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MeMbrane cleaning:froM 
theory to practice

AbstrAct
Microfiltration and ultrafiltration are increasingly 
replacing conventional water treatment processes 
as a result of more stringent regulations and greatly 
improved competitive pricing. the most common 
operating issue of membrane plant operation is to 
control membrane fouling. although the impact of 
fouling may be mitigated via the modification of 
pretreatment process, inefficient cleaning is the leading 
cause of irreversible permeability loss, resulting in 
premature replacement of membranes.

Membrane fouling is fundamentally the result of 
interfacial interactions between membrane and fouling 
substances, and between different constituents of 
fouling materials. Different fouling materials interact to 
form fouling layers with different structures that may 
impact the cleaning efficacy and require particular 
cleaning sequences. the complexity and dynamic 
nature of membrane fouling make it challenging for 
plant operations.

a membrane cleaning study with various cleaning 
regimes provides a practical means to elucidate the 
nature of fouling and to devise effective cleaning 
regimes. by correlating the recovery in membrane 
permeability to specific cleaning steps, as well as the 
quantity of contaminants on the membrane surfaces, 
the cause for fouling could be elucidated and the most 
effective cleaning regimes could be determined. Several 
case studies are selected to illustrate the complexity of 

membrane fouling in real world applications. 

IntroductIon
Membranes have several distinctive features such as 
providing superior quality of filtered water, robust 
operation, and small footprint. however, a commonly 
recognised problem of operating membrane processes 

is control of membrane fouling. Membrane fouling is 
omnipresent and can severely affect plant operation. if 
not cleaned effectively, membrane fouling can lead to a 
downward spiral of plant performance and premature 
replacement of membranes. given its importance, however, 
the studies specifically addressing membrane cleaning 
in water treatment are generally limited (al-amoudi and 
lovitt, 2007; chen et al., 2003; lee et al., 2001; lee et al, 
2007; lee and elimelech, 2007; li and elimelech, 2004; 
liikanen et al., 2002; nyström and Zhu, 1997; porcelli and 
Judd, 2010a, 2010b; Strugholtz et al., 2005; Zondervan et 
al., 2007; Zondervan and roffel, 2007).  

at a fundamental level, membrane fouling is the result 
of interfacial interactions between fouling materials and 
membrane surface, and that between different fouling 
materials. fouling occurs when the sum of adhesion forces 
exceeds the sum of repulsion forces. those interfacial 
forces can be electrostatic, hydrogen bonds, steric, van 
der Waals, and hydrophobic / hydrophilic (gregory, 
2006). the extended Derjaguin, landau, Verwey, and 
overbeek (eDlVo) theory describes the double layer 
electrostatic force, van der Waals force, and acid-base 
interaction. research has been conducted using DlVo 
theory or its extended version to understand membrane 
fouling mechanisms (bhattacharjee et al., 1996; brant and 
childress, 2002; contreras, 2011; Kim and hoek, 2007; 
lee et al., 2007). expanding this model to include other 
interactions may provide a useful theoretical framework 
for describing membrane fouling phenomenon, if each 
interfacial force can be qualified and quantified. Membrane 
fouling in real-world applications is often more complex, 
and it is difficult to delineate the impacts from various 
interactions. recognising the limitations due to complexity 
of fouling, however, models can still provide insights 
for the nature of dominating interactions as well as the 
physiochemical factors affecting fouling.         
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from a more practical perspective, developing 
a procedure to evaluate the nature of fouling in 
general, and the most effective cleaning regime for 
a specific application in particular is imperative for 
troubleshooting the membrane plants that encountered 
the fouling issues. Membrane fouling can be very 
dynamic due to the temporal and spatial variations 
of incoming water quality, changes in pretreatment 
processes, and accumulative impact from long-term 
ineffective cleaning. this dynamic nature of fouling, as 
well as the synergetic interactions of different foulants, 
can lead to changes in the nature of fouling and form 
varied structures of fouling layer (Kim et al., 2009). 
therefore, periodic reevaluation of cleaning regimes 
may be necessary. concentration of chemicals, different 
sequence of cleaning steps, the length of cleaning for 
each steps, and solution temperature are key variables 
affecting cleaning (porcelli and Judd, 2010). although 
possible combinations of those variables seem endless, 
many practical considerations, such as chemical 
compatibility of membrane materials, availability 
of cleaning chemicals that have proper regulatory 
approval, permissible length of cleaning operation 
without impacting the plant production, and sometimes 
the restrictions imposed on the disposal of spent 
cleaning solutions, all limit the options of cleaning 
operation. therefore, the selection of a cleaning regime 
often is merely “workable”, not necessarily optimal. 
compromises have to be made to accommodate 
different needs.

MeMbrAne FoulIng As An 
InterFAcIAl PhenoMenon
Membrane fouling refers to the accumulation of certain 
constituents (“foulants”) on the membrane surfaces 
and/or within membrane media. as a result of fouling, 
permeability of membranes declines significantly, which 

leads to the increased energy consumption in the form 
of higher trans-membrane pressure (tMp), decreased 
plant productivity due to plant shutdown for cleaning, 
and increased chemical consumption. 

Membrane fouling is the result of interfacial 
interactions between foulants and membranes, and 
between foulants and foulants (contreras, 2011; 
contreras et al., 2009; Kim and hoek, 2007, 
lee et al., 2007). those interactions include 
electrostatic, hydration, steric, van deer 
Waals, and hydrophilic/hydrophobic, 
and they are either attractive or 
repulsive (gregory, 2006).  
table 1 summarises the 
characteristics of these interactions 
(liu, 2014). the sum of those 
interactions would determine if the 
adhesions between foulants and 
membranes, and between foulants 
and foulants are predominating, 
i.e., membrane fouling occurring. 

the eDlVo theory describes the 
particle-to-surface or particle-
to-particle interfacial interactions 
including electrostatic, van der Waals, 
and acid-base interactions (hunter, 
1984). it has been used for investigating 
membrane fouling (bhattacharjee, 1996; 
brant and childress, 2002; contreras, 2011). 
contreras (2011) concluded that specific 
interactions that are not included the eDlVo 
could play more significant roles in membrane 
fouling. therefore, constructing a model including more 
interfacial interactions than those described by eDlVo 
can provide a more accurate and comprehensive 
description for membrane fouling.  

2

Table 1. Interactions Affecting Membrane Fouling

Interactions Nature Energy Level (KJ/mol.) Range of Influence

electrostatic attractive or repulsive < 30 intra- and inter-molecular,      r-2

hydration generally repulsive Specific to molecular structure inter-molecular

Steric repulsive Specific to molecular structure inter-molecular

Van der Waals attractive < 1 inter-molecular,     r-6

hydrophobic attractive ~ 2.5 /mol. –ch2 inter-molecular

oc

oc
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the difficulty is to qualify and quantify every interfacial 
interaction for any given condition. however, with the 
advances in analytical techniques such as atomic force 
microscope (afM) and quartz crystal microbalance 
with dissipation (QcM-D), and creative ways to employ 
them in the study of membrane fouling, the progress 
in better understanding membrane fouling can be 
expected. even with an incomprehensive picture, the 
models based on the eDlVo can still provide useful 
insights and understanding for membrane fouling in 
a simplified manner. one example is a study on the 
impact of polymeric coagulants and flocculants on 
fouling of microfiltration membranes (Wang et al., 
2011). in a simplified case where the primary metal-
salt coagulant was not used, membrane fouling had 
been found to be primarily dominated by electrostatic 
interaction. the normalised fouling rate was correlated 
well with the charges carried by both polymers 
and membranes, as showing in figure 1. the charge 
characteristics of membranes and polymers as a 
function of ph are shown in figure 2. 

all three membranes used in the experiments are rated 
as 0.2 micron and are negatively charged in ph range 
3 – 10 (figure 2(a)). Supor-200, a polyethersulfone 
membrane, is the most negatively charged, and 
ht-200, a cellulose acetate (ca) membrane, is the 
least negatively charged. the polymers tested were 
cationic (pDaDMa 400 – 500 kD), nonionic (paM 

5,000 kD), and anionic (paa 520 kD), respectively 
in the ph range of 3 - 10 (figure 2(b)). the cationic 
and anionic polymers had similar molecular weight, 
and nonionic polymer had a molecular weight about 
10 times higher than the other two. therefore, the 
eDlVo theory would predict that the adhesion of the 
cationic polymer (pDaDMa 400 – 500 kD) on the most 
negatively charged membrane (Supor-200) would be 
the most significant due to electrostatic attraction, and 
consequently causing the most severe fouling. this is 
exactly what exhibited in figure 1 in which the degree 
of fouling is characterised by the normalised fouling 
rate. as indicated above, the eDlVo theory may have 
capacity to predict the outcomes qualitatively under 
well-defined and simple conditions. 

however, in practice polymeric coagulant and 
flocculants are rarely used alone, and more often in 
company of a primary coagulant such as iron- or 
aluminum-based metal salt coagulants, or inorganic 
polyelectrolytes such as polyaluminum chloride 
(pacl). the addition of the primary coagulant greatly 
complicates the situation: the two-member (polymer-
membrane) system becomes a three-member system 
(membrane – polymer – primary coagulant). With 
the presence of a primary coagulant, the patterns 
of membrane fouling become rather complex. the 
normalised fouling rate of a pVDf membrane from 
various polymers is plotted in figure 3. 

Figure 1. Normalised fouling rates of membranes by different polymers (pH = 7.2) (Wang et al., 2011)
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in figure 3, while the negatively charged anionic 
polymer (paM) showed the most fouling, cationic 
polymers actually exhibited significantly lower 
normalised fouling rates when compared with the 
control, i.e., using a primary coagulant only (liu, et al., 
2011). the lower fouling rate of cationic polymers may 

be attributed to several possible reasons:

 ◗ the flocs from the primary coagulants formed 

a cake layer on the membrane surfaces, which 

shielded the electrostatic interactions between 

polymer molecules and the membrane surface;

Figure 2. Charge characteristics of (a) different membranes, (b) various polymers (Wang et al., 2011)

Figure 3. Effect of polymers on membrane fouling rate of a PVDF membrane after 1 hour sedimentation.  
PACl: 15 mg/L, polymers: 1 mg/L 
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 ◗ flocs adsorbed free-floating polymer molecules, 
and embedded them in the flocs structures. 
consequently it reduced the adhesion of polymers 
on either membrane surfaces or the outer  
surfaces of flocs; 

 ◗ the addition of a primary coagulant reduced 
both bulk quantity and certain fractions of 

natural organic matter (noM) contributing 
to the membrane fouling. the testing 

results indeed indicated that the removal 
of UV254 was the most effective by 
cationic polymers  

(Wang et al., 2013).

the first two scenarios are 
supported by the fact that 
increasing the mass ratio of 
primary coagulant (pacl) to 
polymer generally decreased the 
normalised fouling rate  
(liu et al., 2011). 

this example illustrates the 
complicated relationships of 

various factors contributing to 
membrane fouling. the addition 

of a primary coagulant into the 
system changed the interactions by 

limiting the direct adhesion of polymer 
molecules to the membrane surfaces, 

which rendered the surface charge of 
membranes playing less important  

roles in fouling.        

another factor that can significantly affect the 
effectiveness of membrane cleaning, but has not been 
researched in detail, is the structure of the fouling 
layer (contreras et al., 2009). although membrane 
fouling is typically classified into different categories, 
such as inorganic colloidal fouling, organic fouling, 
biofouling, and scaling, etc., such categories are more 
out of convenience. in reality, various foulants form 
fouling layers with different structures. the interactions 
of different foulants can either elevate or reduce 
the overall fouling of membranes (contreras et al., 
2009; li and elimelech, 2004). Depending on how 
the different foulants are distributed, fouling layers 
formed on membrane surfaces can be stratified or 
mixed (partially or completely). the structure of fouling 
layers is not well understood and it may be the result 
of physicochemical interactions between different 
foulants, or temporal change in feed water quality. 
nevertheless, it could have implications on membrane 
cleaning strategies. for example, the stratified structure 

of a fouling layer may lead to sequential cleaning with 
cleaning steps aimed to remove the stratified sub-layers 
one by one. on the other hand, cleaning strategy for 
the fouling layer with a mixed structure may target the 
foulants responsible for physical integrity of the fouling 
layer at first, so as to loosen up the entire fouling layer 
to allow better access of cleaning solutions penetrating 
into the layer.    

MeMbrAne cheMIcAl cleAnIng: 
PrActIcAl consIderAtIons
chemical cleaning is critical for the operation 
of membrane plants. cleaning not only restores 
membrane permeability to meet the plant production, 
but also has important implications for maintaining 
long-term membrane permeability (liu et al, 2015). 
the accumulated effect of inefficient cleaning seems 
to “harden” the fouling materials remaining on the 
membranes and makes the subsequent cleaning even 
more ineffective. 

chemical cleaning is carried out via chemical reactions 
between cleaning chemicals and foulants. those 
reactions may change the structure and/or property of 
foulants, alter the surface chemistry of fouling layers, 
and weaken the adhesions between foulant-foulant 
and foulant-membrane interfaces (li and elimelech, 
2004). the effectiveness of membrane cleaning is 
measured by (a) how much membrane permeability 
can be restored; and (b) how fast the restoration of 
membrane permeability can occur. the major variables 
contributing to the effectiveness of membrane 
cleaning include the types and concentration of 
cleaning reagents, the temperature and ironic strength 
of cleaning solutions, the frequency of cleaning, 
duration of the cleaning operation, the sequence of 
cleaning steps, and hydrodynamic conditions during 
the cleaning (al-amoudi and lovitt, 2007; chen et 
al., 2003; lee et al., 2001; liikanen et al., 2002; liu, 
2017; porcelli and Judd, 2010b; Strugholtz et al., 2005; 
tragårdh, 1989; Zondervan and roffel, 2007). Many 
of those variables are interdependent. for example, 
both the concentration and temperature of cleaning 
solution can affect reaction rate, which in turn affects 
the duration of cleaning operation. fundamentally, the 
objective of a membrane cleaning study is to select 
a set of variables of cleaning operation to restore 
membrane permeability to an acceptable level in a 
reasonable time frame. there are several practical 
constraints to achieve this objective:

1. is the chemical formulation of cleaning solution 
compatible to the membranes to be cleaned?
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2. are the chemicals used for cleaning locally 
available? 

3. is there any regulation against the use of any 
chemical in the formulation of cleaning solutions?

4. can the spent cleaning chemicals be disposed of in  
a safe and environmentally acceptable manner?          

these constraints can limit the options for membrane 
cleaning. chemical compatibility is especially 
important because credible data on the effect of 
long-term exposure of membranes to chemicals is 
not always available. chain breaking in polysulfone 
molecules after extended exposure to hypochlorite was 
observed (gaudichet-Maurin and thominette, 2006; 
rouaix et al, 2006). the decrease in elongation of a 
polyethersulphone (peS) membrane after exposure 
to hypochlorite was also reported (thominette et al. 
2006). the deterioration in mechanical strength of 
hypochlorite-treated membranes leads to the loss of 
membrane integrity (arkhangelsky et al., 2007). it is 
also known that the overexposure of pVDf membranes 
to alkaline conditions can lead to dehydrofluorination – 
a process that makes pVDf membranes lose elasticity 
and become brittle (liu, 2013).    

lAb MeMbrAne cleAnIng study
although it is possible to conduct field cleaning via 
trial-and-error at the membrane plants, it is often 
more efficient and practical to conduct a lab cleaning 
study using fouled membrane samples to compare the 
cleaning efficacy of different cleaning regimes. the lab 
cleaning study involves several steps:

5. Measuring of baseline membrane permeability 
(i.e., the permeability of membrane samples as 
received); 

6. cleaning membrane samples with multiple cleaning 
steps;

7. Measuring the membrane permeability following 
each cleaning step;

8. comparing the membrane surfaces before and after 
cleaning via analytical techniques such as Scanning 
electronic Microscopy (SeM), X-ray energy 
Dispersion Spectroscopy (eDX), fourier transform 
infrared Spectroscopy (ftir).  

figure 4 depicts a bench-top device for lab cleaning 
study of hollow fiber membrane samples. the stand 
has a five-station for testing five hollow fiber samples 
simultaneously. filtered compressed air at a constant 
pressure (1 bar) is used to push deionised water in a 
reservoir flowing from the fiber lumen to the outer 

surfaces, or in “inside-out” mode (one end of hollow 
fibers is sealed by inserting a stainless steel pin into the 
fiber lumen). filtrates are collected in containers and 
the volume of the filtrate in a given time is measured 
to generate permeability data. after the measurement 
of the baseline permeability, samples are divided into 
different groups of five samples, each with similar mean 
value of permeability. each group of samples is cleaned 
with a multiple-step cleaning regime, by soaking in 
the chemical solutions for a pre-determined length of 
time at the ambient temperature (~21oc). after each 
cleaning step, samples are thoroughly rinsed and 
permeability is measured again. 

the permeability of membrane samples is expressed 
as the percentage of permeability for new membrane 
by averaging five replicates. Due to the heterogeneous 
nature of both membrane surfaces and adhesion of 
fouling materials, replicate samples are tested and 
statistical analyses (e.g., t-test) are carried out to 
determine if the changes in permeability between 
cleaning steps and among the different cleaning 
regimes are statistically significant.  

Figure 4. The bench-top testing stand for cleaning study 

of hollow fiber membrane samples
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the key to a successful design of a cleaning study is 
to differentiate the effect of cleaning steps/regimes, 
and to confirm these effects in subsequent cleaning 
steps. the causes for fouling of microfiltration (Mf) 
and ultrafiltration (Uf) membranes generally include 
natural organic matter (noM), iron, precipitates of 
metals, and scaling. the results of membrane autopsy 
on samples (70% from surface water filtration plants) 
indicated that the predominant causes for fouling 
were noM, and then some combinations of iron and 
noM (liu et al., 2015). a good understanding on the 
nature of the raw water and pretreatment processes 
also helps in designing the cleaning study plan. it 
should be noted that the design of cleaning regimes is 
a dynamic process: selections of subsequent cleaning 
steps depend on the responses of membranes (i.e., the 
change in permeability) to previous cleaning steps.  

the improvement in membrane permeability can be 
related to a specific cleaning regime and/or step to 
interpret the nature of fouling or even possibly the 
structure of fouling layers by comparing the sequence 
of cleaning steps in different regimes. Surface analytical 
techniques, such as Scanning electronic Microscopy 
(SeM), X-ray energy Dispersion Spectroscopy (eDX), 
fourier transform infrared Spectroscopy (ftir), are 
often employed to detect the changes in properties 
of membrane surfaces before and after cleaning. 
Whenever possible, these changes should also correlate 
to the improvement in membrane permeability to 
elucidate the possible cause of fouling. 

InterPretIng the results
two examples provided below are used to illustrate 
how the results of a cleaning study could be used to 

elucidate the causes of membrane fouling.          

example 1
the plant is a microfiltration plant filtering surface 
water. the source water contains high toc (>10 
mg/l), moderate to high hardness and alkalinity. the 
pretreatment includes coagulation with ferric sulfate, 
flocculation, and sedimentation prior to microfiltration. 
the operator of the plant reported the rapid increase 
in trans-membrane pressure (tMp) and the decline 
in cleaning effectiveness. a membrane autopsy was 
performed and the significant solid accumulation was 
noted in the membrane module. a dark brown color 
on membrane surfaces was observed, which was 
consistent with the cases where iron was present. 

a membrane cleaning study was performed and the 
results of the study are presented in figure 5. the 
cleaning results are expressed as the average percent 

permeability of five replicates (where the permeability 
of the new membrane is 100%) and illustrated using 
a bar graph. bars for each cleaning regime are 
grouped together and the colours of bars 
in a group relate to a particular cleaning 
step (e.g., before cleaning, 1st Step, 2nd 
Step, and so on). the details for each 
cleaning regime are summarised 
in the table below the bar graph. 
in the table, Super iron-out 
is a household rust cleaner 
(Summit, fort Wayne, iD) 
that has been proved to be 
very effective to remove the 
deposition of iron hydroxide 
on the membranes. 

the permeability for the 
samples as received was 
only 14% of that for new 
membranes, indicating a 
rather severe fouling. after 
three-step cleaning, the 
permeability was recovered 
from 83% to 97% of that for new 
membranes for regimes b and a, 
respectively. it is interesting to note 
that sequence of the cleaning steps 
played an important role in recovering 
the permeability. regime a was cleaned 
with caustic/chlorine mixture first and 
achieved the overall highest recovery. although 
the cleaning step with the mixture of caustic/
chlorine did not appear to be very effective at the first 
glance when compared to the other two regimes, it 
seemed to help the subsequent cleaning tremendously. 
the reason for the enhanced cleaning by applying the 
mixture of caustic and chlorine is not clear.  
however, it was possible that caustic/chlorine solution 
might have modified the properties of a fouling layer, 
making subsequent cleaning steps more effective. it 
has been reported that noM adsorbed on silica colloids 
enhanced the adhesion between colloids and colloids 
and membrane surfaces (contreras et al., 2009). the 
caustic/chlorine mixture could reduce or modify the 
noM molecules adsorbed on colloids and thus the 
adhesion of those particles. 

example 2:
the source water is industrial wastewater produced 
at a chemical manufacturing plant. the available 
water quality indicated the potential for organic and 
biofouling (boD5: 8 - 15 mg/l; SS: 13 – 38 mg/l; toc: 
24 – 136 mg/l, ph: 8.1 – 8.3). 
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three mobile microfiltration units deployed at the 
plant site for treatment of the industrial effluent while 
plant’s own wastewater plant shutdown for repairs and 
upgrade. a membrane cleaning study was performed to 
optimise the operation of the microfiltration filters and 
the results of the study are presented in figure 6.    

the permeability of the membrane samples as received 
showed a value of 28% of that for new membranes. 
after two-step cleaning, membrane permeability for 
regime a, b, and c is 67.1%, 95.3%, and 98.6% of those 
for new membranes, respectively. contrary to what the 
water quality data indicated, the results of the cleaning 
study showed that membrane fouling was primarily 
caused by foulants inorganic by nature, as both citric 
acid and Super iron-out in the first step of cleaning 
outperformed the mixture of caustic and chlorine, and 
they contributed the majority of permeability recovery. 
More intriguingly, the first step cleaning with the 

mixture of caustic and chlorine in regime a seemed to 
hinder the subsequent cleaning with citric acid, leading 
to a lower overall recovery of membrane permeability 
when compared to regimes b and c. 

the analyses of membrane surfaces with SeM and eDX 
are presented in figure 7. prior to cleaning, both outer 
and inner surfaces showed heavy deposits of solids, 
and significant amounts of metal elements such as Mn, 
fe, cu, al, as well as non-metal elements such as o, Si, 
and S in addition to c and f (which might be part of 
the membrane medium). 

the deposition of solids on membrane surfaces 
might have actually functioned as a barrier for direct 
adhesion of organic foulants via adsorption in this case. 
therefore, the cleaning step with the mixture of caustic 
and chlorine had only limited contribution to the overall 
recovery of membrane permeability. 

Figure 5. Membrane permeability recovery before and after each step of cleaning (average value of five fiber 

samples) for a MF plant filtering coagulated and settled surface water.

	  

 
I.	  D.	   Step	  1	  (16	  hrs)	   Step	  2	  (4	  hrs)	   Step	  3	  (16	  hrs)	  

A	  
5000	  ppm	  NaClO	  +	  1%	  
NaOH	  

1%	  Super	  Iron-‐out	  b	  	   5000	  ppm	  NaClO	  +	  1%	  
NaOH	  

B	  
2%	  citric	  acid	  	   1%	  Super	  Iron-‐out	  b	   5000	  ppm	  NaClO	  +	  1%	  

NaOH	  

C	  
1%	  Super	  Iron-‐out	  b	   5000	  ppm	  NaClO	  +	  1%	  

NaOH	  
5000	  ppm	  NaClO	  +	  1%	  
NaOH	  

 
	  

0% 

20% 

40% 

60% 

80% 

100% 

A B C 

Pe
rm

ea
bi

lit
y 

R
ec

ov
er

y,
 %

 

Cleaning Regime 

Uncleaned 1st Step 2nd Step 3rd Step 



Water e-Journal   Online journal of the Australian Water Association9

Membranes

after cleaning, the SeM images of membrane surfaces 
appeared free of most deposits and element analysis by 
eDX also showed absent or greatly reduced non-medium 
elements, which are consistent with the nearly complete 
recovery of membrane permeability shown in figure 6.

concludIng reMArks 
given the importance of membrane chemical cleaning, 
it is unfortunate that there has not been more research 
on the subject. the understanding of the fouling 
phenomenon is the basis for deriving more effective 
strategies for chemical cleaning. constructing models 
beyond the eDlVo theory may provide a theoretical 
framework for understanding membrane fouling, which 
requires the incorporation of interfacial interactions in 
addition to electrostatic, van der Waals, and acid-base 
interaction into the model. balancing the conflicting 
needs of being simple and easy to understand on one 

hand, while keeping it sufficiently realistic on the other, 
requires both theoretical development and experimental 
validation for the model. for practical applications, 
rapid determinations for the causes of fouling and 
effective cleaning regimes are imperative, and can be 
done using a lab cleaning study with relatively ease. 
Designing a plan for a membrane cleaning study requires 
not only considering practical constraints, but also a 
good understanding on the nature of source water 
and pretreatment processes. an interactive approach 
to account for the response of a membrane to initial 
cleaning steps is often helpful to quickly lock to the 
responsible foulants. although not always obvious, the 
sequence of cleaning steps often plays an important role 
in restoring membrane permeability. as fouling nature 
may change over time, reevaluation and adjusting the 
cleaning regime is necessary to maintain long-term 
permeability of membranes. 

Figure 6. Membrane permeability recovery before and after each step of cleaning (average value of five fiber 

samples) for a MF plant filtering industrial effluent.
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Figure 7. SEM images of elemental analyses by EDX for samples before and after cleaning (Samples for SEM/EDX 

were from those cleaned with Regime C in Figure 6)
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