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ABSTRACT

ABSTRACT

Ceramic nanofiltration (NF) is a newly developed technology for municipal sewage
reclamation for drinking water production, agricultural and industrial utilisation, but
organic fouling limits it to pilot-scale application. Herein, Fenton-based cleaning
catalysed by FeOCl pre-coat was performed on ceramic NF membrane to clean
persistent gel-like fouling. FeOCl pre-coating on ceramic NF membrane was
conducted by pressure-driven filtration. Gel-like fouling was simulated by Ca-alginate.
The compact fouling layer was proposed to impede the diffusion of H>O; therefore,
NaCl was introduced to perform Na-Ca ion exchange to relax the fouling layer and
improve the mass transfer in Fenton-based cleaning. The cleaning efficiency of Fenton
cleaning and NaCl treatment were evaluated individually, and their synergistic effect
was determined by a mixture of NaCl/H>O».

In pre-coating, the iron loading could be controlled by permeate flux. Moreover, the
iron loading on the membrane had a linear relationship with FeOCl dosage. The pre-
coated FeOCl layer slightly decreased membrane permeability (by 4%), presumably
because the porous FeOCl pre-coat provided abundant channels for water permeation.
NaCl pre-treatment displayed high efficiency in the removal of the reversible fouling
layer, which contributed to 50% of flux decline. The FeOClI pre-coat catalysed Fenton-
based cleaning, which achieved a complete flux recovery in 1 hour. The addition of
tert-butanol (an -OH scavenger) in Fenton-based cleaning system decreased the
cleaning efficiency, which confirmed the participation of -OH in Fenton-based cleaning.
No remarkable synergistic effect was observed between NaCl induced fouling layer
swelling and Fenton oxidation. It was likely due to the effect of turbulent flush on
improving the diffusion of H>O in Fenton-based cleaning, which surpassed the effect
of fouling layer swelling induced by NaCl treatment.
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1 INTRODUCTION

1 INTRODUCTION

1.1. BACKGROUND

Due to the ever-increasing water demand, municipal wastewater is proposed to be a
promising alternative water source for drinking water supply, agricultural and
industrial uses (Kramer et al. 2020, Rietveld et al. 2011). Ceramic nanofiltration (NF)
has emerged as an attractive new technology for water reclamation, given its superior
separation capability upon various organic molecules and small colloids (Shams
Ashaghi et al. 2007, Weber et al. 2003). Besides, it displays outstanding robustness in
harsh chemical, thermal and mechanical conditions (Lee et al. 2013, Shams Ashaghi et
al. 2007, Weber et al. 2003). With the breakthrough of the manufacturing technology,
ceramic NF membrane with good quality has been commercially available (Fujioka et
al., 2014). However, organic fouling is a major obstacle that limits the up-scaling
application of ceramic NF membrane in wastewater reuse. Extracellular polymeric
substrate (EPS) in municipal sewage is of high fouling tendency due to its sticky nature
and high gelling property, which contributes remarkably to the organic fouling of
ceramic NF membrane (Kramer et al. 2020).

Appropriate membrane cleaning strategies are necessary to remove the attached
fouling layer and restore membrane permeability. Generally, membrane cleaning is
classified into physical and chemical cleaning (Wang et al. 2014, Zhao et al. 2000).
Physical cleaning, such as backwash and forward flush, aims at detaching the
reversible fouling layer. The backwash is inapplicable to the ceramic NF membrane
due to the low permeability of the NF membrane and the potential physical damage
to the end-sealing of the ceramic membrane at high transmembrane pressure (TMP).
The forward flush is ineffective in removing the sticky gel-like fouling layer (Chang
and Judd 2002, Huang et al. 2008, Soesanto et al. 2019). Chemical cleaning by acid, base
and/or hypochlorite is frequently required (Wang et al. 2014), which leads to large
consumption of chemicals and deteriorates the integrity and life span of the membrane.
Furthermore, the consequent oxidation by-products and the overdosage of chemicals
might cause secondary pollution (Wang et al. 2014). Hence, a green and efficient
cleaning strategy without deteriorating membrane integrity and the environment is
urged to be explored.

Fenton oxidation is an advanced oxidation process (AOP) in which Fenton(like)
catalyst decomposes H>O, and generates nonselective, highly reactive radicals, i.e.
hydroxyl radicals (-OH). It is environmentally friendly and harmless to membrane
integrity. Iron-based catalysts outstand due to their high catalytic activity, accessibility,
recyclability and low toxicity (He et al. 2016). Iron oxychloride (FeOCl) is a novel,
heterogeneous Fenton-like catalyst that performs exceptional Fenton activity and
catalytic durability (Yang et al. 2013, Zhang et al. 2017). Sun et al. (2018) performed
bovine serum albumin (BSA) fouling and Fenton-based cleaning on FeOCl
immobilised polymeric UF membranes. The almost complete flux recovery confirmed
the high efficiency of the membrane-based FeOCl catalysed Fenton oxidative cleaning.
However, the FeOCl catalysed Fenton oxidation for cleaning persistent gel-like fouling

1



1 INTRODUCTION

of ceramic NF membrane is still lack of knowledge, regarding the approaches for
coating Fenton catalysts on ceramic NF membranes and the efficiency and influencing
factors of Fenton-based cleaning on the membrane surface. Besides, preliminary
experiments in our lab proposed the hindrance of mass transfer by the compact gel-
like fouling layer. Lee and Elimelech (2007) applied salt cleaning on polymeric RO
membrane fouled by Ca-alginate to clean the gel-like fouling layer via salt-Ca ion
exchange. Nevertheless, no previous study has investigated the synergistic effect
between NaCl and Fenton oxidation for persistent gel-like fouling of ceramic NF
membrane.

In this study, the FeOCl particles were deposited onto the membrane surface by a
pressure-driven filtration. Sodium alginate, a kind of polysaccharide, was selected as
the model organic foulant to mimic EPS in municipal sewage. Calcium ions were
dosed to the fouling solution to enhance membrane fouling by forming interchain
among alginate molecules and ceramic NF membrane (Lee et al. 2006a, You et al. 2020).
The efficiency of NaCl pre-treatment and Fenton-based cleaning for persistent gel-like
fouling of ceramic NF membrane were investigated respectively, and the synergistic
effect between NaCl and Fenton oxidation were examined by a mixture of NaCl/H>O..

1.2. KNOWLEDGE GAPS AND RESEARCH OBJECTIVES

Based on state of the art demonstrated in Section 1.1, several knowledge gaps are still
to be investigated:

1) Membrane modification by pressure-driven pre-filtration of FeOCl on ceramic
NF membrane as a Fenton-based catalytic layer is lack of researches.

2) Heterogeneous Fenton oxidation processes induced by a pre-coated FeOCl
layer on membrane surface for cleaning persistent gel-like fouling of ceramic
NF membrane is seldom studied.

3) Uncertainties still exist concerning the synergistic effect between NaCl and
Fenton oxidation in a membrane-based cleaning.

The objective of this research is to determine the effectiveness, efficiency, and the
underlying mechanism of FeOCl catalysed Fenton-based cleaning for Ca-alginate
fouled FeOCl pre-coated ceramic NF membrane. This information is essential to
develop a green cleaning strategy to achieve effective and efficient cleaning for
persistent gel-like fouled ceramic membrane without compromising membrane
quality.

1.3. RESEARCH QUESTIONS AND APPROACHES

According to the background information and knowledge gaps summarised in Section
1.1 and Section 1.2, three research questions were proposed to achieve the research
objectives mentioned in Section 1.2. These research questions are:
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1) What are the main factors affecting the pre-coating (i.e., iron loading) of FeOCl
catalysts on top of ceramic NF membrane by the pressure-driven pre-filtration
method?

2) What are the efficiency, influencing factors and mechanisms of using the NaCl
pre-treatment and FeOCl catalysed Fenton oxidation for cleaning gel-like
fouling of ceramic NF membrane?

3) What are the efficiency and underlying synergistic mechanisms of the
NaCl/Fenton-based cleaning for gel-like fouling on ceramic NF membrane?

Literature review and laboratory research were two approaches applied to answer
these research questions.

Literature review:

A literature review, which is presented in Chapter 2, acts at an introduction of the basic
mechanisms regarding the topic and the preparation of the laboratory experiments.
The collected experimental raw data were analysed and interpreted based on the
experimental phenomenon and literature to ensure the agreement between the
laboratory result and the scientific theory. Due to the closure of WaterLab in 2020, the
literature review was extended to compromise the workload.

Laboratory research:

Laboratory experiments were divided into three stages corresponding to the three
research questions:

Stage I: Investigate the factors that influence the catalytic activity of the synthesised FeOCI.

In this stage, a synthetic condition to generate a highly active FeOClI catalyst was
explored. According to the literature, three synthetic conditions were focused,
including, 1) heating rate, 2) heating duration, and 3) the participation of oxygen.
Fenton activity of the corresponding synthesised catalyst was determined by the
Fenton-based decolouration rate of methylene blue. The effect of chloride ion on the
Fenton activity of FeOCl was explored by adding a certain amount of NaCl to the
Fenton reaction system.

Stage II: Examine the factors that affect the iron loading and coating efficiency of FeOCI pre-
coating on ceramic NF membrane.

In this stage, the effects of membrane permeability and FeOCl dosage on the iron
loading on ceramic NF membrane were explored. Regarding each aspect, FeOCl pre-
coating was conducted under identical condition except for the targeted factor. The
pre-coating was evaluated in terms of the iron loading, pre-coating efficiency and the
consequent permeability decline. Research question 1) was solved in this stage.

Stage III: Determine the efficiency of NaCl pre-treatment, Fenton-based cleaning and
NaCl/Fenton synergistic cleaning, respectively, and study the corresponding underlying
mechanisms.

In NaCl pre-treatment, three factors were investigated, including 1) treatment
hydrodynamics, 2) treatment duration, and 3) Na* concentration. In this stage, the

3
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hydrodynamic condition indicated a turbulent forward flush or a soaking mode. The
performance of NaCl pre-treatment was assessed by determining the flux recovery
after the treatment. In Fenton-based cleaning, the effects of three factors, including 1)
cleaning hydrodynamics, 2) H>O, concentration, and 3) cleaning duration, were
explored. The cleaning efficiency was evaluated by measuring the flux recovery after
Fenton-based cleaning. Besides, the underlying mechanism of Fenton-based cleaning
was explored. The effect of -OH was evaluated by comparing the flux recoveries of
Fenton-based cleaning with/without the addition of tert-butanol, an -OH scavenger.
Research question 2) was answered at this stage.

In addition, the synergistic effect between NaCl and Fenton-based cleaning was
evaluated by measuring the flux recovery of a Ca-alginate fouled ceramic NF
membrane cleaned by a mixture of NaCl/H>O,. Research question 3) was answered at
this stage. The hypothetical mechanism of the synergistic effect of NaCl/Fenton is
explained in Section 2.5.

The detailed experimental setup, laboratory materials and methods are elucidated in
Chapter 3.
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2.1. CERAMIC NANOFILTRATION MEMBRANES

A membrane filtration process separates a feed stream into permeate and concentrate,
with transmembrane pressure (TMP) as a driving force. Membrane processes perform
high efficiency in water purification and water reclamation. Due to the current
concerns such as water scarcity and increasingly rigorous wastewater discharge
criterion, it has been widely implemented in the wastewater treatment process
(Fujioka et al. 2014, van der Bruggen et al. 2003).

According to the fabricated material, membrane is generally classified into polymeric
membrane and ceramic membrane. Most commercial polymeric membranes are
fabricated by hydrophobic polymers such as polyvilidenefluoride (PVDEF),
polyethersulfone (PES), polypropylene (PE) and polyamide (PA) (Ashfaq et al. 2020,
Chu et al. 2016, Hilal et al. 2004, Kochkodan and Hilal 2015, Soesanto et al. 2019, Sun
et al. 2018). Ceramic membrane is much less studied compared to the polymeric
membrane, yet an increasing amount of corresponding research is conducted in recent
times. Typically, ceramic membranes consist of several sublayers, including a support
layer which is fabricated by macro-porous alumina (a-AlOs), intermediate sublayers
which narrow the water path, and an active layer which is composed of titania (TiO»)
(Shams Ashaghi et al. 2007). Ceramic membranes are distinguished by its outstanding
chemical, thermal and mechanical durability as well as stable performance (Lee et al.
2013, Shams Ashaghi et al. 2007, Weber et al. 2003). The exceptional advantages extend
its application in harsh conditions such as aggressive chemical (strong acids and bases)
and high temperature. Additionally, it is experimentally demonstrated to be less
susceptible to organic fouling due to its hydrophilic property (Fujioka et al. 2014, Lee
et al. 2013, Lee and Kim 2014). Thus, it has been applied in the treatment of landfill
leachate, food and beverage industry, and chemical production process (Fujioka et al.
2014, van der Bruggen and Vandecasteele 2003).

Based on pore size, membranes can be divided into two categories: micro- and
ultrafiltration membranes (MF and UF), and nanofiltration and reverse osmosis (NF
and RO) membranes. MF and UF membranes aim at larger organic compounds and
microorganisms. In comparison, NF and RO membranes are applied to retain
micropollutants and ions. NF is originated from RO, and it is distinguished by its
relatively higher water permeability, lower operating pressure and, lower salt
rejection (van der Bruggen and Vandecasteele 2003). A typical pore size of the
polymeric NF membrane is around 1 nm (Fujioka et al. 2014). Despite a relatively
slower development, the manufacture technologies for ceramic membrane has
achieved a breakthrough, and ceramic NF membrane with molecular weight cut-off
(MWCO) of 200 Da was commercially obtained (Fujioka et al. 2014, van der Bruggen
et al. 2003). Fujioka et al. (2014) suggested that ceramic NF membrane is negatively
charged and performed higher rejection to negatively charged trace organic
compounds due to electrostatic repulsion. As the rapid development of membrane
filtration process, NF membranes have been widely applied in seawater desalination,
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2 LITERATURE REVIEW

drinking water purification, oilfield produced water treatment and wastewater
reclamation (Mohammad et al. 2015, Shams Ashaghi et al. 2007, Zhao and Yu 2015).

2.2. FOULING OF NANOFILTRATION MEMBRANE

Membrane fouling is a phenomenon that includes physical and chemical interactions.
It occurs at the surface or in the pores of a membrane due to the accumulation or
trapping of foulants during mass transfer across the membrane (Kochkodan and Hilal
2015, Tang et al. 2011). To date, fouling of NF membranes was mainly caused by
colloidal or dissolved organic matter (DOM) (Hilal et al. 2004, Li and Elimelech 2004,
Lin et al. 2014, Mohammad et al. 2015, Shams Ashaghi et al. 2007, van der Bruggen et
al. 2003). Moreover, organic compounds in the feedwater serve as a nutrient source for
bacteria which could lead to membrane biofouling (Baker and Dudley 1998, Zhao and
Yu 2015). Membrane fouling causes several detrimental impacts on a membrane
process, including reduction of permeate flux, deterioration of permeate quality, and
decrease of membrane lifespan. Additionally, high frequency of chemical cleaning
increases the energy consumption and operational cost of the process (Elimelech et al.
1997, Hilal et al. 2004, Mohammad et al. 2015, Vrijenhoek etal. 2001, Zhao and Yu 2015,
Zhu et al. 1997). Eventually, the accumulation of irreversible requires a replacement of

membrane elements which imposes a substantial economic burden on the plant (up to
50% of the total cost) (Matin et al. 2011).

2.2.1. Organic Fouling
1) Type of organic foulants

Organic fouling is a major cause of the deterioration of permeate productivity and
quality which brings up the energy consumption and operational cost in ceramic NF
membrane (Soesanto et al. 2019). Organic foulants can be classified into rigid
biopolymers, fulvic compounds and flexible biopolymers (Tang et al. 2011). Rigid
biopolymers mainly refer to long-chain polysaccharides with large molecular weight.
Fulvic compounds are recalcitrant fulvic acid and humic acid. Flexible biopolymers
include proteins and some loose compounds with a molecular weight below 1000 Da
(Mohammad et al. 2015, Tang et al. 2011). Typically, polysaccharides are linear or rod-
like macromolecules which are weakly negatively charged at neutral pH. Alginate is a
hydrophilic polysaccharide with an extended coil conformation. The corresponding
molecular weight ranges from 200 to 2000 kDa. The charge density of alginate can
reach 6 meq/g due to the deprotonation of carboxylic functional groups (Tang et al.
2011). In this research, alginate is selected as the model organic foulant to mimic the
extracellular polymeric substrate (EPS) in the municipal wastewater.

Humic acid is formed by the decomposition of heterogeneous and refractory
polymeric organic compounds (Buffle etal. 1998). The molecular weight of humic acid
ranges from a few kDa to a few hundred kDa. Due to the deprotonation of carboxylic
and phenolic functional groups, it is negatively charged over a wide range of pH
(Ritchie and Perdue 2003, Tang et al. 2007b). Unlike polysaccharides and humic acid,
which have a flexible size, a specific protein corresponds to a defined molecular weight.
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Besides, due to the co-existence of the negatively charged carboxylic groups and
positively charged amine groups, protein displays amphoteric charge properties.
Their charge properties change with pH, and the critical pH of a specific protein is
determined by the respective isoelectric points (pHiep) (Tang et al. 2011).

2) Mechanisms of organic fouling

Organic fouling is mainly caused by the deposition of organic foulants on the
membrane surface (Tang et al. 2011). The hydrophobic fraction of organic foulants
dramatically decreases permeate productivity (Kochkodan and Hilal 2015). Main
mechanisms contributing to the deposition are adsorption and gel layer formation (Lee
et al. 2013, Mohammad et al. 2015, Wang et al. 2014). Adsorption is specific colloid-
colloid and colloid-membrane interactions. With the presence of Ca?*, the negatively
charged alginate molecules might be neutralised and coiled, and be adsorbed to the
membrane surface (Li et al. 2020, You et al. 2020). It can be explained by the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory (Deraguin and Landau 1941, Verwey et al.
1948). DLVO theory indicates that the interaction energy of colloids-charged surface is
determined by the total energy of van der Waals (VDW) interaction and electrical
double layer (EDL) interaction. Both energies increase as the decrease of the distance
between colloid and charged surface. The total interaction experiences attraction and
repulsion as the separation distance decay. Such a phenomenon occurs on negatively
charged NF membrane surface and improves the retention of negatively charged
multivalent salts. However, a high concentration of cations in the feedwater will cause
EDL compression and reduce the repulsive interaction between negatively charged
colloid and NF membrane. The corresponding colloidal fouling is enhanced. The
deposited fouling layer acts as a barrier which increases the total hydraulic resistance
(Tang et al. 2007a).

Moreover, the gel-like fouling layer formed by the cross-linking between multivalent
ions and long-chain alginate molecules enhances membrane fouling (Lee et al. 2006a,
Wang etal. 2014). It is known as calcium bridging, and it has been confirmed by atomic
force microscopy (AFM) measurement (Lee etal. 2006b). Hence, the exclusive property
of alginate leads to an increased fouling propensity of it compared to humic acid and
protein at higher ionic strength (Buffle et al. 1998, Tang et al. 2011). Besides, the gel-
like layer improves concentration polarisation via a cake-enhanced osmotic pressure
(CEOP). The porous fouling layer formed at the membrane surface traps the solutes
and inhibits the back diffusion of solutes. Furthermore, it acts as a protective layer,
preventing the tangential flow of the solutes. The extra gel-like layer enhances
concentration polarisation and the osmotic pressure difference between the bulk and
the interior of the fouling layer. This phenomenon causes an accumulation of solutes

at the membrane surface and deteriorates the permeate quality (Hoek et al. 2003, Hong
and Elimelech 1997).

3) Factors affecting organic fouling

Organic fouling on NF membranes is complicated and involves collaborations
between various foulants and mechanisms. Factors contributing to membrane fouling
can be classified into feedwater composition, membrane properties and
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hydrodynamic conditions (Lee and Kim 2014, Tang et al. 2011, Zhang et al. 2013). Tang
et al. (2007b) indicated that the increase of foulant concentration in the feed enhances
concentration polarisation and foulant deposition at the membrane surface. A high
concentration of salt compresses EDL and decays the stability of the colloids. It
increases the collision frequency and the attachment of foulants to the membrane (Li
et al. 2011). Calcium ion has a stronger interaction with alginate than other multivalent
cations, and an increased concentration of calcium ion in the feedwater enhances
calcium bridging (Lee et al. 2006a). Besides, pH and foulant type influence membrane
fouling as well (Tang et al. 2011).

Membrane surface properties such as the functional groups of the membrane, the
morphology of membrane (i.e. surface roughness) and hydrophobicity contribute to
membrane fouling. Surface charge (zeta potential) influences membrane fouling by
affecting the interaction energy with charged foulants (Tang etal. 2011). Li etal. (2019)
proposed that an increase of surface roughness decreased the adhesion of alginate to
the membrane. Moreover, it is noteworthy that the adhesive foulants might alter
membrane properties in terms of surface charge and hydrophobicity, and accordingly
changes the separation mechanism of the membrane. Agenson et al. (2007) stated that
foulants were retained by size exclusion. Whereas, the retention of large solute by a
pre-fouled membrane was mainly caused by adsorption.

Meanwhile, hydrodynamic conditions contribute to membrane fouling. Permeate flux
plays a crucial role in membrane fouling in two aspects. Firstly, the increase of
permeate flux increases the probability and frequency of collision between foulants
and membrane. Secondly, an enhanced permeate flux introduces a greater
hydrodynamic drag force to the solute, which increases membrane fouling. A higher
TMP increases permeate flux, and an increase of crossflow velocity decreases the
propensity of foulant deposition. Additionally, temperature, recovery factors,
membrane modules and the design of spacer affect membrane fouling as well (Tang
etal. 2011).

2.2.2. Biofouling

Biofouling is caused by biologically active organisms, such as microorganisms
(Kochkodan and Hilal 2015). It indicates an irreversible adhesion of bacteria to the
membrane surface and a subsequent bacterial multiplication with the nutrients
presented in the feedwater. Eventually, it results in the formation of biofilm on the
membrane surface (Garrett et al. 2008). It mainly occurs in RO desalination. Due to the
possibility of the growth, multiplication and relocation of microorganisms, biofouling
is intrinsically more complex than other types of membrane fouling. Apart from the
adverse effects mentioned before, biofouling has additional unfavourable impacts
including, 1) reducing the lifespan of biodegradable polymeric membranes, and 2)
threatening human health with the accumulation of pathogens on the membrane
surface (Kochkodan and Hilal 2015).
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1) Mechanisms of biofouling

Biofouling is mainly attributed to the presence of microorganisms in the feedwater.
Baker and Dudley (1998) indicated that bacteria and other microorganisms presented
in most kinds of waters and are inherently capable of colonizing on any surface due to
survival instincts. Biofouling mainly consists of four stages, including, 1)
transportation, deposition, and adhesion of microorganisms to a surface, 2) production
of exopolymer, 3) cell growth and proliferation and 4) cells dispersion from the biofilm
matrix (Kochkodan and Hilal 2015, Matin et al. 2011). The adhesive ability of cells to
the membrane surface is a decisive factor in the initial stage of the formation of biofilm
(Matin et al. 2011). Generally, the colonisation of microorganisms on a surface results
in the formation of an adhesive layer, known as a biofilm.

Biofilm composes microorganisms which are embedded in extracellular polymeric
substances (EPS). EPS is bacterial originated macromolecules which consist of
polysaccharides, proteins, glycoproteins, lipoproteins. Hence, it performs amphiphilic
properties (Kochkodan and Hilal 2015). EPS in biofilm improves the adhesion of
microorganisms to the membrane surface. The adhesion of microorganisms is greatly
influenced by hydrophobic interactions, including, hydrogen bonding, London-van
der Waals attractions, and electrostatic interactions (Kochkodan and Hilal 2015, Matin
et al. 2011). The adhesion of biofilm to the membrane improves the hydrophilicity of
the membrane surface (Matin et al. 2011, Neu and Marshall 1990). Moreover, EPS
enhances the antimicrobial resistance by impeding the diffusion of antibiotics through
the biofilm (Matin et al. 2011).

Biofouling is responsible for the reduction of salt retention attributing to the biofilm-
enhanced osmotic pressure (BEOP) (Matin et al. 2011). EBOP hampers the back-
diffusion of solutes and contributes up to 70% of TMP increase in a constant flux
filtration process (Herzberg and Elimelech 2007). Biofouling induces biodegradation
of polymeric membranes, which decreases salt rejection chronically (Matin et al. 2011).
The kinetics of biofouling-caused flux decline usually comprises two stages: an initial
rapid decline followed by gradual decay. The attachment and multiplication of cells in
the early stage results in the initial rapid decline. The equilibrium between the growth
of biofilm and the detachment of biofilm leads to the gradual decay. In this phase, the
membrane surface is masked by biofilm (Kochkodan and Hilal 2015, Matin et al. 2011).

2) Factors affecting biofouling

Factors that affect biofouling can be categorised into membrane surface properties,
species of microorganism, feedwater composition, and operational conditions. It is
suggested that a hydrophilic membrane is less susceptible to biofouling due to the
reduced adhesive interaction between microorganisms and membrane. A thin water
boundary was formed on a hydrophilic surface with the surrounding water molecules
via hydrogen bonds. This layer reduces the propensity of adsorption or adhesion of
hydrophobic foulants to the membrane surface (Kochkodan and Hilal 2015).

Zeta potential is usually an indicator of surface charge of membrane. Most membranes
are negatively charged. In the case of feedwater containing charged foulants,
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membrane surface charge plays acritical role in membrane fouling. The leading theory
(DLVO theory) involved has been explained in Section 2.2.1. Moreover, the charge
properties of the membrane surface can be affected by the pH of feedwater. For a
negatively charged surface, an increase of pH will increase the density of negatively
charged groups (Kochkodan and Hilal 2015). Besides, as mentioned above, a rougher
surface is less susceptible to colloidal fouling (Section 2.2.1). Similar results were
observed for biofouling (Knoell et al. 1999, Peng et al. 2004). However, Pasmore et al.
(2001) proposed that a rougher membrane slightly increased the accumulation of
biofilm. A possible explanation is that a rougher surface decreases hydraulic shear in
some areas, which increases the propensity cell attachment to the membrane surface.

The properties of microorganism contribute critically to the property of biofilm
(Kochkodan and Hilal 2015). Herzberg and Elimelech (2007) proposed that the EPS
excreted by live cells provided higher hydraulic resistance to permeate flux, which had
a similar effect as alginate. On the other hand, the cake deposition formed by dead
cells are porous and contribute slightly to permeate flux decline. In addition, some
species of microorganisms show nonselective tendency to adhere to all kinds of surface,
while others take a longer time to attach to specific surfaces (Kochkodan and Hilal
2015). Moreover, the attachment of cells can be influenced by hydrodynamic
conditions and feedwater composition. A turbulent flow generates a higher shear force
which decreases the deposition of cells. Feedwater composition influences the growth
and multiplication of microorganisms. For a developing biofilm, an adequate supply
of biodegradable nutrients in the feedwater improves the growth of biofilm (Al-
Amoudi 2010). Baker and Dudley (1998) also suggested that the growth rate of biofilm
was influenced by the nutrient ratio, such as carbon, nitrogen, and phosphate,
temperature, redox potential, and pH.

2.2.3.  Multi-Component Fouling

Membrane fouling is a complicated process which involves multiple interactions. In
the practical operation, several types of foulants will present in the feedwater, and
various fouling mechanisms will occur in a membrane filtration process. Sometimes,
a type of foulant will have different roles in different fouling processes. For example,
the organic foulants retained by membrane might act as a nutrient source for the
microorganisms that attached to the membrane surface (Mohammad et al. 2015). In
some cases, the presence of a kind of foulant might mitigate a certain type of fouling.
Tu et al. (2011) reported that membrane pre-fouled by humic acid showed an
enhancement of rejection of boron due to the increased electrostatic repulsive
interaction between the negatively charged humic substance and boron. Chang et al.
(2012) stated that humic acid and calcium ion introduced a cake deposited on the
membrane surface, which improved the retention of small neutral charged solutes due
to the cake-enhanced concentration polarisation.

2.3. FOULING MITIGATION OF NANOFILTRATION MEMBRANE

Membrane fouling negatively affects the treatment process. Fouling mitigation is
necessary for the practical application of the membrane process. Generally, fouling
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mitigation consists of physical cleaning and chemical cleaning (Wang et al. 2014, Zhao
et al. 2000). Physical cleaning aims at removing the loosely attached foulants, also
known as, reversible foulant. Fouling attributed to colloidal organic matters is more
tenacious and hydraulically irreversible, which is mainly mitigated by chemical
cleaning (Fujioka et al. 2014, Wang et al. 2014). Besides, feedwater pre-treatment and
membrane modification are proposed to diminish membrane fouling and improve
membrane performance (Anantharaman et al. 2020, Zhao and Yu 2015). In practical
operation, various cleaning approaches are collaborated to increase cleaning efficiency.
Regarding diverse types of membrane and foulant, it is challenging to find a proper
strategy to maintain the permeate flux of a system without compromising the foulants
rejection and membrane quality over a certain period (Matin et al. 2011).

Physical cleaning efficiently removes the reversible foulants. Periodical backwash and
forward flush are common ways to restore permeability. Physical cleaning prevents a
large amount of chemical dosage and subsequent chemical treatment. However,
backwash is considered impractical due to the low permeability of the NF membrane.
Forward flush is inefficient for the removal of the gel-like fouling layer formed by
colloidal organic compounds (Chang and Judd 2002, Huang et al. 2008, Soesanto et al.
2019). Regarding the factors affecting membrane fouling and fouling mechanisms that
were illustrated in Section 2.2, the major fouling mitigation strategies for NF membrane
are classified into feedwater pre-treatment, surface modification and chemical
cleaning.

2.3.1. Feedwater Pre-treatment

Due to the exceptional rejection property of NF membrane, high-quality feedwater is
required to maintain a stable long-term performance. Pre-treatment modifies physical,
chemical, and/or biological properties of feedwater which decreases the propensity of
membrane fouling and extends the lifetime of the membrane. Feedwater pre-treatment
is mainly categorised into coagulation and filtration, adsorption, and chemical agent
addition.

1) Coagulation and low-pressure membrane filtration

Soluble particulates and colloids are the typical causes of irreversible fouling in the NF
process. These tiny particles are evenly distributed in an aqueous environment. The
stability of the system is ensured by the electrostatic repulsive interactions among
these negatively charged matters. Coagulation is a process that the addition of
positively charged coagulants destabilise and aggregate the negatively charged
particles and form macro flocs. There are mainly two types of coagulants: 1) inorganic
salts such as ferric chloride (FeCls) and aluminium sulfate (Alx(SOs)3); 2) cationic
organic macromolecules with low molecular weight. The inorganic coagulants
accumulate particles by charge neutralisation and sweep flocculation. Whereas,
organic coagulants interact with particles through adsorption and bridging effect.
According to the literature, inorganic iron or aluminium salts are more frequently used
in coagulation than organic coagulants. Followed by an MF/UF process, the flocs and
aggregations are removed from the feedwater (Zhao and Yu 2015).
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Low-pressure membrane filtration pre-treatment successfully diminishes irreversible
membrane fouling, which further reduces the frequency of chemical cleaning, and
improves the long-term performance of the NF process. Regarding the increasingly
stringent regulation and the decrease of operating cost of the membrane process,
ME/UF is widely applied before NF/RO process to improve the feedwater quality. NF
process is also considered as an alternative pre-treatment for a RO process. Among
these pre-treatment process, UF is probably the optimal choice which balances the
productivity of permeate and membrane fouling mitigation. MF is generally applied
to remove large particles and generate higher permeate production.

Moreover, low-pressure membrane filtration efficiently reduces biofouling in
subsequent membrane process by removing the microorganisms and biodegradable
organic compounds from the feedwater to inhibit the adhesion and growth of biofilm.
However, the hydrophobic materials and cellular or extracellular polymer substrates
in the feedwater will cause fouling in the MF/UF process, which declines the permeate
productivity and deteriorates the permeate quality. Coagulation combines with
membrane filtration effectively enhance the removal of small particles and reduce the
formation of a cake layer on the NF membrane (Zhao and Yu 2015).

2) Adsorption

Activated carbon adsorption aims at removing the soluble non-polar organic materials,
such as natural organic matter (NOM), in the feedwater. These matters are potential
nutrients for the growth of biofilm, which cause biofouling in an NF process. In the
pre-treatment of feedwater with a low concentration of organic materials, activated
carbon adsorption is proposed as a well-established strategy to efficiently uptake the
hydrophobic organic compounds in the feedwater. However, the low adsorption
capacity and adsorption kinetic of commercially available activated carbon hinder its
application in the pre-treatment of feedwater with high organic loading. Moreover,
activated carbon mainly remove organic compounds that are soluble in water (Zhao
and Yu 2015).

3) Chemical agent addition

Apart from coagulation, filtration and adsorption, membrane fouling can be mitigated
by adjusting the chemical composition of the feedwater. For example, the addition of
an antibacterial chemical enhances the antimicrobial capacity of the feedwater and
reduces biofouling. As mentioned in Section 2.2.2, the presence of microorganisms and
nutrients are the principal promoters of the formation of biofilm. Coagulation,
filtration and absorption effectively remove bacteria and nutritious materials from the
feedwater (Kochkodan and Hilal 2015). However, such pre-treatments hardly reach a
complete removal of foulants. Chemical agents are proposed to enhance the
antimicrobial capacity of the feedwater. Addition of strong oxidants such as chlorine
(Cly), sodium hypochlorite (NaClO), monochloramine (NH>Cl), chlorine dioxide (ClO)
and ozone (O3) and ultraviolet (UV) disinfection efficiently improve bacterial lysis
(Matin et al. 2011, Zhao and Yu 2015). Cl; and NaClO present high antimicrobial
activity. However, membranes composed of aromatic polyamide are Cl, sensitive, and
the residual Cl> should be removed by activated carbon filter or sodium bisulfite
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(NaHSO3) (Zhao and Yu 2015). NH>Cl and CIO; are less detrimental to membrane
integrity, whereas they are less anti-bacterial effective and more expensive. Ozone and
UV might cause damage to the membrane surface and lack residual antibacterial effect.
However, the generated disinfection by-products (DBPs) are carcinogenic and
mutagenic.

2.3.2. Membrane Modification

Membrane surface modification is a common way to produce a membrane with the
desired properties. As mentioned in Section 2.2, membrane surface properties have
notable effects on altering the membrane fouling propensity. Membrane modification
tailors the hydrophilicity, roughness, functional groups and zeta potential of
membranes which improves the anti-fouling capacity of the membrane (Chu etal. 2016,
Soesanto et al. 2019, Sun et al. 2018, van der Bruggen et al. 2003, Zhao and Yu 2015).
Biofouling can also be mitigated via membrane modification to enhance anti-adhesion
and antimicrobial properties of the membrane (Kochkodan and Hilal 2015, Li et al.
2006, Liu et al. 2010). Additionally, several researchers suggested that membrane pre-
coated by reactive nanoparticles performed anti-fouling and self-cleaning properties
with the presence of H>O: via in situ generation of reactive oxygen species (ROS) (Hong
and He 2014, Madaeni and Ghaemi 2007, Sun et al. 2018).

General modification approaches are surface coating, surface grafting, incorporation
of hydrophilic monomers, incorporation with inorganic particles and modification
with zwitterionic materials (Zhao and Yu 2015). Membrane coating demonstrates
deposition of a dynamic layer to a conventional membrane (Anantharaman et al. 2020).
Different from other surface modification strategies, the dynamic membrane is
deposited on the membrane surface via physical interactions such as van der Waals
attraction, hydrogen bond, or/and electrostatic interaction. Hence, the pre-coated
layer might diminish after cyclic fouling/cleaning process (Zhao and Yu 2015).
Anantharaman et al. (2020) summarised three main factors affecting the properties of
the dynamic membrane, including, the properties of the material of dynamic
membrane, the properties of the pristine membrane and the hydrodynamic conditions
of the pre-coating process. Firstly, increasing the concentration of the material of the
dynamic membrane in the feed generates a thicker and grater mass of dynamic
membrane. Besides, the size of particles deposited on the membrane is usually smaller
than the average particle size in the bulk suspension. This phenomenon is attributed
to the smaller particles have a higher tendency to deposit, which results in an extra
resistance on the pristine membrane. It will increase the mechanical strength of the
consequent dynamic membrane. Secondly, a rougher and mechanically more robust
pristine membrane improves the retention and deposition of the dynamic membrane.
Lastly, hydrodynamic conditions such as crossflow velocity and TMP significantly
affect the deposition of the dynamic membrane. A lower crossflow velocity yields a
thicker dynamic membrane due to the lower shear force at the vicinity of the
membrane. However, a crossflow velocity below a certain extent will increase the
nonuniformity of the deposited dynamic membrane (Pan et al. 2015). On the other
hand, a greater TMP introduces a greater driving force and generates a higher
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permeate flux through the pristine membrane. A corresponding greater compaction
will yield a thinner dynamic membrane with greater specific mass.

Dynamic membrane slows down membrane fouling and reduces the intrusion of
foulant to the pristine membrane. Flux can quickly be restored by the complete
removal of the deposited layer. The used dynamic membrane can be flushed away by
chemical agents, and a new dynamic membrane can be deposited on the pristine
membrane. There are some other researchers committed to clean and reuse the
dynamic membrane. Only a few of them succeed in achieving flux recovery as well as
preserving the dynamic membrane. Two successful attempts for inorganic dynamic
membrane were: 1) volatile oily foulants removed by calcination (200-400 °C) which
compromised 10% of separation performance, and 2) humic acid cleaned by NaOH
combined with Fenton oxidation cleaning (Anantharaman et al. 2020).

2.3.3. Chemical Cleaning

Despite feedwater pre-treatment, membrane property improvement and
hydrodynamics, fouling is still inevitable due to the retention property of membrane
filtration. Chemical cleaning is intended to reduce the cohesive as well as adhesive
interactions between the fouling layer and the membrane. It is conducted when the
permeate flux or TMP reaches the threshold value to restore the membrane
performance. The objective of chemical cleaning is to remove the tenacious or
hydraulically irreversible foulants that attach to the membrane surface or adsorbed in
the pore.

The typical chemical agents are acids, bases, oxidants, chelating agent, surfactants,
and salt solution (Lee and Elimelech 2007, Mohammad et al. 2015). Acid such as
hydrochloric acid (HCl) and sulfuric acid (H2SO4) aims at dissolving inorganic scaling.
Specifically, citric acid and oxalic acid remove metallic materials effectively by forming
chelates with metal cations (i.e. iron). Alkaline solutions and oxidants cleaning aim at
removing organic fouling and biofouling. Alkaline such as sodium hydroxide (NaOH)
effectively disintegrates organic compounds into fine or soluble particles (Wang et al.
2014). Oxidants, such as sodium hypochlorite (NaClO) and hydrogen peroxide (H>O»),
decompose organic macromolecules into fine and soluble particles. Despite the high
oxidative activity, NaClO oxidation might potentially generate toxic by-products such
as absorbable organic halogen (AOX) and trihalomethanes (THMs). Moreover, Kramer
et al. (2019) reported that long-term exposure to NaClO deteriorates the glass sealing
of the ceramic NF membrane.

On the other hand, H>O; is preferable as a highly reactive, environmentally friendly
and safe reagent (Wang et al. 2014). Fenton(like) catalyst decomposes H>O, into
nonselective, highly active radicals. It is further explained in Section 2.4. The generated
radicals efficiently degrade and detach the fouling layer. A chelating agent such as
ethylene diamine tetraacetic acid (EDTA) or a surfactant such as sodium dodecyl
sulphate (SDS) is useful in loosening and detaching the organic foulants. Moreover,
Lee and Elimelech (2007) stated that the monovalent salt solution effectively clean Ca-
alginate fouled RO membrane. The proposed mechanism is elucidated in Section 2.5.
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Despite the high effectiveness and efficiency of chemical cleaning, the disadvantages
are prominent. High cleaning frequency and long cleaning duration will deteriorate
the integrity and lifespan of the membrane (Wang et al. 2014). Hazardous by-products
might be produced in specific processes. Overdosage of chemicals improves cleaning
efficiency, yet it might cause problems in post-treatment of the cleaning solution.
Moreover, off-line chemical cleaning might cause operational difficulties, and
downtime would result in a reduction of filtration efficiency (Wei et al. 2011).
Therefore, an appropriate selection of chemical and dosage of chemical is of great
significance.

In practical application, chemical cleaning is usually collaborated with physical
cleaning to achieve higher cleaning efficiency. A two-step process is involved in the
detachment of the fouling layer, including, 1) chemically loosen the fouling layer, and
2) physically detach the loosely attached foulants by fluid shear. Chemical activity is
the decisive step in this process since the detachment of the fouling layer can only be
achieved after reducing the foulant-foulant/foulant-membrane interactions. The
reduction of adhesive interactions in chemical cleaning has been confirmed by Zhao
and Yu (2015).
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Table 2.1: Summary of Membrane Fouling Mitigation of NF membrane (Huang et al. 2009, Zhao and Yu 2015)

Fouling mitigation =~ Cleaningmechanism Targeted foulant types Advantages Disadvantages
strategies
1. Feedwater pre-treatment
1) Coagulation:
Inorganic salts,i.e. ~ Charge Aqueous particulateand  An effective method toremove major  Sensitive to coagulant type and
FeCl;and Al>(SO4)3  neutralisation and colloidal matters membrane foulants; dosage (i.e. a residual aluminium
sweep flocculation at Formation of the porous cakelayer and concentration above might reduce the
neutral pH reduce permeate flux decline productivity of permeate flux of
subsequent membrane process)
2) Filtration:
MF Size exclusion Large particulate matters ~ Higher permeate productivity Lower contaminant removal;
and microorganisms Membrane fouling
UF Size exclusion Colloids, suspended Perhaps the best balance between Membrane fouling
solids, and contaminant removal and permeate
microorganisms productivity
NF (RO pre- Size exclusion, Dissolved organic Higher contaminantremoval Lower permeate flux;
treatment) electrostatic matters, particulate Membrane fouling
repulsion materials, colloids, and
bivalent salts
Activated carbon Adsorption Soluble organic matters Well-established technology; Low adsorption capacity and low
adsorption suchas DOM and Effectively remove trace hydrophobic ~ adsorption kinetic;
endocrine disrupting organic compounds Mainly remove soluble compounds
compounds
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Table 2.1 (continued)

Fouling mitigation =~ Cleaning mechanism Targeted foulant types Advantages Disadvantages

strategies

3) Chemical agent addition:

Biofouling mitigation:

Cl,,NaCIO, NH,Cl, Microbiallysis microorganisms A wide variety of disinfection Cl, deteriorates aromatic polyamide

ClO,, O3and UV strategies; membrane;
Mostly effective; NaClO causes defects in the ceramic
O; alleviates organic fouling in membrane;

subsequent membrane process

NH,Cl and CIO; areless effective and
more expensive;

The formation of DBPs;

UV and O; lack residual effect.

2. Membrane modification

Pre-deposition of Tailoringmembrane  Organic foulant and Poor stability; Permeability decline;
dynamic surface properties biofouling Enhancement of anti-fouling; Poor stability;
membrane properties of the pristine membrane Process complexity

3. Chemical cleaning

Acids, alkaline, Break down the

oxidants, cohesive and
surfactants, adhesive interactions
monovalent salt between the fouling
solution layer and the
membrane

Inorganic scaling, organic
fouling and biofouling

Appropriate selection of cleaning agent
lead to high cleaning efficiency

Inappropriate chemical selection
might lead to membrane
deterioration;

The cleaning solution might
deteriorate the environment;
Overdosage of chemical might cause
problems in post-treatment of
cleaning solution
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2.4. FENTON-BASED CLEANING ON MEMBRANE

2.4.1. Fenton Oxidation and Membrane Cleaning

Fenton reaction is one of the advanced oxidation processes (AOPs). Homogeneous
Fenton oxidation indicates a redox reaction that ferrous iron (Fe2*) decomposes H,O»
and generates reactive oxygen species (ROS) at the acidic condition. ROS, such as
unselective, highly reactive hydroxyl radical (‘OH), are strong oxidants which oxidise
organic matters at a near-diffusion controlled rate (Eg. (2.3)) (Keenan et al. 2008). On
the other hand, heterogeneous Fenton oxidation denotes the decomposition of H2O:
on the interface of the solid catalyst at acidic or even circumneutral condition (Eg. (2.2))
(He et al. 2016). It has gained extensive attention due to the recyclability of solid
catalyst and the reduction of iron-containing sludge (He et al. 2016, Sun et al. 2018).

FeOCl + H,0, < Fe,_,'"'Fe," OCl + 00H~ + H* (2.1)
= Fell + H,0, & = Fe''"-OH +- OH (2.2)
- OH + organic compounds < intermediates < €O, + H,0 (2.3)

Fenton-based oxidative cleaning for the organic fouled membrane is considered as an
environmentally friendly and efficient membrane cleaning approach. In Fenton
oxidation, macro-organic compounds are decomposed into fine or soluble particles
and detached from membrane pore or surface. Currently, there are few publications
concerning Fenton-based cleaning for organically fouled membrane. Soesanto et al.
(2019) reported a combination of alkaline and homogeneous Fenton cleaning for
polymeric MF/UF membrane used in seawater pre-treatment. The membrane was
cleaned by a mixture of dissolved ferrous sulfate heptahydrate (FeSO4:7H20) and H2O;
at pH 3. Sun et al. (2018) reported a heterogeneous Fenton-based cleaning for
polymeric UF membrane fouled by bovine serum albumin (BSA). The iron-based
catalyst was immobilised on membrane via the facile, scalable thermal-treatment
process and a 5-min Fenton-based cleaning restored 70 % of water flux.

Interfacial reaction comprises four steps, including 1) transportation of H>O, from the
bulk to the fouling layer; 2) penetration of HO, through the fouling layer to the pre-
coated catalytic layer; 3) generation of ‘OH; 4) degradation of organic foulants. The
rate of a heterogeneous reaction is determined by the rate of mass transfer and radical
generation (He et al. 2016, Wang et al. 2014). Additionally, the cleaning efficiency
depends on the detachment rate of fouling layer. Different from homogeneous Fenton
reaction, heterogeneous Fenton reaction initially degrades organic foulants attached
to the vicinity of catalyst, which effectively reduces the adhesive interaction between
the fouling layer and the catalytic layer and efficiently detaches the fouling layer.

2.4.2. Iron Oxychloride (FeOCl)— A Fenton-like Catalyst

Iron-based catalysts are preferable due to the high catalytic activity, accessibility,
recyclability and low toxicity (He et al. 2016). Iron oxychloride (FeOCl) is a novel,
heterogeneous Fenton-like catalyst that performs exceptional Fenton activity and
durability in a cyclic process. Yang et al. (2013) owned the outstanding performance

of FeOCl to its unique structural configuration and self-redox property. FeOCl is
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nanoplates or nanosheets which stack together due to van der Waals force and
electrostatic interactions. The weak interactions between layers make it an excellent
host for intercalation reaction.

Additionally, it is proven that a significant number of unsaturated iron atoms were
exposed at the polar surface of FeOCI nanoplate. In the meantime, the active sites on
the polar surface, mainly hydroxyl groups, involves in processes such as dissolution,
complexation, and anions adsorption. On the other hand, FeOCl displays a unique
redox cycle of iron. It displays a strong oxidizing property. With the adsorption of
intercalated organic molecules and H2O,, the viable electron transfer from H>O, to
FeOCl, which results in an in situ partial reduction of iron (Felll-Fell) (Eq. (2.1)). The
Fell is responsible for the decomposition of HO> (Eg. (2.2)). The generated radicals
effectively degrade the foulants adhered to FeOCl and the detachment of organic
foulants lead to the restore of the chemical state of FeOCl (Fell»Felll).

Currently, FeOCl nanoplate/nanosheet is commercially unavailable, and it is mostly
synthesised in the lab. Two-dimensional metal oxides were produced by rapid thermal
annealing of the corresponding metal hydrous chloride. FeOCl was synthesised by
iron chloride hexahydrate (FeCl3-6H;O), and the chemical reaction equation is listed in
Egq. (2.4) (Sun et al. 2018, Zhang et al. 2017, Zhao et al. 2016). Sun et al. (2018)
immobilised FeOCl on polymeric UF membranes via thermal annealing, which
generated a uniformly distributed catalytic layer on the pristine membrane surface.
They also stated that the fabricated FeOClI layer improved the hydrophilicity of the
membrane, which reduced the susceptibility to hydrophobic organic fouling.

2.4.3. Factors Affecting Fenton Activity

Generally, four factors would affect the activity of heterogeneous Fenton reaction,
including, pH, H>O. concentration, catalyst loading, and radical scavenger. As
mentioned in Section 2.4.1, homogeneous Fenton reaction is sensitive to pH, and it
performs the highest activity in a narrow pH range (pH 2.5-3.5). However, for
heterogeneous Fenton reaction, it achieves high efficiency in a broad pH range, from
3.0 t0 9.0. Although the increase of pH decreased the organic degradation in the initial
phase, a thorough degradation could be reached in a certain period (Yang et al. 2013).
Meanwhile, -OH shows a reduced oxidation potential at higher pH (Babuponnusami
and Muthukumar 2014). Fenton activity can be improved by increasing the
concentration of H>O,, which accelerates the generation of -OH and, subsequently,
intensifies the oxidative degradation of organic molecules (Yang etal. 2013). However,
it is also reported that overdosage of H>O, might scavenge the generation of ROS (He
et al. 2016). The loading of nano-catalyst remarkably influences the generation rate of
radicals. A low loading of catalyst might lead to non-radical oxidation between the
absorbed H>O: and the absorbed organic foulants (He et al. 2016). In addition, some
inorganic ions such as chloride ions, bicarbonate and carbonate would compete for
radicals. They are known as radical scavengers. Among which, Cl- plays a significant
role at low pH (pH 1-2.5) (Eq. (2.5)), while, bicarbonate and carbonate are more
competitive as the pH increased (Egs. (2.6)-(2.7)) (He et al. 2016, Kiwi et al. 2000). Yang
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et al. (2013) and Zhang et al. (2017) both reported FeOCl preserved a high Fenton
activity and chemical property after 4 or 5 successive cycles.

Cl™ +-OH —-CIOH™ (2.5)
k=89x10" (M-s)"},pH=1-25
HCOg_ +'0H - CO3_+H20 (26)

CO3%” +OH - CO;~ + OH™ (2.7
2.5. NaCl PRE-TREATMENT

Sodium alginate is the model organic foulant in this study. The presence of calcium
ions enhances the interactions between the coil-like alginate long-chains and the
ceramic membrane and, hence, forms a tenacious, compact gel-like layer on the
membrane surface (Li et al. 2011). Preliminary experiments regarding the Fenton-
based cleaning for Ca-alginate fouled FeOCl immobilised ceramic NF membrane in
our lab revealed that the compact gel-like layer retarded the diffusion of H>Osto the
catalytic layer and impeded the generation of -OH. Lee and Elimelech (2007) suggested
that the presence of Na* in bulk swelled the gel-like fouling layer by introducing an
osmotic pressure difference between the bulk solution and the interior of the fouling
layer. The hydrophilic alginate facilitated the diffusion of Na* into the fouling layer.
Na* exchanged the bonded Ca2* and relaxed the fouling layer. They proposed a
complete removal of the fouling layer by a NaCl forward flush. However, according
to the previous experiments in our lab, NaCl soaking only achieved partial removal of
the fouling layer. Furthermore, the presence of NaCl improved the efficiency of
Fenton-based cleaning. The hypothetical mechanism of the synergistic effect is
displayed in Figure 2.1.

Inspired by these statements, the addition of NaCl in Fenton-based cleaning was
proposed to improve the relaxation of the fouling layer. Thus, the catalytic sites on the
FeOCl layer were exposed, and the diffusion rate of H.O, was increased. The
generated hydroxyl radicals would subsequently degrade the foulants that attached to
the FeOCl layer and release the blocked pores. According to the abovementioned
researches, a turbulent flow improves the efficiency of NaCl treatment. Moreover, the
synergistic effect of NaCl treatment and Fenton-based cleaning at various conditions
was not thoroughly investigated. Hence, it is meaningful to explore the factors that
affect the efficiency of NaCl treatment and the synergistic effect of NaCl and Fenton
oxidation.
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Figure 2.1: Hypothetical mechanism of synergistic cleaning by NaCl and Fenton
(Adapted from Lee and Elimelech (2007))
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3.1. MATERIALS

Iron(Ill) chloride hexahydrate (FeCl3-6HO; 299% purity; solid), Methylene blue
(powder), tert-butanol (C4H100; 299% purity), oxalic acid (C2HoOs 299% purity;
powder), poly(ethylene glycol) (PEG, 1000 Da), sodium alginate (Na-alginate), sodium
chloride (NaCl) and sodium bicarbonate (NaHCO3) were purchased from Sigma-
Aldrich, Germany. Calcium chloride dihydrate (CaCl>-2H;O) and hydrogen peroxide
(H202; 30%) were purchased from Merck KGaA, Germany. Iron oxychloride (FeOCI)
powder applied in this research was prepared in the lab, and the detailed synthetic
conditions were elucidated in Section 3.2.1. The decolouration of methylene blue
indicated the Fenton activity of the as-prepared FeOCl catalyst. tert-Butanol acted as a
radical scavenger in Fenton reaction. PEG filtration was used to determine membrane
defect. Na-alginate was the model organic foulant that represented EPS in organically
loaded wastewater. The chemical composition of Na-alginate was (CsH7NaOg),, and
the chemical structure of it is displayed in Figure A.1.

In addition, iron test kit (100796) was purchased from Merck KGaA, Germany.
Photometer NOVA 60 A Spectroquant® (109752) was also purchased from Merck
KGaA and used for the determination of iron concentration. GENESYS™ 10S UV-Vis
spectrophotometer purchased from ThermoFisher scientific was used to determine the
absorbance of methylene blue solution. The 0.45 pm disposable syringe filters
(CHROMAFIL® Xtra PE-45/25) were purchased from MACHEREY-NAGEL,
Germany.

Filtration experiments were conducted using tubular ceramic nanofiltration (NF)
membranes which were purchased from Inopor GmbH, Germany. The ceramic NF
membrane comprises titanium dioxide (TiOy), zirconium dioxide (ZrO;) and
aluminium oxide (ALOs) acting as an active layer, intermediate layer, and support
layer, correspondingly. Each ceramic NF membrane has one channel and the inner and
outer diameters are 7 mm and 10 mm, respectively. The mean pore size of these
membranes is 0.9 nm, and the active filtration area is 0.00163 m2. The actual membrane
defect was detected, as mentioned in Section 3.2.4.

3.2. METHODS
Figure 3.1illustrates the overall experimental design of this research. It consists of three

sections complying with the three stages, which were: 1) synthesis of FeOCl, 2) pre-
coating of FeOCl, and 3) membrane cleaning.
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Figure 3.1: Flowchart of general experiment design.
3.2.1. Synthesis of FeOCl

This section complies with Stage I, which aims at synthesising FeOCI with high Fenton
activity. The concerning synthetic condition was heating rate and heating duration.
Regarding some publications (Sun et al. 2018, Zhang et al. 2017), the heating rate and
heating time were set to be 20 °C-min-! and 1 hour, respectively. In FeOCl synthesis,
10 g of FeCl3-6H,O powder, as the precursor, was put in a crucible. The precursor was
heated at a rate of 20 °C-min-! and maintained at 220 °C for 1 hour. The theoretical
reaction equation was presented in Eq. (2.4). The resulting product was naturally
cooled to room temperature and manually grinded into small particles. The crystalline
composition of the as-prepared FeOCl was characterised by X-ray diffraction (XRD)
(X-ray facilities group, Faculty of 3ME, TU Delft). The product was analysed between
10° and 110° with a scan step of 0.3°-min-! operating at 45 kV and 40 mA using Ca Ka
radiation. The morphology and particle size of the synthesised FeOCl was determined
by scanning electron microscopy (SEM) analysis (Faculty of Applied Science, TU Delft).

Batch experiments were conducted to determine the Fenton activity of the as-prepared
product. The decolouration rate of methylene blue was measured by UV-vis
spectrophotometry. It acted as an indicator to quantify the catalytic activity of the
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synthesised FeOCl catalyst. The experiments were performed in duplicate. For each
test, 100 mg FeOCl was dispersed in 100 mL demineralised water (1 g FeOCI-L1) by a
5-min sonication. Subsequently, 2 mL, 250 mg-L-1 methylene blue solution (5 mg-L1)
was added to the solution, and the pH was adjusted to 3.3 by 1 M HCI. The system
was continuously mixed by a magnetic stirrer, and the decolouration was initiated by
dosing 0.3 mL H>O; to the solution (30 mM). Aliquots (10 mL) of the reaction mixture
were taken at 0, 1, 10, and 60 min after the beginning of the experiment. All samples
were passed through 0.45 pm filters right after sampling. To inhibit the continuous
degradation of methylene blue by the potentially dissolved ferric iron (Fe3*), 0.1 mL 1
M tert-butanol solution (10 mM) was added to the samples. The absorbances of the
samples were measured by a UV-Vis spectrophotometer at 660 nm. The decolouration
rate was calculated by Eg. (3.1).

ay = :—Zx 100% (3.1)

where a4 is the ratio of the absorbance of the sample taken at a specific time to the
initial absorbance (%), At is the absorbance of the sample taken at sampling time ¢ (A),
where tis 1, 10, 60 min, in this case, and A, is the initial absorbance of the sample taken
at 0 min (A).

3.2.2. Preparation of FeOCl Suspension and Model Fouling Solution

The FeOCl suspension was prepared by dispersing 4 g of the as-prepared FeOCl
catalyst in 1 L of demineralised water by a 10-min sonication as well as a 30-min
stirring at 200 RPM. The system was settled for 10 min, and the precipitation was
removed to improve the size uniformity of the particles in the suspension. The pH of
the as-prepared suspension was around 3.20 at room temperature (around 20 °C). The
suspension was continuously stirred at 200 RPM and was ready for pre-coating.

Artificial fouling solution comprised manufactured sodium alginate (Na-alginate) was
used as model foulant to mimic EPS in municipal sewage. The total volume of the
fouling solution was approximately 30 L, and the concentration was 0.8 g-L-1. Sodium
(6 mM) and calcium (3 mM) ions, were introduced, as mentioned in Section 2.2.1, to
form interchain via charge screening and calcium bridging. The fouling solution was
continuously stirring to avoid aggregation. The pH of the fouling solution was
adjusted to 7 by 1 M HCI or 1 M NaOH. The organic loading of the artificial fouling
solution was higher compared to practical municipal sewage to accelerate membrane
fouling.

3.2.3. Ceramic Nanofiltration System

The filtration setup included: 1) fouling solution tank, 2) demineralised water and
PEG solution tank; 3) FeOCl suspension vessel; 4) peristaltic dosing pump; 5) feed
pump; 6) crossflow membrane module; 7) permeate collection vessel weighed by a
scale which was interfaced with a computer; 8) computer that controlled the crossflow
velocity and TMP via OSMO system; 9) recirculated pump for membrane cleaning; 10)
cleaning solution vessel. The schematic experimental setup is illustrated in Figure 3.2.
Overhead propeller stirrers were applied for the fouling solution and the FeOCl
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suspension to avoid particle sedimentation or agglomeration. In the Ca-alginate
fouling experiment and PEG filtration experiment, the generated concentrate was
recirculated to the corresponding feed tank. In membrane cleaning experiment, the
cleaning solution was recirculated to the cleaning solution vessel. In other cases, the
concentrate was discharged into the sewer system. The permeate flux of the ceramic
NF membrane was calculated based on the produced permeate volume, filtration time,
and membrane active area.

1

Recirculated pump

-

Fouling solution | Demineralized T S

Water/PEG Cleaning Solution
Concentrate
_.. .

ry L L —

Feed pump e

W
Al
Permeate

é

Scale

FeOC! suspension Peristaltic pump

Figure 3.2: Experimental apparatus: The green box was the experimental configuration
for membrane cleaning. During Ca-alginate fouling and PEG filtration, the
concentrate was recirculated to the feed tank. In water flux test and FeOCl
pre-coating, the concentrate was discharged into the sewer system.

3.2.4. Membrane Defect Detection

Usually, the quality of the membrane is determined by measuring the corresponding
hydraulic permeability, molecular weight cut-off (MWCO), and defect. Size exclusion
method is one of the most common ways to test membrane quality, and it is usually
conducted by different size of polyethylene glycol (PEG). Due to the limitation of time
and experimental equipment, only the hydraulic permeability and membrane defect
were measured in this case. The hydraulic permeability of the membrane was
determined by demineralised water filtration. Subsequently, a solution comprised
1000 Da PEG was fed to the membrane and membrane defect was determined by the
percentage of the 1000 Da PEG that passed through the membrane. The measurement
of the concentration of PEG was simplified via total organic carbon (TOC) analysis.
According to the supplier, the MWCO of the applied membrane was 450 Da. The
molecular weight of PEG used in this case is more than double compared with the
MWCO of the membrane, and it is assumed to be entirely rejected by the membrane
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(Kramer et al. 2019). All filtration experiments were conducted by constant pressure
filtration at 3 bars. The 1000 Da PEG solution (1.2 g PEG-L-1) was recirculated at 3 bars
for around 30 min, and the permeate flux was recorded continuously. Detailed
filtration conditions are listed in Table B.3. Feed and permeate were collected after
obtaining a stable permeate flux. Retention of 1000 Da PEG can be determined by
measuring the TOC of the collected feed and permeate samples, and yields the defects
of the membrane (Egs. (3.2)-(3.3)) (Kramer et al. 2019).

RpEg,1000pa = 100% — z_px 100% (3.2)
f

where Rrec, 100002 denotes the retention of the largest PEG molecule, in this case, 1000
Da, by the membrane (%), C, and Crdenote the TOC of PEG in the permeate and feed
samples (mg C-L-1), respectively, and Defect denotes the defect of the membrane (%).

3.2.5. FeOCl Pre-Coating

In FeOCl pre-coating, a laboratory-scale crossflow membrane filtration system, OSMO
was used to deposit FeOCl to ceramic NF membranes (Figure 3.2). The concentration
of the pre-coated material in the feed, crossflow velocity, and TMP affect the loading
and efficiency of the pre-coating. Among them, the impact of concentration in pre-
coating is dominant and is further discussed in Section 4.2.2 (Anantharaman et al. 2020).
A higher crossflow velocity generates a thinner pre-coated layer, whereas an overly
low crossflow velocity results in nonuniformity of the pre-coated layer. Additionally,
a high crossflow velocity increases the shear force at the vicinity of the membrane,
which narrows the size distribution and decreases the size of the deposited particles
(Anantharaman et al. 2020). It is consistent with the previous findings in our lab. Hence,
alaminar crossflow (21.7 cm's1) that minimised the flush away of FeOCl yet increased
the uniformity of the pre-coated layer was applied. Moreover, a greater TMP results
in a compact pre-coated layer with an increased specific loading due to the
enhancement of drag force. However, the thickness of the pre-coated layer might be
reduced attributed to the greater compaction (Lee et al. 1999). Thus, in this research,
most pre-coating experiments were conducted at above 10 bars to improve the loading
and durability of the pre-coated layer. Moreover, identical permeate production was
controlled by adjusting TMP or filtration duration to ensure the comparability of the
results. Detailed experimental conditions of this stage are tabulated in Table B.2.

In this case, FeOCl pre-coating was conducted by one-pass filtration to ensure the
consistency of the property of the FeOCl suspension and the comparability of the
results. The filtration protocol consisted of an initial baseline performance assessment,
FeOCl pre-coating, and a second baseline performance assessment. The FeOCl
suspension was dosed to the main feed stream by a peristaltic pump (Section 3.2.2).
Subsequently, FeOCl pre-coated ceramic NF membrane was generated, indicating the
deposition of FeOCl on the ceramic NF membrane. Fenton-based cleaning was
catalysed by the FeOCl layer; thus, not only the Fenton activity of the catalyst but also
the loading and uniformity of the pre-coated catalytic layer influenced the overall
cleaning efficiency. In this stage, the effects of membrane permeability and dosage of
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FeOCl suspension on the iron loading were explored to improve the pre-coating
efficiency. The iron loading was quantified by recirculating 200 mL, 1 g-L-1oxalic acid
solution through the FeOCl pre-coated ceramic NF membrane (Table B.3(5)) to dissolve
the pre-coated FeOCl from the membrane. The corresponding dissolved iron
concentration was measured spectrophotometrically by iron test kits (100796) and
spectrometer (NOVA 60 A Spectroquant®, 109752). Prior to the measurement, the
samples were passed through 0.45 pm filters. In order to avoid human and accidental
errors, duplications were conducted.

The pre-coating efficiency (o) is determined by Eg. (3.4).

a, =M = freoaVos 100y, = —Feoaxlos 100, (3.4)
My Cre_feeaXVp Cre_feeaXAmxJy J dt

where ac is the percentage of the mass of FeOCl deposited on the membrane surface
compared to that was transported to the membrane (%), M. and M: are the actual and
theoretical loading of FeOCl (mg), Cre_oa and Cre_ged are the iron concentration in the
oxalic acid solution and the feed (mg-L1), Voais the volume of the oxalic acid solution,
which is 200 mL, in this case, Am is the active filtration area of the ceramic NF
membrane (m?2), | is the permeate flux during the pre-coating (L-m2h"1), and t is the
pre-coating time (h). In Section 4.2.1, the FeOCl concentration in the concentrate instead
of that in the feed was used due to simplification. Theoretically, the iron loading is
calculated by the iron concentration in the feed. Due to the high retention of FeOCl by
NF membrane and easy accessibility of the concentrate, iron concentration in the
concentrate was used as an alternative of the iron concentration in the feed.

From this stage, an optimal pre-coating condition was determined by achieving a
proper iron loading with a relatively low iron loss in the concentrate. The thickness
and uniformity of the FeOCl layer were characterised by SEM analysis (Faculty of
Applied Science, TU Delft). The phase composition and spatial distribution of
elements of the cross-section of a FeOCl pre-coated ceramic NF membrane were
characterised by energy-dispersive X-ray spectroscopy (EDS) (Faculty of Applied
Science, TU Delft). All the samples were dried for more than 24 h before the analysis.
Microscopy required a breakage of the membrane; hence, one membrane pre-coated
at the optimal condition was characterised by SEM and EDS analysis.

3.2.6. Membrane Fouling

Membrane fouling experiments were also conducted via the OSMO system (Figure 3.2).
The filtration protocol for membrane fouling consisted of a water flux assessment of
the pristine membrane, FeOCl pre-coating, a water flux assessment after pre-coating
as the initial baseline, Ca-alginate fouling, membrane cleaning, and a water flux
assessment after membrane cleaning as the second baseline. The membrane cleaning
process is elaborated in Section 3.2.7. Permeate flux was affected by temperature; thus,
temperature correction was necessary for flux adjustment (Egs. (3.5)-(3.6)) (Mulder
2012). The operational conditions for the initial water flux test and the first and second
baseline assessments were identical (Table B.3(1)). Hence the flux decline (Eg. (3.7)) and
flux recovery (Eg. (3.8)) could be determined by comparing the measured water fluxes.
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Jygec = J - @70:0239(1=20) (3.5)
J20°
Lagoc = ZAOPC (3.6)

where J20oc and Laeec are the temperature-corrected permeate flux and permeability at
20 °C (L-(m2-h)! and L:(m2-h-bar)-!), T is the temperature recorded in the process (°C),
Jis the permeate flux recorded in the process (L-(m2-h)1), and AP is the operating TMP
of the process (bar). Permeate fluxes and permeabilities were corrected to 20 °C.

Flux decline = Mx 100% (3.7
where Flux decline denotes the decline of water flux due to pre-coating experiment or
fouling experiment (%), and Jini and Jens denote the pure water flux prior to the testand
the flux at the end of the test, respectively (L-(m2h)?).

All filtration experiments were conducted by a constant pressure system at room
temperature. Ca-alginate fouling was performed at a turbulent condition at 3 bars to
mitigate membrane fouling (Table B.3(4)). Comparable amounts of permeate were
generated in each fouling process to ensure the comparability of the results. The top
surfaces and cross-sections of a Ca-alginate fouled FeOCl pre-coated ceramic NF
membrane was characterised by SEM analysis (Faculty of Applied Science, TU Delft).
The thickness of the fouling layer at different locations was identified. Besides, it might
reveal the interaction between the Ca-alginate fouling layer and the FeOCl pre-coated
ceramic NF membrane.

3.2.7. Membrane Cleaning

In Stage III, NaCl pre-treatment, Fenton-based cleaning and NaCl/Fenton synergistic
cleaning were performed on Ca-alginate fouled FeOCl pre-coated ceramic NF
membrane. As mentioned in Section 2.5, the efficiency of NaCl pre-treatment was
evaluated by flux recovery. The experimental setup of the membrane cleaning
experiment was displayed in the green box of Figure 3.2. The efficiencies of NaCl pre-
treatment under different chemical (Na* concentration) and physical (forward flush
mode, soaking mode, and cleaning duration) conditions were determined. No
permeate was generated during the forward flush, and no pH adjustment was
conducted in NaCl pre-treatment. Detailed experimental conditions for NaCl pre-
treatment are tabulated in Table B.4. The efficiencies of Fenton-based cleaning were
evaluated at various chemical (chemical composition of the cleaning solution and H>O>
concentration) and physical (forward flush mode, soaking mode, and cleaning
duration) conditions. In these experiments, the pH of the cleaning solution was
adjusted to 3.3. The synergistic effect between NaCl and Fenton oxidation was
evaluated by comparing the cleaning efficiencies of membrane cleaned by the mixture
of NaCl/H>O: solution. The contribution of hydroxyl radicals was evaluated by
measuring the Fenton-based cleaning efficiencies with the presence of tert-butanol.
The additional -OH scavenger might diminish the radical effect on foulant degradation
(He et al. 2016). Detailed membrane cleaning conditions are tabulated in Table B.5. Due
to time limitation, the experiments in this stage were conducted once.

The pure water flux recovery of membrane cleaning is calculated by Eg. (3.8).
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Flux recovery = % X 100% (3.8)
ini=Jf
where Flux recovery is the pure water flux recovery after cleaning (%), Jini is the pure
water flux of FeOCl pre-coated ceramic NF membrane prior to fouling (L-(m2-h)1), Jris
the flux after fouling (L-(m2-h)1), and J. is the pure water flux after membrane cleaning
(L-(m2h)).
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4  RESULTS AND DISCUSSIONS

4.1. RESULTS OF FeOCl SYNTHESIS

In this stage, the effects of heating duration, heating rate, and the participation of
oxygen on the catalytic activity of the as-synthesised FeOCl were investigated. A
synthetic condition produced a highly active catalyst was explored to improve the
efficiency of the subsequent Fenton-based cleaning. The influence of chloride ions on
Fenton activity was quantified to evaluate the feasibility of the proposed
NaCl/Fenton-based cleaning.

41.1. Effect of Synthetic Conditions

Firstly, the effect of heating duration on the Fenton activity of FeOCl catalysts was
explored. Inspired by preliminary experiments in our lab, two batches of FeCls-6H>O
were subsequently heated in an oven at a heating rate of 10 °C-min-! to220 °C for 1 and
2 hours, respectively. Detailed experimental conditions are tabulated in Table B.1(1&2).
The corresponding products were cooled to ambient temperature and manually
grinded into powder. The Fenton activity of the as-synthesised FeOCl was determined
according to the Fenton-based decolouration rate of methylene blue.

The Fenton-based decolouration catalysed by FeOCl synthesised at various conditions
is depicted in Figure 4.1. The Fenton activity of FeOClI sintered for 1 hour was higher
than that sintered for 2 hours. Zhang et al. (2017) stated that a certain amount of iron
hydroxides was generated during the heating process. Hence, the synthesised product
was a complex comprising of FeOCl and iron hydroxide. They also reported that the
FeOCl content reduced along with the increase of heating duration owing to the
transformation of FeOCl to iron hydroxides. In this research, the impurity of the
product was visualised by the black surface (Figure C.1(a)). The FeOCl content affected
the Fenton activity of the product from two aspects. Firstly, FeOCl performed a
superior H,O, decomposition capacity among a variety of iron-containing catalysts
(Yang et al. 2013). A reduction of FeOCI content reduced the catalytic activity of the
product. Secondly, the efficiency of a heterogeneous Fenton oxidation depended on
the overall surface area of the catalyst (He et al. 2016). As explained in Section 2.4.2, the
amount of adsorption site was positively correlated to the surface area of the FeOCl
nanoparticles. An improvement of adsorption accelerated the generation of -OH
radicals and enhanced decolouration. The surface area of FeOCl nanoparticles was
greater than the surface area of iron hydroxide nanoparticles (Zhang et al. 2017).
Therefore, an extension of heating duration reduced the FeOCl content in the as-
synthesised catalyst, which correspondingly reduced the Fenton activity and surface
area of the catalyst and resulted in a lower decolouration rate. Nevertheless,
preliminary experiments in our lab showed that an overly short heating duration led
to a structurally unstable product. The research of Zhang et al. (2017) also revealed
that a short thermal treatment process introduced many iron ions that would be
crystallised during the extension of calcination. Hence, one-hour was selected to
generate a product with a stable structure and high FeOCI content.
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Secondly, the influence of the heating rate was determined. Zhao et al. (2016) reported
that a rapid heating process drove the exfoliation of the layered metal hydrous
chloride crystal to generate the corresponding two-dimensional (2D) metal
oxychlorides nanosheets. Zhang et al. (2017) stated a successful production of highly
reactive FeOCl nanosheets from FeCl3-6H,O by rapid thermal annealing. An increased
heating rate resulted in a reduction of the thickness of the synthesised FeOCl
nanosheetas well as an enhancement of Fenton activity. Inspired by these researches,
the heating rate was increased from 10 °C-min-! to 20 °C-min-l. Detailed experimental
conditions are tabulated in Table B.1(1&3). However, the results showed that the
Fenton activity of FeOCl synthesised at a heating rate of 20 °C-min-! was only two-
third of the Fenton activity of FeOCl synthesised at a heating rate of 10 °C-min-! (Figure
4.1). According to Eg. (2.4), oxygen did not participate in the synthesis of FeOCl,
whereas the crucible was open in the experiments mentioned above. The excess
oxygen might improve the formation of impurities and contribute to the reduction of
FeOCl content. In a thermal process with a greater heating rate, the exfoliation of the
layered FeCl3-6H2O might be enhanced, and the overall surface area of the
intermediate might be increased. In an open crucible, the batch with a larger overall
surface area was more reactive with oxygen. Hence, a more rapid heating process in
an open crucible resulted in a product with decreased FeOCl content and lower Fenton
activity.

Lastly, the participation of oxygen was investigated. Alumina boat capped on a
crucible was used to eliminate the participation of oxygen (Figure C.1(e)). FeOCl, which
was synthesised in an alumina capped crucible with a heating rate of 20 °C-min-! to
220 °C for 1 hour, performed a 98% decolouration of methylene blue in 1 hour (Table
B.1(4) and Figure 4.1). The elimination of oxygen in FeOCl synthesis was an essential
factor that improved the catalytic activity of the synthesised catalyst. XRD analysis
was conducted to characterise the crystalline structure of the product that performed
the highest activity (Figure 4.2). The measured XRD pattern of the product was
displayed in black. Background subtraction and small displacement correction were
conducted. The intensity scales were plotted in square root to better display the small
peaks. The coloured sticks presented the peak positions and intensities of the possibly
presented crystalline phase in the sample (ICDD pdf4 database). The synthesised
FeOCl presented complex diffraction peaks, which matched with that of standard
FeOCl and standard iron chloride hydrate (FeCl>-4H>O). The result confirmed
successful synthesis of a product with high FeOCl content. Due to a lack of pre-
treatment of the synthesised product, a small amount of FeCl,-4H,O was presented as
an impurity. Regarding the high catalytic activity, FeOCl synthesised in an alumina
capped crucible with a heating rate of 20 °C-min-! to 220 °C for 1 hour was applied in
the following experiments.

The SEM analysis was conducted to reveal the morphology of the synthesised FeOCL
It was a lath-like particle with a few micrometres in length and around one pm in
width (Figure 4.6(b)). The size of the synthesised FeOCl particles in bulk might be larger
than that was deposited on the membrane (Anantharaman et al. 2020). Herein, the
morphology of the FeOCl particles was different from literature which proposed plate-
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like or granular FeOCl nanoparticles (Sun et al. 2018, Yang et al. 2013, Zhang et al.
2017).

Despite various synthetic conditions, similar patterns of decolouration curve were
observed. Methylene blue underwent a highly efficient decolouration in the first
minute and followed by a pattern similar to adsorption. The most reactive FeOCl
presented the most rapid decolouration in the first minute. The outstanding initial
decolouration rate was performed prominently for FeOCI synthesised at 20 °C-min-!
(alumina capped crucible). Over 80% of methylene blue was degraded in the first
minute (Figure 4.1). The blank experiment (Table B.1(7)) demonstrated the adsorption
of methylene blue by FeOCl particles. As mentioned in Section 2.4.2,in a heterogeneous
Fenton reaction, the adsorption of organic molecules to the catalyst is the rate-
determining process (Zhang et al. 2017). The low initial adsorption rate (~1%) yet high
initial decolouration rate (> 80%) might be attributed to the efficient homogeneous
Fenton oxidation induced by surface leached iron. Hartmann et al. (2010) proposed
that 50 to 80 mg-L-! of iron ions could initiate a homogenous Fenton reaction. Whereas,
Kwan et al. (2002) reported that 0.34 mg-L-! of leached ferric ion could already start a
homogeneous Fenton reaction. In this case, Fenton oxidation was performed in acidic
condition and around 50 mg-L-! of iron ions leached from the complex of FeOCl and
FeCl>-4H>O. The leached iron ions might be depleted in the first minute, which
induced homogeneous Fenton reaction and contributed significantly to the
decolouration of methylene blue. The following slow decolouration corresponded to
the blank adsorption curve might indicate a heterogeneous Fenton reaction induced

by FeOCl particles.
100 10 °C/min, 1 h,
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Figure 4.1: Effect of synthetic conditions on the Fenton activity of the synthesised
FeOCl. Synthetic conditions: heating rate: 10 and 20 <C-min-, respectively,
calcination temperature: 220 <C, calcination duration: 1 and 2 hours,
respectively. The elimination of oxygen was conducted by capping the
crucible with an alumina boat (Figure C.1(e)). Fenton activity test
conditions: methylene blue concentration: 5 mg-L-1, pH = 3.3, H.O;
concentration: 30 mM. The blank measured the adsorption of methylene
blue by FeOCl synthesised at the heating rate of 20 °C-min-! for 1 hour
without the addition of H>O.
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Figure 4.2: XRD pattern of the as-synthesised FeOCl. Background subtraction and
small displacement correction were conducted. The intensity scales were
plotted in square root to better display the small peaks.

4.1.2. Effect of Chloride Ions

The effect of ClI- on FeOCl catalysed Fenton reaction was determined by dosing a
certain amount of NaCl to the reaction system. The most reactive FeOCl was used.
Detailed experimental conditions are tabulated in Table B.1(4-6). Similar decolouration
patterns were observed among different dosage of NaCl. The effect of Cl- on the Fenton
oxidative decolouration of methylene blue is plotted in Figure 4.3. Although the
addition of CI- slightly decreased the decolouration rate in the whole process, a 70%
decolouration was achieved in the first minute, and a 90% decolouration was
accomplished in one hour (Figure 4.3). The effect of high concentration of Cl- on FeOCl
catalysed decolouration was examined by increasing the Cl- dosage from 50 mM to 300
mM. The six-fold concentrated Cl- solution did not show a retardance on the Fenton
oxidation of methylene blue. This finding was consistent with previous researches
which stated that the inhibitory effect of Cl- was mainly observed at low pH (pH 1-2.5)
and the hindrance of Cl- can be diminished by bringing the pH up to 3 (He et al. 2016,
Machulek Jr et al. 2007).
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Figure 4.3: Effect of chloride ion on the Fenton activity of the synthesised FeOCL
Synthetic conditions: heating rate: 20 <T-min-l, calcination temperature:
220 <, calcination duration: 1 hour. All used FeOCl was synthesised in a
capped crucible to eliminate the participation of oxygen. Fenton reaction
conditions: methylene blue concentration: 5 mg-L1, pH=3.3, H)O»
concentration: 30 mM. The blank measured the adsorption of methylene
blue by FeOCl without the addition of H>O..

4.2. RESULTS OF FeOCl PRE-COATING

A highly reactive Fenton-like catalyst was obtained in Section 4.1. Fenton-based
cleaning was performed on the pre-coated FeOClI layer on a ceramic NF membrane.
Thus, not only the activity of the catalyst but also the loading and uniformity of the
pre-coated catalytic layer influenced the overall cleaning efficiency. In this stage, the
effects of membrane permeability and FeOCl dosage on the iron loading were
explored to improve the pre-coating efficiency. The measured pH of the bulk FeOCl
suspension was around 3.1 at room temperature (around 20 °C), and the measured
iron particle concentration was 643 mg Fe-L-1. Due to the small amount of impurity in
the as-prepared catalyst (Section 4.1.1), the corresponding concentration was
represented in terms of iron concentration.

4.2.1. Effect of Pristine Membrane Permeability

Ceramic NF membranes with relatively low and high permeability, 12 and 27
L-(m2-h-bar), respectively, were used to investigate the effect of pristine membrane
permeability on the iron loading. Pre-coating was conducted at constant TMP, and an
identical amount of permeate was generated by adjusting TMP to ensure the
comparability of the results. Iron loading and pre-coating efficiency are plotted in
Figure 4.4. For low- and high-permeability membrane, comparable loading and pre-
coating efficiency were obtained. In both conditions, around 0.13 mg-cm-2 of iron was
deposited on the ceramic NF membrane, and around 0.17 mg-cm-2 of iron was lost in
the concentrate (Figure 4.4(a)). The specific iron loading is the total iron loading
divided by the membrane area (16.3 cm?). The iron loading largely relied on the
permeate flux, and crossflow velocity (Anantharaman et al., 2020), which determined
the mass transported to the membrane surface (nominal FeOCl loading) and the mass
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swept away from the membrane (FeOCl loss), respectively. In this case, identical
permeate production and crossflow velocity were conducted; hence, comparable iron
loading and pre-coating efficiency were achieved. The results revealed that in a pre-
coating conducted by pressure-driven filtration, the loading of the targeted material
could be accustomed by the productivity of permeate. The amount of permeate can be
controlled by adjusting TMP or filtration duration.

The pre-coating on the low-permeability membrane was faintly more efficient than
that on the high-permeability membrane (Figure 4.4(b)). The corresponding pre-
coating efficiencies were 45.76% and 40.90%, respectively. This result was likely due
to the much higher applied TMP (20 bars) for the low-permeability membrane
compared to that for the high-permeability membrane (10 bars), which contributed to
a thinner yet denser pre-coated layer with a higher specific mass (Anantharaman et al.
2020). It was consistent with the slightly higher iron loading on the low-permeability
membrane compared to that on the high-permeability membrane (Figure 4.4(a)). It was
noticed for both cases that more than half of the feeding FeOCl was lost in the pre-
coating process. It was ascribed to the one-pass filtration applied in this research. In
the pre-deposition process, FeOCl particles were physically stacked and compacted by
the TMP with no chemical bonding formed. Hence, the catalytic layer was only formed
by van der Waals and electrostatic interactions. Moreover, iron loss (caused by back-
diffusion) and iron deposition (caused by permeation) might reach a dynamic
equilibrium after a particular pre-coating duration, which might impede the growth
of iron loading (Anantharaman et al. 2020).

The reduction of permeability in the pre-coating process is listed in Figure 4.4(c). The
flux behaviour of pre-coating is depicted in Figure D.1(a). A higher TMP led to a lower
permeability decline, which contradicted the finding summarised by Anantharaman
et al. (2020). It might be due to the disparity of membrane permeability or the potential
defects for high-permeability membranes. Conclusively, the FeOCl layer introduced a
minor extra resistance to the membrane and hardly deteriorated the membrane
permeability. This result was likely to be attributed to that the size of the FeOCl
particles (a few micrometres in length and one pm in width (Figure 4.6(b)) was much
larger than the pore of ceramic NF membrane (0.9 nm, supplied by the manufacturer).
The consequent cake deposition of FeOCl was expected to provide abundant porous
channels for water permeation, which maintained the membrane permeability.
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Figure 4.4: Influence of pristine membrane permeability on FeOCl pre-coating: (a) the
specific mass of iron deposition and lost in pre-coating, (b) pre-coating
efficiency, and (c) permeability decline. The specific mass was the iron
mass divided by the membrane area (16.3 cm?). Conditions for pre-coating
experiment: iron concentration in concentrate: 22.78 mg Fe-L-1, crossflow
velocity: 0.22 m-s-1, pre-coating duration: 30 min. Pre-coating efficiencies
were calculated based on Eg. (3.4).
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4.2.2. Effect of FeOCl Concentration

The impact of the feeding concentration of FeOCl on iron loading was researched in
this section. The pre-coating duration was shortened to 10 min due to the time
limitation. All the pre-coating experiments in this section were performed on the same
membrane with a relatively low permeability (11.6-13.4 L.(m2-h-bar)?). FeOCl
suspension was dosed to the mainstream by a peristaltic pump. The concentration of

FeOCl in the concentrate was linearly correlated to the dosage of FeOCl suspension
(Figure D.2) (y=0.2262x-0.5972, R2=0.9885).

The effect of FeOCl concentration on iron loading and pre-coating efficiency and the
corresponding permeability decline are plotted in Figure 4.5. It can be seen that the
specific iron loading was linearly correlated to the FeOCl concentration
(y=0.0036x+0.0017, R2=0.9944) (Figure 4.5(a)). An increased FeOCl concentration
improved the iron deposition and accelerated the formation of the FeOCl layer. This
result was in accordance with previous findings summarised by Anantharaman et al.
(2020). They concluded that the feeding concentration of the pre-coated material had
a positive relationship with the loading of the pre-coated layer. Additionally, they
proposed that the increase in feeding concentration enhanced the mechanical strength
of the pre-coated layer.

Due to the shortening of pre-coating duration and the resulting insufficient mixing,
the measured iron concentration in the concentrate was less than that in Section 4.2.1.
The consequent pre-coating efficiency calculated by iron concentration in the
concentrate exceeded 100% (Egq. (3.4)). It was assumed that a larger percentage of
FeOCl in the feed was deposited on the membrane at the initial stage of pre-coating
(Anantharaman et al. 2020). It might enlarge the difference between the iron
concentration in the concentrate and that in the feed. Hence, the pre-coating efficiency
of this stage was calculated by the theoretical iron concentration in the feed. The
corresponding pre-coating efficiency against various FeOCl concentration is plotted in
Figure 4.5(b). The increase in feeding concentration of FeOCl improved the pre-coating
efficiency. The ratio of three different FeOCl dosage was 1.0 : 1.9 : 3.0, and the
corresponding ratio of the pre-coating efficiency was1.0:1.0: 1.1. A more considerable
improvement of pre-coating efficiency (from 39.19% to 42.68%) was observed by
increasing the FeOCl dosage from 38 to 60 mg-cm-2-h-1.

The decreased membrane permeability under different FeOCl dosage is displayed in
Figure 4.5(c). The flux behaviour of the pre-coating process is displayed in Figure D.1(b).
The permeabilities of membranes decreased with the increase of the dosage of FeOCl.
This result was consistent with the suggestion of Anantharaman et al. (2020) which
indicated that an increased feeding concentration introduced a greater extra resistance
to the membrane. The permeability decline was comparable to that in Section 4.2.1.
This was attributed to the shortening of the pre-coating duration, which reduced the
compaction of the pre-coated layer. Compaction contributed to extra resistance and a
permeability decline (Anantharaman et al. 2020). The corresponding ratio of
permeability decline to three FeOCl dosage was 1 :1.1 : 1.6. Membrane experienced
46% of permeability decline by increasing FeOCl dosage from 38 to 60 mg-cm-2-h-L.
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Figure 4.6 displays SEM images of the top surface and cross-section of pristine ceramic
NF membrane, FeOCl pre-coated ceramic NF membrane, and Ca-alginate fouled
FeOCl pre-coated ceramic NF membrane. Lath-like FeOCl particles with around 10
pm in length and around 1 pm in width were observed at the top surface of the FeOCl
pre-coated ceramic NF membrane. The FeOCl particles were much larger than the pore
of ceramic NF membrane (0.9 nm), and hence, a cake layer with randomly dispersed
pores (around 1 pm) was observed on the membrane surface. Yang et al. (2013)
reported that flat-like FeOCl particles with 0.3-10 pm in length, and 100-300 nm in
thickness were successfully synthesised by conventional chemical-vapour transition
method. Zhang et al. (2017) stated a synthesis of FeOCl nanosheets with a thickness of
15-20 nm via a facile, rapid thermal annealing method. Sun et al. (2018) applied a facile
and scalable thermal-treatment method to immobilise the catalytic FeOCl on a PVDF
UF membrane and observed granular FeOCl particles with 1-5 nm in diameter. They
ascribed the unique morphology of the FeOCl particles to the pre-coating of FeCls to
the membrane.

The cross-sections of a FeOCl pre-coated ceramic NF membrane at different locations
are displayed in Figure D.3(a&b). Uneven distribution of FeOCl was observed in a
horizontal tubular membrane, resulting in FeOCl layer with a thickness of 4.97 pm and
7.35 pm at different locations on a membrane. The nonuniformity of the FeOCl layer
might be due to gravity and/or the relatively low crossflow velocity (21.7 cm-s7,
laminar flow) applied in the experiments which resulted in a decrease of the thickness
of the pre-coated layer from the bottom to the top in a tubular membrane (Pan et al.
2015). The pre-coated layer increased the surface roughness of the membrane (Figure
4.6(a&b)), which might increase the fouling susceptibility of the membrane (Zhao and
Yu 2015). The EDS analysis reveals the phase composition and spatial distribution of
the cross-section of a FeOCl pre-coated ceramic NF membrane (Figure 4.7). The atomic-

level elemental mapping confirmed the composition of the pre-coated layer, which
was FeOCL

In conclusion, a low feeding concentration decreased the iron loading on the
membrane. A high feeding concentration and/or a low crossflow velocity increased
the nonuniformity of the pre-coated FeOCl layer. Regarding the scarcity of the
synthesised FeOCl catalyst, a FeOCl dosage of 38 mg-cm-2-h-! was conducted in the
following pre-coating experiments. The pre-coating was conducted in 30 min to avoid
uneven distribution of FeOCl particles in the system.
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Figure 4.5: Influence of dosage of FeOCl on the iron loading on the membrane: (a) iron
loading, (b) pre-coating efficiency, and (c) permeability decline. Pre-
coating conditions: FeOCl suspension: 643 mg Fe-L-1, crossflow velocity:
0.22 m-s-, duration: 10 min. Pre-coating efficiencies were calculated based
on Eg. (3.4). Due to the short pre-coating duration, the calculated feeding
concentrations rather than the measured concentrations of the concentrate
were used to calculate the pre-coating efficiencies.
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Figure 4.6: SEM images depicting the top surfaces and cross-sections of the membrane: (a) pristine ceramic NF membrane, (b) FeOCl pre-coated

ceramic NF membrane, and (c) Ca-alginate fouled FeOCl pre-coated ceramic NF membrane.
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4.3. RESULTS OF MEMBRANE CLEANING

In this stage, NaCl treatment and FeOCl catalysed Fenton oxidation were applied to
clean Ca-alginate fouled FeOCl pre-coated ceramic NF membranes. The cleaning
efficiency was determined according to the recovered demineralised water flux after
cleaning. The cleaning efficiencies of only NaCl pre-treatment and only Fenton-based
cleaning were investigated individually. The synergistic effect between NaCl and
Fenton-based cleaning was examined by cleaning the Ca-alginate fouled membrane
with a mixture of NaCl and H>O,. The effects of cleaning duration, cleaning
hydrodynamic conditions, and chemical concentration on cleaning efficiency were
studied. The corresponding underlying cleaning mechanisms were explored.

Prior to membrane cleaning, the characterisation of a Ca-alginate fouled FeOCl pre-
coated ceramic NF membrane was conducted by SEM analysis (Figure 4.6(c)). The top
surface of a Ca-alginate fouled membrane demonstrated a compact gel-like fouling
layer on the membrane. Similar to the thickness of the FeOCl layer, the thickness of the
fouling layer varies according to different locations in the tubular membrane (Figure
D.3(c&d)). The thickness of the fouling layer ranged from 2.50 pm to 8.23 pm. It might
also be ascribed to gravity and the crossflow velocity (86.6 cm-s-, turbulent flow)
applied in the fouling process (Pan et al. 2015).

4.3.1. NaCl Pre-Treatment: Effect of Treatment Conditions

The presence of Ca2* in alginate solution enhanced membrane fouling by forming
membrane-Ca-alginate and alginate-Ca-alginate interchain (Li et al. 2020, You et al.
2020). A resulting compact gel-like layer was formed on the membrane, which caused
a decline of membrane permeability (Mohammad et al. 2015, Wang et al. 2014).
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Moreover, according to the previous experiments in our lab, the gel-like layer impeded
the diffusion of cleaning chemicals and, consequently, reduced the cleaning efficiency
(Figure 2.1). Lee and Elimelech (2007) confirmed the swelling of the fouling layer by
NaCl induced Na-Ca ion exchange. Preliminary experiments in our lab confirmed that
NaCl soaking recovered part of the permeate flux of a Ca-alginate fouled FeOCl pre-
coated ceramic NF membrane. Though in those cases, FeOCl layer was chemically
immobilised on the ceramic NF membrane by thermal treatment.

In this section, NaCl treatments were performed on Ca-alginate fouled FeOCI pre-
coated ceramic NF membranes. FeOCl was pre-coated to the membrane surface via a
pressure-driven crossflow filtration. Different from the previous experiments, in this
study, a physically deposited porous FeOCl layer was pre-coated to the membrane
surface. The effects of cleaning hydrodynamics, cleaning duration and Na*
concentration were investigated. The catalytic durability of FeOCl was confirmed by
Yang et al. (2013) and Zhang et al. (2017). The mechanical durability of the pre-coated
FeOCl layer was evaluated by measuring the iron detachment during NaCl pre-
treatment. For a membrane with defect, the potential blocking or adsorption of
foulants to the cracks increases the difficulties of foulant detachment and,
consequently, decreases the NaCl treatment efficiency. In this section, membrane
defect was not detected; however, 16 out of 17 experiments were conducted by one
membrane. Hence, the experimental results were regarded as comparable. Moreover,
the experiments in this stage were conducted at around 20°C. However, the exact
temperature was notrecorded. Thus, the flux recovery was calculated by raw recorded
flux without temperature correction.

1) Effect of Treatment Duration

In this section, three kinds of hydrodynamic conditions were conducted, which were
1) soaking + forward flush, 2) soaking, and 3) forward flush. One cycle of NaCl
treatment was 20 min. The applied Na* concentration was 50 mM. Detailed
experimental conditions are tabulated in Table B.4(1-3). The influence of duration was
examined by applying one and three cycles of NaCl treatment under three
hydrodynamic conditions. The treatment efficiencies were quantified by flux recovery
(Eg. (3.8)). The effects of hydrodynamic conditions and treatment duration on cleaning
efficiency are displayed in Figure 4.8. The forward flush mode recovered the most
permeability in both one and three cycles of NaCl treatment. Soaking was the most
inefficient cleaning mode among the three. It could be seen that in the forward flush,
flux recovery was mainly achieved in the first cycle, and the increase of treatment
duration had a slight effect on the enhancement of flux recovery. A similar finding was
noticed in the soaking + forward flush mode, although it was less efficient than the
forward flush mode. Whereas, in the soaking mode, the cleaning efficiency improved
noticeably from 12.36% to 32.09% along with the increase of treatment duration from
20 min to 60 min.

The high cleaning efficiency of forward flush was attributed to the collaboration
between ion exchange and turbulent flow. In a flush condition, Na-Ca ion exchange
was enhanced by the turbulent flow, which improved the diffusion of Na* into the

foulant (Lee and Elimelech 2007). The breakage of calcium bridge and the swelling of
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the gel-like fouling layer was accelerated. Meanwhile, the relaxed foulants were
removed by the forward flush. The detachment of foulant resulted in a decrease in the
thickness of the fouling layer, which might decrease the diffusion distance of Na*. Ion
exchange and the subsequent fouling layer swelling was further promoted.

On the other hand, in a soaking mode, the high concentration of Na* caused the
swelling of the fouling layer (Lee and Elimelech 2007). Nevertheless, further relaxation
might be retarded by the long diffusion distance from the bulk to the interior of the
fouling layer. A detachment of the fouling layer hardly occurred in a soaking mode.
The subsequent recovered flux test was conducted at 3 bars, maintaining the
consistency with the determination of the initial baseline. The relaxed fouling layer
might be recompacted during the flux check, resulting in low cleaning efficiency. It
was consistent with the moderate cleaning efficiency of soaking + forward flush mode.
The fouling layer was relaxed during the 15-min soaking, and the swelled fouling layer
was removed in the 5-min forward flush. Hence, compared to the forward flush mode,
the fouling layer detachment in this mode was retarded during the 15-min soaking.
Whereas, with the 5-min forward, the flux recovery of this mode surpassed that of the
soaking mode.

Different from the finding of Lee and Elimelech (2007), which proposed a complete
flux recovery by 15-min salt cleaning, NaCl treatment had a limited cleaning efficiency
in this case. The limitation was visibly observed in the soaking + forward flush mode
and the only forward flush mode. The cleaning efficiency was prominent in the first
cycle, followed by a slight improvement by further prolonging the treatment duration.
Firstly, 800 mg-L-! alginate solution was applied in this case, which was much higher
than that applied in their case (20 mg-L-1). It might lead to a much greater fouling extent
in this case, which retarded the diffusion of Na*. Secondly, it might be ascribed to the
limited effect of forward flush on the removal of irreversible fouling layer, which
contributed remarkably to the flux decline in a membrane process. Na-Ca ion
exchange reduced the cross-linking density and restored the long-chain alginate
molecules in the gel-like layer, which caused the swelling of the network (Lee and
Elimelech 2007). It might be able to swell the irreversible fouling layer. Fouling layer
swelling was observed by visual inspection after NaCl pre-treatment. The visualised
swelling was prominent on membrane treated by soaking since the relaxed foulant
was not removed by a turbulent flow. However, regarding the much greater fouling
extent in this case, the treatment process might be prolonged excessively to achieve a
complete swelling of the fouling layer.

The FeOCl detachment in NaCl pre-treatment is displayed in Figure F.1. A maximum
iron leaching in a 1- hour forward flush was 0.25mg-L-1. The reduction of turbulent
flow reduced the shear force that was exerted on the FeOCl layer, resulting in a decline
of iron leaching. In the one-hour soaking, the iron leaching was 0.07 mg-L-1. NaCl pre-
treatment had a limited effect on the leaching of FeOCl, which caused a maximum of
3.21% (wt%) of iron leaching in a one-hour forward flush. However, it might affect
Fenton-based cleaning. As mentioned in Section 4.1.1, the iron concentration to initiate
a homogeneous Fenton oxidation is difficult to determine, and a small amount of
leached iron might have a substantial effect on starting a homogeneous Fenton
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oxidation. On the other hand, in all hydrodynamic modes, the iron leaching increased
with the extension of treatment duration, which shared a similar tendency with the
treatment efficiency. A possible explanation was that as the treatment progressed, the
fouling layer swelled greater, and more FeOClI sites were exposed to the cleaning
solution. Thus, it resulted in a higher propensity of iron leaching.
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Figure 4.8: Effect of cleaning hydrodynamic conditions and cleaning duration on NaCl
treatment. Three cycles of cleaning were performed for each
hydrodynamic condition. Each cycle of cleaning included “flush 20 min”,
“soaking 15 min + flush 5 min”, and “soaking 20 min”, respectively.
Fouling and cleaning conditions are listed in Table B.2 and Table B.3(1-3).
No permeation was generated during the forward flush, and no pH
adjustment was conducted in NaCl treatment. The fouling extent was
controlled by generating a comparable amount of permeate (around 20
mL).

2) Effect of Na* Concentration

NaCl treatments with 50 mM and 300 mM NaCl solution were conducted for three
hydrodynamic conditions, including 1) soaking + forward flush, 2) soaking, and 3)
forward flush. In this section, only one cycle of treatment (20 min) was conducted.
Detailed experimental conditions are tabulated in Table B.4(4-6). The effects of Na*
concentration on treatment efficiency in different hydrodynamic conditions are
displayed in Figure 4.9. For all hydrodynamic conditions, the increase of Na*
concentration improved the flux recovery. A higher concentration of Na* enlarged the
difference of the osmotic pressure between the bulk and the interior of the fouling
layer (Lee and Elimelech 2007). The osmotic pressure drove a greater Na* diffusion
and improved the Na-Ca ion exchange. Therefore, the relaxation of the fouling layer
was promoted, and higher cleaning efficiencies were achieved.

However, the extent of the improvements was different according to different applied
hydrodynamic conditions. The increased Na* concentration had the least effect on the
forward flush mode, which increased the cleaning efficiency from 42.21% to 51.14%. It
could be ascribed to that the effect of a turbulent flow surpassed the effect of the
increase of Na* concentration (Lee and Elimelech 2007), which indicated that the rate
of mass transfer of Na* was controlled by the turbulent flow rather than the
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concentration of Na*. In the three hydrodynamic conditions, the greater the
participation of forward flush, the lower the impact of the increase of Na*
concentration. The high concentration of NaCl noticeably improved the flux recovery
of the soaking mode from 12.36% to 35.17%. The flux recovery of one-cycle 300 mM
NaCl soaking even transcended the flux recovery of three-cycle 50 mM NaCl soaking.
The result indicated that in the soaking mode, the treatment efficiency was
stoichiometrically related to the Na* concentration (Lee and Elimelech 2007). A similar
finding was observed in the soaking + forward flush mode, where the flux recovery of
300 mM NacCl treated for one cycle surpassed that of 50 mM NaCl treated for three
cycles.

The influence of Na* concentration on FeOCl detachment was examined, and the
results are showed in Figure F.2. Despite a slight increase of iron leaching compared to
Figure F.1, for a 20-min forward flush, the resulting iron leaching was less than 2%, and
the increase of Na* concentration did not deteriorate the iron leaching. It was
noteworthy that a high concentration of salt solution has adverse environmental
impacts, and it might cause problems in the subsequent treatment process. Hence, a
less concentrated salt solution was desired.

Conclusively, a 20-min of forward flush by 50 mM NaCl solution was the most efficient
condition resulting in an effective cleaning and acceptably low iron leaching for Ca-
alginate fouled FeOCl pre-coated ceramic NF membrane. The hydrodynamic
condition was the predominant factor among the three. Compared to a forward flush
mode, the increase of Na* concentration or treatment duration had a greater
improvement of the cleaning efficiency of a soaking mode. However, the improvement
was limited by the ineffective removal of the irreversible fouling layer. NaCl treatment
merely detached FeOCl from the pre-coated layer. Moreover, the consequent saline
water after NaCl treatment needed to be treated before discharge.
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Figure 4.9: Effect of cleaning hydrodynamic conditions and Na* concentration on NaCl
treatment. Fouling and cleaning conditions are listed in Table B.2 and Table
B.3(4-6). All experiments were performed in duplicate except “300 mM
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NaCl flush 1 cycle”. The fouling extent was controlled by generating a
comparable amount of permeate (around 20 mL).

4.3.2. Fenton-Based Cleaning: Effect of Cleaning Conditions

In this section, FeOCl catalysed Fenton oxidation was conducted to clean the Ca-
alginate fouled FeOCl pre-coated ceramic NF membrane. The influences of cleaning
duration, cleaning hydrodynamics, and H>O, concentration on the cleaning efficiency
were investigated. Demineralised water flux was tested after the pre-coating and
served as a baseline for the flux normalisation. Membrane fouling was accelerated by
feeding fouling solution with high organic loading. Fouling experiments were
conducted at constant TMP, and the fouling extent was controlled by adjusting the
filtration duration to generate comparable amounts of permeate (14 mL).
Demineralised water flux was tested after cleaning to determine the flux recovery of
the cleaning.

The effects of various conditions on the cleaning efficiency are displayed in Figure 4.10.
A high concentration of H»>O, was used to improve the diffusion of H»>O, and
subsequently improved Fenton-based cleaning efficiency. Forward flush was
proposed to effectively increase the diffusion of chemicals and detach the swelled
fouling layer (Section 4.3.1). The one-hour forward flush by 100 mM H>O, restored
permeability completely (Figure 4.10(a)). Although the cleaning efficiency exceeded
100%, therecovered flux was below the pristine permeate flux before pre-coating. The
exceeding flux recovery was due to the detachment of FeOCl. The complete removal
of the fouling layer fully exposed the FeOCl layer. Moreover, the acidic condition (pH
3.3) enhanced the leaching of iron. Hence, it led to greater FeOCl leaching compared
to NaCl pre-treatment, which was conducted at neutral pH (Section 4.3.1). Fenton-
based cleaning demonstrated an efficient removal of the gel-like fouling layer. Possible
explanations and underlying mechanisms are further discussed in Section 4.3.3.

A soaking mode and a reduction of H>O» concentration were applied subsequently to
examine the effects of the hydrodynamic condition and chemical concentration,
respectively. 5-min demineralised water forward flush was conducted after the 60-min
soaking by 100 mM H>O; to detach the swelled fouling layer. The applied crossflow
velocity (46.5 cm:-s1) could generate a turbulent flow in the tube and remove the
swelled fouling layer. Despite a slight decrease, the cleaning efficiencies for both
conditions surpassed 95% (Figure 4.10(a)). These findings implied that the effects of the
hydrodynamic condition and H>O, concentration were overwhelmed by the long
cleaning duration. The effects of the hydrodynamic condition and chemical
concentration should be further examined in a shortened cleaning.

Hence, the influence of cleaning duration was explored by shortening the cleaning
duration to 20 min. Compared to the efficiency of a 60-min forward flush by 100 mM
H2O,, the consequent cleaning efficiency exhibited a remarkable reduction, decreasing
from 112% to 67% (Figure 4.10(a)). The result indicated the fact that in this case,
cleaning duration was the dominant factor to the cleaning efficiency. Section 4.1.1

displayed an efficient Fenton oxidative decolouration in the first minute and followed
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by slow adsorption. The high initial efficiency was due to the efficient mass transfer in
batch reactions and the potential homogeneous Fenton oxidation induced by
heterogeneous Fenton oxidation. However, in membrane cleaning, the mass transfer
of H>O, and the possible iron leaching were impeded by the gel-like fouling layer.
Therefore, cleaning duration became the dominant factor, because the increase of
cleaning duration further improved the diffusion of H O, and enhanced Fenton-based
cleaning.

An initial plummet of flux (40-60%) was observed in all Ca-alginate fouling
experiments conducted on FeOCl pre-coated ceramic NF membrane (Figure 4.10(b),
Figure 4.11(a) and Figure 4.12(a&b)). Four speculations were proposed to be responsible
for this phenomenon. Firstly, membrane fouling might be exacerbated by the
electrostatic adhesion between the positively charged FeOClI layer and the negatively
charged Ca-alginate fouling layer (Tang et al. 2011, Zhang et al. 2017). Besides, the pre-
coated FeOCl layer was formed by pre-filtration, and the catalytic nanosheets were
stacked via van der Waals and electrostatic interactions. A porous deposited layer was
observed in Figure 4.6(b), and Ca-alginate was a structurally flexible macromolecule.
In the fouling experiment, the Ca-alginate molecules might be partially pressed into
the gaps in the FeOCl layer and block the water channels. Hence, Ca-alginate fouling
on pristine membranes was performed to evaluate the effect of the FeOCl pre-coated
layer on the initial flux drop. Nonetheless, still, 50-60% of flux decline was observed at
the beginning of the fouling Figure G.1.

Secondly, the overly high concentration of Ca-alginate solution might further increase
membrane fouling in the initial stage. As mentioned above, in this research, the organic
loading of the fouling solution was increased to accelerate membrane fouling. Several
pieces of research concerning membrane fouling by a high concentration of alginate
solution experienced similar severe initial flux decline. Garcia-Molina et al. (2006)
reported a 50% of initial flux decline for alginic acid fouled polymeric UF membrane
by increasing the concentration of fouling solution from 0.3 g-L-! to 3 g-L-1. Hashino et
al. (2011) stated that 50 mg-L-! of alginate solution resulted in a 40% of initial flux drop
for polymeric MF/UF membrane. De Angelis et al. (2013) suggested a 65% of initial
flux decline by 10 mg-L-! of alginate solution in a dead-end filtration for iron oxide pre-
coated ceramic UF membrane. Both Garcia-Molina et al. (2006) and De Angelis et al.
(2013) ascribed the initial flux sharp drop to concentration polarization and
consequent rapid formation of gel-like fouling layer at the beginning, which decreased
permeate flux remarkably. Contradictory, Lee and Elimelech (2007) published a much
less initial flux decline (around 10%) in a crossflow filtration of 20 mg-L-1 Ca-alginate
solution conducted on polymeric RO membranes. Kramer et al. (2020) also reported a
continuous and slow decrease of permeate flux along with the Ca-alginate fouling.
However, in that case, a much larger ceramic NF membrane (length: 1200 mm:;
effective area: 0.25 m2) with 19 channels was applied. Besides, the initial water flux
was not indicated in that research.

Thirdly, the initial flux drop might be due to the superior fouling capacity of alginate.
Different from humic acid or protein such as bovine serum albumin (BSA), alginate is
a long-chain macromolecule, and the addition of Ca2* further enhances membrane
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fouling by cross-linking (You et al. 2020). Hashino et al. (2011) suggested that alginate
caused a greater initial flux decline and more severe membrane fouling compared to
BSA or humic acid. Lastly, a membrane with 50-60% of defects might cause a sharp
initial flux decline in a fouling process. However, according to Figure E.1(b), the defect
of the applied membrane was 4.69%, which would not cause a 50-60% of initial flux
decline.

Conclusively, Fenton-based cleaning efficiently recovered membrane permeability in
one hour. However, the sharp drop of flux at the beginning was a critical problem that
deteriorated the efficiency of membrane filtration. It might be attributed to the severe
fouling property of alginate and the high concentration solution applied in this
research. Further experiments are needed to investigate the cause of the initial flux
decline. If it is ascribed to the high feeding concentration, in practical application, the
applied feeding solution is much less concentrated compared to that in the lab, which
will lead to a continuous and slow decline along with the fouling duration. However,
if the flux decline is attributed to the pre-coated FeOCl layer, Fenton-based cleaning
induced by the pre-coated FeOCl layer might not be applicable for gel-like fouling for
ceramic NF membrane.
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Figure 4.10: Effect of cleaning conditions on Fenton-based cleaning efficiency: (a)
cleaning efficiency and (b) flux behaviour during fouling/cleaning
experiments. Detailed fouling and cleaning conditions are listed in Table
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B.3(4&5) and Table B.5(1-3&5). The fouling extent was controlled by
generating a comparable amount of permeate (14 mL). No permeation was
generated during the forward flush.

4.3.3. Underlying Mechanisms of Fenton-Based Cleaning

According to the results in Section 4.3.2, Fenton-based cleaning displayed a high
cleaning efficiency in the removal of the Ca-alginate fouling layer. In this section, the
underlying mechanisms of efficient and effective Fenton-based cleaning are discussed.
Firstly, Fenton oxidation was determined by the addition of tert-butanol, an -OH
scavenger, to quantify the participation of -OH (He et al. 2016). A concentration ratio
of HyO; : tert-butanol = 3 : 1 was applied to obtain an excess dosage of radical
scavenger (Xu et al. 2012). The results are plotted in Figure 4.11. A decrease in Fenton-
based cleaning efficiency was observed with the presence of radical scavenger (Figure
4.11(b)). The participation of hydroxyl radical in the degradation of organic foulant
was confirmed. For the 20-min cleaning, the effect of tert-butanol on -OH scavenging
can be quantified by excluding the hydrodynamic effect. The hydrodynamic effect was
determined by the cleaning efficiency of demineralised water forward flush. The
addition of 100 mM H>O» contributed to 40% of the overall cleaning efficiency. The
addition of 33 mM tert-butanol resulted in a 20% reduction on the cleaning efficiency
excluding the hydrodynamic condition.

The results mentioned above quantified a 20% of -OH effect in Fenton-based cleaning.
Regarding the overdosage of H>O,, the participation of -OH was less than expected.
The low -OH effect might be due to the hindrance of the diffusion of tert-butanol by
the gel-like fouling layer. Hydroxyl radical has an extremely short half-life, which is
the order of a few nanoseconds, and it corresponds to a migration distance of several
micrometres. Despite an exceptional scavenging effect of tert-butanol, it primarily
relies on the availability of -OH. The molecular weight of tert-butanol is twice as much
as that of H,O,. Moreover, as an organic molecule, tert-butanol molecules experienced
more considerable difficulties in the diffusion into the fouling layer compared to H>O»
molecules. The fouling layer was at the vicinity of the FeOCI layer as well as the
generated -OH. Whereas, the accessibility of tert-butanol to the generated -OH was
hindered. Hence, the scavenging effect might be retarded stoichiometrically due to the
insufficiency of tert-butanol.

In contrast to previous experiments in our lab, Fenton-based cleaning performed a
high efficiency in the removal of the gel-like fouling layer. Several possible
explanations were proposed for this finding. Firstly, homogeneous Fenton reaction
induced by surface-leached iron was observed in heterogeneous Fenton reaction (He
et al. 2016). In many circumstances, heterogeneous and homogeneous Fenton reaction
co-existed in a heterogeneous system. In this case, the acidic cleaning solution (pH=3.3)
and the turbulent flow potentially increase the leaching of iron. The iron leaching after
cleaning was around 0.1 mg Fe-L-1, and the FeOCl detachment rate was around 0.6%.
The iron leaching was below the reported value, which was 0.34 mg Fe-L-1 (Kwan etal.
2002). However, it is difficult to determine the iron concentration that could initiate a
homogeneous Fenton reaction, and it is challenging to quantify the contribution of the
potential homogeneous Fenton oxidation in Fenton-based cleaning.
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Secondly, the possibility of the direct oxidation of alginate by H>O, was considered
despite the superior oxidative capacity of -OH among various oxidants. It is a
nonselective oxidant which achieved the oxidation of organic compounds at near-
diffusion controlled rates (Keenan et al. 2008). Direct oxidation of BSA by H>O, was
reported (Zhou et al. 2017); however, the applied concentration was over ten times
higher than thatin this research. Thirdly, the fouling duration in this research was less
than half of the fouling duration of the previous experiments performed in our lab
(Kramer et al. 2020). It might lead to insufficient fouling and result in a thinner gel-like
fouling layer, which reduced the hindrance of the diffusion of H>O,. Lastly, De Angelis
and de Cortalezzi (2016) proposed a porous and hydrophilic fouling layer was formed
by Ca-alginate, which had a lower impact on the retardance of the diffusion of H>O».

Overall, heterogeneous Fenton reaction is a very complex process involving various
interactions among solid-phase catalyst, HxO,, organic compounds, ROS,
intermediates, and by-products. A Fenton-based cleaning, excluding the participation
of -OH, was challenging to present. According to the results and discussions
mentioned above, it can be assumed that Fenton oxidation played an essential role in
restoring the permeate flux of the Ca-alginate fouled FeOCl pre-coated ceramic NF
membrane. Both heterogeneous and homogeneous Fenton oxidation might contribute
to the efficient cleaning yet, the individual contribution might be challenging to
quantify.
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(b)

Figure 4.11: Effect of hydroxyl radical on the Fenton-based cleaning: (a) flux behaviour
during fouling/cleaning experiments and (b) cleaning efficiency. Detailed
fouling and cleaning conditions are listed in Table B.3(4&5) and Table B.5(3-
6&11). The fouling extent was controlled by generating a comparable
amount of permeate (14 mL). No permeation was generated during the
forward flush.

4.3.4. Synergistic Effect of NaCl treatment and Fenton-Based Cleaning

Individual effects of NaCl pre-treatment and Fenton-based cleaning were investigated
in Section 4.3.2 and Section 4.3.3. As mentioned in Section 2.5 and Section 4.3.1, Na-Ca
ion-exchange swelled the fouling layer, which might potentially improve the efficiency
of Fenton-based cleaning. The synergistic effect between NaCl induced ion exchange,
and Fenton oxidation was explored by cleaning the Ca-alginate fouled ceramic NF
membranes with a mixture of NaCl and H>O; at pH 3.3. Membrane cleaning by NaCl,
H>O, and NaCl/H;O; were conducted at the identical condition to ensure the
comparability of the results. The corresponding flux behaviour and cleaning efficiency
are illustrated in Figure 4.12. As discussed in Section 4.3.2, a 60-min forward flush by
100 mM H>O» achieved a complete flux recovery. An addition of 50 mM NaCl to the
Fenton-based cleaning system slightly decreased Fenton-based cleaning efficiency
(Figure 4.12(c)). In accordance with the results in Section 4.3.1, a 60-min forward flush
by 50 mM NaCl solution at pH 3.3 only restored 42% of membrane permeability (Figure
4.12(c)). It can be ascribed to the inefficiency in the removal of irreversible fouling layer
by NaCl forward flush. For both cases involving Fenton-based cleaning, the cleaning
efficiency surpassed 100% due to iron leaching (Section 4.3.2). The difference between
the efficiency of Fenton-based cleaning and NaCl/Fenton-based cleaning was difficult
to be quantified, and the synergistic effects of NaCl and H>O, were hard to determine.

Therefore, similar experiments were performed in a shorter cleaning duration, 20 min.
The cleaning efficiency decreased along with the reduction of cleaning duration. In a
20-min forward flush, the efficiency of NaCl/Fenton-based cleaning was comparable
with that of Fenton-based cleaning, which was 64% and 67%, respectively (Figure
4.12(c)). The results indicated that the addition of NaCl to Fenton-based cleaning did
not improve Fenton-based cleaning efficiency. However, according to the previous
experiment in our lab, Fenton-based cleaning performed in a soaking mode was
improved by the addition of NaCl. A possible explanation was that the effect of
hydrodynamics on the promotion of H>O» diffusion surpassed the effect of fouling
layer swelling induced by NaCl treatment on that. Additionally, the hydrophilic
property of alginate improved the diffusion of H>O, (De Angelis and de Cortalezzi
2016). With the enhancement of the diffusion of H>O,, the decomposition of H>O; and
the generation of -OH was improved. Subsequently, a highly efficient Fenton oxidative
cleaning was achieved. Moreover, the addition of NaCl slightly decreased Fenton-
based cleaning efficiency. This finding was consistent with the results displayed in
Section 4.1.2, where the addition of 50 mM NacCl in the batch Fenton reaction decreased
the decolouration rate of methylene blue. Regarding the prominent hydrodynamic
effect, it was assumed that the synergistic effect might predominate in a soaking mode
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where the mass transfer of H>O; was retarded by the fouling layer. In that case, Na-Ca
ion exchange might predominantly improve the diffusion of H2O, by swelling the
fouling layer.

It was noticed that a 20-min NaCl forward flush was more efficient than a 60-min NaCl
forward flush (Figure 4.12(c)). A possible explanation was that the 60-min experiment
was conducted after a fouling/cleaning experiment. Due to the time limitation and the
low iron leaching (around 3.2%), FeOCl pre-coating was not performed before the
fouling experiment. It was the only case that pre-coating was not conducted before the
membrane fouling/cleaning experiment. In this case, the FeOCl layer was thinner,
rougher, and mechanically more robust because of the detachment of the loosely
attached FeOCl in the previous cleaning process. It might lead to a lower iron leaching
and enhance the adhesive interaction between the FeOClI layer and fouling layer,
which, subsequently, reduced the cleaning efficiency.

Although no synergistic effect was observed between NaCl and Fenton oxidation,
Fenton-based cleaning efficiently and effectively recovered the permeability for Ca-
alginate fouled ceramic NF membrane. The cause of the initial flux decline in fouling
process required further investigation. If the pre-coated FeOClI layer were confirmed
not to damage membrane productivity, Fenton-based cleaning could provide mild yet
efficient cleaning for gel-like fouling layer without deterioration of membrane quality.
The absence of NaCl reduces the operating complexity concerning the post-treatment
of the consequent saline water. Besides, the potential adverse impacts on the
environment would be reduced.
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Figure 4.12: Synergistic effect of NaCl treatment and Fenton-based cleaning: (a) flush
behaviour of 20 min synergistic cleaning, (b) flush behaviour of 60 min
synergistic cleaning, and (c) cleaning efficiency 20 and 60 min cleaning.
Detailed fouling and cleaning conditions are listed in Table B.3(4&5) and
Table B.5(1,3,7-10). The fouling extent was controlled by generating a
comparable amount of permeate (14 mL). No permeation was generated
during the forward flush.
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5 RESEARCH LIMITATIONS AND
OUTLOOK

According to the abovementioned experiments, several limitations of this research are
listed in this section. The corresponding recommendations are proposed to improve
further experiments.

5.1. FeOCl PRE-COATING

In this research, FeOCl catalysed Fenton-based cleaning was performed on Ca-alginate
fouled ceramic NF membrane. The catalytic FeOCl layer was deposited to ceramic NF
membrane by one-pass pressure-driven filtration. Firstly, it is of considerable
significance to determine the cause of the initial flux drop in the fouling process. If it
is attributed to the pre-coated FeOCl layer, alternative pre-coating or membrane
cleaning strategies should be explored. For example, the immobilisation of FeOCI on
the membrane can be researched (Sun et al. 2018). In that case, the stability of the FeOCl
layer is enhanced by forming chemical bonds with ceramic membrane and the
uniformity of the FeOCl layer is improved without influencing by gravity. The low
iron leaching and durability of the immobilised FeOCl layer in cyclic fouling/cleaning
process are confirmed (Sun et al. 2018). However, compared to pressure-driven
filtration, it might alter the particle size and morphology of the FeOCl particle and
further affect the properties (i.e. surface roughness and porosity) of the pre-coated
layer. The FeOCl-foulant interaction might be altered, and the fouling behaviour and
cleaning efficiency might be affected. Thus, further research is needed to reveal the
effect of the immobilisation of FeOC] layer on ceramic NF membrane. Moreover,
regarding the practical application of the Fenton-based cleaning on tubular ceramic
membranes, studies on multi-tube modules are imperative (Anantharaman et al. 2020).

5.2. NaCl PRE-TREATMENT

As mention in Section 4.3.1, in NaCl pre-treatment, the defect of the used membrane
was unknown, and the process temperature was not recorded. In a filtration process,
foulant might pass through the membrane through the defect and deteriorate the
quality of the permeate. Preference paths might be generated in defects which might
increase the measured permeate flux. Moreover, foulant might be absorbed to the
cracks or block the cracks during fouling experiment. The foulant trapped within the
crack is hardly removed by NaCl treatment or turbulent flow. The potential defect
decreases the reliability of the result (Kramer et al. 2019). On the other hand,
temperature influences the permeation and accordingly, the measured flux and flux
recovery (Mulder 2012). Hence, it is essential to quantify the defect of the membrane
and record the process temperature to generate flux recovery, which represents the
actual cleaning efficiency. Regarding the reliability of the result, membrane MWCO
and defect should be determined by a single filtration of a mixture of PEG molecules
with different molecular weights, and the feed and permeate samples should be
analysed by high-performance liquid chromatography (HPLC) (Kramer et al. 2019).
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According to the study of Lee and Elimelech (2007), the cleaning mechanism of NaCl
treatment was attributed to Na-Ca ion exchange and fouling layer swelling. However,
in this research, the proposed mechanism was not confirmed experimentally. In a
further experiment, the Ca?* detachment in the cleaning solution can be measured to
prove the ion exchange (Lee and Elimelech 2007). Regarding the difficulty of
measuring a trace amount of Ca?*, an alternative batch experiment is proposed. NaCl
solution can be fed to a column of Ca-alginate gel beads, and the Ca2* concentration in
the effluent can be measured. Additionally, the fouling layer detachment can be
quantified by TOC analysis or measuring the change of viscosity of the cleaning
solution before and after NaCl treatment. The difficulties lie in the dissolution of the
fouling layer (Lee and Elimelech 2007). Lastly, the swelling of the fouling layer can be
quantified by atomic force microscopy (AFM) colloid probe technique to determine
the intermolecular foulant-foulant or foulant-membrane adhesions (Anantharaman et
al. 2020, Lee and Elimelech 2007).

5.3. FENTON-BASED CLEANING

5.3.1. Analysis of -OH

In this research, the effect of -OH in membrane cleaning was examined by the addition
of tert-butanol. However, the scavenging effect might be impeded by the diffusion of
tert-butanol. The quantification of -OH effect might be less representative of the actual
situation. Moreover, for the 100 mM Fenton-based cleaning, a large amount of tert-
butanol solution was added to the cleaning solution. Fenton-based cleaning is a
complex process which involved various interactions. The addition of a high
concentration of tert-butanol might introduce unknown effects on the cleaning process.
Additional approaches such as electron spin resonance (ESR) spectra could serve as an
alternative method to quantify the generation of -OH by FeOCl pre-coated ceramic NF
membrane (Sun et al. 2018).

5.3.2. FeOClIl-Foulant Interaction

The interaction between the FeOCl layer and the fouling layer was unclear.
Assumptions were proposed according to the results. As assumed in Section 4.3.2, the
FeOCl layer was physically stacked by van der Waals and electrostatic interaction, and
the flexible long-chain alginate might be pressed into the porous FeOCl layer which
increased the difficulties in membrane cleaning. The electrostatic interactions between
FeOCl and fouling layer further improve the adhesion of them (Tang et al. 2011, Zhang
et al. 2017). In this case, the properties of FeOCl layer such as the loading, thickness,
coverage, and surface roughness might affect the FeOCl-foulant interaction. It is
meaningful to conduct further experiments to explore this interaction, i.e. AFM
analysis (Anantharaman etal. 2020). Moreover, the effects of FeOCl-foulant interaction
on cleaning efficiency required further investigation.

5.3.3.  Chemical Composition of Cleaning Solution

In the membrane cleaning process, the vital effects of the hydrodynamic condition and
cleaning duration on cleaning efficiency have been exposed (Section 4.3.2). However,
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the effects of pH and H>O, concentration were uncertain. Fenton-based cleaning was
performed at acidic condition (pH 3.3). However, one of the advantages of FeOCl as a
Fenton-like catalyst is its exceptional activity in a broad pH range (Sun et al. 2018,
Zhang et al. 2017). It is suggested that in the following research, FeOCI catalysed
Fenton-based cleaning can be conducted for organic fouled membrane at
circumneutral pH to eliminate the addition of acid and reduce iron leaching (Sun et al.
2018). On the other hand, compared to the 60-min forward flush by 100 mM H>O,, the
60-min forward flush by 30 mM H>O, performed efficient cleaning as well. Whereas,
due to the time limitation, cleaning efficiency conducted at a lower H>O, concentration
was not systematically investigated. In practical application, a decreased concentration
is preferred if the cleaning efficiency can be maintained. In further research, it is
meaningful to investigate the cleaning efficiencies for Fenton-based cleaning
performed at circumneutral pH and lower H,O, concentration.

5.4. SYNERGISTIC EFFECT OF NaCl AND FENTON CLEANING

Several experiments were conducted to explore the synergistic effect of NaCl and
Fenton-based cleaning. The results disagreed with previous results obtained from our
lab, which indicated a synergistic effect between Fenton oxidation and NaCl induced
ion exchange in a soaking mode. Both turbulent flow and Na-Ca ion exchange were
proposed to improve the Fenton-based cleaning (Lee and Elimelech 2007). It was
assumed that the synergistic effect was influenced by the hydrodynamic condition,
and the contribution of hydrodynamics to the synergy remained unclear. Thus, it is
interesting to conduct further experiments to quantify the synergistic effects at
different hydrodynamic conditions.
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6 CONCLUSIONS

6.1. OVERALL DISCUSSION FOR RESULTS OF RESEARCH QUESTIONS

The proposed research questions can be answered according to the conducted
experiments as listed below.

i. ~ What are the main factors affecting the pre-coating (i.e., iron loading) of
FeOCl catalysts on top of ceramic NF membrane by the pressure-driven pre-
filtration method?

It was found that the iron loading on a ceramic NF membrane depended on the
productivity of permeate, and the dosage of FeOCl. The iron loading was linearly
related to the dosage of FeOCl. With identical permeate production, crossflow velocity,
and FeOCl dosage, comparable iron loading and pre-coating efficiency could be
obtained for membrane with different permeability.

ii.  What are the efficiency, influencing factors and mechanisms of using the
NaCl pre-treatment and FeOCl catalysed Fenton oxidation for cleaning gel-
like fouling of ceramic NF membrane?

In NaCl pre-treatment, it was found that a 20-min forward flush by 50 mM NacCl for a
Ca-alginate fouled FeOCl pre-coated ceramic NF membrane achieved a maximum of
42% of flux recovery. Among various cleaning conditions, hydrodynamic condition
(turbulent forward flush/soaking) was the main factor that influenced the efficiency
of NaCl pre-treatment. The effect of cleaning duration (20 min/60 min) and Na*
concentration (50 mM/300 mM) was much less prominent. Moreover, NaCl pre-
treatment was inefficient in the removal of the irreversible fouling layer.

In Fenton-based cleaning, cleaning duration was the vital factor that affected the
cleaning efficiency. Despite various H>O, concentration (100 mM/30 mM) and
hydrodynamic condition (turbulent forward flush/soaking), a 60-min Fenton-based
cleaning achieved almost full flux recovery. However, the cleaning efficiency
decreased from 112% to 67% by reducing the cleaning duration from 60 min to 20 min.
The participation of -OH radical in the Fenton-based cleaning was confirmed by the
addition of tert-butanol, an -OH scavenger.

iii. =~ What are the efficiency and underlying synergistic mechanisms of the
NaCl/Fenton-based cleaning for gel-like fouling on ceramic NF membrane?

In a 60-min forward flush, the synergistic cleaning achieved a complete flux recovery.
The synergistic cleaning efficiency decreased to 64% as the cleaning duration was
reduced to 20 min. However, in both cases, the addition of NaCl slightly decreased
Fenton-based cleaning efficiency. It might be attributed to that the effect of turbulent
flow on the improvement of H,O» diffusion surpassed the effect of Na-Ca ion exchange
on that.
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6.2. CONCLUSIONS

In this research, Ca-alginate fouling was conducted on FeOCl pre-coated ceramic NF
membrane. The efficiency of NaCl pre-treatment and Fenton-based cleaning was
investigated by the determination of flux recovery after cleaning. The proposed
synergy between Fenton-based cleaning. Several conclusions were drawn according
to the conducted experiments and were listed as followed:

1)

2)

3)

)

A successful synthesis of lath-like FeOCI particles in oxygen-deficient, rapid
heating process with several micrometres in length and around 1 pm in width
was confirmed by SEM and XRD analyses. The synthesised FeOCl performed
high Fenton activity at acidic condition, and the addition of CI- slightly
decreased the Fenton activity.

In FeOCl pre-coating, the iron loading could be customised by adjusting
permeate production, and FeOCl dosage. The iron loading was linearly
correlated to the feeding concentration of FeOCl. The pre-coated FeOCl layer
caused low permeability decline (<4%) and the thickness of it varied from 4.97
pum to 7.35 pm according to different locations. Moreover, it is of great
significance to determine the cause of the initial flux drop in the fouling process.

In NaCl pre-treatment, hydrodynamic condition (turbulent flow/soaking) was
the critical factor that affected the cleaning efficiency compared to treatment
duration or Na* concentration. A turbulent flow was proposed to improve the
Na* diffusion and the fouling layer swelling. Nevertheless, NaCl treatment was
inefficient in removing the irreversible fouling layer, limiting the overall
treatment efficiency to below 50%.

Cleaning duration was the main factor that affected the efficiency of Fenton-
based cleaning. A relatively longer Fenton-based cleaning improve the
diffusion of H>O,, leading to higher cleaning efficiency. The addition of -OH
scavenger proved the participation of -OH in the turbulent Fenton-based
cleaning. However, further research is necessary to quantify the effect of -OH
in Fenton-based cleaning.

No remarkable synergistic effect was observed in the flush mode between
NaCl and Fenton oxidation. It was proposed that the effect of hydrodynamics
surpassed the effect of fouling layer swelling induced by Na-Ca ion exchange.
However, further research is needed to evaluate the synergistic effect of NaCl
on Fenton-based cleaning under different hydrodynamic conditions.
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Figure A.1: Chemical structure of sodium alginate molecule (Homayouni et al. 2007)

Table A.1: Chemical composition of fouling solution.

Chemicals Concentration Dosage (g)
Sodium alginate 0.8¢g/L 24
CaClL-2HO 3 mM 13.23
NaCl 5 mM 8.77
NaHCO; 1 mM 2.52
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Table B.1: Detailed conditions and Fenton activity test conditions for Stage I. In Fenton activity test, samples were taken at 0, 1, 10, and 60 min
after the addition of H>O». The corresponding one-hour decolouration rates were listed as well.

FeOCl Synthesis Fenton Activity Test
Heating Rate Temperature Heating Crucible Chemical Dosage Remark 60-min Decolouration
NO. (T:min?) () Duration (h) Rate (%)
1) 10 220 1 / 81.03
2) 10 220 2 Uncapped / 66.88
3) 20 220 1 FeOCl: 1 gLt / 53.60
4) 20 220 1 Methylene blue: 5mg-L1 / 98.33
5) 20 220 1 H>O;: 30 mM Added 50 mM NaCl ~ 92.20
6) 20 220 1 Capped pH: 3.3 Added 300 mM NaCl  93.13
7) 20 220 1 No HO, addition 17.78
(blank)

Table B.2: Detailed Pre-coating conditions for Stage II. The feeding flow and crossflow velocity were identical to that shown in Table B.3.

Membrane Feeding Flow (kg-h-1) TMP (bar) FeOCl Dosage Concentration of Permeate Volume
Permeability (mg-(cm2-h)1) Suspension (mg Fe/L) (mL)
(L-(m2-h-bar)-1)

Pristine Membrane Permeability vs Loading

11.94 30 20 38 643 190

27.40 30 9.0 38 643 190

Dosing Rate vs Loading

11.56-13.43 30 16.5-20 20, 38, 60 643 60
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Table B.3: Detailed hydrodynamic conditions for pre-coating, fouling, and cleaning experiments. In the membrane cleaning section, the FeOCl
dosage in the pre-coating was 38 mg-cm-2-h-1.

NO. Process Feeding Flow Crossflow Velocity TMP (bar) Re Remark
(kg-h) (cm-s1)
1) Water Flux Test 120 86.6 3 6116
2) PEG Filtration 120 86.6 3 6116 Recirculation
3) Pre-Coating 30 21.7 20 1529  FeOCl dosage: 38 mg-(cm2-h)-!
4) Ca-Alginate 120 86.6 3 6116 Recirculation
5) Membrane Cleaning 50 46.5 / 2548 Recirculation

The Reynolds number is an indicator of the flow regime which can be calculated according to Eq. (C.1):

Re = %< (C.1)

v

where Re denotes the Reynolds number (-), vc denotes crossflow velocity (m-s), dn denotes the hydraulic diameter of the cross-section of the flow, and for
tubular membrane, the hydraulic diameter is equal to the inner diameter of the membrane (m), v denotes the kinematic viscosity of the flow, and it is
1.004 x 107 m? - s~ for water at 20 <C.

Table B.4: Detailed experiment conditions for NaCl pre-treatment. “S” and “F” denote soaking and flush, respectively. NaCl pre-treatment was
conducted at ambient pH.

NO. Na* Concentration (mM) Cleaning Condition for 1 Cycle Cleaning Cycle
1 S (15 min) + F (5 mi
Effect of cleaning 2;— 50 S gZOani?)) (5 min) land3
duration e - (20 and 60 min in total)
3) F (20 min)
. 4) S (15 min) + F (5 min)
fi;ef;ftfrg; . 5) 50, 300 S (20min) 1 (20 min in total)
6) F (20 min)
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Table B.5: Detailed experimental conditions and flux recoveries for membrane cleaning. For Exp.2), the cleaning solution was recirculated at a
crossflow velocity less than 0.1 cm-s> and the membrane was flush by demineralised water at a crossflow velocity of 46.5 cm-s-! for
5 min prior to recovered flux test. The listed flux recovery was calculated by temperature-corrected flux.

Membrane Membrane NO. Chemical Composition of Hydrodynamic  Cleaning pH Flux
Defect (%) Modification Cleaning Solution Condition Duration (min) Recovery (%)
1) 100 mM H>O, Flush 60 3.3 112
2) 100 mM H>O, Soaking 60 3.3 99
3) 100 mM H>O, Flush 20 3.3 67
4) 100 mM H>0,/33 mM tert- Flush 20 3.3 60
butanol
FeOCl Pre- 5) 30 mM H,0, Flush 60 3.3 96
4.69 Coated Ceramic  6) 30 mM H>O,/10 mM tert- Flush 60 3.3 87
NF Membrane butanol
7) 50 mM NaCl/100 mM H>O, Flush 60 3.3 105
8) 50 mM NaCl Flush 60 3.3 42
9) 50 mM NaCl/100 mM H>0, Flush 20 3.3 64
10) 50 mM NaCl Flush 20 3.3 51
11)  Demineralised water Flush 20 3.3 40
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Appendix C: Pictures of FeOCl Synthesised at Different
Conditions

(c) 20 °C-mint, 220 °C, 1 hour, capped (d) 20 °C-min-t, 220 °C, 1 hour, capped,
grinded product

Figure C.1: Pictures of FeOCl synthesised at different conditions: (a), (b) and (c)
synthesised product in the crucible, (d) highly active grinded FeOCl, and
(e) crucible capped by alumina boat.
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Appendix D: Additional Results of FeOCl Pre-Coating

Table D.1: Results of membrane permeability for Section 4.2.1.

Ceramic Pristine Membrane Pre-coated Membrane  Permeability
NF Permeability Permeability Decline (%)
Membrane (L:-(m2h-bar)1) (L-(m2-h-bar)1)

F5 12.15 11.84 2.6

F7 11.74 11.41 2.8

Average 11.94 11.62 2.7

F10 26.98 26.08 3.3

F11 27.83 26.49 4.8

Average 27.40 26.28 4.1

Table D.2: Results of membrane permeability for Section 4.2.2.

FeOCl FeOCl Pristine Pre-coated Permeability
Dosage Concentration ~Membrane Membrane Decline (%)
(mg-(cm2  (mg Fe-L1) Permeability Permeability
h)-1) (L-(m2-h-bar)1) (L-(m2-h-bar)1)
20 3.2 11.56 11.18 3.29
20 3.2 12.56 12.40 1.27
Average 12.06 11.79 2.24
38 7.6 12.13 11.84 2.39
38 7.6 13.06 12.76 2.30
Average 12.59 12.30 2.35
60 13.4 12.37 12.04 2.67
60 13.4 13.43 12.87 417
Average 12.90 12.45 3.49

1.05 1.05

100 A.av:uu-: "'-...-.m......,...,, 1.00 .g:l-!:f::g:gsg:::':

Normalized Permeability
Normalized Permeability

0.95 20008220080+88 888888 0.95
eFs5

®F7 ® 20 mg/cm*h
0.90 F10 0.90 38 mg/cm*/h
Fll ® 60 mg/cm*'h

0.85 0.85
0 10 20 30 40 50 0 5 10 15 20 25

Coating Duration (min) Coating Duration (min)
(@) (b)

Figure D.1: Flux behaviour of FeOCl pre-coating: (a) effect of membrane permeability
on iron loading and (b) effect of the dosage of FeOCl on iron loading. For (a), the
permeability of membrane F5, F7, F10 and F11 were 12.15, 11.74, 26.98 and 27.83
L-(m2-h-bar)?, respectively. For (b), the permeability ranged from 11.56 to 13.43
L-(m2-h-bar)-1.
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A linear relationship was observed between the concentration of FeOCl and the dosing
rate of FeOCl suspension (y=0.2262x-0.5972, R2=0.9885).

16.0

14.0 ¥y =0.2262x - 0.3972
R2=0.9885

12.0
<~ 10.0
8.0
6.0

(mg Fe'LL

4.0
2.0

Fe Concentration in Concentrate

0.0 e
0 10 20 30 40 50 60 70

FeOCI Dosing Rate (mg-cm=-h!)

Figure D.2: Correlation between the dosage of FeOCl and the iron loading on the
membrane.

y 1Y
cur WD | det | HFW 10 ym
10.00 kV|2.1 nA 5.3 mm ETD[39.4 um

.
HV curr WD | det | HFW
10.00 kV[2.1 nA | 5.0 mm |ETD |39.4 um

©)

Figure D.3: Thickness of the pre-coated layer and fouling layer: SEM images of the
cross-sections of (a&b): different locations of a FeOCl pre-coated ceramic
NF membranes, and (c&d): different locations of a Ca-alginate fouled
FeOCl pre-coated ceramic NF membrane.
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Appendix E: Results of Membrane Defect Detection

In membrane defect detection, membrane compaction was performed prior to 1000 Da

PEG filtration. Due to the time limitation, PEG filtration was conducted when the
demineralised water flux was stabilised for 10 min. PEG filtration was conducted for

20-30 min until a steady flux was obtained. The flux behaviour was displayed in Figure
E.1(a). The concentrations of PEG in the feed and permeate were simply determined
by TOC analysis. According to the flux behaviour and the detected defect, the qualities
of these new ceramic NF membranes were disappointing. The water flux of membrane
B decreased continuously in the 60 min compaction. 20% of initial flux drop was

observed in the PEG filtration of membrane E. Hence, membrane A, with the least

defect, was used in the most membrane cleaning experiments in this research.

40 60

Compaction i 1000 Da PEG Filtration
335 ! .50
"": Membrane: 5
230 AR A =
= A 2 40
PN~ b S0
3, S8 oc
é 2 oD S 20
g oF E
£ 15 'L
10 469
10 i 72
0 20 40 60 30 100 0 .
Filtration Duration (min) °
()

51.46

44,44

27.55 27.06

L2

Membrane

(b)

Figure E.1: Membrane defect detection of five pristine membranes: (a) flux behaviour

during filtration, and (b) membrane defect.
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Appendix F: Iron Leaching in NaCl Pre-Treatment
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Figure F.1: Effect of cleaning hydrodynamic conditions and cleaning duration on the
iron leaching in NaCl pre-treatment for Ca-alginate fouled ceramic NF
membrane: (a) the mass of iron leaching and (b) iron leaching percentage

by weight.
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Figure F.2: Effect of cleaning hydrodynamic conditions and Na* concentration on the
iron leaching in NaCl pre-treatment for Ca-alginate fouled ceramic NF
membrane: (a) the mass of iron leaching and (b) iron leaching percentage

by weight.
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Appendix G: Ca-Alginate Fouling on Pristine
Ceramic NF Membrane
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Figure G.1: Flux behaviour of Ca-alginate fouling on pristine ceramic NF membrane
(the fouling of membrane A was conducted by Bin Lin, TU Delft).
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