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1. Introduction 
Hollow fibre membranes and membrane bioreactors (MBRs) have been actively used for municipal 

and industrial wastewater treatments [1]. The two main issue hindering wider applications of this 

technology are the high cost of membrane materials and membrane fouling [2-4]. On the latter case, 

the efforts of research institutes and the industry sector are focused on understanding the 

mechanism of fouling, the nature of foulant, visualising and direct monitoring of fouling [2, 5]. 

Usually, fouling and its dependencies are characterised from filtration data [6]. In situ methods are 

preferred because they do not involve potential changes of feed or permeate properties by sampling 

or storage [2]. The basic of most in situ methods developed for detection of fouling in MBRs is 

measuring filtration parameters such as flux and trans-membrane pressure. In the present study, we 

examined the feasibility of using electrical measurements for monitoring of fouling in MBRs.  

For this, we used an electrical impedance spectrometer (EIS). EIS measures the electrical 

impedance (i.e. the complex electrical resistance) by injecting a small signal to the sample and 

measuring the ratio of an alternating voltage to its corresponding current and the phase difference 

between them [7, 8]. Therefore, EIS can potentially be used as a simple non-destructive method to 

monitor the filtration process in MBRs [9]. 

There are two different type of hollow fibre membranes depending on the direction of permeate 

flow. For membranes with rejection (or skin layer) facing outside, the feed moves from outside and 

permeate is extracted from inside of the membrane. These membranes are called outside-in and are 

more common than the inside-out type. The hollow fibre membranes used in the first phase of this 

project were an outside-in type. In the case of the inside-out membrane, the flow is in the opposite 

direction, the feed is inside the membrane and permeate flows through the sides of hollow fibre [10-

12]. 
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The biggest advantage of an outside-in system is the possibility of filtering feeds with high 

suspended solids content. Most of the commercially available hollow fibre modules for MBR 

operate in outside-in mode. On the other hand, using inside-out type hollow fibre membranes it is 

possible to maintain uniform hydrodynamics in the lumen. However, it is not practical to generate 

the turbulence that is crucial to mitigate fouling [11]. 

Our preliminary experiments showed that EIS can be used to monitor the fouling of outside-in 

hollow fibre membranes. In this report, we present the results obtained using inside-out hollow fibre 

membranes in addition to outside-in membranes and flat membranes.  

The performance of EIS for detection of fouling is also examined using an industrial bio-feed. The 

by-product of yeast, called “dunder” was used as the model wastewater. For instance, Appleton 

produces about 78 million litres of dunder waste as the by-product of six million litres of rum 1. 

Dunder water has created serious health and environmental problems in the past. One problem is 

that decomposition of dunder generates hydrogen sulphide gas which is flammable and poisonous. 

This has created severe health problems for people living close to yeast manufacturing companies. 

Dunder happens to be rich in nutrients such as potassium, nitrogen and phosphorous [13]. This 

suggests that this waste material can be used as fertilizer [14, 15]. For example, Appleton is using 

dunder in about 500 hectares its 2,270 hectares of sugar cane and has predicted to save about 

$50,000 in fertilizer cost while solving the waste issue. However, some studies have shown that 

using dunder can result in sodium toxicity when the soil or irrigation water has inherently high 

sodium levels [15]. Therefore, separating organic matters and cations (such as potassium) of dunder 

has been the focus of the research at AB Mauri to reuse dunder waste. Filtration using flat 

membranes has been proven to be ineffective due to fouling nature of the feed. In the present study, 

the performance of hollow outside-in fibre membranes in this separation process is examined. The 

1 http://www.ipsnews.net/1999/12/jamaica-company-finds-silver-lining-in-noxious-cane-waste/ 
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filtration process is monitored using EIS and the capability of this technique in detection of fouling 

is investigated. 

2. Objectives 
 

“Membrane fouling” is one of the biggest problems of operating membrane-based water treatment 

plants. Regular backwashing and cleaning are examples of the methods used to tackle this problem. 

If detected early, the flux reduction (or pressure increase) due to fouling can be prevented by simple 

backwash or cleaning. However, progressed fouling can only be reversed, partially, using strong 

cleaning chemicals that can damage the membranes. Eventually, the membrane modules need to be 

replaced. Therefore, finding new techniques to detect fouling can help to reduce the cost of 

operation in water treatment plants. 

This research aimed to: 

• Develop an experimental measuring cell, fitted with suitable electrodes for simultaneous 

electrical impedance spectroscopy (EIS) measurements and filtration experiments. 

• Characterise using EIS the structure of various hollow fibre membranes and their fouling. 

• Comparative studies of the EIS characterisations of flat sheet and hollow fibre membranes. 

• Design a special sample chamber for hollow fibres. 

Electrical impedance spectroscopy has been proven to be effective for in-situ monitoring of fouling 

in flat membranes [16-29] but to the best of our knowledge, there is no report on the application of 

this method to hollow fibre membranes. This could be partially due to the spatial limitations in 

hollow fibre membranes. In most of the EIS methods used for characterisation of flat membranes, a 

4-terminal electrode configuration has been used. In this method, the current and voltage electrodes 

are separated. Two current electrodes are fitted in feed and permeate sides, and two voltage sensing 

electrodes are fitted very close to the membrane on each side. In the case of hollow fibre 
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membranes, there is not much limitation on size, number and location of electrodes outside the 

membrane. However, it is not possible to fit two electrodes inside the membrane fibres. The best 

case scenario is that one thin wire can be fitted inside each fibre if the internal diameter of the fibre 

is significantly greater than that of the wire.  If the fibre is very thin, fitting a wire inside it is not 

possible and fitting a common electrode, possibly a porous disc, at the cross section of the fibres 

bundle is the only practical option. 

In the first phase of this project, we showed that in principal EIS can detect changes in electrical 

properties due to membrane fouling. We also examined the effect of electrode configuration on 

accuracy of these measurements relative to the extent of fouling. It was concluded that fitting 

electrodes inside each membrane fibre is not necessary for detection of fouling; however, can 

slightly improve the sensitivity of the method. 

In this final report, we investigate this further and also compare the results with those obtained for 

flat membranes and hollow fibre membrane with inside-out filtration design. This is to explain the 

outcome of the experiments on normal outside-in hollow fibres and to design a prototype. The 

system is then used to characterise the fouling behaviour of an industrial feed. 
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3. Project outcomes 

3.1.  Materials 
 

Outside-in hollow fibres: The hollow fibre membranes used in the present study were Ultraflo 

membranes (ULTRA-FLO, Singapore), with an internal diameter of 0.5 mm. Figure 1 shows the 

microstructure of these hollow fibre membranes.  

  

Figure 1 - Structure of outside-in hollow fibre membranes. 
 
Inside- out hollow fibres: The Multibore® Inge membranes from BASF Germany were used as 

model inside-out hollow fibre membranes. As shown in Figure 2, each Multibore® hollow fibre is 

comprised of seven individual capillaries in a single fibre. These innovative membranes have higher 

mechanical strength. It is claimed that these membranes are of ultrafiltration type and also capable 

of removing viruses from water [30-33]. 

 

Figure 2- Structure of inside-out Multibore® hollow fibre membrane. 
 

Flat membranes: The flat membranes used in the present study were PVDF microfiltration 

membranes (Pall Fluoro Tran® W) supplied by PALL Life Sciences (Australia). The thickness and 

the nominal pore size of the membranes were 123 and 0.22 μm, respectively. Typical SEM image 

of the PVDF microfiltration membranes is shown in Figure 3. 
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Figure 3 - Microstructure of flat membrane used in the first phase of the project. 
 
Laboratory model feed: Polyethylene glycol (PEG) was chosen as the model foulant for filtration 

tests because the fouling behaviour of PEG is very similar to proteins and other organic materials 

found in waste water. PEG is a synthetic material and can be readily obtained with reproducible 

average molecular weight and molecular weight distribution. More importantly, it is rather difficult 

to control consistency of electrical properties of model biological feeds.  PEG with average nominal 

molecular weight of 100,000 Dalton (i.e., 100 kDa), was purchased from Sigma Aldrich and was 

used in filtration experiments. 

Industrial model feed: Dunder waste, a by-product of yeast production, was supplied by AB 

Mauri2. The waste was centrifuged to remove the large solid particles. The liquid phase of the 

processed waste was characterised and used in the filtration experiments. Table 1 shows the 

characteristic properties of this wastewater. 

The chemical oxygen demand3 (COD) of this feed (after centrifuge) is about 300,000 mg/L. This 

value is significantly higher than COD of municipal wastewater and even some heavy industrial 

wastewaters. The COD of high strength industrial waste water treated using specially designed 

MBRs range from 700-67,000 mg/L[34]. A typical COD value for municipal waste water is  usually 

2 AB Mauri is a division of Associated British Foods plc (ABF) that produces yeast and bakery ingredients. This 
company is one of the largest yeast manufacturers in the world. 
3 COD - chemical oxygen demand. The COD test is commonly used to indirectly measure the 
amount of organic compounds in water. The COD is often measured using a strong oxidant (e.g. 
potassium dichromate) under acidic conditions. A known excess amount of the oxidant is added to 
the sample by titration and using an indicator solution. The amount of oxidant for complete 
oxidation of 1 litre feed is reported. 
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500 to 700 mg/l [35]. Therefore, solutions containing 1% and 10% of this waste were used for 

filtration experiments.  

Table 1 - Characterisation of dunder waste. 
 

pH 4.5 
 

Conductivity (mS/cm²) 131-141 
 

Colour (Pt/Co Units) 207,000-211,000  
Osmolality (Osm/kg) 2,970 

 
COD (mg/L), UV/TiO2 method (Aquadiagnostic) 345,000- 415,000 

 
Solid content (%) 34-40  
Chloride (mg/L), Merck Spectroquant 17,500 

 
Ammonium (mg/L), Merck Spectroquant 50 

 
Ammonium (mg/L), Ion Specific Electrode (Hanna)  66   

Strong brown colour and smell of molasses are other properties of the dunder waste. It is rather 

difficult to measure and present the latter, but the brown colour of the 10% feed (or sludge) in 

contrast with white hollow fibres is depicted in Figure 4. 

 
 

Figure 4 - Hollow fibre membranes at the beginning of filtration experiment using 10% dunder 
waste feed in the membrane bioreactor. Aeration is used to preserve the feed and to reduce fouling. 
 

Hollow fibre membranes 

Dunder feed (10%) 

Aerated membrane 
bioreactor 
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3.2. Methods 
 

3.2.1. Membrane module preparation 
 

Outside-in hollow fibre membranes: For experiments using the model feed (i.e. PEG solution) , the 

modules were made of three membrane fibres of about 150 mm length which were fitted in 10 mm 

tube on one side. The free side of the tube was filled with epoxy resin. The other end of the fibres 

was sealed in the same way but suing a 250 mm tube. The epoxy resin was left to set thoroughly at 

least for 24 hours. Then, 50 mm of the longer side of the tube (250 mm) was cut using a sharp cutter 

to expose the cross section of the membranes. This side of the membrane bundle was then fitted 

inside the plastic fittings required for connecting the module to a vacuum pump. For experiments 

using biological waste solution, the same bundling method was used to assemble 10 hollow fibres 

of about 240-300 mm length. 

Inside-out hollow fibre membranes: single Multibore hollow fibre tube of about 250 mm was used 

in each experiment. The membrane was fitted in a ¼” Swagelok fitting on one side, and the free 

side was sealed using epoxy resin. 

The membrane modules were pre-wetted for 12 hr in ethanol/water mixture [36] followed 3 hr in 

distilled water. The water was changed a few times, and the membranes were washed repeatedly 

with water to ensure the complete removal of ethanol. When using PEG as feed , removing the 

ethanol was important because PEG is insoluble in ethanol [37]. Residual ethanol could result in 

precipitation of PEG in the membrane and could lead to premature blocking. 

3.2.2. Filtration experiments 
 

Outside-in hollow fibre membranes: Figure 5 schematically shows the experimental set up used for 

testing the filtration performance and electrical properties of hollow fibre membranes. The 

membrane module was connected to a vacuum pump generating -0.5 bar (-50 kPa) suction force. A 
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trap was installed between the membrane module and the pump to collect the filtrate and also to 

protect the pump. The membrane was immersed in a container filled with the feed solution. The 

level of the feed was kept constant by fitting an outlet for overflow. The feed was pumped in a 

constant rate of 5 ml/min from the feed reservoir to the membrane container, and the excess was 

returned to the reservoir via the overflow outlet. The reservoir was placed on a digital balance, and 

its weight reduction was monitored by time to estimate the permeate flux. Electrodes were fitted on 

permeate and feed sides and were connected to an electrical impedance spectrometer for monitoring 

the electrical properties of the system during filtration. The water flux generated using this set up 

was about 4.4 L/hr/m2. The flux change during fouling was recorded by time and was normalized to 

the initial flux of PEG solution to indicate the level of fouling. Higher vacuum levels could result in 

higher flux and hence accelerated the fouling. However, -50 kPa was the maximum suction force 

that this pump was able to maintain for a long time. This was not of great concern in the present 

study because the main purpose of these experiments was to find out if there is a relationship 

between EIS data and flux decline. 

 

Figure 5 - Schematic diagram of the filtration/EIS experimental setup for characterising outside-in 
hollow fibre membranes. 
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Bio-feed filtration using inside in hollow fibre membranes were performed using a setup similar to 

the rig shown in Figure 5. However, because the surface area of the membrane was larger, the flux 

was generated using a normal pump instead of the vacuum pump. The permeate was collected, and 

its weight was monitored to detect fouling. Similar to the experiments performed on PEG solution, 

the experiments were conducted at constant vacuum of -95±2 kPa. For this, the setting on the pump 

head was adjusted for a thicker tube than the diameter of the tube fitted in the pump. The vacuum 

level was monitored, and its deviation was recorded. 

A constant flow of air was injected to the membrane bioreactor to aerate the feed. The feed was 

circulated from a well- mixed reservoir to MBR via an overflow outlet to keep the feed level 

constant. This experiment setup is shown in Figure 6. 

 
 

Figure 6 - Filtration/EIS experimental setup to monitor fouling of outside-in hollow fibre 
membranes by bio-feed. 
 

Inside-out hollow fibre membranes: the setup used for testing these membranes (shown in Figure 7) 

was slightly different. The filtration experiments were performed in dead-end mode. The feed was 

stored in a reservoir and was injected to the membrane module at constant pressure of 100 kPa 

pressure generated using compressed air. The feed level was kept constant by fitting an overflow 

outlet. The permeate was collected in a reservoir, and its mass was measured using a digital balance. 
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Figure 7 - Schematic diagram of the filtration/EIS experimental setup for characterising inside-out 
hollow fibre membranes. 
 

Flat membranes: Figure 8 schematically shows the filtration setup used for online monitoring of 

flat microfiltration membranes fouling. The dead end filtration experiments were performed at 

constant pressure of 100 kPa. The feed was stored in a 1500 ml reservoir installed between the 

pressure source and the filtration cell. Pressure was obtained by compressed air and was maintained 

at a constant value using a pressure regulator. The permeate was collected in a reservoir placed on 

an electronic balance. The permeate flux was calculated from recordings of the mass as a function 

of time. 

 

Figure 8 - Schematic diagram of the filtration/EIS experimental setup for characterising flat 
membranes. 
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Figure 9 shows the structure of the membrane chamber used in these experiments. Two silver discs 

coated with Silver Chloride (Ag/ AgCl) were fitted in each compartment that are usually used for 

injecting the current. One voltage sensing electrodes fitted on each side close to the membranes are 

usually used for sensing the voltage. 2-terminal, 3-terminal and 4-terminal measurements were 

performed to monitor the fouling of flat membranes.  

 

Figure 9 - Structure of the 4-terminal chamber used for characterization of flat membranes. 

3.2.2.1. Electrical impedance spectroscopy 
 

Electrical impedance spectroscopy (EIS) measures the electrical potential (v0) and the phase shift (φ) 

of a sample in response to an alternating current of small amplitude (i0) and known angular 

frequency ω [9, 38]. The voltage across the sample is v and has the same frequency as the current 

(i). However, they are out of phase by φ as illustrated in Figure 10. 

The impedance (Z) is defined by its magnitude (|Z|= ν0/ i0) and its phase angle (φ) which is the 

phase angle between the AC voltage and the AC current. The impedance that is generally 

frequency-dependent can be expressed in terms of conductance (G) and capacitance (C) as shown 

below: 

G(ω)=1/|Ζ| Cos(φ) (1) 

C(ω)=-1/(ω|Z|) Sin(φ ) (2) 

More information about the impedance spectroscopy and its application can be found elsewhere [7, 

9]. 

                             

Current electrode 

Voltage sensing electrode 

Membrane space 
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Figure 10 - Sinusoidal function of v and i and v with a shift of φ/ω. ω is the angular frequency and 
ω=2π/T where T is the period and the frequency in cycle per second is f=1/T. 
 

In the present study an INPHAZETM high resolution impedance spectrometer (developed by 

INPHAZE Co., Australia) was used to measure the impedance of the system. In the spectrometer, 

the unknown impedance element (i.e. the membrane) is in series with as standard (known) 

impedance. The latter can be adjusted to increase the accuracy of the measurements.  

3.3.  Results 

3.3.1. Summary of the first report 
 
In the first phase of this research, four prototypes were prepared with different electrode 

configurations to detect fouling of hollow fibre membranes using EIS. As shown in Figure 11, in 

prototype 1 there is a wire electrode in only one of the fibres and outside electrode is a wire close to 

the membranes. In prototype 2 the outer electrode was changed to a disc further away from the 

membranes. In prototype 3, a wire electrode was inserted in each wire. However, a porous disc was 

used as a common electrode in prototype 4, and no wire was inserted inside the wires. The results of 

experiments using 1 gr/l Peg showed that fitting electrodes inside each membrane fibre is not 

necessary for detection of fouling; however, can slightly improve the sensitivity of EIS data to 

membrane fouling. 
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Figure 11 - Four prototypes used in monitoring filtration of PEG solution using outside-in hollow 
fibre membranes. Total percentage changes of capacitance (C) and Conductance (G) during fouling 
is plotted at frequencies ranging from 1 Hz to 1 MHz. The frequency ranges dominant by 
impedance properties of the membrane; electrodes and solution are marked in each graph. 
 

Analysing the changes in electrical properties at different frequencies showed that the electrical 

properties at mid-frequency range (~ 1000 Hz) were dominated by impedance of the membrane. 

This suggested mid-frequency range is the most appropriate range for sensing the changes in 

membrane during the filtration process (see Figure 11). However, it was also found that exact range 

of the frequency was affected by position of the electrodes and hence needs to be identified for 

different electrode configurations. 

In general, the relative changes in electrical properties detected using EIS was similar to the relative 

flux decline during the filtration process as shown in Figure 12 . Therefore, it was concluded that 

electrical impedance spectroscopy (EIS) can be used for online monitoring of fouling in hollow 

fibre membranes. 
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(a)                                                                            (b) 

Figure 12 - The average capacitance change (%) at ~ 1 kHz detected using four prototypes (a) and a 
typical flux decline pattern during filtration of 1 gr/l PEG solution.  
 
Comparing EIS spectra of clean and fouled membranes, it was shown that fouling changes the 

electrical properties of membranes noticeably. This suggested that EIS has the potential of being 

used as a non-destructive technique for autopsy characterisation of hollow fibre membranes. 

Similar experiments were performed on flat membranes to understand the effect of electrode 

configuration on accuracy of EIS in detection of membrane fouling. This is because most of the 

earlier works on fouling detecting using EIS have been performed on flat membranes [9, 39-47]. 

The preliminary experiments performed in the first phase showed that an electrode configuration 

can affect the accuracy of EIS measurement for detection of membrane fouling. These experiments 

were continued in the second phase of this research. 

3.3.2. Flat membranes 
 
The membrane chamber used for testing the flat membranes had four electrodes: one electrode at 

each compartment commonly used for injecting the elenctic current and two electrodes adjacent to 

the membrane surface usually used for sensing the voltage. This electrode configuration has been 

used for characterising clean and fouled reverse osmosis (RO), and nanofiltration membranes [44]. 

In the present study, experiments using different electrode configurations were performed in order 

to understand the effect of electrode configuration on ability of EIS for detection of fouling in flat 
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membranes. The preliminary experiments presented in the first report were obtained in 2-terminal 

mode using the voltage electrodes fitted adjacent to the membrane on the feed and the permeate 

sides (shown in Figure 13). 

 
Figure 13 - Electrode configuration of 2-terminal experiments on flat membranes using the voltage 
electrodes fitted adjacent to the membrane on the feed and the permeate sides. 
  
In preliminary experiments, 1 and 2 gr/l PEG solutions were filtered using PVDF microfiltration 

membranes and the fouling was monitored using electrical impedance spectroscopy. Figure 14 

showed the changes in capacitance and conductance of the system after about 4.5 hours filtration 

using 1 gr/l PEG solution at 100 kPa.  

 
Figure 14 - Changes in conductance and capacitance during fouling of flat membrane using 1 gr/l 
PEG solution at 100 kPa  
 

The sensitivity of EIS for detection of fouling was compared with flux changes. Figure 15 shows 

the flux data collected during the filtration of 1 gr/l PEG at constant pressure of 100 kPa. 
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Figure 15 - Flux change during fouling of flat membrane using 1 gr/l PEG solution at 100 kPa. 
 

These results showed that the flux declined about 70% during about 4.5 hour filtration. However, 

the capacitance and conductance changes recorded by EIS were below 40%. The decline in 

capacitance at 1 kHz-10 kHz range was correlated to fouling. This change was below 10% that is 

significantly lower than the fouling estimated by flux decline. 

These results showed that 2-terminal measurements using Ag/AgCl electrodes fitted close to the 

membrane is not a proper design for online detection of fouling in flat microfiltration membranes. 

This should be pointed out that the voltage electrode had very small surface are and hence were 

only able to probe a very small area of the membrane. The efficiency of 2-terminal measurements 

could be improved using larger electrodes. However, fitting larger electrodes close to the membrane, 

even if made porous, can affect the flow pattern and fouling. 

To examine the effect of electrode size, two large electrodes fitted at feed and permeate 

compartments, but not adjacent to the membrane, were used in the next step. These electrodes are 

usually used as current electrodes. This 2-terminal configuration is schematically depicted in Figure 

16. 

The percentage changes in conductance and capacitance during fouling are presented in Figure 17. 

Both conductance and capacitance increased during fouling at all frequencies. However, at mid-

frequency range (i.e. about 1 kHz); the conductance rise was greater than that of capacitance. This 

could be an indication that impedance of membrane itself was dominant at this frequency range. 

Capacitance and conductance values as a function of time at typical low and high frequencies (e.g. 
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10 Hz and 10 kHz) are shown in Figure 18. These results confirm overall changes values at low and 

high frequencies (Figure 17). However, the trend of changes at mid-frequency range (100 Hz to 1 

kHz) was different.  

 
Figure 16 - Electrode configuration of 2-terminal EIS experiments on flat membranes using the 
current electrodes fitted on the feed and the permeate sides. 
 

 
Figure 17 - Changes in conductance and capacitance during fouling of flat membrane using 1 gr/l 
PEG solution at 100 kPa. Experiments were performed in 2-terminal mode using current electrodes. 
 

Capacitance and conductance value at 1 kHz as a function of fouling time are depicted in Figure 19. 

These graphs revealed that capacitance increased at early stages of fouling but then declined later. 

Conductance increases could be explained by increasing concentration of feed in electrolyte and the 

wet membrane. The higher concentration of feed also results in stronger ionic double layer4 which 

translates to higher capacitance. The ionic double layer is usually the dominant part of overall 

impedance at low frequencies due to its high capacitive nature [48-50]. However, its effect can be 

extended to higher frequencies if the voltage is measured using the same electrode used for 

4 The water molecules and the anions are oriented on the surface of  electrodes, satisfying the 
requirement of neutrality.  The layer of two ions (i.e. ionic double layer) has a high capacitance due 
to its low thickness.  More information was provided in the first report of the project. 

Feed Permeate

Membrane

i+
V+ i-

V-

0

5

10

15

20

25

30

1 10 100 1000 10000 100000 1000000

%
 C

ha
ng

e 
du

e 
to

 fo
ul

in
g 

Frequency (Hz) 

G

C

  18  

                                                           



Characterising the Performance and Fouling of Hollow Fibre Membranes 
Final Report 

 

 

injecting the current, that is 2-terminal measurements. The concentration of feed can also affect the 

range of frequencies dominated by the effect of ionic double layer. It was shown that a higher 

concentration of electrolyte extends the effect of ionic double layer to higher frequencies [51]. It 

seems one of the important factors on efficiency of electrode configuration design is finding a 

frequency range that the overall impedance is not dominated by the effect of ionic double layer.  

 
(a) Low frequency: 10 Hz 

 
(b) High frequency: 10 kHz 

 
Figure 18 - Conductance and capacitance change as a function of time at (a) low frequency of 10 Hz 
and (b) high frequency of 10 kHz. Experiments were performed in 2-terminal mode using current 
electrodes. 
 

At 1 kHz, after about 17 min after starting the filtration experiments, the capacitance declined in 

spite of conductance increase. This could be due to thickness growth as a result of foulant 

deposition on the surface of membrane. Moreover, this is an indication that the effect of ionic 

double layer was not extended to mid-frequency range. 
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Figure 19 - Conductance and capacitance change as a function of time at 1 kHz. Experiments were 
performed in 2-terminal mode using current electrodes. 

 

The trend of capacitance change can also be related to flirtation phenomena. One theory is that the 

capacitance increase at early stages of fouling is due to the membrane compaction. Assuming that 

membrane is the dominant factor in total impedance of the system, which is in agreement with 

earlier reports [17, 19, 52] [24] compaction reduces the thickness of the membrane and hence could 

potentially increase the capacitance. Another theory is that capacitance trend can be affected by 

fouling mechanism. Our previous study showed that fouling of these PVDF microfiltration 

membranes using 100 kDa PEG begins with pore blocking because of smaller size molecules filling 

the membrane pores. Later, an organic film is formed on the surface of membrane. From the 

electrical point of view deposition of foulant particle can increase dielectric constant of the 
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membrane and the capacitance. This could be another reason for capacitance at early stages of 

fouling. We examined these theories by changing electrode configuration. 

The flux decline relative to initial flux was modified to only cover the flux data obtained in the 

second stage of filtration, i.e. after 17 minutes. Comparing the relative capacitance decline at 1 kHz 

and relative flux decline (shown in Figure 20) it can be said that the trend of changes in two 

parameters is similar. 

 
Figure 20 - Relative capacitance (at 1 kHz) and flux decline as a function of time without 
considering early stages of filtration experiments. EIS measurements were performed in 2-terminal 
mode using current electrodes. 
 

This suggests that using this 2-terminal configuration, EIS data can be used to monitor fouling of 

microfiltration membranes. However, the flux decline was about 70% while capacitance declined 

only about 4%. This could be a limiting factor on using EIS to monitor fouling. Changing electrode 

configuration could provide a solution for increasing sensitivity of capacitance to membrane fouling. 

The next configuration examined was 3-terminal configuration with separate current and voltage 

electrodes on the feed side. The configuration is schematically shown in Figure 21 , and Figure 22 

shows the total changes in conductance and capacitance during fouling. The filtration experiment 

parameters were similar to the experiment performed at 2-terminal mode. 
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Figure 21 - Electrode configuration of 3-terminal experiments on flat membranes with 2 electrodes 
on feed side and 1 electrode on permeate side (3T-P1). 
 

 
Figure 22 - Changes in conductance and capacitance during fouling of flat membrane using 1 gr/l 
PEG solution at 100 kPa. Experiments were performed in 3-terminal mode with 2 electrodes on 
feed side and 1 electrode on permeate side (3T-P1). 
 
The results obtained using this electrode configuration significantly differed from those obtained 

using 2-terminal configuration. Conductance increased at most frequencies while changes in 

capacitance varied over the frequency spectrum. Capacitance increased at low and high frequencies 

while an overall decline was recorded at mid-frequency range of 100 Hz to 100 kHz. Example of 

changes in conductance and capacitance at low and high frequencies are shown in Figure 23. 
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(b) Low frequency: 10 Hz 

 
(b) High frequency: 1MHz 

Figure 23 - Conductance and capacitance change as a function of time at (a) low frequency of 10 Hz 
and (b) high frequency of 1 MHz. Experiments were performed in 3-terminal mode with 2 
electrodes on feed side and 1 electrode on permeate side (3T-P1). 
 

The highest capacitance decline was recorded at 10 kHz. But, in order to compare the results with 

those of previous 2-terminal configuration, the EIS data at 1 kHz were compared with flux decline 

pattern. These data are shown in Figure 24. The conductance increased with time while the 

capacitance declined from beginning the filtration experiments. This is in clear contrast with the 

data obtained using 2-terminal configuration. 

Capacitance decline detected from the beginning of the filtration suggested that initial capacitance 

increase detected in 2-terminal experiments cannot be due to pore-blocking fouling or membrane 

compaction. The capacitance decline at 1 kHz could predict the fouling; however, the rate of 

changes was slower than the decline in flux (see Figure 25-a). Total capacitance decline recorded at 

1 kHz was about 11% that is significantly lower than >90% decline in flux, as shown in Figure 25-a. 

The trend of changes in capacitance and relative flux seems to be closer during the second stage of 

filtration, i.e. after 17 minutes (see Figure 25-b). The total capacitance decline and relative flux 
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decline during this stage were ~7% and ~ 70%, respectively. This outcome was slightly better than 

the outcome of 2-terminal measurements. 

 
Figure 24 - Conductance and capacitance change as a function of time at 1 kHz. Experiments were 
performed in 3-terminal mode with 2 electrodes on feed side and 1 electrode on permeate side (3T-
P1). 
 

 
(a)                                                                    (b) 

Figure 25 - Capacitance (at 1 kHz) and relative flux changes as a function of time (a), and without 
considering the early stage of the filtration (b) experiments. EIS measurements in 3-terminal mode 
with 2 electrodes on feed side and 1 electrode on permeate side (3T-P1). 
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and hence reducing the effect of feed on overall electrical impedance. This is assuming higher 

concentration of ions on the feed side compared to the permeate side. 

To examine this, the next series of experiments were performed in 3-terminal mode with one 

electrode on the feed side but two electrodes on the permeate side. This electrode configuration is 

schematically shown in Figure 26. The total changes in capacitance and conductance are shown in 

Figure 27. 

 
Figure 26 - Electrode configuration of 3-terminal experiments on flat membranes with 2 electrodes 
on permeate side and 1 electrode on feed side (3T-F1). 
 

 
Figure 27 - Changes in conductance and capacitance during fouling of flat membrane using 1 gr/l 
PEG solution at 100 kPa. Experiments were performed in 3-terminal mode with 1 electrode on feed 
side and 2 electrodes on permeate side (3T-F1). 
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in Figure 29, at mid-frequency range, a slight decline of capacitance was measured in second phase 

of filtration. This is similar to the trend observed when using a 2-terminal configuration was used.  

 
(b) Low frequency: 10 Hz 

 
(b) High frequency: 100 kHz 

Figure 28 - Conductance and capacitance change as a function of time at (a) low frequency of 10 Hz 
and (b) high frequency of 100 kHz. Experiments were performed in 3-terminal mode with 1 
electrode on feed side and 2 electrodes on permeate side (3T-F1). 
 

Relative capacitance decline during the second stage of filtration (i.e. after 17 min) were compared 

with relative flux decline. The results are presented in Figure 30. The capacitance decline was about 

6% while flux declined about 70%. The capacitance decline recorded using 2-terminal mode was 

about 4%. It seems, although the general trend of capacitance and conductance was similar for 2-

terminal electrode configurations, this 3-terminal configuration has yielded a slightly better fouling 

detection. 

The results obtained using this electrode configuration were different from those obtained using the 

3-terminal configuration with one electrode on permeate side. This suggests that the effect of feed 

on ionic double layer is greater than the effect of permeate. Because, separating voltage and current 

sensing electrodes on feed side reduced the dominance of ionic double layer, while separating 

voltage and current electrode on the permeate side had little effect if any. 
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Figure 29 - Conductance and capacitance change as a function of time at 1 kHz. Experiments were 
performed in 3-terminal mode with 1 electrode on feed side and 2 electrodes on permeate side (3T-
F1). 
 

 

Figure 30 - Capacitance (at 1 kHz) and relative flux changes as a function of time without 
considering the early stage (i.e. first 17 minutes) of the filtration experiments. EIS measurements 
were performed in 3-terminal mode with 1 electrode on feed side and 2 electrodes on permeate side 
(3T-F1). 
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An important factor on ionic double layer is the surface area of electrode. In the chamber design, we 

used for EIS measurements in the present study the voltage sensing electrodes had significantly 

smaller surface area compared to current electrodes. In first 3-terminal configuration, the large 

electrode used for current and voltage detection was on the permeate side that has lower foulant 

concentration. While, in the second design this large electrode was on the feed side that has a high 

concentration of fouling material. This could be a reason for stronger ionic double layer in second 

3-terminal configuration. To examine this theory, the experiments were repeated using a 4-terminal 

electrode configuration with two small voltage sensing electrodes close to the surface of membrane 

on each side and two larger current electrodes fitted on the permeate and feed compartments. The 4-

terminal configuration is schematically shown in Figure 31. 

 

Figure 31 - Electrode configuration of 4-terminal experiments on flat membranes with 2 electrodes 
on permeate side and 2 electrodes on feed side. 
 

The total changes in conductance and capacitance are shown in Figure 32 and typical trends at high 

and low frequencies are presented in Figure 33. Similar to the results of 2-terminal measurements, 

both capacitance and conductance increased at all frequencies. The capacitance change was greater 

at low frequencies but at mid-frequencies conductance changes were more significant. 

At 10 Hz -10 kHz, the increasing trend of capacitance changed during fouling and a declining trend 

was recorded during the second stage of the filtration. In order to compare these results with those 

of other electrode configurations, the trend of capacitance and conductance at 1 kHz are presented 

in Figure 34. The capacitance decline percentage at 1 kHz is compared with relative flux decline 

during the second stage of the filtration, i.e. after 17 minutes, in Figure 35. 
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Figure 32 - Changes in conductance and capacitance during fouling of flat membrane using 1 gr/l 
PEG solution at 100 kPa. Experiments were performed in 4-terminal mode. 
 

 
(a) Low frequency: 10Hz 

 
(b) High frequency: 100 kHz 

 
Figure 33 - Conductance and capacitance change as a function of time at (a) low frequency of 10 Hz 
and (b) high frequency of 100 kHz. Experiments were performed in 4-terminal mode. 
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The trend of capacitance decline in Figure 35 is very similar to the trend of flux decline. However, 

the flux declined about 70% while capacitance decreased only about 9%. Although this is not very 

significant compared to flux decline, this value is more than double of the change detected using 2-

terminal configuration (4%) and greater than the changes detected using 3-terminal configurations. 

 

 

Figure 34 - Conductance and capacitance change as a function of time at 1 kHz. Experiments were 
performed in 4-terminal mode. 

 
Figure 35 - Capacitance (at 1 kHz) and relative flux changes as a function of time without 
considering the early stage (i.e. first 17 minutes) of the filtration experiments. EIS measurements 
were performed in 4-terminal mode. 
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These results suggested that using 4-terminal measurements reduced the effect of ionic double layer. 

The overall rising trend of capacitance suggested that the increasing concentration of solute was still 

the dominant factor at 1 kHz when 4-terminal electrode configuration was used. This was 

eliminated when 3-terminal configuration with one electrode on the permeate side was used. This 

could be explained by size of the electrodes. In this 3-terminal configuration voltage sensing 

electrodes on each side had different sizes while in 4-terminal measurements the size of electrodes 

was proportionate. 

3.3.2.1. Summary 
 

Deposition of foulant inside or on the surface of membrane changes its electrical properties during 

microfiltration. Concentrations of solute in feed and permeate also change. Therefore, electrical 

properties of the system are a function of various factors including the membrane. These 

experiments showed that the impedance of membrane itself was more dominant in mid-frequency 

range of about 1 kHz. 

These results suggested that ionic double layer on the surface of electrode was the most important 

issue limiting EIS capability in detection of fouling. These experiments showed that the effect of 

ionic double layer can be limited using 4-terminal and 3-terminal configurations. Separating the 

current and voltage electrode on the feed side was more effective than using separate electrodes on 

the permeate side. 4-terminal configuration was the most effective method when the capacitance decline at 

a similar frequency (1 kHz) and same timeframe was used as an indication for fouling. Using 3-terminal 

measurements with 1 electrode on the permeate side also resulted in a capacitive decline pattern at 1 kHz 

from the beginning of the filtration. Using different electrode configurations, a 4-13% decline in capacitance 

was detected at this frequency range that was not proportionate to at least 70% flux decline. 
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3.3.3. Outside-in hollow fibre membranes 
 
In the case of hollow fibre membranes, 4-terminal electrode configuration is not practical because 

accommodating two electrodes inside the fibres is impossible. 3-terminal configuration with 2 

electrodes on the feed side is doable. However, fitting two electrodes in membrane bio-reactor has 

its difficulties considering its highly fouling environment. Therefore, this research was focused on 

finding the optimum 2-terminal configuration. The configurations are schematically shown in 

Figure 36. Two possible configurations were examined for the electrode in the bioreactor: a long 

electrode probing the total length of the membranes (i.e. configuration 1 in Figure 36), and a disc 

electrode at the bottom of the reactor (i.e. configuration 2 in Figure 36). 

 

 

Figure 36 - 2-terminal electrode configuration used for EIS characterisation of outside-in hollow 
fibre membranes. 
 

The preliminary experiments using 1 gr/l PEG solution showed that the capacitance change at mid-

frequency range , which was shown to be electrically dominated by membrane, was not affected by 

the position of electrode on the permeate side . As shown in Figure 37, capacitance decline at mid-

frequency range was about 10% for both configurations. However, capacitance raise at low 

frequencies was affected by configuration of the electrode on the feed side. These capacitance raise 

at low frequencies is due to ionic double layer and is affected by solute concentration. The 

capacitance raise at low frequencies was about two times greater using configuration 1 compared to 

that of configuration 2. 
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Figure 37 - Total percentage changes of capacitance (C) and conductance (G) during fouling 
measured using configurations 1 and 2. 
 

The measurements on flat membranes showed that minimising the effect of ionic double layer is 

required to improve the capability of EIS in detection of fouling. Therefore, configuration 2 was 

chosen for the electrode outside the membrane, i.e. the feed side. 

For the electrode inside the membrane (i.e. permeate side), there are three options: a wire fitted 

inside only one of the hollow fibres (i.e. configuration 2), a wire electrode inside each membrane 

fibre (i.e. configuration 3), and a porous disc as common electrode but no electrode inside the fibres 

(i.e. configuration 4). The preliminary experiments using 1 gr/ PEG solution showed that 

configurations 2 and 3 yielded slightly better results. It was concluded that although the fouling can 

be detected without fitting electrode inside the fibres, inserting at least an electrode inside one of the 

fibres can improve the performance of EIS. 

In the next step, the experiments were repeated using 5 gr/l PEG solutions. Configurations 2 (with 

only one electrode fitted only in one of the fibres), 3 (with electrode inside all fibres), and 4 (with 

no electrodes inside the fibres) were examined. Figure 38 shows capacitance and conductance 

change at different frequencies and compares them with relative flux decline. 

At low frequency of 1 Hz, a conductance decline was recorded using configurations 2 and 3, but 

conductance changes were in the positive direction at higher frequencies. With the exception of 1 

Hz, independent from electrode configuration, a conductance raise up to 20% was recorded over the 

frequency spectrum, but capacitance change was affected by electrode configuration. 
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Figure 38 - Total percentage changes of capacitance (C) and conductance (G) during filtration of 5 
gr/l PEG solution. EIS experiments were performed using configurations 2, 3 and 4.  
 

In configurations 2 and 3, a capacitance raise was recorded at all frequencies. The capacitance 

changes were greater when wire electrodes were fitted inside all fibres (i.e. configuration 3). Using 

both configurations, the minimum capacitance growth was detected at 10 kHz. The capacitance 

change at 10 kHz was in average ~30% less than its change at 1 kHz and 100 kHz when wire 
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electrodes were fitted in all fibres. This difference was about 40% when only one fibre was fitted 

with a wire electrode. 

Using configuration 4 with no wire inside the fibres, the direction of capacitance change was a 

function of frequency. Capacitance increased at low and high frequencies in the same direction with 

conductance. However, a capacitance decline was detected at 100 Hz to 10 kHz. The maximum 

capacitance decline of 23% was detected at 10 kHz. This was lower than the flux decline of 30% 

during filtration. 

Comparing the results of these experiments with the results obtained using 1 gr/l PEG, it can be said 

that the frequency range affected by membranes was shifted from 1 Hz to 10 kHz. This is due to the 

fact that by increasing the concentration (and hence conductivity) of solute the frequency range 

dominated by ionic double layer extends to higher frequency range. 

At frequency range dominated by electrical impedance of membrane, deposition of foulant on the 

membrane is expected to reduce the capacitance. While, increase in solute concentration results in 

stronger ionic double layer and hence higher capacitance. The overall capacitance change is 

affected by the balance of these two effects. Assuming that 10 kHz was the frequency range most 

affected by impedance of the membranes, the capacitance change at this frequency was compared 

for these three configurations (Figure 39). It seems that the ionic double layer was the dominant 

factor throughout the fouling when wire electrodes were fitted in all fibres (i.e. configuration 3) and 

therefore a capacitance increase was recorded. However, this increase was significantly lower than 

the values recorded at other frequencies at which the effect of membrane was less significant (see 

Figure 38). 
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Figure 39 - Capacitance (C) at 10 kHz as a function of time during filtration of 5 gr/l PEG solution. 
EIS experiments were performed using configurations 2, 3 and 4. 
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By fitting one of the fibres with a wire electrode, a different trend in capacitance was recorded. At 

early stages, capacitance declined but this was followed by an almost linear increase during the rest 

of filtration experiment. In configuration 4, with no electrode inside the fibres, the capacitance 

declined from beginning of filtration.  

Without considering the direction of change, fitting electrodes in all fibres seemed to increase the 

sensitivity of EIS to fouling. However, the side effect of inserting electrodes inside all fibres is the 

higher surface of exposed to the solute and the effect of ionic double layer. Using configuration 3, 

the capacitance decline due to fouling was discounted by increasing capacitance of ionic double 

layer due to due to a higher concentration of solute. If the concentration of foulant is kept constant 

this configuration could be the most appropriate. 

Using a common porous disc electrode on the permeate side, instead of probing inside the fibres, 

(i.e. configuration 4) reduced the surface area of electrode and hence the effect of ionic double layer. 

Capacitance decline was detected from the beginning of the fouling experiment. However, the 

sensitivity was reduced as the percentage of capacitance decline was lower than the percentage of 

flux decline. 

Inserting a wire electrode inside one of the fibres (i.e. configuration 2), a capacitance decline of 

about 12% was recorded during first 3 hours of fouling. The same level of change was recorded 

after 10 hr when configuration 4 was used. This showed that fitting one off the fibres with a wire 

electrode can increase the sensitivity of EIS measurements to fouling. This is in agreements with the 

results of the experiments using low concentration feed of 1 gr/l PEG. 

3.3.3.1. Summary 
 

The effect of ionic double layer seems to be the main factor limiting the capability in using EIS for 

detection of membrane fouling. In the case of flat membranes, the effect of ionic double layer can 

be reduced using 3 and 4-terminal electrode configurations. However, usually 2-terminal 

configuration is the only option in the case of hollow fibre membrane. This research showed that 
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the location of size of the electrodes can affect the results of EIS. Preliminary experiments showed 

that probing the surface of membrane on the feed side (i.e. in membrane bioreactor) was not 

necessary. 

The results of experiments using higher concentration feed showed that EIS measurements were 

heavily affected by concentration of the feed. If the concentration of the feed in membrane 

bioreactor is kept constant, fitting wire electrodes inside each fibre can increase the sensitivity of 

EIS to fouling. However, in industrial scale this is not a trivial task. Moreover, inserting electrodes 

inside each fibre is time consuming and expensive, and hence not practical in large scale membrane 

production. 

Using a porous disc electrode on the permeate side without inserting a wire inside any of the fibres 

was also examined. Capacitance decline at mid-frequency range was found to be an indication of 

membrane fouling. Independent from solute concentration the flux decline was greater than the 

decline in capacitance. This showed that EIS was less sensitive to fouling when this electrode 

configuration was used. This configuration can be easily adopted for different hollow fibre 

membranes and is the only option when the internal diameter of the fibre is very small. Inserting a 

wire inside only one of the fibres was shown to be effective in increasing the sensitivity of the EIS 

while reducing the effect of ionic double layer. 

 

3.3.4. Inside-out hollow fibre membranes 
 

The results of the experiments on outside-in hollow fibre membranes showed that electrode 

configuration affect the sensitivity of EIS to fouling. Here, we examine this on inside-out hollow 

fibre membranes.  

 Each INGE inside-out hollow fibre, used in the present study, contains 7 individual fibres. The 

internal diameter of each fibre is smaller than 1 mm and hence it is not easy to fit a wire inside each 
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fibre. Therefore, it was necessary to investigate if inserting an electrode inside the fibres was 

necessary to monitor membrane fouling using EIS. 

Four configurations were examined, and electrical impedance properties were measured during 

filtration. For the permeate side (i.e. membrane bioreactor) two options were investigated: a wire 

electrode probing the length of membrane, and a disc electrode at the bottom of membrane 

bioreactor. Two options were also examined for the feed side: a wire electrode inside one of the 

fibres and no wires inside the fibres but a common electrode at the cross section of fibres. 

The total percentage change in capacitance and conductance using theses 4 configurations is shown 

in Figure 40. Using a wire inside the fibre and disc electrode outside, a significant increase in 

conductance was measured at low frequencies, while capacitance and conductance change in mid-

frequency range was less than 10%. 

By using a common electrode on the feed side instead of fitting a wire, the conductance changes 

recorded at various frequencies were in general greater in comparison with the data obtained using 

configuration 1. However, the capacitance change at mid-frequency range was less than 10% and 

more importantly on the positive direction that is an indication that ionic double layer was more 

dominant factor in comparison with the capacitance decline due to deposition of material on the 

membrane surface. 

A significant decline in capacitance at mid-frequency range was recorded when a long electrode 

was used on the permeate side instead of a disc (i.e. configuration 3). Using a wire electrode inside 

fibres, capacitance and conductance changed in the same direction and almost at same level at mid-

frequency range. When a disc was used on the feed side (i.e. configuration 4), a conductance 

increased about 20% at mid-frequency range while capacitance declined about 50% at 1 kHz. 

Based on these results, using a long electrode probing the surface of membrane on the permeate 

side was necessary to detect a considerable capacitance decline at mid-frequency range. The next 

step is to find out if it is necessary to fit a wire electrode inside the fibres. 
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       1   

   2  

         3  

 4  
Figure 40 - Four prototypes used in monitoring filtration of PEG solution using inside-out hollow 
fibre membranes. Total percentage changes of capacitance (C) and Conductance (G) during fouling 
is plotted at frequencies ranging from 1 Hz to 1 MHz. 
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The percentage of capacitance change at 1 kHz was compared with the relative flux decline for 

prototypes 3 and 4. The results are presented in Figure 41. The capacitive decline pattern obtained 

using a common electrode on the permeate side was closer to the flux decline pattern. 

(a)                 

(b)       

Figure 41 - Percentage changes of capacitance (C) at 1 kHz compared to relative flux decline for 
(a): prototypes 3 (i.e. with wire electrode fitted inside hollow fibre), and (b): prototype 4 (i.e. with 
no wire inside hollow fibre membrane). 
 

The performance of two configurations was also compared by monitoring the backwashing process. 

The fouled membrane was immersed in water, and a pump was used to drive a constant flux of 

water through the membrane in the outside-in direction. Capacitance and conductance changes 

during fouling and backwashing processes are compared in Figure 42 for configurations 3 and 4.  

The conductance over the wide range of frequency remained almost constant during backwashing. 

Moreover, backwashing did not result in a noticeable change in capacitance at low frequencies. This 

is due to the fact that the concentration of solute did not change during backwashing. These results 

show that the ionic double layer was not a factor affecting the electrical impedance change during 

backwashing. 
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 (a) 

 
(b) 

 

Figure 42 - Total percentage changes of capacitance (C) and conductance (G) during fouling and 
backwashing of inside-out hollow fibre membrane: a) using prototype 3 (one wire inside fibres and 
a long electrode outside the membrane) , and b) using prototype 4 (no wire inside fibres and a long 
electrode outside the membrane). 
 

The capacitance change at mid-frequency range was the most significant change detected during 

backwashing. The direction of change was on the opposite direction of the change measured during 

fouling. Using both configurations, membrane fouling and backwashing were best detected at 1 kHz. 

The capacitance change at 1 kHz during backwashing is compared in Figure 43. Using 

configuration 3 the capacitance decline of ~16% during fouling was reversed by ~6% capacitance 

increase during backwashing. Using configuration 4, at 1 kHz, the capacitance decline was about 55% 

during fouling while a capacitance rise of ~200% was recorded during backwashing. 
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 (a)  

(b)  

Figure 43 - Capacitance at 1 kHz during backwashing of inside-out hollow fibre membrane: a) 
using prototype 3 (one wire inside fibres and a long electrode outside the membrane), and b) using 
prototype 4 (no wire inside fibres and a long electrode outside the membrane). 
 

Although these results were not conclusive for choosing one of these configurations, these results 

show that fitting a wire electrode is not necessary for detection of fouling using EIS. This is a 

significant outcome considering difficulties of inserting a wire inside the fibres. 

Another important issue is the effect of wire on flux. The effect of inserting a wire inside one of the 

fibres on flux is shown in Figure 44 . The flux of the membrane with a wire was significantly lower 

than that of the configuration 4, with no wire inside the membranes. 
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Figure 44 - Effect of inserting a wire inside one of the fibres of inside-out hollow fibre membrane. 
 

The puzzling issue was that the flux was even lower that the theoretical value of 6/7 of the 

membrane with no wire. This theoretical value was estimated assuming that one of the fibres was 

completely blocked by the wire, and this blocking did not affect the flux through other 6 fibres. 

These results suggest that the latter assumption was not correct. More experiments are required to 

investigate the flow pattern of these membranes that are out of the scope of this research. 

Independent from the reason behind this excessive flux decline, these results are an indication that 

fitting a wire electrode inside the fibre affects the flow pattern of these inside-out hollow fibre 

membranes and thus should be avoided if possible. 

3.3.4.1. Summary 
 

The results of experiments on inside-out hollow fibre membranes showed that inserting a wire 

inside the electrode did not improve the sensitivity of EIS to membrane fouling. While, the 

electrode on the permeate side was an important factor, and using a long electrode to probe the 

surface of membrane on the permeate side improved the performance of EIS.  

 As depicted schematically in Figure 45, on the surface, this was in contrast with the results of the 
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side were not an important factor. Using an electrode with large surface are on the permeate side, 

and a small electrode on the feed side seemed to yield the best results in term of detection of fouling 

using EIS. This is in agreement with the results of the experiments on flat membranes. 

 
Figure 45 - Effect of electrode position on performance of EIS in detection of fouling using outside-
in and inside-out hollow fibre membranes. 
 

From a practical point of view, detection of fouling without the need for fitting a wire inside the 

membrane is the most desirable outcome. These results showed that fitting a wire inside the 

membrane was not required for inside-out membranes. For more common outside-in hollow fibre 

membranes, EIS measurements without wire inside the fibres provided some indication of the level 

of fouling. However, the accuracy of EIS was improved significantly when at least one of the fibres 

were fitted with a wire electrode. Inserting the wire did not affect the flux noticeably when the inner 

diameter of the fibres was significantly greater than the diameter of the wire. While, these 

experiments showed that for very fine fibres, inserting a wire with comparable diameter can affect 

flux and possibly EIS data. 
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3.3.5. Design and manufacturing a prototype module 
 

Based on the outcome of the experiments a prototype module was designed and manufactured for 

characterisation of hollow fibre membranes. The basic design is shown in Figure 46. The module 

was fitted with two electrodes in the chamber: a disc at the bottom of the chamber, and a long 

stainless electrode on the side. 

 
(a)Membrane bioreactor  

(b) Permeate side electrodes 

(d)Module without MBR 

 

 
(c) Feed side electrodes 

Figure 46 - The structure of the prototype module designed for characterisation of hollow fibre 
membranes using EIS. Note: for inside-out hollow fibre membrane the top electrode (b) is the feed 
side and the permeate is on the MBR side (c). 
 

The chamber design is modulated and the cylinder part can be removed from the membrane holder. 

Therefore, the module can be used for two different purposes. As shown Figure 46-a, the module is 

a laboratory scale membrane bioreactor (MBR) when the cylinder chamber is used.   Figure 46-d 

shows the other version of the module. The cylinder can be removed, and the membrane holder 

connected to the side and disc electrode can be immersed in a larger membrane bioreactor. The 

latter system is designed to be used as canary module for monitoring a large membrane bioreactor. 
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The version with cylinder (Figure 46-a) is fitted with inlets and outlets for circulating the feed, and 

an inlet for aeration. The ports are designed to accommodate standard ¼” plastic Swagelok fittings. 

The membrane holder is designed to accommodate standard and readily available plastic fittings. 

The fittings are designed to fit and assemble the membrane fibres on one side and can be screwed to 

the top electrode holder on the other side.  The membrane bioreactor side is fitted with two 

electrodes: a disc at the bottom of MBR, and a long electrode (see Figure 46-c). This provides two 

options for probing the feed side. 

The electrode holder on the permeate side, for outs-side in hollow fibre membranes, (see Figure 46-

b) provides two options for connection: a stainless steel ring electrode to be used as the common 

electrode, and a set of connections that can accommodate wires inserted inside the fibres. This 

electrode has several ports to accommodate wires inserted inside the fibres. These two electrodes 

are electrically insulated. Banana plugs are connected to the electrodes on the MBR sides and also 

the top electrode for easy connection of the system to EIS. This module can be used for 

characterisation of both inside-out and outside-in hollow fibre membranes. 
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3.4. Fouling of outside-in hollow fibre using an industrial feed 

3.4.1. Effect of electrode configuration on detection of fouling 
 

The results of the fouling experiments using model foulant showed that fouling can be detected 

without fitting an electrode inside the fibres; however, fitting at least one of the fibres with a wire 

electrode can improve the performance of EIS in detection of fouling. Solute concentration was 

shown to have a significant effect on performance of EIS. Here, we examined this further by using a 

real feed at two different concentrations. 

 

a) Using a module with no wire fitted inside the fibre membranes 
 

The first series of experiments were performed on a 1% dunder feed (COD ~3000 mg/L) using a 

membrane module with no wire fitted inside the fibres. The typical conductance and capacitance 

data at low and high frequencies are shown in Figure 47. 

A very sharp increase in both capacitance and conductance was recorded at early stages of fouling. 

This could be due to replacement of water with permeate inside the hollow fibre membranes. 

During the rest of the fouling process, very noisy trend was recorded in both capacitance and 

conductance. The regular shape of variation suggested that these variations were due to changes in 

water level in the membrane bioreactor. The level of feed in MBR was kept constant using an outlet 

fitted in the MBR. The surface tension of water created a delay in overflow of the water to the 

reservoir. These frequent noises indicated that using this electrode configuration, EIS data were 

very sensitive to the changes in the feed side and possibly not the changes in the membrane itself. 

This was further examined by ignoring the initial increase in conductance and capacitance and 

analysing the data. Using this method, a slight capacitance decline was recorded at mid-frequency 

range. Figure 48 compares relative capacitance decline at 1 kHz with relative flux decline. 
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 a) Low frequency (1 Hz) 

 

b) High frequency (1 MHz) 

Figure 47 - Typical capacitance and conductance change at a) low frequency (1 Hz) and b) high 
frequency (1 MHz) during filtration of 1% dunder feed using outside-in hollow fibre membranes. 
The module was fitted with one common electrode on the permeate side. 
 

 

Figure 48 - Relative capacitance change at 1 kHz during filtration without considering the early 
stage of fouling experiment using 1% dunder. The module was fitted with one common electrode on 
the permeate side. 
 

The relative capacitance decline of ~ 5% was significantly lower than the flux decline of ~15% 

recorded at the same time frame. The data at other frequencies were also analysed. Figure 49 shows 
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the results of this analysis. Conductance increased up to 60% and its rise was lowered by frequency 

increase. 

 
Figure 49 - Capacitance and conductance change (percentage) during filtration without considering 
the early stage of fouling experiment 1% dunder feed using outside-in hollow fibre membranes. The 
module was fitted with one common electrode on the permeate side. 
 

At low and high frequencies, capacitance and conductance raises were proportional. However, in 

mid-frequency range of 100 Hz to 10 kHz, capacitance raise was significantly less than that of 

conductance and an average capacitance decline of ~4% was recorded at 1 kHz. These results 

suggested that ionic double layer and changes in concentration were the dominant factors affecting 

electrical impedance of the system. However, the effect of fouling was detected at mid-frequency 

range. 

The trend of capacitance and conductance was similar when the experiments were performed using 

10% (COD ~ 30,000 mg/L) dunder feed. Figure 50 shows the typical EIS data at low and high 

frequencies. Similar to the experiments performed using 1% feed, a sharp increase in capacitance 

and conductance was detected at all frequencies. However, at 10 kHz an early sharp increase in 

capacitance was followed by a decline. Figure 51 compares the relative capacitance decline at 10 

kHz with relative flux decline. Although the trend is slightly different, the level of changes is 

comparable.  The flux decline is about 50%, and capacitance declines about 60% in first 4 hours of 

filtration, and then gradually increases to about 70% of its initial value. 
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Percentage changes in capacitance and conductance at different frequencies were calculated without 

considering the sharp growth at the beginning of fouling. The results are presented in Figure 52. 

The maximum conductance raise was ~100% and greater than the value obtained using 1% feed. 

 
Figure 50 - Typical capacitance and conductance change at a) low frequency (1 Hz) and b) high 
frequency (1 MHz) during filtration of 10% dunder feed using outside-in hollow fibre membranes. 
The module was fitted with one common electrode on the permeate side. 

 

Figure 51 - Capacitance at 10 kHz during filtration without considering the early stage of fouling 
experiment using 10% dunder feed. The module was fitted with one common electrode on the 
permeate side. 
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At low and high frequencies the changes in conductance and capacitance were comparable. While 

capacitance raise was less than that of conductance at 100 Hz and a capacitance decline was 

detected at 10 kHz to 100 kHz. 

 
Figure 52 - Capacitance and conductance change (percentage) during filtration without considering 
the early stage of fouling experiment 10% dunder feed using outside-in hollow fibre membranes. 
The module was fitted with one common electrode on the permeate side. 
 

These results were similar to the outcome of the experiments using 1% feed. The differences were 

the higher level of conductance and capacitance change and detecting the highest capacitance 

decline at higher frequencies. Higher concentration of feed can explain higher conductance and 

heavier fouling resulted in greater capacitance decline. The shift to high frequencies can be 

explained by extension of ionic double layer extends to higher frequencies when the concentration 

of solute increases. 

b) Using a module with a wire electrode fitted inside one of the fibre membranes 
 

The experiments were repeated using a module fitted with a wire electrode inside one fibre (out of 

10 fibres). Figure 53 shows the typical EIS data at low and high frequencies collected using this 

electrode configuration during fouling experiments using 1% dunder feed. At low frequencies, both 

conductance and capacitance increased during fouling. The capacitance did not change noticeably at 

high frequency while a slight conductance raise was recorded. 
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At mid-frequency range, the trend of EIS data was different. For instance, Figure 54 shows that 

conductance and capacitance data at 1 kHz. Unlike the data collected using the module with no wire 

inside the electrodes, capacitance decline was detected from onset of filtration experiment. 

 
Figure 53 - Typical capacitance and conductance change at a) low frequency (1 Hz) and b) high 
frequency (1 MHz) during filtration of 1% dunder feed using outside-in hollow fibre membranes. 
One of the fibres was fitted with a wire electrode. 
 

 
Figure 54 - Capacitance and conductance change at 1 kHz during filtration of 1% dunder feed using 
outside-in hollow fibre membranes. One of the fibres was fitted with a wire electrode. 
 

Percentage of changes in capacitance and conductance during filtration at different frequencies are 

plotted in Figure 55. Both capacitance and conductance increased at low and high frequencies. 

However, the raise at low frequencies was at least ten times greater than the changes at high 

frequencies. At mid-frequencies, slight conductance decline was detected while capacitance decline 
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was more significant. Capacitance decline of about 60% was recorded at 100 Hz and 1 kHz. This is 

significantly higher than the flux decline of ~20% detected during the filtration.  

  

 

Figure 55 - Capacitance and conductance change (percentage) during filtration of 1% dunder feed 
using outside-in hollow fibre membranes. One of the fibres was fitted with a wire electrode. 
 
The experiments were repeated using a feed with ten time higher foulant concentration. Figure 56 

shows the typical capacitance and conductance values at low and high frequencies. The trends are 

very similar to those recorded using 1% feed. 

 
Figure 56 - Typical capacitance and conductance change at: a) low frequency (1 Hz) and b) high 
frequency (1 MHz) during filtration of 10% dunder feed using outside-in hollow fibre membranes. 
One of the fibres was fitted with a wire electrode. 
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A declining pattern in capacitance was detected at 1 kHz as shown in Figure 57. Total percentage 

change in capacitance and conductance at different frequencies are shown in Figure 58. The 

maximum conductance change was about 200%, significantly higher than the values measured for 

1 % feed. Capacitance decline was only recorded at 1 kHz which a narrower range compared to the 

results obtained using 1% feed. This shift to higher frequencies is in agreement with the results 

obtained using the electrode configuration with no wire inside the membrane fibres. 

 
Figure 57 - Capacitance and conductance change at 1 kHz during filtration of 10% dunder feed 
using outside-in hollow fibre membranes. One of the fibres was fitted with a wire electrode. 
 

 
Figure 58 - Capacitance and conductance change (percentage) during filtration of 1% dunder feed 
using outside-in hollow fibre membranes. One of the fibres was fitted with a wire electrode. 
 

The level of relative capacitance decline at mid-frequency range (~ 1 kHz) measured using two 

configurations is compared with the relative flux decline in Figure 59. It should be mentioned that 

the data presented for the configuration with no wire inside the fibres were analysed differently. The 

early sharp increase of capacitance at the beginning of the filtration was not considered in the 

analysis. 
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Figure 59- Percentage of decline during fouling in flux and capacitance at 1 kHz using modules 
with different electrode configurations. * Capacitance at 10 kHz. 
 

Using the configuration with no wire fitted inside the fibres, flux decline was higher than the 

capacitance decline. While, by inserting a wire inside one of the fibres, the capacitance decline 

recorded by EIS was greater than the flux decline recorded by measuring the permeate flow. These 

results show that EIS can be used for online monitoring of fouling. Comparing the two electrode 

configurations, it can be concluded that fitting a wire electrode in one of the membrane fibres is 

necessary for achieving high sensitivity of EIS to membrane fouling.  For very fine outside-in 

membrane (i.e. small inner diameter) inserting a wire inside the fibres is not practical. These results 

show that EIS data can provide some information on the level of fouling for these membranes. 

However, filtration parameters (such as flux and trans-membrane pressure) are possibly more 

sensitive to fouling compared to EIS data. 

3.4.2. Effect of electrode configuration on monitoring the backwashing process 
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capacitance change in the opposite direction of the changes recorded during fouling. This is 

examined by monitoring the cleaning process using EIS. Figure 60 shows the capacitance and 

conductance change at 1 kHz during backwashing of two membranes fouled with 1% (Figure 60-a) 

and 10% (Figure 60-b) feed, respectively. 

The experiments were performed using the membrane module with a common electrode on the 

permeate side, but no wire fitted inside the fibres. The slight increase in conductance could be due 

to release of residue solute inside the membrane or the foulant on the surface of membrane to the 

membrane bioreactor. The capacitance and conductance decline following the raise at the beginning 

of backwashing can possibly be explained by decline of solute concentration in the MBR. 

(a)

 

(b)  
Figure 60 - Capacitance and conductance at 1 kHz during backwashing of hollow fibre membrane 
fouled with: (a) 1% and (b) 10% dunder feed. The module was fitted with one common electrode on 
the permeate side. 
 

The capacitance increase at the beginning of backwashing process could be due to removal of 

foulant from the surface of membrane and hence decline in the thickness of fouled membrane. In 
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the source of capacitance raise, because both conductance and capacitance increased over the same 

period of time. However, in case of the membrane fouled with 10% feed the capacitance increase 

was more significant, and the increasing trend continued till 50 minutes after beginning of 

backwashing while conductance increase was stopped after about 30 minutes. Total percentage of 

change in capacitance and conductance during backwashing of membrane fouled with 1% and 10% 

feed is shown in Figure 61. 

(a)  

(b)  
Figure 61 - Total percentage change of capacitance, conductance during backwashing of hollow 
fibre membrane fouled: (a) 1% and (b) 10% dunder feed. The module was fitted with one common 
electrode on the permeate side. 
 

Conductance decline of maximum 20% and 100% was detected during backwashing of membrane 

fouled with 1% and 10% feed, respectively. Conductance decline was at its maximum at low 

frequency and became less significant by increasing frequency. The capacitance change was greater 

than, or comparable to, capacitance decline at low and high frequencies. However, at mid-frequency 

range, the conductance decline was greater than the change in capacitance. 
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At least in the case of the membrane fouled with 10% feed, capacitance increase at the beginning of 

backwashing could be the source of lower capacitance decline. In ordered to examine this theory, 

conductance and capacitance changes during first 50 minutes of backwashing the membrane fouled 

with 10% feed were calculated. The results are shown in Figure 62. At mid-frequency range of 1-10 

kHz, conductance declined while capacitance increased. This could be an indication of the foulant 

removal from the surface of fouled membrane. 

 
Figure 62 - Capacitance, conductance change during the first stage of backwashing of hollow fibre 
membrane fouled with 10% dunder feed. The module was fitted with one common electrode on the 
permeate side. 
 

Similar experiments were performed using the module fitted with a wire electrode inside one of the 

membrane fibres. The capacitance and conductance at 1 kHz for membrane fouled with 1% and 10% 

feed are shown in Figure 63. 

A conductance increase followed by a slow decline was recorded for both membranes. Although the 

shape of the graphs is different, the overall trend of conductance was similar to those measured 

using the module with no wire fitted inside the fibres. However, the capacitance trend was 

completely different. Using this configuration, capacitance decreased from the beginning of 

backwashing process. 
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 (a)  

(b)  
Figure 63 - Capacitance and conductance at 1 kHz during backwashing of hollow fibre membrane 
fouled with: (a) 1% and (b) 10% dunder feed. One of the fibres was fitted with a wire electrode. 
 

Total percentage changes of capacitance and conductance during backwashing process of two 

membranes (fouled with 1% and 10% feed) are shown in Figure 64. 

Capacitance increased over a wide range of frequency, from 10 Hz to 10 kHz. The maximum 

capacitance increase of ~12% (for membrane fouled with 1% feed) and ~110% (for membrane 

fouled with 10% feed) was recorded at 1 kHz. In overall, conductance declined about 15% during 

backwashing of membrane fouled with 1% feed while a slight ( < 10%) conductance raise was 

recorded during backwashing of the membrane fouled with 10% feed. This can be due to release of 

higher concentration of solute accumulated on the surface of the membrane fouled with 10% feed. 

Generally, it can be concluded that the capacitance increase at mid-frequency range (e.g. 1 kHz) is 

an indication of the foulant removal during backwashing process. This is in agreement with the 

results of fouling experiments that showed capacitance decline at mid-frequency range (~ 1 kHz) 

was a good indication for membrane fouling. 
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 (a)  

(b)  
Figure 64 - Total percentage change of capacitance, conductance during backwashing of hollow 
fibre membrane fouled with 10% dunder feed. One of the fibres was fitted with a wire electrode. 
 

Figure 65 compares the percentage of capacitance increase for two electrode configurations for 

membrane fouled with 1% and 10% feed. Using both modules the capacitance increase was 

significantly higher when the membrane fouled with 10% feed was backwashed. 

 

Figure 65 - Capacitance change during backwashing recorded using modules with different 
electrode configurations.* Capacitance increase recorded at early stage of backwashing is 
considered for the configuration with no wire inside the fibres.** In comparison with the values for 
1 wire module , this value is an over estimation. 
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This is because the membrane fouling was more advanced when the membrane was fouled with 10 % 

feed. The flux declined about 15% and 50% respectively when 1% and 10% feed solutions were 

used for fouling. 

The relatively low level of capacitance changes during backwashing of the membrane fouled with 1% 

feed could be due to partial removal of the loose foulant layer on the surface of membrane during 

handling and exchanging the content of MBR from feed to water. 

The values for the module with no wire are overestimated compared to the value for the other 

module, because instead of the overall change the increasing trend at the beginning of backwashing 

is considered in this estimation. Even with this unfair comparison, the values measured using the 

module fitted with a wire inside one of the fibres were greater than the values obtained using the 

module with no wire. These results are in agreement with the results of fouling experiments and 

once more show that fitting a wire electrode inside the fibres is required for monitoring fouling and 

backwashing of outside-in hollow fibre membranes. 

 

3.4.3. Effect of electrode configuration on characterisation of fouled 
membranes 

 

After backwashing process membranes were soaked in detergent solution for 3 hours and then 

gently washed using a soft brush. After careful rinsing with water, the detergent inside the 

membranes was removed by 1 hour filtration of water. The impedance of the chemically cleaned 

membrane was measured and compared with the impedance of the membrane after fouling and 

backwashing. 

The impedance spectra measured using two electrode configurations are shown in Figure 66 and 

Figure 67. Figure 66 shows the impedance of membrane measured using the module with no wire 

fitted inside the membrane fibres. The data shown in Figure 66-a are collected when the membrane 

was fouled using 1% feed. This graph shows that the impedance declined significantly due to 
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fouling, but backwashing increased the impedance. Chemical cleaning was also effective in 

returning the impedance to the level similar to that of the clean membrane. 

(a)  

(b)  

Figure 66 - Impedance of clean, fouled, backwashed and chemically cleaned hollow fibre 
membrane measured using the module with one common electrode on the permeate side (i.e. no 
wire): a) membrane fouled using 1% dunder feed, and b)membrane fouled using 10% dunder feed. 
 

When the membrane was fouled with 10% feed, the impedance decline was more significant. 

Similar to the previous experiment, backwashing increased the impedance. However, chemical 

cleaning did not return the impedance spectra to that of the clean membrane. These results 

suggested that the fouling created using 1% feed was almost reversible. 

0.E+00

5.E+04

1.E+05

2.E+05

2.E+05

3.E+05

3.E+05

4.E+05

4.E+05

5.E+05

1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Z[
O

hm
s]

 

Frequency [Hz] 

Fouled
Backwashed
Chemically cleaned
Clean

0.E+00

5.E+04

1.E+05

2.E+05

2.E+05

3.E+05

3.E+05

4.E+05

4.E+05

5.E+05

5.E+05

1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Z[
O

hm
s]

 

Frequency [Hz] 

Fouled
Backwashed
Chemically Cleaned
Clean

  63  



Characterising the Performance and Fouling of Hollow Fibre Membranes 
Final Report 

 

 

However, filtration using 10% feed resulted in partially irreversible fouling. Irreversible fouling 

could be due to penetration of foulant material inside the membrane structure or formation of the 

fouling layer tightly attached to the surface of membrane during fouling experiment using 10% feed 

solution.  

(a)  

(b)  

Figure 67 - Impedance of clean, fouled, backwashed and chemically cleaned hollow fibre 
membrane measured using the module with one wire electrode fitted in one of the fibres (i.e. one 
wire): a) membrane fouled using 1% dunder feed, and b) membrane fouled using 10% dunder feed. 
 

The experiments were repeated using the membrane module with a wire electrode fitted inside one 

of the fibres. The shape of impedance spectra were different from those measured using the 

previous electrode configuration (see Figure 67). The impedance was in general at least one order of 
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magnitude higher compared to the values shown in Figure 66. The trend of changes detected using 

two electrode configurations was similar. In general, fouling reduced the impedance, but 

backwashing and cleaning increase the impedance of the system. 

The results of electrical impedance measurements using this electrode configuration also showed 

that backwashing and chemical cleaning helped to reverse the effect of fouling. These results are in 

agreement with the water flux values measured at different stages of fouling and cleaning. Typical 

flux data presented in Figure 68 show that fouling with 10% feed resulted in greater flux decline. 

These results also show that although backwashing and chemical cleaning increased water flux, the 

water flux of chemically cleaned membrane was significantly lower than the flux of clean 

membrane, when the membrane was fouled with 10% feed solution.  This result was expected and 

in agreement with the results of EIS measurements. 

In the case of the membrane fouled with 1% feed solution, EIS measurements using the module 

with no wire inside the membrane fibres suggested that the chemical cleaning returned the 

membrane almost back to its clean state. However, using the module with a wire inside one of the 

fibres, the impedance spectra of clean and chemically cleaned membranes were noticeably different. 

The latter results are closer to the results of the water flux measurements. As shown in Figure 68, 

water flux of the cleaned membrane is 10% lower than the flux of clean membrane suggesting that 

the fouling was not reversed completely which also happens in actual practice. 

This could be an indication of pore blocking that was not reversed by cleaning. The impedance 

decline at 1 kHz relative to the impedance of clean membrane is used for comparing two electrode 

configurations. The values are plotted in Figure 69. The impedance decline due to fouling measured 

using the module with 1 wire inside the membranes were slightly higher than the values recorded 

using the module with no wire inside the membranes. 
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Figure 68 - Typical water flux data at different stages of fouling and cleaning process. 
 

  

Figure 69 - Impedance decline relative to clean membrane measured using modules with different 
electrode configurations: after fouling, backwashing and cleaning processes. 
 

Using both electrode configurations, the effects of fouling, backwashing and chemical cleaning 

were detected. Comparing the results with flux data, it was shown that better results were achieved 

using the configuration with a wire fitted in one of the membrane fibres.  

These experiments show that EIS can be used for membrane autopsy and off-line monitoring of 

fouling and cleaning processes. 
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3.4.4. Separation performance of hollow fibre membranes 
 

Using different characterisation methods, the dunder feed was characterised, and the results are 

presented in Table 1. Based on the specifications provided by the manufacturing company, this 

hollow fibre membranes are classified as ultrafiltration membranes. However, unlike flat 

membranes the molecular-cut-off (MWCO) of hollow fibre membranes is not usually reported. 

The molecular weight or size distribution of particles in the feed was characterised using 

microfiltration membranes with known average pore size. 100 ml of 1% dunder feed solution was 

filtered using PES microfiltration membranes, and the permeate mass to estimate the flux was 

monitored by time. The data are shown in Figure 70. The linear trend of permeate weight using 

microfiltration membrane with 3 μm average pore size show that this membrane was not fouled. 

This indicates that the feed did not contain particles larger than 3 μm. 

 

Figure 70 - Accumulated weight of the filtrate during filtration of 1% dunder feed at 100 kPa using 
flat PES microfiltration membranes with average pore size of 3, 0.8, 0.22 and 0.1 μm. 
 

The slowing growth of permeate weight using other microfiltration membranes (i.e. with average 

0.1, 0.22 and 0.8 μm pore size ) showed that these membranes were fouled or blocked. This feed 

was a mixture of minerals and organic matters. A simple blocking due to deposition of minerals can 

be removed by backwashing but organic foiling is less reversible in nature. These results cannot be 

conclusive in determining the type of fouling.  Figure 71 shows that the flux decline was very quick 

partially due to the membrane compaction but mainly due to fouling. 
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(a)                                                                                   (b) 

Figure 71 - Flux decline as a function of time (a) and initial, average and final flux of permeate (b) 
during filtration of 1% dunder feed at 100 kPa using flat PES microfiltration membranes with 
average pore size of 0.8, 0.22 and 0.1 μm. 
 

The fouling of the membrane with smaller pore size was slightly slower due to lower initial and 

average flux. The initial, average and final flux values are shown in Figure 71. 

The membranes were weighed before filtration of 100 ml of feed, and were weighed again after the 

fouled membranes were dried, and the solid content of the permeate was estimated. In case of the 

hollow fibre membranes, samples of feed and permeate were dried at 80 °C for 24 hours to measure 

their solid contents. The solid content of feed, and permeates of microfiltration membranes and the 

hollow fibre membranes are compared in Figure 72. 

 
Figure 72 - Solid content of 1% dunder feed compared with the solid content of the permeate s of 
flat microfiltration and hollow fibre membranes. 
 

In spite of heavy fouling, the solid content only reduced by 10% using the microfiltration with 

smallest average pore size (i.e. 1 μm). This suggests that most of the particles in the feed were 

smaller than 1 μm. Using hollow fibre membranes, solid content was reduced about 40%. This 
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shows that the hollow fibre membranes can remove particles smaller than 1 μm and hence are in 

ultrafiltration range. 

Table 2 shows the characteristic properties of feed and permeate of hollow fibre membranes. 

Filtration using hollow fibre membranes reduced the organic content (i.e. COD) and colour by ~56% 

and 41%, respectively. Higher organic content decline (compared to that of solid content) is an 

indication that the feed contains a high concentration of salts that are not separated using hollow 

fibre membranes. This is also reflected in conductivity changes. As expected, filtration using hollow 

fibre did not reduce the conductivity. The slight conductivity increase is due to evaporation of 

permeate during ~20 hours filtration. 

Table 2 -Characterisation of feed and permeate of hollow fibre membranes. 
 

 

COD 
(mg/L) 

Colour 
(PtCo) 

Conductivity 
σ (µS/cm) 

Solid Content 
 (%) 

Feed (1 % feed) 3025 1730 1260 0.40 
Permeate 1324 1020 1400 0.24 
Change (%) -56 -41 11 -41 

 

The permeate of the hollow fibre membranes was filtered using 1 μm microfiltration and 

ultrafiltration membranes. The microfiltration membrane was not fouled, but slight fouling was 

detected using ultrafiltration membrane with 20 kDa molecular weight cut off as shown in Figure 

73. This showed that MWCO of hollow fibre membrane was slightly higher than 20 kDa. 

The permeate of hollow fibre membrane was also filtered using ultrafiltration membrane with 5 kDa 

molecular weight cut off. Solid content of feed, permeate of hollow fibre membrane and 

ultrafiltration membranes are compared in Figure 74. The hollow fibre membrane reduced the solid 

content of the feed by 39% and filtration of the permeate using 20 kDa and 5 kDa improved this 

value to ~45% and 55%, respectively. Similar results were obtained when the concentration of feed 

was increased 10 fold, to 10% dunder. 
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Figure 73 - Flux decline during filtration of the permeate of hollow fibre membrane using 
ultrafiltration membrane with 20 kDa molecular weight cut off. 
 

 
(a)                                                                          (b) 

Figure 74 - Solid content of the feed, permeate hollow of fibre and ultrafiltration membranes: a) 1% 
and b) 10% dunder feed. The permeate of hollow fibre membrane was used as feed for 
ultrafiltration membranes. 
 

These experiments show that hollow fibre membranes were able to remove the organic materials 

with molecular weight greater than 20 kDa. However, as expected the salts were not removed by 

these membranes. The organic removal can be improved further using ultrafiltration membranes 

with 5 kDa MWCO. The separation performance of these hollow fibre membranes was superior to 

the performance of flat microfiltration and ultrafiltration membranes. These results suggest that 

hollow fibre membranes can provide a solution for the problem of waste dunder. 
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3.5. Summary 
 
Electrical impedance spectroscopy was capable of detecting the fouling of hollow fibre membranes 

during filtration of yeast by-product wastewater. Fitting at least one of the fibres with a wire 

electrode was necessary for accurate detection of fouling although without inserting a wire inside 

the fibres, fouling was detected. Using this configuration, relative capacitance decline at mid-

frequency range (e.g. 1 kHz) was proportionate to the relative flux decline due to fouling. 

Accordingly, a significant increase in capacitance at 1 kHz was measured during backwashing. This 

confirmed that the electrical impedance of membrane was dominant at mid-frequency range, 

making this frequency suitable to monitor fouling and cleaning processes. 

The hollow fibre membranes had significantly better separation performance in comparison with 

flat membranes. The molecular cut off (MWCO) of hollow fibres was about 20 k Dalton. Fouling of 

hollow fibre was significantly lower than the fouling rate of the flat membranes. These results 

suggested that with optimising the process and possibly adding another filtration process this 

ultrafiltration hollow fibre membranes can be used to separate the organic materials from minerals 

in dunder waste. 
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4. Conclusions 
 

The experiments on model and industrial feeds showed that the electrical impedance spectroscopy 

(EIS) is capable of detecting the fouling of hollow fibre membranes. Experiments on flat, inside-out 

hollow fibre, and outside-in hollow fibre membranes using different feeds showed that capacitance 

decline at mid-frequency range (e.g. 1 kHz) can be used as an indication for membrane fouling. 

The experiments on flat membranes showed that 3-terminal and 4-terminal electrode configurations 

were necessary for detection of membrane fouling. However, even 4-terminal configuration the 

most effective electrode configuration, relative capacitance decline was significantly lower than the 

flux decline. 

The experiments on inside-out and outside-in hollow fibre membranes showed that using an 

appropriate electrode configuration, membrane fouling can be detected using 2-terminal EIS 

measurements. The best performance was achieved by increasing the surface area of the electrode 

on the permeate side probing the surface of membrane while using a relatively small electrode on 

the feed side. Therefore, inserting a wire inside the membrane fibre was unnecessary for inside-out 

membranes, but improved the performance of EIS in detecting the fouling of outside-in hollow fibre 

membranes. Experiments also showed that inserting electrode wires inside all fibres was not 

required. 

Fitting a wire electrode inside one of the fibres of outside-in hollow fibre membrane was found to 

be required for detection of fouling in a larger membrane module used for filtration of dunder waste 

(industrial wastewater). These experiments also showed that aeration of membrane bioreactor did 

not affect the performance of EIS in detection of fouling. EIS was also shown to be effective in 

monitoring the backwashing process and off-line characterisation of membrane fouling. 

Comparing the separation performance of outside-in hollow fibre membranes with that of flat 

membrane showed that hollow fibre membranes can be very effective in solving the problem of 

dunder waste by separating organic materials and valuable slats. 
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Experiments on hollow fibre membranes, both inside-out and outside-in, showed that using a 

suitable electrode configuration the relative capacitance decline measures at mid-frequency range 

(e.g. 1 kHz) was comparable and sometimes greater than the flux decline due to fouling. Similarly, 

a significant capacitance increase at same frequency range was measured by EIS. These results 

suggested that the performance of EIS on detection of fouling was better in case of hollow fibre 

membranes in comparison to flat membranes. 
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5. Future works 
 

This research showed that electrical impedance spectroscopy has a great potential for monitoring 

the fouling of hollow fibre membranes. In spite of the initial doubts due to lack of information 

before starting this research, the outcome of the present study showed that the performance of EIS 

potentially is better in detecting the fouling of hollow fibre membranes in comparison with flat 

membranes. 

Considering the expanding market of membrane bioreactors especially for municipal purposes, 

developing an electrical sensor to monitor fouling seems to be financially justified and profitable. 

However, this research was one of the first and more research and development works are required 

to develop a fouling sensor based on electrical impedance spectroscopy. These are the suggestion 

for a future work: 

1) Using the prototype designed in this research as a canary module for monitoring the fouling 

of an industrial scale membrane bioreactor for long term; 

2) Comparing the performance of 2-terminal configurations with that of 3-terminal 

configuration and designing a prototype for these measurements if the 3-terminal 

measurements yielded better results; 

3) Systematic measurements for finding a relationship between the EIS results and mechanism 

of fouling; 

4) Driving a fouling index extracted from EIS data and modifying the EIS control software for 

online plotting the fouling index (instead of capacitance and conductance data)as a function 

of time; and 

5) Developing an alarm sensor for detecting the threshold of irreversible fouling and the need 

for backwashing. 
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6. Collaborations 
 

The project was a collaborative research between the University of Technology Sydney (UTS) and 

INPAHZE. This project was funded by the Australian Water Recycling Centre of Excellence, 

through the Australian Government’s National Urban Water and Desalination Plan. 

Prof. Vigneswaran was the primary supervisor of the project. Prof. Hans Coster as the chief scientist 

of INPHAZE was the advisor. He also provided access to lab facilities as the director of Bio-

engineering laboratory at the University of Sydney (USYD). 

Followings were the contribution of the collaborators: 

• UTS provided the laboratory access and working space for the fellow. 

• USYD provided laboratory access and facilities for the project. 

• INPHAZE provided an electrical impedance spectroscopy machine for the project. 

• Fellow conducted the experiments and prepared the reports and presentations for the project 

meetings. 

• Collaborators had regular meetings. 
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7. Progress and delays 
 

Table 3 shows the timetable of the projects. It was planned to start the project from the beginning of 

July, but the project was somewhat delayed for administrative and legal reasons. 

Table 3 -Timetable of the project. 
 

No Task Jul 
13 

Aug Sep Oct Nov Dec Jan Feb Mar Apr 
14 

1 Designing and construction of a prototype 
chamber to fit the hollow fibre and the electrodes 
required for electrical measurements 

D            

2 Testing the prototype setup to monitor the MF 
hollow fibre membranes during filtration of 
different feeds 

D D           

3 Preparation of Report 1 
 D D D          

4 Optimizing the prototype module. 

 
            

5 Testing the performance of the EIS system in 
detecting the fouling of comparable flat sheet MF 
membranes and comparing the results with the 
outcome of experiments on hollow fibres 

      D   D   

6 Preparation of final report 
            

 

In spite of the considerable delay at the beginning, the deadline for the first report was met 

successfully for the first report. However, the second phase of the project was slightly delayed due 

to limitations in access to laboratory facilities. The centre was notified of the possibility of delay 

when the electrical impedance spectroscopy, the most important instrument for the research, was 

broken. The project was extended officially, and the experiments were completed within the 

extended timeline. 
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8. Networking activities 
 

The research project has provided the opportunity for UTS ad INPHAZE to start a collaboration 

discussion with BASF in Germany. The Inge inside-out membranes were provided by this company 

and were used in the research. Fellow has been in contact with the R&D group at BASF regarding 

the experiments on these membranes. The results of the experiments on these membranes will be 

shared with this collaborator to showcase the outcome of this research. The research team plans to 

continue this collaboration. 

A collaborative network is also established with a research group at RWTH Aachen University in 

Germany. The collaborative work with this group has resulted in a specific prototype chamber for 

characterising the structure of hollow fibre membranes. The results will be published as a journal 

paper in a close future. The results of the first phase of the present study was shared and discussed 

with the researchers from Aachen University. The results of the final phase are planned to be shared 

during a Skype meeting. 

8.1. Publicity and documents 
 

The outcome of the project will be presented in North American Membrane Society (NAMS 2014) 

conference that will be held in Huston, Texas in June 2014. The paper is accepted for oral 

presentation. 

The outcome of this research will be published in high impact journals in the field of water and 

membrane research. This research is expected to generate 3 journal papers. 
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