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Abstract
Membrane filtration has developed into a robust water treatment step. However, limited
research has been conducted on new membrane cleaning solutions. Conventional
membrane cleaners such as NaOCl are known to form DBPs with organic matter and
damage polymeric membranes at high concentrations. Our research examines the use of
surfactant (SDS) in combination with conventional membrane cleaners (NaOCl and
NaOH) to clean a ceramic UF membrane as chemically enhanced backwash (CEB).
Existing research primarily looked at the combination of surfactants with NaOH for long
duration cleaning. Limited research has also been conducted on the combination of
surfactants with high NaOCl concentrations. Initial tests showed the addition of SDS
significantly reduced the surface tension of various CEB solutions. Subsequent fouling and
cleaning studies demonstrated better cleaning efficiency when CEB contained SDS. In
general, the addition of SDS provided some improvement to backwash fouling control
although more research is needed in this area.
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Chapter 1
1
1.1

Introduction
Problem statement

Ever-tightening water quality regulations accompanied with increasingly variable source
water quality due to climate change and anthropogenic pollution has popularized the use
of low-pressure membranes for drinking water applications. Low pressure membrane
filtration primarily uses size exclusion to remove contaminants from feed water. This
ensures consistent product water quality irrespective of the type of source water all while
taking up minimal structural footprint. These advantages have resulted in wide adoption of
membrane technologies in water and wastewater treatment, food, pharmaceutical and
textile industries (Gruskevica & Mezule, 2021). The global market for low pressure
membranes such as ultrafiltration (UF) membranes are projected to reach 2.14 billion USD
by 2023 (Asif & Zhang, 2021). Therefore, there is tremendous potential and interest in
membrane technologies for use in separation processes.
Among all membrane materials, polymeric membranes are the most popular for membrane
filtration applications. However, its relatively short life span (5-10 years) due to membrane
damage arising from conventional chemical cleaning may limit its full potential
(Alresheedi et al., 2019b; Guerra & Pellegrino, 2012). Such membrane damage decreases
permeate quality with the need for additional treatment resulting in extra operating costs
(Shi et al., 2014). New membrane materials such as ceramic membranes make up for short
1

comings of polymeric membranes. Ceramic membranes offer physical and chemical
robustness that polymeric membranes lack. Some studies also show they foul less than
polymeric membranes of similar sizing and subject to similar conditions (Alresheedi et al.,
2019b; Asif & Zhang, 2021; Shi et al., 2014). Although ceramic membranes are currently
more expensive than polymeric membranes, the decreasing cost of ceramic membranes
may allow for increased use in the future. This decrease in cost is attributed to the advances
made in membrane manufacturing (Asif & Zhang, 2021; Chaukura et al., 2020; Gruskevica
& Mezule, 2021).
Filtration of natural organic matter (NOM) rich feed water can lead to a severe decline in
membrane operational efficiency with time. NOM originates from various terrestrial and
aquatic organic sources. These foulants are a complex mixture of humic substances (which
accounts for more than half of all NOM), proteins and polysaccharides (Shi et al., 2014).
Individual NOM constituents interact differently with the membrane surfaces. This
interaction is found to be influenced by the operational parameters, properties of feed
solution (such as pH), the presence or absence of other NOM constituents and/or inorganic
compounds (such as Ca2+ ions) (Chang et al., 2015; Gul et al., 2021; Kim & Dempsey,
2013; Shi et al., 2014). Accumulation of contaminants (also known as foulants) on the
membrane surface and inside the pores is known as fouling. Fouling is an inevitable part
of membrane operation and will lead to a decline in membrane operational efficiency
(Crittenden et al., 2012). The decline in operational efficiency results in high operation and
maintenance cost for the membrane (Gul et al., 2021; Shi et al., 2014). Regular and
appropriate cleaning methods can mitigate the decline in operational efficiency and extend
2

membrane life. Membrane cleaning accounts for almost 20% of the operational cost
(Gruskevica & Mezule, 2021). Therefore, it is important to use cleaning solutions that are
inexpensive, easy to administer and effective in removing foulants. Unfortunately, the
number of new studies on cleaning, in general, are limited when compared to studies on
different foulants and fouling trends (Shi et al., 2014). This is even more the case with
ceramic ultrafiltration membranes (Gruskevica & Mezule, 2021). A general search in the
Scopus data base for articles published in the last five years (2016-2021) with key words:
“NOM/organic matter” and “low pressure membrane/ultrafiltration membrane” produced
623 documents. When “fouling” was added to the above search entry, there were 415
document results. There were only 75 document results when “cleaning” was added in
place of “fouling”.
The choice of desired cleaning method and cleaning solution depends on the type of
foulants, type of membrane used and the cost associated with cleaning. Membranes are
typically cleaned using a variety of physical and/or chemical cleaning methods. Physical
cleaning is performed by changing the hydraulic conditions inside the membrane system
to remove foulants from the membrane surface (Gruskevica & Mezule, 2021). The most
common physical cleaning method with low pressure membrane systems is a hydraulic
backwash. Hydraulic backwash is performed over a short time period (usually less than 2
minutes) by running clean water or permeate in the opposite direction of filtration in order
to remove accumulated foulants from the membrane surface (Chang et al., 2017). The short
duration of hydraulic backwash results in minimal disruption to the filtration process.
Chemical cleaning, on the other hand, is employed for contaminants that could not be
3

removed using physical cleaning. Chemical cleaning removes foulants by changing the
foulant chemistry and the electrostatic interaction between foulants and the membrane (Shi
et al., 2014). Chemical cleaning is usually performed as clean-in-place (CIP). In addition
to CIP, another chemical cleaning technique that is gaining popularity is chemically
enhanced backwash (CEB). CEB is essentially a hydraulic backwash with chemical
addition to assist with in-situ cleaning (Shi et al., 2014). A CEB removes more foulants
than just with a hydraulic backwash. CEBs help to minimize the increased internal pressure
drop in a membrane unit rather than to completely recover membrane permeability. It is a
short duration chemical cleaning technique (usually in the order of seconds) (Gruskevica
& Mezule, 2021; Gul et al., 2021). On the other hand, CIP is a longer duration (30 minutes
to several hours) cleaning method, generally performed with higher concentrations of
chemicals to recover lost membrane permeability due to fouling. Therefore, CIPs consume
more chemicals and cause more disruptions to the produced water step of the membrane
filtration process than CEBs (Chang et al., 2017; Gruskevica & Mezule, 2021; Porcelli &
Judd, 2010a). The CIP step’ frequency can be limited with other short term cleaning steps
such as CEBs (Shi et al., 2014). For instance, Weiying et al., (2010) reported that a CEB
with NaOCl (5 mg Cl2/L), using a 0.1µm ceramic membrane, helped to extend the normal
filtration operation from 2 months to 3 months before requiring an intense chemical clean,
i.e., a CIP. Similar observations were also made by Chae et al., (2008) while using two
microfiltration (MF) polymeric membranes to filter river water in a pilot-scale plant. As an
example, periodic backwash (every 30 minutes) of one of the membranes using NaOCl (10
mg Cl2/L) extended the filtration duration from 36 days (when operated without NaOCl
4

backwash) to 200 days before requiring a CIP clean (Chae et al., 2008). The choice of
chemical cleaning solution is subject to factors such as the type of foulants and membrane
material. When organic matter is the dominant foulant, oxidants such as sodium
hypochlorite (NaOCl) and alkalis such as sodium hydroxide (NaOH) are commonly used
(Shi et al., 2014).
NaOCl is known for its effectiveness to oxidize NOM and increase its hydrophilicity to
facilitate removal from the membrane surface (Gruskevica & Mezule, 2021). The Cl atom
on the -OCl species of NaOCl (at pH 11) acts as a strong electrophile and attacks the
electron dense part of an organic compound (such as double bonds) to oxidize it. This
oxidation process converts NOM into smaller molecular weight compounds with oxygen
containing functional groups which enables the oxidised NOM to be more hydrophilic
(Ferrer et al., 2016; Fukuzaki, 2006; Gruskevica & Mezule, 2021). This effectiveness may
be why NaOCl is considered to be a popular CEB solution by Chang et al., (2017). NaOCl
CEB concentrations reported in the literature vary from as low as 1 mg Cl2/L to as high as
500 mg Cl2/L (with an average of 71 mg Cl2/L) (Chang et al., 2017). However, Shi et al.,
(2014) noted significant damage to polymeric membranes when NaOCl was used above 50
mg Cl2/L (over long term) in their review paper. Additionally, NaOCl can also form
disinfection by-products (which can be carcinogenic) with NOM at high concentrations
(Shi et al., 2014).
NaOH is another common chemical cleaning solution used to deal with organic fouling. It
is usually administered at a pH of 11-12. They are known to be effective at dissolving fats,
sugars, proteins and facilitates the removal of acidic organics by neutralizing them (Shi et
5

al., 2014). NaOH can increase the solubility of organic foulants. This loosens the foulant
layer for effective removal. This is seen to be the mechanism of HA removal when using
NaOH (Gruskevica & Mezule, 2021). NaOH is also used to alter the electrostatic
interaction between foulants and the membrane to facilitate easy removal from the
membrane surface (Gruskevica & Mezule, 2021; Shi et al., 2014). Typical NaOH
concentrations used for CEB in various membrane cleaning studies varied between 2501000 mg NaOH/L (Lateef et al., 2013; Mei et al., 2017; Oligny et al., 2016; Snowdon et
al., 2018). As with the case with NaOCl, high NaOH concentrations or alkaline conditions
can be detrimental to certain common polymeric membranes (Shi et al., 2014; C. Wang et
al., 2016).
A review of literature on membrane cleaning solutions show that combined chemical
cleaning solutions were much more effective at removing foulants than their individual
components (Alresheedi et al., 2019a; Gruskevica & Mezule, 2021; Shi et al., 2014). This
could be due to the synergy between cleaning solutions when used in combination. A
common chemical combination used to clean membranes is the oxidant+alkali
combination. Alresheedi et al., (2019a) demonstrated the effectiveness of this chemical
combination while cleaning a ceramic UF membrane fouled by humic acid (HA). The
fouled membrane was cleaned at a pH of 12, using NaOH (400 mg/L) and NaOCl (500 mg
Cl2/L) as a CIP for 4 hours. The combined cleaning solution of NaOCl+NaOH had a high
chemically reversible fouling resistance removal efficiency (i.e., UMFIcr=almost 99%).
UMFIcr represents the amount of foulants removed from a membrane after chemical
cleaning. Higher the UMFIcr %, better the cleaning efficiency. However, single component
6

NaOCl (UMFIcr= 90%) and NaOH (UMFIcr= 94%) had a lower cleaning efficiency
compared to the combined cleaning solution. The improved cleaning efficiency observed
with NaOH+NaOCl combination was attributed to the synergist effect of the individual
cleaning solutions (Alresheedi et al., 2019a). NaOH may have initially expanded the
organic fouling layer. This may have allowed NaOCl to permeate into the fouling layer to
effectively oxidize the foulants in the fouling layer to remove them (Alresheedi et al.,
2019a). In addition, NaOH+NaOCl cleaning solution was reported to have a lower surface
tension (72.1 ± 0.3 mN/m at pH 12) compared to single component NaOH (72.6 ± 0.5
mN/m at pH 12) and NaOCl (74.1 ± 0.5 mN/m at pH 12) cleaning solutions (Alresheedi et
al., 2019a). The lower surface tension may provide NaOCl+NaOH with better wetting
ability on the fouled membrane compared to its individual components (Alresheedi et al.,
2019a).
Surfactants are commonly used to remove organic foulants by reducing the interfacial
tension between foulants and membrane while the membrane cleaning solution is used to
remove foulants (Li & Elimelech, 2004; Shi et al., 2014). This is possible due to the
presence of hydrophobic or hydrophilic groups in the surfactants. Sodium dodecyl sulphate
(SDS) is one such common surfactant used in membrane cleaning operations. A review of
literature on SDS show that it is commonly used as a single component cleaning solution
or in combination with other cleaning solutions (such as NaOH) (Gruskevica & Mezule,
2021; Gul et al., 2021; Li & Elimelech, 2004). Surfactants (such as SDS) are commonly
used in combination with NaOH to clean NOM fouled membranes (Gul et al., 2021; Hijnen
et al., 2012; Li et al., 2005; Madaeni & Samieirad, 2010; Madaeni et al., 2009; Sohrabi et
7

al., 2011). Sohrabi et al., (2011) compared the cleaning efficiency of SDS, NaOH and their
combinations to clean a NF membrane fouled with licorice solution. The combined solution
of SDS+NaOH had a higher flux recovery (100%) when compared to single component
NaOH (flux recovery=90%) and SDS (flux recovery=80%) cleaning solutions. The
combined cleaning solution of SDS+NaOH may have demonstrated better cleaning
efficiency by combining the strengths of the individual cleaning solutions to effectively
remove organic foulants. Presence of SDS in combined cleaning solution is also believed
to reduce the surface tension of NaOH, resulting in improved wettability. This would
enable NaOH to efficiently hydrolyze organic foulants to dislodge them from the
membrane surface (Sohrabi et al., 2011). SDS forms micelles around the dislodged foulants
to remove them with the cleaning solution (Sohrabi et al., 2011).
Unlike surfactant+alkali combinations, only limited research has been conducted on the
combination of surfactant+oxidant to clean fouled membranes (Ding et al., 2020; Hijnen
et al., 2012; Levitsky et al., 2012; Liu et al., 2018; Wang et al., 2018). Wang et al., (2018)
observed a rise in NaOCl (100 mg/L) cleaning efficiency from 75% to 96% when 0.5 mM
SDS was added to it. This combination (surfactant+oxidant) was found to be effective in
removing NOM+Ca2+ foulants from a UF regenerated cellulose membrane (Wang et al.,
2018). Similarly, Ding et al., (2020) also observed a significant rise in cleaning efficiency
while cleaning a PVDF membrane fouled with wastewater from paper industry. Ding et
al., (2020) observed a rise in flux recovery from 50% for single component NaOCl (1 wt.%)
solution to 91%, when 1 wt.% SDBS (anionic surfactant) was added to NaOCl (1 wt.%)
cleaning solution. The PVDF membrane was cleaned for 100 minutes (Ding et al., 2020).
8

Wang et al., (2018) and Ding et al., (2020) noted the addition of surfactant improved the
wettability of NaOCl on the membrane surface. This allowed NaOCl to effectively utilise
its cleaning mechanism to remove more foulants than without surfactant addition. It must
be noted that the NaOCl and SDBS concentrations used by Ding et al., (2020) is higher
than what is commonly used in membrane cleaning studies.
Studies by Alresheedi et al., (2019a), Sohrabi et al., (2011) and Wang et al., (2018) indicate
surface tension to be an important parameter when it comes to membrane cleaning. High
surface tension of conventional cleaning solutions results in low wetting ability of cleaning
solutions on the membrane surface (Fukuzaki, 2006). As mentioned earlier, surfactants
such as SDS could be beneficial in reducing the surface tension of various cleaning
solutions. This could reduce the concentration of a cleaning solution without compromising
on the cleaning efficiency (Shi et al., 2014).
However, limited research on surfactant+oxidant (S+O) and surfactant+alkali+oxidant
(S+A+O) chemical combination is an obvious gap in membrane cleaning studies. It is
generally accepted that surfactants at/or slightly above its critical micellar concentration
(CMC) would demonstrate the best cleaning efficiency (Li & Elimelech, 2004; Shi et al.,
2014). Critical micellar concentration is the concentration at which surfactant monomers
aggregate to form micelles (Zhang & Meng, 2014). However, surfactant concentrations
used in (S+O) and (S+A+O) cleaning studies, were below or significantly higher than the
surfactant’s CMC (Ding et al., 2020; Levitsky et al., 2012; Wang et al., 2018).

9

Hence, these studies could have missed the opportunity to achieve high cleaning efficiency
by using surfactants at its CMC. It was also noticed that these studies explored
surfactant+oxidant (S+O) and surfactant+alkali+oxidant (S+A+O) combination with a
focus on CIP and limited research with CEB was conducted (Ding et al., 2020; Hijnen et
al., 2012; Levitsky et al., 2012; Liu et al., 2018; Wang et al., 2018). An effective CEB is
known to reduce the need for frequent CIPs (Chae et al., 2008; Weiying et al., 2010).
Lastly, all of the cleaning studies that used (S+O) and (S+A+O) combination, were tested
on a polymeric or cellulose membrane (Ding et al., 2020; Hijnen et al., 2012; Levitsky et
al., 2012; Liu et al., 2018; Wang et al., 2018). Chemical cleaning of ceramic membranes is
still an evolving field. Therefore, it would be interesting to see how (S+O) and (S+A+O)
chemical combination would fare with a ceramic membrane as a CEB.
1.2

Research objectives

This research project investigates the potential benefit of adding surfactants (SDS at its
CMC) to conventional cleaning solutions (NaOCl and NaOH) and their combinations to
clean an organic fouled ceramic membrane as a CEB. The findings from this research could
provide new and essential insights into chemical cleaning of ceramic membranes used for
water treatment.
1.2.1

Hypothesis

1. Addition of SDS (at its CMC) to a chemical cleaning solution may increase the
wettability of that particular cleaning solution.

10

2. The addition of SDS may improve the cleaning efficiency of low concentration
cleaning solutions (i.e., NaOCl and/or NaOH) for membrane fouling control.
This research specifically looks at:
1. The possibility of using contact angle and surface tension to evaluate the wettability of
various cleaning solutions in combination with each other and individually.
2. Examine the impact of a chemically enhanced backwash (CEB) of various chemical
cleaning solutions with and without a surfactant to clean a ceramic membrane fouled
by humic acid (HA), while utilizing a hydraulic backwash (DI water) as control.
1.3

Thesis structure

Chapter 1 introduces the topic of membrane filtration. This chapter gives a brief overview
of this field, current practices as well as challenges associated with it. This chapter
concludes by stating specific research objectives this research hopes to address.
Chapter 2 looks at past research conducted on membrane filtration. This chapter focuses
on membrane fouling and cleaning in particular.
Chapter 3 outlines and describes the materials and methodology used to address specific
research objectives mentioned in chapter 1
Chapter 4 discusses the results obtained from the various experiments that were conducted
as part of this research. The results that were obtained were compared with the research
objectives. Recommendations for future research work are suggested.
11

Chapter 2
2
2.1

Literature review
Membrane filtration

Membrane filtration has been widely adopted for water and wastewater treatment
processes. This is due to its small footprint, potential low energy consumption and chemical
dosing requirements compared to other water treatment technologies. They are also ideal
for treating feed water of varying quality. The excellent removal of bacteria and protozoa
from feedwater drove the great expansion in the use of low-pressure membranes for
freshwater water treatment (Crittenden et al., 2012; Ferrer et al., 2016).
Membrane systems can be classified on the basis of their operating pressure (i.e., low
pressure and high-pressure membrane systems) and the nominal membrane pore size of the
membranes (Crittenden et al., 2012). Membranes are commonly selected based on their
nominal pore size or molecular weight cut-off (MWCO) for a particular membrane
application. Low pressure membranes can effectively remove most of the microorganisms
and particulate organic matter from feed water (Crittenden et al., 2012). Microfiltration
(MF) and ultrafiltration (UF) membranes are considered as low pressure membranes
(Chang et al., 2017). MF membranes are typically classified based on their pore sizes which
ranges from 0.01-0.04 µm (Crittenden et al., 2012). On the other hand, UF membranes are
classified based on either the nominal pore size and/or the molecular size they retain
(referred to as MWCO) during filtration process (Crittenden et al., 2012). The MWCO for
12

UF membranes range from 1-500 KDa (Crittenden et al., 2012). MF and UF membrane
systems remove targeted contaminants using size exclusion as the dominant separation
mechanism (Crittenden et al., 2012). Therefore, contaminants in the feed water above the
MWCO value or pore size of a membrane unit are retained by that membrane. High
pressure membranes consist of nanofiltration (NF) and reverse osmosis (RO) membranes.
Nanofiltration (NF) membranes can remove dissolved organic matter and divalent ions
(such as Ca2+) from the feed water (Crittenden et al., 2012). RO systems use the difference
in diffusivity to remove monovalent ions from feed water (Crittenden et al., 2012).
This research project will use an UF membrane to remove targeted contaminants (i.e.,
organic matter). Therefore, the remainder of the literature review will primarily focus on
low pressure membrane systems.
2.1.1

Membrane filtration operation

Membrane filtration operation occurs in stages. The stages, as described by Crittenden et
al., (2012), starts with filtration where the feed water is filtered through a membrane unit.
The filtered water that comes out of the membrane system is known as permeate. Filtration
operation can be performed in the constant flux or in the constant pressure mode. The
constant flux mode maintains a constant flowrate through the membrane system during the
filtration cycle. This operating mode will lead to an increase in the transmembrane pressure
(TMP) across the membrane unit with increase in filtration cycle duration (Crittenden et
al., 2012). TMP is the pressure difference between the feed and permeate sides of a
membrane unit (Crittenden et al., 2012). According to Crittenden et al., (2012), most full13

scale and pilot-scale membrane systems are operated as constant flux systems. This is
performed to meet productivity goals in water treatment plants. The constant pressure
filtration mode ensures a constant TMP across the membrane unit during the filtration
cycle. This operating mode will lead to a decrease in flux with increase in filtration time
(Chang et al., 2017; Crittenden et al., 2012). Filtration leads to the accumulation of
contaminants on the membrane surface or inside the membrane pores. The accumulation
of contaminants (commonly known as foulants) on the membrane surface and inside the
membrane pores is known as fouling (Crittenden et al., 2012). The accumulated
contaminants will cause resistance to the flow of liquid through the membrane. Resistance
to filtration leads to a gradual decrease in membrane filtration performance and an increase
in operating cost. Once a predetermined operating pressure/flux threshold has been reached
during filtration, a cleaning step (second stage of membrane operation) is initiated to
remove any contaminants that may have built up on the membrane surface and inside the
pores (Crittenden et al., 2012; Shi et al., 2014).
A simple and short duration cleaning step known as a backwash (BW) is initiated to remove
the accumulated contaminants from the membrane. Routine backwash is necessary to
maintain the productivity and performance of a membrane (Chang et al., 2017). Backwash
can be performed with the help of air, water or chemicals (known as a chemically enhanced
backwash) at specified intervals after a filtration cycle. A more intense cleaning procedure
(such as clean-in-place (CIP)) can be performed periodically to regain most of the initial
permeability which could not be regained by backwashing alone (Crittenden et al., 2012).
The frequency of long duration cleaning (such as a CIP), are minimised to avoid potential
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membrane damage. Membrane damage could arise from extreme operating conditions
(such as high temperature, pH and cleaning concentrations) involved with CIP (Chang et
al., 2017; Crittenden et al., 2012). Details on the various cleaning steps are mentioned in
the following sections.
2.1.2

Membrane material

Membranes are made up of different membrane materials. The type of membrane material
used often determines aspects of membrane operation such as fouling and cleaning
efficiency (Guerra & Pellegrino, 2012). Therefore, it is essential to choose a membrane
material that suits the operational needs.
Polymeric membranes are the most common membrane material currently being used in
the water treatment industry (Chang et al., 2017). This popularity is primarily attributed to
its lower cost compared to other membrane materials such as ceramic membranes
(Alresheedi et al., 2019b; Shi et al., 2014). That being said, polymeric membranes are
known to be more susceptible to membrane damage when high concentrations of chemical
cleaning solutions are used for membrane cleaning. Degradation of polymeric membrane
material by free chlorine (produced by oxidants such as NaOCl) are well known (Shi et al.,
2014). To prevent oxidative damage, cellulose acetate (CA) membrane polymer exposure
to free Cl2 must be limited to 1 part per million (ppm) during long term operation (Shi et
al., 2014). In the case of short-term operation, the free Cl2 concentration must be limited to
50 ppm to prevent oxidative damage to CA polymers (Shi et al., 2014). Polysulfone (PS)
and polyethersulfone (PES) polymeric membranes can only withstand 50 ppm of free Cl 2
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during long term operation. Whereas, for short term operations, PS and PES membranes
are said to withstand up to 200 ppm of free Cl2 (Shi et al., 2014). Shi et al., (2014)
mentioned high pH (i.e., pH>12) can also lead to dehydrofluorination of polyvinylidene
difluoride (PVDF) membranes. Dehydrofluorination reaction refers to the substitution of
hydrogen fluoride with carbon-carbon double and triple bond on the PVDF membrane
matrix leading to a comprise of the PVDF membrane structure (Rabuni et al., 2015; Wang
et al., 2021). In addition, cellulose membranes can deacetylate at high pH (i.e., pH>10)
(Shi et al., 2014). Such limitations on cleaning concentrations can impede effective
removal of foulants and may lead to poor permeate quality over time (Shi et al., 2014).
Rabuni et al., (2015) demonstrated the implications of conventional chemical cleaning on
an organic fouled PVDF membrane. Rabuni et al., (2015) achieved a higher cleaning
efficiency than the virgin membrane after cleaning the membrane for 60 minutes using 0.1
M concentration of sodium hydroxide (NaOH) and sodium hypochlorite (NaOCl). The
researchers believe the PVDF membrane might have undergone dehydroflourination
reaction which could have resulted in a compromise of the membrane structure (as seen in
figure 2.1). This may have led to an increase in membrane permeability due to the
compromise of the membrane structure (Rabuni et al., 2015). Such compromises in
membrane physical properties limits the full realization of the potential offered by
membrane technologies. It must be noted that 0.1 M NaOCl and NaOH concentration is
high for typical membrane cleaning operation.
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Figure 2.1: FESEM images of PVDF membranes cleaned at room temperature using: a)
0.01M NaOH b) 0.01M NaOCl c) 0.1M NaOH d) 0.1M NaOCl e) virgin membrane
(Source: Rabuni et al., 2015)
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Arkhangelsky et al., (2007) and colleagues noticed an increase in BSA (a protein) fouling
after cleaning PES membranes (as CIP) with increasing NaOCl concentration. Fouling on
PES membrane increased from 10% (at 1 gm.hr/L free chlorine) to 30% after cleaning with
5 gm.hr/L free chlorine concentration. This increase in BSA fouling was attributed to the
increase in membrane permeability after NaOCl cleaning (Arkhangelsky et al., 2007).
Decrease in PES membrane’s mechanical strength was also observed after cleaning with
NaOCl (Arkhangelsky et al., 2007). Chain scission of C-S polymer membrane bonds due
to NaOCl was assumed to compromise the membrane
2.1.2.1 Ceramic membranes
Ceramic membranes are considered to have better chemical, mechanical and physical
resistance to different operating conditions when compared to their polymeric counterparts
(Shi et al., 2014). Ceramic membranes are reported to last up to 20 years. Whereas,
polymeric membranes last only up to 10 years, if operated under ideal conditions
(Alresheedi et al., 2019b; Guerra & Pellegrino, 2012). In addition to their physical
robustness, multiple research studies indicate a lower fouling potential on ceramic
membranes.
Alresheedi et al., (2019b) observed lower NOM fouling rate on a ceramic membrane when
compared to a polymeric membrane of similar physical dimensions. Greater negative
membrane surface charge (due to lower isoelectric point of membrane material) may have
limited the adsorption of negatively charged organic foulants on the ceramic membrane
when compared to the polymeric membrane (Alresheedi et al., 2019b). In addition, the
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hydrophilicity of the ceramic membrane is also believed to have helped reduce the fouling
rate when compared to the hydrophobic polymeric membrane. This may be due to the
ability of hydrophilic membranes to prevent adsorption by NOM (which is mainly
hydrophobic in nature) (Alresheedi et al., 2019b; Crittenden et al., 2012). Alresheedi et al.,
(2019b) also noted that hydraulic (water) backwash efficiency of the ceramic membrane
was higher than that of the polymeric membrane. The ceramic membrane had a hydraulic
backwash efficiency of 48%, while cleaning a membrane fouled by a NOM mixture.
Whereas, the polymeric membrane had a hydraulic backwash efficiency of 20% while
cleaning the NOM mixture foulant (Alresheedi et al., 2019b). Higher hydraulic backwash
efficiency indicate that ceramic membranes may require less chemical cleaning to remove
irreversible NOM fouling compared to polymeric membranes (Alresheedi et al., 2019b).
Hofs et al., (2011) and Lee et al., (2013) reported similar results in their comparative
filtration studies involving polymeric and ceramic membranes. The low hydraulic
backwash efficiency seen with HA on ceramic and polymeric membranes may be due to
the high fouling propensity of NOM mixture used by Alresheedi et al., (2019b).
All in all, these studies show the potential advantages ceramic membranes have over
polymeric membranes. These advantages were attributed to higher hydrophilicity and
negative surface charge on ceramic membranes compared to their polymeric counterparts.
This restricts fouling on ceramic membranes. Additionally, the decreasing cost of ceramic
membranes may allow for wider use of this membrane material. The decrease in costs are
attributed to the advancements made in membrane manufacturing (Asif & Zhang, 2021;
Chaukura et al., 2020; Gruskevica & Mezule, 2021).
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2.2

Membrane fouling and cleaning

Fouling is a major challenge affecting the efficiency of membrane filtration operation
(Crittenden et al., 2012). Such accumulation will lead to an increase in operating pressure
and/or a decrease in filtration flux through the membrane. This can result in an increase in
membrane operating cost and a decrease in membrane life (Palabiyik et al., 2015).
Membrane fouling is generally classified into two types: reversible and irreversible fouling.
This classification is based on the resistance of foulants to a cleaning procedure (Shi et al.,
2014).
Reversible fouling can be removed with appropriate cleaning procedures without much
difficulty. They are easily removed by changing the hydraulic conditions in the membrane
system (Gruskevica & Mezule, 2021). Fouling that are removed with hydraulic cleaning
methods are called hydraulically reversible fouling. On the other hand, irreversible fouling
is much harder to remove when compared to reversible fouling. This type of fouling causes
significant loss in membrane filtration efficiency and in some cases cannot be completely
removed after various cleaning regimes (Akhondi et al., 2014). Hydraulic backwash is a
common hydraulic cleaning technique. It is performed by passing a cleaning solution in
the opposite direction of filtration (commonly at a higher flowrate than the filtration
flowrate) to dislodge foulants from the membrane surface (Gruskevica & Mezule, 2021;
Gul et al., 2021). Hydraulic backwash is performed in between filtration cycles. UF
permeate or pure water is typically used as a hydraulic backwash solution (Shi et al., 2014).
The effectiveness of backwash is subject to its cleaning frequency and duration
(Gruskevica & Mezule, 2021).
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Chang et al., (2017) summarized the typical backwash interval and duration range (out of
400 values) used in low pressure membrane studies. Almost 80% of all backwash interval
values mentioned in the literature were between 10 to 60 minutes. Similarly, 80% of all
backwash duration mentioned in the literature were between 10 to 90 seconds (Chang et
al., 2017). Chang et al., (2017) also noticed the typical backwash flux used in low pressure
membrane cleaning studies were between 1 and 5 times the filtration flux. An average
backwash flux of 2 times the filtration flux was noticed for a constant flux filtration
operation (Chang et al., 2017). Chemical cleaning is usually employed for fouling that
could not be removed with hydraulic cleaning methods (Gruskevica & Mezule, 2021).
Fouling that could not be removed with hydraulic cleaning methods is known as
hydraulically irreversible fouling (Shi et al., 2014). The type of cleaning chemicals (such
as oxidants, alkali and acids) used for a cleaning application depends on the membrane
material and type of foulants (Shi et al., 2014). Chemical cleaning processes are of two
types-clean in place (CIP) and chemically enhanced backwash (CEB). CIP is an in-situ
membrane cleaning step which is usually performed when the membrane filtration
operation reaches a threshold where any further operation is uneconomical. The intensive
nature of this cleaning technique leads to large consumption of chemicals and water
(Gruskevica & Mezule, 2021). Due to which, CIP is reported to increase the occupational
safety risk in a water treatment plant (Chang et al., 2015; Palabiyik et al., 2015). In
Gruskevica & Mezule, (2021)’s review paper on cleaning of ceramic UF membranes, the
average CIP duration used in various research studies were between 15 minutes and 180
minutes. In addition, it was noticed that CIP cleaning in these studies were usually
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performed at temperatures above 40˚C (Gruskevica & Mezule, 2021). On the other hand,
CEBs are gaining popularity in the field of membrane cleaning due to less chemical use
and minimal disruption to membrane filtration compared to a CIP. CEBs are essentially a
hydraulic backwash combined with chemical aids to assist with in-situ cleaning. It is
performed to minimize the high internal pressure drop between filtration cycles rather than
to completely recover membrane permeability (Gruskevica & Mezule, 2021; Gul et al.,
2021). CEBs mitigate fouling between filtration cycles long enough to minimize the
frequency of CIP (Crittenden et al., 2012). The typical duration of a CEB is similar to that
of a hydraulic backwash (Chang et al., 2017). Typical CEB frequency in full-scale
membrane filtration plants range from twice a day to once in 28 days (Porcelli & Judd,
2010b).
Shi et al., (2014) mentioned a survey of 83 UF plants in Germany. They observed that
treatment plants using CEB only required CIP once in 1 to 5 years. Whereas, treatment
plants without CEB required CIP, 1 to 4 times a year. This implies that CIP cannot be
completely avoided but the frequency of its use can be limited with CEB cleanings (Shi et
al., 2014). Therefore, using CEB at appropriate intervals along with CIP can reduce the
overall chemical solution usage and time out of service for membranes. Details on common
chemical solutions and concentrations used for CIP/CEB cleaning are discussed in the
following sections.
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2.2.1

Natural organic matter (NOM)

The most common foulant found in water treatment operations is natural organic matter
(NOM). It can originate from terrestrial organic matter, cellular debris and effluents from
wastewater treatment plants. NOM is comprised of many complex compounds of different
molecular weights, structures and functional groups. Bovine serum albumin (BSA), sodium
alginate (SA) and commercial humic acids (HA) are common NOM representatives used
for proteins, polysaccharides and humic acid fractions, respectively in typical bench-scale
membrane filtration tests (Jermann et al., 2008). Each component of NOM foul membranes
differently based on their molecular weights and other physio-chemical properties (Shi et
al., 2014).
NOM causes various forms of fouling on the membrane surface and inside membrane
pores. Adsorption, cake layer, pore constriction and pore blocking are common
mechanisms of membrane fouling. Adsorption occurs by chemical bonding, hydrophobic
interactions or electrostatic attraction between foulants and the membrane (Shi et al., 2014).
Large molecular weight organics usually forms a layer of foulants (commonly known as a
“cake layer”) on the membrane surface. Small molecular weight organics causes pore
constriction and blocking by adsorbing inside the membrane pores. Pore constriction and
blocking usually occurs in the initial stages of filtration when the membrane is relatively
clean with open pores (Yang et al., 2019; Shi et al., 2014). This leads to an obvious initial
reduction in flux through the membrane. Initial pore blocking and constriction is followed
by cake layer buildup which further reduces the flux through the membrane (Iritani &
Katagiri, 2016).
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According to Zularisam, et al., (2011), aquatic NOM can be broadly divided into
hydrophobic and hydrophilic NOM fractions. Hydrophobic NOM is made up humic and
fulvic acid containing carboxylic and/or aromatic functional groups (Yamamura et al.,
2014; Zularisam et al., 2011). The hydrophilic fraction consists of primary and secondary
protein (hydrophilic bases), amino acids (hydrophilic acids) and polysaccharide molecules
(hydrophilic neutrals) (Yamamura et al., 2014; Zularisam et al., 2011). The hydrophilic
NOM fractions are primary composed of aliphatic carbon and hydroxyl groups (Yamamura
et al., 2014). Fractionation of typical NOM is said to show hydrophobic NOM (75%) as
the major fraction with hydrophilic NOM accounting for a smaller fraction (20%) (AlAmoudi & Lovitt, 2007). Liu et al, (2016) also noticed strong and weak hydrophobic acid
NOM fractions (5.5 mg C/L) were the largest fraction out of the total organic carbon in
raw lake water when compared to the hydrophilic acid NOM fractions (i.e., charged and
neutral) (4.2 mg C/L). In general, hydrophilic membranes are reported to have lower
fouling potential than hydrophobic membranes (Gul et al., 2021). This is assumed due to
the ability of hydrophilic membranes to form hydrogen bonds with water on the membrane
surface. This prevents the adsorption of hydrophobic foulants from being absorbed on to
the membrane surface (Gul et al., 2021).
That being said, there are disagreements regarding the dominant NOM fractions (i.e.,
hydrophobic or hydrophilic fraction) responsible for fouling membranes (Shi et al., 2014).
Yamamura et al., (2014) noticed the hydrophilic NOM fraction was responsible for most
of the hydraulically irreversible fouling on both hydrophobic (PES) and hydrophilic (PAN)
membranes of the same MWCO. The large size of hydrophilic NOM constituents may have
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resulted in size exclusion being the dominant removal mechanism rather than adsorption
of foulants on the membrane surface due to membrane-foulant interaction (Yamamura et
al., 2014; Zhou et al., 2017).
However, the results obtained by Yamamura et al., (2014) contradict what Lee et al., (2001)
observed. Lee et al., (2001) conducted fouling studies with two types of natural waters on
a PES (relatively hydrophobic) UF membrane. It was observed that the PES membrane
rejected almost 70% of groundwater feed DOC (SUVA: 5.7 L.m-1/mg, humic content:
90.1% of DOC). Whereas, only less than 20% of the reservoir surface water feed DOC
(SUVA: 2.9 L.m-1/mg, humic content: 43.4% of DOC) was rejected when filtered through
the PES membrane. Lee et al., (2001) believes the high hydrophobicity of ground water
NOM may have been the reason for higher DOC retention on the relatively hydrophobic
membrane. In addition, hydrophobic NOM has a tendency to aggregate to minimise
interfacial free energy (Gul et al., 2021). This could be another explanation for higher DOC
rejection seen with groundwater by Lee et al., (2001).
Such differences in fouling by surface waters demonstrates the complexity of membranefoulant interaction.
2.3

Humic acid (HA)

Humic substances are a common foulant found in surface water. It makes up for about 80%
of all NOM (Liu et al., 2016; Shi et al., 2014). For this reason, HAs (a part of humic
substance) are generally considered to be a good representatives of fouling behavior by
surface water NOM (Chang et al., 2015; Kim & Dempsey, 2013). Kim & Dempsey (2013)
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compared the fouling trends of individual NOM surrogates (Aldrich HA, soluble micobial
products and sodium alginate) with Suwanee River NOM (SRNOM). This was performed
to see which of these surrogates were the closest with regards to fouling trends when
compared with real surface water NOM (i.e., SRNOM) on membranes. They found HA
was the most representative among all NOM components that were studied. Previous UF
membrane research studies used commercial HA in the range of 2-10 mg/L to represent
surface water quality (Alresheedi et al., 2019b; Chang et al., 2015; Peter-Varbanets et al.,
2011). Therefore, this research study will be using commercial HA from within this range
to represent typical surface water. HA found in aquatic environments consists of aromatic
and aliphatic structures. These structures primarily contain carboxylic groups (60-90%)
along with some phenolic functional groups (Yamamura et al., 2014b; Al-Amoudi &
Lovitt, 2007).
The interaction of HA on a membrane surface was found to be influenced by factors such
as the presence of ions and pH of the feed solution. Humic acid adsorption on membranes
increases with decreasing pH and increasing ionic strength (Jones & O’Melia, 2000; De
Angelis & de Cortalezzi, 2013). In theory, HA in alkaline solution would not foul a
negatively charged membrane due to charge repulsion (Li & Elimelech, 2004). This is
because, the pKa value of the carboxylic group on HA is reported to between pH 3-6 (Jones
& O’Melia, 2000). Therefore, anything above this pH range would give the carboxylic
group on HA a negative charge. However, as will be seen in the following sections,
increased charge repulsion between membrane and NOM does not guarantee absence of
NOM adsorption on the membrane.
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HA is said to mainly cause hydraulically irreversible fouling during membrane filtration
(Liu et al., 2016). This is attributed to HA’s small molecular weight distribution when
compared to typical low-pressure membrane MWCOs (Liu et al., 2016). The MWCO for
UF membranes range from 1-500 KDa (Crittenden et al., 2012). As seen in table 2.1, more
than half (68%) of all the Aldrich HA molecular weight fraction was below 100 KDa.
Almost half of this fraction (i.e., 30% out of 68%) were below 30 KDa (Alresheedi et al.,
2019b). The small MW of HA may cause pore constriction/blocking on typical lowpressure membranes (Ferrer et al., 2016).
Table 2.1: Molecular weight distribution of various NOM feed solutions with feed
characteristics: 2.5 mg C/L, turbidity=5 NTU, feed pH=7.5, alkalinity=75 mg CaCO3/L
(Source: Alresheedi et al., 2019b)

De Angelis & de Cortalezzi, (2013) performed a fouling test with HA (10 ppm) on an iron
oxide ceramic membrane (150 KDa) at constant pressure. During the initial phase of the
filtration experiment, the HA feed solution demonstrated a sharp flux decline. De Angelis
& de Cortalezzi, (2013) believes this initial flux decline is due to complete blocking of
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membrane pores by HA molecules. Pore constriction and blocking can lead to irreversible
fouling on membranes (Liu et al., 2016). In the last stages of filtration, HA molecules
formed cake layers on the membrane surface. De Angelis & de Cortalezzi, (2013) cleaned
the fouled membrane with water (i.e., hydraulic cleaning) after the filtration cycle. The
cleaning step only recovered 56% of the membrane permeability that was lost due to
fouling (De Angelis & de Cortalezzi, 2013). This indicates that nearly half (44%) of the
fouling caused by HA feed solution was hydraulically irreversible in nature. This may be
attributed to pore blocking noticed by De Angelis & de Cortalezzi, (2013). Alresheedi et
al., (2019b) also noticed that 75% of all fouling by Aldrich HA (as 2.5 mg C/L) on a
ceramic UF membrane was hydraulically irreversible when operated as constant flux.
Alresheedi et al., (2019b) removed 80% and 90% of the hydraulically irreversible fouling
with the help of NaOCl (500 mg Cl2/L, pH=11) and NaOH (pH=11) CIP solutions,
respectively. This clearly demonstrates the insufficiency of hydraulic cleaning to recover
membrane permeability lost due to fouling by HA. Therefore, chemical cleaning is
essential to recover most of the initial membrane permeability.
The presence of cations in HA feed solutions were found to cause significant fouling on
membranes than without cations in HA feed solutions. Chang et al., (2015) noted the
presence of cations (such as Ca2+) in HA feed solution changed the shape of HA from long
chains to a coil structure. This occurs by reducing the repulsion of charged groups on the
HA molecule (Chang et al., 2015). This may allow HA molecules to have a smaller
configuration due to reduction in its interchain repulsion (Al-Amoudi & Lovitt, 2007). The
small configuration may have allowed the HA+Ca2+ complex to easily enter the membrane
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pores and cause adsorptive fouling (Chang et al., 2015). This is in agreement with other
studies that used HA in combination with cations (Jones & O’Melia, 2000; Kim &
Dempsey, 2013; Li & Elimelech, 2004).
Hydraulic cleaning was not good enough to remove HA+Ca2+ complex from the membrane
surface and inside the pores (Li & Elimelech, 2004). Li & Elimelech, (2004) only obtained
5% of the lost flux after cleaning a NF membrane fouled with DI water. The foulants were
Suwannee River HA along with Ca2+ ions. This indicates that a majority of the fouling
involving HA+Ca2 complexes are hydraullically irreversible in nature. Tian et al. (2013)
reported that 70% of the total fouling resistance caused by HA+Ca2+ (2.5 mg C/L+0.5 mM
CaCl2) feed solution on a PES UF membrane was hydraulically irreversible. This maybe
due to the high propensity of HA+Ca2+ complexes to cause pore blocking (Kim &
Dempsey, 2013). Effective chemical cleaning is required to remove these types of foulants
(Jones & O’Melia, 2000). The typical cleaning procedure used to remove NOM+Ca2
complexes are discussed in the following sections.
2.4

Chemical cleaning

Almost half of the cost of produced water comes from the energy cost incurred while
operating a water treatment plant (Al-Amoudi & Lovitt, 2007). Therefore, 10 to 30%
reduction in driving pressure after chemical cleaning can have a considerable effect on the
cost of water production in the long term (Al-Amoudi & Lovitt, 2007). This emphasises
the need for appropriate chemical cleaning to ensure good and consistent membrane
operation. Chemical cleaning solutions have proven to be effective in removing foulants
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that could not be removed with hydraulic cleaning methods alone (Abdullah & Bérubé,
2018). However, a major concern regarding chemical cleaning is the significant
environmental and economic impact arising from its use (Gruskevica & Mezule, 2021).
Therefore, it is essential to optimize its usage to achieve maximum efficiency with reduced
chemical dose.
Various cleaning solutions have varying effects on different types of foulants and
membrane materials. Alkaline and oxidant cleaning solutions are usually used for organic
fouling (Shi et al., 2014; Zhou et al., 2017). Oxidants also act as a disinfectant at suitable
pH (Shi et al., 2014). Acidic cleaning solutions are found to be effective in removing
inorganic and metallic foulants (Shi et al., 2014). Chelating agents such as ethylenediamine
tetra-acetic acid (EDTA) are used to break complexes involving multivalent ions such as
Ca2+ (Shi et al., 2014). Chemical cleaning efficiency of fouled membranes depend on
cleaning solution properties such as pH, temperature and chemical composition. They also
depend on physical parameters such as sequence of administration, duration of cleaning,
etc. The large number of variables associated with chemical cleaning shows its complexity
and need for further research and optimisation (Gul et al., 2021; Porcelli & Judd, 2010a).
2.4.1

Sodium Hypochlorite (NaOCl)

Oxidant membrane cleaners such as NaOCl degrade proteins and humic substances by
attacking the aromatic rings present on these molecules. The Cl atom on the -OCl species
of NaOCl acts as a strong electrophile and attacks the electron dense part of an organic
compound (such as double bonds) to oxidize it. This oxidation process converts NOM into
30

smaller molecular weight compounds with oxygen containing functional groups which
enables oxidised NOM to be more hydrophilic (Ferrer et al., 2016; Fukuzaki, 2006;
Gruskevica & Mezule, 2021; Li et al., 2019; Porcelli & Judd, 2010a). These qualities
maybe the reason why NaOCl is the most common CEB solution used in low pressure
membrane systems, according to Chang et al., (2017).
NaOCl concentration and pH seem to be important parameters that determine NaOCl’s
cleaning efficiency. Wang et al., (2018) demonstrated this in their bench-scale fouling tests
with regenerated cellulose UF (100 KDa) membrane with BSA and SA (1 gm/L) in
combination with CaCl2 (as 1 mM of Ca2+). The cleaning was performed with NaOCl
solution (0-1000 mg Cl2/L) at pH 5 to 11 for 60 minutes. Flux recovery was seen to increase
with increase in free Cl2 concentration and NaOCl solution pH (Wang et al., 2018). Both
BSA and SA, gave similar flux recovery results under tested conditions in Wang et al.,
(2018)’s study. Therefore, only the cleaning efficiency of BSA+Ca2+ will be discussed
further. The flux recovery was seen to increase with increase in NaOCl (100 mg/L) solution
pH from 5 to 11. The flux recoveries at NaOCl solution pH 5 and 11 were 49% and 77%,
respectively (Wang et al., 2018). Wang et al., (2018) says the improved permeability of
NaOCl at pH 11 is probably due to repulsive forces between the foulant molecules on the
membrane. Deprotonation of organic foulants at high pH leads to negative charge
formation on the organic molecule. This may have led to repulsive forces between foulant
molecules which makes the foulant layer more porous (Wang et al., 2018). This maybe
why diffusion of NaOCl was seen to be a faster diffusion at pH 11 than at pH 5 in the
foulant layer (Wang et al., 2018). Li et al., (2019) observed similar increase in cleaning
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efficiency (with increase in cleaning pH) after cleaning a HA fouled PES membrane with
NaOCl (500 mg/L). NaOCl cleaning efficiency rose from 85% (at pH 7) to 95.2% (at pH
11) (Li et al., 2019). Based on the above results, pH is seen to be critical factor in NaOCl’s
cleaning efficiency.
Another reason for the variation in NaOCl cleaning efficiency with pH maybe due to the
dominance of certain chlorine species at different pH values. pH 5 produced hypochlorous
acid (HOCl) as the dominant active chlorine species. At pH 11, hypochlorite ion (-OCl)
was the active chlorine species, accounting for 99% of all chlorine species in the solution
(Li et al., 2019; Wang et al., 2018). Fukuzaki, (2006) notes -OCl to be the dominant chlorine
species responsible for cleaning applications containing organic matter. This maybe
another reason why high pH NaOCl solution recovered more flux than low pH solution in
Wang et al., (2018)’s study. In addition, -OCl was found to be highly stable in alkaline
solutions (i.e., pH>10). So stable that its concentration was reported to be constant for
almost 6 months, according to Fukuzaki, (2006). The presence of -OH (provided by NaOH)
is said to be critical for effective cleaning by NaOCl. This is because -OH stabilises -OCl
chlorine species making it less susceptible to lose its cleaning strength by decomposition
(Fukuzaki, 2006). Therefore, high pH (i.e., pH>10) is favored while cleaning with NaOCl.
As expected, cleaning efficiency was seen to increase with increase in NaOCl
concentration. Wang et al., (2018) observed the flux recovery after NaOCl (100 mg Cl2/L,
pH=11) cleaning of the BSA+Ca2+ fouled membrane was 78%. Whereas, the flux
recovered by NaOCl (1000 mg Cl2/L, pH=11) was 100% (Wang et al., 2018). Similar
increase in cleaning efficiency was seen by Wang et al., (2016) in their response surface
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model which assessed cleaning solution (NaOCl, NaOH) concentration to clean a HA
fouled PVDF membrane. NaOCl cleaning efficiency rose from 78% at 100 mg NaOCl/L
to 100% at 200 mg NaOCl/L while cleaning for a duration of 1 hour (Wang et al., 2016).
Further increase in NaOCl concentration resulted in a cleaning efficiency greater than
100% which was attributed to PVDF membrane damage (Wang et al., 2016). These studies
show increasing NaOCl concentration can have a positive impact on membrane cleaning
efficiency. However, as explained in section 2.1.2, high NaOCl concentrations can cause
oxidative membrane damage. Oxidative membrane damage leads to reduction in
membrane life as well as poor permeate water quality (Arkhangelsky et al., 2007; Rabuni
et al., 2015; Wang et al., 2016).
Reports in literature on typical NaOCl concentrations as CEB are variable. Concentrations
as low as 1 mg Cl2/L and as high as 500 mg Cl2/L (with an average of 71 mg Cl2/L) was
reported in a review article by Chang et al., (2017). These concentrations ranges were
obtained from a summary of 17 research studies that used NaOCl as a CEB to clean MF/UF
membranes used to filter potable water (Chang et al., 2017). Therefore, typical NaOCl
concentrations used as CEB is close to, or in some cases, above the recommended free Cl2
concentration for polymeric and cellulose acetate membranes during long term operation.
As mentioned earlier, free Cl2 concentration of CA and polymeric membranes (such as PS
and PES) must be below 1 ppm and 50 ppm, respectively to prevent oxidative damage
during long term operations (Shi et al., 2014). This limitation on NaOCl concentration can
be a hinderance to achieving good cleaning efficiencies with oxidants.
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A possible explanation for the need to use high concentrations of NaOCl could be due to
the high surface tension of NaOCl solutions (Fukuzaki, 2006). High surface tension results
in low wetting of NaOCl on the membrane surface (Fukuzaki, 2006). This relationship
between cleaning solution surface tension and cleaning efficiency was demonstrated by
Alresheedi et al., (2019a) while cleaning a HA fouled ceramic membrane. NaOCl (500 mg
Cl2/L, pH=12) and NaOH (400 mg/L, pH=12) CIP solutions had a cleaning efficiency of
90% and 94%, respectively (Alresheedi et al., 2019a). The lower cleaning efficiency seen
with NaOCl may be because it had a higher surface tension (74.1 mN/m) compared to
NaOH (72.6 mN/m) (Alresheedi et al., 2019a).
The use and dosage of NaOCl should be weighed against the possible deleterious effects it
may have on certain membranes. The formation of disinfection byproducts (DBPs) due to
the reaction of NOM with oxidants (such as NaOCl) is another major concern in the water
treatment industry.
2.4.1.1 Disinfection byproducts (DBPs) formation while using NaOCl
Disinfection byproducts (DBPs) have gained increasing attention over the years for its
deleterious effects on human health. DBP formation is said to be common in
water/wastewater treatment plants. To give some context, NaOCl cleaning of membrane
bioreactors in China was reported to produce around 650 kg/year of toxic organic
halogenated material (Li et al., 2019).
Trihalomethanes (THMs) and haloacetic acids (HAAs) are two classes of DBPs gaining
increasing attention in the context of water treatment (Marcoux et al., 2017; Zhang et al.,
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2016). This may be beacuse THMs and HAAs are found in higher quantities compared to
other DBP compounds in drinking water systems (Chaukura et al., 2020). Hydrophilic
NOM are considered to be precursors to HAAs. Whereas, hydrophobic NOM are said to
be the precusors to THMs (Chaukura et al., 2020; Zhang et al., 2016). Hydrophobic NOM
are mentioned to be more likely to form DBPs than hydrophilic NOM fractions. This was
attributed to the increased reactivity of free chlorine with humic acids (Chaukura et al.,
2020). This may be why humic acids are said to be one of the main precursors of majority
of DBPs (Bond et al., 2009). THMs are known to cause kidney and liver failure along with
fertility issues (Chaukura et al., 2020). Regulated DBPs are carcinogenic, mutogenic and
pose a threat to the developement of organisms including humans (Chaukura et al., 2020).
Some of the detected DBPs have limited known toxicity values. This hinders research on
the effects of these DBPs on human health (Zhang et al., 2016).
Zhang et al., (2016) studied the formation of DBPs by NaOCl when used as a CEB to clean
a hollow fiber PVDF UF membrane fouled by NOM. NaOCl CEB concentration from 10200 mg/L was used to clean the fouled membrane. The feed water (DOC=3.5 mg/L,
turbidity=2.52 NTU, pH=7) used in this study was collected from a water treatment plant
in China. Zhang et al., (2016) noted a linear increase in DBP formation with increasing
NaOCl concentration. The optimal NaOCl CEB concentration was identified as 25 mg/L
for a CEB duration of 4 minutes and an interval of 120 minutes (Zhang et al., 2016). It
must be noted that the CEB frequency used by Zhang et al., (2016) is higher than what is
commonly used in full-scale membrane systems (Porcelli & Judd, 2010b). The low NaOCl
CEB concentration used in this study may be the reason for using frequent CEB in Zhang
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et al., (2016)’s study. This concentration (25 mg/L) was selected after considering the DBP
formation potential and the PVDF membrane cleaning efficiency. This NaOCl CEB
concentration (25 mg/L) posed no non carcinogenic risk to human health (Zhang et al.,
2016). However, Zhang et al., (2016) said this concentration may pose a potential
carcinogenic risk to human health. Zhang et al., (2016) mentioned DBP formation can’t be
completely avoided while using NaOCl to remove NOM fouling. However, DBP formation
can be reduced by minimising the concentration of NaOCl. This research study will use
NaOCl concentration (25 mg/L) recommended by Zhang et al., (2016) to clean HA fouled
ceramic membrane as CEB.
Limited knowledge on DBPs can be a hinderance to ensuring complete removal of these
potential carcinogens from drinking water. Therefore, steps must be taken to limit DBP
formation potential without sacrificing the required membrane cleaning efficiency with the
common oxidants.
2.4.2

Sodium Hydroxide (NaOH)

NaOH is another common chemical cleaning solution used to remove organic fouling in
low pressure membrane systems. It is usually administered at a pH of 11-12. NaOH helps
in the dissolution of weakly acidic organic matter (carboxylic and phenolic functional
groups) and converts polysaccharides and proteins into small sugars and amides (Porcelli
& Judd, 2010a). Alkaline cleaning solutions help in the expansion of humic acid molecules
and ensures good pH conditions for effective cleaning of membranes (Shi et al., 2014).
High pH is thought to increase the electrostatic repulsion between foulants and membranes.
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This occurs when a membrane surface adsorbs -OH ions (from NaOH). This gives the
membrane a negative charge which could repel negatively charged NOM from the
membrane surface (Fukuzaki, 2006; Ujihara et al., 2016). However, the lack of good NaOH
buffering capacity leads to the need for highly alkaline conditions for efficient membrane
cleaning. Therefore, pH of alkaline cleaning solutions would have to be high (pH 11-12)
to neutralize all the acids and saponify fat molecules that are present (Shi et al., 2014).
NaOH seems to be a popular CIP solution. This can be seen in the summary of 18 research
articles on CIP cleaning of ceramic UF membranes, by Gruskevica & Mezule, (2021). Out
of the 18 articles, 13 articles used NaOH as a CIP. Only 10 articles used NaOCl as a CIP
solution. 4 of these articles used a combination of NaOCl and NaOH (Gruskevica &
Mezule, 2021). NaOH is commonly used in the concentration range of 0.5-2 wt.% as a CIP
(Gruskevica & Mezule, 2021). In addition, few studies were seen to use NaOH as a CEB
solution. This observation is in agreement with what was observed in Chang et al., (2017)’s
review paper. Chang et al., (2017) summarised common CEB solutions used to clean low
pressure membranes in potable water treatment. Out of the 23 research articles that were
mentioned, only 2 research studies used NaOH as a CEB solution (Chang et al., 2017). A
majority of studies (17 research studies) used NaOCl as a CEB solution, making it the most
common CEB solution to clean low-pressure membranes (Chang et al., 2017). The typical
NaOH CEB concentration used in various membrane cleaning studies were between 2501000 mg NaOH/L (Lateef et al., 2013; Mei et al., 2017; Oligny et al., 2016; Snowdon et
al., 2018). These concentrations maybe high for CEB cleaning as the CIP solution used in
this study uses 460 mg/L of NaOH.
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Wang et al., (2016) noticed the cleaning efficiency increased with NaOH concentration up
to a certain concentration (i.e., 0.2 w/v%) in their response surface model to clean a HA
fouled PVDF membrane. However, the cleaning efficiency showed a steady decline with
further increase in NaOH concentration (i.e., above 0.2 w/v%) as observed from the model.
The decrease in cleaning efficiency with increasing NaOH concentration was attributed to
the reaction of NaOH with the hydrophilic membrane components. This made the
membrane more hydrophobic (Wang et al., 2016). Shi et al., (2014) mentioned high pH
(i.e., pH>12) can lead to dehydrofluorination of the PVDF membrane. Wang et al., (2016)’s
research showed that the concentration of NaOH is an important parameter affecting the
cleaning efficiency of alkaline cleaning solutions. However, as seen with NaOCl, excess
use of a cleaning solution may have more detrimental effects to the membrane than the
intended benefits (Rabuni et al., 2015; Shi et al., 2014).
2.4.3

Combined chemical cleaning solutions

NaOH is typically used in combination with other cleaning solutions to remove tough
foulants on the membrane surfaces and in the pores. The improved cleaning efficiency of
the combined cleaning solution is attributed to the synergistic cleaning mechanisms of the
individual cleaning components (Porcelli & Judd, 2010a; Snowdon et al., 2018).
Alresheedi et al., (2019a) ran a bench-scale cleaning test on a ceramic UF membrane fouled
with humic acid (HA). NaOH (400 mg/L), NaOCl (500 mg Cl2/L) and their combinations
were used as CIP solutions for a cleaning duration of 4 hours. The combined cleaning
solution of NaOCl+NaOH (at pH=12) achieved a high chemically reversible fouling
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resistance (i.e., UMFIcr=almost 99%) removal rate (Alresheedi et al., 2019a). This is high
when compared to either of the individual cleaning solutions i.e., NaOCl (UMFIcr= 90%)
and NaOH (UMFIcr= 94%) (Alresheedi et al., 2019a). A possible reason for the
effectiveness observed with NaOH+NaOCl could be due to the synergistic effect of the
combined cleaning solution. NaOH may have initially expanded the fouling layer. This
allowed other cleaning solutions such as NaOCl to permeate deeper into the fouling layer
to oxidize and break down the foulants (Alresheedi et al., 2019a; Fukuzaki, 2006; Porcelli
& Judd, 2010a; Wang et al., 2016). Porcelli & Judd, (2010a) mentioned oxidants break
down organic matter into carboxyl, ketonic and aldehyde functional groups. These
functional groups are then hydrolyzed at high pH (Porcelli & Judd, 2010a; Zhou et al.,
2017). It was also noted that NaOH+NaOCl combination had a lower surface tension (i.e.,
72.1 mN/m at pH 12) when compared to single component NaOH (72.6 mN/m at pH 12)
and NaOCl (74.1 mN/m at pH 12) cleaning solutions (Alresheedi et al., 2019a). This may
have allowed the NaOCl+NaOH to wet the fouled membrane more than its individual
components (Alresheedi et al., 2019a). Thus, removing more foulants. Ferrer et al., (2016)
also observed better foulant removal efficiency with NaOH+NaOCl (34%) compared to
NaOH (28%) as a CEB solution to clean a NOM fouled PS UF membrane. Interestingly,
NaOH+NaOCl CEB solution did not perform better than NaOCl CEB solution (38%)
(Ferrer et al., 2016). Potential reasons for this observation was not provided by Ferrer et
al., (2016).
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2.4.4

Surfactants as cleaning solution

Surfactants are commonly used in membrane cleaning operations due to their ability to
reduce interfacial tension and increase mass transfer between foulants and the cleaning
solution (Shi et al., 2014). Surfactants owe this ability to its amphiphilic property which
allows them to interact with their surroundings using hydrophobic and hydrophilic groups
(Shi et al., 2014).
Surfactants are classified as cationic, anionic and nonionic in property. Among these
groups, anionic and nonionic surfactants are commonly used for membrane cleaning
operations (Shi et al., 2014). Nonionic surfactants are used in hard water due to their ability
to not be affected by metal ions. However, nonionic surfactants are said to be less effective
than anionic surfactants in their cleaning ability (Shi et al., 2014). Cationic surfactants have
a positive charge and are mentioned to be insoluble in alkaline solutions (Shi et al., 2014).
The main drawback of cationic and nonionic surfactants are that they strongly adsorb onto
negatively charged membrane surfaces. This can lead to severe flux decline and irreversible
fouling when used on such membranes (Al-Amoudi & Lovitt, 2007; Shi et al., 2014). On
the other hand, anionic surfactants such as SDS dissociates in water to have a negative
charge. This is due to the low pKa value (i.e., pH=2.12) of SDS’s polar sulphate group (AlAmoudi & Lovitt, 2007; Shi et al., 2014). Therefore, electrostatic repulsion exists between
anionic surfactants and negetively charged membranes. This repulsion may limit
adsorption of these surfactants on negetively charged membranes surfaces. Thus,
minimizing any flux change associated with SDS adsorption on the membrane surface (AlAmoudi & Lovitt, 2007). However, Al-Amoudi & Lovitt, (2007) acknowledges some
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eventual adsorption of anionic surfactants will take place on the hydrophobic parts of a
given membrane.
2.4.4.1 Sodium dodecyl sulphate (SDS)
This research plans to use anionic surfactant, SDS, for membrane cleaning operations. SDS
was chosen because of its popularity as a surfactant for typical membrane cleaning
applications (Arijit Das et al., 2015; Beyer et al., 2010; Hijnen et al., 2012; Li & Elimelech,
2004; Li et al., 2005; Madaeni & Samieirad, 2010; Madaeni et al., 2009; Wang et al., 2018).
Due to its common use, SDS’s cleaning mechanism with foulants is understood fairly well.
In addition, SDS is said to be negatively charged in typical surface water pH. This may
reduce SDS adsorption on negatively charged membranes due to electrostatic repulsion
(Al-Amoudi & Lovitt, 2007).
Li & Elimelech, (2004) achieved good flux recovery after cleaning a NF polyamide
membrane with SDS. The NF membrane was fouled with Suwannee River HA (20 mg/L)
along with divalent ion (Ca2+). The flux recovery was higher than 100% after cleaning with
10 mM SDS (i.e., 103%). Li & Elimelech (2004) described the SDS-foulant interaction to
be hydrophobic in nature. Micelles form at/slightly above SDS’s critical micellar
concentration (CMC), which is around 8.36 mM in DI water (Li & Elimelech, 2004; Masse
et al., 2015; Wang et al., 2018). These micelles penetrate into the fouling layer where they
break up into monomers. The hydrophobic tail of the SDS monomers interacts with the
hydrophobic HA molecule. This interaction helps to relax the coiled structure of the HA
molecules. Micelles may form around the HA molecule by interacting with its hydrophobic
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surfaces. This breaks HA molecules (which is attached to the tail of SDS) from the
intermolecular bridge with Ca2+ (Beyer et al., 2010; Li & Elimelech, 2004). The HA
molecule is then solubilised and is removed with the cleaning solution (Li & Elimelech,
2004; Arijit Das et al., 2015). Arijit Das et al., (2015) observed a decrease in cleaning time
from 25 minutes to 10 minutes with increase in SDS concentration from 0.1 to 0.3 mM.
This was observed while cleaning a RO membrane fouled with sodium alginate (SA).
Reduced surface tension due to SDS is said to have allowed for easier solubilisation of SA
molecules from the foulant layer into the cleaning solution (Arijit Das et al., 2015).
Concentration of surfactants seem to be a key parameter that determines the effectiveness
of surfactant cleaning solutions. Most studies use surfactants at(or) slightly above its
critical micellar concentration (CMC). This was to utilise the micellization property of
surfactants at this concentration (Al-Amoudi & Lovitt, 2007; Shi et al., 2014; Li &
Elimelech, 2004). In Li & Elimelech, (2004)’s research, the cleaning efficiency increased
with SDS concentration. At 1 mM SDS concentration, only 12% of the lost flux was
recovered after cleaning. The poor cleaning efficiency of 1 mM SDS was attributed to the
inability of SDS monomers to strongly bind to the HA molecules via hydrophobic linkages
to remove them from the HA+cation complex. When the SDS concentration was increased,
the hydrophobic links between SDS monomers and HA also increased. This facilitates the
removal of some HA molecules. SDS (at 8 mM) had a flux recovery of 90%. Whereas,
SDS concentration at 10 mM, resulted in a flux recovery of 103% (Li & Elimelech, 2004).
It was noticed that flux recovery significantly rose to 108% with increase in SDS
concentration from 10 mM to 35 mM. Li & Elimelech, (2004) attributed the increase in
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flux recovery (i.e., above 100%) to the adsorption of SDS on the membrane surface. The
adsorption of SDS may have made the membrane more hydrophilic after cleaning with 10
mM SDS (Li & Elimelech, 2004). However, unlike Li & Elimelech (2004), Masse et al.,
(2015) noticed a decrease in flux recovery (95.8%) after cleaning a virgin polyamide RO
membrane with 36 mM SDS solution. Masse et al., (2015) believes the flux decline
observed after cleaning is because of SDS adsorption on the slightly negative RO
membrane surface.
The above studies show that the cleaning efficiency of SDS is highly dependant on its
concentration. Increase in SDS concentration will generally lead to an increase in the
foulant removal efficiency. The highest cleaning efficiency is seen to be around SDS’s
CMC. However, any further increase in concentration above SDS CMC may produce
variable flux recovery after cleaning.
2.4.4.1.1 Combined cleaning solutions with SDS
SDS was primarily used as a single component cleaning solution and occasionally in
combination with other cleaning solutions (Li & Elimelech, 2004; Li et al., 2017). When
SDS was used in combination with other cleaning solution, it was found to reduce the
surface tension of the other cleaning solution. Thus, enhancing the cleaning mechanism of
other cleaning solution (NaOH being the most common) on the foulant. This enables the
combined cleaning solution involving SDS (such as NaOH+SDS) to perform better than
their individual cleaning solution components i.e., SDS or NaOH alone (Hijnen et al., 2012;
Li et al., 2005; Madaeni & Samieirad, 2010; Sohrabi et al., 2011).
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Li et al., (2005) observed this while cleaning a PS UF membrane fouled with fermentation
broth (containing high strength organics such as cells, proteins and glutamic acid). The flux
recovery (%) obtained with SDS+NaOH (0.3 w/w%) (107.7%) was the highest among all
tested cleaning solutions. For comparison, the cleaning efficiency of SDS (0.3 w/w%) and
NaOH (0.3 w/w%) were around 94.3% and 60%, respectively (Li et al., 2005). The
additional 7.7% increase in flux recovery with SDS+NaOH was attributed to the adsorption
of SDS on the membrane as well as the expansion of the polymeric membrane pores under
alkaline conditions (Al-Amoudi & Lovitt, 2007; Li & Elimelech, 2004; Li et al., 2005).
Similarly, Sohrabi et al., (2011) achieved 90% flux recovery when SDS+NaOH (0.1 wt.%)
was used to clean a RO membrane fouled with licorice solution. Only 60% flux recovery
was achieved with either individual cleaning solutions i.e., SDS (0.1 wt.%) and NaOH (0.1
wt.%) on the RO membrane. The better cleaning efficiency seen with SDS+NaOH was
attributed to the synergistic cleaning mechanism of the combined cleaning solution. SDS
is said to reduce the interfacial tension between foulants and cleaning solution. This
allowed SDS to break NOM-divalent ion bonds. NaOH later solubilised and hydrolysed
these foulants to remove them with the cleaning solution (Sohrabi et al., 2011).
Therefore, the combined SDS+NaOH cleaning solution clearly demonstrates better
cleaning efficiency than their individual cleaning solution components. SDS not only
enhanced the cleaning mechanism of NaOH, it also provided better removal efficiency by
solubilising the foulants. Based on the results of SDS+NaOH membrane cleaning solution,
studies using the combination of SDS and other proven membrane cleaners such as NaOCl
were expected. However, only five research studies were found using the
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oxidant+surfactant combination to clean fouled membranes. Table 2.3 contains the
summary of these research studies. Out of these five studies, only three research studies
used an organic foulant to foul the membrane.
Wang et al., (2018) noticed the addition of SDS (0.5 mM) to NaOCl (100 mg Cl2/L, pH
11) resulted in an increase in flux recovery after cleaning the membrane for 60 minutes.
This combined cleaning solution was used to remove BSA/SA+Ca2+ fouling from a
regenerated cellulose UF membrane. Cleaning with single component SDS (0.5 mM, pH
11) had a minimal flux recovery of 9%. Cleaning with single component NaOCl (100 mg
Cl2/L, pH 11) resulted in 74% improvement in flux recovery. When 0.5 mM SDS was
added to NaOCl (100 mg Cl2/L) cleaning solution, the transport of NaOCl through the
fouling layer increased by almost 60%. This presumably increased the flux recovery from
74% (with NaOCl alone) to 95% after cleaning with SDS+NaOCl combination (Wang et
al., 2018).
However, as mentioned earlier, 100 mg Cl2/L of NaOCl may have the potential to cause
polymeric and cellulose acetate membrane damage during long term operation (Shi et al.,
2014). In addition, SDS concentration (0.5 mM) used in this study is significantly low
compared to its CMC (i.e., 8.36 mM) (Wang et al., 2018). It maybe possible to say that
Wang et al., (2018) may have missed the opportunity to achieve the best cleaning efficiency
with SDS+NaOCl combination by not using SDS at its CMC.
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Cleaning was performed by circulating the cleaning solution for
100 minutes at 0.1 MPa and at 30˚C.

Cleaning was tested on bench-scale experiments. Only cleaning
methods relevant to this research were studied. Fouled membrane
was removed from system and cleaned with DI water. Membrane
was reinstalled and rinsed further with 200 ml DI water at 300 rpm
for 15 minutes. Membrane was soaked in a beaker containing 300
ml of chemical reagent for 1 hour at 25 °C. After which, the
membrane was rinsed with DI water to remove residual chemicals.

Single component cleaning solution: NaOH, NaOCl,
SDBS-anionic surfactant. All cleaning solutions tested
in the concentration range of 0.1-1 wt.%. Combined
cleaning solution: NaOH+NaOCl, NaOH+NaOCl,
NaOCl+SDBS.
All combined cleaning solutions are 1 wt.%+1 wt.%.

Cleaning solutions: Cationic surfactants (DTAC),
zwitterionic surfactants (dodecyl dimethyl betaine (BS12)), anionic surfactants (SDBS), NaOCl (0.2 vol%).
Molar concentrations of DTAC, BS-12, and SDBS
solutions were (~4.0 times their respective CMCs) i.e.,
76, 5.56 and 4.80 mM, respectively.
Single component cleaning solutions: EDTA, DTAC,
BS-12, SDBS, NaOCl. Combined cleaning solution:
DTAC+NaOCl, BS-12+NaOCl
All cleaning solutions were prepared at pH=12.Only
cleaning solutions relevant to this research were studied.

Lab-scale: PVDF UF
hollow fibre (25 nm pore
size)

Pilot-scale: Tubular PVDF
UF with hydrophilic
modification.
Lab-scale: flat sheet
PVDF UF (50 nm)

Lab-scale cleaning tests:
plasticised PVC material
used as substrates to
inoculate biofilms. PVC
substrates are used to
mimic RO membrane
surfaces fouled with
biofilm.

Wastewater from paper making
industry: contains PVA
(polyvinyl alcohol) (1 mg/L) and
TOC (1.4 mg/L)

Polymer flooding wastewater
containing anion polyacrylamide
(APAM).
Feed prepared with and without
14 mM CaCl2 and 40 mM NaCl.

Biofilm (consisting of bacterial
cells, extracellular polymeric
substances and inorganic
compounds).
Adenosine triphosphate (ATP)
and carbohydrates were used as
parameters to quantify biofouling.

Biofilm samples inoculated on PVC substrates were placed in
beakers containing 200 ml DI water and 200 ml chemical solution.
The beakers containing samples were agitated on an orbital shaker
at 100 rpm for 1 hour at 20˚C. After which, biofilm samples
immersed in the chemical solution were put in DI water for 15
minutes under conditions mentioned above to remove residual
chemicals

(Ding et al., 2020)

Fouled membrane was initially washed with DI by stirring the
contents inside the filtration cell for 30 seconds. Chemical cleaning
was performed at 400 KPa using 40 ml of cleaning solution for 1
hour.

Single component cleaning solution: NaOCl (0, 100 and
1000 ppm) at pH= 5, 7, 9 and 11. SDS (0 and 0.5 mM)
at pH 5 and 11. Combined cleaning solution: NaOCl
(100 ppm Cl2)+SDS (0.5 mM i.e., 0.06xCMC) at pH 5
and 9.

Lab-scale: Regenerated
Cellulose UF (100 KDa)

BSA/SA (1 gm/L of either
foulant) + 1mM Ca2+

Chemical cleaning performed with a variety of chemical
cleaning solutions. Chemical solutions were made in DI
water
For this thesis focus given to cleaning solutions: H2O2
(0.5 w/v%, pH=7), H2O2 (0.5 w/v%)+NaOH (pH=11),
H2O2 (0.5 w/v%)+NaOH (pH=11)+SDS (1 w/v%), SDS
(1 w/v%)+NaOH (pH=12)

(Wang et al., 2018)

Fouled membranes were initially washed with DI water.
Membranes were then soaked in chemical cleaning solutions for a
duration between 1 minute and 240 hours. After which, the cleaned
membranes were washed in DI water.

Single component cleaning solutions: DI, NaOCl (150
mg Cl2/L), Tween 20 (0.25 gm/L i.e., 2.5xCMC)nonionic surfactant, NaOH (4 gm/L).
Combination of NaOCl+Tween 20+NaOH was also
tested.

PES and PVDF (30 KDa)

BSA (0.3 gm/L)

(Hijnen et al., 2012)

(Liu et al., 2018)

(Levitsky et al., 2012)

Cleaning process

Cleaning solution

Type of foulant
Membrane

Article

Table 2.2: Summary of research studies that used the combination of surfactant+oxidant and surfactant+alkali+oxidant to
clean fouled membranes

In agreement with Wang et al., (2018), Levitsky et al., (2012) noticed that the combined
cleaning of NaOCl+Tween20 (a nonionic surfactant)+NaOH resulted in the decrease in
cleaning solution concentration and duration when compared to their individual cleaning
components. Levitsky et al., (2012) targeted to achieve complete (i.e., 100%) foulant
removal with tested cleaning solutions. Levitsky et al., (2012) reported that the combined
cleaning solution achieved the target cleaning efficiency (i.e., 100% foulant removal) with
a low Ct (concentration*time) of 0.05 gm.hr/L on a PES and PVDF membrane. Ct was
used to quantify the concentration and duration of cleaning using various cleaning
solutions. On the other hand, the individual cleaning solutions needed a Ct of 1 gm.hr/L
for PES and 0.5 gm.hr/L for PVDF UF membranes fouled by BSA. Low Ct for the
combined cleaning solution meant that the desired cleaning efficiency was achieved in 20
minutes instead of 2–3 hours (for PVDF) and 4–6 hours (for PES) (Levitsky et al., 2012).
The combined cleaning solution was said to weaken the foulant-membrane bond by using
electrostatic repulsion (due to alkaline cleaning conditions) and hydrophobic interactions
with the surfactants (Levitsky et al., 2012). This opened the foulant layer up to oxidant and
alkali cleaning solution which disintegrated the foulant layer. The degraded foulants were
then solubilised by the surfactant and removed with the cleaning solution (Ding et al., 2020;
Levitsky et al., 2012).
Hijnen et al., (2012) performed lab-scale cleaning efficiency tests on biofilm samples
inoculated on plasticised PVC materials. This was performed to assess the cleaning
efficiency of tested cleaning solutions to remove biofilms from a thin film polyamide RO
membrane. The biofilms were quantified as adenosine triphosphate (ATP) and
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carbohydrates (CH). Chemical cleaning efficiency was assessed by soaking the biofilm
samples in beakers containing chemical cleaning solutions for 1 hour. Single component
H2O2 (pH=7) (a mild oxidant) had a removal efficiency of around 82% and 17% for ATP
and CH, respectively. Despite the fast decomposition rate of H2O2 in high alkaline
condition, it was tested as an oxidant in place of NaOCl (Hijnen et al., 2012). This was
because NaOCl was found to detrimental to the thin film composite polyamide RO
membranes (Hijnen et al., 2012). The combined cleaning of NaOH+H2O2 (pH=11) had an
improved cleaning efficiency of 84% and 35% for ATP and CH, respectively. Addition of
SDS to this combination (i.e., NaOH+H2O2) had a significant improvement in cleaning
efficiency i.e., 98% and 74% for ATP and CH, respectively. This study clearly
demonstrates the benefits of adding SDS to oxidant+alkali cleaning solution. However, it
must be pointed out that the bench-scale tests of the cleaning solutions mentioned here
were performed on a PVC substrate and not on an actual membrane. In addition, the SDS
concentration used here (i.e., 1 w/v%) is significantly higher than its CMC. These
concentrations may lead to flux changes due to membrane-surfactant interaction. It must
also be noted that single component H2O2 was used at pH 7 (Hijnen et al., 2012). This was
performed to prevent H2O2 decomposition at high pH. However, as mentioned earlier, low
pH may be a limitation to achieving good cleaning efficiency as high pH are known to
facilitate better foulant removal.
In general, the above studies clearly show that the cleaning efficiency of both NaOCl and
NaOH are enhanced in the presence of SDS. This is a promising trend for reducing the
chemical concentration and cleaning duration without comprising on the cleaning
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efficiency. However, it must be noted that the number of studies that used
surfactant+oxidant and surfactant+oxidant+alkali are far less when compared to studies
that used surfactant+alkali combination to clean fouled membranes.
2.5

Summary of research needs

Limited research on the combination of surfactant+oxidant and surfactant+alkali+oxidant
suggests an obvious gap in membrane cleaning studies. Most of the studies that tested
surfactant+oxidant and surfactant+alkali+oxidant cleaning solution used surfactants at a
concentration that was significantly above or below its CMC (table 2.2). This may have
limited the good cleaning efficiency that could have been achieved at surfactant CMC. It
was also noticed that the NaOCl concentrations used in these studies were a minimum of
100 mg/L (table 2.2). This concentration may form DBPs with organic matter and damage
polymeric and cellulose acetate membranes (Shi et al., 2014; Zhang et al., 2016). In
addition, none of the studies shown in table 2.2 used surfactant+oxidant and
surfactant+alkali+oxidant combination as a CEB. Lastly, all the studies mentioned in (table
2.2), were tested on a polymeric or regenerated cellulose membrane. It would be interesting
to see how surfactant+oxidant and surfactant+alkali+oxidant cleaning solutions would fare
while cleaning a ceramic membrane as CEB.
Therefore, this project hopes to fill these research gaps by using SDS (at its CMC) in
combination with NaOCl and NaOH+NaOCl to clean a ceramic membrane as a CEB.
Initial assessments regarding the wetting ability of these CEB solutions will be made using
contact angle and surface tension measurements. CEB solutions for this research will be
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prepared with NaOCl at a concentration that is determined to be safe on polymeric
membranes and form minimal amounts of DBPs with NOM. Results from initial CEB
wettability study (i.e., surface tension and contact angle) will be validated with a fouling
and CEB cleaning test using HA as foulant. In addition, some of the CEB solutions will be
tested with HA feed solution containing Ca2+. The effect of various CEB solutions will be
compared with a hydraulic BW (as control). The results from this research may help in
achieving good cleaning efficiency with CEB solutions due to improved wettability with
SDS addition. This would in turn reduce the cleaning cost, possible oxidative membrane
damage and DBP formation potential without affecting the cleaning efficiency of fouled
membrane.
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Chapter 3
3
3.1

Materials and methods
Feed solution

Two types of feed solutions were used to foul a ceramic ultrafiltration membrane. This was
performed to test the cleaning efficiency of various backwash solutions with feed
representing typical surface water characteristics. The two feed solutions differed with
regards to the presence/absence of hardness causing compounds (i.e., Ca2+). The synthetic
feed solution was prepared by following the procedure used by Alresheedi et al., (2019a)
for their membrane fouling and cleaning experiments on a ceramic ultrafiltration system.
Humic acid (HA) was chosen as the primary foulant in the membrane fouling tests as it is
the most common organic foulant found in surface water (Liu et al., 2016). HA used for
this test was obtained from Sigma Aldrich, lot#BCCB6671. Aldrich HA is commonly used
as a humic compound surrogate as it is inexpensive and simplifies experimentation.
However, it needs to be acknowledged that Aldrich HA are of a soil source and thus differ
from humics from aquatic sources. Thus, the results obtained with Aldrich HA may not
completely represent the fouling seen at water treatment plants. Feed solution containing
HA as 2.9±0.2 mg C/L (as TOC) was used to mimic typical organic concentration found
in surface water (Chang et al., 2015; Peter-Varbanets et al., 2011). Stock HA solution (35
mg HA/L) was prepared on the previous day of the fouling test. The required quantity of
HA needed for the test was added to a 50 ppm NaOH (Bioshop, 98% purity micro pearls,
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lot#4108G68) solution to facilitate HA dissolution under alkaline conditions. The stock
HA solution was made in 1L of distilled water (DW). This mixture was left to mix
overnight on a stir plate at 350 rpm after initially heating the solution to 35˚C to facilitate
faster dissolution. On the day of the test, 5L of feed solution was prepared by adding the
stock HA solution and NaHCO3 to provide alkalinity of 53±7 mg CaCO3/L. Stock kaolin
clay solution was added to the feed solution to give a turbidity of 5.3±0.4 NTU. pH of the
feed solution was adjusted to maintain 7.5±0.2 pH using 1M HCl. The feed solution was
left to mix at 350 rpm for an hour before using for the fouling experiment. For fouling tests
with hardness in the feed solution, calcium sulphate dihydrate (CaSO4.2H2O) (Sigma
Aldrich, 99%, lot# SLBN9722V) was added to the above-mentioned feed solution to give
a hardness of 90±2 mg CaCO3/L. This hardness value falls in the moderate hardness range
for surface water (United States Environmental Protection Agency, 2002). The required
amount of CaSO4.2H2O was left to mix overnight to ensure complete dissolution in DW
for the fouling test. Moderate hardness and alkalinity values were chosen to make synthetic
feed water. This was done to be representative of most surface water conditions. All feed
solutions were prepared at room temperature (i.e., 22±3℃).
3.2

Chemical cleaning solutions

All chemically enhanced backwash (CEB) solutions were made in deionised (DI) water.
The various CEB solutions (along with their concentrations and pH) used to clean the
fouled membrane are given in table 3.1. If needed, the pH these CEB solutions were
adjusted using 1M NaOH solution. All CEB solutions were prepared at room temperature
(i.e., 22±3℃). Free chlorine concentration of stock sodium hypochlorite (NaOCl) solution
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was measured at the beginning of every week. NaOCl solution (5% Cl2, lot#4108G68) was
purchased from Ricca. The measurements were taken using Hach method 8021 (for free
Cl2 analysis) on a Hach DR 3900 spectrophotometer (Alresheedi et al., 2019a). Free
chlorine measurements of NaOCl solutions made with DI and DW water were measured.
This was performed to assess the volume of NaOCl required to make CEB and CIP
solutions.
In addition to the mentioned CEB solutions, SDS solutions of 5 mM and 10 mM (both at
7.5±0.2 pH and at room temperature) were prepared for contact angle and surface tension
measurements. This was performed to study the influence of SDS concentration on the
wettability of a surface. SDS (99 % dry weight, lot#10220985) was purchased from Alfa
Aesar.
Table 3.1: CEB cleaning solutions used to clean the fouled membrane during fouling
experiments. The concentrations and pH of these cleaning solutions are also mentioned.
CEB solution
Concentration
pH
Deionised water (DI)

-

7.5±0.2

8.3 mM (or 2393.55 mg/L)

7.5±0.2

NaOH

90 mg/L

11±0.2

NaOCl

25 mg Cl2/L

11±0.2

NaOH+NaOCl

90 mg/L+25 mg Cl2/L

11±0.2

SDS+NaOCl

8.3 mM+25 mg Cl2/L

11±0.2

SDS+NaOH

8.3 mM+90 mg/L

11±0.2

8.3 mM+90 mg/L+25 mg Cl2/L

11±0.2

Sodium dodecyl sulphate (SDS)

SDS+NaOH+NaOCl
DI water was used as control

SDS was used as a surfactant in this research because of its popularity as a membrane
cleaning solution. Due to this popularity, SDS’s interaction with membranes and its foulant
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removal mechanism is understood fairly well. In this research, the pH of SDS CEB solution
was adjusted to 7.5. Many studies denoted the presence of NaOH in terms of pH (i.e., pH
11/12) and not its concentration (Beyer et al., 2010; Ferrer et al., 2016; Hijnen et al., 2012;
Li & Elimelech, 2004). Therefore, it may be safe to assume that SDS with pH at 11 can be
considered as a combination of SDS and NaOH. To assess the cleaning efficiency of SDS
as a single component cleaning solution, SDS was tested at pH 7.5. pH of 7.5 was selected
as it is above the reported IEP of ZrO2 membranes used in this research, giving the ZrO2
membrane a negative charge. Details on the isoelectric point of ZrO2 membrane can be
found in section 3.3.
After every fouling test, a CIP is performed to retrieve initial membrane permeability. The
CIP solution was made in DW using a combination of NaOCl (500 mg Cl 2/L) and NaOH
(460 mg/L) at a pH of 12±0.2. The CIP solution was initially heated to 35℃ before using
it for CIP cleaning. CIP solution concentration and the cleaning procedure was adapted
from Alresheedi et al., (2019a).
3.3

Bench-scale membrane filtration system

Due to the advantages mentioned in section 2.1.2.1, a ceramic membrane was used in this
research study. It was provided by Atech innovations Gmbh, Germany. The single-channel
ceramic membrane is made with α-aluminium oxide (α-Al2O3) as support material and
zirconium dioxide (ZrO2) as membrane surface material. The membrane has an area of 95
cm2 with a length and internal diameter of 50 cm and 0.6 cm, respectively. The membrane
is rated to have a MWCO of 25 KDa by the membrane manufacturer and is operated in the
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inside-out flow configuration. The isoelectric point of ZrO2 was observed to be slightly
below pH of 6, according to Fernández et al., (2005) and Suárez et al., (2014). Hofs et al.,
(2011) noted the isoelectric of ZrO2 to be between 6.3-7 pH according to their research
article. Therefore, it may be safe to assume that the ZrO2 ceramic membrane used in this
test has a negative charge when used at a pH of 7.5
A schematic representation of the membrane system along with all the measuring
instrumentations are shown in figure 3.1. The membrane system was operated in a deadend flow configuration. A gear pump (Cole Palmer, model number# 75211-30; pump headCole Palmer, 07002-27) was used to pump the feed solution through the membrane system
at a constant flux of 100 LMH. During the filtration cycle, the feed solution goes into the
membrane system through solenoid valve (Granzow, H4B19-00Y) V1. The permeate
comes out the system through V3 before being collected in a permeate collection bucket.
The transmembrane pressure (TMP) is measured using two pressure transducers (PT)
(OmegaDyne-PX309-100G5V, PX409-030GUSB) located on either side of the membrane
unit. The flowrate through the system is measured using a flowmeter (FM) (McMillan 101
Flo-sen 3T). The flowmeter measures flowrates using a Pelton turbine wheel flow sensor.
Clean membrane specific flux (Jsp0, L/m2.h.PSIG) (also known as permeability) was
determined at the beginning of the fouling test series. This was performed by doing a step
wise increase of the flux from 100 LMH to 140 LMH in 20 LMH increments every 20
minutes. DW was used as feed water to determine Jsp0 of the membrane. Jsp0 was
calculated using equation 3.1. The measured flux was standardised for temperature (Js0)
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for data analysis. Js0 is then divided by the transmembrane pressure (∆P in PSIG) to get
the clean membrane permeability (Jsp0). Sample calculations are provided in appendix B.
𝐽𝑠0
𝐽𝑠𝑝0 = ∆𝑃

(3.1)

CIP outlet

V2
V5
PT

N2 tank

Ceramic membrane

CEB pressure vessel

V3
FM

PT

Pump
V1
Feed
Bucket

V4
Permeate
collection
bucket
CEB collection bucket

Figure 3.1: Bench-scale membrane setup used for the experiments. PT and FM refers to
pressure transducer and flow meter, respectively. V1-V5 are solenoid valves used to
control the flow through the system.

During the fouling tests, the filtration cycle runs for 30 minutes before initiating a 30
seconds CEB cycle. The permeate flux is kept constant at 100 LMH during the filtration
cycle. This is done by connecting the flowmeter with the pump using LabView code and
an Arduino. The pump compares and matches the desired flowrate inputted in LabView
program with what is measured by the flowmeter. The flux is calculated by dividing the
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flowrate measured by the flowmeter by the membrane area. The CEB solution, from a
pressurised CEB pressure vessel enters the system through V5 and comes out of V4 before
being collected in a CEB collection bucket. The CEB pressure vessel was pressurised to
about 12 PSIG to obtain a BW/CEB flux of 240±20 LMH. The TMP and flux data were
logged every 30 seconds on a laptop during the tests. The measured flux and TMP data
during the first filtration cycle of the fouling tests (will be referred to as initial filtration
cycle from hereon) was ignored during data calculation. This is because the initial filtration
cycle was used to stabilise the membrane system at the start of every fouling test. The
second filtration cycle was shown as filtration cycle 1 while presenting data in the result
section. The flux measured during the fouling tests was standardised for temperature (Js)
using equation 3.2. Sample calculations are provided in appendix B.
Js = Jm(1.03)Ts−Tm

(3.2)

Where, Js and Jm represents the standardised and measured fluxes, respectively (L/m2.h).
Ts and Tm are the standard (i.e., 20℃) and measured temperatures (℃) of the solution.
A CIP cleaning is performed after every fouling test to retrieve initial membrane
permeability. For this, the feed bucket shown in figure 3.1 is replaced with a CIP bucket.
CIP cleaning was performed for a duration of 6 hours. The CIP solution is recirculated
tangentially across the membranes surface at a cross flow velocity of 0.1 m/s. The
recirculation cycle is run for 2 hours with the CIP solution coming in through V1 and
coming out of the system through V2 and into the CIP bucket. After 2 hours of
recirculation, the valves are closed to allow the CIP solution to soak the membrane. The
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membrane was soaked for 4 hours. After which, DW is run through the system for an hour
to flush the CIP solution out of the system.
Before the start of every new fouling test, a clean membrane specific flux (also known as
permeability) test was performed to assess the effectiveness of CIP to the retrieve clean
membrane specific flux. During this test, the feed bucket is replaced with DW. The clean
membrane permeability was found using equation 3.1.
3.4

Experimental plan

The experimental plan consists of three tests to research the objectives mentioned in this
thesis project. They are: contact angle and surface tension measurements, fouling and CEB
tests with Ca2+ in the feed solution, fouling and CEB tests without Ca2+ in the feed solution.
3.5

Contact angle and surface tension measurements

The contact angle and surface tension of various CEB solutions were tested to gauge the
wettability of these solutions on a particular surface. The wettability of CEB solutions on
the ceramic membrane are expected to mimic the trends observed from the contact angle
and surface tension measurements.
The procedures for contact angle and surface tension measurements were adapted from
Alresheedi et al., (2019a). The CEB solutions were prepared as mentioned in section 3.2.
The contact angle and surface tension measurements were performed at room temperature
(i.e., 22±3℃).
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Contact angle of various CEB solutions were measured on a clean, flat and smooth surface.
The setup is shown in figure 3.2.a. The flat bottom of a plastic weighing dish was used in
this study. A 10µL drop of the CEB solution was pipetted on the flat surface of the plastic
weighing dish. The drop was left to settle on the surface for a minute before a photo was
taken. The photo was then analysed using an image processing software called ImageJ and
a plugin (LB-ADSA). At least three contact angle measurements were taken for each CEB
solution.
The surface tension measurement setup is shown in figure 3.2.b. The surface tension was
measured using the narrow stem of a clean glass Pasteur pipet (Corning, lot#11417516).
The Pasteur pipet was dipped in the CEB solution. The height of liquid rise (h) in the
Pasteur pipette was then measured. Jurin’s law (equation 3.3) was used to calculate the
surface tension of various CEB solutions. Sample calculations are provided in appendix B.
At least three surface tension measurements were taken for each CEB solution.

𝜆=

ℎ×𝜌×𝑔×𝑟
2cos (90°−𝜃)

(3.3)

λ represents the surface tension of a liquid (N/m). Where, ‘h’ is the height of capillary rise
(m), ρ represents the density of the CEB solution (kg/m3), ‘g’ is the acceleration due to
gravity (m/s2), r is the tube radius (m) and θ is the contact angle of the CEB solution. Images
used for contact angle and surface tension measurements are shown in appendix A (figure
A.3). Contact angle and surface tension of various cleaning solutions were not measured
using a goniometer and tensiometer, respectively as they were not available during the
research project.
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3.6

Fouling test with and without Ca2+ in feed

The influence of Ca2+ in the feed solution was tested to understand its effect on fouling and
cleaning efficiencies with various CEB solutions. The presence of Ca2+ in the feed solution
is known to exacerbate fouling on the membrane surface (Kim & Dempsey, 2013; Li &
Elimelech, 2004). Therefore, the cleaning efficiency of various CEB solutions with
HA+Ca2+ as feed solution was tested. The cleaning solutions-DI water BW (control) and
SDS (8.3 mM)+NaOCl (25 mg Cl2/L) CEB were prepared on the day of the test and
adjusted to the pH mentioned in table 3.1, if required. Fouling tests with Ca2+ in HA feed
solution were run for a duration of 4 hours. Fouling and cleaning processes were performed
as mentioned in section 3.3. The fouling tests were performed for a duration of 4 hours as
the ceramic membrane was fouled relatively quickly with the HA feed solution.
Fouling tests without Ca2+ in the HA feed solution followed the same procedure mentioned
for HA+Ca2+ feed solution. All the CEB solutions mentioned in table 3.1 were assessed as
CEBs for tests without Ca2+ in HA feed. However, data for this test series (i.e., HA feed
without Ca2+) is only shown for the first three hours of the fouling tests. This was performed
to trim and avoid noise seen in the data collected during the last hour of certain fouling
tests. Duplicates of fouling tests with DI BW and SDS+NaOCl CEB solution were
performed to see if fouling and cleaning trends could be replicated. TMP trends during the
test duration for tests with DI water and SDS+NaOCl are shown in appendix A (figure
A.4).
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a)

b)

Figure 3.2: Setup to measure solution wettability of various cleaning solutions. a) contact
angle b) surface tension
During every fouling test, three feed samples were collected for triplicate measurements of
TOC and DOC (i.e., carbon analysis). Samples of the overall permeate after the fouling
tests were also collected. The CEB samples were also collected during every CEB cycle
for carbon analysis. Samples for the hardness and alkalinity measurements were collected
after the tests from the feed and permeate solutions. These samples were stored in the fridge
(4℃) for carbon analysis the following day. The permeate turbidity was measured in
triplicates after every fouling tests.
3.7

Analytical methods

The pH of the feed, CEB and CIP solutions were measured using a pH meter
(Thermofisher, Orion star A). The turbidity of the feed and permeate were measured using
a turbidity meter (Thermofisher, Orion AQ3010). The dissolved organic carbon (DOC)
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samples collected were initially filtered through a 0.45 µm nitrocellulose membrane
(Millipore, lot#11417516) using a vacuum pump. The total organic carbon (TOC) and
filtered DOC samples were analysed using Cole Palmer spectrophotometer (Jenway 7415).
TOC and DOC concentrations were measured at a wavelength of 268 nm using a HA
calibration curve to determine the carbon concentration (as mg C/L). A calibration curve
was plotted with HA concentrations: 1, 3, 5, and 10 mg C/L prepared in DW water with
the absorbance of these solutions at 268 nm wavelength. The calibration curve (figure A.2)
can be found in appendix A. The wavelength of 268 nm was selected as it had the highest
absorbance in the wavelength range of 200-300 nm. This wavelength range (i.e., 200-300
nm) was chosen as other research studies used similar wavelength range for HA spectral
characterisation (Eshwar et al., 2017). Carbon concentrations were measured in triplicates
for consistency. To validate the results from the calibration curve, a sample HA feed
solution (4.5 mg C/L) was measured using the TOC analyser and UV spectrophotometer.
The concentration measured with the TOC analyser was 4.44 mg C/L. While, the
concentration measured with the UV spectrophotometer (at 268 nm) was 4.35 mg C/L. A
UV spectrophotometer was used to measure organic content as the TOC analyser intended
for carbon analysis malfunctioned during the course of this research project. Future studies
should measure at least three different concentrations to compare and validate the carbon
concentration measured using TOC analyser and UV spectrophotometer.
Hardness of the feed samples were measured using method 2340 Hardness, (2018) by
Standard Methods for the Examination of Water and Wastewater. Water samples (50 ml)
were collected in 125 mL Erlenmeyer flasks for hardness measurements. To this sample, 1
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drop of ammonia buffer (Ward’s Science) and 2 drops of Eriochrome Black T indicator
(LabChem) was added. The Erlenmeyer flask containing these solutions were gently
mixed. The sample in the flask is now pink in colour. The sample was titrated against
0.01M EDTA solution till the sample in the Erlenmeyer flask changes colour to blue. The
volume (V, ml) of EDTA added was noted. Equation 3.4 was used to calculate the total
hardness of the sample water. Sample calculations are provided in appendix B.
𝑉×1000
Hardness (mg CaCO3/L)= 50 𝑚𝐿 𝑠𝑎𝑚𝑝𝑙𝑒

(3.4)

Total alkalinity was measured using method IS:3025 (Part 23), 1986. The samples needed
(i.e., 50 mL) for alkalinity measurements were collected in a 125 mL Erlenmeyer flask.
Collected samples were titrated with 0.02N sulphuric acid (H2SO4) in the presence of
indicators: phenolphthalein and methyl orange. Phenolphthalein indicator was used to the
test presence of phenolphthalein alkalinity. If the sample turned faint pink upon adding
phenolphthalein indicator, the sample was titrated against 0.02N H2SO4 solution until it
turned colorless. Volume (V1, ml) of 0.02N H2SO4 that was added was recorded. If addition
of phenolphthalein to the sample did not change colour to faint pink, it indicated the
absence of phenolphthalein alkalinity. In this case, 1-2 drops of methyl orange were added
to produce a faint yellowish golden colour in the sample. This sample was then titrated
against 0.02N H2SO4 solution until the colour changed to a faint reddish orange. The
volume (V2, ml) of 0.02N H2SO4 that was added was recorded. Total alkalinity of the
sample was calculated using equation 3.5, where N is the normality of H2SO4. Sample
calculations are provided in appendix B.
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𝑇𝑜𝑡𝑎𝑙 𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦 (𝑚𝑔 𝐶𝑎𝐶𝑂3/𝐿) =

3.8

(𝑉1 +𝑉2 )×𝑁×50000
50 𝑚𝐿 𝑠𝑎𝑚𝑝𝑙𝑒

(3.5)

Data analysis

The results from the fouling tests (i.e., measured flux and TMP) were collected, analysed
and corrected for temperature (i.e., Js). After temperature correction, resistance in series
(RIS) (equation 3.6) model was used to quantify the reversible (Kr, m-1), irreversible (Kir,
m-1) and total fouling resistances (Kt=Km+Kir+Kr, m-1) on the membrane during each
filtration cycle (Crittenden et al., 2012). Km (m-1) is the clean membrane resistance
calculated using Js0, which was found from the clean membrane permeability tests
conducted at the beginning of the fouling experiments. μ is the viscosity of water at 20℃
(kg/m.s). ∆P is the transmembrane pressure (TMP, bars). To calculate the reversible and
irreversible fouling resistance, average of three TMP and Js values are chosen from the
beginning and at the end of a filtration cycle.
∆𝑃
𝐽𝑠 = 𝜇(𝐾𝑚 + 𝐾𝑖𝑟 + 𝐾𝑟)

(3.6)

The increase in specific flux (%) (equation 3.7) was calculated to assess the increase in
specific flux at the beginning of every filtration cycle with respect to specific flux measured
at the end of the previous filtration cycle. This was calculated using the specific flux at the
beginning of every filtration cycle (JspBeg) and the specific flux at the end of the previous
filtration cycle (JspEnd). Sample calculations are provided in appendix B.

𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑓𝑙𝑢𝑥 (%) =

𝐽𝑠𝑝𝐵𝑒𝑔−𝐽𝑠𝑝𝐸𝑛𝑑
× 100
𝐽𝑠𝑝𝐸𝑛𝑑

(3.7)
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The carbon mass balance (equation 3.8) was calculated using TOC and DOC concentration
data of the feed, permeate and CEB solutions along with the used volume of feed and
collected volumes of permeate and CEB solutions.
Mcarbon remaining on membrane = Mcarbon in feed - (Mcarbon in CEB + Mcarbon in permeate)

(3.8)

Percentage of DOC in each stream is calculated by dividing the mass of carbon in each
stream (i.e., CEB, permeate and remaining on membrane) over the mass of carbon in the
feed. As an example, mass of carbon in CEB stream in calculated using equation 3.9.
Sample calculations are provided in appendix B.

𝐷𝑂𝐶 (%) =

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐶𝐸𝐵 𝑠𝑡𝑟𝑒𝑎𝑚
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑓𝑒𝑒𝑑

× 100

(3.9)
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Chapter 4
4
4.1

Results and discussion
Contact angle and surface tension measurements

Wettability of a cleaning solution is seen to be an important parameter determining the
membrane cleaning efficiency of a chemical solution (Fukuzaki, 2006; Wang et al., 2018).
Alresheedi et al., (2019a) noted CIP solutions with high wettability (or low surface tension
and contact angle) demonstrated the best cleaning efficiency while cleaning a NOM fouled
UF membrane. Surfactants are well known for their ability to lower the surface tension of
a cleaning solution. This is due to their amphiphilic property which allows them to interact
with hydrophilic and hydrophobic surfaces or molecules (Shi et al., 2014). Many
membrane research studies have looked at anionic surfactants, especially SDS, as a
potential membrane cleaning solution (Li & Elimelech, 2004; Arijit Das et al, 2015; Hijnen
et al., 2012). SDS is assumed to be less likely to adsorb on a negatively charged membrane
due to charge repulsion (Al-Amoudi & Lovitt, 2007). This prevents any significant flux
change that is usually seen after cleaning membranes with cationic and nonionic surfactants
(Shi et al., 2014). Therefore, this research considered SDS as a surfactant to improve the
wettability of a cleaning solution.
In this research, contact angle and surface tension were used as indicators of the wettability
of various CEB solutions. These parameters are widely used in membrane research to
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determine the wettability of a membrane, especially after chemical cleaning (Chang et al.,
2017; Espinasse et al., 2012; Levitsky et al., 2012; Shi et al., 2014)
Figure 4.1 shows the contact angle and surface tension of SDS CEB solutions of various
concentrations in comparison with a DI water BW solution. These results were obtained at
room temperature (i.e., 22±3℃). The contact angle and surface tension of DI water was
measured to be 76.56±1.63˚ and 72.27±0.39 mN/m, respectively. The measured DI water
surface tension value is in good agreement with what is reported in other studies (i.e.,

Contact angle (˚) and surface tension (mN/m)

72.8±0.1 mN/m at 20℃) (Beattie et al., 2014; Goy et al., 2017).
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Figure 4.1: Contact angle and surface tension of SDS at various concentrations. DI water
was used as control. Measurements were taken at room temperature (i.e., 22±3℃)

The contact angle of cleaning solutions that are reported in the literature varied with
research studies. This is because, contact angle of a cleaning solution is dependant on the
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surface on which it is measured. As an example, Le & Hsu, (2010) measured the contact
angle of DI water on untreated poly(methyl methacrylate) PMMA to be 70˚. Whereas,
Lamour et al., (2010) measured the contact angle of DI water to be 110.2±0.4˚ on a glass
slide coated with octadecylsilane, which made the surface hydrophobic. That being said,
the contact angle trends observed here with various cleaning solutions can be used for
general wettability comparisons.
It is evident that SDS cleaning solutions have a lower contact angle and surface tension
compared to DI water (figure 4.1). This maybe because SDS can form micelles on a
particular surface (Zhang & Meng, 2014). Micelles are formed by orienting the hydrophilic
heads towards the liquid bulk and hydrophobic tails away from the liquid (Masse et al.,
2015). Such orientations of SDS monomers may have improved the wettability of these
cleaning solutions, as observed in figure 4.1. Contact angle and surface tension of SDS
cleaning solutions decreased with increase in SDS concentration from 5 mM to 8.3 mM
(figure 4.1). Contact angle decreased from 51.83±2.04˚ to 36.14±0.17˚, while surface
tension decreased from 58.8 mN/m to 55.44 mN/m with increase in SDS concentration
from 5 mM to 8.3 mM, respectively (figure 4.1). Zhang & Meng (2014) observed a similar
decrease in surface tension from 42 mN/m at 5 mM SDS concentration to 34 mN/m at 8.1
mM SDS concentration. A possible reason for the significant improvement in wettability
with increase in SDS concentration is due to the formation of micelles. At SDS’s CMC,
micelles are formed on the surface and in the bulk liquid solution (Zhang & Meng, 2014).
Zhang & Meng (2014) measured the CMC of SDS to be 8.1 mM in their research study.
At this concentration, SDS solution is saturated with micelles (Zhang & Meng, 2014). This
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maybe why SDS concentration is usually kept at/slightly above its CMC in typical
membrane cleaning operations (Al-Amoudi & Lovitt, 2007; Li & Elimelech, 2004; Shi et
al., 2014). It must be noted that the CMC of SDS is said to be between 8-9 mM (Masse et
al., 2015). Past research studies have mentioned the CMC of SDS to be 8.36 mM in DI
water (Beyer et al., 2010; Li & Elimelech, 2004; Wang et al., 2018). Therefore, 8.3 mM
chosen for this research is expected to be at/close to SDS’s CMC (i.e., 8.36 mM) as reported
by other researchers. For this reason, 8.3 mM will be referred to as SDS’s CMC in
subsequent sections.
It was noticed that the surface tension of SDS at 8.3 mM (i.e., at CMC) measured in this
study (55.44 mN/m) did not match what was reported by other researchers. Zhang & Meng
(2014) obtained a surface tension value of 34 mN/m at SDS’s CMC using a tensiometer at
25˚C. Hernáinz & Caro, (2002) obtained similar surface tension value (33 mN/m) for SDS
at its CMC i.e., 8 mM (according to the authors) with a tensiometer at 20˚C. The difference
in surface tension measured at SDS’s CMC in this study compared with other studies could
be attributed to the possible presence of impurities. Al-Soufi et al., (2012), Jönsson &
Jönsson, (1991) and Hernáinz et al., (2002) noted surface tension measurements to be
highly sensitive to the slightest presence of surface-active impurities. Although care was
taken to ensure cleanliness while preparing solutions and taking measurements, one can
not fully guarantee the absence of impurities. In addition, contact angle measurements
(used for surface tension calculation, see equation 3.3) are said to be sensitive to vibration
in the experimental area (Alkawareek et al., 2018). Thus, factors such as impurities and
vibration during contact angle measurements may have been the reasons for deviation in
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measured and reported SDS surface tension values. Another possible explanation for the
for deviation in SDS surface tension results could be due to the difference in materials used
to determine surface tension. This research study used the method adapted from Alresheedi
et al., (2019a) to determine the surface tension of a cleaning solution. Jurin’s law (equation
3.3) was used to calculate surface tension. The contact angle (𝜃) used in Jurin’s law was
measured on a smooth plastic weighing dish. The capillary rise (h) was measured using a
glass Pasteur pipet. Surfactant surface tension measurements could have been sensitive to
this difference in materials (i.e., plastic and glass).
Further increase in SDS concentration from 8.3 mM to 10 mM had minimal improvement
in the wettability of SDS solution (figure 4.1). From figure 4.1, it is seen that the contact
angle decreased slightly from 36.14±0.17˚ to 34.04±0.62˚ with increase in SDS
concentration from 8.3 mM to 10 mM. This observation is in agreement with Alkawareek
et al., (2018) and Zhang & Meng, (2014) who reported that any additional increase in
surfactant concentration above its CMC will not result in significant change in its contact
angle or surface tension. Interestingly, the surface tension increased slightly with increase
in SDS concentration from 8.3 mM to 10 mM. The surface tension values were 55.44
mN/m and 58.12 mN/m at 8.3 mM and 10 mM concentrations, respectively (figure 4.1).
Zhang & Meng, (2014) noticed the surface tension of SDS did not change from 34 mN/m
when the concentration was increased from 8.1 mM to 10 mM. This minimal/no change in
wettability above SDS CMC may be because the interface between solid surface and
surfactant solution is saturated with micelles at its CMC (Alkawareek et al., 2018; Zhang
& Meng, 2014). Therefore, any further increase in surfactant concentration will not
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significantly improve wettability. Since 8.3 mM SDS concentration had the lowest surface
tension among other SDS concentrations, it was selected for further studies.
In figure 4.2, single component CEB solutions-NaOH (80.49±0.35˚, 74.35±0.8 mN/m) and
NaOCl (80.98±0.61˚, 74.22±1.43 mN/m) demonstrated higher contact angle and surface
tension than DI water (76.56±1.63˚, 72.27±0.39 mN/m). All these measurements were
taken at room temperature (22±3˚C). Single component NaOH and NaOCl CEB solution
had a pH of 11 (figure 4.2). Alresheedi et al., (2019a) obtained similar surface tension
values for CIP solutions-500 mg Cl2/L NaOCl (77.2±0.7 mN/m) and 400 mg/L NaOH
(73.1±0.1 mN/m) at pH 11 and 35˚C. The slight difference in NaOH and NaOCl surface
tension values when compared to what was reported by Alresheedi et al., (2019a) may be
attributed to the difference in the solution concentration and tested temperature. However,
the surface tension of NaOH obtained in this study is very close to what was reported by
Alvarez et al., (2007). Alvarez et al., (2007) determined the surface tension of NaOH (20
gm/L, 50˚C) to be 74±0.2 mN/m. The combination of NaOH+NaOCl was also studied in
this research as a potential CEB solution to clean the NOM fouled membrane.
NaOH+NaOCl was reported to be a better cleaning solution when compared to either of
their individual cleaning solutions (i.e., NaOH or NaOCl alone) (Snowdon et al., 2018;
Alresheedi et al., 2019a; Wang et al., 2016). However, NaOH+NaOCl cleaning solution
was found to have the highest contact angle (83.73±0.96˚) and surface tension (76.31±0.81
mN/m) out of all the cleaning solutions studied in this research (figure 4.2).
High contact angle and surface tension of single component NaOH, NaOCl and their
combinations (i.e., NaOH+NaOCl) indicate that these solutions will have poor wettability
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on the membrane surface when compared to DI water (Alresheedi et al., 2019a; Fukuzaki,
2006). This may explain why high concentrations of cleaning solutions are used to clean
the fouled membranes. High chemical concentrations may be required to overcome poor
wettability. The typical NaOCl CEB concentrations were between 1-500 mg Cl2/L (with
an average of 71 mg Cl2/L), according to Chang et al., (2017). In the case of NaOH CEB
solutions, the typical concentrations were 250-1000 mg NaOH/L (Snowdon et al., 2018;
Lateef et al., 2013; Oligny et al., 2016; Mei et al., 2017). These typical NaOCl and NaOH
CEB concentrations can damage certain polymeric and cellulose acetate membranes during
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Figure 4.2: Contact angle and surface tension of various single component and combined
CEB solutions. All measurements were taken at room temperature i.e., 22±3℃
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The addition of 8.3 mM SDS to single component NaOCl and NaOH CEB solutions
resulted in a significant reduction in their contact angle and surface tensions. The contact
angle and surface tension of single component NaOH and NaOCl CEB solutions reduced
to (45.64±1.9˚, 48.13±1.1 mN/m) and (42.04±1.18˚, 55.21±2.04 mN/m), respectively with
SDS addition (figure 4.2). Similarly, in the case of NaOH+NaOCl CEB solution, the
contact angle and surface tension dropped from 83.73±0.96˚ and 76.31±0.81 mN/m to
52.56±1.47˚ and 44.62 mN/m, respectively with the addition of SDS (figure 4.2). The
combined cleaning solution of SDS+NaOH+NaOCl CEB solution had the lowest surface
tension out of all the single component and combined cleaning solutions studied here.
Based on the contact angle and surface tension results, CEB solutions containing SDS are
expected to show improved cleaning efficiency due to better wettability than solutions
without SDS. SDS+NaOH+NaOCl combined cleaning solution is assumed to show the
best cleaning efficiency as it had the lowest surface tension out of all tested cleaning
solutions. To validate this hypothesis, fouling and CEB tests were performed.
4.2
4.2.1

Fouling and CEB cleaning studies of HA fouled membrane
Single component CEB solutions

The impact of CEB on fouling control with single component cleaning solutions (SDS (8.3
mM), NaOH (90 mg/L) and NaOCl (25 mg Cl2/L)) were investigated. The test results of
hydraulic backwash with DI water were used as control to compare the cleaning
efficiencies of other cleaning solutions.
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Figure 4.3 shows the normalised specific flux of SDS, NaOCl and NaOH CEB solutions
had minimal variation when compared to DI water as BW. This observation seems to be in
line with the contact angle and surface tension measurements seen in the previous section.
High contact angle and surface tension of single component NaOH (80.49±0.35˚,
74.35±0.8 mN/m) and NaOCl (80.98±0.61˚, 74.22±1.43 mN/m) CEB solutions may have
led to the poor wettability of these solutions on the membrane surface (figure 4.2). Thus,
leading to poor cleaning efficiency. Alresheedi et al., (2019a) and Wang et al., (2018) have
shown cleaning solutions with low surface tension will result in better wettability and
improved membrane cleaning efficiency.
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Figure 4.3: The variation in normalised specific flux vs time for single component CEB
solutions for filtration cycles 1-5. BW with DI water was as control
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Noticeable spikes in normalised specific flux were seen after CEB with SDS solution
(figure 4.3). However, these initial increases clearly were not sustained and quickly
decreased and stabilised with the continuation of the filtration cycle. Such significant
spikes in normalised specific flux were not seen with the DI water BW or with the NaOH
and NaOCl CEB solutions. A possible reason for the initial spike in normalised specific
flux after SDS CEB is due to the interaction of SDS with the membrane surface. SDSmembrane interaction may have led to an increase in membrane hydrophilicity due to
hydrophobic interaction between the tail of SDS and the hydrophobic parts on a membrane
surface (Al-Amoudi & Lovitt, 2007). This is inline with what was observed by Li &
Elimelech, (2004), who observed a flux recovery of 103% after cleaning an organic fouled
NF membrane with 10 mM SDS solution. The 3% increase in recovered flux indicates that
the NF membrane cleaned with 10 mM SDS was slightly more hydrophilic than the original
clean NF membrane (Li & Elimelech, 2004). Similar increase in membrane hydrophilicity
was seen by Li et al., 2005 after cleaning an organic fouled UF membrane with SDS
cleaning solution. As seen in figure 4.3, the inital spike in normalised specific flux after
SDS CEB did not sustain with the continuation of the filtration cycle. This maybe be
because the increase in membrane hydrophilicity due to SDS-membrane interaction is
speculated to be reduced by hydraulic forces caused by the initaition of the filtration cycle.
Another explaination for the decrease in membrane hydrophilicity maybe due to the
breakup of micelles (formed due to membrane-SDS interaction) on the membrane surface
by dilution with the feed solution at the start of the filtartion cycle. This explaination was
adapted from Jönsson & Jönsson (1991)’s research observation. Jönsson & Jönsson (1991)
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noticed a decrease in membrane flux when they rinsed membranes filtering potassium
oleate (an anionic surfactant) solution with DI water. This decrease in flux was attributed
to the breakup of micelles due to dilution with DI water (Jönsson & Jönsson, 1991).
A close look at the reversible and irreversible fouling resistance (figure 4.4) from filtration
cycles 1 to 5 could provide a better picture of the cleaning efficiency of single component
cleaning solutions. Among all single component cleaning solutions, SDS CEB had the
highest average reversible fouling resistance (29.11%) and the lowest average irreversible
fouling resistance (34.33%) (figure 4.4 a, b).
For comparison, BW with DI water had an average reversible fouling resistance of 16.13%
and an average irreversible fouling resistance of 47.62%. This indicates that SDS CEB
removed a higher percentage of total fouling resistance with every CEB cycle compared to
DI water BW. Thus, SDS CEB was able to reduce the overall irreversible fouling on the
membrane. The high resistance removal efficiency observed with SDS (8.3 mM) could be
due to its low surface tension compared to other single component cleaning solutions
(figure 4.2). The low surface tension might have helped the SDS CEB solution to wet the
membrane surface. This dissolves HA foulants in the cleaning solution by forming
hydrophobic bonds with SDS micelles for easy removal with the cleaning solution (Arijit
Das et al., 2015).
NaOH demonstarted the second best cleaning efficiency among all single component
cleaning solutions. The average reversible and irreversible fouling resistance after NaOH
CEB are 23.94% and 40.16%, respectively (figure 4.4 a and b).
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Figure 4.4: The a) irreversible and b) reversible fouling resistance (%) measured during
filtration cycles 1-5. The membrane was cleaned with single component CEB solutions. DI
water BW was used as control
This inital increase in normalised specific flux may be the reason for higher reversible
fouling resistance with NaOH CEB compared to BW with DI water. The initail increase in
normalised specific flux after CEB could be due to dissolution and removal of HA in
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alkaline cleaning conditions (Shi et al., 2014). In additon, negative charge buildup on the
membrane surface due to alkaline cleaning solution maybe another reason (Shi et al., 2014).
Negative charge on the membrane surface could repel negetively charged NOM from
adsorbing onto the membrane surface (Sohrabi et al., 2011). Masse et al., (2015) noticed
an increase in flux through a spiral wound RO membrane after cleaning with NaOH of
increasing pH (i.e, pH 11-12). The increase in flux with increase in pH was attributed to
negative charge buildup on the RO membrane surface (Masse et al., 2015). The gradual
decrease in normalised specific flux after NaOH CEB could be due to refouling of cleaned
membrane surfaces and pores with HA during the filtration cycle.
NaOCl as a single component CEB solution showed little to no improvement in normalized
specific flux compared to DI water as BW (figure 4.3). NaOCl CEB had an average
reversible and irreversible fouling resistance of 16.04% and 47.54%, respectively (figure
4.4 a, b). The poor cleaning efficiency maybe due to the low NaOCl CEB concentration
used in this study. According to Chang et al., (2017)’s summary of NaOCl CEB studies,
the average NaOCl CEB concentration is around 71 mg Cl2/L. Therefore, the low NaOCl
concentration used here (i.e., 25 mg Cl2/L) may have been insufficient to oxidize HA
foulants to remove them from the membrane. In addition, high contact angle and surface
tension of NaOCl CEB solution (seen in figure 4.2) may have also limited contact between
NaOCl solution and the membrane surface.
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4.2.2

Multi component CEB solutions

Addition of 8.3 mM SDS to the NaOCl CEB solution produced an obvious improvement
in its normalised specific flux (figure 4.5). The improved cleaning efficiency observed in
this research with SDS+NaOCl CEB solution can be attributed to the reduction in its
contact angle and surface tension (42.04±1.18˚, 55.21±2.04 mN/m). Single component
NaOCl CEB solution had a contact angle and surface tension of 80.98±0.61˚ and
74.22±1.43 mN/m, respectively (figure 4.2). The improved wettability may have ensured
good wetting and sufficient contact between the cleaning solution and the foulant
(Alresheedi et al., 2019a).
This improvement in normalised specific flux can be quantified using reversible and
irreversible fouling resistance values (figure 4.6 a, b). The average reversible and
irreversible fouling resistance of SDS+NaOCl CEB solutions from cycles 1 to 5 are 35.22%
and 26.20%, respectively. For comparison, single component NaOCl CEB had an average
reversible and irreversible fouling resistance of 16.04% and 47.54%, respectively (figure
4.6 a, b). This means SDS+NaOCl CEB was 2.2 times better at removing the average
reversible fouling resistance than single component NaOCl CEB solution. These results
are in agreement with what Wang et al., (2018) observed while cleaning a BSA+Ca2+
fouled regenerated cellulose UF membrane, in-situ, for a duration of 60 minutes. Addition
of 0.5 mM SDS to NaOCl (100 mg/L) cleaning solution increased the flux recovery from
75% (NaOCl alone) to 95% (NaOCl+0.5 mM SDS) (Wang et al., 2018). Wang et al., (2018)
noted the improvement in flux recovery was due to the increase in NaOCl diffusion through
the foulant layer in the presence of SDS.
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Figure 4.5: The variation in normalised specific flux vs time between NaOCl and
SDS+NaOCl for filtration cycles 1-5. BW with DI water was used as control

This improved diffusion of NaOCl may have removed more foulants due to better contact
between NaOCl and the foulant layer (Wang. et al., 2018). Ding et al., (2020) observed a
similar significant increase in cleaning efficiency while cleaning a PVDF membrane fouled
with wastewater from paper industry. Ding et al., (2020) observed a cleaning efficiency
rise from 50% (for single component NaOCl solutions) to 91% when NaOCl (1 wt.%) was
used in combination with anionic surfactant, SDBS (1 wt.%) for a cleaning duration of 100
minutes. As mentioned by Wang et al., (2018), addition of SDS may enhance the diffusion
of NaOCl (when used in combination) through the foulant layer due to better wettability.
This enhanced wettability allows NaOCl to make more contact with the foulant layer. Due
to better contact, NaOCl may be able to oxidise NOM foulants more efficiently. SDS
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micelles could then wrap around the oxidised foulants via hydrophobic bonds to remove
them with the CEB solution (Ding et al., 2020; Wang et al., 2018).
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Figure 4.6: The a) irreversible and b) reversible fouling resistance (%) measured during
filtration cycles 1-5. The membrane was cleaned with CEB solutions: NaOCl and
SDS+NaOCl. DI water BW was used as control
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SDS+NaOCl CEB had an initial spike in normalised specific flux right after every CEB
cycle (figure 4.5). However, this initial spike in normalised specific flux quickly subsided
and stabilised with the continuation of the filtration cycle. The reason for this spike may
be attributed to the temporary increase in membrane hydrophilicity due to SDS-membrane
interaction. This initial spike in normalised specific flux seen with SDS+NaOCl CEB
solution seems like a characteristic of SDS containing cleaning solutions.
Single component NaOH and SDS+NaOH CEB solutions showed little to no improvement
in normalised specific flux with respect to each other and with DI water BW (figure 4.7).
This was a surprising result as improvement in normalised specific flux was expected with
SDS+NaOH CEB solution. This was because, SDS+NaOH had a lower contact angle and
surface tension (45.64±1.9˚, 48.13±1.1 mN/m) compared to both single component NaOH
(80.49±0.35˚, 74.35±0.8 mN/m) and DI water (76.56±1.63˚, 72.27±0.39 mN/m) (figure
4.2).
Interestingly, the reversible and irreversible fouling resistance graphs show SDS+NaOH
CEB had a higher cleaning efficiency compared to single component NaOH CEB and DI
water BW for filtration cycles 1-5 (figure 4.8 a, b). SDS+NaOH CEB had an average
reversible and irreversible fouling resistance of 36.21% and 27.31%, respectively. The
average reversible fouling resistance of NaOH CEB and DI water BW are 23.94% and
16.13%, respectively. Similarly, the average irreversible fouling resistance of NaOH CEB
and DI water BW are 40.16% and 47.12%, respectively. These fouling resistance results
indicate SDS+NaOH CEB did a better job at removing reversible fouling to reduce
irreversible fouling on the membrane compared to NaOH CEB and DI water BW.
82

1.0
DI

0.9

NaOH (90 mg/L)

SDS (8.3 mM)+NaOH (90 mg/L)

Normalised specific flux (Jsp/Jsp0)

0.8
0.7
0.6
0.5
0.4
0.3

0.2
0.1
0.0
0

15

30

45

60

75

90

105

120

135

Time (minutes)

Figure 4.7: The variation in normalised specific flux vs time between NaOH and
SDS+NaOH for filtration cycles 1-5. BW with DI water was used as control
The difference between normalised specific flux and fouling resistance graphs might be
due to the way in which standard flux (Js) and TMP (ΔP) values were chosen for fouling
resistance calculations. As mention in section 3.8, resistance in series (RIS) is calculated
by taking the average of the first and last three Js and ΔP values in every filtration cycle.
The average of first three Js and ΔP values will include the initial spike seen at the
beginning of every filtration cycle in the normalised specific flux graphs containing SDS.
Therefore, the reversible and irreversible fouling resistances will reflect this initial spike in
their results. It proved to be difficult to find initial ΔP and Js values right after the initial
spike at the beginning of every filtration cycle. This is because of the difference in time
taken for each normalised specific flux trendline to stabilise and follow a steady trend.
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Figure 4.8: The a) irreversible and b) reversible fouling resistance (%) measured during
filtration cycles 1-5. The membrane was cleaned with CEB solutions: NaOH and
SDS+NaOH. DI water BW was used as control
The authors of this research argue that the initial spike in normalised specific flux needs to
be accounted and not omitted in the fouling resistance calculations. The reason being, the
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spike in normalised specific flux was observed in the presence of SDS. Therefore, this
initial spike is not caused by noise from the membrane system. However, it must be
acknowledged that the initial increase and rapid decrease in normalised flux can lead to
some confusion in the specific flux trends and the fouling resistance graphs.
In figure 4.9, NaOH+NaOCl CEB is seen to have a marginal improvement in cleaning
efficiency compared to the single component NaOH and NaOCl CEB solution. The
reversible and irreversible fouling resistance of these CEB solutions gave similar results.
The average reversible fouling resistances (figure 4.10, b) with NaOH+NaOCl (31.22%)
CEB was higher than single component NaOH (23.94%) and NaOCl (16.04%) CEB
solutions. By having a higher reversible fouling resistance, the average irreversible fouling
resistance of NaOH+NaOCl (31.26%) CEB was low compared to single component NaOH
(40.16%) and NaOCl (47.54%) CEB solutions (figure 4.10, a). The marginal improvement
observed in normalised specific flux with NaOH+NaOCl CEB might be due to the
synergistic effect of NaOH and NaOCl cleaning solutions. As seen in figure 4.2,
NaOH+NaOCl solution had the highest contact angle and surface tension (83.73±0.96˚,
76.31±0.81 mN/m) out of all tested cleaning solutions. This may have limited
NaOH+NaOCl CEB solution from achieving its true potential as a cleaning solution. With
the addition of SDS, the contact angle and surface tension of NaOH+NaOCl solution
reduced to 52.56±1.47˚ and 44.62 mN/m, respectively (figure 4.2).
SDS+NaOH+NaOCl solution had the lowest surface tension out of all tested cleaning
solutions in this study. The reduced contact angle and surface tension of
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SDS+NaOH+NaOCl CEB solution resulted in a clear increase in the normalized specific
flux after every CEB cycle (figure 4.9).
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Figure 4.9: The variation in normalised specific flux vs time between NaOCl, NaOH and
their combinations (with and without SDS) for filtration cycles 1-5. BW with DI water
was used as control
As observed with other CEB solutions containing SDS, a significant initial spike in
normalized specific flux was observed with SDS+NaOH+NaOCl CEB solution. The
reason for this spike is probably due to earlier mentioned SDS-membrane interaction.The
fouling resistance graphs match the observations seen in the normalized specific flux
graphs. SDS+NaOH+NaOCl demonstrated the highest average reversible fouling
resistance (35.64%) and the lowest average irreversible fouling resistance (24.1%)
compared to other cleaning solutions (i.e., DI, SDS, NaOH, NaOCl and NaOH+NaOCl)
(figure 4.10 a, b).
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Figure 4.10: The a) irreversible and b) reversible fouling resistance (%) measured during
filtration cycles 1-5. The membrane was cleaned with CEB solutions: NaOCl, NaOH and
their combinations (with and without SDS). DI water BW was used as control
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Hijnen et al., (2012) observed similar improvements in cleaning efficiency while adding
SDS to alkali+oxidant combination to remove biofilm samples inoculated on plasticised
PVC substrates. The biofilms were quantified as adenosine triphosphate (ATP) and
carbohydrates (CH). Chemical cleaning was performed by soaking the biofilm samples in
beakers containing chemical cleaning solutions for 1 hour. The combined cleaning of
NaOH+H2O2 (pH=11) had a cleaning efficiency of 84% and 35% for ATP and CH,
respectively. Addition of SDS to this combination (i.e., NaOH+H2O2) significantly
improved the cleaning efficiency to 98% and 74% for ATP and CH, respectively (Hijnen
et al., 2012). The effectiveness of surfactant+alkali+oxidant combination was attributed to
its high wettability as well as to the ability of this cleaning combination to work
synergistically to remove foulants. Surfactants (such as SDS) ensures good wettability of
chemical solutions such as NaOH and NaOCl on the membrane surface (Wang et al., 2018).
NaOH could then hydrolyse and solubilise the foulant layer to allow NaOCl to easily
permeate through it. This allows NaOCl to effectively oxidise foulants in the fouling layer
into smaller molecules (Alresheedi et al., 2019a). These small organic molecules could be
removed with the cleaning solution using SDS by forming micelles around the oxidised
foulants (Ding et al., 2020).
Based on the experimental results presented above, addition of SDS to conventional
chemical solutions improved the wettability and thus, the cleaning efficiency of these CEB
solutions. The irreversible and reversible fouling resistances for all CEB solutions in
filtration cycles 1 and 5 are shown in table 4.1. SDS+NaOH+NaOCl CEB clearly
demonstrated the best cleaning efficiency among all tested chemical solutions to clean the
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HA fouled ceramic membrane. This may be validated by the fact that SDS+NaOH+NaOCl
had the lowest irreversible fouling resistance (26.89%) and the highest reversible fouling
resistance (39.25%) compared to other cleaning solutions in cycle 5 (table 4.1). In addition,
SDS+NaOH+NaOCl CEB had the highest increase in overall reversible fouling resistance
from filtration cycles 1 to 5 (i.e., 17.57% to 39.25%) compared to other CEB solutions.
Table 4.1: Fouling resistance (%) after cleaning with CEB solutions
Irreversible
Reversible
Filtration Cycles
1
5
1
5
DI
40.99
48.24
14.77
21.07
SDS
38.36
32.36
19.05
35.21
NaOH
33.52
40.44
23.53
27.66
NaOCl
40.72
55.70
13.77
13.02
NaOH+NaOCl
36.73
29.14
18.09
37.45
SDS+NaOH
23.87
27.26
31.67
38.79
SDS+NaOCl
22.95
28.62
32.49
36.58
SDS+NaOH+NaOCl
33.36
26.89
17.57
39.25
DI water=control, SDS=8.3 mM, NaOCl=25 mg Cl2/L, NaOH= 90 mg/L

As mentioned earlier, SDS containing CEB solutions showed an initial spike in normalized
specific flux after every CEB cycle. In figure 4.11, CEB solutions containing SDS was
seen to have a higher % increase in specific flux with every BW/CEB cycle compared to
their individual cleaning components. As an example, in the test with SDS+NaOH+NaOCl
CEB, the specific flux at the beginning of filtration cycle 5 increased by 74.55% when
compared to specific flux at the end of filtration cycle 4. Whereas, in the test with
NaOH+NaOCl CEB, the specific flux at the beginning of filtration cycle 5 increased only
by 52.24% when compared to specific flux at the end of filtration cycle 4. As explained
earlier, such increase in specific flux could be due to the interaction of SDS on the
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membrane surface to make the membrane more hydrophilic. Unfortunately, as observed in
the normalized specific flux graphs, this increase in membrane hydrophilicity seems to be
temporary as it did not sustain with the continuation of the filtration cycle.
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Figure 4.11: Increase in specific flux (%) at the beginning of a filtration cycle. BW with
DI water was used as control
4.3

Fouling and cleaning of membrane fouled with HA+Ca2+

The presence of Ca2+ in feed water rich in organic matter was found to exacerbate fouling.
This is not surprising as considerable research has been conducted on the fouling effects of
NOM+Ca2+ complex (Tian et al., 2013; Li & Elimelech 2004; Chang et al., 2015; Kim &
Dempsey, 2013). From figure 4.12, it is clear that HA+Ca2+ feed solution had a higher
membrane fouling potential (due to higher decline in normalised specific flux) than HA
feed solution without Ca2+. The normalised specific flux of HA+Ca2+ feed solution
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decreased slowly and steadily. DI water BW and SDS+NaOCl CEB were not effective in
retrieving the lost normalised specific flux with this feed water. In the case of HA feed
without Ca2+, the normalised specific flux declined more sharply than with HA+Ca2+ feed
in each filtration cycle. However, there was a considerable recovery of the lost normalised
specific flux with every CEB, when the HA feed solution did not contain Ca2+.

1.0
DI (with Ca2+)
SDS(8.3 mM)+NaOCl (25 mg Cl2/L)(with Ca2+)
DI
SDS (8.3 mM)+NaOCl (25 mg Cl2/L)

Normalised specific flux (Jsp/Jsp0)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0

15

30

45
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105

120

135

150

165

180
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Time (minutes)

Figure 4.12: The variation in normalised specific flux vs time between HA feed solutions
with and without Ca2+ for filtration cycles 1-7. BW with DI water was used as control
The reversible and irreversible fouling resistance graphs (figure 4.13 a, b) are in agreement
with the observations made with the normalised specific flux graphs. The average
irreversible fouling resistance (filtration cycles 1-5) for HA+Ca2+ feed solution was higher
than HA feed solution without Ca2+. Fouling resistances were examined for filtration cycles
1 to 5 for HA feed solutions with and without Ca2+ for ease of comparison. In the case of
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DI water BW, the irreversible fouling resistances (for filtration cycles 1-5) were 55.7% and
45.62% with HA+Ca2+ feed solution and HA feed solution without Ca2+, respectively
(figure 4.13 a). Similarly, the average reversible fouling resistance (for filtration cycles 15) were 5.97% and 16.13% with HA+Ca2+ feed solution and HA feed solution without
Ca2+, respectively (figure 4.13 b). These results indicate, addition of Ca2+ to HA feed
solution exacerbates fouling on the membrane, making it hard to remove.
Agreeing with the results seen in this study, Li & Elimelech, (2004) recovered very little
inital membrane flux (i.e., 5% of the lost flux) after cleaning a HA+Ca2+ fouled NF
membrane with DI water for 10 minutes. Ca2+ is known to interact with the carboxylic
groups of HA to neutralise the negative charge on the foulant (Li & Elimelech, 2004). This
prevents any possible repulsion between the NOM and negatively charged membrane.
Charge neutralisation of HA molecule by Ca2+ also causes the HA molecule to change its
shape from long chain (due to interchain repulsion between negative charges) to a coiled
structure (Al-Amoudi & Lovitt, 2007; Chang et al., 2015). This may allow HA+Ca2+
complexes to penetrate and adsorb into the membrane pores (Kim & Dempsey, 2013; Jones
& O’Melia, 2000). Pore adsorption is usually due to pore constriction (initially) and is
irreversible in nature (Iritani & Katagiri, 2016). Initial pore constriction develops into pore
blocking and ultimately into a foulant cake layer on the membrane surface (Iritani &
Katagiri, 2016). Ca2+ ions are also known to form cross links between various HA
molecules to form a dense and compact fouling layer on the membrane surface (Li &
Elimelech, 2004). These physio-chemical changes to the HA molecule in the presence of
Ca2+ makes it resistant to hydraulic cleaning (Tian et al., 2013; Li & Elimelech, 2004).
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Figure 4.13: The a) irreversible and b) reversible fouling resistance (%) measured during
filtration cycles 1-7. The membrane was cleaned with CEB solutions: SDS+NaOCl. DI
water BW was used as control. “ND” denotes no data obtained for filtration cycle 5 in test
with Ca2+ in the feed and DI water as BW.
A higher percentage of DOC remaining on the membrane (figure 4.14) after the fouling
test maybe an indication of the highly irreversible nature of HA+Ca2+ feed solution. For
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the test with DI water as BW, 82.3% of feed DOC was remining on the membrane after
fouling with HA+Ca2+ feed solution. Whereas, 70.9% of feed DOC (for the test with DI
water BW) remained on the membrane after fouling the ceramic membrane with HA feed
solution without Ca2+.

90
80
70

DOC (%)

60
50
40
30
20
10
0

CEB

Permeate

Remaining on membrane after fouling test

Figure 4.14: Overall DOC (%) in each stream with respect to mass of DOC fed into the
membrane system. HA feed solution containing Ca2+ is denoted by “with Ca2+” next to
cleaning solutions on the horizontal axis. All other cleaning solutions were tested without
Ca2+ in the HA feed solution.
It must be noted that the organic carbon removal rate (70-82%) seen in this study is higher
than what is typically seen when real surface water is used as feed solution. When real
surface water was used as feed solution, the organic carbon retention on UF membranes
were seen to be less than 40% (Ferrer et al., 2016; Venne et al., 2020). Ferrer et al., (2016)
believes the low retention of organic carbon on UF membranes maybe due to the
94

predominance of small MW organic matter (MW< 1 KDa) in real surface water. As seen
in table 2.1, more than 70% of Aldrich HA was seen to be above 30 KDa, according to
Alresheedi et al., (2019b). Therefore, high DOC retention observed in this study is probably
due to high retention of Aldrich HA fractions on the 25 KDa ceramic membrane.
From figure 4.14, it is seen that the percentage of DOC in the CEB stream was lower for
fouling tests with HA+Ca2+ feed solution when compared to HA feed solution without
Ca2+. In the tests with DI water BW, DOC in the CEB stream was 6.6% lower in the
HA+Ca2+ feed solution, when compared to HA feed solution without Ca2+ (figure 4.14).
These results validate the irreversible nature of NOM+Ca2+ feed solution. The transmission
rate of NOM into the permeate stream also decreased in the presence of Ca2+. This can be
seen with a 4.8% decrease in DOC (when compared to HA feed without Ca2+) in the
permeate stream after BW with DI water (figure 4.14). Kim & Dempsey, (2013) observed
a similar decrease (35-40% reduction) in transmission when Ca2+ was added to the Aldrich
HA feed solution during stepped flux filtration operation of a PES UF membrane. Tian et
al., (2013) also observed a similar decrease in HA transmission when 0.5 mM CaCl2 was
added to HA (2 mg C/L) feed solution to foul a PES UF membrane. The decreased
transmission of HA+Ca2+ complex was attributed to an increase in adsorptive fouling (due
to reduced membrane-NOM repulsion) on the membrane (Kim & Dempsey, 2013; Tian et
al., 2013).
Pore constriction is not easily eliminated with DI water BW. Therefore, a chemical clean
is required to deal with NOM+Ca2+ foulants (Kim & Dempsey, 2013). Li & Elimelech,
(2004) noticed 10 minute cleaning of HA+Ca2+ fouled NF membrane with SDS (10 mM)
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and EDTA (1mM) increased the flux recovery to 103% and 108%, repectively. For
comparison, 10 minute cleaning of the same fouled membrane with DI water and NaOH
(pH 11) only had 5% and 7% increase in flux recovery, respectively (Li & Elimelech,
2004). Interestingly, SDS+NaOCl CEB did not significantly improve the normalised
specific flux and fouling resistance (figure 4.12, figure 4.13 a, b) when compared to DI
water BW to clean HA+Ca2+ fouling in this research. However, there was a marginal
increase in reversible and decrease in irreversible fouling resistances after cleaning with
SDS+NaOCl CEB solution when compared to DI water (figure 4.13 a, b). The average
reversible fouling resistance (from cycle 1-5) was 2.5% higher for HA feed solution
without Ca2+. Similarly, the average irreversible fouling resistance (from cycle 1-5) was
5.3% lower for HA feed solution without Ca2+. On a side note, the reversible fouling
resistance value in cycle 5 of figure 4.13 b for the test with DI water BW (with HA+Ca2+
feed) was omitted due to inaccuracies while logging data by the measuring instrument.
It was assumed that the small increase in cleaning efficiency with SDS+NaOCl CEB is due
to the presence of SDS in the cleaning solution (figure 4.13 a, b). The reasoning for this
assumption came from the improved cleaning efficiency observed by Li & Elimelech,
(2004) while cleaning a HA+Ca2+ fouled NF membrane with 10 mM SDS (pH 11). Li &
Elimelech, (2004) described the SDS-foulant interaction to be hydrophobic in nature. The
hydrophobic tail of SDS interacts with the hydrophobic HA molecule. The hydrophilic
head of SDS stretches into the aqueous cleaning solution to break the HA molecule away
from the intermolecular bridge with Ca2+. SDS formed micelles around the HA molecules
to encapsulate the foulant. Thus, detaching the foulant from the membrane surface and
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dissolving it in the cleaning liquid (Li & Elimelech, 2004). The short duration of CEB (i.e.,
30 seconds) might have been insufficient to remove NOM+Ca2+ fouling from the
membrane in this study. Most of the studies that used SDS as a cleaning solution used it
for soaking and/or for long duration cleaning (i.e., more than 2 minutes) (Masse et al.,
2015; Wang et al., 2018; Li et al., 2005). In addition, chelating agents such as EDTA are
generally accepted as the best cleaning agents when divalent ions (such as Ca2+) are present
in the organic feed solution (Shi et al., 2014). This maybe why Li & Elimelech, (2004)
achieved the best cleaning efficiency with EDTA compared to all other cleaning solutions
(i.e., DI, NaOH and SDS) while cleaning the fouled NF membrane.
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Chapter 5
5
5.1

Conclusion and future work
Summary

Limited research has been conducted in the past to explore the capacity of a CEB solution
with lowered surface tension to enhance the long-term production of a ceramic membrane.
The results from this study demonstrated some potential to this regard although not to the
degree that was anticipated.
1. Initial tests showed SDS (at its CMC i.e., 8.3 mM) had the lowest surface tension
compared to 5 mM and 10 mM SDS solutions. This implies that 8.3 mM SDS solution
demonstrated the highest wettability. Therefore, 8.3 mM was selected as SDS
concentration for subsequent tests.
2. This research hypothesised that the addition of SDS to conventional cleaning solutions
improves its wettability. When SDS (8.3 mM) was added to single component NaOH
(90 mg/L) and NaOCl (25 mg Cl2/L) CEB solutions, the contact angle and surface
tension of the combined solution decreased. Similar decrease in contact angle and
surface tension was also observed when SDS was added to NaOH (90 mg/L)+NaOCl
(25 mg Cl2/L) CEB solution. These results validate the above-mentioned research
hypothesis.
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3. Single component CEB solutions (NaOH, NaOCl, SDS) and the combination of
NaOH+NaOCl showed negligible improvement in normalised specific flux after CEB
when compared to cleaning with control (i.e., DI water BW).
4. Due to increase in wettability (or reduction in contact angle and surface tension),
improved cleaning efficiency was expected with conventional membrane cleaners in
the presence of SDS. This hypothesis was validated with an overall improvement in
fouling control with the addition of SDS to NaOCl and the combined NaOH+NaOCl
CEB solutions when compared to without SDS addition. SDS+NaOH+NaOCl CEB
solution had the lowest average irreversible (24.1%) and highest average reversible
(35.64%) fouling resistance when compared to all other CEB solutions. Therefore, this
novel combination (i.e., SDS+NaOH+NaOCl) demonstrated the highest cleaning
efficiency as a CEB solution in this research study.
5. The addition of SDS was observed to create a short-term initial spike in the normalized
specific flux after a CEB cycle. However, the initial spike in normalised specific flux
quickly dropped and stabilised with the continuation of the filtration duration.
6. The presence of Ca2+ in the HA feed solution led to a steady decline in normalised
specific flux. DI BW and SDS+NaOCl CEB were ineffective in recovering the decline
in normalised specific flux caused by HA+Ca2+ fouling on the ceramic membrane.
In general, test results appear to demonstrate a positive but very short impact on the
membrane system in terms of the normalized specific flux recovery. This research
demonstrates the potential of this field with further research in this area, recommended.
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5.2

Future work

Cleaning duration was seen as an important aspect of cleaning efficiency with SDS
cleaning solutions. A possible research study looking at the viability of the mentioned
cleaning solution combinations for long duration cleaning (i.e., as a CIP) is recommended.
Comparative studies with alternative surfactants such as sodium dodecyl benzene
sulphonate (SDBS) can also be performed to assess the variation in cleaning efficiency
when compared to SDS.
Lastly, it is recommended to test mentioned chemical solution combinations with real
surface water to see if the observed cleaning efficiencies can be replicated. If needed,
cleaning solutions such as EDTA can be added to the above-mentioned chemical
combinations to deal with challenging feed water characteristics (such as the presence of
Ca2+).
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Appendix A
Supplementary figures and graphs

CIP outlet
CEB inlet

Permeate outlet

Ceramic membrane

CEB outlet
Feed/CIP inlet

Figure A.1: Bench-scale ceramic ultrafiltration system
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Figure A.2: Humic acid calibration curve at UV 268 nm. HA concentrations used for
calibration curve are 1, 3, 5 and 10 mg C/L.
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a)

b)

c)
d)
Figure A.3: Contact angle and surface tension images of various CEB solutions. a) and c)
are contact angle and surface tension images of NaOCl (25 mg Cl2/L) solution. c) and d)
are contact angle and surface tension images of SDS (8.3 mM)+NaOCl (25 mg Cl2/L)
solution. All solutions were prepared at room temperature (22±3˚C)

119

20
DI water

18

DI water (replicate)

16

TMP (PSIG)

14
12
10
8

6
4
2
0
0

30

60

90

120

Time (minutes)

150

180

210

a)
20
SDS (8.3 mM)+NaOCl (25 mg Cl2/L)

18

SDS (8.3 mM)+NaOCl (25 mg Cl2/L) (replicate)

16

TMP (PSIG)

14
12
10
8
6
4
2
0
0

30

60

90

120

Time (minutes)

150

180

210

b)
Figure A.4: Replicates of TMP trends during fouling tests with a) DI water BW and b)
SDS+NaOCl CEB solution. The decrease in TMP every 30 minutes is due to the removal
of foulants with every BW/CEB cycle. Feed solution: HA feed, filtration flux: 100 LMH
(constant flux), filtration duration: 30 minutes, BW/CEB flux: 240±20 LMH, BW/CEB
duration: 30 seconds.
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Figure A.5: Comparison of average total fouling resistance of various cleaning solutions
with the contact angle of that solution
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Figure A.6: Comparison of average total fouling resistance of various cleaning solutions
with the surface tension of that solution
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Table A.1: Irreversible fouling resistance (x1012 m-1) after cleaning with CEB
solutions
Filtration Cycles
1
2
3
4
5
HA feed with Ca2+
DI

0.98

1.79

2.17

3.02

3.97

SDS+NaOCl

1.08

1.72

1.91

2.52

3.06

HA feed without Ca2+
DI

1.32

1.68

1.94

2.41

2.24

SDS

1.28

1.12

1.55

1.35

1.42

NaOH

1.11

1.50

1.92

1.79

1.81

NaOCl

1.28

1.72

1.99

2.05

2.54

NaOH+NaOCl

1.16

1.08

1.16

1.32

1.24

SDS+NaOH

0.77

1.09

1.28

1.15

1.15

SDS+NaOCl

0.73

0.97

1.01

1.02

1.17

SDS+NaOH+NaOCl

0.97

0.61

0.70

0.88

1.13

DI water=control, SDS=8.3 mM, NaOCl=25 mg Cl2/L, NaOH= 90 mg/L
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Table A.2: Reversible fouling resistance (x1012 m-1) after cleaning with CEB
solutions
Filtration Cycles
1
2
3
4
5
HA feed with Ca2+
DI

0.22

0.05

0.32

0.28

ND

SDS+NaOCl

0.23

0.19

0.33

0.41

0.51

HA feed without Ca2+
DI

0.48

0.70

0.58

0.50

0.98

SDS

0.64

1.24

1.00

1.40

1.55

NaOH

0.78

0.88

0.75

1.19

1.24

NaOCl

0.43

0.61

0.65

0.93

0.59

NaOH+NaOCl

0.57

1.20

1.36

1.40

1.60

SDS+NaOH

1.02

1.28

1.48

1.83

1.63

SDS+NaOCl

1.04

1.17

1.34

1.54

1.50

SDS+NaOH+NaOCl

0.51

1.43

1.40

1.57

1.65

DI water=control, SDS=8.3 mM, NaOCl=25 mg Cl2/L, NaOH= 90 mg/L, ND=No Data
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Table A.3: DOC % in each stream with respect to mass of DOC fed into the membrane
system
DOC % distribution with respect to feed DOC concentration
CEB solutions

CEB stream

Permeate stream

Remaining on membrane
after fouling test

HA feed with Ca2+
DI water
SDS+NaOCl

1.31
1.28

16.40
17.03

82.29
81.69

HA feed without Ca2+
DI water

7.89

21.23

70.88

SDS

12.59

21.00

66.41

NaOH

8.72

20.51

70.77

NaOCl

6.95

23.48

69.57

NaOH+NaOCl
SDS+NaOH
SDS+NaOCl

8.43
8.72
7.50

17.58
19.02
25.04

73.99
72.26
67.45

SDS+NaOH+NaOCl

7.11

20.84

72.05

DI water=control, SDS=8.3 mM, NaOCl=25 mg Cl2/L, NaOH= 90 mg/L
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Table A.4: Statistical analysis (T-test) to gauge the difference in surface tension of
various cleaning solution when compared to DI water
Chemical solutions
Measured surface Compared
Significantly
tension (N/m)
to DI water different (i.e.,< 0.05)
DI

0.072 0.073

SDS (5 mM)

0.059 0.059 0.062

0.0004

Yes

SDS (8.3 mM)

0.055 0.055 0.060

0.0002

Yes

SDS (10 mM)

0.058 0.058 0.057

0.0003

Yes

NaOH (90 mg/L)

0.075 0.075 0.073

0.0115

Yes

NaOCl (25 mg Cl2/L)

0.074 0.076 0.073

0.0734

No

NaOH (90 mg/L)+NaOCl
(25 mg Cl2/L)

0.076 0.076 0.077

0.0059

Yes

SDS (8.3 mM)+NaOH (90
mg/L)

0.047 0.047 0.049

0.0001

Yes

SDS (8.3 mM)+NaOCl (25
mg Cl2/L)

0.055 0.057 0.053

0.0043

Yes

SDS (8.3 mM)+NaOH (90
mg/L) +NaOCl (25 mg
Cl2/L)

0.045 0.045 0.045

0.0001

Yes

The results from table A.4 indicate that the surface tension of all CEB solutions (except for
NaOCl CEB) were significantly different when compared to DI water. As an example,
SDS+NaOH+NaOCl CEB solution was observed to have a significantly lower surface
tension compared to DI water.
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Table A.5: Statistical analysis (T-test) to gauge the difference in surface tension of
various cleaning solution when compared to other cleaning solutions
Compared
to other
Significantly
Measured surface
chemical
different
Chemical solutions
tension (N/m)
solutions
(i.e.,< 0.05)
SDS (5 mM)

0.059

0.059

0.062

SDS (8.3 mM)

0.055

0.055

0.060

SDS (8.3 mM)

0.055

0.055

0.060

SDS (10 mM)

0.058

0.058

0.057

NaOH (90 mg/L)

0.075

0.075

0.073

SDS (8.3 mM)+NaOH (90
mg/L)

0.047

0.047

0.049

NaOCl (25 mg Cl2/L)

0.074

0.076

0.073

SDS (8.3 mM)+NaOCl (25
mg Cl2/L)

0.055

0.057

0.053

NaOH (90 mg/L)+NaOCl
(25 mg Cl2/L)

0.076

0.076

0.077

SDS (8.3 mM)+NaOH (90
mg/L)+NaOCl (25 mg
Cl2/L)

0.045

0.045

0.045

0.1967270

No

0.6289738

No

0.0000048

Yes

0.0001900

Yes

0.0000003

Yes

The results from table A.5 indicate that the surface tension of SDS CEB solutions (5 mM,
8.3 mM and 10 mM) were not significantly different when compared to each other.
However, surface tension of conventional CEB solutions significantly reduced with the
addition of 8.3 mM SDS to these solutions.
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Table A.6: Statistical analysis (T-test) to gauge the difference in contact angle of various
cleaning solution when compared to DI water
Chemical solutions
Measured contact Comparison
Significantly
angle (˚)
to DI water different (i.e.,< 0.05)
DI

77.71 75.41

SDS (5 mM)

54.16 50.98 50.36

0.007

Yes

SDS (8.3 mM)

36.21 36.26 35.95

0.001

Yes

SDS (10 mM)

33.60 34.48 38.34

0.001

Yes

NaOH (90 mg/L)

80.15 80.47 80.86

0.084

No

NaOCl (25 mg Cl2/L)

81.62 80.41 80.92

0.076

No

NaOH (90 mg/L)+NaOCl (25
mg Cl2/L)

83.00 84.82 83.37

0.037

Yes

SDS (8.3 mM)+NaOH (90
mg/L)

46.91 46.57 43.45

0.002

Yes

SDS (8.3 mM)+NaOCl (25 mg 40.49 42.27 42.05
Cl2/L)

0.002

Yes

SDS (8.3 mM)+NaOH (90
mg/L)+NaOCl (25 mg Cl2/L)

0.002

Yes

41.05 43.21 42.86

The results from table A.6 indicate that the contact angle of all CEB solutions (except for
single component NaOH and NaOCl CEB) were significantly when compared to DI water.
As an example, SDS+NaOH+NaOCl CEB solution was observed to have a significantly
lower contact angle compared to DI water.
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Table A.7: Statistical analysis (T-test) to gauge the difference in contact angle of various
cleaning solution when compared to other cleaning solutions
Compared to
other
Significantly
Measured contact angle
chemical
different (i.e.,<
Chemical solutions
(˚)
solutions
0.05)
SDS (5 mM)

54.16 50.98

50.36

SDS (8.3 mM)

36.21 36.26

35.95

SDS (8.3 mM)

36.21 36.26

35.95

SDS (10 mM)

33.60 34.48

38.34

NaOH (90 mg/L)

80.15 80.47

80.86

SDS (8.3 mM)+NaOH
(90 mg/L)

46.91 46.57

43.45

NaOCl (25 mg Cl2/L)

81.62 80.41

80.92

SDS (8.3 mM)+NaOCl 40.49 42.27
(25 mg Cl2/L)

42.05

NaOH (90
mg/L)+NaOCl (25 mg
Cl2/L)

83.00 84.82

83.37

SDS (8.3 mM)+NaOH
(90 mg/L)+NaOCl (25
mg Cl2/L)

41.05 43.21

42.86

0.0001851

Yes

0.6700553

No

0.0000063

Yes

0.0000005

Yes

0.0000012

Yes

The results from table A.7 indicate that the contact angle of 8.3 mM and 10 mM SDS CEB
solutions were not significantly different when compared to each other. However, the
contact angle of 8.3 mM SDS CEB solution significantly reduced when compared to 5 mM
SDS CEB solution. In addition, contact angle of conventional CEB solutions significantly
reduced with the addition of 8.3 mM SDS to these solutions.
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Appendix B
Sample calculations
Clean membrane specific flux and resistance:

Jsp0 =
=

𝐽𝑠0
∆𝑃

100 L/m2 .h
5.744 PSIG

=17.41
Km =

L/m2 .h
PSIG

∆𝑃
𝜇×𝐽𝑠0
𝑘𝑔

=

𝑠

𝐿

(5.744×0.0689 𝑏𝑎𝑟)×105 2 .𝑚×3600 ×103 3
ℎ𝑟
𝑠
𝑚
𝑘𝑔

10−3 𝑚.𝑠×100 L/𝑚2 .h

= 1.426× 1012 m-1
Where, Jsp0 is the clean membrane specific flux, Js0 clean membrane standard flux, ∆P is
the transmembrane pressure, Km is the clean membrane resistance.

Standard flux:
Js = Jm (1.03) Ts−Tm
Js = 11.41 L/m2.h*(1.03) (20−23.8)
Js = 9.957 L/m2.h
Where, Js and Jm represents standard and measured fluxes, respectively. Ts and Tm are the
standard (i.e., 20˚C) and measured temperatures of the solution.
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Surface tension of a cleaning solution:
𝜆=

ℎ×𝜌×𝑔×𝑟
2cos (90° − 𝜃)

𝑘𝑔
𝑚
× 9.81 2 × 5.5 × 10−4 𝑚
𝑚3
𝑠
2cos (90° − 76.563°)

2.62 × 10−2 𝑚 × 0.998 × 103
=

= 0.0725 𝑁/𝑚
= 72.5 𝑚𝑁/𝑚
Where, ‘h’ is the height of capillary rise (m), ρ represents the density of the CEB solution
(kg/m3), ‘g’ is the acceleration due to gravity (m/s2), r is the tube radius (m) and θ is the
contact angle of the CEB solution. Figure B.1 shows the capillary rise in a Pasteur pipet.

Figure B.1: Capillary rise of a liquid in the Pasteur pipet
Hardness of water sample:

Hardness (mg CaCO3/L) =

𝑉×1000
50 𝑚𝐿 𝑠𝑎𝑚𝑝𝑙𝑒
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=

4.5 𝑚𝑙 × 1000
50 𝑚𝐿 𝑠𝑎𝑚𝑝𝑙𝑒

= 90 mg CaCO3/L
Where, V is the volume of EDTA that was used for titrating the sample.

Total alkalinity of water sample:

Total Alkalinity (mg CaCO3/L) =

=

(𝑉1 +𝑉2 )×𝑁×50000
50 𝑚𝐿 𝑠𝑎𝑚𝑝𝑙𝑒

(0 + 2.7 𝑚𝑙) × 0.02 × 50000
50 𝑚𝐿 𝑠𝑎𝑚𝑝𝑙𝑒
= 54 mg CaCO3/L

Where, V1 is the volume of H2SO4 used to titrate at phenolphthalein alkalinity, V2 is the
volume of H2SO4 used to titrate after adding methyl orange indicator to the sample, N is
the normality of H2SO4 used to titration.

Membrane fouling resistance in each filtration cycle:
Filtration
cycle
1
2

∆𝑷 at beginning
(PSIG)
5.85
7.45

Kir =

∆𝑃
𝜇×𝐽𝑠

𝑘𝑔

=

∆𝑷 at end
(PSIG)
11.64
13.70

Js at beginning
(LMH)
73.02
67.30

− 𝐾𝑚
𝑠

𝐿

(7.45×0.0689 𝑏𝑎𝑟)×105 2 .𝑚×3600 ×103 3
ℎ𝑟
𝑠
𝑚
𝑘𝑔
10−3 𝑚.𝑠×67.3 L/𝑚2 .h

Js at end (LMH)
89.62
89.25

−1.426× 1012 m-1
132

= 1.32× 1012 m-1

Kr =

∆𝑃
𝜇×𝐽𝑠

𝑘𝑔

=

− 𝐾𝑚 − 𝐾𝑖𝑟
𝑠

𝐿

(11.64×0.0689 𝑏𝑎𝑟)×105 2 .𝑚×3600 ×103 3
ℎ𝑟
𝑠
𝑚
𝑘𝑔
10−3
×89.62 L/𝑚2 .h
𝑚.𝑠

− 1.426 × 1012 𝑚−1 − 1.32 ×

1012 𝑚−1
= 4.76× 1012 m-1
Kt= Km+Kir+Kr
=1.426× 1012 +1.32× 1012 +4.76× 1012
= 3.22× 1012 m-1
Where, Km, Kir, Kr and Kt are the clean membrane, irreversible fouling, reversible fouling
and total membrane fouling resistances, respectively. ∆𝑃 is the average transmembrane
pressure (TMP), µ is the viscosity of water at 20˚C, Js is the standard flux.

Increase in specific flux:

Filtration cycle

Jsp at beginning
(LMH/PSIG)

Jsp at end
(LMH/PSIG)

1

12.40

7.70

2

8.90

6.51

𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑓𝑙𝑢𝑥 (%) =

𝐽𝑠𝑝𝐵𝑒𝑔 − 𝐽𝑠𝑝𝐸𝑛𝑑
× 100
𝐽𝑠𝑝𝐸𝑛𝑑
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=

8.9−7.7
7.7

× 100

=15.58%
Where, Jsp is specific flux.

Mass of carbon remaining on the membrane and DOC% in each stream:
𝑀𝑐𝑎𝑟𝑏𝑜𝑛 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑜𝑛 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
= 𝑀𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑓𝑒𝑒𝑑 − (𝑀𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐶𝐸𝐵 + 𝑀𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒)
= (𝐷𝑂𝐶𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑓𝑒𝑒𝑑 × 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑓𝑒𝑒𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)
− [(𝐷𝑂𝐶𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐶𝐸𝐵 × 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝐸𝐵 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)
+ (𝐷𝑂𝐶𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 × 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)]
= (2.636 𝑚𝑔 𝐶/𝐿 × 3.88𝐿) − [(7.059 𝑚𝑔 𝐶/𝐿 × 0.114 𝐿)
+ (0.565 𝑚𝑔 𝐶/𝐿 × 3.84𝐿)]
= 7.25 mg C

DOC% =

7.25 𝑚𝑔 𝐶
𝐶
𝐿

2.636 𝑚𝑔 ×3.88 𝐿

× 100

= 70.88%
Where, M is the mass of carbon in feed, CEB and permeate stream. DOC is the dissolved
organic carbon concentration of respective stream.
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