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Abstract- In this study, the permeability properties of the fouling layers on a 0.1 µm pore size cellulose disc filter (Millipore) 
are presented and discussed using the hindered settling function, R(ϕ), as an indicative permeability parameter. Vacuum 
filtration tests were conducted using cellulose disc filters to observe the formation of cake layers generated by real secondary 
effluent (RSE) and ozone pre-treated RSE on the membrane surfaces. Step permeability tests were conducted to physically 
characterize the deposited fouling layers of raw RSE and ozone pre-treated RSE samples on the cellulose membrane. As the 
properties of the fouling layer can affect the filtration resistance, the study aims to explore the effect of ozone on changing the 
properties of fouling layers. It is anticipated this will provide useful information on how ozone helps retain a high permeability 
of the membrane. 
 
Index Terms- Ozone, Cellulose Disc Filter, Hindered Settling Function, Stepped Permeability Test 
 
I. INTRODUCTION 
 
Ceramic membranes have a stronger mechanical 
structure, better physical strength and a higher 
chemical resistance than their polymeric 
equivalents.For water treatment applications, the 
robust ceramic material structure allows them to be 
incorporated with conventional pretreatments such as 
coagulation, but also include more aggressive 
oxidative environments such as ozonation [1]. Fouling 
is considered as the major obstacle in the performance 
of any membrane filtration process.Fouling layer on 
the MF membrane surface can be analysed physically 
by the stepped permeability test that is used to 
characterize the dewaterability of flocculated 
suspension [2]. Buscall et al. (1987) established that 
the dewaterability of a suspension can be characterised 
by three physical parameters, namely the gel point, ϕg, 
the compressive yield stress, Py(ϕ), and the hindered 
settling factor, R(ϕ) [3]. The solid concentration at 
which a continuous network structure is formed is 
called the gel point. The compressive yield stress, 
Py(ϕ), represents the compressibility and is defined as 
the minimum compressive stress required for the 
network structure to yield and compress irreversibly 
for a given solids volume fraction ϕ. As a continuous 
particle network structure is required for the 
transmission of stress, the compressive yield stress can 
be determined at a solid concentration above the gel 
point. The hindered settling factor, R(ϕ), represents 
the hydrodynamic resistance to flow through the 
suspension network structure as a function of solids 
volume fraction ϕ. The rate and extent of the 
dewatering can be characterized by the hindered 
settling factor, R(ϕ), and the compressive yield stress, 
Py(ϕ), respectively [4, 5].  
The inter-particle network of the suspension will 
remain in its original form until an applied stress ΔP 
on the network exceeds the compressive yield stress, 

Py(ϕ). At this point, the network structure will 
breakdown, irreversible particle consolidation will 
take place, and the local volume fraction will increase 
[3]. Py(ϕ) will increase with ϕ as the number of 
inter-particle linkages increases so dewatering occurs 
until ϕ is such that Py(ϕ) = ΔP. Also, Py(ϕ) can only be 
traced in a regime where ϕ is greater than ϕg. Below 
this limit (ϕ < ϕg), the particle concentration is too low 
to permit a particle network to generate and thus the 
compressive yield stress is zero (neglecting the 
suspension osmotic pressure). The hindered settling 
factor accounts the hydrodynamic interactions 
between the particles. These particle interactions 
increase drag on any particle in the concentrated 
dispersions [6]. These particle interactions hinder the 
relative movement of solids and liquid and thus R(ϕ) 
increases in a nonlinear mode with volume fraction ϕ. 
Notably, the dewatering in settling is explained by the 
R(ϕ). The drag force on a particle moving through a 
liquid is quantified by the R(ϕ). Moreover, in a bed 
with a continuous network, it measures the drag 
experienced by liquid moving through a network of 
solids. Thus, R(ϕ) may be used in the modelling of 
filtration behaviour [4]. There are a few methods 
available for the determination of Py(ϕ) and R(ϕ) [7].  
During cake formation, the relationship between time t 
and the specific volume of filtrate (volume expressed 
per unit area of membrane) follows a quadratic 
relationship such that a plot of t vs. V2 is linear. The 
inverse of the slope of this linear portion is designated 
β2 and can be used in the determination of R(ϕ) [4]. 
Landman et al. (1995) explained the theory which 
allows a more mathematically exact determination of 
R(ϕ) according to the following equation [4, 6, 8]:  

R(ϕ) =
2
β

1
ϕ
−

1
ϕ

1− ϕ  (1) 

Where, ϕ0 is the initial solid volume fraction, ϕf is the 
equilibrium volume fraction at pressure P and β2 is the 
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filtration parameter (m2/s). As per Equation 1, R(ϕ) is 
inversely proportional to β2 indicates hydrodynamic 
resistance decreases with increasing  β2. Thus 
experimentally measuring the resistance of the cake 
layer may represent the filtration resistance in the 
actual membrane filtration system. However, specific 
indices are required to evaluate potential of fouling on 
the surface of the MF membranes. The properties of 
the fouling layer are important in its role in the overall 
water flow path in water treatment applications. As 
true properties of wet fouling layers are difficult to 
measure, understanding water flow resistance and 
compaction under pressure is more relevant. The study 
therefore aims to explore the effect of ozone on 
changing the properties of fouling layers using the 
stepped permeability test. 
 
II. MATERIALS AND METHODS 
 

A. Membranes 
To be able to capture and study the nature of cake layer 
formed during MF of RSE, Millipore MF 
nitrocellulose membrane filters (100 nm) were used in 
this test instead of 100 nm commercial ceramic 
membrane. This 47 mm diameter membrane is 
composed of mixed cellulose acetate & cellulose 
nitrate. The membrane has a thickness of 100 µm and 
is hydrophilic in nature.  The membrane filters have 
the same simple pore size feature of the 100 nm 
commercial tubular ceramic membrane. 

B. Raw Water 
Real secondary effluent (RSE) was collected from 
Melbourne Water’s Western Treatment Plant (WTP), 
Werribee, Victoria, Australia. 
 
III. ANALYTICAL METHODS 

C. Residual Ozone 
The concentrations of dissolved ozone in the 
experimental reaction solutions were determined by 
the Indigo Method [9]. The method is based on 
decolourization of the indigo reagent by ozone, where 
the loss of colour is directly proportional to the ozone 
concentration. 
 
IV. EXPERIMENTAL PROCEDURE 
 

D. Vacuum Filtration Test 
The experiment has been conducted in Victoria 
University, Melbourne using the sample RSE. The 
schematic of the experimental setup is shown in Figure 
1.  

 
Figure 1: Vacuum filtration test unit. 

A Büchner funnel filtration apparatus was connected 
to a motorized vacuum pump (Rocker 600) using 
rubber tubes. The pump operates a vacuum with a 
constant pressure of 80 kPa. An HD webcam 
(Logitech C270) was used to monitor the level of 
liquid above the membrane. The membrane filter was 
loaded into the filtration apparatus. 150 mL of RSE 
was passed through the membrane filter to form cake 
layer on the filter. The HD webcam was used to take 
photos to accurately measure the exact amount of 
filtrate volume with time. In another batch of 
experiment, RSE was treated with ozone for 30 
seconds using a diffuser. Ozone was supplied from an 
A2Z ozone generator. The ozone pre-treated sample 
was loaded into the membrane filter and the filtration 
test was repeated. All the membrane filters and 
filtrates for direct RSE and pre-treated RSE runs were 
collected to use in stepped permeability test. 

E. Stepped Permeability Test 
This test was conducted in the lab of The University of 
Melbourne. Membrane filters containing cake layers 
produced by direct RSE and ozone pre-treated RSE 
were used in this experiment. The schematic of the 
experimental setup is shown in Figure 2. The 
membrane filters were loaded onto a filtration plate 
and secured in place by a cylinder and an o ring. 125 
mL of solution which was collected previously in 
vacuum filtration experiment was loaded onto the 
apparatus. A piston was activated to pressurise the 
solution at a controlled pressure, forcing the liquid 
through the membrane filter and out into the filtrate 
receiving container. A computer was used to set 
pressures utilising a pressure transducer to feedback 
the pressure to the piston control system using the 
LabVIEW program. The computer applied these 
pressures by communicating to a pressure controller, 
which was also connected to a pressurized airline and 
linear encoder (which is connected to the piston). 
Once a set pressure had been established, the next 
pressure begins. A tolerance level of 1-3% was used, 
for when the program considers that test complete and 
proceeds to the next step pressure. The run was 
completed if one of two conditions were met: either if 
all the set pressures were achieved, or if volume of 
solution loaded into the cylinder runs out. 

 
Figure 2: Stepped pressure permeability test unit. 
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The filtration rig experiment was carried out using step 
pressures of 10, 20, 50, 100, 150, 200 and 300 kPa 
(gauge pressure). These reflect the range within a 
typical ceramic membrane filtration process (up to 300 
kPa TMP). The LabVIEW program also logs and 
manipulates the basic data, and controls the 
experimental pressure in addition to monitoring the 
criteria used to evaluate when to step between 
pressures. A graphical interface allows to view the 
progress of the experiment, monitoring transient 
behaviour of the t vs. V2 data and the slope is 
calculated [4]. 
 
V. RESULTS  
 

F. Vacuum Filtration of Various Treated 
Wastewater 

Figure 3 shows the results of the vacuum filtration 
tests. DI water was used as a benchmark for 
comparison to the raw RSE and ozonized RSE. Under 
standard pressure conditions, a fixed volume of 150 
mL DI water took 14.6 minutes to pass through the 
cellulose membrane where the raw RSE and ozonized 
RSE took 33.4 minutes and 29.7 minutes respectively 
(Table I). 

 
Figure 3: Fixed volume (150 mL) of DI water, raw RSE and 

ozonized RSE through 0.1 µm cellulose filter using vacuum 
filtration. 

The DI water therefore took less than half the time to 
filter the 150 mL volume compared to the raw RSE 
and the ozonized RSE. As expected, DI water does not 
contain any particulate matter which may build up a 
fouling layer on the membrane. A noticeable 
difference is observed between the time required to 
filter a fixed volume of raw RSE and the ozonized 
RSE, where the raw RSE took 12.5% more time to 
filter the same volume of water.  

 
Table I: Time required to pass fixed volume (150 

mL) of sample through cellulose disc filters. 
Sample Time required (min) 
DI water 14.6 
Raw RSE 33.4 
Ozonized RSE 29.7 

 
This preliminary result indicates the ozone treated 
solids captured on the filter paper are less resistive to 

water flow compared to raw solids. This supports the 
findings of less flow resistance through the membrane 
which enabled retention of high flux for longer periods  
in pilot trials on ozone/ceramic membrane systems 
[10, 11]. However, real systems operate under 
constant flux conditions (variable pressure), and 
therefore the study needs to be extended to constant 
flow and accommodate changing pressures. The 
permeate and the fouled membranes of this test were 
preserved for testing in a stepped permeability test.  
Figure 4 shows the appearance of a pristine cellulose 
membrane (plain membrane), a raw RSE filtered 
membrane (SEC. EFFLUENT) and an ozonized RSE 
filtered membrane (SEC. EFFLUENT + OZONE). 
The raw RSE filtered membrane became green in 
colour indicating that a fouling layer has been 
deposited on the membrane surface. The ozonized 
RSE filtered membrane showed much less colour, 
where only a light green colour could be observed. The 
loss of colour is related to the effect of ozone to reduce 
colour of the organics. It was observed in in an earlier 
study [12] that, ozonation effectively reduced UVA254 
(63%) and colour (88%) from the RSE. Dow et al. 
(2013) also observed reduction of colour (52%) and 
UVA254 (85%) by ozonation of RSE [10].  

 

 
Figure 4: Images showing appearance of an unused ‘plain’ 

membrane, RSE ‘sec. effluent’ filtered membrane and an ozone 
pre-treated RSE filtered ‘sec. effluent + ozone’ membrane. 

 
The removal of colour by ozone can be attributed to 
the oxidizing effect of ozone on the colour 
transmitting compounds of the RSE (i.e., compounds 
with conjugated C–C double bonds or aromatic rings, 
particularly HS) and producing more colourless 
materials [13, 14]. However, the particulate content of 
the fouling is expected to be similar to the RSE as the 
waste water total solids and organics were not greatly 
affected by ozone. 

 
G. Stepped Pressure Permeability Test 

A stepped pressure permeability test was performed 
on the membranes using a raw RSE feed and ozonized 
RSE feed. The cellulose membranes used in vacuum 
filtration test were used for the test. During the 
vacuum pressure test, the membranes were fouled at a 
pressure of 80 kPa, so that the differences between the 
permeability of raw RSE sample and ozonized RSE 
sample can be identified above this pressure. The 
permeate collected from the vacuum filtration test was 
used as the solution in the stepped pressure 
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permeability test. The reason of using the permeate 
from vacuum filtration test (not DI water) is to use of 
similar solution matrix that would be present in the 
real system to ensure the results are more aligned to 
the actual filtration operation. Moreover, the cake 
layer composition of the RSE can be hydrophilic in 
nature. Therefore, to avoid the dissolution of the 
fouling layer by DI water, solutions from the vacuum 
filtration test were considered more appropriate. The 
solutions used in this test were named as ‘filtered 
RSE’ and ‘ozonized + filtered RSE’. 
The permeability of the fouling layers can be 
quantified using the hindered settling factor R(ϕ), 
which is defined as the hydrodynamic resistance to 
flow through the suspension network structure as a 
function of solids volume fraction ϕ [5]. R(ϕ) can be 
determined by the following equation 1 [4, 8]. As per 
Equation 1, R(ϕ) is inversely proportional to β2 which 
indicates hydrodynamic resistance decreases with 
increasing β2. The β2 vs. pressure plots for filtered 
RSE and ozonized + filtered RSE are given in Figure 
5. The term β2 is proportional to the permeability [8]. 
It can be seen in Figure 5 that no significant difference 
is observed between the permeability of the filtered 
RSE and ozonized + filtered RSE below the pressure 
value of 80 kPa. This may be because the two 
membranes were loaded with the same organic load 
(150 mL) at the same pressure (80 kPa) during the 
vacuum filtration experiment. The cake layers for both 
samples have been compressed to a similar extent of 
80 kPa. Once the filtration rig increases the applied 
pressure onto the cake layer above 80 kPa, the 
difference in behaviour was noticed between the 
filtered RSE and ozonized + filtered RSE. Thus a 
significant increase in the permeability above the 
pressure of 80 kPa was observed in the ozonized + 
filtered RSE sample relative to the filtered RSE.At 300 
kPa, the ozonized + filtered RSE showed nearly 
double the permeability value than that of the filtered 
RSE. The rate at which the two samples vary in 
permeability value with respect to increase in pressure 
is also noticeably different. 

 
Figure 5: β2 value with increasing pressure for the filtered RSE 

and ozonized + filtered RSE. 
 

The ozonized + filtered RSE appears to be increasing 

in permeability at a steady rate with increasing 
pressure. The filtered RSE on the other hand is less 
sensitive to pressure increase. However, the 
permeability usually decreases with increasing 
pressure during the dewatering of municipal sludge 
[15]. In this study, the cake layer formed on the 
cellulose membrane may contain such low solid 
volume fraction that it is below the gel point ϕg. Gel 
point is the solids concentration at which a continuous 
structure is formed. Below the gel point, the particle 
concentration is too small to allow an inter-connected 
particle network to develop [4]. Therefore, the fouling 
layer on the cellulose membrane did not behave like 
conventional sludge dewatering theory. The results of 
this test are further discussed in the discussions. 
 
VI. DISCUSSIONS 
 
In order to quantify the permeability of DI water, raw 
RSE and ozonized RSE across the cellulose membrane 
during the vacuum filtration test, linear regressions of 
the first three data points (where water recovery is 
relatively low and the line is linear) are taken from 
Figure 3 for the three above mentioned solutions. 
Figure 6 shows the linear regression of the DI water, 
raw RSE and ozonized RSE. The calculated 
permeability using the linear regression is given in 
Table II. In Table II, the permeability of the DI water, 
ozonized RSE and raw RSE are 1.29 L·m-2·h-1·kPa-1, 
0.75 L·m-2·h-1·kPa-1 and 0.64 L·m-2·h-1·kPa-1 
respectively. The ozonized RSE was 17% higher in 
permeability than that of the raw RSE. In this study, 
the concentration of applied ozone was less than 0.5 
mg/L. Despite these differences in magnitude, the 
permeability still increased after ozonation, which is 
also consistent with literature. Kim et al. (2008) 
studied the effect of ozone dosage and hydrodynamic 
conditions on permeate flux in a hybrid 
ozonation-ceramic UF membrane system treating 
natural water. 

 

 
Figure 6: Volume filtered vs. time for the DI water, ozonized 

RSE and raw RSE to calculate permeability. 
 

The application of ozone prior to the ceramic 
membrane resulted in an increase in the permeate flux 
over a wide range of operational conditions [16]. 
Karnik et al. (2005) also investigated the application 
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of ozone prior to a titania membrane with a molecular 
weight cut-off of 15 kDa while treating water from 
Lake Lansing. The application of ozone gas prior to 
filtration resulted in a significant increase in 
membrane flux.  This was attributed to the  reaction of 
ozone with potential foulants [1]. Therefore, 
substances that are responsible for fouling generation 
on MF membrane are required to be explored.  

 
Table II: Permeability of the DI water, ozonized RSE 

and raw RSE through 0.1 µm cellulose disc filters. 

Sample Permeability 
(L/m2·h·kPa) 

DI water 1.29 
Ozonized RSE 0.75 
Raw RSE 0.64 

 
Pramanik et al. (2014) investigated the effect of 
biological activated carbon (BAC) filtration as a 
pre-treatment for reducing the organic fouling of a MF 
membrane (0.1 µm polyvinylidene fluoride) in the 
treatment of a biologically treated secondary effluent 
(BTSE) from a municipal wastewater treatment plant 
[17]. They also used a granular activated carbon 
(GAC) treatment which was used as a control. Their 
data showed that both the diluted BTSE and the GAC 
treated sample, which had lower DOC than the BAC 
treated sample, led to greater flux decline than the 
BAC treated sample. This indicated that the 
characteristics of the organic molecules present, rather 
than simply the DOC concentration, played an 
important role in the membrane fouling [17]. 
Therefore understanding the molecular characteristics 
of the RSE used in this study would be useful to 
understand the properties of the fouling layer.  
The RSE used in this study has been characterized in 
another study [12], where it shows that the humic 
substances (HS) and biopolymers are major 
constituents of the raw RSE. The biopolymers 
accumulate on the surface of the MF ceramic 
membrane to form cake layers on the membrane 
surface. Laine et al. (1989) showed that high MW 
biopolymers are known to be the major component of 
the cake layer [18]. In a study conducted by Pramanik 
et al. (2016), it was observed that biopolymers and HS 
played an important role in 0.1 µm hydrophilic PVDF 
membrane fouling [19]. In this study, therefore, the 
biopolymers present in the RSE are likely responsible 
for generating cake layer on the membrane surface. 
HS are responsible for the pore blocking as they can 
enter into the pores of the membrane and strongly 
interact with the membrane material [20]. Thus, the 
flux of ozonized RSE, which is lower in high MW 
biopolymers, was observed to be higher compared to 
that of raw RSE. 
 
In the filtration of ozonized RSE through the cellulose 
membrane, ozone played an important role on 
achieving higher flux than the raw RSE. Filloux et al. 
(2012) studied the effect of ozonation on the effluent 

organic matter (EfOM) matrix of the biologically 
treated wastewater. Ozonation was found to induce a 
large reduction of the biopolymer concentration [21]. 
Stüber et al. (2013) also found that ozonation 
transformed the higher MW biopolymers into smaller 
compounds [22]. The results of of our previous study 
[12] also showed that ozone reduced the HS from the 
raw RSE. González et al. (2013) studied the reaction 
of ozone with dissolved organic matter (DOM) present 
in two different secondary treated effluents and 
quantified the biopolymers, HS, building blocks, low 
molar mass (LMM) neutrals and LMM acids. The 
molecular ozone was found to induce a large reduction 
of the biopolymers and aromatic HS [23]. In this 
study, the reduction of biopolymers and HS by 
ozonation was deemed responsible for the increased 
the flux of the ozonized RSE. 
 
During the stepped pressure permeability tests, the β2 
value of the filtered RSE and the ozonized + filtered 
RSE indicated an increasing tendency with pressure 
(Figure 5). The fouling layer generated on the 
cellulose membrane has some discrete flocs or 
particles which come into contact to form a continuous 
network structure. However, the ozonized + filtered 
RSE has shown a significantly higher β2 value than the 
filtered RSE. The higher β2 value in the ozonized + 
filtered RSE and hence higher permeability implies 
the effect of ozone to create more numbers of porous 
channels in the fouling layer [4]. Stüber et al. (2013) 
investigated the feasibility of pre-ozonation combined 
with coagulation and ceramic membrane filtration for 
tertiary treatment. They found that ozonation 
transformed the higher MW biopolymers present in 
the secondary effluent (SE) into smaller compounds 
[22]. Park et al. (2012) studied the changes in the 
physical and structural properties of natural organic 
matter (NOM) during hybrid ceramic membrane 
processes that combined ozonation with ultrafiltration 
ceramic membrane. The results of their study revealed 
that high MW compounds are the most reactive with 
ozone [24]. It was also found in another study that 
ozone breaks down the higher MW compounds of SE 
into smaller compounds [25]. Based on this, there 
appears to be a possible effect whereby the smaller 
MW compounds of the ozonized RSE passes through 
the porous membrane walls, the ozonized + filtered 
RSE resulting in a significantly higher permeability 
than the filtered RSE. 
 
CONCLUSIONS 
 
Vacuum filtration was been conducted to generate a 
fouling layer on the surface of MF cellulose 
membranes with raw RSE and ozonized RSE. The 
permeability of the two different samples was then 
compared. The ozonized RSE sample filtered at a 
higher permeability (0.75 L/m2·h·kPa) through the 
cellulose membrane than the raw RSE (0.64 
L/m2·h·kPa). The higher permeability obtained by the 
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ozonized RSE can be attributed to the ability of ozone 
to remove high MW organic compounds from the 
RSE. 
 
Stepped pressure permeability testing was then 
conducted using the membranes pre-fouled during the 
vacuum filtration test. The solution used here was the 
permeate collected during the vacuum filtration test. 
The ozonized + filtered RSE indicated higher 
permeability across the pre-fouled membrane 
compared to the filtered RSE. The higher permeability 
was attributed to the effect of ozone to create more 
porous channels and openings in the fouling layer by 
removing high MW organic components from the 
RSE. The mechanism is not clear but could be due to 
the forcing of lower MW components produced from 
ozone reaction with larger organics (e.g., 
biopolymers) through the membrane pores. The result 
obtained from this study depicts the physical 
characteristics the of cake layer during ozonation of 
hybrid ozone-MF process in order for achieving 
higher permeate flux. However, the chemical 
interaction of ozone with the RSE components 
responsible for generating cake layer in the hybrid 
ozone-ceramic membrane process is yet to be 
explored. Further work is required in order to explore 
the role of ozone in achieving higher permeate flux in 
the combined ozone-ceramic membrane process. 
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