
 
International Journal of Emerging Technology and Advanced Engineering 

Website: www.ijetae.com (E-ISSN 2250-2459, Scopus Indexed, ISO 9001:2008 Certified Journal, Volume 12, Issue 07, July 2022) 

Manuscript Received: 18 May2022, Received in Revised form: 26 June 2022, Accepted: 02 July 2022                              DOI: 10.46338/ijetae0722_18 

162 

Membrane Backwash Performance Improvement-A Review  
M. J. Mopeli

1
, P. B. Sob

2
, A. A. Alugongo

3
,  T. B. Tengen

4
 

1,2,3,4
Department of Industrial Engineering & Operations Management and Mechanical Engineering, Faculty of Engineering 

and Technology, Vaal University of Technology, Vanderbijlpark 1900, Private Bag X021, South Africa 

Abstract -To date, different models and parameters have 

been used to design membrane backwash system for different 

applications and in most cases this has led to improved 

performance of membrane system. However, some of these 

developed backwashing system are inefficient, due to poor 

modelling of relevant physical parameters and variables that 

affect backwash system. An efficient cleaning design of a 

membrane backwash system has proven to be a promising 

approach or technique in improving membrane performance 

for different applications. As such, it is important to study all 

the relevant models and parameters that can be used in 

designing a membrane backwash system to improve the 

overall performance of the membrane system for oil-water 

separation application. In this review study, a series of models 

are identified and their potential application to establish 

critical operating process during backwash. This report has 

three section, namely: Identification of critical backwash 

operating conditions that could potentially optimize backwash 

system, flux recovery models and lastly, fouling-based models. 

The purpose of this review is to identify relevant parameters 

and relevant models during backwash process. More 

consideration is based on demonstrating the effectiveness of 

high intensity of critical operating condition during backwash, 

which canforce the oil droplet blockage to be dislodged out of 

the membrane pores with ease. As result, reduction in 

backwash duration and improve the overall performance. 

This study concludes as follows; the identification of critical 

parameter, majority of the models are based on conservation 

principle which is a (collective of conservation mass, 

momentum and energy) governed by Navier-Stokes laws. 

Also, modelling the oil droplet dislodging phenomenon, much 

consideration should be based on the driving back-pressure 

and interfacial tension forces, to deform and push the oil 

droplet blockage out of the pores. Furthermore, developed 

critical pressure models on filtration phase do not directly 

consider the different fouling formation between oil and solid 

particles. 

Keywords - backwash; fouling; modelling; critical operating 

condition; flux recovery 

I. INTRODUCTION 

The significant increase of industrial oil waste such 

as: Oil spills, oily water discharge and oil leakage have 

become the most critical concern for environmental 

degradation[2].  

As result, two-thirds of the global population will 

inevitable be living in water-stressed regions in the near 

future[2]. Due to water pollution, deaths and illnesses have 

significantly increased worldwide [2]. The demand for 

advanced water purification technology has increased the 

overall market for membrane technology to be 

implemented on an industrial scale, this is due to their 

significant advantage when compared to numerous 

conventional filtration techniques [3]. Membrane 

technology holds great potential in oil/water separation 

application but the persisting fouling problem affects 

membrane performance[3]. Numerous studies on 

membrane backwash have been conducted with the aim to 

reduce the fouling effect on membrane technology [4, 5] 

Since (1990 – 2018) several backwashing or backpulsing 

publications usedin MF / UF processes have been reported, 

the total number of publications focusing only on 

backwashing was estimated to be 1056 and backpulse has 

an estimated value of 110 publications till 2018. The 

following data was collected 

fromhttp://apps.webofknowledge.com in January 2019 by 

Gao et al. [6]. This includes the three backwashing review 

studies  which were published, in 2016, 2017 and 2018 

respectively and one backpulse review by Gao et al. (2019) 

[6]. The 2016report reviews backwashing as 

cleaning technique to control fouling in wastewater 

treatment for membrane bioreactors [7]. The 2017 review 

focuses on low-pressure membranes backwash for drinking 

water treatment [8]. Lastly, 2018reviews fouling detection 

and mitigating techniques from a process control 

perspective by use of models[4].However, none of the 

reviews has identified relevant models and parameters to 

improve backwash performance which are address in this 

review study, different subject including backwash 

performance in various applications such as: operating 

parameter optimization, as well as flux prediction 

modelling and mechanism analysis studies are covered in 

this review study. 

Membrane cleaning can be classified into two categories 

namely: physical and chemical method. For physical, it 

incorporates process such as: pneumatic, hydraulic, 

mechanic, and electric application[9].  
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While chemical cleaning usually incorporate chemical 

solution such as: acids, oxidants, surfactants and bases[9]. 

While some researchers resorted to chemical clean as 

means to eliminate the irreversible foulant layer [10]. The 

main drawback of chemical cleaning is that it impairs 

membrane selectivity, as result, shortens membrane 

lifespan.Since the aim of the study is to improve the 

performance of a membrane backwash system for efficient 

wettability process, the following section will only outline 

a brief summary on physical cleaning techniques based on 

hydraulic application. 

The hydraulic cleaning incorporate process such as: 

forward flushing, backwashing or backpulsing which is the 

most common cleaning technique for fouling removal[9]. 

The periodic reverse flow is capable of dislodging and lift-

off oil droplets (foulants) from the membrane pores and 

surface respectively. As result, preventing fouling elevation 

from reversible to irreversible by minimizing concentration 

polarization effect[11]. The forward flush is performed 

during filtration phase commonly by application crossflow 

to improve the shear effect on membrane surface[9]. 

Backpulsing (back-shock) is high magnitude and rapid type 

of backwash. It’s short duration (<1s) and high intensity 

application has been proven to be effective to remove non-

adhesive foulants on the membrane surface[12]. However 

the intensive backwash application even though proven to 

be effective to mitigate fouling, it has not been given 

considerable amount of attention in both modelling and 

experimentation studies[13]. Any improvement to the 

backwashing technique has huge potential to improve the 

overall performance, cost-effectiveness of both current and 

future membrane technology [14, 15]. 

Three factors differentiating backpulse from backwash: 

Firstly, unlike backwash, backpulsing is a kind of reverse 

flow cleaning procedure that induce transmembrane 

pressure (TMP) for a significant short period. (usually less 

than 1 s) and is usually used in conjunction with cross-flow 

velocity (CFV) at corresponding high amplitude  

[6].Secondly, thesignificant difference between backpulse 

and backwash is the utilized amplitude (speed and force). 

Backpulse is generally characterized by a high frequency 

and short duration [6]. While backwash is usually 

performed for a few minutes for a selected time interval 

ranging from minutes or longer. However, backpulse only 

last for a fraction of  seconds in every few seconds 

[6].Lastly, for backwash process to be performed the 

filtration phase needs to be stopped temporary which 

interrupts the production [6]. On the contrary, backpulse 

application introduce no interrupts to the filtration phase.  

Despite the difference in procedure during operation 

between backwash and backpulse. However, their principle 

of operation is more or less the same, as they utilize the 

reverse flow phenomenon to clean or dislodge foulants 

found on the membrane structure. The aim is merge both 

backpulse and backwash operating procedure to improve 

the cleaning efficiency by utilizing high amplitude reverse 

pressure and reducing backwash duration.  

1.2 Backwash fundamentals 

Backwashing is one of the most commonly applied 

procedure for cleaning membrane surface, whereby the 

flow direction is reversed to dislodge membrane 

accumulated contaminates, this procedure may prevent the 

transition of reversible to irreversible fouling [16-18]. The 

best operating parameters that gave best performance 

during backwash need to be identified and modelled based 

on preliminary evaluation test of the dynamic relationship 

between effective backwash parameters. This evolving 

modelling approach in membrane technology has attracted 

a lot of attention to many researchers to advance membrane 

processes[19]. To explore this evolving approach, some of 

the important aspects to be considered in this modelling 

identification review:  Understanding membrane fouling 

and subsequent permeate flux recovery model which are 

associated with optimizing membrane backwash system for 

stable and efficient wettability process. This report divided 

into three section, namely: firstly, identification of critical 

backwash operating conditions that could potentially 

optimize backwash system. Secondly, flux recovery models 

and lastly, fouling-based models. 

Like backpulse: amplitude, duration and frequency are 

three fundamental parameters associated with effective 

backwash. These fundamental parameters should be 

optimized to improve backwash performance [6]. The  

reverse applied pressure value defines the amplitude, while 

frequency is define as the time interval between two 

consecutive pulses, lastly the duration is the time taken by 

each pulse [12, 20]. Backwash may successfully eliminate 

hydraulically reversible fouling and reducing polarization 

concentration if the fundamental operating conditions are 

satisfied [6]. The external fouling and non-adhesive fouling 

are typical hydraulically reversible fouling removed by 

backwash. These external and internal fouling are 

categorized by the factors associated with fouling 

formation as demonstrated in section A [21]. Cake layer 

accumulation is generally identified as an external fouling, 

while internal fouling is induced by pore blockage or 

constriction.  
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One the other hand  non-adhesive and adhesive fouling 

are defined based on the types of feed concentration[22]. 

Non-adhesive fouling is generally suspended particles and 

inorganic fouling, while biofouling, colloidal and organic 

fouling is typically adhesive fouling [23]. 

1.3 Evaluating backwash efficiency 

This experimentation for validation study evaluates the 

optimal operating conditions of backwash through 

predetermined modelling approach. Not only does the 

optimized backwash procedure results in efficient 

performance during filtration due to high permeation flux 

recovery but also results in reduced operating cost which is 

beneficiary for long-term operation. Poor backwash results 

to inadequate cleaning procedure of membrane. This is due 

to poor driving backwash-pressure that is less than the 

required critical back-pressure to effectively dislodge 

contaminates results in inefficient cleaning. The schematic 

diagram below illustrate an inefficient backwash process in 

figure 1.1 below[6]. 

 

Fig1.1 Schematic illustration of inefficient backwash process. Adapted 

from Ref.[6]. 

As illustrated by the schematic diagram above: before 

backwash, the solute diffusion rate by large particle 

accumulation and the solute concentration on the 

membrane surface are far greater than the bulk solute 

concertation. As a result, solvents experience decline in 

permeation flux due to an increase in osmotic pressure by 

concentration polarization which offset the TMP during 

filtration [24].Applying high amplitudebackwash, 

the accumulated foulants on the membrane surface can all 

be removed with ease. Consequently,improving backwash 

cleaning efficiencyand reducing cost by shortening 

operation duration [6].  

 

Backwash efficiency can be evaluated by considering the 

followingaspects of performance. One being permeation 

rate evaluation such as: flux, transmembrane pressure 

(TMP) and membrane resistance and permeability 

monitoring. The other being the production quality 

monitoring which entails: measuring the net permeate 

volume and quality after a certain filtration phase. The 

backwash evaluation strategies are summarized by [8] 

and[6] backwash and backpulse review studies 

respectively.In summary, inadequate backwash process 

leads to accumulation of foulant particle on the membrane 

which consequently becomes increasingly difficult to 

remove during the backwash cycle. Due totransition effect 

of the foulant layer built-up, from reversible to irreversible 

causing significant problems over the extended operating 

duration of the membrane system [25]. 

1.4 Factors affecting backwash effectiveness 

Feed properties, operating parameters and membrane 

properties are the main factors that have influence on 

backwash efficiency [4, 6]. 

1.4.1 Feed properties 

Firstly, the influence of backwash on the mitigation of 

fouling on the membrane surface depends highly on the 

types of foulants, which is predominantly dictated by the 

composition of the  feeding solution [6]. Secondly, the 

rapid foulant accumulation on the membrane surface and 

rapid flux decline directly proportional to amount of feed 

concentration [26]. Consequently, backwash is reported to 

be less effective on solution with high concentration 

[27].Membrane fouling arising from oily organic matter 

remains one of the greatest challenges in the treatment of 

oily wastewater[28]. This is because oils are highly 

susceptible to adsorption onto the membranes, which leads 

to blocking of the pores, causing the rapid decline of the 

flux and separation efficiency. In general, oily wastewater 

streams contains oils in different forms, including : stable 

emulsified oils, unstable dispersed oils and free-floating 

oils (spilled oils on the ocean). The dispersed oils have a 

strong tendency to coalesce and spontaneously evolve into 

free-floating oils. However, unlike free-floating oils, 

dispersed oils are randomly  distributed in water. In 

contrast, emulsified oils are rather stable due to the 

presence of molecules acting as surfactants. 

1.4.2 Membrane properties 

Membrane material have a huge influence on application 

of backwash in fouling mitigation [6].  
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Unlike polymeric membrane which are more sensitive, 

ceramic membrane are known to be more sustainable to 

harsh operating condition such as (high pressure, chemical 

cleaning and temperature) [29].Based on the membrane 

properties, the filtration process uses two separation 

methods, one being size exclusion (i.e. sieving) effect and 

the other being selective wettability [30]. The first effect 

means the membrane allows water to permeate through the 

membrane under an applied pressure while restricting oil 

droplets that are larger than pores of the membrane[28]. 

The second effect ensures that the oil droplets do not 

wet and permeate the membrane through its selective 

wetting properties (e.g., hydrophilicity and oleophobicity 

underwater) [28]. Membrane property fatigueanalyses 

should be conducted during material selection process as 

recommended by most researchers [6]. 

1.4.3 Membrane surface properties 

Surface properties such as hydrophilicity/hydrophobic 

and surface charge are also the contributing factors in 

membrane fouling formation [6]. Several studies that 

investigated the surface properties effect, have all reached 

the same conclusion that properties are indirectly affecting 

the backwash efficiency [6]. To date, the main reason for 

membrane surface property advancement (surface 

modification of membrane) is to improve membrane 

hydrophilicitywhich improves the membrane performance. 

To also mitigate the fouling and optimize the 

hydrodynamic conditions of the membrane, different 

membrane techniques have been experimented. The 

hydrophobic membranes are modified to be strong 

hydrophilic membranes by (blending, coating and grafting) 

some of the inorganic nanoparticles such as
3 4Al O ,

2SiO ,

3 4Fe O ,
2ZrO , and 

2TiO  onto the membrane surface. It is 

generally agreed that by using highly hydrophilic 

membranes, the adhesion of oil on the membrane surface 

could be decreased which, subsequently, results in the 

reduction of membrane fouling and enhancement of water 

productivity[31]. In summary, oily wastewater filter 

membranes with super-hydrophilicity and underwater 

super-oleophobicity can effectively decrease membrane 

fouling during separation of oil-in-water emulsions[32]. 

1.4.4 Membrane pore size 

The fouling formation and membrane pore size have a 

very close relationship [33]. For example if the foulants 

size is slightly smaller or the same size as the membrane 

pore, pore blockage is more likely to be the most dominate 

type of fouling formation [6].  

However if the foulants are larger the pore size, external 

fouling or cake layer formation will be the dominate 

fouling formation [6]. Therefore membrane pore size was 

report to have influence on backpulse efficiency [34]. 

Membrane technology methods of separation in pressure-

driven processes categorized by pore size include: 

microfiltration (MF), ultrafiltration (UF), Nano-filtration 

(NF) and reverse osmosis (RO)[10, 28].Traditional 

ultrafiltration and microfiltration membranes applied for 

separating oily wastewater mainly take advantage of the 

‘size-sieving’ effect driven by applied pressure, in which 

oil droplets with certain sizes are not allowed to pass 

through the ‘pores’ of the membrane[28].  

1.4.5 Operation parameters 

The critical operating conditions are required for 

effective backwash procedure. The amplitude (reverse-

pressure) is a prerequisite to the optimizing the backwash 

process [6]. However, it was discovered that very intense 

backpulse/backwash can break foulants with very fragile 

structures (foulants transported back to the feed), which 

will emulsify the feed solution and as a result make it more 

difficult to separate [6]. Operating parameters such as 

backwash pressure, backwash flow and backwash strength 

(i.e., ratio between backwash and filtration flux) have also 

been discussed in previous studies [5]. The critical reverse 

pressure of a minimum (60 – 85 kPa) was disclose as 

prerequisite parameters for optimal operating condition in 

dead-end Microfiltration (MF) process by [35]. For 

polymeric membrane which are less sustainable to harsh 

conditions, the highest limit of the applied reverse pressure 

during backwashor backpulse is an important concern 

[6].In summary, it would be interesting, as a perspective, to 

study the backwash parameters effect on the energy 

consumption and thus develop an optimal backwashing 

strategy that would maximize the net water production 

while minimizing the fouling effect[5]. 

1.4.6 Frequency and duration 

The effect of both frequency and duration on backwash 

efficiency vary from application to application [6]. Their 

influence depend on the type of fouling formation and 

fouling mitigating procedure used [6].[36] developed a 

model to predict optimal duration and frequency of a 

backwashprocedure, to conclude their finding, they 

declare that it is more important  to choose an acceptable 

duration than a proper frequency [6]. Several other 

researchers have demonstrated the importance of 

controlling the backwash interval (BWI) and backwash 

duration (BWD)[5].  
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They all agree, that prolonged filtration duration would 

decrease the product water due to a more pronounced 

irreversible fouling [4, 5]. On the other hand, short 

backwash interval (~20 min) can lead to frequent backwash 

which decreases the net water production [4]. Moreover, 

increasing backwash duration can lead to higher product 

flow (i.e., less fouling) but higher water consumption [4]. It 

was discovered that backwash interval has the most 

significant effect on the specific flux reduction and net 

water production. The effects of backwash duration and 

backwash flow are more important on Net Water 

Production[5]. 

1.4.7 Summary 

The influence of each individual parameters on 

backwash efficiency has been addressed by several studies 

in attempt to optimize the backwash procedure [4-6]. It is 

clear that for a given system, depending on the type of 

application, there exist a critical value for each parameters. 

Not only do the models  help identify this critical value to 

predict the productivity of the membrane, but also provide 

a framework to assess the backwash efficiency in fouling 

mitigation [6]. In addition these parameters are connected 

to each other and their dynamic relationship should always 

be considered during modelling and experimental studies. 

The influence of filtration parameters such as TMP, 

permeate flux and CFV on efficiency of backwash is also 

important and should be considered [6]. 

Section A 

II. IDENTIFYING CRITICAL BACKWASH OPERATING 

CONDITIONS 

This section is further subdivided into two sub-sections. 

Sub-section one: identifies relevant models on backwash. 

While, sub-section two: outlines experimental studies to 

validate the effectiveness critical operating conditions. 

2.1 Sub-section one 

There are several approaches to address backwash 

modelling. One is to focus on the single foulant behaviour 

during backwash ( Eulerian approach), two is to consider 

the fouling phenomenon as a continuous process so the 

mass transfer of the system needs to addressed (Lagrangian 

approach) [6]. Below are some of the strategic backwash 

modelling studies based on Fluid dynamics and Navier-

Stokes laws. 

 

 

2.1.1 Model (I) 

Model (I) is the analytic model concept based on the 

Force balance concept as illustrated by the schematic 

diagramin figure 2.1 below [6]. The force balance concept 

illustrate the mechanical forces required to dislodge and 

remove the accumulated foulants on membrane structure 

during backwash process. 

 
Fig 2.1 illustrates the force balance concept. Adopted from Ref [6] 

During forward filtration phase, reversible foulants 

accumulates on membrane surface. Backwash cleaning 

efficiency as function of multiple parameters. Identification 

andmodellingthese parametershelps reduce the number of 

experimentation require to optimize the backwash process. 

Theimproved backwash procedure is capable of inducing 

sufficient shear effect to lift and sweep the reversible 

foulants from the membrane. The schematic diagram above 

illustrates the forces acting on the deposited foulant during 

backwash period, this forces are generally assumed  to be 

caused by the following fluid flow dynamics[6]: 

 Hydrodynamics forces namely: drag force by reverse-

pressure and corresponding flow velocity. Lastly, the 

inertial lift force [37, 38]; 

 Foulants diffusion forces by Brownian diffusion, 

shear-induced diffusion are the only types considered 

 Intermolecular interaction forces resulting into 

accumulation of foulants caused by either foulant-

foulant or foulant-membrane interaction is described 

by: the electrostatic interaction, van der Waals 

interaction and steric effects. 

Foulants may be lifted and swept off by application of 

backwash, if the exerted drag force which is associated 

with inertial lift force and reverse diffusion forces is 

sufficient to overcome the bonded interaction forces 

between foulants and the membrane.  

Furthermore,  high CFV during filtration phase may also 

reduce the concentration polarization effect if the drag 

force by CFV is greater than the resistive forces tangential 
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to the membrane surface (e.g., forces from intermolecular 

interactions and diffusion) [6].  

2.1.1.2 Discussion and interpretation of results 

This analytic model concept initial came about as just a 

theoretical framework recommended to future researchers 

in backwash optimizing, it was never mathematical 

modelled. However,at the later stage[1]Model (V)adopt this 

theoretical concept and developed a simulation study based 

in computational fluid dynamic (CFD), under which all the 

parameter illustrate in the schematic diagram in figure (2.1) 

were incorporated in the derivation of mathematical model 

(V) (see page 4 for further details). As such, thesimulation 

results obtain in model (V) suffice to validate theseanalytic 

model concept model (I).  

2.1.1.3 Conclusion  

In summary, the motion of foulants is determined by the 

combination of all the forces, and thus determines the 

separation efficiency of backwashing on fouling removal. 

The acting forces are different for each fouling 

accumulation. For example, large foulants (larger than 1 

μm), backwash is more efficient by use of hydrodynamics 

forces. On the contrary, for submicron foulant sizes, 

backwash through foulant diffusion effect on these 

accumulation foulants is considered to be a more effective 

approach [39]. Backwash efficiency is reported to depend 

on the following factors: feed properties, membrane 

properties and operating parameters. Therefore, these 

parameters need be considered and introduce in the analytic 

model by future studies. 

2.1.3 Model (II) 

To date, most developed models to investigate the 

critical operating parameter are based on oil droplet 

deformation and permeation through the membrane during 

filtration phase [40]. The critical pressure oil droplet 

deformation effect across an interface of two immiscible 

fluids was initially modelled by Young-Laplace equation 

[41]. According to the equation, the critical pressure is 

product of the interface tension and the mean curvature 

coefficient as follows [41, 42]: 

2P                   (1) 

Whereby    is the mean curvature coefficient of the 

interface which is computed by summing two principle 

curvatures but neglecting the gravitation effect.  

The following assumption results in mean curvature of 

the arbitrary cross section as follows [41]: 

cos

2

p

p

C

A


 

                     

(2) 

Whereby  pA  and  pC  are cross sectional area and 

circumference respectively substituting equation (2) in 

equation (1) the Young-Laplace critical pressure is 

obtained as follows [41]: 

cosp

cr

P

C
P

A

 


              

(3) 

In recent studies, Young-Laplace equation was modified 

to account for the finite oil droplet size variation. The 

schematic diagram in figure 2.4below illustrate the 

deformation of oil droplet at the pore entrance of a 

membrane[43]. 

 
Fig 2.4 Oil droplet deformation and Permeation. Adopted from 

Ref.[43] 

Based on the mathematical approach (trigonometry), the 

schematic diagram triangle ABC and BCD, computing of 

the drag force arm    around A, the sine droplet angle of 

repose    and the mean curvature  r  were obtained as 

follows [43, 44]: 

 
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(6) 

After manipulating and substituting the mean curvature 

in equation (6) into Young-Laplace critical pressure 

equation was obtained as follows in equation (7). The 

modification of Young-Laplace in Equation (7) is derived 

by Nazzal and Wiesner[41]: 

   

3

3 3
3 3

2 cos 2 3cos cos
1

4 / cos 2 3sin sin
cr

p d p

P
r r r

   

  

 
 

  
          

(7) 

 
Fig 2.5 Critical pressure model evaluation. Adopted from Ref. [42] 

Model interpretation and discussion 

Darvishzadeh and Priezjec, conducted a computation 

Fluid dynamic (CFD) simulation study to validated the 

critical pressure in equation (7), fortunately, the simulation 

model in absence of crossflow predicted the matching 

values given by the critical pressure model in equation (7) 

[42]. However, the study also illustrated by the plot in 

figure 2.5 above, that under subcritical pressure conditions, 

the pressure increase is directly proportional to crossflow 

velocity up to a certain predetermined critical pressure 

value which results in oil droplet breakthrough [42]. 

Furthermore, the oil droplet deformation and permeation by 

critical pressure effect was reported to be a function of 

shear rate for the oil droplet radius ranging from (1.5 – 2.5 

μm) at constant membrane pore radius of 0.5μm [42].  

 

 

The last observation is that, in absence of crossflow the 

oil droplet has low curvature interface with the membrane 

surface resulting higher critical pressure for larger droplets 

[42]. 

2.1.4 Model (III) 

During filtration process, modelling the critical pressure 

effect on oil droplet break-through takes into consideration: 

geometrical (membrane pores size) and fluid properties. 

This analytical approach used to model the critical pressure 

effect uses the force balance model principle, which is 

based on Navier-Stokes equations [42]. The schematic 

illustration of force balance model is shown below in figure 

2.6[42]. The addition external factors which are also taken 

into consideration by this modelling approach are: flow 

velocity, drag force, surface tension and varying pressure 

on the membrane pore. This modelling approach to 

evaluate the critical pressure effect on oil droplet break-

through membrane pores was implemented on CFD 

software (ANSYS FLUENT) and Volume of Fluid  (VOF) 

simulation packages [45]. In modelling Volume of Fluid 

flow in force balance, similar modelling technique from 

model (I and II) were adopted. However, the only 

difference is the common transfer equation was coupled 

with volume fraction   to specify the oil/water interface 

taken into consideration, therefore for filtration phase the 

continuity equation was obtained as follows below[42, 46]; 

  0V
t





 

               

(1) 

Whereby  V  is the velocity vector. The concentration 

polarization effect on the membrane surface was based on 

volume fraction and was assumed to average within each 

cell.  The average feed density was obtained as follows: 

 1w oil     
        

(2) 

Combine equation (1) and (2) to obtain the momentum 

equation in equation (3) as follows 

     2 TV V P V V g F
t
   


        
 

 

Whereby  g  is gravitational acceleration,  F  is the 

surface tension force which is expressed in terms of 

oil/water interface as follows: 
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 
1

2
w oil

F
 



 





                       

(4) 

Considering the oil droplet at the entrance of the single 

pore on the schematic illustration in figure 2.6below: The 

drag force and capillary force were the main counteracting 

forces to determine the critical pressure required to cause 

the oil droplet breakthrough 

 
Fig 2.6 Schematic illustration of oil droplet permeation. Adopted from 

Ref.[42] 

Despite the small Reynolds number due to laminar flow 

experience within the pore length, the drag force exerted by 

this viscous flow was assumed to be directly proportional 

to viscosity oil/water ratio, average flow velocity, oil 

droplet radius and water viscosity as follows. 

 D w dF f ur 
                   

(5) 

Whereby    is the oil/water ratio,  w  is the water 

viscosity and  u   is the average flow velocity. The flow 

velocity is proportional to the pressure gradient, as result, 

the high velocity (turbulent flow) induced on pore entrance 

is significantly reduce to a low velocity (laminar flow) 

inside the pore. This velocity parabolic profile inside pore 

is explained by Hagen-Poiseuille flow induced by planar 

pressure gradient. Consequently, the average velocity 

inside the pore is assumed to be proportional to the 

following 

2

p

w p

W P
u

L




           

(6) 

 

Whereby  pL  and  pW
 are pore length and width 

respectfully and  P  is the static differential pressure of 

pore length. The critical pressure is determined from this 

static pressure. By substituting the average velocity from 

equation (6) in equation (5) the drag force is expressed in 

terms of static pressure as follows: 

  2

p d

D

p

f W P r
F

L

 


             

(7) 

From the schematic illustration in figure 2.3, considering 

only forces acting in (x) direction. The drag force is 

counteracted by vertical components of surface tension                 

(
1xF and

2xF ). Whereby 
1 14 cosx dF r    and 

2 24 cosx dF r   ,  is surface tension coefficient, 

1 180   and 1

2 cos
2

p

p

W

r
 

 
   

 

are extracted from 

contact angles. Therefore, the summation ofsurface tension 

force in vertical direction is given as follows: 

12 cos
2 1d

x p

p

r
F W

W





 
   

                

(8) 

To satisfy critical pressure, the drag force in equation (7) 

should be equal or greater than the surface tension force in 

equation (8) 
D xF F  after equating and rearranging the 

differential pressure inside the pore is made subject of the 

formula as follows 

 
 

12 cos / 1d p p

p p

r W L
P K

f W r

 




 

              

(9) 

Whereby  K  is the proportionality constant. To cater for 

pressure variation inside the pore,the pressure 

proportionality to pore size, 
d

p

r
P

L

 
  

 

  is added to the static 

pressure  P  in equation (9). After rearranging equation 

(9) the critical pressure is made subject of the formula, the 

critical pressure model is obtained as follows [42]. 

 
   

12 cos / 1

1 /

d p p

cr

p d d p

r W L
P K

f W r r L

 







            

(10) 
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Fig 2.7 Numerical simulation results. Adopted from Ref. [42] 

Discussion and interpretation of results 

The theoretical prediction and numerical analysis based 

on Navier-Stokes laws, CFD simulation and Volume of 

Fluid method. It was discovered that the critical pressure 

was a function of surface tension coefficient, contact angle, 

oil/water viscosity ratio and oil droplet radius [42, 47]. 

However, recent numerical simulation as illustrated by 

figure 2.7 above, have proven that the critical 

transmembrane pressure in cross flow application is 

significantly higher  than dead-end configuration due to 

increased drag force generated by the shear flow. In 

addition, numerical simulation investigated the effect of 

each parameter in equation (10). Itwas indeed discovered 

that the oil droplet permeation by critical pressure is 

predominantly influenced by the contact angle, oil 

droplet/pore ratio and surface tension. 

2.1.5 Model (IV) 

[1]conducted a modelling and simulation study to 

investigate fouling resistance accumulation and removal. 

The investigation were based on pressure-driven, dead-end 

microfiltration and backwash cleaning efficiency 

respectively. Furthermore, to evaluate the fouling effect on 

membrane pore size, this study was addressed on two 

fronts. Firstly, the pore size was assumed to be more than 

twice the size of a foulant, secondly the pore size was 

assumed to be less than four-times the size of a foulant 

particle. Consequently, cake layer build-up on the 

membrane surface was considered to be the only dominant 

fouling formation compared with other conventional 

fouling formation models (complete and standard 

blockage)[1]. Membrane developed model, was a four 

regular spaced cylindrical track-etched pores as illustrated 

by the schematic diagram in figure 2.8 below[1]. 

 

Fig 2.8 Computational domain of a membrane. Adopted from Ref. [1] 

2.1.5.1 Model development 

Both solvents and foulant particles flow were developed 

based on the momentum equation governed by Navier-

Stokes equation as follows[1]. 

  21 1 1v
v v P v S D

t




   


          

       

(1) 

  2 1 1F NFv v
v v v S D

t




  


       

            

(2) 

Whereby:  v  is the fluid velocity,    is the solvent 

density,  P  is the static pressure,    is the solvent 

viscosity,  D  is the pressure gradient vector,  S  is the 

fluctuating thermal stress tensor,    is the volume ratio of 

foulants and membrane coverage and    is the 

acceleration vector of foulants. To satisfy the mass 

conservation laws, static pressure is subdivided into two: 

which is the intermediate pressure without foulants  NFP   

and correcting pressure with foulants  FP . 

NF FP P P             (3) 

By substituting equation (2) and (3) into (1), the 

following flow velocity without particles was obtained in 

equation (4) below[1]: 

    2 1 1 1 1
1

NF F NF
NF NF NF Fv v v

v v v S D P P
t t



    

   
               

    

 

Backwash flow media is regarded as pure solvent 

transport, therefore the continuity equation is expressed by 

0NFv           (5) 
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During filtration phase, the flow media with foulants is 

expressed by 

1 0nv             (6) 

Introducing the gradient operator on both sides of the 

equation (4) and taking into consideration equation (5), for 

pure solvent transport during backwash, the Poisson 

equation of backwash-pressure is obtained as follows in 

equation (7)[1]: 

   2 1 1
1

n
NF NF NF NFv

P v v v S D
t




  

    
              

    

 

Taking into consideration equation (6), the flow media 

with foulants and introducing the gradient operator on sides 

of equation (4), the following expression is obtained[1]. 

2
NF F NF

F v v v
P

t t

    

     
           

(8) 

2.1.5.2 Motion of foulants 

The translation motion of (l-th) foulant particles in a 

solvent is governed by Newton’s law of motion, which is 

expressed by the following equation[1]. 

c e h lbi
i i i i i

dV
m F F F F

dt
   

          

(9) 

Whereby:   im  represents the mass of foulant,  iV  is 

the foulants translational velocity vector,  c

iF  is the contact 

force,  e

iF  is the electrostatic force,  v

iF  is the van 

derWaals force,  h

iF  represents the hydrodynamic force and  

 lb

iF  represents the lubricative forces[1].    

The rotational motion of foulants is expressed as follows 

c hi
i i i

d
I T T

dt


 

          

(10) 

Whereby  iI  represent the moment of inertia of 

foulants,  i  is the foulant angular velocity,  c

iT  and  h

iT  

represent the contact and hydrodynamic torque.  

 

 

 

The contact force and torque are derived from Voigt 

model, Hertzian theory and Mindlin model[1]. The 

interface force combining the electrostatic and van der 

Waals forces between foulants and membrane structure is 

given by Derjaguin Landau Verwey Overbeek (DLVO) 

theory[1].  In addition, the lubricating interface force 

between foulant has been considered to be a dominant force 

for scales that are smaller than the lattice resolution[1].   

The volume  integration of    was used to derive the 

hydrodynamic force and torque as follows[1]: 

   
F

h F

i i
v

F r r D dV                    
(11) 

     
F

h F

i i i
v

T r r r r dV               
(12) 

Whereby  FV  represented the membrane volume region 

occupied by the foulants. The hydrodynamic force, torque 

and stochastic fluctuating stress demonstrate the diffusion  

effects of particles[1].  

2.1.5.3 Numerical analysis 

First order Euler explicit equations was used to solve the 

rotational and translational motion of faulants and the 

position of foulants was solved by Crank-Nicolson 

equations[1]. Navier-stokes equations were solved by two-

step procedure: first, the Semi-implicit method for 

pressure-linked equations (SIMPLEST), followed by 

convergence algorithm method using the iterative 

calculation of pressure.In this study, the objective was 

evaluate the effect of fouling phenomenon on membrane 

pore size by comparing obtained simulation results 

(snapshots) of foulants accumulation and removal over a 

certain period[1]. 

2.1.5.3 Simulation results  

The measurable pore size and porosities of each pore 

were as follows: 2.5 (250 ),d nm 0.306    and the standard 

pore size  3 360 , 0.441d nm   and 0.636  respectively. 

The permeate flux is given by the average flow rate passing 

through the pore divided by the effective cross-sectional 

area of membrane. 
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Fig 2.9 Permeate flux as function of permeate volume. Adopted from 

Ref. [1] 

The permeate flux data was used to evaluate the fouling 

condition by plotting permeate flux as function of permeate 

volume as shown in figure 2.9 above. Each pore draws an 

independent permeate flux curve demonstrating that, when 

the permeate volume increases the respective pore flux is 

decreased proportionally. To incorporate backwash effect 

on permeate flux recovery as shown in figure 2.8. 

 
Fig 2.10 Permeate flux fluctuation. Adopted from Ref. [1] 

Backwash simulation was performed after  30 s ofa 

normal filtration operation, under which a fixed foulant 

concentration  5%  .  Back-pressure was reported to be 

eight times that of filtration operation and the backwash 

duration was  1 s  as shown in figure 2.10 which also 

demonstrated the permeate flux decline and recovery 

through a sequence of filtration and backwash 

respectively[1].  

 

 

By comparing the fouling formation before and after 

backwash operation, the following conclusion were drawn: 

reversible foulants found on the membrane structure after 

performing inadequate backwash procedure may gradually 

evolve into irreversible foulants. 

 
Fig. 2.11 Snapshots illustrating backwash simulation. Adopted from 

Ref.[1]. 

2.1.5.4 Discussion and interpretation of simulation results                                                                                    

Figure 2.11 above illustrates the snapshots of a 

backwash simulation through a velocity profile which 

demonstrates foulants removal on the membrane structure 

with respect to time[1]. Initially there is no foulant motion, 

but after  0.04 s  both foulants on the pore and surface 

of the membrane have a finite velocity. The foulants on 

feed-side form a large cluster before been removed as 

shown below. Due to inadequate backwash procedure, 

some foulants remain on the membrane permeate side-

surface and inside the pores as shown by (figure 2.11) [1]. 

As a result, foulant starts the adhesion and clogging 

(polarization concentration) of the membrane surface and 

pores by these small foulants which accumulates and 

evolves into irreversible foulants. The irreversible foulant 

due to their stubborn nature to resist cleaning, reduces 

membrane permeability and separation efficiency. 

Consequently, affecting the membrane performance by 

reducing the productivity, permeate quality and the 

effective membrane pore area forcing a change in fouling 

formation from pore blockage and cake layer build-up to 

cake layer formation only[1]. 
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2.1.5.5 Conclusion 

Membrane fouling was examined by evaluating the 

following operating conditions: fouling motion, permeate 

flux fluctuations and membrane resistance accumulation 

over a certain filtration period.Based on the obtained 

results, the foulant motion confirmed two modes of fouling 

formation. Firstly, the foulants begin by filling the pores 

(pore blockage) followed by the cake layer accumulation 

on membrane surface. Secondly, cake layer build-up on the 

membrane surface considered to be the only the dominating 

fouling formation without pore blockage. The first mode of 

fouling formation was experienced on a larger pore size 

while the second mode of fouling formation was 

experienced on a smaller pore size of varying pore size 

microfiltration. 

2.2 Sub-section two 

In the past numerous efforts have been made towards 

developing an improved backwash cleaning efficiency. 

This sub-section outlines the procedures, methods, 

materials and protocol carried out during some of the 

experimentation studiesto evaluate some of the identified 

operating parameters in backwash optimization.  

2.2.1 Experiment study (I) 

Hua et al.(2007) Conducted an experiment study on oily 

wastewater by cross-flow microfiltration (MF) using a 

ceramic (alfa-
2 3)Al O  membrane of 50mm pore size[48, 

49]. In this study, the influence of operating parameters 

such as temperature, trans-membrane pressure, cross-flow 

velocity and feed oil concentration were evaluated. The 

dynamic relationship of the above mentioned parameters 

was investigated by measurements of the: Total organic 

carbon (TOC) separation efficiency and permeate flux. The 

following tables of results were obtained [49]. 

2.2.1.1 The effect of Trans-membrane Pressure (TMP) 

The adaptive constant experiment condition were as 

follows CFV=1.68
1ms , oil concentration 500 1mgL .  The 

following table of results was obtained under vary 

Transmembrane pressure (TMP)[48, 49]. 

TABLE 2.2.1  

TMP EFFECT 

No table of figures entries 

found. 

0.05 0.1 0.15 0.2 

Flux ( 2 1Lm h   ) 30 70 110 170 

TOC separation efficiency (%) 97.3 97 95.2 93 

 

Discussion and interpretation of results 

The results conclude that, high permeate flux is 

achievable under high transmembrane pressure, high CFV 

and low oil concentration. Results also indicate that TOC 

separation efficiency were above 90% in all experiments, 

which were an expected values. However, it was also 

discovered that an increase in (TMP) resulted in decrease 

of the TOC separation efficiency due to the probability 

increase of oil droplet breakthrough. 

2.2.1.2 The effect of Cross-flow Velocity (CFV) 

The adaptive constant experiment condition by Hua et 

al. (2007) were as follows TMP=0.2bar oil concentration 

500 1mgL .The varying CFV was applied ranging from 

0.17 to 1.7 1ms  as shown in table 2.2.2 below [48] 

TABLE 2.2.2 

CFV EFFECT 

Cross flow velocity 1( )ms  0.17 0.42 0.8 1.7 

Flux (
2 1Lm h 

 ) 122 135 140 165 

TOC separation efficiency (%) 97.5 97.4 97.5 97.4 

Discussion and interpretation of results 

The results demonstrated that increase in CFV led to 

steady increase in permeate flux as explained by Reynolds 

number laws. The results also indicate steady TOC 

separation efficiency above (97%) overall. 

2.2.2 Experiment study (II) 

Tompkins et al.(2007)Also conducted a short 

experimentation study to determine the relationship 

between the permeate flux rate and the associated fouling. 

The experiment set-up consisted of dense-pack ceramic 

ultrafiltration membrane of about 11.2 2m  surface area [49, 

50]. The experiment test was conducted in similar manner 

to that of Hua et al except the permeate flow rate was kept 

constant by throttled valves of the system 

Effects of membrane fouling on permeate flux [50]. 

TABLE 2.2.3  

PERMEATE FLUX  

Flux 
2 1Lm h 

 Allowable membrane 

resistance
1 2 1( )barL m h    

Estimated 

lifespan (hrs) 

51 0.08 3.55 

76 0.05 2.5 

102 0.04 3.8 

127 0.03 1.35 

153 0.02 2.00 
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Discussion and interpretation of results 

The results indicate that the maximum estimated life-

span can be achieved at the permeate flux rate of 102
2 1Lm h  which is associated with the highest estimated 

lifespan, in comparison with the tabled results. 

2.2.3 Experiment study (III) 

The objective of the experimentation study was to 

investigate the effects of operating parameters such as 

temperature, pressure, fouling resistance and flow velocity 

on TOC separation efficiency[51]. As such the parameters 

were adjusted using the system regulators, in search of the 

critical operating condition. The initial test were conducted 

with pure water to attain the pure permeate flux to be used 

as reference. A tubular alpha ceramic membrane with pore 

size 0.2 m  model (MF190) supplied by TMFILTEC

Ceramic Membrane Company was used [51].  The 

oil/water feed was artificial processed mixture. From the 

initial test conduct using pure water,  membrane resistance

 mR  was calculated using the model equation below [51]. 

1
m

wi

P
R

J m

   
   

           

(1) 

From equation (1), The accumulated resistance ( )fR   

during filtration phase can be calculated using the 

following equation [51] 

1
f m

ww

P
R R

J m

   
    

       

(2) 

Grease &oil content and Total Organic Carbon (TOC) 

tests and analysis were performed on the feed and permeate 

sample.  The separation efficiency was then evaluated by 

TOC separation efficiency
TOCR  value as follows [51] 

100
feed permeate

TOC

feed

TOC TOC
R

TOC

 
   
               

(3) 

Whereby 
feedTOC  and 

permeateTOC  represent the feed 

and permeate TOC concentration (mg/L) respectfully. 

2.3.3.1 Effects of transmembrane pressure 

To investigate the effect transmembrane pressure on: 

TOC separation efficiency, permeate flux, and fouling 

resistance.  

 

Series of experiment were conducted, in which TMP was 

varied from (0.75-1.75bar), under which the operation 

conditions such as Temperature  32.5 c  and CFV 

 2.25 /m s  were kept constant. The graphical 

representation below was obtained [51]. 

 

Fig  2.2.4 EffectsofTMPonpermeateflux,TOCandRf. Adopted 

from Ref.[51] 

Discussion and interpretation of results 

Based on Darcy’s laws (at low TMP the permeate flux is 

directly proportional to TMP), results indicate that an 

increase in TMP results in increase of permeate flux [52]. 

However excessive TMP increase results in compressed 

concentrated polarization of foulant on the membrane, 

which as result increases the probability of foulant/oil 

droplet breakthrough on the membrane [53]. On the 

contrary, the oil droplet breakthrough reduce the TOC 

separation efficiency, as indicate by the reduction in 

efficiency for TMP higher than (1.25 bar). The results also 

indicate an increase in TMP results in increase in fouling 

resistance, this is due to increase in of accumulation of 

foulant layer (formation of cake/gel layer) on membrane 

surface. TMP of 1.25 bar was recommended to be an 

optimal pressure for effective operating conditions [51]. 

2.3.3.2 Effect of Cross flow velocity 

The objective was to investigate the effect of CFV on: 

permeate flux, fouling resistance and TOC separation 

efficiency. Similar to set of experiments on conducted on 

investigating the effect of TMP. However, the only 

difference is CFV was the varied parameters from (0.75-

2.25m/s), while TMP of (1.25bar) and temperature  32.5 c  

were throttled to a constant operation.   
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The following  graphical representation of results was 

obtained [51].  

 
Fig.2.2.5 EffectsofCFVonpermeateflux,TOCandRf. Adopted 

from Ref.[51] 

Discussion and interpretation of results 

The results indicate that an increase in CFV results in 

increase of permeate flux, due to increase of turbulence and 

mass transfer coefficient based on Darcy’s laws [54]. The 

result also indicate decrease in fouling resistance as the 

accumulation of foulants on the membrane surface are 

easily swept back into feed tank by high CFV (2.25 m/s). 

On the contrary, increase in CFV resulted in a slight 

decrease of TOC separation efficiency due high shear rate 

that eliminates the accumulation of foulant (that actas a 

sub-filter layer) on membrane surface. As consequence, 

organic matter can easily pass through the membrane and 

reduce the separation efficiency [52, 55]. In conclusion, the 

CFV of 2.25m/s was recommended to be an optimal 

operating condition, due high permeate flux and low 

fouling resistance it poses as indicate by the results[51]. 

2.3.3.3 Effect of temperature 

The effect of temperature on: TOC separation efficiency, 

fouling resistance and permeate flux was investigated. In 

this series of experiments, under which temperature was 

varied from (25-40 c ) while other operating parameters 

such as TMP (1.25 bar) and CFV (2.25m/s) were kept 

constant during this set of experiments, the set of results 

were plotted as follows [51]: 

 
Fig 2.2.6.EffectsofTemp.on thepermeatefluxand TOC. 

Adopted from Ref.[51] 

Discussion and interpretation of results 

The results show an increase temperature results in 

increase of permeate flux, due decrease in oil viscosity 

[56].  However, this viscosity reduction effect results in 

decrease of fouling resistance and  TOC separation 

efficiency [57]. Based on the results temperature of 32.5 c  

was recommended to be an optimal operating condition 

[51]. 

2.3.3.4 Effect of backwash on permeate flux recovery 

The set of experiments were carried to investigate the 

effect of backwash on permeate flux recovery. In this series 

of experiments, parameters such as TMP (1.25 bar), CFV 

(2.25 m/s) and temperature ( 32.5 c ) were utilized as 

optimal operating parameters. The first 40 min results of 

the long-term operation was plotted below [51]. 

 
Fig 2.2.7 Effectofbackwashing on fluxdecline. Adopted from 

Ref.[51]. 
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Discussion and interpretation of results 

The results indicate a significate permeate flux recovery 

(over 95% of the original flux) by periodic backwash 

process. The dynamic relationship of the recommended 

critical operating parameters such as temperature ( 32.5 c
), TMP (1.25 bar) and CFV (2.25 m/s) of backwash media 

has proven to be sufficient to maintain optimal results for a 

long-term operation [51]. 

Section B 

III. PERMEATE FLUX MODELS 

The complexity of filtration and backwash can reduce by 

modelling [6]. As demonstrated, the efficiency of backwash 

depends on varies parameters. Modelling helps identify the 

effect of these parameters (individual and collectively) on 

varying operation conditions. The reliable model not only 

can they safe time, but can also reduce cost associated with 

multiple experiments required to obtain optimal operating 

condition for improved backwash process [6]. 

3.1 Application of permeate flux models 

The most interesting aspect in integrating  filtration, 

backwash and fouling models is flux prediction models [6]. 

The net permeate flux is the total permeate collected during 

the filtration phase minus the utilised total fluid used during 

backwash phase over the entire experiment period [6]. The 

initial reasonable prediction accuracy of the net permeate 

flux models was based on lab-scale constant-pressure mode 

during both filtration and backwash [58]. Redkar et al. 

(1996) derived the net permeate flux model under the 

assumption  that backwash cleaning process restores the net 

permeate flux  J to its initial value,  in other words 

maintenance flux recovery of 100% for each and every 

cleaning procedure [58].  

   
0

f f b

f

t t t

f b
t

f b

J t dt J t dt

J
t t








 

                

(1) 

Whereby the  fJ  and  bJ  are filtration and backwash 

permeate flux respectively and also  ft  and  bt  are time 

duration for filtration and backwash phase respectively.  

 

 

 

In equation (1), the net permeate flux  J  is a dependent 

variable while filtration duration  ft  is an independent 

variable which is related to the backwash duration by the 

following equation: 1/f bt f t   and  f  represents the 

backwash frequency. 

3.2 Analytical model approach 

In attempt to simplify the net permeate flux model in 

equation (1) six analytical modification models were 

developed based on Darcy’s laws and Blake-Kozeny 

equation (on cake layer resistance) [6, 59, 60]. 

3.2.1 Model (I) 

The first assumption when deriving the model was that 

the membrane fouling is instantly removed by backwash  

thus produce a 100% flux recovery equivalent to the initial 

flux  0J   by pure water [6]. The second assumption is that 

the filtration permeate flux decline was only caused by 

cake layer formation type of fouling on a dead-end 

filtration configuration [59]. 

 
1/2

0 1/ 1 /f fJ J t  
              

(2) 

Whereby  1  is the permeate flux decline time constant. 

To take into account the CFV configuration. [61]derived a 

semi-empirical equation for filtration permeate flux decline 

as follows. 

 
 

0

11 /

s
f sn

f

J J
J t J

t 


 


                

(3) 

Whereby  n  and  1  are regression constants,  sJ  is 

the steady-state permeate flux. The permeate flux decline 

constant  1  was derived by Murkes and Carlson with the 

assumption of cake layer formation of standard fouling 

theory [62]: 

 
1 2

02

C B f

B

C C P

C J




 


                     

(4) 

Whereby  BC  and  CC  are cake bulk solute concentration 

and solute concentration respectively,  fP  is filtration 

TMP,    is the specific cake layer resistance per unit 

depth and    is the feed viscosity.  
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For backwash flux, it is assumed the only resistance 

experienced by the reverse flow is the membrane 

resistance. Therefore backwash flux is equal to initial flux 

of a clean membrane 

0 0
b b

b

m f

P P
J J J

R P




 
  


               

(5) 

Whereby  bP  is the applied reverse pressure and    

is the ratio between filtration TMP to reverse pressure. 

After substituting and manipulating equation (2) and (5) 

in equation (1) the following corresponding net permeate 

flux was obtained 

 
1/2

1 1

0

2 1 / 1f b

f b

t t
J J

t t

     
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
             

(6) 

3.2.2 Model (II) 

Model (I) was further modified to take into account the 

fouling removal during backwash does not happen 

instantly, as such backwash duration was taken into 

consideration. Therefore alteration were introduced on the 

reverse flux as follows: 

 
1/2

0 2( ) 1 1 /b bJ t J t 
   

                    
(7) 

Whereby  2 is the reverse flux time constant increase 

during cake foulant removal. Substituting equation (7) in 

the net permeate flux is obtained as follows in equation (8). 

      
1/21/2 1/2

1 2 2 2 2

0

2 1 / 1 2 1 / 1 /f b f b f

f b

t t t t t

J J
t t

              
      




 

3.2.3 Model (III) 

To take into consideration the inefficient cleaning 

procedure Kuberkar et al. (1998) develpop a model to 

incorporate the irreversible fouling as result of incomplete 

or insufficient  backwash [26]. The cleaning efficiency 

parameter     was introduced, which is defined as the ratio 

of cleaned surface area to total surface are of the 

membrane. The assumption was the cleaned portion has 

100% permeate flux recovery equivalent to initial flux  0J , 

while the uncleaned portion maintains a long-term 

resistance or steady state resistance  sJ . The filtration and 

backwash flux were composed through the cleaning 

efficiency as follows [26]: 

   1/2

0 1/ (1 / ) 1f f sJ t J t J                (9) 

   0 1b sJ t J J                       (10) 

After substituting and manipulating equation (9) and 

(10) in equation (1) the corresponding net permeate flux 

was obtained in equation (11) below. 
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3.2 Discussion and interpretation of models 

The feasible application of these models is to predict 

flux decline and recovery in various filtration and 

backwash processesrespectively. The four models were 

implemented on multiple experiments that was summarized 

in a review study by Gao et al.(2019)[6]. These models 

were evaluated on lab-scale under constant pressure 

operating conditions. To identify the most accurate model, 

net permeate flux prediction accuracy for each models were 

evaluated and compared by mean absolute deviation 

(MAD) concept and simulated using MATLAB.  The 

simulationresults above indicate model (II and III) were a 

great improvement for Model (I) by taking into account the 

cleaning efficiency (β). However, models (II) is marginally 

worse in comparison to model (III) on net flux prediction. 

Due to similar assumption between models, they therefore 

adopt similar filtration and backpulse flux except in model 

(III) the modified cleaning efficiency  b
is introduced 

instead of just   On the contrary, the prediction accuracy 

of the models vary depending on the type application. Even 

though this model were developed to be implemented on 

the backpulse system. However, the fundamental principle 

of operation between backwash and backpulse permits 

adaptation of this model to a backwash system, as they 

were developed based on Blake-Kozeny (fouling 

formation) and Darcy’ law. 

3.2 Experimental model approach  

In the past, numerous efforts have been made towards 

developing theoretical modelling for both fouling and 

backwash phenomenon. Further investigation on this 

models lead to new discoveries, such as: predictable of flux 

recovery and decline models based on experimental 

findings [19]. To determine the cleaning efficiency of 

backwash system on any cleaning method in membrane 

technology, the flux recovery model and the fouling models 

were developed by several experimentation studies. 

3.3.1 Model (I) 
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The fundamental application of flux recovery and 

fouling models is to evaluate the cleaning efficiency. 

developed flux recovery and decline based on the following 

ratio [63]: 

Flux recovery
0/cJ J
           

(1) 

Fouling ratio
0/fJ J
            

(2) 

Whereby  fJ ,  cJ  and  0J  are flux of fouled membrane, 

membrane flux after cleaning and initial flux of membrane 

respectively. 

3.3.2 Model (II) 

The second expression defined as Pure water flux 

reduction (FRED) was developed to evaluate cleaning 

efficiency by [64]. 

FRED(%) =  0 0100 /fJ J J
         

(3) 

[65] developed an express to evaluate backwash 

efficiency as: 

 
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(4) 

Where  fP ,  cP  and  0P  are pressure applied on the 

fouled, cleaned and initial membrane respectively. 

3.3.4 Model (III) 

[66] developed two expressions to investigate chemical 

cleaning efficiency of RO membrane, which are resistance 

removal  %RR  and flux recovery  %FR  

 % 100 /f ir fRR R R R  
              

(5) 
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% 100
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
                       

(6) 

Where  fR ,  irR  and  fJ  are fouled resistance, 

irreversible fouling and fouled membrane permeate flux.In 

addition, Wu and [67] developed a Fouling resistance 

recovery model  FRR to investigate the cleaning 

efficiency based on the ultrafiltration system. 

   0% 100 /f c fFRR R R R R   
 

              (7) 

Where  fR  and  cR  are pure water flux resistance of a 

fouled and cleaned membrane.                   

3.4 Discussion and interpretation  

There are two kinds of applications of these 

experimental models. First is evaluate the effect of cleaning 

efficiency on flux recovery by backwash and chemical 

agents. Secondly, is to understand the processes involved in 

fouling formation on the membrane. The model application 

incorporates membrane filtrations with backwash systems 

to evaluate both flux decline and recovery during 

experimentation 

3.5 Conclusion 

The evaluation of critical parameters by models offers 

insight into the backwash and fouling action mechanisms. 

For backwash can be optimized by adjusting the following 

parameter, pressure, temperature, duration, frequency and 

backwash media, till the required operating condition that 

are capable to achieve maximum flux recovery. Recent 

studies have demonstrate that up to around 95% of 

permeate flux recovery is achievable by deploying 

backwash [51]. The continuous permeate flux recovery of 

95% reduces the probability of irreversible fouling 

accumulation very significantly[4]. The integrative 

approach of identifying this models is focused on the 

attempt to cover all relevant aspects of the backwash 

techniques being considered in optimizing the backwash 

procedure. To evaluate the efficiency of backwash, in 

modelling and experimentation study, the applicability of 

these models is depict on the validation phase, where the 

performance of the developed backwash technique is 

evaluated in terms of permeation production. The other 

take from this model is that, experimental studies alone 

cannot completely evaluate the effectiveness of the 

backwash parameters, as these models have proven to be an 

effective approach to prediction, analyse and understand of 

dynamic relationship of the involved parameters during 

operation 

Section C 

IV. FOULING MODELS 

Membrane fouling drawbacks: reduces water 

permeability and separation efficiency. As consequent, 

affect the membrane performance by reducing the life-span, 

productivity, and permeate quality, also increasing 

operation cost as well as a reduction in membrane     

lifetime [2].  

Generally, membrane fouling arising from 

adsorption/deformation of oil droplets on the membrane 

surface[28]. Basically, during the process of oil/water 
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separation by membrane filtration, the adhesion and 

clogging of the membrane surface pores by small oil 

droplets may result in fouling of membrane system (loss of 

water permeability and separation effectiveness) [68]. 

Removal of these oil droplets contaminates on the 

membrane surface is one of the most critical issues that 

needs to be addressed[2]. Generally, depending on the 

driving pressure and the tension forces on the membrane 

surface, oil droplets can be forced to deform and 

permeate through the pores[4]. In line with the aim to 

improve permeability and separation efficiency, this oil 

drop deformation effect will be considered in this 

investigation study, under which different methods and 

models will be developed to demonstrate its build-up. 

The investigation of fouling models in this section is 

done for three purposes. Firstly, is to understand permeate 

flux decline during oil/water separation. Secondly is to 

have a thorough understanding of fouling phenomenon 

from fundamental principle to different types of fouling 

formation, based on the interaction with different operating 

conditions[4]. Thirdly, is to identify relevant fouling model 

that can be used to develop an optimized fouling removal 

or prevention technique[4]. To date, several modelling 

techniques have been used to model fouling, such as: block 

laws[69, 70], resistance [71, 72] neutral network[73, 74] 

and black box technique[75]. However, in this review only 

two of these techniques are discussed, namely:  block laws 

and resistance-based modelling techniques. Generally, 

membrane blockage is classified by four fouling formation, 

namely: complete blockage, intermediate blockage, 

standard blockage and cake blockage as illustrated by the 

schematic diagram below [4]. 

 
Figure 3.1 Block Models. Adopted from Ref. [4] 

4.1 Blockage laws 

Hermiaderived the simplified blockage models as 

follows [22]. 

 
2

2

n
d t dt

dV dV

 
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            

(1) 

Whereby  n  defines the type of fouling formation as 

follows:  0n   is cake formation,  1n   is intermediate 

blockage,  2n   is complete blockage and  3 / 2n   is 

standard blockage. dt

dV

 
 
 

 is the fouling resistance 

expression not a volume derivative of time. The model can 

further be simplified by expressing it in terms of resistance 

not time as shown by equation (1). Fouling resistance is 

generally define by equation (2) as follows[22]. 

1 tRdt

dV j P
 

              

(2) 

The second order derivative of fouling resistance model 

is formulate as follows: 
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t tR Rd t d
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(3) 

To express fouling resistance in terms of time (resistance 

accumulation over time), the constant TMP by blockage 

laws is assumed and the equation is multiple with dV

dt

 
 
 

 

on both sides of the equation to obtain equation (3) as 

follows[4]: 

nt
t

dR
R j

dt


             

(4) 

N.B equation (4) can be expressedexclusively by 

resistance   tR  or membrane flux  j . For blockage models 

in this review, membrane flux was the exclusive parameter.  

Hermia blockage laws were initially intended for 

modelling solid foulant  on a dead-end filtration system[76, 

77]. However, after realize the prediction accuracy of this 

block models, some modification were introduced to 

account for CF filtration and oil/water separation 

application[78, 79]. The initial assumption which now 

considered to be a main drawback on Hermia laws, is 

assuming operation parameters such as: feed concentration, 

TMP and temperature remain constant during filtration 

process (Jepsen et al., 2018).  

 

One approach that help Hermia laws to be popularly 

applicable, was to estimate fouling coefficient for each 

specific operating parameter(Jepsen et al., 2018). However, 

the estimated fouling coefficients were found to be accurate 

only on a single CFV and a significant accuracy reduction 
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was experience by the deviation from the define operating 

condition[80]. 

To date, Hermia blockage laws have been used in 

modelling fouling behaviour of oil/water separation[81, 

82]. By identifying fouling coefficients, acceptable model 

accuracy has been achieved for each operating parameter 

and the developed prediction models using those fouling 

coefficients, demonstrated that the model structure can 

accurately predict the fouling behaviour of oil-water 

mixture at a given operating condition [4]. The models also 

demonstrated the cake layer accumulation as dominate 

fouling formation in oil/water separation treatment 

compared to other foulant formation. In the 

experimentation studies [81, 82] to validate Hermia laws, 

the supercritical TMP was applied in both studies without 

any significant reduction in model accuracy. Several 

alteration on blockage models have been introduced to 

account for varying operating parameters such CFV and 

feed concentration. The CFV was incorporated into block 

model by introducing the critical flux concept and the feed 

concentration was incorporated into block by introducing 

the concentration concept. 

4.1.1De Bruijn fouling models 

Most fouling models relating permeate flux to time are 

considered to be exponential shaped on fouling curves[4]. 

However most of this model are unable to predict blocking 

phenomena.[22]developed blockage laws based on dead-

end filtration.Field et al. [76]modified Hermia’s blockage 

laws by incorporating cross-flow shear rate effect[31]. [83] 

also developed blockage model by integrating filtration 

laws and Hermia blockage laws. During De Bruijn 

modelling process, the following assumptions were 

made[83]. 

I. Membrane fouling only depends on permeate flux 

decline not concentration polarization 

II. The membrane structure has composed geometry with 

regular cylindrical shaped pore radius and length 

III. The operating conditions during experimentation are 

below critical blockage condition, therefore blockage 

mechanism is negligible 

 

 

 

4.1.1.1 Complete blockage 

Considering the complete blockage under critical flux 

alteration, the model equation was derived from the 

relationship between the permeate flux decline and pore 

area decrease as shown below[83]: 

0 0

1 1cb cbdJ da

J dt a dt
  

              

(5) 

Whereby  0J  and  0a  are initial flux and pore area 

respectively. The complete blocked pore area  cba   is 

defined by product of complete blocked volume  cbV  and 

shear stress   . Whereby the shear stress depends on the 

physicochemical of solute properties as define in [22, 83] 
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(6) 

However, it should be noted that, the shear force in CF 

filtration can only be effective in removing foulants 

accumulated on the pore mouth not inside the pore.  Also 

the open pore area is define by De Bruijn et al.[83]; 

0 0
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(7) 

After integrating and substituting the initial membrane 

porosity  o  the following corresponding equation is 

obtained [83] 
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(8) 

After further substitution of equation (6), (7) into 

Equation (8) the resulting equation (9) is obtained as[83]: 
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Whereby: 
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4.1.1.2 Summary 

The cross flow shear effect has no impact on the 

standard blockage fouling as it occurs inside the membrane 

pores. Introduction of critical flux on blockage laws based 

on both dead-end and cross filtration (excluding standard 

blockage for CF) has proven to be an effective approach to 

evaluate fouling behaviour. In membrane filtration, the 
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critical flux is a well-defined and observed concept, It 

generally used for measuring membrane performance [4]. 

Its measurement criteria depends on operating parameters 

such as: membrane porosity, solute density, solute forming 

factor, solute diameter, hydrodynamics, temperature and 

applied pressure[76]. 

4.1.2 Kilduff blockage models 

Feed concentration has an effect on the fouling 

behaviour, therefore it should be incorporated in Hermia 

blockage laws, as it was initially assumed to be a constant 

parameter in Hermia laws [4]. The following assumption 

were made in order to take feed concentration in account[4, 

70]. 

I. Membrane geometry and flow rate type were assumed 

to be regular shaped and Hagen Poiseuile flow 

respectively. 

II. The temperature and crossflow effect on the fouling 

behaviour were neglected 

III. The membrane is initially exposed to pore blockage 

followed by gradual cake layer formation which 

prevents further pore blockage. 

IV. Lastly, the foulant accumulation on the membrane is 

directly proportional to feed concentration as shown 

below[70]. 

0
0 0 0 0

dA
Q C J A C

dt
    

                

(10) 

The model was validated by several experimental studies 

across multiple feed concentration level without having a 

significant effect on the model prediction accuracy[4]. 

However the model assumption still needs to be validated 

on the oil/water separation, before final conclusions can be 

made about the model prediction accuracy[4]. 

4.1.3 Discussion and interpretation 

Block models alteration were developed to explain 

fouling for CF filtration and to integrate concentration into 

the models. The initial models were developed for dead-

end filtration are continually being used in recent studies 

for PWT.  

If extended models could be validated for PW, model 

accuracy can be enhanced across different levels of 

concentration, thus reducing the need to re-estimate the 

model for different levels of concentration. 

4.2 Resistance based models 

Another modelling approach to evaluate fouling 

behaviour is resistance based modelling, whereby fouling is 

considered to be the resistance. The relationship between 

permeate flux, TMP, viscosity and resistance was described 

by Darcy’s laws as follows [4]: 

t
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j
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(11) 

Whereby  tR  is total resistance described as follows: 

t m c b irR R R R R   
          

(12) 

Where  mR ,  cR ,  bR  are described as initial 

membrane resistance, cake layer and pore blockage 

resistance respectively. The irreversible resistance even 

though neglected in many models is represented by  irR . 

The other neglected parameter is osmotic pressure due to 

dominance of hydrodynamic effect over diffusive effect[4]. 

4.2.1 Weinser models 

Two alterations of the existing model will be considered, 

namely the particles distributions relative to pore size, as 

well as adhesion forces between the particles and the 

surface of the membrane. Both have a major effect on the 

cake layer and block resistance. Taking a closer look at the 

pore blocking and cake layer forming processes, their 

modelling and integration into existing model systems has 

been illustrated by numerical simulation studies [19]. Cake 

layer resistance is generally described by the specific 

resistance and corresponding cake height accumulation as 

follows[4]: 
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Whereby the  ˆ
cR  and  ch  are expressed as follows[4] 
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Where  1k  and  2k  are forward and backward transport 

of cake layer formation and removal respectively.  

The pore blockage resistance is described by the 

relationships of gradual decrease in the effective pore 

radius  pr  and effective porosity  0  of the membrane, as 

follows [4] 

2

0

8 m
m b

p

h
R R

r
 

           

(15) 

4.2.2 Fazana et al. exponential models 
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[84]first proposed the fouling resistance model and later 

[85]modified the model. Further alteration were developed 

by[86] in order to take into account  the exponential 

increase of TMP, especially after the initial stages of 

operation. Introducing an exponential term on both the cake 

layer resistance and pore blockage resistance models, the 

following corresponding mathematical expression was 

obtained: 

ˆ cn t

c c cR Rh e 
              

(19) 

0

8
bn tm

m p

p

h
R R e

r
  

         

(20) 

The cake layer density model in equation (19) was also 

modified to obtain the following expression. 

4
c

c

dh
jC Cjk

dt
  

            

(21) 

4.2.3 Discussion and interpretation of the model 

The models are comprehensive and the relationship of 

the investigated parameters are well defined [4]. However, 

a few areas are left unidentified by the models. Firstly, the 

development of the height of the cake is defined to a certain 

degree of which the exact correlation of CF, concentration, 

and cake growth remain unknown. Second, there is a lack 

of a full explanation of how the resistance to pore blockage 

evolves over time, more specifically how porosity  0   and 

pore radius  pr  are developed into the final equation. 

Thirdly, the initial model accuracy has not been validated 

against experimental evidence, although the modified 

version of the model was validate by Giraldo et al.[85]. 

Also the introduction of the exponential extension resulted 

to an insignificant improvement of model accuracy in 

equation(17). 

4.2.4 Summary 

Between the block laws and resistance based models, 

resistance models are the most complex and comprehensive 

type. Therefore block models due to their simplicity,  are 

the commonly used type[4]. Furthermore, despite the 

unpredictable oil droplet deformation and permeation, 

blockage models have been used to describe this 

unpredictable nature of oil droplet permeation on 

membrane[4]. Also, due to reasonable prediction accuracy 

by block models under intense operating condition such as 

supercritical TMP, the blockage models have gained a 

reputable reputation on oil/water separation application [4]. 

To date, several alteration on blockage and resistance 

models have been introduced to account for varying 

operating parameters such CFV and feed concentration. To 

identify the impact of CF, the concept of critical flux is 

integrated into the models. The critical flux is defined as 

the flux limit where almost no fouling occurs below and a 

large increase in fouling growth can be observed above 

it[4] 

V. CONCLUSION 

This review involves a detailed investigation into 

identifying critical operating condition during backwash, 

permeate flux recovery and membrane fouling models with 

the objective to develop an improved backwash system, 

which is considered as the most efficient technique for 

fouling mitigation. Studies reported in this literature 

reviews about the optimization of the backwash procedure 

are varied and depend on the target applications. Numerous 

backwash models have been developed to improve 

membrane performance for effective oil/water separation 

[4]. Most of these developed backwashing system are 

inefficient, due to poor modelling of relevant physical 

parameters and variables that affect backwash system [87]. 

On the contrary, any improvement to the backwashing 

technique has huge potential to improve the overall 

filtration performance in membrane technology. The 

influence of each individual parameters on backwash 

efficiency has been addressed by several studies in attempt 

to optimize the backwash procedure.Evaluation of critical 

parameters by models offers insight into the backwash and 

fouling action mechanisms. The complexity of filtration 

and backpulse can reduce by modelling. Modelling helps 

identify the effect of this parameters (individual and the 

collective dynamic relationship) on operation conditions.  

 

The reliable model not only can it safe time, but can also 

reduce cost associated with multiple experiments required 

to obtain optimal operating condition during backpulse [6]. 

This modelling approach has proven to yield better 

understanding of these complex membrane systems. They 

also help in minimizing the number of experimentation 

required to validate findings. Since the initial introduction 

of these modelling techniques, they have been modified to 

satisfy each target of application[19].  This modelling 

approach has proven to be a useful tool to help opens new 

application areas in membrane technology, as it stimulates 

new ideas for mathematical and physical modelling and 

algorithms [19]. 
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VI. FUTURE SCOPE 

Any improvement to the backwashing technique has a 

huge potential to improve the overall performance, cost-

effectiveness of both current and future membrane 

technology.Although previous studies demonstrate 

backwash to be an effective approach to mitigate 

membrane fouling. Backwash cleaning efficiency is highly 

depended on the following factors: understanding 

membrane fouling (such as the origin and the precursors of 

the fouling formation is essential) and the subsequent 

permeate flux recovery models. Future studies in 

optimizing membrane backwash system, should address the 

following: 

I. Identifying a model to accurately prediction the 

permeate flux declines during oil/water separation 

II. Identify a model with a reasonable flux recovery 

prediction accuracy 

III. They should also focus onincreasing the intensity 

backwash procedure, by developing a model with best 

parameters(pressure, temperature and velocity)that 

give the best performance during operation.  

This study highlights the need to advance understanding 

and development of membrane backwash process, through 

models that can evaluate all the important parameters. For 

example, backwash procedure can be improved by 

optimizing key parameters, such as: temperature, back-

pressure and the corresponding flow velocity. Models 

provide a useful platform to study the effect of different 

operating parameters. Lastly, some of the identified models 

in this review article only require refinements to improve 

their prediction accuracy and resolution for oil/water 

separation application. 
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