in 

their removal. However, a lot of considerations must be dealt with to ensure maximizing the efficiency of the 

biodegradation share [129]. 

In removal of ECs using anaerobic fluidized MBR, biodegradation contributed to removal of more than 

80% of benzothiazole, benzotriazole, 17α-ethinylestradiol, 17β-estradiol, Amoxicillin and Diclofenac. The mi-

crobial communities involved in biodegradation are composed of various groups, including fermentative bacteria, 

methanogens, and bacteria that reduce sulfate, iron, and nitrate. The diversity of degradation pathways affects the 

overall removal efficiencies [128], [130]. 

Studying the biological parameters along with the operational parameters of the MBR is crucial for a 

successful system, like identifying the microbial communities and the effect of the water toxicity on their popu-

lations and also deciding on the MBR setup most fit for the required biological interaction. As for the operational 

parameters, optimizing the HRT, flux rate, SRT, cleaning and aeration can have a great impact on the biodegra-

dation efficiency [70], [131]. 

7.2. Sorption 

Sorption refers to the adsorption of pollutants onto the biomass (microorganisms) or the membrane surface. 

As water flows through the MBR, contaminants can adhere to the microbial flocs or directly onto the membrane 

material. This dual sorption mechanism contributes to overall removal efficiency. If a compound has a strong 

affinity for binding to solid particles (like the biomass in MBRs), it tends to get adsorbed onto those particles  

[132]. 
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Table 3: Removal ratios of different ECs by MBR 

Target Pollutant  Removal  Notes Ref. 

Ibuprofen 

Diclofenac  

Ketoprofen 

Naproxen 

95% 

50% 

95% 

95% 

Diclofenac accumulation in activated of MBR working with high SRT and 

HRT lead to low removal ratio 

[120] 

Sulfadiazine 

Sulfamethoxazole 

91% 

88% 

Aerobic SMBR integrating sponge-plastic biocarriers showed better re-

moval ratios than conventional SMBR 

[102] 

Trimethoprim 

Sulfamethoxazole 

88% 

96% 

Rice straw was added as biological carrier and denitrification carbon 

source, nitrification co-metabolism highly contributed to two antibiotics 

degradation 

[121] 

Di 2-ethyl hexyl phthalate 98% High SRT used demonstrated substantial effect on the removal. [14] 

Caffeine 88% Efficiently methanogenic digestion has been achieved by the AnMBR, 

even at a relatively short HRT of 5d 

[122] 

Carbamazepine 95% Oxidation, hydroxylation, and decarboxylation 

were defined as the primary carbamazepine degradation mechanism 

[97] 

Amoxicillin 84% Adsorption and biodegradation represented the largest removed fraction of 

amoxicillin 

[123] 

17β-estradiol 

Testosterone 

95% 

100% 

Size exclusion was dominant, especially with NF and RO membranes [124] 

Caffeine  

Triclosan Carbamazepine 

94% 

90% 

36% 

Carbamazepine being a recalcitrant compound had a low removal ratio [125] 

Triclosan 

Methylparaben 

Ethylparaben  

Propylparaben 

Butylparaben 

2-Phenoxyethanol 

Galaxolide, 

Musk Ketone 

Ethylhexy- Methoxycinnamate 

98% 

99% 

64% 

100% 

75% 

100% 

91% 

90% 

99% 

HRT had a major effect on the removal ratio, 16h was found to be the op-

timum HRT period 

[70] 

methyl orange 100% Demethylation and desulfonation were the mechanism of methyle orange 

degradation in anaerobic baffled MBR 

[126] 

Atrazine  96% Microorganisms isolated from activated sludge of a pilot scale MBR plant 

were optimized to enhance the biodegradation efficiency of atrazine 

[127] 

Naproxen, diclofenac, azithro-

mycin, trimethoprim, levonorg-

estrel, medroxyprogesterone 

100% Combining MBR with ozonation could significantly enhance the removal 

of pharmaceuticals, system optimization was done using Response Sur-

face Methodology (RSM) 

[103] 

benzothiazole  

benzotriazole 

100% 

97% 

The removal due to biotransformation was 88% for benzothiazole and 

84% for benzotriazole, the remaining removal percentage was attributed to 

be retained by the membrane. 

[128] 

 

MBRs operating with longer SRTs and higher biomass concentrations contributes to better ECs removal. 

The MBR membrane acts as an effective barrier. Many ECs can adsorb onto the membrane surface, forming a 

“cake layer.” This layer can potentially prevent the escape of extracellular enzymes and soluble oxidants, creating 

a more active biological mixture capable of degrading a wider range of carbon sources [133]. 

Research into the elimination of prevalent quinolone antibiotics from wastewater was conducted using 

MBR, where sorption of these antibiotics onto the sludge was the primary removal mechanism, reaching up to 

78% removal percentage, followed by their biodegradation in the solid mass. ECs which are not readily biode-

gradable will require more focus on sorption removal mechanisms [134]. 

 

7.3. Size exclusion 

MBR membranes have pores of varying sizes. When wastewater passes through these membranes, larger 

particles (including some ECs) are physically blocked by the membrane pores. Essentially, it’s like a sieve that 

selectively allows smaller molecules to pass through while retaining larger ones. Steric hindrance occurs when 

molecules are too large to fit through the membrane pores due to their shape or spatial arrangement. Even if a 

contaminant is small enough based on its molecular weight, steric effects can prevent its passage through the 

membrane [135]. Membranes can also interact with charged contaminants through electrostatic forces. Positively 

or negatively charged ECs may be repelled or attracted by the membrane surface, affecting their removal  [136]. 
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For Reverse Osmosis (RO) and Nanofiltration (NF), these high-pressure membrane processes exhibit ex-

cellent removal rates for ECs. For compounds like estrone and testosterone, removal rates often exceed 95%. 

Ultrafiltration (UF): UF membranes operate at lower pressures and primarily rely on size exclusion. They effec-

tively remove larger ECs and suspended solids. While they may not achieve the same high removal rates as RO 

or NF, they still contribute significantly to overall removal [137]. 

 

8. Conclusion 

There is a critical need for effective removal of ECs from wastewater to mitigate environmental and public 

health risks. The diverse range of ECs are present in wastewater, such as PPCPs, and pesticides, each requiring 

tailored removal approaches.  MBRs are identified as a promising technology for EC removal, offering high-

quality effluent and efficient removal rates.   

The significance of optimizing the operational parameters for the MBR system is crucial given that it 

affects the performance of the system in ECs removal, fouling behaviour of the membrane, and the energy con-

sumption of the system. All MBR aspects are generally impacted by each other, changes in any parameter wi ll 

most probably influence other parameters, fouling of the membrane, and ultimately the membrane performance. 

Therefore, it is important to carefully optimize and select the adequate values for the MBR operation. 

Also, understanding the wastewater quality including the ECs of which their removal is required, along 

with the required effluent quality, is required for choosing the optimum MBR configuration, whether the required 

treatment would be aerobic, anaerobic, or a mix of both systems, and proper study of the removal mechanisms of 

the target pollutants would substantially help in targeting the areas of the system that requires focus or enhance-

ments. 

Most importantly, behaviour of an MBR system is impacted by the type of pollutants that requires removal. 

Different classes of ECs exhibit different requirements from MBR for optimization. It’s essential to thoroughly 

study the system in hand when tackling the efficiency of MBR removal for certain pollutant, the removal mech-

anisms involved and their contribution, and the required operational parameters for efficient removal. 

 

9. Conflicts of interest 

There are no conflicts to declare. 

 

10. Funding sources 

The authors have not received any funding concerning this article. 

 

11. References 

[1] M. Varsha, P. Senthil Kumar, and B. Senthil Rathi, “A review on recent trends in the removal of emerging contaminants 

from aquatic environment using low-cost adsorbents,” Chemosphere, vol. 287, Jan. 2022, doi: 10.1016/j.chemo-

sphere.2021.132270. 

[2] T. L. Rocha, L. M. Félix, and D. Farias, “Ecotoxicological Effects of Emerging Contaminants on Aquatic Species,” 

Toxics 2024, Vol. 12, Page 567, vol. 12, no. 8, p. 567, Aug. 2024, doi: 10.3390/TOXICS12080567. 

[3] K. Srikanth, K. Sukesh, A. R. Rao, G. Pavan, G. A. Ravishankar, and R. R. Ambati, “Emerging Contaminants Effect on 

Aquatic Ecosystem: Human Health Risks,” Agric Res Technol, vol. 19, no. 4, pp. 1–6, Jan. 2019, doi: 

10.19080/ARTOAJ.2019.19.556104. 

[4] N. Morin-Crini et al., “Removal of emerging contaminants from wastewater using advanced treatments. A review,” En-

vironmental Chemistry Letters 2022 20:2, vol. 20, no. 2, pp. 1333–1375, Jan. 2022, doi: 10.1007/S10311-021-01379-5. 

[5] A. Sengupta, M. Jebur, M. Kamaz, and S. R. Wickramasinghe, “Removal of Emerging Contaminants from Wastewater 

Streams Using Membrane Bioreactors: A Review,” Membranes (Basel), vol. 12, no. 1, p. 60, Dec. 2021, doi: 

10.3390/membranes12010060. 

[6] A. Sengupta, M. Jebur, M. Kamaz, and S. R. Wickramasinghe, “Removal of Emerging Contaminants from Wastewater 

Streams Using Membrane Bioreactors: A Review,” Jan. 01, 2022, MDPI. doi: 10.3390/membranes12010060. 

[7] F. Suja, B. K. Pramanik, and S. Md. Zain, “Contamination, bioaccumulation and toxic effects of perfluorinated chemicals 

(PFCs) in the water environment: a review paper,” Water Science and Technology, vol. 60, no. 6, pp. 1533–1544, Sep. 

2009, doi: 10.2166/wst.2009.504. 

[8] D. M. Whitacre, Ed., Reviews of Environmental Contamination and Toxicology Vol 196, vol. 196. in Reviews of Envi-

ronmental Contamination and Toxicology, vol. 196. New York, NY: Springer US, 2008. doi: 10.1007/978-0-387-78444-

1. 

[9] Y. Yang, Y. S. Ok, K. H. Kim, E. E. Kwon, and Y. F. Tsang, “Occurrences and removal of pharmaceuticals and personal 

care products (PPCPs) in drinking water and water/sewage treatment plants: A review,” Oct. 15, 2017, Elsevier B.V. doi: 

10.1016/j.scitotenv.2017.04.102. 



 Navigating the Membrane Bioreactors Operational Parameters in Eliminating Emerging Contaminants from Wastewater  

________________________________________________________________________________________________ 

Egypt. J. Chem. 68, No. 9 (2025) 

199 

[10] E. Archer, B. Petrie, B. Kasprzyk-Hordern, and G. M. Wolfaardt, “The fate of pharmaceuticals and personal care products 

(PPCPs), endocrine disrupting contaminants (EDCs), metabolites and illicit drugs in a WWTW and environmental wa-

ters,” Chemosphere, vol. 174, pp. 437–446, 2017, doi: 10.1016/j.chemosphere.2017.01.101. 

[11] A. J. Ebele, M. Abou-Elwafa Abdallah, and S. Harrad, “Pharmaceuticals and personal care products (PPCPs) in the 

freshwater aquatic environment,” Mar. 01, 2017, KeAi Communications Co. doi: 10.1016/j.emcon.2016.12.004. 

[12] I. van der Veen and J. de Boer, “Phosphorus flame retardants: Properties, production, environmental occurrence, toxicity 

and analysis,” 2012, Elsevier Ltd. doi: 10.1016/j.chemosphere.2012.03.067. 

[13] T. K. Kasonga, M. A. A. Coetzee, I. Kamika, V. M. Ngole-Jeme, and M. N. Benteke Momba, “Endocrine-disruptive 

chemicals as contaminants of emerging concern in wastewater and surface water: A review,” Jan. 01, 2021, Academic 

Press. doi: 10.1016/j.jenvman.2020.111485. 

[14] M. Zolfaghari et al., “Investigation on removal pathways of Di 2-ethyl hexyl phthalate from synthetic municipal 

wastewater using a submerged membrane bioreactor,” J Environ Sci (China), vol. 37, pp. 37–50, Nov. 2015, doi: 

10.1016/j.jes.2015.03.025. 

[15] S. Mishra Subhadarsini, A. Sahu Kumar, M. Dungdung Sangeeta, S. Ahmed Nikhat, and I. Baitharu, “Pesticide pollution 

in freshwater and its impact on community health,” Current Developments in Biotechnology and Bioengineering: Pesti-

cides: Human Health, Environmental Impacts and Management, pp. 33–52, Jan. 2023, doi: 10.1016/B978-0-323-91900-

5.00005-9. 

[16] M. Syafrudin et al., “Pesticides in drinking water-a review,” Jan. 02, 2021, MDPI AG. doi: 10.3390/ijerph18020468. 

[17] I. R. Falconer, H. F. Chapman, M. R. Moore, and G. Ranmuthugala, “Endocrine-disrupting compounds: A review of 

their challenge to sustainable and safe water supply and water reuse,” 2006. doi: 10.1002/tox.20172. 

[18] N. Bolong, A. F. Ismail, M. R. Salim, and T. Matsuura, “A review of the effects of emerging contaminants in wastewater 

and options for their removal,” Desalination, vol. 239, no. 1–3, pp. 229–246, Apr. 2009, doi: 10.1016/J.DE-

SAL.2008.03.020. 

[19] J. R. Ramasre et al., “Endocrine disrupting chemicals and their harmful effects in fish: A comprehensive review,” Inter-

national Journal of Advanced Biochemistry Research, vol. 8, no. 3S, pp. 05–11, Jan. 2024, doi: 

10.33545/26174693.2024.v8.i3sa.677. 

[20] A. Rathipriya, D. Agarwal, E. Suresh, and M. A. Rather, “Endocrine-Disrupting Compounds (EDCs) as Emerging 

Aquatic Contaminants: Emphasis on Reproduction and Development,” Xenobiotics in Aquatic Animals: Reproductive 

and Developmental Impacts, pp. 415–427, Jan. 2023, doi: 10.1007/978-981-99-1214-8_21. 

[21] R. Jasrotia, S. Langer, and M. Dhar, “Endocrine Disrupting Chemicals in Aquatic Ecosystem: An Emerging Threat to 

Wildlife and Human Health,” Proceedings of the Zoological Society 2021 74:4, vol. 74, no. 4, pp. 634–647, Nov. 2021, 

doi: 10.1007/S12595-021-00410-5. 

[22] G. S. Dhillon et al., “Triclosan: Current Status, Occurrence, Environmental Risks and Bioaccumulation Potential,” Inter-

national Journal of Environmental Research and Public Health 2015, Vol. 12, Pages 5657-5684, vol. 12, no. 5, pp. 5657–

5684, May 2015, doi: 10.3390/IJERPH120505657. 

[23] M. F. Rahman, E. K. Yanful, and S. Y. Jasim, “Occurrences of endocrine disrupting compounds and pharmaceuticals in 

the aquatic environment and their removal from drinking water: Challenges in the context of the developing world,” 

Desalination, vol. 248, no. 1–3, pp. 578–585, Nov. 2009, doi: 10.1016/J.DESAL.2008.05.105. 

[24] G. Sarojini, S. Venkatesh Babu, N. Rajamohan, P. Senthil Kumar, and M. Rajasimman, “Surface modified polymer-

magnetic-algae nanocomposite for the removal of chromium- equilibrium and mechanism studies,” Environ Res, vol. 

201, p. 111626, Oct. 2021, doi: 10.1016/J.ENVRES.2021.111626. 

[25] M. Söffker and C. R. Tyler, “Endocrine disrupting chemicals and sexual behaviors in fish – a critical review on effects 

and possible consequences,” Crit Rev Toxicol, vol. 42, no. 8, pp. 653–668, Sep. 2012, doi: 

10.3109/10408444.2012.692114. 

[26] Y. Ma et al., “The adverse health effects of bisphenol A and related toxicity mechanisms,” Environ Res, vol. 176, p. 

108575, Sep. 2019, doi: 10.1016/J.ENVRES.2019.108575. 

[27] J. C. DiNardo MS and C. A. Downs, “Dermatological and environmental toxicological impact of the sunscreen ingredient 

oxybenzone/benzophenone-3,” 2017, doi: 10.1111/jocd.12449. 

[28] S. M. Snedeker, “Pesticides and breast cancer risk: A review of DDT, DDE and dieldrin,” Environ Health Perspect, vol. 

109, no. SUPPL. 1, pp. 35–47, 2001, doi: 10.1289/EHP.01109S135. 

[29] D. D. Snow et al., “Detection, Occurrence and Fate of Emerging Contaminants in Agricultural Environments,” Water 

Environment Research, vol. 88, no. 10, pp. 913–929, Oct. 2016, doi: 10.2175/106143016X14696400494335. 

[30] A. Talib and T. O. Randhir, “Managing Emerging Contaminants: Status, Impacts, and Watershed-Wide Strategies,” Expo 

Health, vol. 8, no. 1, pp. 143–158, Mar. 2016, doi: 10.1007/S12403-015-0192-4/METRICS. 

[31] R. Naidu, V. A. Arias Espana, Y. Liu, and J. Jit, “Emerging contaminants in the environment: Risk-based analysis for 

better management,” Chemosphere, vol. 154, pp. 350–357, Jul. 2016, doi: 10.1016/J.CHEMOSPHERE.2016.03.068. 

[32] L. Sbardella, I. V. Gala, J. Comas, S. M. Carbonell, I. Rodríguez-Roda, and W. Gernjak, “Integrated assessment of sul-

fate-based AOPs for pharmaceutical active compound removal from wastewater,” J Clean Prod, vol. 260, p. 121014, Jul. 

2020, doi: 10.1016/J.JCLEPRO.2020.121014. 

[33] S. Zhou et al., “Degradation of carbamazepine by UV/chlorine advanced oxidation process and formation of disinfection 

by-products,” Environmental Science and Pollution Research, vol. 23, no. 16, pp. 16448–16455, Aug. 2016, doi: 

10.1007/S11356-016-6823-X/FIGURES/6. 

[34] M. E. M. Ali, T. A. Gad-Allah, E. S. Elmolla, and M. I. Badawy, “Heterogeneous fenton process using iron-containing 

waste (ICW) for methyl orange degradation: Process performance and modeling,” Desalination Water Treat, vol. 52, no. 

22–24, pp. 4538–4546, 2014, doi: 10.1080/19443994.2013.803320. 



 Hussein M. El-Ghorab et al. 

________________________________________________________________________________________________ 

Egypt. J. Chem. 68, No. 9 (2025) 

200 

[35] A. M. A. Abdelsamad, T. A. Gad-Allah, F. A. Mahmoud, and M. I. Badawy, “Enhanced photocatalytic degradation of 

textile wastewater using Ag/ZnO thin films,” Journal of Water Process Engineering, vol. 25, pp. 88–95, Oct. 2018, doi: 

10.1016/J.JWPE.2018.07.002. 

[36] M. I. Badawy, E. M. R. Souaya, T. A. Gad-Allah, M. S. Abdel-Wahed, and M. Ulbricht, “Fabrication of Ag/TiO2 pho-

tocatalyst for the treatment of simulated hospital wastewater under sunlight,” Environ Prog Sustain Energy, vol. 33, no. 

3, pp. 886–894, 2014, doi: 10.1002/EP.11869. 

[37] M. Y. Ghaly et al., “ZnO/spiral-shaped glass for solar photocatalytic oxidation of Reactive Red 120,” Arabian Journal of 

Chemistry, vol. 10, pp. S3501–S3507, May 2017, doi: 10.1016/J.ARABJC.2014.02.015. 

[38] I. Ben Amor et al., “Enhancing oxidant and dye scavenging through MgO-based chitosan nanoparticles for potential 

antioxidant coatings and efficient photocatalysts,” Biomass Convers Biorefin, Sep. 2023, doi: 10.1007/s13399-023-

04923-1. 

[39] S. Kim et al., “Enhanced adsorption performance for selected pharmaceutical compounds by sonicated Ti3C2TX 

MXene,” Chemical Engineering Journal, vol. 406, p. 126789, Feb. 2021, doi: 10.1016/J.CEJ.2020.126789. 

[40] M. E. M. Ali, A. M. Abd El-Aty, M. I. Badawy, and R. K. Ali, “Removal of pharmaceutical pollutants from synthetic 

wastewater using chemically modified biomass of green alga Scenedesmus obliquus,” Ecotoxicol Environ Saf, vol. 151, 

pp. 144–152, Apr. 2018, doi: 10.1016/J.ECOENV.2018.01.012. 

[41] L. Joseph et al., “Removal of bisphenol A and 17α-ethinyl estradiol by combined coagulation and adsorption using carbon 

nanomaterials and powdered activated carbon,” Sep Purif Technol, vol. 107, pp. 37–47, 2013, doi: 10.1016/J.SEP-

PUR.2013.01.012. 

[42] A. M. Ramezani, F. Amiri Panah, M. Heydari Dokoohaki, E. Adnan Azooz, R. Ahmadi, and S. Nazari, “Zn/Ce-layered 

double hydroxide for adsorptive removal of doxycycline from water,” Mater Chem Phys, vol. 318, p. 129223, May 2024, 

doi: 10.1016/j.matchemphys.2024.129223. 

[43] C. Li, Y. Yang, Y. Liu, and L. an Hou, “Removal of PhACs and their impacts on membrane fouling in NF/RO membrane 

filtration of various matrices,” J Memb Sci, vol. 548, pp. 439–448, Feb. 2018, doi: 10.1016/J.MEMSCI.2017.11.032. 

[44] A. K. M. Al-Toriahi, E. A. Azooz, and E. A. J. Al-Mulla, “Metal Nanoparticles and Nano-Filters for the Disposal of 

Hospital Waste: A Review,” Nano Biomed Eng, vol. 15, no. 2, pp. 179–190, Jun. 2023, doi: 

10.26599/NBE.2023.9290017. 

[45] E. M. Cuerda-Correa, M. F. Alexandre-Franco, and C. Fernández-González, “Advanced Oxidation Processes for the 

Removal of Antibiotics from Water. An Overview,” Water 2020, Vol. 12, Page 102, vol. 12, no. 1, p. 102, Dec. 2019, 

doi: 10.3390/W12010102. 

[46] M. Taheran, S. K. Brar, M. Verma, R. Y. Surampalli, T. C. Zhang, and J. R. Valero, “Membrane processes for removal 

of pharmaceutically active compounds (PhACs) from water and wastewaters,” Science of The Total Environment, vol. 

547, pp. 60–77, Mar. 2016, doi: 10.1016/J.SCITOTENV.2015.12.139. 

[47] J. G. Crespo, S. Velizarov, and M. A. Reis, “Membrane bioreactors for the removal of anionic micropollutants from 

drinking water,” Curr Opin Biotechnol, vol. 15, no. 5, pp. 463–468, Oct. 2004, doi: 10.1016/J.COPBIO.2004.07.001. 

[48] J. Chen, X. Huang, and D. Lee, “Bisphenol A removal by a membrane bioreactor,” Process Biochemistry, vol. 43, no. 4, 

pp. 451–456, Apr. 2008, doi: 10.1016/J.PROCBIO.2008.01.001. 

[49] A. T. Besha, A. Y. Gebreyohannes, R. A. Tufa, D. N. Bekele, E. Curcio, and L. Giorno, “Removal of emerging micropol-

lutants by activated sludge process and membrane bioreactors and the effects of micropollutants on membrane fouling: 

A review,” J Environ Chem Eng, vol. 5, no. 3, pp. 2395–2414, Jun. 2017, doi: 10.1016/J.JECE.2017.04.027. 

[50] M. Kim, P. Guerra, A. Shah, M. Parsa, M. Alaee, and S. A. Smyth, “Removal of pharmaceuticals and personal care 

products in a membrane bioreactor wastewater treatment plant,” Water Science and Technology, vol. 69, no. 11, pp. 

2221–2229, Jun. 2014, doi: 10.2166/WST.2014.145. 

[51] M. Clara, B. Strenn, O. Gans, E. Martinez, N. Kreuzinger, and H. Kroiss, “Removal of selected pharmaceuticals, fra-

grances and endocrine disrupting compounds in a membrane bioreactor and conventional wastewater treatment plants,” 

Water Res, vol. 39, no. 19, pp. 4797–4807, Nov. 2005, doi: 10.1016/J.WATRES.2005.09.015. 

[52] A. Achilli and R. W. Holloway, “Aerobic Membrane Bioreactor,” Encyclopedia of Membranes, pp. 13–15, 2016, doi: 

10.1007/978-3-662-44324-8_7. 

[53] X. Du, Y. Shi, V. Jegatheesan, and I. Ul Haq, “A Review on the Mechanism, Impacts and Control Methods of Membrane 

Fouling in MBR System,” Membranes 2020, Vol. 10, Page 24, vol. 10, no. 2, p. 24, Feb. 2020, doi: 10.3390/MEM-

BRANES10020024. 

[54] J. yu Tian, H. Liang, J. Nan, Y. ling Yang, S. jie You, and G. bai Li, “Submerged membrane bioreactor (sMBR) for the 

treatment of contaminated raw water,” Chemical Engineering Journal, vol. 148, no. 2–3, pp. 296–305, May 2009, doi: 

10.1016/J.CEJ.2008.08.032. 

[55] J. Jiang and J. Guo, “Treatment Performance of Municipal Sewage in a Submerged Membrane Bioreactor (SMBR) and 

Mechanism of Biochar to Reduce Membrane Fouling,” Sustainability 2023, Vol. 15, Page 9239, vol. 15, no. 12, p. 9239, 

Jun. 2023, doi: 10.3390/SU15129239. 

[56] M. A. Gulamhussein, B. Saini, and A. Dey, “Removal of pharmaceutical contaminants through membrane bioreactor,” 

Mater Today Proc, vol. 77, pp. 260–268, Jan. 2023, doi: 10.1016/j.matpr.2022.11.299. 

[57] J. Chen et al., “Research of operation efficiency of side-stream membrane bioreactors,” IOP Conf Ser Mater Sci Eng, 

vol. 869, no. 4, p. 042014, Jun. 2020, doi: 10.1088/1757-899X/869/4/042014. 

[58] S. S. Chandrasekhar, S. C. Sekhar, S. Kalyani, and S. Sridhar, “Performance assessment of a side-stream membrane 

bioreactor for the treatment of kitchen wastewater,” Biochem Eng J, vol. 180, p. 108366, Mar. 2022, doi: 

10.1016/J.BEJ.2022.108366. 



 Navigating the Membrane Bioreactors Operational Parameters in Eliminating Emerging Contaminants from Wastewater  

________________________________________________________________________________________________ 

Egypt. J. Chem. 68, No. 9 (2025) 

201 

[59] O. T. Mahlangu, T. I. Nkambule, B. B. Mamba, and F. I. Hai, “Strategies for mitigating challenges associated with trace 

organic compound removal by high-retention membrane bioreactors (HR-MBRs),” npj Clean Water 2024 7:1, vol. 7, no. 

1, pp. 1–39, Mar. 2024, doi: 10.1038/s41545-024-00313-w. 

[60] F. Anjum et al., “Trends and progress in AnMBR for domestic wastewater treatment and their impacts on process effi-

ciency and membrane fouling,” Environ Technol Innov, vol. 21, p. 101204, Feb. 2021, doi: 10.1016/J.ETI.2020.101204. 

[61] S. Al-Asheh, M. Bagheri, and A. Aidan, “Membrane bioreactor for wastewater treatment: A review,” Case Studies in 

Chemical and Environmental Engineering, vol. 4, Dec. 2021, doi: 10.1016/J.CSCEE.2021.100109. 

[62] G. Mannina et al., “Biological processes modelling for MBR systems: A review of the state-of-the-art focusing on SMP 

and EPS,” Water Res, vol. 242, p. 120275, Aug. 2023, doi: 10.1016/J.WATRES.2023.120275. 

[63] L. Ren, X. Chen, J. Wu, S. Huang, A. Williams, and Q. Su, “Study on membrane fouling mechanisms and mitigation 

strategies in a pilot-scale anaerobic membrane bioreactor (P-AnMBR) treating digestate,” Water Res, vol. 263, p. 122166, 

Oct. 2024, doi: 10.1016/J.WATRES.2024.122166. 

[64] Y. Yang et al., “Bioflocculants in anaerobic membrane bioreactors: A review on membrane fouling mitigation strategies,” 

Chemical Engineering Journal, vol. 486, p. 150260, Apr. 2024, doi: 10.1016/J.CEJ.2024.150260. 

[65] A. Y. Alammar, S. H. Choi, and M. G. Buonomenna, “Hollow Fiber Membrane Modification by Interfacial Polymeriza-

tion for Organic Solvent Nanofiltration,” Processes 2024, Vol. 12, Page 563, vol. 12, no. 3, p. 563, Mar. 2024, doi: 

10.3390/PR12030563. 

[66] M. Ozdemir et al., “Mechanical analyses of flat sheet water treatment membranes,” AIMS Materials Science 2022 6:863, 

vol. 9, no. 6, pp. 863–883, 2022, doi: 10.3934/MATERSCI.2022052. 

[67] R. Schopf, F. Schmidt, J. Linner, and U. Kulozik, “Comparative Assessment of Tubular Ceramic, Spiral Wound, and 

Hollow Fiber Membrane Microfiltration Module Systems for Milk Protein Fractionation,” Foods 2021, Vol. 10, Page 

692, vol. 10, no. 4, p. 692, Mar. 2021, doi: 10.3390/FOODS10040692. 

[68] T. U. Rahman et al., “The Advancement in Membrane Bioreactor (MBR) Technology toward Sustainable Industrial 

Wastewater Management,” Membranes (Basel), vol. 13, no. 2, p. 181, Feb. 2023, doi: 10.3390/MEM-

BRANES13020181/S1. 

[69] A. Paul, D. Dasgupta, S. Hazra, A. Chakraborty, M. Haghighi, and N. Chakraborty, “Membrane Bioreactor: A Potential 

Stratagem for Wastewater Treatment,” Materials Horizons: From Nature to Nanomaterials, pp. 133–155, 2023, doi: 

10.1007/978-981-19-9176-9_6/FIGURES/7. 

[70] M. Najmi, M. R. Mehrnia, H. R. Tashauoei, A. Iranpoury, and M. S. Alivand, “Removal of personal care products (PCPs) 

from greywater using a submerged membrane bioreactor (SMBR): The effect of hydraulic retention time,” J Environ 

Chem Eng, vol. 8, no. 5, Oct. 2020, doi: 10.1016/j.jece.2020.104432. 

[71] M. Aziz and G. Kasongo, “membranes The Removal of Selected Inorganics from Municipal Membrane Bioreactor 

Wastewater Using UF/NF/RO Membranes for Water Reuse Application: A Pilot-Scale Study Removal of Selected Inor-

ganics from Municipal Membrane Bioreactor Wastewater Using UF/NF/RO Membranes for Water Reuse Application: 

A Pilot-Scale Study,” 2021, doi: 10.3390/membranes11020117. 

[72] H. Zhang et al., “Simultaneous Wastewater Treatment and Resources Recovery by Forward Osmosis Coupled with Mi-

crobial Fuel Cell: A Review,” Membranes (Basel), vol. 14, no. 2, p. 29, Jan. 2024, doi: 10.3390/membranes14020029. 

[73] K. Azis, S. Ntougias, and P. Melidis, “Fouling control, using various cleaning methods, applied on an MBR system 

through continuous TMP monitoring,” Desalination Water Treat, vol. 167, pp. 343–350, Nov. 2019, doi: 

10.5004/dwt.2019.24609. 

[74] S. Al-Asheh, M. Bagheri, and A. Aidan, “Membrane bioreactor for wastewater treatment: A review,” Case Studies in 

Chemical and Environmental Engineering, vol. 4, p. 100109, Dec. 2021, doi: 10.1016/j.cscee.2021.100109. 

[75] D. Ghernaout, “New Configurations and Techniques for Controlling Membrane Bioreactor (MBR) Fouling,” OAlib, vol. 

07, no. 07, pp. 1–18, 2020, doi: 10.4236/oalib.1106579. 

[76] S. Jiang, Y. Zhang, F. Zhao, Z. Yu, X. Zhou, and H. Chu, “Impact of transmembrane pressure (TMP) on membrane 

fouling in microalgae harvesting with a uniform shearing vibration membrane system,” Algal Res, vol. 35, pp. 613–623, 

Nov. 2018, doi: 10.1016/j.algal.2018.10.003. 

[77] B.-K. Hwang, C.-H. Lee, I.-S. Chang, A. Drews, and R. Field, “Membrane bioreactor: TMP rise and characterization of 

bio-cake structure using CLSM-image analysis,” J Memb Sci, vol. 419–420, pp. 33–41, Nov. 2012, doi: 10.1016/j.mem-

sci.2012.06.031. 

[78] Dr. R. S. Kamble and A. B. Pandit, “Significant Study of Effect of Aeration Intensities on Membrane Bioreactor Perfor-

mance,” International Journal of Scientific and Research Publications (IJSRP), vol. 11, no. 1, pp. 203–209, Dec. 2020, 

doi: 10.29322/IJSRP.11.01.2021.p10921. 

[79] Y. Rahimi, A. Torabian, N. Mehrdadi, M. Habibi-Rezaie, H. Pezeshk, and G.-R. Nabi-Bidhendi, “Optimizing aeration 

rates for minimizing membrane fouling and its effect on sludge characteristics in a moving bed membrane bioreactor,” J 

Hazard Mater, vol. 186, no. 2–3, pp. 1097–1102, Feb. 2011, doi: 10.1016/j.jhazmat.2010.11.117. 

[80] J. Mamo et al., “Fate of NDMA precursors through an MBR-NF pilot plant for urban wastewater reclamation and the 

effect of changing aeration conditions,” Water Res, vol. 102, pp. 383–393, Oct. 2016, doi: 10.1016/J.WA-

TRES.2016.06.057. 

[81] X. Wang, J. Li, X. Li, and G. Du, “Influence of aeration intensity on the performance of A/O-type sequencing batch MBR 

system treating azo dye wastewater,” Frontiers of Environmental Science & Engineering in China, vol. 5, no. 4, pp. 615–

622, Dec. 2011, doi: 10.1007/s11783-011-0362-y. 

[82] C. Li, C. Cabassud, B. Reboul, and C. Guigui, “Effects of pharmaceutical micropollutants on the membrane fouling of a 

submerged MBR treating municipal wastewater: Case of continuous pollution by carbamazepine,” Water Res, vol. 69, 

pp. 183–194, Feb. 2015, doi: 10.1016/j.watres.2014.11.027. 



 Hussein M. El-Ghorab et al. 

________________________________________________________________________________________________ 

Egypt. J. Chem. 68, No. 9 (2025) 

202 

[83] K. Szymański, J. Grzechulska-Damszel, and S. Mozia, “Application of a submerged photocatalytic membrane reactor 

with ultrafiltration membrane for ketoprofen removal during long term process: Impact of feed matrix,” Journal of Water 

Process Engineering, vol. 59, p. 104953, Mar. 2024, doi: 10.1016/j.jwpe.2024.104953. 

[84] U. W. R. Siagian, K. Khoiruddin, Y. P. Ting, R. Boopathy, and I. G. Wenten, “Advances in Membrane Bioreactor: High 

Performance and Antifouling Configurations,” Curr Pollut Rep, vol. 8, no. 2, pp. 98–112, Jun. 2022, doi: 10.1007/s40726-

022-00217-8. 

[85] D. Hu et al., “Effect of the high cross flow velocity on performance of a pilot-scale anaerobic membrane bioreactor for 

treating antibiotic solvent wastewater,” Bioresour Technol, vol. 243, pp. 47–56, Nov. 2017, doi: 

10.1016/j.biortech.2017.06.030. 

[86] E. Arkhangelsky, F. Wicaksana, C. Tang, A. A. Al-Rabiah, S. M. Al-Zahrani, and R. Wang, “Combined organic–inor-

ganic fouling of forward osmosis hollow fiber membranes,” Water Res, vol. 46, no. 19, pp. 6329–6338, Dec. 2012, doi: 

10.1016/j.watres.2012.09.003. 

[87] A. J. Ansari, F. I. Hai, T. He, W. E. Price, and L. D. Nghiem, “Physical cleaning techniques to control fouling during the 

pre-concentration of high suspended-solid content solutions for resource recovery by forward osmosis,” Desalination, 

vol. 429, pp. 134–141, Mar. 2018, doi: 10.1016/j.desal.2017.12.011. 

[88] J. Liu, A. K. Albdoor, W. Lin, F. I. Hai, and Z. Ma, “Membrane fouling in direct contact membrane distillation for liquid 

desiccant regeneration: Effects of feed temperature and flow velocity,” J Memb Sci, vol. 642, p. 119936, Feb. 2022, doi: 

10.1016/j.memsci.2021.119936. 

[89] V. K. Rout, G. Setia, S. Kaur, L. Kumar, and S. Kumar, “Membrane Bioreactors,” 2024, pp. 25–47. doi: 10.1007/978-3-

031-58331-5_3. 

[90] Y. Yao, Y. Wang, Q. Liu, Y. Li, and J. Yan, “Mechanism of HMBR in Reducing Membrane Fouling under Different 

SRT: Effect of Sludge Load on Microbial Properties,” Membranes (Basel), vol. 12, no. 12, p. 1242, Dec. 2022, doi: 

10.3390/membranes12121242. 

[91] H. Yu, G. Xu, F. Qu, G. Li, and H. Liang, “Effect of solid retention time on membrane fouling in membrane bioreactor: 

from the perspective of quorum sensing and quorum quenching,” Appl Microbiol Biotechnol, vol. 100, no. 18, pp. 7887–

7897, Sep. 2016, doi: 10.1007/s00253-016-7496-6. 

[92] X. Zhang, X. Yue, Z. Liu, Q. Li, and X. Hua, “Impacts of sludge retention time on sludge characteristics and membrane 

fouling in a submerged anaerobic–oxic membrane bioreactor,” Appl Microbiol Biotechnol, vol. 99, no. 11, pp. 4893–

4903, Jun. 2015, doi: 10.1007/s00253-015-6383-x. 

[93] M. A. Szabo-Corbacho et al., “Influence of the Sludge Retention Time on Membrane Fouling in an Anaerobic Membrane 

Bioreactor (AnMBR) Treating Lipid-Rich Dairy Wastewater,” Membranes (Basel), vol. 12, no. 3, p. 262, Feb. 2022, doi: 

10.3390/membranes12030262. 

[94] Y. Kaya et al., “The treatment of pharmaceutical wastewater using in a submerged membrane bioreactor under different 

sludge retention times,” J Memb Sci, vol. 442, pp. 72–82, Sep. 2013, doi: 10.1016/j.memsci.2013.03.059. 

[95] T. U. Rahman et al., “The Advancement in Membrane Bioreactor (MBR) Technology toward Sustainable Industrial 

Wastewater Management,” Membranes (Basel), vol. 13, no. 2, p. 181, Feb. 2023, doi: 10.3390/membranes13020181. 

[96] M. A. Szabo-Corbacho et al., “Influence of the Sludge Retention Time on Membrane Fouling in an Anaerobic Membrane 

Bioreactor (AnMBR) Treating Lipid-Rich Dairy Wastewater,” Membranes (Basel), vol. 12, no. 3, p. 262, Feb. 2022, doi: 

10.3390/membranes12030262. 

[97] M. Yao, L. Duan, J. Wei, F. Qian, and S. W. Hermanowicz, “Carbamazepine removal from wastewater and the degrada-

tion mechanism in a submerged forward osmotic membrane bioreactor,” Bioresour Technol, vol. 314, p. 123732, Oct. 

2020, doi: 10.1016/j.biortech.2020.123732. 

[98] K. R. Chavan, S. Gopalan, & Kumudini, and V. Marathe, “Comparative assessment of treatment of malathionlaced 

wastewater by single species (Pseudomonas Stutzeri) vs.activated sludge in a submerged membrane bioreactor,” 2019. 

[99] H. Fan, J. Li, L. Zhang, and L. Feng, “Contribution of sludge adsorption and biodegradation to the removal of five 

pharmaceuticals in a submerged membrane bioreactor,” Biochem Eng J, vol. 88, pp. 101–107, Jul. 2014, doi: 

10.1016/j.bej.2014.04.008. 

[100] K. C. Dao, C. C. Yang, K. F. Chen, and Y. P. Tsai, “Effect of Operational Parameters on the Removal of Carbamazepine 

and Nutrients in a Submerged Ceramic Membrane Bioreactor,” Membranes (Basel), vol. 12, no. 4, Apr. 2022, doi: 

10.3390/membranes12040420. 

[101] B. Tiwari et al., “Fate of Pharmaceuticals in a Submerged Membrane Bioreactor Treating Hospital Wastewater,” Frontiers 

in Water, vol. 3, Dec. 2021, doi: 10.3389/frwa.2021.730479. 

[102] Z. Yu et al., “Removal and degradation mechanisms of sulfonamide antibiotics in a new integrated aerobic submerged 

membrane bioreactor system,” Bioresour Technol, vol. 268, pp. 599–607, Nov. 2018, doi: 

10.1016/j.biortech.2018.08.028. 

[103] M. Shamskilani, K. P. Niavol, E. Nabavi, M. R. Mehrnia, and A. H. Sharafi, “Removal of Emerging Contaminants in a 

Membrane Bioreactor Coupled with Ozonation: Optimization by Response Surface Methodology (RSM),” Water Air 

Soil Pollut, vol. 234, no. 5, May 2023, doi: 10.1007/s11270-023-06319-3. 

[104] M. Ali and A. Kamaz, “Removal of Endocrine Disrupting Compounds Using Membrane Bioreactor.” 

[105] J. L. Tambosi et al., “Removal of pharmaceutical compounds in membrane bioreactors (MBR) applying submerged 

membranes,” Desalination, vol. 261, no. 1–2, pp. 148–156, 2010, doi: 10.1016/j.desal.2010.05.014. 

[106] G. S. Arcanjo et al., “Improving biological removal of pharmaceutical active compounds and estrogenic activity in a 

mesophilic anaerobic osmotic membrane bioreactor treating municipal sewage,” Chemosphere, vol. 301, Aug. 2022, doi: 

10.1016/j.chemosphere.2022.134716. 



 Navigating the Membrane Bioreactors Operational Parameters in Eliminating Emerging Contaminants from Wastewater  

________________________________________________________________________________________________ 

Egypt. J. Chem. 68, No. 9 (2025) 

203 

[107] S. Prasertkulsak, C. Chiemchaisri, W. Chiemchaisri, and K. Yamamoto, “Removals of pharmaceutical compounds at 

different sludge particle size fractions in membrane bioreactors operated under different solid retention times,” J Hazard 

Mater, vol. 368, pp. 124–132, Apr. 2019, doi: 10.1016/j.jhazmat.2019.01.050. 

[108] J. Chen et al., “Membrane fouling in a membrane bioreactor: High filtration resistance of gel layer and its underlying 

mechanism,” Water Res, vol. 102, pp. 82–89, Oct. 2016, doi: 10.1016/J.WATRES.2016.06.028. 

[109] Z. Wang, J. Ma, C. Y. Tang, K. Kimura, Q. Wang, and X. Han, “Membrane cleaning in membrane bioreactors: A review,” 

J Memb Sci, vol. 468, pp. 276–307, Oct. 2014, doi: 10.1016/j.memsci.2014.05.060. 

[110] H. Hong, M. Zhang, Y. He, J. Chen, and H. Lin, “Fouling mechanisms of gel layer in a submerged membrane bioreactor,” 

Bioresour Technol, vol. 166, pp. 295–302, Aug. 2014, doi: 10.1016/J.BIORTECH.2014.05.063. 

[111] L. M. Ruiz, J. I. Perez, A. Gómez, A. Letona, and M. A. Gómez, “Ultrasonic irradiation for ultrafiltration membrane 

cleaning in MBR systems: operational conditions and consequences,” Water Science and Technology, vol. 75, no. 4, pp. 

802–812, Feb. 2017, doi: 10.2166/WST.2016.566. 

[112] H. Lin, J. Chen, F. Wang, L. Ding, and H. Hong, “Feasibility evaluation of submerged anaerobic membrane bioreactor 

for municipal secondary wastewater treatment,” Desalination, vol. 280, no. 1–3, pp. 120–126, Oct. 2011, doi: 

10.1016/J.DESAL.2011.06.058. 

[113] N. D. Viet, J. Cho, Y. Yoon, and A. Jang, “Enhancing the removal efficiency of osmotic membrane bioreactors: A 

comprehensive review of influencing parameters and hybrid configurations,” Chemosphere, vol. 236, p. 124363, Dec. 

2019, doi: 10.1016/J.CHEMOSPHERE.2019.124363. 

[114] Y. Gao, Z. Fang, P. Liang, and X. Huang, “Direct concentration of municipal sewage by forward osmosis and membrane 

fouling behavior,” Bioresour Technol, vol. 247, pp. 730–735, Jan. 2018, doi: 10.1016/J.BIORTECH.2017.09.145. 

[115] Q. Dong, W. Parker, and M. Dagnew, “Long term performance of membranes in an anaerobic membrane bioreactor 

treating municipal wastewater,” Chemosphere, vol. 144, pp. 249–256, Feb. 2016, doi: 10.1016/j.chemo-

sphere.2015.08.077. 

[116] B. C. Crone, J. L. Garland, G. A. Sorial, and L. M. Vane, “Significance of dissolved methane in effluents of anaerobically 

treated low strength wastewater and potential for recovery as an energy product: A review,” Water Res, vol. 104, pp. 

520–531, Nov. 2016, doi: 10.1016/j.watres.2016.08.019. 

[117] P. Krzeminski, J. H. J. M. van der Graaf, and J. B. van Lier, “Specific energy consumption of membrane bioreactor 

(MBR) for sewage treatment,” Water Science and Technology, vol. 65, no. 2, pp. 380–392, Jan. 2012, doi: 

10.2166/wst.2012.861. 

[118] H. Kim, I. Shim, and M. Zhan, “Chemical Enhanced Backwashing for Controlling Organic Fouling in Drinking Water 

Treatment Using a Novel Hollow-Fiber Polyacrylonitrile Nanofiltration Membrane,” Applied Sciences, vol. 11, no. 15, 

p. 6764, Jul. 2021, doi: 10.3390/app11156764. 

[119] M. Zeeshan, S. Fida, A. S. Ruhl, U. Egwu, G. Kondal, and S. Tabraiz, “Comparison of NaOH and NaOCl on-line chem-

ical enhanced backwash on membrane fouling of high flux membrane bioreactor treating sewage,” Chemical Engineering 

Journal Advances, vol. 14, p. 100500, May 2023, doi: 10.1016/j.ceja.2023.100500. 

[120] D. M. González-Pérez, J. I. Pérez, and M. A. Gómez, “Behaviour of the main nonsteroidal anti-inflammatory drugs in a 

membrane bioreactor treating urban wastewater at high hydraulic- and sludge-retention time,” J Hazard Mater, vol. 336, 

pp. 128–138, Aug. 2017, doi: 10.1016/J.JHAZMAT.2017.04.059. 

[121] X. L. Yang, J. Y. Xu, H. L. Song, X. Wang, and T. Li, “Enhanced removal of antibiotics in wastewater by membrane 

bioreactor with addition of rice straw,” Int Biodeterior Biodegradation, vol. 148, p. 104868, Mar. 2020, doi: 

10.1016/J.IBIOD.2019.104868. 

[122] R. Chen, H. Jiang, and Y. Y. Li, “Caffeine degradation by methanogenesis: Efficiency in anaerobic membrane bioreactor 

and analysis of kinetic behavior,” Chemical Engineering Journal, vol. 334, pp. 444–452, Feb. 2018, doi: 

10.1016/J.CEJ.2017.10.052. 

[123] M. E. Matsubara, K. Helwig, C. Hunter, J. Roberts, E. L. Subtil, and L. H. G. Coelho, “Amoxicillin removal by pre-

denitrification membrane bioreactor (A/O-MBR): Performance evaluation, degradation by-products, and antibiotic re-

sistant bacteria,” Ecotoxicol Environ Saf, vol. 192, p. 110258, Apr. 2020, doi: 10.1016/J.ECOENV.2020.110258. 

[124] M. Aziz and T. Ojumu, “Exclusion of Estrogenic and Androgenic Steroid Hormones from Municipal Membrane Biore-

actor Wastewater Using UF/NF/RO Membranes for Water Reuse Application,” Membranes 2020, Vol. 10, Page 37, vol. 

10, no. 3, p. 37, Feb. 2020, doi: 10.3390/MEMBRANES10030037. 

[125] M. Chtourou et al., “Triclosan, carbamazepine and caffeine removal by activated sludge system focusing on membrane 

bioreactor,” Process Safety and Environmental Protection, vol. 118, pp. 1–9, Aug. 2018, doi: 

10.1016/J.PSEP.2018.06.019. 

[126] J. Liu, J. Xiong, C. Tian, B. Gao, L. Wang, and X. Jia, “The degradation of methyl orange and membrane fouling behavior 

in anaerobic baffled membrane bioreactor,” Chemical Engineering Journal, vol. 338, pp. 719–725, Apr. 2018, doi: 

10.1016/J.CEJ.2018.01.052. 

[127] D. Mukherjee et al., “Synthesis of ceramic ultrafiltration membrane and application in membrane bioreactor process for 

pesticide remediation from wastewater,” Process Safety and Environmental Protection, vol. 116, pp. 22–33, May 2018, 

doi: 10.1016/J.PSEP.2018.01.010. 

[128] K. Kowalska, E. Felis, A. Sochacki, and S. Bajkacz, “Removal and transformation pathways of benzothiazole and ben-

zotriazole in membrane bioreactors treating synthetic municipal wastewater,” Chemosphere, vol. 227, pp. 162–171, Jul. 

2019, doi: 10.1016/J.CHEMOSPHERE.2019.04.037. 

[129] A. Bhattacharyya, L. Liu, K. Lee, and J. Miao, “Review of Biological Processes in a Membrane Bioreactor (MBR): 

Effects of Wastewater Characteristics and Operational Parameters on Biodegradation Efficiency When Treating Indus-

trial Oily Wastewater,” Journal of Marine Science and Engineering 2022, Vol. 10, Page 1229, vol. 10, no. 9, p. 1229, 

Sep. 2022, doi: 10.3390/JMSE10091229. 



 Hussein M. El-Ghorab et al. 

________________________________________________________________________________________________ 

Egypt. J. Chem. 68, No. 9 (2025) 

204 

[130] B. Chyoshi, L. H. Gomes Coelho, J. García, and E. L. Subtil, “Fate and removal of emerging contaminants in anaerobic 

fluidized membrane bioreactor filled with thermoplastic gel as biofilm support,” Chemosphere, vol. 300, p. 134557, Aug. 

2022, doi: 10.1016/J.CHEMOSPHERE.2022.134557. 

[131] M. B. Asif et al., “Membrane Bioreactor for Wastewater Treatment: Current Status, Novel Configurations and Cost 

Analysis,” Handbook of Environmental Chemistry, vol. 118, pp. 147–167, 2023, doi: 10.1007/698_2022_871/FIG-

URES/5. 

[132] B. M. B. Ensano, L. Borea, V. Naddeo, M. D. G. de Luna, and V. Belgiorno, “Control of emerging contaminants by the 

combination of electrochemical processes and membrane bioreactors,” Environmental Science and Pollution Research, 

vol. 26, no. 2, pp. 1103–1112, Jan. 2019, doi: 10.1007/S11356-017-9097-Z/FIGURES/5. 

[133] Y. Na, L. Ranieri, A. Di Cesare, R. Sabatino, J. S. Vrouwenvelder, and L. Fortunato, “Evaluating the removal efficiency 

of emerging contaminants in a gravity-driven membrane bioreactors GD-MBR under various aeration conditions for 

primary wastewater treatment,” Case Studies in Chemical and Environmental Engineering, vol. 10, p. 100885, Dec. 2024, 

doi: 10.1016/J.CSCEE.2024.100885. 

[134] N. Dorival-García, A. Zafra-Gómez, A. Navalón, J. González, and J. L. Vílchez, “Removal of quinolone antibiotics from 

wastewaters by sorption and biological degradation in laboratory-scale membrane bioreactors,” Science of The Total 

Environment, vol. 442, pp. 317–328, Jan. 2013, doi: 10.1016/J.SCITOTENV.2012.10.026. 

[135] J. L. Acero, F. J. Benitez, F. J. Real, and E. Rodriguez, “Elimination of selected emerging contaminants by the combina-

tion of membrane filtration and chemical oxidation processes,” Water Air Soil Pollut, vol. 226, no. 5, pp. 1–14, Apr. 

2015, doi: 10.1007/S11270-015-2404-8/FIGURES/5. 

[136] U. Misra, V. Nishad, and S. P. Singh, “Introduction to Membrane Distillation and Its Application in Emerging Contam-

inants Removal,” Energy, Environment, and Sustainability, pp. 427–462, 2022, doi: 10.1007/978-981-16-8367-

1_18/FIGURES/3. 

[137] R. M. Gómez-Espinosa and D. Arizmendi-Cotero, “Role of Membrane on Emerging Contaminant Removal,” Handbook 

of Environmental Chemistry, vol. 66, pp. 157–174, 2019, doi: 10.1007/698_2017_149/FIGURES/8. 

 


