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Abstract 1 

Economic development throughout the world is generating harmful contaminants which are 2 

progressively damaging water reservoirs, groundwater, soil, ecosystems, and organisms. Thus, 3 

there is an urgent need to remove these pollutants economically and in an eco-friendly way before 4 

their discharge to the environment. The novel extractive membrane bioreactor (EMBR) system 5 

requires less energy, produces high-quality water, and presents higher removal efficiency with 6 

zero by-products and thus has attracted attention as a somewhat niche but potentially viable 7 

alternative to traditional technologies. The EMBR has been progressed in recent years with new 8 

design of membranes and configurations for removing a variety of emerging pollutants. However, 9 

the practical use of EMBR technology remains a challenge due to two factors: (i) the availability 10 

of appropriate membranes and (ii) membrane fouling issue. In this review, the principles of the 11 

EMBR process are explained. Then, the performance of membranes for pollutant extraction is 12 

discussed based on various experimental results and theoretical considerations. State-of-the art 13 

membrane manufacturing techniques are also reviewed to assist with an assessment of the long-14 

term sustainable development of the EMBR process. To achieve an economical process, there will 15 

need to be not only technological progress but also an appropriate evaluation of the environmental 16 

benefits.  17 

 18 
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1 Introduction 1 

The rapid increase in the amount of industrial wastewater and direct discharge adversely 2 

impacts the ecosystem (quality of rivers, lakes, and oceans) and has the potential to endanger 3 

human beings [1, 2]. At present, emerging contaminants (ECs) have gained prominent attention 4 

due to their expanding capabilities and the vast array of anthropogenic and natural substances [3-5 

5]. The ubiquity of these ECs in the paper, pharmaceutical, chemical, and fertilizer industrial 6 

wastewater is an alarming situation as they are untreatable or hard-to-treat even at lower 7 

concentrations [6, 7]. Consequentially ECs are increasingly highly regulated by the national 8 

legislation on the environment because the treatment of wastewater is a basic rquirement for a 9 

sustainable environment [8]. One such group of substances of concern are the phenolics: phenol, 10 

toluene, benzene, xylene, etc. [9].  11 

Studies related to the treatment of ECs have shown that the removal and transformation 12 

depend on wastewater composition, chemical characteristics, and treatment technology [10, 11]. 13 

The traditional technologies adopted for the removal of ECs are categorized as biological, 14 

chemical, and physical techniques [11, 12]. By altering various operating conditions and designs, 15 

the experimental approaches accomplished a higher removal rate of these ECs. However, such 16 

conventional treatment technologies are still facing many severe economic and technical 17 

limitations due to higher energy cost, poor effluent quality, large and complex footprints. These 18 

can be grouped into three areas as tabulated in Table 1. 19 

  20 
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Table 1. Traditional technologies for treating wastewater. 1 

 Physical treatment Chemical treatment Biological treatment 

Treatment 

methods 

Adsorption 

Filtration 

Extraction 

Coagulation and flocculation 

Photolysis 

Chemical oxidation 

Thermal oxidation 

Chemical precipitation 

Ion exchange 

Aerobic 

Anaerobic 

Benefits 

Economical capital cost 

Easy to operate 

Better safety 

Higher degree of treatment 

Elimination of dissolved 

contaminants 

Intrinsic safety is superior 

Elimination of dissolved 

contaminants 

Limitations 

Volatile emissions 

Complex maintenance 

Higher energic cost 

High operational and capital 

cost 

Difficult operation 

 

Volatile emissions 

Prone to operational upsets caused 

by antibiotics 

May not remove EC whilst treating 

more abundant easier-to-treat 

organics 

Required sludge removal 

 2 

Generally, the treatment technique selection is based on its economic feasibility, removal 3 

efficiency and by-product generation. However, the conventional techniques are not fully accepted 4 

nowadays due to their higher cost, operational difficulties, and higher production rate of by-5 

products [13, 14]. Thus, an updated and most feasible treatment technique is required to cover 6 

these drawbacks. For ECs such as phenolics, the membrane bioreactor (MBRs) has the potential 7 

to overcome these issues by combining the activated sludge biological treatment and membrane 8 

filtration [15]. Over conventional technologies, the MBR possess several advantages, including 9 

smaller footprints, higher effluent quality, better microbial separation, controlled solids retention 10 

time (SRT) and hydraulic retention time (HRT), lesser sludge bulking and higher biomass contents, 11 



 5 

lower sludge production [16, 17]. In particular, the extractive membrane bioreactor (EMBR) is 1 

regarded as a competitive technology as it requires less energy, produces high-quality water, has 2 

higher removal efficiency with zero byproducts [18-20]. In this process, a dense membrane 3 

controls the migration of pollutant from the feed side (potentially hostile wastewater) into bio-4 

medium (receiving side) to enable biodegradation to occur, based on a solution-diffusion 5 

mechanism.  6 

In 1994, the first utilization of EMBR was reported to extract and detoxify the toxic organics 7 

present in chemical wastewater [21]. Unlike the pervaporation systems in development at the same 8 

time [22-24], its application to the recovery of phenolics reached pilot scale. Since then, the 9 

development and application of various membranes, modules and setup configurations begin to 10 

accelerate in this era. A recently published review article highlighted the prominence of EMBRs 11 

application for denitrification process and treatment of wastewater and waste gas [25]. However, 12 

it is noteworthy that the EMBR operation is still facing hurdles such as: (1) membrane fouling and 13 

thicker biofilm growth due to biological and filtration activity; and (2) limited configurations. 14 

These issues hinder the beneficiary of EMBR by increasing the maintenance cost and reducing the 15 

extraction efficiency [26-28]. As in EMBR process, the extraction efficiency highly depends on 16 

the selectivity and placement of the membrane. The earliest data with silicon rubber tubes and the 17 

newest with polymeric (tubular and composite) membranes have been analyzed to determine some 18 

of the research issues [29]. Nevertheless, despite progress with these studies, the EMBR system 19 

has not been commercialized at full-scale. Thus, a better understanding to highlight the advantages 20 

of this technology in terms of operational flux, recent developments, and strategies to diminish the 21 

fouling and control the biofilm via membrane material and design specially for EMBRs is still 22 

needed.  23 
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In this review, the EMBR process is briefly discussed, and then the main focus is on the 1 

working mechanism and the associated membrane technology. Following a section on the 2 

calculation of pollutant mass transport, manufacturing techniques for hydrophobic and hydrophilic 3 

layers are discussed. A critical pathway to commercialization of EMBR probably lies, in part, with 4 

membrane development and the enhancement of selective solution-diffusion capability. The 5 

selection and deposition of nanoparticles (Nps) into hydrophobic layer to enhance performance in 6 

term of operational flux is discussed. The paper concludes with a consideration of the challenges 7 

and application of EMBR for the treatment of ECs.  8 

 9 

2 Fundamentals of EMBR process 10 

2.1 Working Mechanism 11 

The EMBR setup consists of a feed side and receiving side, which are wastewater and bio-12 

medium, respectively. The installed beneficial organophilic membrane preferentially extracts the 13 

organic pollutants from the hazardous wastewater feed (prior to the pre-treatment e.g., higher 14 

salinity or extreme pHs). The transport of targeted pollutants is via a solution-diffusion mechanism 15 

driven by a concentration gradient existing across the membrane surfaces [28]. Conversely, the 16 

water molecules, metals, salts, and hazardous components are retained in the feed side as illustrated 17 

in Figure 1. On the receiving side, the extracted pollutants are subsequently biodegraded by a 18 

specific microorganism layer present as a biofilm. The biofilm maintains the concentration of 19 

pollutant close to zero in the bio-medium and by consuming the pollutant enhances the 20 

concentration gradient across the membrane [30]. To some extent, the developed biofilm promotes 21 

positive consequences in the treatment of volatile organic carbons and heavy organic matters. 22 
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However, continuous EMBR operation can lead to the development of excessive biofilm on the 1 

membrane surface, which significantly decreases the transfer rate of organics [31, 32].  2 

In comparison with other conventional treatment methods, the EMBR process poses several 3 

benefits such as (1) a point source process without pretreatments; (2) operating at room 4 

temperature and atmospheric pressure; (3) steep concentration gradient across the membrane due 5 

to continuous biodegradation; (4) separated and controlled optimization of microbial activity; and 6 

(5) the byproduct (waste stream) is even less than 1% of fed wastewater.  7 

 8 

Figure 1. Basic mechanism of organophilic/hydrophobic membrane in EMBR. 9 

 10 

2.2 Mass transport theory 11 

The EMBR performance depends on the partition coefficient of targeted organic between the 12 

different phases (feed, receiving and membrane), microbial activity, hydrodynamic boundary 13 

layers on both sides and physio-chemical properties of the membrane. This section introduces the 14 

mathematical models to calculate the overall mass transfer coefficient, overall resistance, biofilm 15 
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resistance on the membrane and normalized overall mass transfer coefficient, together with other 1 

relevant expressions for pollutant removal.  2 

 3 

Overall mass transfer coefficient 4 

To understand the efficiency of organic pollutant transfer across the membrane, an overall 5 

mass transfer is needed which is independent of concentration driving force. The following mass 6 

balance equation is utilized to calculate the overall mass transfer coefficient: 7 

 8 

𝑉𝑟
𝑑𝐶𝑟

𝑑𝑡
= 𝐾0𝐴(𝐶𝑓 − 𝐶𝑟) − 𝑄𝐶𝑟              (1) 9 

 10 

Here, Vr represents the volume of receiving solution; Ko is overall mass transfer coefficient; 11 

A is the membrane area; Cf and Cr are the concentration of feed and receiving solution; Q is 12 

overflow rate; dCr/dt is the concentration change of pollutant in receiving solution. Since the 13 

concentration of pollutant in receiving side would reach zero due to continuous degradation [28], 14 

the equation can be modified according to required condition: 15 

 16 

Vr
dCr

dt
= K0A(𝐶𝑓 − 𝐶𝑟)                          (2) 17 

 18 

By rearranging Eq. 2, 19 

Ko = (Vr
dCr

dt
)/{A(Cf − Cr)}                   (3) 20 

 21 



 9 

The Ko can also be calculated based on changed concentration of targeted organic in feed. 1 

Where 
𝑑𝐶𝑓

𝑑𝑡
 is the change in concentration of pollutant in feed; Vf is the volume. 2 

 3 

Ko = (Vf
dCf

dt
)/{A(Cf − Cr)}                     (4) 4 

 5 

To examine the rejection of inorganic salt and water, the salt flux (Js, mg/m2h) is measured. 6 

                          JS =△ c. V (△ t. A)                               (5) 7 

Where △c is presenting the change in NaCl concentration at receiving side; V (L) is volume, 8 

and △t (h) is the time interval. 9 

 10 

Overall resistance 11 

In this case, assuming the resistances-in-series model for the targeted pollutant, the overall 12 

resistance can be calculated as follo)wing: 13 

 14 

𝑅𝑜 =
1

𝐾𝑜
+

1

𝐾𝑓
+

1

𝐾𝑟𝑠
+

1

𝐾𝑚
                      (6) 15 

 16 

Here, Ro is the overall resistance, Kf  mass transfer coefficient at feed side; Krs is mass transfer 17 

coefficient at receiving side; Km is the mass transfer coefficient of the membrane.  18 

 19 

Biofilm resistance on membrane 20 

As the growth of biofilm on the surface of membrane, initiate more resistance [30]. The 21 

overall resistance of biofilm can be determined as: 22 



 10 

 1 

𝑅𝑜 =
1

𝐾𝑜
=

1

𝐾𝑓
+

1

𝐾𝑟𝑠
+

1

𝐾𝑚
+ 𝑅𝑏𝑖𝑜𝑓𝑖𝑙𝑚                       (7) 2 

 Here, Rbiofilm is presenting the biofilm resistance.  3 

 4 

The biofilm growth and cake layer attachment on the surface of membrane likewise decreases 5 

the Ko value, which is ascribed as normalized Ko: 6 

 7 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐾𝑜 =
𝐹𝑖𝑛𝑎𝑙 𝐾𝑜

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐾𝑜
× 100%                     (8) 8 

 9 

Here, the value of normalized Ko is the observed value on any specific day and initial Ko is 10 

the Ko value on the first day.   11 

 12 

Estimation of the removed pollutant  13 

During long-term EMBR operation, the amount of removed pollutant from feed side is also 14 

essential to calculate to top-up. The amount of pollutant removed daily can be calculated as 15 

described following: 16 

 17 

Daily removal of pollutant (mg/day) = (VfCf t=0 hr) − (VfCf t=24 hr) − (VrCr t=24 hr)      (9) 18 

 19 

Here, Cf t=0 is the initial concentration of pollutant in feed; Cf t=24 hr is the final concentration 20 

of the pollutant after 24 hr; and Cr t=24 hr is concentration of pollutant in receiving side after 24 hr, 21 

which is assumed to be zero.  22 
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Moreover, the elimination capacity of pollutant per membrane area can be calculated as 1 

mentioned below: 2 

 3 

Pollutant elimination capability =
Daily removal

24000

membrane effective area
                      (10) 4 

 5 

In the end, the overall removal of pollutant can be calculated by following equation: 6 

        𝑂verall removal of pollutant (%) = (1 − (
VfCf t=24 hr

VfCf t=0 hr
)) × 100%          (11) 7 

 8 

2.3 EMBR configurations  9 

As a combined process, the compatibility of the membrane filtration unit and the bioreactor 10 

is a key part of EMBR operation and maintenance. The reactor design is based on higher mass 11 

transfer, energy sufficiency and biofilm growth control [25, 32]. To date, two types of 12 

configurations have been utilized, the crossflow EMBR and the submerged EMBR. As presented 13 

in Figure 2, the main difference between the two configurations is that the membrane is directly 14 

exposed to bio-medium in submerged EMBR, while it is separated in the case of crossflow EMBR. 15 

In submerged EMBR, the upflow bubble flow enables the formation of a bubble-induced 16 

hydrodynamic shear adjacent to the surface of membrane, which scours biofilm deposits from the 17 

surface [31]. In summary, design of novel configurations with higher mass transfer capability to 18 

reduce the membrane fouling and overall operation cost will be beneficial and of significance for 19 

EMBR.  20 

 21 
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 1 

Figure 2. Schematic illustration of (a) Submerged EMBR (b) Crossflow EMBR. 2 

 3 

3 Membrane technology 4 

According to the literature, the membrane performance highly depends on the manufacturing 5 

technique, material, and thickness of membrane [33, 34]. In early stage, the commercial silicon 6 

rubber tubes were incorporated in EMBR for fundamental studies but are unable to attain higher 7 

overall mass transfer of targeted pollutant due to their thickness (at least 0.2 mm) [27, 35]. 8 

Subsequently hollow fiber membranes were utiised for EMBRs and a 7.5 times higher Ko was 9 

obtained compared with commercial silicon rubber tubes [29, 36]. As a higher thickness of 10 

membrane results in greater resistance, resulting into lower mass transfer flux, consideration has 11 

been given to thin-film composite (TFC) membranes which are composed of a top thin selective 12 

layer and a porous substrate for mechanical support (Figure 3a). The TFC membranes show higher 13 

overall mass transfer than all other commercial membranes [28]. The efficiency of TFC 14 

membranes in EMBR depends on intrinsic properties of membranes, targeted ECs, and operating 15 



 13 

conditions (with specific factors illustrated in Figure 3b).  Firstly, the desired key properties of 1 

membranes include: (1) high organophilicity to organics and superhydrophobicity to inorganic 2 

salts, water, caustic acid, and (2) stability under harsh conditions for long-term usage. Secondly, 3 

the properties of targeted ECs and the compatibility with membrane material is also essential to 4 

achieve higher flux. Thirdly, the operating conditions of EMBR, such as the temperature, feed 5 

quality, flux and rejection/recovery also influence the operating flux of membrane [37, 38].  6 

 7 

 8 

 9 
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 1 

Figure 3. Illustration of EMBR incorporated membranes. (a) Diagram of multi-layer TFC 2 

membrane (Reproduced and modified [39]). (b) Factors affecting the membrane performance. 3 

 4 

Having shown that the membrane is of great significance in EMBRs the sections below 5 

provide an overview of various TFC membrane manufacturing techniques for the development of 6 

the support layer, the selective layer, as well as the incorporation of nanoparticles into selective 7 

layer for surface modification which can be used to enhance selective permeability of ECs.  8 

 9 

3.1 Support layer/Substrate 10 

The chemistry and performance of both top-layer and substrate can independently be 11 

manipulated to optimize the overall efficiency to attain desired permeability and selectivity while 12 

offering compressive resistance and mechanical strength [28]. Whilst most of researchers consider 13 

the top selective layer to be the key factor in the performance of membrane in EMBR, and most 14 
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available information concerns the physical and chemical properties of the top selective layer, the 1 

support layer properties are also important. The substrate needs to have adequate porosity, 2 

roughness, an appropriate pore size, hydrophilicity and mechanical strength [40]. The morphology 3 

of pores and physical-chemical properties of substrate control the residual volume in pores and 4 

surface [41]. Most importantly, the optimum pore size of substrate is required to avoid intrusion 5 

of the top selective layer, as illustrated in Figure 4.  6 

 7 

Figure 4. The impact of substrate pore size on formation of TFC membrane (Reproduced 8 

and modified [41]). 9 

 10 

Various substrate manufacturing techniques have been assessed to achieve the desired pore 11 

size and suitable architecture. A number of manufacturing techniques including phase inversion 12 

[42], stretching [43], sintering [44], and track-etching [45] are available to fabricate the substrate. 13 
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These methods provide various unique architectural characteristics including porosity, surface area, 1 

and alignment/orientation. The aforementioned manufacturing techniques have been summarized 2 

by Liao Yuan et al. (2018). A comparative analysis is presented in Table 2.  3 

 4 

Table 2: Substrate manufacturing techniques [46].  5 

Manufacturing 

technique 
Schematic process 

Porous 

structure 

Mean 

pore 

size 

Porosity Material SEM analysis Disadvantages 

Sintering 

 

Cloudy 
0.1-

10 μm 
10-20% 

1. Metals 

2. Ceramics 

 

1. Higher 
temperature 

requirement 

2. Hard to achieve 
pore size lower 

than 100nm 

3. Narrow size 
particle 

distribution is 

required 

Stretching 

 

Ladder 

like slits 

0.2-

20 μm 
60-80% 

1. PTFE 
2. PE,  

3. PP  

 

 

1. Higher 
temperature 

requirement 

 

Phase inversion 

 

Form 
small 

surface 

pores and 
large bulk 

pores 

Adjusta

ble 
80% 

1. PTFE 

2. PAN 

3. PVDF 
 

 

1. The polymer 

must be soluble in 

a solvent or 
solvent mixtures 

Track-etching 

 

Cylindrica

l pores 

0.02 -

10 μm 
10% 

Limited to 
suitable 

polymers 

 

1. High cost 
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Electro-

spinning 

 

core-

sheath, 
Janus, tri-

layer 

nanofibers 

- 90% 
Polymers 

 

 

1. Hard to obtain 

nanofibers with 

diameters below 
100 nanometers 

2. Hard to obtain 

ENMs with 
maximum pore 

sizes smaller than 

100 nanometers 
 

 1 

Ultrafiltration (UF) membranes are suitable as the substrate for EMBR membranes to 2 

diminish the top layer intrusion; they come in a range of smaller pore sizes and possess high 3 

porosity [25]. Nanofibrous substrate with large surface opening have also shown a good 4 

performance for EMBR membranes if the substrates were pre-wetted with viscous glycerol 5 

solution to prevent the intrusion of the selective layer [47, 48]. Polymeric material has been 6 

intensively investigated due to their higher selectivity, corrosive resistance, chemical resistance, 7 

and relatively low cost. Till now, the polymeric materials such as polyacrylonitrile (PAN), 8 

polytetra-fluoroethylene (PTFE), and polyvinylidene fluoride (PVDF) have been used to fabricate 9 

the substrate for EMBR. The PAN polymer has been widely used in the manufacture of MF or UF 10 

membranes via electro-static spinning or conventional casting technique and they possess good 11 

chemical resistance and good hydrophilicity [49].  PTFE has been extensively utilized due to its 12 

thermal stability, toughness, chemical stability, corrosion resistance and good mechanical strength 13 

[32, 50]. The PTFE membranes are mostly produced via the post-stretching method and extrusion 14 

or solvent-free melt spinning, which limits their usage as it results a membrane of comparatively 15 

low porosity albeit one with relatively uniform pore size distribution. A more balanced polymer, 16 

PVDF, can be easily fabricated either via non-solvent induced phase separation (NIPS), thermal 17 

induced phase separation (TIPS), or electrospun spinning techniques. Jin et al. designed dual-layer 18 

PVDF substrates to provide defect-free thin top selective layer and sufficient mechanical strength. 19 



 18 

The average diameter of nanofibrous substrate decreased from bottom to top ranging from 148±16 1 

- 72±14 nm [48]. The same trend was observed in another study [51]. To date, the substrates for 2 

EMBR membranes only covers the polymeric UF membrane or nanofibrous membranes[32, 52]. 3 

The other types of membranes such as ceramic, metallic and carbon materials which have been 4 

extensively studied in other membrane processes has never been utilized as substrates for EMBR 5 

and this is likely to remain the case. 6 

 7 

3.2 Top selective layer 8 

The main objective when selecting a TFC membrane is to achieve thin top selective layer 9 

having less resistance and higher partition coefficient. At present, a large number of hydrophobic 10 

and organophilic polymers are available. Owing to its hydrophobicity and organophilicity that 11 

allows preferential transfer of ECs while rejecting water and inorganics, polydimethylsiloxane 12 

(PDMS) has been employed as most popular material for selective layer [53] and 13 

organofunctionalized PDMS has also been researched [23, 24]. The PDMS contains the siloxane 14 

(Si-O) bond with a substituted methyl group on Si atoms [54]. In EMBR, this property enlists the 15 

PDMS as a strong repellent to water, harsh compounds, and inorganic salts, and is proficient to 16 

transfer/extract the organic compound from feed side to bio-medium. The PDMS adopts a three-17 

dimensional structure with four-armed quaternary-siloxy groups as the junction points connecting 18 

the dimethylsiloxane backbones [55]. In general, the partition coefficient of the desired ECs in 19 

polymer matrix depends on free volume within the polymer, segmental mobility of polymer chain 20 

and interaction between targeted compound and polymer matrix [56]. The aforementioned 21 

influenced parameters are controlled by selecting the nature of polymer material, cross-linking 22 

degree, crystallinity and existence of substituent [57, 58]. Accordingly, the improvement in 23 



 19 

partition coefficient could be explained by considering the architecture and polymer backbones of 1 

PDMS dense membrane. Moreover, the density of siloxy group (Si-O) and their nitration intensity 2 

(van der Waals forces and hydrogen bonding) with targeted molecules in unit volume could also 3 

improve the partition coefficient. Moreover, the siloxy units offer increased contact between 4 

PDMS and targeted molecules via van der Waals forces and hydrogen bonding. Jin et al. provided 5 

the schematic route of phenol molecules transport through PDMS in order to understand the 6 

interaction between PDMS and phenol molecule (Figure 5) [48]. Organofunctionalisation of 7 

PDMS has its advantages and disadvantages as discussed elsewhere [23, 24]. 8 

 9 

 10 

Figure 5. Schematic diagrams showing phenol transport through PDMS unit volume and the 11 

primary interactions between phenol molecules and PDMS: (A) PDMS with network 12 

architecture, (B) PDMS with a linear architecture and (C) With a combination of linear and 13 

branch architectures (Copied with permission [48]). 14 

 15 
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Membrane performance greatly depends on the thickness of selective layer [39]. Various 1 

techniques have been adopted to fabricate a thin and defect-free PDMS layer as far as possible on 2 

a porous substrate to maximize their capacity. Stable and reproducible methods are required to 3 

ensure the formation of unique architectural defect-free thin layer. At present, dip coating, 4 

electrospinning, knife casting and spray coating have been adopted to fabricate thin PDMS layer 5 

with different architecture in the EMBR system (Figure 6). Dip coating is an abundantly adopted 6 

technique to place the hydrophobic coating since its waste-free, low-cost, easy to scale up, and 7 

proposes controlled thickness. In this technique, the substrate is completely immersed in PDMS 8 

solution for a certain time. Subsequently, a desired hydrophobic coating is obtained after lifting 9 

out the membrane followed by air-drying or thermal treatment. Moreover, the dip-coating 10 

technique is appropriate for the modification of 3D structural materials. Naik et al. proposed a 11 

composite membrane by surface dip coating PVDF nanofibrous substrate with of PDMS [59]. The 12 

electrospinning technique contributes to allowing the controlled PDMS formation on substrate. 13 

This technology advance to fabricate an ultrathin top layer by unique architecture of nanofibrous 14 

scaffolds and presenting the lowest obtained thickness (6.2 ± 0.4 µm) [46, 60]. However, the 15 

scalability, stability and safety of this technique needs to be further verified, because a high 16 

flammable solvent n-hexane was used in the electrospinning of PDMS which is not safe under the 17 

high-voltage over 15 kilovolts [46]. Classically, knife-casting is a facile and economical method 18 

for depositing a PDMS layer; gap setting of the casting knife controls the thickness. Long-fei et al. 19 

and others have deposited PDMS layers by the casting method and successfully obtained a non-20 

porous and smooth surface [32]. As an alternative that is straightforward and gives a relatively this 21 

film there is spray coating. This method generates a thin, uniform coating layer in a fast, simple, 22 

reproducible mode, and is capable of large-scale promotion. Jin et al. prepared condensation-cured 23 



 21 

a PDMS membrane with network architecture by spray coating onto an electrospun PVDF 1 

substrate.  The overall mass transfer coefficient was evaluated as being relatively high for an  2 

extractive process [48]. Liao et al. prepared a 12±1 µm PDMS top layer by spray coating and 3 

obtained smooth and defect-free morphology [28].  4 

 5 

Figure 6. Methods (current adopted techniques and other techniques) for the preparation of 6 

superhydrophobic PDMS.  7 

 8 

Given that the resistance of the PDMS layer is just one of the resistances (see Eq. 5) further 9 

reduction in its thickness will bring little overall benefit. However as the mechanism of transport 10 

across this selective layer is one of solution-diffusion mechanism improvements in the selectively 11 

of this layer will be beneficial [61]. In summary,  manufacturing techniques impact the 12 

performance of membranes by influencing the control of thickness and architecture. Overall the 13 



 22 

spray coating technique is a more environment-friendly and more efficient way to fabricate a 1 

PDMS layer due to easy control of thickness, less amount of solvent, and safe working condition.  2 

 3 

Table 3. Comparative analysis of various PDMS application techniques. 4 

Technique Instrumental 

type 

Support 

layer 

Handling Advantages Limitations 

Dip coating Oven, 

Container 

Easy Glass, 

porous 

material, 

Fabric, 

wooden 

1. Time saving (Fast) 

2.  Uniform coating 

3. Continuous 

production 

4. Suitable for various 

substrate 

5. Economic 

1. Requirement of 

organic solvents 

2. Difficulty in 

controlling 

morphology 

Electrospinning Electrospinning 

equipment 

Tough - 1. Uniform coating 

2. Porous hydrophobic 

membrane 

3. Continuous 

production 

1. Time 

consumming 

2. Higher cost of 

instrument 

3. Finely tuned 

processing 

parameters 

Knife casting Instrument  Easy - 1. Economical 

2. Uniform coating 

3. Continuous 

production 

1. Lower fatigue 

strength of layer 

2. Casting defects 

Spray coating Spray gun Easy Metallic 

surface, 

glass, porous 

substrate 

1. Uniform coating 

2. Continuous 

production 

3. Larger scale  

4. Time saving (Fast) 

1. Harder in 

controlling surface 

morphology 

2. Only for outer 

surface 

3. Requirement of 

organic solvents 

 5 

3.3 Incorporation of porous nanoparticle (Np) into selective layer 6 

Recent developments in PDMS polymeric material has suggested that it has a limit. For 7 

example, it has been reported that the overall transport coefficient of phenol through PDMS ranges 8 

from 4 to 7×10-7 m/s in EMBR [36, 51]. Hence, the separation capability of PDMS coated 9 
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membranes is not good enough to meet the requirements of full-scale application. To address this 1 

issue, doping PDMS polymer with various porous Nps has proven to be an effective strategy. The 2 

deposition of Nps into PDMS provides different interface morphology and enhances the 3 

mechanical and thermal properties of top selective layer [62]. Recently, major areas of 4 

investigation have been directed towards finding suitable combinations of PDMS and Nps, the 5 

PDMS/Nps interface morphology and physical properties of porous Nps (e.g., particle size, 6 

structure, and particle agglomerations) [18, 63]. 7 

To date, wide range of porous Nps have been introduced based on their larger porosity, higher 8 

surface area, facile functionalization, pore volume, tunable pore size and shape, chemical and 9 

thermal stability, and excellent compatibility with PDMS polymer [64, 65]. Smaller particles (less 10 

than 50 nm) will provide more PDMS/Nps interfacial area, opportunity to disrupt polymer chain 11 

packing and potentially enhance the separation capability [46, 66]. The incorporation of Nps into 12 

PDMS provides transport through the channel of inner cages, serving as expressways with lower 13 

mass transfer resistance [67]. It has been found that the trend of organophilicity increases due to 14 

the addition of the pore-flow mode of Nps alongside the solution-diffusion mode [32, 62, 64]. The 15 

schematic illustration of transport mechanism through PDMS (solution-diffusion mechanism) and 16 

pores (pore-flow mode) is shown in Figure 7a. The attachment of available functional groups on 17 

Nps and PDMS enhance the dispersion of Nps into selective layer [68]. However, no general 18 

strategy is available to deposit the Nps evenly into PDMS polymer (Figure 7b represents the ideal 19 

morphology of Np dispersed into PDMS). Phase separation between Np and PDMS polymer leads 20 

to detachment of Nps from the host polymer and can result in the creation of interface voids (As 21 

illustrated in Figure 7c). The interface voids are presumed to be the major cause of a deterioration 22 

in performance due to by-passing of the particles [69]. Other possible causes for interface voids 23 
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include repulsive forces between PDMS and Nps and different coefficients of expansion [70]. To 1 

overcome these problems, the hydrophobic modification of the pores surface of Np is beneficial 2 

as it can enable homogenous dispersion within PDMS [71-73].  3 

 4 

Figure 7. Schematic transport mechanism. (a) Transport via pore-flow mode (Reproduced and 5 

modified [48]). (b, c) Morphology of Nps (Reproduced and modified [69]).  6 

 7 

Emerging as a comparatively new group of porous materials, covalent organic frameworks 8 

(COFs), metal organic frameworks (MOFs) and carbon nanotubes (CNT) have captured wide 9 

attention recently due to their tailorable structure, crystalline nature, and most importantly 10 

functional applications in various fields. COFs are porous crystalline materials containing covalent 11 

bonded blocks, and they have gained great attention since first being reported in 2005 [74]. The 12 

availability of unreacted amino and aldehyde groups in pore channels of imine-based COFs are 13 

expected to form hydrogen bonds with water molecule and hinder water transport. The pore size 14 
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of COFs can be tuned via building blocks and various pore size distributions can be achieved. The 1 

theoretical pore width (0.78 nm) of COF-300 provides sufficiently large channels for ECs [75]. 2 

Moreover, the incorporation of COFs in PDMS have been achieved in many studies [76-78], which 3 

suggests that they should be evaluated for the EMBR process.  4 

In the case of MOFs, inorganic units bridged by organic ligands suggests that it could be a  5 

candidate for enhancing the EMBR process. Various water stable structure of MOFs such as ZIF-6 

8, MIL-53(Al) and NH2-UiO-66 provides different window sizes which are 0.34, 0.86 and 0.6 nm 7 

respectively [79]. Liao et al. successfully coated Ag-MOFs on PDMS surface and achieved 8 

33.0×10-7 m/s mass transfer coefficient for phenol in an EMBR process. Thus, it can be anticipated 9 

that the incorporation of other structures would provide higher mass transfer for other ECs and 10 

that there can be a suitable tailoring of the size of the channels of the porous cages. In the case of 11 

CNTs, nanotubes as porous materials presents nanochannels (one-dimensional and two-12 

dimensional) and high throughput. In CNTs, inherent atomic-scale smoothness of interior channels 13 

enables rapid transport of targeted molecules. In addition, CNTs induce excellent selectivity for 14 

targeted pollutants. However, it is difficult to achieve the homogeneous dispersion of CNTs in 15 

polymeric solutions, due to their flexibility and the availability of van der Waal forces which leads 16 

to the creation of entangled bundles. The recommended methods for homogenous dispersion are 17 

chemical vapor deposition (CVD) treatment, ozone mediated and acid treatment [80-82].  18 

4 Applications of EMBR  19 

The advantages of EMBR technology enable its application in many fields, including 20 

denitrification of nitrate and waste gas treatment as explained elsewhere [25]. For wastewater 21 

treatment, EMBR has been applied for the removal of ECs such as monochlorobanzene [83], 1, 3-22 

dichloropropene [84], nitrobenzene [21], phenol [36], 1, 2-dichloroethane [85], 3-chloro-4-23 
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methylaniline [86] and 3-chloronitrobenzene [87]. In this case, the EMBR technology presents 1 

higher removal of organic compounds and highest mixed liquor suspended solids (MLSS) 2 

concentration [88]. The higher MLSS concentration results in smaller footprints and higher quality 3 

treated water, advantaging this technology over traditional activated sludge and MBRs [25]. 4 

According to literature, the EMBR has been operated widely at laboratory scale for months without 5 

pre-treatments or diluting the feed wastewater [27]. The detailed extraction of other ECs, 6 

membrane properties and operating conditions of EMBR are summarised in Table 4. 7 

Phenol as an EC has been widely gained attention and treated with various tradition 8 

technologies, as mentioned above. The biodegradation of Phenol by EMBR is significant due to 9 

higher removal rate. Livingston et al. reported a study to biodegrade the phenolic compounds in 10 

salty and acidic concocted wastewater using silicon rubber tubes. The results showed 65% removal 11 

of phenol at constant temperature (30 ℃) and pH (6.7). Moreover, the biofilm growth was 12 

observed on the membrane surface caused decrease in mass transfer [89]. In another study [32], 13 

electrospinning-phase inversion composite PDMS membrane was optimized for phenol removal 14 

and achieved higher mass transfer coefficient (8.8×10-7). However, the influence of biofilm growth 15 

was observed in every applied study. The scientists placed different EMBR setups, including, 16 

submerged and cross-flow mode for long-term operation to observe the effect of biofilm. The 17 

biofilm growth on membrane surface decreased the value of ko up to 65% [28]. Based on these 18 

studies, it can be stated that the biofilm growth can be effectively controlled by fine tuning the 19 

organic loading rate [37]. However, the incorporated membranes are still facing lower structural 20 

integrity and salt leakage issues, need to be resolved.  Various applied conditions and membrane 21 

modifications have been discussed in biofilm section to control the growth of biofilm.  22 
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Toluene, as second EC has been extensively treated using EMBR. Emanuelsson et al. studied 1 

the removal of nitrate by using PDMS and nitrate in EMBR [90]. In this study, the nitrate was used 2 

instead of oxygen due to lower solubility of oxygen in water, to control the growth of biofilm in 3 

EMBR. The less solubility of oxygen influences the relationship between biofilm growth and 4 

organic flux. Therefore, nitrate was incorporated to deal with this problem. The nitrate 5 

incorporation was studies under three different conditions. In first condition, low nitrate 6 

concentration resulted in lower flux and biofilm growth. In second condition, excessive nitrate 7 

concentration resulted into no biofilm formation and constant flux over time. In third condition, 8 

excess nitrate concentration with ferric nitrate flocculent resulted in biofilm formation but toluene 9 

flux decreased concomitantly with the growth of biofilm. Thus, it enlightens that electron acceptor 10 

solubility is not essential to control biofilm growth in EMBR. In summery for wastewater 11 

treatment with EMBR, the EMBR showed higher removal rate of targeted pollutants based on 12 

concentration driven mechanism. 13 
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Table 4. EMBR for the treatment of emerging contaminants. 

Targeted component EMBR configuration Membrane properties Operating conditions Mass transfer 

Coefficient 

 (ko m/s) 

Reference 

Phenol 

Flat sheet Top layer: PDMS 

Substrate: PVDF/LiCl/DMF 

Concentration: 1000 ppm 

Operating time: 14 days 

Aq-aq ext: 9.3E-7 

EMBR: 4.1E-7  

[51] 

Flat sheet 

Effective area= 36 cm2 

Top layer: PDMS 

Substrate: PVDF 

Concentration: 1000 ppm 

Operating time: 14 days 

Aq-aq ext: 18.3E-7 [48] 

Flat sheet 

Effective area= 238 cm2 

Top layer: PDMS 

Substrate: PVDF  

Concentration: 1000 ppm 

Operating time: 14 days 

Aq-aq ext: 12E-7 

EMBR: 7.0E-7 

[31] 

Silicon rubber tubular 

membrane 

(0.4m×2.07mm ID×4.08mm OD) 

 

Concentration: 2000 ppm 

Operating time: 14 days 

EMBR: 0.8E-7 [30] 

Flat sheet 

Effective area =36 cm2 

Top layer: PDMS 

Substrate: ultrafine nanofibrous 

layer, a coarse nanofibrous layer, 

a non-woven mechanical support, 

and a micro/nano-beaded layer 

Concentration: 1000 ppm 

Operating time: 14 days 

Aq-aq ext: 12E-7 

EMBR: 5.7E-7 

[28] 

Hollow fiber membrane Top layer: PDMS 

Substrate: Polyetherimide 

Concentration: 2000 ppm 

Operating time: 14 days 

Aq-aq ext: 30E-7 

EMBR: 7.5E-7 

[36] 

Flat sheet 

Effective area =36 cm2 

Top layer: PDMS 

Substrate: PVDF 

Concentration: 1000 ppm 

Operating time: 14 days 

Aq-aq ext: 18E-7 [48] 
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Flat sheet 

Effective area =22 cm2 

Top layer: PDMS 

Substrate: PVDF/non-woven 

fabric nanofibrous 

Concentration: 1000 ppm 

Operating time: 4.3 days 

Aq-aq ext: 37.9E-7 [60] 

Flat sheet 

Effective area =48 cm2 

Top layer: PDMS 

Substrate: PPMA 

Concentration: 2500 ppm 

Operating time: 18 days 

EMBR: 8E-7 [32] 

 Flat sheet 

Effective area =24 cm2 

Top layer: (TiO2@ZIF-8) PDMS 

Substrate: PVDF 

Concentration: 1000 ppm 

Operating time: 14 days 

Aq-aq ext: 25.28E-7 [61] 

 Flat sheer 

Effective area =48 cm2 

PDMS/PPMA Concentration: 14-290 ppm 

Operating time: 32 days 

EMBR: 9E-7 [52] 

Flat sheer 

Effective area =20 cm2 

PDMS/PMMA/MWCNTs Concentration: 14-290 ppm 

Operating time: 1.2 days 

EMBR: 7E-7 [19] 

Flat sheet 

Effective area =36 cm2 

Top layer: (Ag-MOFs). PDMS 

Substrate: PVDF 

Concentration: 1000 ppm 

Operating time: 1.2 days 

EMBR: 33E-7 [18] 

Toluene Silicon tubular 

membrane 

(6.2m×3.0mm ID×3.7mm OD) Concentration: - 

Operating time: 38days 

- [91] 

3-chloronitrobenzene Silicon tubular 

membrane 

(15m×3.0mm ID×4.0mm OD) Concentration: 158 ppm 

Operating time: 16 days 

EMBR: 2.9E-6 [92] 

2,3-dichloroaniline Silicon tubular 

membrane 

(15m×3.0mm ID×4.0mm OD) Concentration: 194 ppm 

Operating time: 16 days 

EMBR: 1.81E-6 [87] 

Chlorobenzene Silicon tubular 

membrane 

(350×3m×3.0mm ID×3.6mm OD) Concentration: 10-250 ppm 

Operating time: 62.5 days 

EMBR: 0.5-1.5E-6 [83] 
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Trichloroethylene Polypropylene hollow 

fiber 

(5600×23.9cm×240µm 

ID×300µm OD) 

Concentration: 

10-250 ppm 

Operating time: 

62.5 days 

EMBR: 0.18-0.95E-6 [93] 

Methyl tert-butyl 

ether 

Tubular semipermeable 

silicon membranes 

(25m×3.8mm ID×0.4mm OD) Concentration: 

150 mg/L 

Operating time: 

28 days 

EMBR: 4.25E-7 [94] 

* Polydimethylsiloxane (PDMS); N,N-Dimethylformamide (DMF); Polyvinylidene fluoride (PVDF); PPMA: poly (methyl methacrylate); Aquous-aquous extraction (Aq-aq ext) 
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5 Limitations in EMBR development 1 

Despite the benefits of EMBRs, the main obstacles impending this technology includes: (1)  2 

membrane fouling and significant flux decline and (2) lack of biofilm control strategies which are 3 

addressed in the next sections.  4 

5.1 Membrane fouling 5 

After diffusing through the selective layer of a thin-film composite membrane, the pollutants 6 

need to pass through a non-porous selective layer. Potential problems are the microbial growth 7 

promoted by the disused pollutant and their binding onto the porous substrate. Biofilm growth 8 

within the porous support will significant reduction of mass transfer by increased membrane 9 

resistance, and therefore enhancing operational and maintenance cost. Typically, membrane 10 

fouling is ameliorated by: (1) appropriate membrane selection; and (2) careful control of 11 

membrane operating and cleaning regimes.  12 

In EMBR, simultaneous biological and filtration activities on membrane surface cause 13 

membrane fouling. During the biological activity, the production of soluble microbial products 14 

(SMP) and extra-cellular polymeric substances (EPS)  is identified as crucial source of pollutants 15 

[25, 95]. Moreover, the EPS/SMP chemically develops as an insoluble gel-like on membrane 16 

surface owing to inter-/intra-molecular ionic cross-linking chemical reaction due to polyvalent 17 

cations of metals (Ca, Mg, Al, Fe, Si) and hexoses/methylpentose/uronic acids (alginic/pectin acids) 18 

units in EPS/SMP molecules [96, 97]. To avoid pore blockage the biofilm should be a retained 19 

layer on the surface [52]. Various strategies such as: (1) appropriate operation conditions, 20 

including membrane relaxation; (2) appropriate aeration; (3) backwash; (4) 21 

coagulation/flocculation [98]. These  physical or chemicals methods  can be used alone or 22 

integrated. According to the research literature, UV irradiation treatment has been proposed to 23 
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control biologically membrane fouling [99] but practical issues have yet to be addressed. Future 1 

research can focus on controlling biofilms in a more environmentally friendly and economical way, 2 

or by modulating the chemical properties of the membrane surface, to achieve micro-interface 3 

regulation by releasing antifouling substances. 4 

In addition to biofouling on the receiving side there is the issue of fouling on the feedside. 5 

The membrane characteristics such as reduced surface roughness, optimized hydrodynamic 6 

conditions, lower surface energy, and antibacterial capability can also help to reduce the membrane 7 

fouling. The hydrophobic PDMS as selective layer possess smooth and slippery surface. The 8 

flexible backbone of Si-O and lower surface energy hinders the deposition of foulants and can be 9 

removed conveniently by up-flowing air bubbles. Given the success of traditional flat-sheet MBRs 10 

we are optimistic that the main fouling issue will be on the receiving side, and not the feedside, 11 

but this can only be determined by longterm trials. 12 

Regarding the receiving side a hydrophilic porous substrate or one with a highly hydrophilic 13 

coating can inhibit the attachment of bacteria and proteins. The unique characteristics of poly-14 

ethylene glycol (PEG) has gained attention to enable superhydrophilicity. The chemical coating of 15 

PEG on PVDF and PTFE polymeric substrates can enhance the hydrophilicity of membrane with 16 

reduced membrane fouling. The enhanced hydrophobicity is attributed to segregation of PEG 17 

groups and swelling of the PEG domain [100].  18 

 19 

5.2 Biofilm formation 20 

The biofilm attached to the membrane surface on receiving side is composed of 21 

microorganism’s micro-colonies and trapped in a gel-like EPS matrix. The biological activity of 22 

these microorganisms causes the formation of biofilm on receiving side. The availability of 23 
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microorganisms in wastewater might occur the possibility to grow biofilm at the feed side after 1 

the long-term application in EMBR, however, our current study is mainly considering the biofilm 2 

at receiving side. To some extent, biofilm thickness (>0.5mm) is adventurous [30]. The 3 

uncontrolled growth of biofilm affects the stability of EMBR. The biofilm thickness likewise 4 

influences the permeate flux of pollutant through membrane as thicker biofilm results into higher 5 

transfer resistance [27]. Despite the drawbacks of enhancing the mass transfer resistance and 6 

declining the permeate flux, the biofilm enhances the membrane’s capability to inhibit the small 7 

objects like inorganic ions and viruses. Some researchers have employed membrane biofilm 8 

reactors to remove organic carbon and nitrogen simultaneously from one reactor [101]. Moreover, 9 

it has been found that the formation of a biofilm on a microfiltration membrane improved the 10 

quality of treated water [102].  11 

The presence of biofilm is critical for EMBRs but attaining the optimal thickness on the 12 

surface of membrane is challenging. Figure 8 indicates that a thinner biofilm thickness (earlier 13 

times) results in higher permeate fluxes. Thus the incorporation of various techniques or good 14 

choice of EMBR configuration should enable the attainment of an optimal biofilm thickness. 15 

Various membrane properties such as membrane roughness and hydrodynamic conditions were 16 

revealed as the factors affecting the biofilm growth [31]. Also specific conditions such as the 17 

addition of sodium chloride have been employed. Its addition into an EMBR has been found to 18 

lessen the growth of chlorobenzene-degrading Pseudomonas species. Salt addition influences the 19 

maintenance energy of the microorganisms because it enhances the pumping energy requirements 20 

for salt [37]. Secondly UV inactivation and membrane relaxation have been used and membrane 21 

fouling decreased by up to 24%. Also thirdly there has use of nitrate and ferric nitrate flocculent 22 

[25]. Excessive amount of nitrate and ferric nitrate flocculent are used to force the biofilm 23 
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formation with toluene as the pollutant. However the flux across the membrane decreases 1 

concomitantly with the growth of biofilm. Fourthly mention is made of a Liquid carrier. By 2 

keeping the membrane and bio-medium separately, a suitable liquid carrier delivers the permeate 3 

from surface to bio-medium for biodegradation [103]. Although this yields a higher permeate flux, 4 

the system has a complex configuration. 5 

 6 

 7 
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Figure 8. Biofilm growth and  permeating influence in EMBR (Presented data reproduced from 1 

[28], [30], [31], [36] and [51]). (a) Membranes and operating conditions. (b) Mass transfer 2 

coefficient variations. (c) Membrane autopsies after operation. 3 

 4 

Lastly hybrid processes in which there is addition of modified and water stable bio-carriers 5 

(sponges) to the effluent tank might be useful to increase efficiency. Aeration and sponges may 6 

well beneficially limit biofilm growth on the membrane surface. A possible concept is illustrated 7 

in Figure 9.  As a concluding observation it is noted that successful pervaporation applications 8 

generally involve hybrid processes [22, 104]. Thus the success of EMBRs might be dependent 9 

upon the development of hybrid processes. Whatever form the processes take, as with all MBR 10 

processes trials over extended periods are essential because these biofilms need weeks to establish 11 

a pseudo steady-state. 12 

 13 

Figure 9. Enhanced EMBR configuration with aeration and bio-carrier.  14 

 15 
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6 Conclusion and future prospective  1 

EMBR is, in principle, an attractive technology for the biodegradation of toxic compounds in 2 

wastewater such as contaminents of emerging concern. This is particularly so where the 3 

wastewater has harsh conditions making conventional treatment difficult. Despite their potential 4 

to deal with hard conditions, EMBRs have yet to progress significantly beyond conceptualization 5 

and laboratory evaluation. Increasing need for water recycle may encourage a company to invest 6 

in long-term trials in order to achieve a deep clean of its wastewater in order to remove recalcitrant 7 

compounds that are only slowly biodegradable. Current results are essentially preliminary because 8 

of the time constants in biologically based systems. 9 

Membrane technology, the key component of EMBR, has been reviewed in this study in order 10 

to guide future research. It was concluded that an appropriate choice of polymer and a design 11 

involving TFC membranes would enable EMBR technology to achieve higher mass transfer fluxes. 12 

Furthermore manufacture of the substrate (PVDF and PTFE) via electrospinning technique has a 13 

great potential to minimize the intrusion of top selective layer and control the residual volume in 14 

pores and surface. As far as coating for antifouling properties are concerned, coating the surface 15 

with polymer (PEG), which presents an optimized and lower energy surface architecture, has 16 

shown promising results.  17 

Moreover with regard to the selective layer, the efficacy and application of PDMS was 18 

highlighted as being the most common and appropriate polymer for the selective layer of a TFC 19 

membrane. Among the major advances achieved in past decades there is the development of novel 20 

approaches to apply selective layer such as spray coating which minimises thickness. However, 21 

PDMS has certain drawbacks including lower organophilicity and less mechanical strength. 22 
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Tailoring through the incorporation of nanomaterials such as MOF, COF and CNTs facilitates a 1 

pore-flow mode for pollutant transport along side the solution-diffusion mechanism.  2 

Hybrid processes such as the addition of stable bio-carriers  to the effluent tank might be 3 

important to the commercialization of EMBRs because the blend of two processes offers 4 

advantages that the component processes do not possess. Also an appropriate evaluation of the 5 

environmental benefits with explicit weighting of environmental impacts should facilitate 6 

technological progress in this area. 7 
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