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Abstract

A novel photocatalytic nanocomposite membrane was prepared successfully by blending
poly(vinylidene-fluoride) (PVDF) with TiOz, and/or carbon nanotube (CNT), and/or BiVO;s at
various ratios in the membrane material via phase inversion method. The prepared membranes
were evaluated for model or real dairy wastewater treatment. The membranes were characterized
by several surface characterization methods as SEM, AFM, XRD, and EDX. XRD and SEM
measurements revealed that the nanoparticles were present as 200-300 nm-sized aggregates in the
membrane, which increased the roughness of composite blended membranes (AFM results). EDX
measurements exhibited that he proteins have covered a relatively large area of the pristine PVDF
membrane, resulting in a relatively high N/F ratio. Addition of TiO2, and/or carbon nanotube
(CNT), and/or BiVO4 nanoparticles into the PVDF membrane material decreased the contact angle
of membrane surface, thus increased the hydrophilicity of modified blended membranes. In dead
end cell BSA filtration experiment, PVDF/TiO2/CNT/BiVO4 nanocomposite blended membrane
exhibited a pure water flux up to 150.52 Lm~2 h™* which is two-fold higher than virgin membrane
and a higher bovine serum albumin (BSA) rejection of about 97 %. Based on flux recovery ratio
and flux the optimal CNT ratio in the PVDF/TIO2/CNT and BiVOs in PVDF/TiO2/BiVOs
nanocomposite membrane was 2 % and 50 % respectively. More importantly, the PVDF
ITiO2/CNT-BiVO4-50 (PTCB50) (containing 0.48 wt % TiO2, 0.02 wt % CNT and 0.5 wt %
BiVO.) and PVDF/TiO2/BiVO4-50 (PTB50) (containing 0.5 wt % TiO2 and 0.5 wt % BiVOa in
PVDF) membrane exhibited a smaller irreversible fouling and a higher flux recovery ratio,
revealing that blending with TiO2, and/or CNT, and/or BiVO4 could improve the self-cleaning
under visible irradiation and the antifouling properties of PVDF membrane. The application of B-
PTB50 and B-PTCB50 membranes to treat real dairy wastewater were promising. They exhibited
better antifouling and foulant degradation performance as compared to pristine membrane.
However, the lower rejection performances of the membranes were due to ability of lactose to pass
through the membranes which requires further treatment. Overall, the incorporation of
nanoparticles in the polymer matrix enhanced the antifouling and foulant degradation performance
of the photocatalytic nanocomposite membrane to a remarkable extent.

Keywords: PVDF, photocatalytic membranes, fouling control, antifouling, visible light, bismuth
vanadate, carbon nanotube
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1. Introduction

Water pollution by industries is becoming a critical problem worldwide as it leads to water scarcity
and other water related problems. Food production requires large amount of water and large
volumes of waste water is generated (Mancosu et al., 2015), and dairy industry is among the food
production industries that generates the largest volume of waste water (610 L of wastewater per
liter of processed milk) and huge pollution load of wastewater (Deshannavar et al., 2012; Shete,
2013; Bustillo-Lecompte and Mehrvar, 2015). Dairy wastewaters generally contain organic matter
(proteins, carbohydrates, and lipids), nutrients (nitrogen and phosphorous), salts and cleaning
agents (Shete et al., 2013). In many countries, dairy industry wastewaters are treated by physico-
chemical and biological methods (Ahmad et al., 2019; Wang and Serveti, 2019). However, these
methods have high cost of reagents and high energy demand or operational difficulties (Xie et al.,
2016).

In recent years, the application of membrane filtration in dairy waste water treatment is growing
(Galvao, 2018 and Velpula et al, 2017), especially integrating membrane filtration with other
systems, is becoming a one of the promising technologies applied to meet the environmental waste
water discharge limit (Bixio et al., 2006; Lakra, et al., 2021, Das et al., 2016; Abdelkader et al.,
2019; Sarkar et al., 2006; Bortoluzzi et al., 2017; Mehta et al., 2015; Gong et al., 2012; Farahani
and Vatanpour., 2018; Pal., 2020; Chen et al., 2019; Li et al., 2021; Catenacci et al., 2020). Among
them, ultrafilter membranes have received more attention due to their capability to efficiently reject
macromolecules, colloids, bacteria, and particles (Ayyaru and Ahn, 2017; Al Aani et al., 2020).
However, these processes are susceptible for fouling, limit the broader application of the
technology (Chang et al., 2019) in water treatment. Recent publications (Anis et al., 2022; He et
al., 2022) have focused on fouling reduction by offering innovative cleaning processes, optimizing
the existing techniques, or integrating devices to the membrane set-up.

Poly (vinylidene fluoride) (PVDF) is a widely applied polymeric membrane material commonly
used in ultrafiltration (Schulze et al., 2016). This is due to its superior physical, chemical, and
mechanical properties (Ji et al., 2015). However, PVDF membranes are easily fouled by
wastewaters containing proteins, oils, and natural organic matter due to their hydrophobic nature.
Chemical backwashing is commonly applied conventional method for flux recovery, this method
requires high cost for chemicals and producing large amounts of sludge leading to disposal
problems (Anis et al., 2022).

This problem may be overcome by using the recently developed photocatalytic membranes
characterized by superior antifouling properties, high flux, and excellent shelf life (Farahani and
Vatanpour, 2018; Riaz and Park, 2020). Many heterogeneous photocatalysts have been applied in
the photodegradation of pollutants under UV light, among them, titanium dioxide is used
predominantly in wastewater treatment applications, as it is cheap, chemically stable, highly
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photoactive, hydrophilic, and a nontoxic material (Leong et al., 2014). However, TiO2 has two
main limitations that hinder its wider practical application. Firstly, the high recombination ratio of
photocatalytically-generated electron—hole pairs reduce photocatalytic activity. Secondly, TiO has
a wide bandgap of ~3.15eV, its photocatalytic activity can only be efficiently activated under UV
light (A<390 nm), excluding visible light (Akhavan, 2009; Zouzelka et al., 2016).

Nanocomposite TiO2 help in faster photocatalytic reaction and photo degradation (Gao et al., 2014),
enhancing membrane antifouling property (Trapalis et al., 2016; Selvaraj et al., 2020; Moslehyani
et al., 2015; Ayyaru et al., 2019). and enabling photocatalytic performance under visible light
irradiation (Malathi et al., 2018; Ratova et al., 2018). These include combination of TiO, and
materials with a narrower band gap (Malathi et al., 2018; Ratova et al., 2018), such as sulphur,
transitional metal ions, noble metals or nitrogen (Malato, et al., 2009); or photosensitizer
(Yogarathinam, et al., 2018). In recent years, bismuth-based oxides have gained attention in
photo-catalytic technology because of its superior band gap and efficient visible light absorption
performance, however, their relatively low surface area and activity hinders their broader
application (Malathi et al., 2018; Ratova et al., 2018; Orimolade and Arotiba, 2020; Kunduz and
Soylu, 2015; Lin et al., 2012; Hou et al., 2011; Wang et al., 2017; Abazari et al., 2019; Li et al.,
2012).

Carbon nanotubes (CNTSs) are semiconductor materials that also have received considerable
attention due to their outstanding properties, such as unique mechanical (stiffness and flexibility),
large specific surface area, high thermal and electrical conductivities. They are broadly used as
electron acceptors and reduce the recombination rate (Trapalis et al., 2016; Selvaraj et al., 2020).
It can also enhance membrane antifouling property, water flux and BSA rejection (Moslehyani et
al., 2015; Ayyaru et al., 2019).

To overcome their drawback and taking advantage of their benefits, the aim of this work was to
develop a novel photocatalytic composite PVDF membrane containing TiO2/CNT/BiVOs
nanoparticles and examine their applicability for the treatment of a model and real dairy
wastewater. My aim was to characterize membrane surface properties, using several up-to date
surface characterization method as AFM (determining surface roughness), SEM, zeta potential
measurements and surface contact angle measurements. These results were used to explain the
improved antifouling properties of the developed membranes. Moreover, the visible light driven
photocatalytic cleanability of nanocomposite membranes also was investigated.
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2. Theoretical background

2.1. Membrane filtration in dairy industry

Polymeric membranes are widely used as compared to other membrane materials, e.g. ceramic
membranes (Zoubeik et al., 2017). This is due to their low cost, possibility to integrate with other
methods and low environmental footprint (Ng et al., 2013). However, polymeric membranes are
susceptible to fouling by proteins (Madaeni and Mansourpanah, 2004).

Ultrafilter membranes are gaining attention in membrane separation processes because of their
effectiveness in rejecting macromolecules, colloids, bacteria, and particles (Ayyaru and Ahn, 2017,
Al Aani et al., 2020). Poly(vinylidene fluoride) (PVDF) is a commonly used polymeric membrane
material in ultrafiltration because of its good physical, chemical, and mechanical properties (Ji et
al., 2015). However, the hydrophobic nature of PVDF membranes makes them prone to fouling by
wastewaters containing proteins, oils, and natural organic compounds (e.g. humic materials), which
can deteriorate filtration efficiency by decreasing the flux, shelf life, and increasing operating costs
of the operation (Chang et al., 2019). There are commonly used conventional methods for flux
recovery (e.g. chemical backwashing) (Anis et al., 2022), but they are generally expensive due to
the cost of chemicals and the production of large amounts of sludge, which leads to disposal
problems.

Recent research has focused on photocatalytic membranes, which are characterized by their
superior antifouling properties, high flux, and excellent shelf life in the field of membrane
separation (Farahani and Vatanpour, 2018; Riaz and Park, 2020).

Ultrafiltration has been used for protein or carbohydrate recovery in dairy industry for a long time
(Atra et. al., 2005; Lakra et al., 2021). In addition to this, membrane filtration has been applied for
separation of milk components (Kumar et.al. 2013). The main two protein components of milk are
caseins and whey proteins and are mainly found in skim milk and whey respectively.
Characteristics of the milk proteins are indicated in the Table 1.
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Table 1. Characteristics of the milk proteins related to membrane fouling propensities
(Schulze et.al, 2016)

Proteins/Membrane material | Concentra | Size (kDa) | Size (hm) | IEP Charge in neutral
tion in pH
milk (g/L)
Caseins
ast-casein (os1-CN) 12-15 23.6 form 4.96 negative
asz-casein (0s2-CN) 3-4 25.2 Casein 5.27 negative
) micelles .
B-casein (B-CN) 9-11 24.0 5.2 negative
(50-300
K-casein (K-CN) 2-4 19.0 nm) 5.54 negative
Whey proteins
B-lactoglobulin (B-LG) 2-4 18.3 3-8 nm 4.6 negative
a-lactalbumin (a-LA) 0.6— 14.2 5.35 negative
bovine serum albumine| 1.7 66.4 4.7 negative
BSA 0.4 150-1000 6.1-8.5 negative/
Immunoglobulin G IgG 0.4 positive

Membrane material

Poly (vinylidene 3.5 negative
fluoride)(PVDF)

The former milk proteins are the major group of milk proteins with small size micelles attached
together by calcium phosphate bridges to make large size micelles in milk (McMahon & Oommen,
2008). These proteins are grouped as B-casein, k-casein, asl-casein, and as2-casein and are the
highest, moderate, and lowest hydrophobic respectively (Farrell et al., 2004).

The later milk proteins are called as whey proteins. These proteins are found mainly in the whey
which is the main by-product of dairy industry formed after cheese and caseins making. The three
main components of whey proteins include: Bovine serum albumin (BSA), a-lactalbumin (a-LA),
and B-lactoglobulin (B-LG) (Ng et al., 2017). In addition to proteins, milk whey contains
carbohydrate, lipids, vitamins, and minerals. From the total whey solids, lactose account about 75%
(Ahmad, et al., 2019).

13



2.2. Characterization of dairy industry wastewater

In dairy industry there are many unit operations (cooling, heating, cleaning and washing (Slavov,
2017; Hung et al., 2005). Each sections discharge wastewater (Shete, 2013; Hung et al., 2005). The
characteristics of the wastewater from each unit varies based on its products and the operational
circumstances. The characteristics of dairy wastewater as reported by authors are given in Table 2.

Table 2. Characteristics of dairy industry wastewaters

Wastewater Parameters in mg/L except pH Referenc
description | COD |BOD | pH TSS |TS NHs | POs*" es
Dairy 80— 40— 47 to]- - - - Ahmad,
waste water | 95000 | 48000 |11 et al.,
2019
Dairy 190 -|120 -|7.2-8.8 |500 - |900- - - Deshannavar
effluent 2700 | 1800 740 1350 et.al., 2012
Dairy 890 +|216.17 | 6.035 + | - 9386 | 69.96 |69.96 | Krishan &
wastewater | 14 +4.17 | 0.065 +1.16 |+ 1.16 | Srivastava, 2015
whey 71526 | 20000 | 4.1 22050 | 56782 | - - Deshpande et al.,
2012
Dairy 2500- | 1300- | 7.2-7.5 | 72000- | 800- - - Qazi et.al., 2011
wastewater | 3000 1600 80000 | 10000

In wastewater treatment, the choice of the methods depends on the size of pollutants in the

effluents. Generally, the typical strategy for wastewater treatment includes the following

methods (Slavov, 2017):

e Mechanical treatment involves in eliminating suspended solids, in this method the
organic content may not be treated efficiently.

e Physical methods: aimed to eliminate milk fat and colloidal proteins

e Chemical treatment: remove majority of colloids and soluble pollutants through
reaction with FeSO4 and H20> or other coagulants.

¢ Biological treatment: can be applied for highly biodegradable product under aerobic or
anaerobic conditions. The aerobic processes are effective for wastewater containing low
organic content (BOD < 0.3 kgm™) and can easily remove ammonia, but P removal is
not effective. The anaerobic processes are more suitable for concentrated wastewaters,
and appropriate for biogas production, but unable to remove ammonia and P.
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2.3. Membrane filtration in dairy industrial wastewater treatment

Several studies reported that there are possibilities to reuse the treated dairy industrial wastewater
by membrane filtrations. This involve use of microfiltration (MF) (Steinhauer et al., 2015a),
ultrafiltration (UF) (Silva et al., 2019), nanofiltration (NF) (Andrade, et. al., 2014), reverse 0Smosis
(RO) (Vourch et. al., 2008) or two-stage filtration (UF+NF) (Gong et al., 2012). Membrane
separation can be considered as a promising newly developed technology to treat dairy industry
wastewater. It is simple and has wastewater zero emissions. It can also be effective at treating dairy
industry wastewater with high salinity. Previous studies have also shown that membrane separation
processes have got considerable attention for dairy wastewater treatment (Das et al., 2016;
Abdelkader et al., 2019; Sarkar et al., 2006; Bortoluzzi et al., 2017). These processes are more
energy-efficient, environmentally friendly, and economical, excellent contaminant rejection, and
can be integrated with other processes (Gong et al., 2012; Farahani and Vatanpour., 2018; Pal.,
2020; Chen et al., 2019; Li et al., 2021; Catenacci et al., 2020). Various physical, chemical, and
biological processes have been developed and utilized for nutrient recovery. However, the common
objective of all these processes is to separate nutrients from other wastewater pollutants. The
prevailing technique for N and P recovery is currently struvite formation through crystallization
and precipitation (Mehta et al., 2015). Despite its effectiveness, this process presents several
challenges. Therefore, utilizing membrane separation to concentrate or isolate nutrients could
prove advantageous.

Membrane filtration offers many benefits in dairy wastewater treatment. These include best
contaminant removal, low cost, easily operated, and can be easily integrated with other systems.
However, the membrane can easily be fouled and reduce its life span and productivity (Madaeni &
Mansourpanah, 2004).There are many strategies to tackle such problem and will be discussed in
much more detail in the next section.

Fouling in membrane filtration is undesired accumulations of solutes in all parts of the membrane
(Geise et al., 2010). Membrane filtration application in dairy industry wastewater treatment is
growing however the problem of fouling is becoming the main obstacles for its widespread
application. It reduces the productivity of the membrane through reducing flux, reducing separation
efficiency of membranes, increasing maintenance and operation costs, shortening the shelf life of
the membrane and increase energy use of the system (Yang et al., 2006; Chang et al., 2019).
Fouling could be grouped based on three criterion, these are composition, reversibility and location
(Wang et al., 2014). Based on the composition of pollutants, fouling could be grouped into

15



biofouling, organic fouling, and inorganic fouling. Using fouling reversibility as criteria, fouling
could be classified as reversible and irreversible.

By considering fouling location criteria, fouling could be grouped into concentration polarization,
internal fouling, and external fouling. In membrane filtration, avoiding irreversible fouling is much
more important because it can only be cleaned by chemical cleaning. Backwashing is the most
common method applied in UF and MF to remove this type of fouling, which is not possible in NF
and RO membranes (Nguyen, 2012).

Understanding fouling mechanisms is an important step to develop mitigation strategies to the
problems of fouling. The commonly existing fouling mechanisms in membrane filtration can be
classified pore blocking, scaling, gel layer, cake layer, adsorption, biofilm and concentration
polarization (Nguyen, 2012; Wang et al., 2014).

In membrane filtration of dairy wastewater, protein component of the wastewater is the most sever
foulant for UF membranes (Madaeni & Mansourpanah, 2006; Ng et al., 2017). The fouling
mechanism of milk proteins is presented in Fig. 1.
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Figure 1. Fouling mechanisms of skim milk UF (modified from Ng, et al., 2017).
Fig. 1 indicates that casein micelles (CMs) are larger in size as compared to whey proteins (WPs).

This size difference determines the composition of the concentration polarization (CP) layer (Ng
etal., 2017).
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In general, foulants such as proteins, humic materials, emulsified oils and microorganisms have a
higher tendency of fouling to hydrophobic membranes as compared to hydrophilic membranes
(Chang et al., 2018). For this reason, fouling hydrophobic-foulants on hydrophobic membranes can
be mitigated by modification of the membrane by hydrophilic materials. This is due to the tendency
of hydrophilic surfaces of the membrane to form a layer of water, which prevent the build-up of
hydrophobic foulants on the surface (Elimelech & Phillip, 2011). However, some hydrophilic
fraction of natural organic matter (Zularisam et al., 2006) are having tendency of easily fouling
hydrophilic membranes. Contact angle measurement is commonly used to characterize the
hydrophilicity of the membrane, even though contact angle depends upon other factors, such as
surface roughness, pore size, porosity, and time.

2.4. Factors affecting membrane fouling

In membrane filtration, membrane flux performance depends on solution composition,
hydrodynamic operating condition and membrane properties. These factors are considered as the
main factors affecting membrane fouling (Tang et al., 2011). These factors are illustrated in Fig. 2.

Feed water composition

Membrane
fouling

Membrane Hydrodynamic
properties parameters

Figure 2. Main factors influencing membrane fouling

2.4.1. Membrane properties: hydrophilicity, roughness, functional groups,

and surface charge

Membrane surface can be characterized by hydrophilicity, roughness, and surface charge. These
are an important membrane surface properties that need to be taken into account in membrane
fouling (Louie et al., 2006).
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2.4.1.1. Hydrophilicity of membrane

Membrane hydrophilicity is the tendency of membrane towards water. Generally, water contact
angles (WCA) has been applied to explain membrane hydrophilicity. CA of the membrane is
determined by the surface energy and surface roughness. WCA is decreased with increase in
surface energy and decrease surface roughness (Ravi et al., 2021). The hydrophilicity of the
membrane surface has been considered as a crucial factor to explain antifoul in property of
membrane (Du et al., 2020a)

2.4.1.2. Membrane surface roughness

Membrane surface roughness is considered as a structural property of membranes and has been
studied for its influence on fouling. Ravi et al. (2021) revealed that all nanocomposite PVDF
membranes that have higher roughness have showed higher water permeate fluxes than the neat
membrane. Al-Gharabli et al., (2022) have also shown that carbon based nanocomosite with higher
roughness exhibited better antifouling than the pristine PVDF membrane. Similar results have
obtained by other groups of researchers (Goodyer et al., 2012; Chew et al., 2017, Yang et al., 2021
Linetal., 2022). However, these results are different from the result obtained by other researchers
in that, nanocomposite PVDF membranes showed a smoother surface than pristine PVDF
membrane (Du et al., 2020a; ).

2.4.1.3. Functional groups

Functional groups are one of the factors determine fouling condition of membrane surface (Tong
et al., 2017). Wang et al., (2020) revealed that membranes with negatively charged functional
groups (-COOH) or acrylic acid (AA) repelled negatively charged dissolved silica species and
exhibit better antifouling property as compared to the pristine membrane.

A study by Guan et al., 2020 investigated the effect of functional groups on membrane fouling and
found that functionalized membrane surface by negative surface charge of sulfonic group (vinyl
sulfonic acid) mitigates not only negatively charged silica scaling but also organic foulants.
Another research by Farahani &Vatanpour, 2018 studied the effect of carboxyl- functionalized
PVDF membrane performance and revealed that the modified membranes exhibited better
antifouling performance and BSA rejection as compared to pristine PVDF membrane.

2.4.1.4. Surface charge

Generally, repelling and attracting forces between membrane and foulant increase and decrease
fouling respectively (Yu et al., 2010). These two forces are mainly affected by the charge and
hydrophobicity the membrane (Xiao et al., 2011). Many authors argue that proteins are neutral
charge and hydrophobic at their isoelectric point (pH 4.7) that their fouling is sever due to
hydrophobic interaction or aggregation as a result of reduced electrostatic repulsion (Huisman

18



et.al., 2000). At this isoelectric point, proteins are small in size and tend to form densely packed
fouling layer that result in lower permeability. The solute-solute and membrane-solute interactions
are summarized in Fig.3.
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Figure 3. Solute-solute and membrane-solute interactions

2.4.2. Composition of the wastewater: foulant type, concentration, pH,

ionic strength

Wastewater composition is considered as one of the factors affecting fouling. For example, in
membrane filtration of dairy wastewater, the protein component behaves as amphoteric or
hydrophobic and can easily fouled to hydrophobic membranes, however the severity of the fouling
is still relay on many factors such as ionic concentration, pH, nature of dairy proteins, protein type,
and calcium phosphate (Hausmann et al., 2013).

2.4.2.1. Ionic strength

lonic strength affects fouling through shielding effect. This effect occurred at high concentration
ions in a solution. In dairy wastewater this effect keeps charged protein molecules apart from each
other and makes the molecules small in size. In this case the rejection efficiency of membranes is
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low (Persson et al., 2003; Miao et al., 2015). Besides, at high ionic strength, the electrical double
layer (EDL) of protein molecules is compressed. As a result of the effect, protein molecules become
small and tend to aggregate to form dense fouling layer (Ding et al., 2019; Navarro et al., 2016;
Miao et al., 2015). She et al., (2009) showed that the impact of ionic strength (1, 10 and 100 mM
NaCl) on fouling varies with pH (3, 4.7, 5.8 and 7) As the ionic concentration increase from 1 to
100 mM, the fouling was increase at pH 3.0, decreased at 5.8 and no considerable effect at pH 4.7
and 7. For all ionic strength the lowest flux was observed at pH 4.7, isoelectric point of BSA. The
negative effect of high ionic strength, high ionic concentration directly affects osmotic pressure
and filtration resistance by reducing the cake layer porosity.

2.4.2.2. Solution pH

Changing solution pH plays an important role in altering the zeta-potential colloidal of protein
particles like BSA and thereby affects fouling. BSA molecules are neutral charge at pH 4.7,
isoelectric points (IEP) of BSA. At this pH or close to IEP, BSA molecules have low repulsion
force and tend to aggregate which results in fouling. On the other hand, at higher pH a repulsion
force is formed between negatively charged membrane and BSA molecules, however a gradually
cake layer formation is developed (Ding et al., 2019; Navarro et al., 2016).

2.4.2.3. Solution concentration

Akamatsu et al., 2020 studied the effect of BSA feed concentration of 10 ppm, 50 ppm, 300 ppm,
500 ppm, 1000 ppm and 5000 ppm on fouling. The authors found out that the fouling severity
increased as the concentration increased from 1 ppm to 500 ppm.

2.4.2.4. Salinity

Dairy industry salt waste water is originated from cheese manufacturing and whey processing. The
salinity, EC and sodium load of dairy industry effluent is 1800-2700 mg-L! TDS, more than
4000 um EC and 532-600 mg--L* Na respectively (Chen et al., 2018). Salts mostly contains Na*,
Ca?" Fe**, AP and Mg?" etc. Generally, the salt content of high-salinity organic wastewater is
more than 1% (Cai et al., 2021). Some authors argued that high salinity increased the severity of
fouling. Sim, et al., (2014) investigated the effects of salinity using aqueous solution containing
0.4 g-L ! of silica and 1 to 8 g-L* sodium chloride (NaCl) on membrane fouling. They found that,
the severity of fouling was increased with increasing the salinity.

Jang, et al., 2013 investigated the effects of various NaCl (0, 5, 10, 20 g-L™) concentration on
fouling using synthetic wastewater and revealed that the irreversible fouling enhanced with
increasing salinity. Lin et al., (2022) studied the effects of salinity (EC from 250 to 10,000 ps cm ™)
on fouling using humic acid (HA) and sodium alginate (SA). They found a decreased trend for both
flux and rejection (Du, et al., 2020b). However, Cai et al., (2021) found that high salinity sodium
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chloride (NaCl) with the concentration higher than 10 gL increased HA fouling, while decreased
BSA fouling formation.

Cai et al., (2022) investigated the effects of high-concentration of Na*, Ca?* and AI** (2 M Na* and
0.5 - 1.0 M Ca?" or AIP*) using bovine serum albumin (BSA) and humic acid (HA) solution on UF
fouling characteristics. They revealed that Na* alone decreased fouling formation during the
ultrafiltration of BSA solution but increased the severity of fouling on the ultrafiltration of HA
solution. Addition of Ca?* or Al**on Na* was found to pose adverse effect the development of BSA
fouling.

2.4.3. Hydrodynamic operating condition: trans-membrane pressure

(TMP), flow velocity, temperature
In membrane filtration hydrodynamic operating conditions include trans-membrane pressure
(TMP), velocity and temperature.

2.4.3.1. Trans-membrane pressure (TMP)

Many studies revealed that higher trans-membrane pressure (TMP) results sever fouling and lower
flux as a result of more compact protein layer built up on the membrane surface, as compared to
lower trans-membrane pressure. Jiang et al., (2018) obtained to only 28.5% flux reduction at 20
kPa as compared to 70.4%, 81.6%, and 92.2% at 100 kPa, 200 kPa, and 500 kPa.

2.4.3.2. Flow velocities

Flow velocity is another factor that needs to take into account during fouling mitigation. She et al.,
2009 obtained higher flux performance (137.4 Lm~2h) at higher velocity 41.7 cm-s™ as compared
with the flux 51.0 L-m~2h*at 13.9 cm-s* and 74.7 Lm~2htat 27.8 cm-s. Besides, higher velocity
offers lower concentration polarization and possibility of improved back transport.

Flow velocity that leads to above critical flux and too low flow cause severe fouling (Tang et al.,
2007) while below critical flux is negligible (Bacchin et al., 2006).

2.4.3.3. Temperature

Fouling can be significantly affected by temperature. According to Ding et al., 2019 the effect of
temperature on fouling was proved by flux decline. The authors found that the flux of BSA solution
during ultrafiltration membrane filtration were declined from 0.68 L-m2h™ at 20 °C to
0.43 L-m2htat27°C,to 0.30 L-m2hat 34 °C and then to 0.28 L-m2h~ at 80 °C. Fouling of
whey protein is much sever at lower (less than 10 °C) and higher temperatures (higher than 35 °C)
(Steinhauer et al., 2015b), as both extreme temperatures denatured protein structures which can
aggregate and foul easily on the membrane surface (Thereza et al., 2019; Pelegrine and Gasparetto,
2006)
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2.5. Fouling control and mitigating strategies

In recent years, several methods have been used to control. These methods include pre-treatment
of feed solution, optimizing operating condition, physical cleaning, chemical cleaning and
membrane modification (Zhao and Yu, 2014).

2.5.1. Pretreatment of feed solution

This fouling prevention method reduces the risk of membrane fouling. The fouling risk reduction
efficiency depends on the type of pre-treatment method. Coagulation is widely applied method for
removing particles and dissolved contaminants, but it is not effective to remove low molecular
weight fractions and neutral hydrophilic (Carroll, 2000).

Coagulation/flocculation along with oxidation method has been used as physicochemical pre-
treatment method to reduce contaminants from wastewater. However, its wider application is
limited by high cost and ineffective contaminant removal (Sharma, 2014). Besides, it generates
huge amounts of chemical sludge that requires further treatment (Mehta and Chavan, 2009).
Advanced oxidation processes can be applied alone or in a combination. In recent years,
ozone, ultraviolet (UV) radiation with hydrogen peroxide (H-O2) and ultraviolet (UV) radiation
with persulfate (PS) were applied as pre-treatments for UF process. From the above oxidation pre-
treatment methods, ultraviolet (UV) and persulfate (PS) combination offered an excellent
contaminant removal and membrane fouling mitigation result. Li et al, (2019) associated
outstanding result with the ability of PS, a powerful oxidant, to generate sulphate radicals (SO4 ).
Lietal., (2020) studied the effects of combination of ferrous ion (Fe(11)) and sodium per carbonate
(SPC) on fouling reduction and found that a combination of Fe(ll) and SPC were superior
membrane fouling control than using them separately, is due to activation of SPC oxidation by
catalyst, Fe(ll).

Chang et al., (2020) investigated the effects of combinations of advanced oxidation processes on
fouling control and revealed that the outstanding performance was shown by combination of
ultraviolet light, ferrous ion and persulfate followed by ferrous ion and persulfate, while the worst
performance was shown by combination of ultraviolet pre-oxidation together with ferrous ion pre-
coagulation, as Fe(ll) has high tendency to reduce its catalytic effect at neutral pH and oxidize
rapidly to Fe(lll) in a reaction (Yang et al., 2015).

The most widely used effective pre-treatment combination methods for reverse osmosis (RO)
involves use of disinfection (destroy microorganisms), scale inhibitor (acid) (remove inorganic
molecules), activated carbon (remove dissolved organic carbon (DOC)), coagulation/flocculation
(removes colloidal particles and dissolved organic carbon (DOC)), and membrane filtration
(UF/MF) (removes colloids, particles, and microorganism) (Jiang et al., 2017).
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2.5.2. Physical membrane cleaning

Membrane fouling can be prevented by changing the hydrodynamics nature of a given solution. In
recent times hydraulic flushing, cross-flow, shearing, field (electric, ultrasonic, magnetic), and
adding activated carbon are widely applied physical cleaning approaches (Zhao and Yu, 2014).
The most commonly used cleaning methods are backflush and backwash. However, these
technologies are time consuming (Muthukumaran et al., 2005). Better shear rate can be obtained
from vibration, in this way improved flux can be obtained by mitigating membrane fouling (Li et
al., 2014; Kola et al., 2014). The cleaning mechanism involves generating of high turbulence and
shear forces on the membrane surface, that help to destroy and remove foulant deposits from
membrane surface (Altaee et al., 2010). They studied that the effect of vibration on cleaning of
membrane and found that cleaning efficiency was improved with increased vibration. They
obtained a flux of 15, 27 and 56 L-m2h! for vibration frequency of 0, 1.67 and 8.35 Hz
respectively. Li et al, (2013) has also obtained more than 90 % membrane cleaning efficiency at 8
Hz.

Ultrasound is also one of commonly applied physical cleaning method, and it offers strong
convective currents, micro mixing, pressure shockwaves, and micro jetting. These strong mixing
waves agitate the aqueous medium which in turn acts on the foulants adhering to the membrane
surface for reducing concentration polarization and removing cake layers (Muthukumaran et al.,
2004; Lujan-Facundo et al., 2017; Muthukumaran et al., 2005; Muthukumaran et al., 2007; Ahmad
etal., 2012; Aktij et al., 2020). Camara et al., (2020) found best PVDF membrane fouling cleaning
performance at 20-28 kHz. Many researchers showed ultrasound as a promising fouling cleaning
technology as compared with membrane cleaning without ultrasound (Lee et. al., 2017; Yu et al.,
2017). Integrating ultrasound with surfactant has also showed a superior performance than
ultrasound alone (Muthukumaran et al., 2004; Maskooki et al., 2010). Ultrasonication can
overcome the limitation of backwashing or chemical cleaning in that, it can be integrated in the
filtration process without stopping the filtration. It avoids using chemicals and backwashing water.
It does not have much concern of chemical cost, waste disposal and the environment as compared
to backwashing or chemical cleaning (Muthukumaran et al., 2004). Fouling mechanisms of
ultrasonication involves four processes; firstly, by promoting the agglomeration of small particles.
This reduces pore blockage and cake compaction. Secondly, providing mechanical vibrational
energy, particles are suspended. Thirdly, by generating small vapour-filled cavities that scour the
membrane surface and can reach areas not accessible to conventional cleaning methods. Fourthly
by generating turbulence and more intense mixing, which will result bulk fluid movement toward
and away from the membrane cake layer (Muthukumaran et al., 2005).
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2.5.3. Chemical membrane cleaning

Chemicals such as acids, alkaline or oxidants may undergo reactions such as hydrolysis, dissolution
or dispersion and are used to degrade mainly the irreversible foulant or minimize the attractive
bonding between the membrane and the foulants of the solution (Kazemimoghadam and
Mohammadi, 2007). Nowadays sodium hypochlorite, sodium hydroxide, hydrochloric acid,
sulfuric acid, nitric acid, ethylene domain tetra acetic acid and sodium dodecylsulphate are the
commonly applied chemicals used for chemical cleaning in membrane filtration.
Kazemimoghadam and Mohammadi, (2007) compared cleaning performance of alkaline and acid,
and they obtained superior cleaning performance by alkaline chemicals as compared to acids for
dairy wastewaters. Integrating alkaline chemicals with surfactant (sodium dodecylesulfate (SDS))
or chelating agent (Ethylenediaminetetraacetic acid (EDTA)) has also showed a superior
performance than alkaline alone (Shi et al., 2014; Guan et al., 2018).

Chemical cleaning can be applied in four ways. Both cleaning-in-place (CIP) and cleaning out of
place (COP) involves cleaning of membrane using chemical solution within and outside the
membrane reactor respectively. The other two, involves adding chemicals in the feed stream and
use of combination of physical chemical method (Lin et al., 2010).

A study of Souza and Mawson, (2005) showed an excellent cleaning performance of alkaline
solutions for proteins and polysaccharides removal and acids for elimination of inorganic salts and
metal oxides or hydroxides.

Chemical cleaning is advantageous from membrane cleaning efficiency point of view however it
has some drawbacks. This includes high cost for chemicals, high effluent generation and possibility
of damaging the membrane, generate effluents and are expensive (Shi et al., 2014).
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2.5.4. Physicochemical membrane cleaning

Nowadays, chemically enhanced backwashing (CEB) is the most widely applied integrated
physical and chemical membrane cleaning method in membrane cleaning processes. This method
involves use of chemicals during backwashing (Lin et al., 2010).

Wang et al., (2014) obtained fouling rate reduction of 63—77% using chlorine (0.2-0.5 mgL 1) and
backwash at flux of 8.33 L-m~2h compared to normal water back flushing. Zhou et al., (2014)
achieved a fouling rate reduction of 50 % using 0.01 mol-L™* NaOH and backwash at flux of
8.33 Lm2ht (Zhou et al., 2014).

2.5.5. Membrane modification

In recent years, fouling control and mitigation using modified membrane is a promising
development in membrane technology and can be done by integrating membrane with hydrophilic
polymers or semiconductor heterogeneous photo-catalysts (Liu et al., 2011). Many researchers
come up with modified membranes that have better in surface charge, hydropholicity and
morphology, and offer antifouling and photocatalytic degradation benefits (Louie et al., 2006; Tang
and Li, 2013; Zhou et al., 2014; Chew et al., 2017; Du et al., 2020a; Lin et al., 2022).

Some researchers studied the effect of polyvinylpyrrolidone (PVP), polyethylene glycol (PEG) or
poly (methyl methacrylate) (PMMA) on fouling control and mitigation and found that with the
addition of hydrophilic polymers increased the antifouling property of the membrane (Liu et al.,
2011; Vatsha, et al., 2014; Chang, et al., 2014; Du et al., 2021; Lin, et al., 2021). .

Membrane fouling prevention and cleaning are the two main challenges in membrane filtration
application. Regular chemical cleaning is expensive and environmentally unfriendly (McCartney
et al., 2017; Zhao et al., 2019). Membrane modification using nanocatalysts are a recent
development that offers both antifouling and catalytic degradation benefits. The sources of
activation energy of the nanocatalyst could be light, electrical and Fenton. Therefore, based on
these sources of activation energy, the nanocatalysts may be classified as photocatalysts and
electrocatalysts (Dutta et al., 2014), and Fenton based catalysts (Kurian and Nair, 2015)
respectively. The nanocatalyst aimed to degrade contaminants of wastewater such as organic
contaminants (Han et al., 2018) and microbial agents (Natarajan et al., 2018).
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2.5.5.1. Membrane modification by semiconductor heterogeneous photo-

catalysts

In recent years, the application of membrane filtration in dairy waste water treatment is growing
(Galvao, 2018 and Velpula et al., 2017), especially integrating membrane filtration with other
systems is becoming a one of the promising technologies applied to meet the environmental
wastewater discharge limit (Bixio et al., 2006; Lakra, et al., 2021). However, these processes are
susceptible for fouling, which may occur as a result of hydrophobicity of the membrane leads to a
decline flux and raise energy use. These effects may limit the broader application of the technology
(Chang et al., 2019) in water treatment.

Nowadays, several novel and emerging techniques have developed to tackle the constraint of
membrane separation processes. Besides, recent publications (Anis et al., 2022; Ruigémez et al.,
2022; He et al., 2022) have focused on fouling reduction by offering innovative cleaning processes,
optimizing the existing techniques, or integrating devices to the membrane set-up. As a result of
the above activities, the membrane separation becomes a viable alternative for dairy industry
wastewater treatment.

2.5.5.1.1. Heterogeneous photo-catalysts and mechanism of

heterogeneous photocatalysis

Heterogeneous photocatalysis is a process of converting light energy into chemical energy by
semiconductor heterogeneous photocatalysts, which can be used to degrade wastewater
contaminants (Di Mauro et al., 2017). The processes of heterogeneous photocatalysis are illustrated
in Fig. 4.
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Figure 4. Mechanism of heterogeneous photocatalysis

Many heterogeneous photo-catalysts have been widely applied in the photodegradation of
pollutants under UV light. These include; tungsten-oxide (WQOs3) (Peyravi et al., 2017), titania
(TiO2) (Kovacs et al., 2017; Yogarathinam et al., 2018), zinc-oxide (ZnO) (Thebo et al., 2018),
graphene oxide (GO) (Bottino et al., 2002), zirconia (ZrO2) (Yan et al., 2006; Yogarathinam et al.,
2018), alumina (Al203) (Yan et al., 2006) and silica (SiO2) (Yu et al., 2009).

Among the above mentioned photocatalyst titanium dioxide (TiO2) is the most widely applied
photocatalyst. Previous studies mentioned that the hybrid TiO, blended PVDF membranes has
excellent photocatalytic activity, outstanding physical and chemical property, superior hydrophilic
and antifouling properties, nontoxic effect, excellent stability, and low cost (Leong et al., 2014;
Akhavan, 2009; Kumar and Bansal, 2013). Similar results exhibited that incorporation of TiO> in
the membrane matrix have contributed to improve flux and antifouling of UF PVDF membrane
(Farahani and Vatanpour, 2018). TiO. offers both antifouling and photocatalytic degradation
benefits.

However, as it was mentioned earlier, TiO2 has two main limitations that hinder its wider practical
application. Firstly, the high recombination ratio of photocatalytically generated electron—hole
pairs reduce photocatalytic activity. Secondly, TiO2 has a wide bandgap of 3.15 eV, its
photocatalytic activity can only be efficiently activated under UV light (A<390 nm), excluding
visible light (Akhavan, 2009; Zouzelka et al., 2016). The former leads to waste of energy and result
in low degradation efficiency under UV light while the later result in a low photocatalytic
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performance under visible light illumination (Zouzelka et al., 2016). These two drawbacks limit its
wider practical application in membrane separation processes.

Several strategies have been applied to enhance the low photo-efficiency and high recombination
rate of TiO2. Anatase is one of three structure polymorphs of titania that have lowest recombination
rate of electron-hole pairs and highest photocatalytic reactivity as compared to rutile and brookite
(Fujishima et al., 2008). Another possibility is integrating of TiO2 with semiconductor that has
narrower band gap (Malathi et al., 2018; Ratova et al., 2018) or with nitrogen, sulphur, noble metals
transitional metal ions or photosensitizer (Yogarathinam, et al., 2018) and electron acceptor
semiconductors (Selvaraj et al., 2020).

In recent years, bismuth-based oxides have gained attention in photo-catalytic technology because
of their superior band gap and efficient visible light absorption performance, however, their
relatively low surface area and activity hinders their broader application (Malathi et al., 2018;
Ratova et al., 2018; Orimolade and Arotiba, 2020; Kunduz and Soylu, 2015; Lin et al., 2012; Hou
etal., 2011; Wang et al., 2017; Abazari et al., 2019; Li et al., 2012).

2.5.5.2. General and structural properties of BiVO.4

BiVVO4 has a narrow band gap of 2.4 eV in the monoclinic phase and an excellent light absorption
property (Sadeghzadeh-Attar, 2020). It has also other outstanding properties such non-toxicity,
corrosion resistance, good dispensability, superior chemical stability (Huang et al., 2022)

BiVOs4 can be found as orthorhombic structure of vanadium bismuth ore in nature. Whereas the
structure of synthesized BiVOscan be monoclinic scheelite structure (m-BiVOs), tetragonal
zirconium silicate structure (tz-BiVOa) and tetragonal scheelite structure (ts-BiVOs) (Zhao et al.,
2017). Among the above-mentioned structures of BiVOs, m-BiVOshas the most efficient
photocatalytic activity (Srinivasan et al., 2022).

2.5.5.3. Photocatalytic activity of BiVO4

Bismuth vanadate (BiVOg) is an n-type semiconductor with a narrow band gap (2.3-2.5 eV) and
show excellence in visible light absorption (Phuruangrat et al., 2023). BiVOa has recently been
proved to be a potential candidate for organic decontamination. This is because of its low cost,
excellent photocatalytic stability, narrow band gap of 2.4 eV in the monoclinic phase
(Sadeghzadeh-Attar, 2020).

Degradation efficiency of 98.79 % over the methylene blue (MB) was observed within 60 min of
light irradiation (Srinivasan et al., 2022). However, the wider practical application of BiVOs in
organic pollutants in wastewater was limited due to the small specific surface area and the lower
separation efficiency of photogenerated electrons and holes (Guo et al., 2022).
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2.5.5.4. Methods of synthesis for BiVO4

BiVO4 can be synthesized by precipitation method (Yal¢in and Diikkanci, 2022)., solvothermal
method (Ma et al., 2014; He et al., 2018), hydrothermal method (Srinivasan et al., 2022), and
microemulsion method (Huang et al., 2022). From the above-mentioned methods, the hydrothermal
method is widely used to synthesize smaller particle size, better crystalline nature, and controlled
shape of the BiVO4 nanostructures (Srinivasan et al., 2022).

2.5.5.5. Role of BiVO4 in improving the performance of TiO:-based

photocatalysts

The wide band gap of TiO2 limits their applications under visible-light and rapid charge
recombination rate reduces their photocatalytic efficiencies (Zouzelka et al., 2016). Considerable
efforts have been applied to enhance the low photo-efficiency and high recombination rate of TiO».
These include integrating of TiO2 with narrow band gap semiconductors such nanocubes of silver-
chloride (AgCl) (Yang et al., 2017), Bismuth vanadate (BiVOs) (Sadeghzadeh-Attar, 2020).
cadmium sulphide (CdS) (Yue et al., 2017), iron (Fe (I11) and active carbon (Lavand and Malghe,
2018), copper sulphide nanostructures (CuS NSs) (Nezar et al., 2019), Ag20, graphene and
graphene oxide (Barakat et al., 2020).

Integration of TiO2 with other low-band gap semiconductors not only can enhance the light
absorption phenomenon broadening the spectral responsive range, but also promote the charge
carriers’ separation (Barakat et al., 2020). Bismuth-based oxides have received great attention and
been applied widely (Das et al., 2017; Zerjav et al., 2018; Angelo and Filice, 2019).

2.5.5.6. General and structural properties of Carbon nanotubes (CNTSs)
Carbonaceous nanomaterials are semiconductor materials that have received considerable attention
for design of new photocatalytic applications because of their superior properties, such as large
specific surface area, unique mechanical (stiffness and flexibility), high electrical and thermal
conductivities (Trapalis et al., 2016; Gupta et al., 2019; Selvaraj et al., 2020). They have also
excellent electronic properties, chemical stability, conductivity, thermal stability, pore structure
and high surface area.

Carbon nano-tubes (CNTs) are the most common carbonaceous materials used to combine with
semiconductors (Isari, et al., 2020; Huang et al., 2018). Depending on the number of walls, CNT
can be classified into single-walled carbon nanotubes (SWCNTS), double-walled carbon nanotubes
(DWCNTS), and multi-walled carbon nanotubes (MWCNTS) (Fig. 5). SWCNTs, MWCNTSs and
DWCNTSs consist of one, two and many nanotubes respectively. SWNT is much thinner and are
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more vulnerable to structural change which can easily affect their electrical and mechanical
properties (Gupta et al., 2019).

SWCNTs DWCNTs
MWCNTs

Figure 5. Structures of SWCNTs, DWCNTs, and MWCNTSs (Gupta et al., 2019)

5.5.5.7. Role of CNTs and mechanisms of photocatalysis in TiO2/CNT

composite

Various carbon-based materials, such as activated carbon, graphite, carbon nanotubes, and
graphene oxide, or other porous carbon derivatives, are potential candidates for composites due to
their high absorbance of visible light and efficient electron-hole separation (Barakat et al., 2020).
One study found that the Ni(OH)./GO/TiO, composite is a highly effective catalyst for the removal,
disinfection, and degradation of complex wastewater constituents (Barakat et al., 2020)..
Additional research have shown that the incorporation of GO with metal-semiconductors reduces
the recombination rate of electron-hole pairs by acting as an electron acceptor. This extends light
absorption to the visible range and enhances the mobility of charge carriers, resulting in improved
photocatalytic performance in visible light (Gong et al., 2017; Nadimi et al., 2019; Khan et
al.,2019).

Carbon nanotubes (CNTSs) are semiconductor materials that have received considerable attention
due to their outstanding properties, such as unique mechanical (stiffness and flexibility), large
specific surface area, high thermal and electrical conductivities. They are broadly used as electron
acceptors and reduce the recombination rate (Trapalis et al., 2016; Selvaraj et al., 2020). They also
may enhance membrane antifouling property, water flux and BSA rejection (Moslehyani et al.,
2015; Ayyaru et al., 2019).

Photocatalytic performance of a photocatalyst is affected by the e/h recombination time (Cao et al.,
2013). This problem is common during single semiconductor application. Several methods have
been studied to increase the e—h recombination time, the catalysts with nano dimension, combining
two or more semiconductors, adding supporting materials to semiconductors (such as CNTs, silica,
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g-CsN4, graphene oxide, alumina, zeolites etc., and doping of metals or nonmetals into the
semiconductors etc. (Hemmatpour et al.,2022). Catalysts with Nano dimension have lower e/h
recombination rate than single dimension due to short path length to the surface. Thus, the
photoexcited electrons and hole pairs can quickly travel to the surface before they recombine.
Combination of two or more semiconductors creates a chance for the electron transfer between the
CB positions, and the photoinduced holes between the VB positions which result in lower e/h
recombination.

One simple method to reduce e—h recombination is to add electron scavengers such as CNT into
the photocatalysis system (Cao et al., 2013). Carbon nanotubes have large electron storage capacity
which hinders electron-hole recombination. Moreover, the high sp?-ordered structures of CNTs
made CNT to have an excellent metallic conductivity, which form a Schottky barrier junction
between the semiconductors and CNTs (lsari, et al., 2020; Sharma et al., 2021). The role of CNT
and photocatalysis mechanism of TiO2/CNT composite is presented in Fig. 6. Fig. 6a. shows the
role of CNT as electron scavenger (the electron acceptor), in this figure the. excited electrons from
the conduction band of TiO> is flowed to CNTs. However, Fig. 6b shows the role of CNTs as
photosensitizer (electron donor), where excited electrons from the conduction band of CNTs is
flowed to TiOz. Fig. 6¢ shows the presence of Ti-O—C bonds, this extends the light absorption to
longer wave lengths, leading to the improvement of the photocatalytic activity.
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Figure 6. Role of CNTs and mechanisms of photocatalysis in TiO2/CNT composite (Cao et al.,
2013).

2.6. Catalytic membrane reactors

A catalytic membrane reactor (CMR) is an integrated unit of membrane and catalyst. Catalytic
membrane reactors currently used for wastewater treatment can be classified in to four.

1) photo-catalytic membrane reactors (PMRs), which are prepared by combining photocatalysis
with membrane technology (Bellardita et al., 2018).

2) enzymatic membrane reactors, which are prepared by combining electrocatalytic reactions and
processes of membrane separation into one processing stage (Vanangamudi et al., 2018).

3) electro-catalysts, which integrate electrocatalytic reactions and the process of membrane
separation into one processing stage (Kokko et al., 2017), and

4) Fenton-based chemical reactors (Kurian and Nair, 2015). The reactors mentioned above help
improve chemical oxidation of organic pollutants (Han et al., 2018) and antimicrobial action
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(Natarajan et al., 2018). Among the above membrane reactors, the PMRs are promising for the
treatment of contaminants due to the potential use of suitable light irradiation to degrade
compounds in wastewater into less or nontoxic minerals, such carbon dioxide, ammonia, and water
(Das et al., 2017).

Based on three methods of preparation used photocatalytic membrane reactors can be, grouped into
(1) photocatalyst-coated membranes (Li et al., 2013),

(2) photocatalyst-blended membranes (Ngang et al., 2012; Song et al., 2012; Shaban et al., 2018),
and

(3) self-photocatalytic membranes (Li Menglin et al., 2013).

Firstly, physical coating, there are several physical coating methods available to prepare
photocatalyst-coated membrane. The most common methods are dip-coating (Hou et al, 2014),
electrospinning (Ramasundaram et al., 2015), electrospraying (Ramasundaram et al., 2015;
Ramasundaram et al., 2016), advanced atomic layer deposition (\Wang et al., 2013), and physical
deposition (Kovacs et al., 2018). Dip-coating ensures uniform coating of the nanomaterials on the
surface of the membrane. However, the process involves complex steps and requires high heat
resistance support material (Hou et al, 2014). Electrospinning is a simple method of preparing
membranes that have a uniform distribution of pores and better interconnectivity. However, the
method is not suitable to use at commercial level (Ramasundaram et al., 2015). Electrospraying
is an electro hydrodynamic atomization method that offers easy control of film thickness, low cost,
and high deposition efficiency (Ramasundaram et al., 2016). Atomic layer deposition (ALD) is a
process of coating the membrane at low temperature by easily control film thickness (Wang et al.,
2013). Physical deposition is a process of filtering the ultrasonicated solution of photocatalyst and
propanol through a membrane in a dead-end cell and dries the membrane at room temperature
(Kovacs et al., 2018). This method is advantage in terms of simplicity and reproducibility, and
offers higher hydrophilicity, improved anti-fouling properties, and help protect UV sensitive
membranes (Nady et al., 2011).

Secondly, blended (phase inversion) method is a process of converting of a uniform solution of
polymer and nanoscales into a solid phase membrane in a controlled way. This method is
commonly applied to fabricate asymmetric Polymeric Nano-composite Membranes (PNCMs). The
characteristics of the fabricated membrane depends the choice of solvent, non-solvent polymer
solution, coagulation bath composition and film casting conditions (Aburabie et al., 2017). The
method is used to prepare photocatalyst-blended membranes. It does not have a problem of
leaching of the photocatalyst, however the method leads to have a marginal increase in
hydrophilicity and less reproducibility (Ngang et al., 2012; Song et al., 2012; Shaban et al., 2018).
Thirdly, electrochemical anodization is the method used to prepare self-catalytic membranes. Self-
catalytic membranes are an electrified membrane (EM) surface that use migration of charged
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ions/colloids under the electric field (EF) and create polarization effect of organic molecules to
enhance membrane separation and antifouling performance (Sun et al., 2022). The method used to
prepare the membrane is different from coated or blended method in that it does not need
immobilization step. Membranes prepared by this method have high hydrophilicity, large surface
area, nanotubular morphology, excellent photocatalytic efficiency and high anatase crystallinity
(Li et al., 2013). The membranes also have better mass transport and antifouling than the
conventional membranes (Ren et al., 2022; Yu et al., 2022; Mo et al., 2022). However,
their relatively high production cost may limit their large-scale production and industrial
application (Pan et al., 2020).
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3. Aims

This Ph.D. thesis is aimed to fabricate visible light driven hybrid nanocomposite ultrafiltration
PVDF membrane for dairy waste water treatment. Such study can have huge contribution on
development of environmentally friendly renewable energy driven membrane technology for
wastewater treatment. In order to achieve the general objective, the following specific objectives
have been taken in to consideration:

@)

O

Explore physic chemical characteristics of dairy wastewater.

Selection of nano-composite material with excellent photo-catalytic activity, characterize
its properties and optimize their composition for effective treatment

Fabricate photo-catalytic membranes with synthesized nanocomposites. Characterizing
and examining the optimum concentration of nano-composite loading of prepared
nanocomposite membrane.

Application of fabricated membranes for synthetic and real dairy wastewater treatment
Examining the effect of salinity on dairy wastewater treatment

Evaluate the efficiency of regeneration of fouled membrane with UV and visible light
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4. Materials and methods
4.1 Materials

4.1.1. Chemicals and materials used

In this study commercial and fabricated PVDF membranes were used. The commercial 30 kDa
PVDF membrane (JW GE Osmonics) was bought from New Logic Research Inc., USA. The other
membranes were fabricated from purchased materials. These includes PVDF powder (polymer),
N-methyl-2-pyrrolidone (NMP) solvent, and sodium dodecylsulfate (SDS) surfactant. The stated
materials were purchased from Merck Hungary. The membrane preparation involves use of
nanoparticles such as a multiwalled carbon nanotube (CNT; Kanto Chemical Co. Inc.; TNMH3
15090, Japan; Purity >98 wt. %), Aeroxide P25 type titanium dioxide (TiO2; Merck EMD Millipore
Co. Germany) and Bismuth vanadate (BiVOs). Bismuth vanadate was synthesized from
bismuth(I11) nitrate pentahydrate (Bi(NO3)s-5H20; Alfa Aesar, >98%, ACS), nitric acid (HNOs;
Merck, 99%), sodium hydroxide (NaOH) (Sigma-Aldrich, 100%, puriss) and ammonium vanadate
(NH4VOs; Sigma Aldrich, >98%). Bovine serum albumin (BSA, 69 kDa, ICN Biomedicals Inc.
(USA) was used as model protein.

4.1.2. BSA model solution

Filtration performance experiments of the membranes were carried out with BSA solution,
synthetic and real dairy wastewater. Since proteins are the primary fouling components in dairy
wastewater, we used a bovine serum albumin (BSA) solution as a model for dairy wastewater in
our study. A BSA solution with a concentration of 1g L™ was utilized as a model for dairy
wastewater, as this concentration is representative of the protein content found in real dairy
wastewater (Ding et al., 2019).

4.1.3. Synthetic dairy wastewater

Another model solution was synthetic dairy wastewater. This solution contains BSA and other
chemical compounds (synthetic wastewater, SWW), and was prepared according to Muniz et al.,
2020. The prepared synthetic dairy wastewater was labelled as SWW-BSA and is indicated in
Table 3. To investigate the effect of lactose, lactose with various concentration levels (0, 0.5,
1 gLY) were considered in the synthetic dairy wastewater. SWW-BSA in the presence of lactose
was labelled as SWW-BSA-L. The effect of pH on filtration performance of membranes was
investigated by adjusting the pH of the synthetic dairy wastewater using sulphuric acid (1M) and
Na>HPO4 (0.1M). Model protein solution, BSA, was used in all membranes while synthetic and
real dairy wastewater were applied to pristine and best performing photocatalytic blended UF
PVDF membranes.
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Table 3: composition of synthetic dairy wastewater (SW-BSA)

Number | chemicals Concentration
ing/L

BSA 1
Ammonium chloride NH4Cl 0.5833
Sodium dihydrogen phosphate 0.9
NaH2PO4

4 Sodium bicarbonate 1.560

5 Magnesium sulphate heptahydrate MgSO4 H2O | 0.6

6 Ferrous sulphate heptahydrate Fe(SO4)-7H.O | 0.024

7 Manganese sulfate monohydrate MnSO4-nH2O | 0.024

8. Anhydrous Calcium chloride CaCl> 0.036

4.1.3.1. Characterization of synthetic dairy wastewater

The characteristics of synthetic dairy wastewater without lactose and with lactose are presented in
Table 4 and 5 respectively. In the model dairy wastewater, the BSA concentration was measured
before and after filtration using a spectrophotometric method. The method involved recording the
absorbance of BSA at a wavelength of 280 nm with a UV-visible spectrophotometer (Hitachi Co.,
U-2000, Japan), and the concentration values were obtained from a calibration curve (Yan et al.,
2021). The samples were analyzed without further treatment. To determine the chemical oxygen
demand (COD) of the samples, the potassium-dichromate oxidation method was used. Specifically,
2 mL of the samples were added to test tubes (Merck) with concentrations of 0-150 or 0-1500
mg-L %, and were digested for 2 hours at 150°C using the Lovibond ET 108 (Tintometer, Germany).
The absorbances were then measured with a COD spectrophotometer (Lovibond PC-Checklt,
Tintometer, Germany). The turbidity of the samples was measured using a turbidimeter (Hach
2100AN, Germany).

Electrical conductivity (EC) and total dissolved solid (TDS) and pH were analyzed by
multiparameter analyzer (Consort, Belgium). Parameters like Ca, CaCOs, ammonium (NHa),
ammonia (NHs), total nitrogen- N, total Phosphorus-P and phosphate-POs were analyzed by
spectrophotometric analysis (Spectroguant Nova 60 Merck, Germany). Biological oxygen demand
BOD) was analyzed by BOD test using Lovibond Oxidirect (Tintometer, Germany). The values
of all parameters were average of three samples.
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Table 4. Characteristics of synthetic dairy wastewater (SW-BSA) with various level of salinity

COD Turbidity Salinity | TDS

Level of salinity | (mg-L™) (NTU) EC (mS) (gL (g-L pH (-)

High salinity

(EC > 4) 1154.33+4.22 | 46.67+3.05 | 4.14+0.01 2.2+0.00 | 2.17+£0.01 | 7.5+0.00

Medium salinity

(2<EC<4) 1148.33+£6.80 | 21.83+1.16 | 2.33+£0.01 1.1+0.00 | 1.25+0.01 | 7.5+0.02

Low salinity

(EC<?2) 1155.67+2.89 | 8.16+0.01 | 1.59+0.01 | 0.8+0.00 | 0.85+0.01 | 7.5+0.00
Table 5. Characteristics of SW-BSA and SW-BSA-L

Level of | COD Turbidity Salinity TDS

lactose(g/L) | (mg-LY) (NTU) EC (mS) (gL (g-Lh pH (-)

0 1154.33+4.22 | 46.67£3.05 | 4.14+0.01 2.2+0.00 2.17£0.01 | 7.5+0.00

0.5 1653.33+£0.04 | 158.67+5.65 | 3.83+0.01 2.1+0.00 | 2.07+0.01 | 7.88+0.02

1 2316.66+0.04 | 188.33+6.50 | 3.80+0.00 2.1+0.00 2.23+0.01 | 7.81+0.00
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4.1.4. Dairy wastewater
Real dairy wastewater was collected from nearby milk processing industry and kept at 0 °C. The
physico-chemical characteristics of real dairy wastewater are shown in Table 6.

Table 6. Physico-chemical characteristics of real influent industrial dairy wastewater

Average of three
Parameter SD

samples
pH 7.09 0.02
colour colour-milky white
EC (mS) 2.1 0.01
TDS (gL Y) 1.11 0.01
BOD (mgL™) 2181 70.71
COD (mgL™?) 3770 20.00
Ca (mgL™) 159.67 4.04
CaO (mgL?)) 231 1.00
CaCOs(mgL ™)) 412.33 2.52
NHa4 (mgL™t) 56.87 0.31
NHN (mgL ) 44.15 0.39
NHs (mgL™) 53.31 0.38
NOs (mgL?) 10.05 0.83
NO2N (mgL™) 2.2 0.20
TOTAL N (mgL 1) 74.33 1.15
PO (mgL™) 1178.33 3.51
PO*P (mgL™) 40.43 2.60
P2Ps (mgL ™) 89.61 1.65
TOTAL P (mgL™) 39.10 1.68
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4.2. Synthesis and characterizing methods for bismuth vanadate

BiVO4 nanoparticle described as the BiVVOs-1 sample in the earlier study of Nascimben et al, (2020)
was synthetized by hydrothermal method. It was proved, that the nanoparticles were stable, with a
narrow a band gap of 2.35 eV (Nascimben et al, 2020).

The photocatalytic activity of the synthesized BiVO4and other used photocatalysts were examined
byl g-L* BSA and methylene blue (MB) (10~ mol-L™) degradation under visible light irradiation.
The experiments were performed using 100 mL of 10~°> mol-L~! methylene blue solution (Lamdab
et al., 2016) with 1 g-L™! of BiVO4 in a thermostated (25 °C) double-walled glass photoreactor,
equipped with a 1 m long LED strip (5050 SMD type, ‘cool white’) (Figure 7). Before the
photocatalytic experiments, nanoparticle composites were suspended in 99 mL of ultrapure water
and ultrasonicated (Hielscher UP200S) for 3 minutes, then 1 mL of concentrated (10 molL™) MB
solution was added, then the suspension was kept in dark for 30 minutes under stirring to reach the
adsorption-desorption equilibrium and to determine the amount of adsorbed MB. Then, the
suspension was irradiated with the visible light under intensive stirring with a magnetic stirrer.
During the photocatalytic experiments samples were taken and centrifuged (Thermo Scientific
Megafuge 16R) at 13000 rpm for 2 minutes, then the supernatants were filtered with a 0.25 pm
syringe filter and the absorbance for MB and BSA were measured at A=664 nm and A= 280 nm
respectively, using a spectrophotometer (Biochrom Biowave I17). The same procedure was applied
for TiO2, TiO2-CNT, BiVO4-CNT and TiO2-CNT-BiVO4 samples for comparison with the
following composition:100% BiVO4 consists of 0.1 g BiVOs in 100 ml MB solution; 100% TiO>
consists of 0.1 g TiOz2in 100 ml MB solution; TiO2-CNT consists of 98% TiO2 and 2% CNT as
0.098 g TiO2 and 0.002 g CNT; BiVO4-CNT consists of 98% BiVOs and 2% CNT as 0.098 g
BiVOsand 0.002 g CNT.

NPs

+
Distilled ‘

water

Add MB or BSA

Stirring for 30 min at dark

Ultrasonication: under Photocatalysis by thermostated
magnetic stirrer double-walled glass photoreactor,
equipped with a 1 m long LED
strip

Figure 7. Visible light driven photocatalytic test
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4.3. Membrane filtration experiments

Filtration experiments were carried out using a dead-end filtration cell (Millipore, XFUF04701,
USA) (Fig.8). Prior to filtration experiment, for compaction, distilled water was allowed to pass at
0.1 MPa through 0.0035 m? membrane for 30 minutes. Volume reduction ratio (VRR) of each
experiment was fixed to be five and obtained using volume of the feed (V¢) (m®) and permeate (Vp)

(m?®) the following equation:
VE

VRR = — Eqgs(1)
Regulator

V| Pressure gauge

[\
Dead end cell

computer
Permeate
| e—
Magneticstirrer ~ Balance
Nitrogen gas

Figure 8. Graphical illustration of the dead-end filtration setup

4.4. Photocatalyst-coated membrane preparation by physical deposition
As indicated in Fig.9 showed modification of commercial PVDF membranes by physical
deposition method (Kovacs et al., 2018). In this method 0.04 g commercial TiO2 Aeroxide P25 was
added to 100 ml of i-propanol and ultrasonicated for 3 minutes. Then, the ultrasonicated solution
was allowed to pass through a membrane in a dead-end cell at 0.3 MPa and dry for 1hr at room
temperature before use. The modified membranes were used to filter 1 g-L-* bovine serum albumin
(BSA) (Ding et al., 2019).
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Dead end cell
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Figure 9. Graphical representation of membrane preparation by physical deposition

The labelling of the samples (Table 7.) follows the preparation method and composition of
membranes as C is referring to “coated” membranes, P is the membrane material (PVDF), T is the
titanium dioxide, C is the carbon nanotube and B is the bismuth vanadate. The numbers represent
the ratio of the last nanoparticle in the nanoparticle mixtures. The detailed loading and ratios of
TiO2 and CNT or BiVOuais listed in Table 7.
Table 7. Loading and ratio of TiO2 and CNT

Membrane | TiO2(g) | CNT (g) | BiVO4(g) | Membrane description

PVDF - - - PVDF without nanoparticles

C-PT100 | 0.04 - - Coated (C) PVDF with 100 wt% TiO>

C-PTC2 0.0392 0.0008 | - C-PVDF with 98 wt% TiO2 and 2 wt% CNT

C-PTC5 0.038 0.002 - C-PVDF with 95 wt% TiO2 and 5 wt% CNT

C-PTC10 |0.036 0.004 - C-PVDF with 90 wt% TiO2 and 10 wt% CNT

C-PTC15 |0.034 0.006 - C-PVDF with 85 wt% TiO2 and 15 wt% CNT

C-PTC100 |- 0.04 - C-PVDF with 100 wt% CNT

C-PTB2 0.0392 - 0.0008 C-PVDF with 98 wt% TiO2 and 2 wt% BiVO4

C-PTB5 0.038 - 0.002 C-PVDF with 95 wt% TiO2 and 5 wt% BiVO4

C-PTB10 | 0.036 - 0.004 C-PVDF with 90 wt% TiO; and 10 wit%
BiVO4

C-PTB15 |0.034 - 0.006 C-PVDF with 85 wt%TiO2 and 15 wt% BiVOs

C-PB100 | - - 0.04 C-PVDF with 100 wt% BiVO.
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Stability of the photocatalyst-coated membranes were examined by investigating the change in
flux, turbidity and mass after all coated membranes were left overnight in the stirring cell of 200 ml
300 rpm for 24 h. The mass retention ratio (MR) can be calculated by the following equation
(Kovacs et al., 2017).

MR(%) =W¢/W;* 100 Eags (2)

where Wy is the final mass of coated membrane, Wi is the initial mass of the membrane to be coated.

4.5. Photocatalyst blended membrane preparation by phase inversion

method

Pristine and photocatalyst blended membranes were prepared by phase-inversion method using
TQC sheen automatic film applicator (AB4120 081, Netherlands) (Fig. 10.). The preparation of the
casting dope solution for membrane fabrication is shown in Table 8. The photocatalysts and PVDF
powder were dried in an oven at a temperature of 80 °C for 4 h. Dried PVDF powder was added to
60 s ultrasonicated photocatalysts in 20 mL of NMP solution and kept at 50 °C for 12 h with stirring
and 12 h without stirring in dark. The dope solution was allowed to perform 30 minutes
ultrasonication aimed to remove air bubbles of the dope solution. Then, the dope solution was
spread by 400 xm thick casting blood in a glass plate and subjected to 30 s for skin layer formation.
The glass plate along with membrane was immersed in a bath solution containing 3 g-L of sodium
dodecylsulphate (SDS) surfactant at 10 °C for 3 h. In the coagulation bath the phase inversion takes
place between water and NMP to form the pores of the membrane while the sodium dodecyl
sulphate was used to prevent pore blockage and clean the pores. Finally, the membrane was cut in
a desired size to explore membrane characteristics and conduct filtration experiments.

The labelling of the samples (Table 8.) follows the preparation method and composition of
membranes as B is referring to “blended” membranes, P is the membrane material (PVDF), T is
the titanium dioxide, C is the carbon nanotube and B is the bismuth vanadate. The numbers
represent the ratio of the last nanoparticle in the nanoparticle mixtures. The detailed loading and
ratios of TiO2 and CNT or BiVOais listed in Table 8.
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Table 8. Loading composition and abbreviation of blended (B) hybrid membranes

17.5wt % 82.5 wt %
Membrane (16,5% PVDF + 1% nanoparticles) (Solvent)

PVDF TiO2 CNT BiVO4 NMP

(9) (mg) (mg) (mg) (mL)
PVDF 4.375 20
B-PT100 4.331 43.750 - - 20
B-PTC2 4.331 42.875 0.875 - 20
B-PTC5 4.331 41.560 2.190 - 20
B-PTC10 4.331 39.375 4.375 - 20
B-PTC15 4.331 37.188 6.5625 20
B-PTB25 4.331 32.813 - 10.938 20
B-PTB50 4.331 21.875 - 21.875 20
B-PTB75 4.331 10.938 - 32.813 20
B-PB100 4.331 - - 43.750 20
B-PTCB25 4.331 31.938 0.875 10.938 20
B-PTCB50 4.331 21.000 0.875 21.875 20
B-PTCB75 4.331 10.061 0.875 32.813 20
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Figure 10. Graphical illustration of membrane fabrication by phase inversion method
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4.6. Membrane characterization methods

4.6.1. Porosity of the prepared membranes

Porosity values of the prepared membranes were obtained using equations (3)-(4) (Srivastava et
al., 2011). (As several works proved the applicability of this method (Hudaib et al, 2018; Farahani
and Vatanpour, 2018; Ayyaru et al., 2019), it was applied without further stability checking.)
Firstly, the water was removed from the membrane surface by wiping it out than the weight of the
wet membrane was measured. Secondly the dry weigh of the membrane was measured after wet
membrane was dried at 80 °C in a vacuum oven for 12 h. Finally, the porosity (¢) was calculated

using

_ Wi-w

€= VT 100 Egs (3)
vy =22y T2 Eqs (4)

Pw Pmd
where W1 (kg), W2 (kg) and V7 are the wet, dry weight, volume of the membrane in the wet state

(m®) respectively, pw= 997 kg m~3is the density of water and pm¢ = 1785 kg m 3 is the density of
membrane in the dry state.

Pore sizes, mean pore radius (rm) of the membranes were obtained by filtration velocity method
using Guerout-Elford-Ferry equation Eqgs (5) (Ayyaru et al., 2019).

’(2.9—1.75£)~8le
Tm = s-A—-P’ Eqs (5)

where 1 is the dynamic viscosity of water (8.9-:107* Pas at 25°C); Q is volume flow (m3s?), and |
is thickness (400 um), € is porosity, A is the area (m?); and P is pressure (Pa).

Pristine PVDF, B-PT100 and B-PB100 membranes were also characterized using Brunauer—
Emmett-Teller (BET) model. Nitrogen adsorption—desorption isotherms were recorded on a
Quantachrome Nova 3000e instrument at -196 °C. Brunauer—Emmett-Teller (BET) model were
used to calculate the total pore volumes (V) and apparent surface areas (Sget). The total pore
volumes (V) were determined based on the assumption that the pores are filled with liquid nitrogen
and were obtained from the amount of nitrogen adsorbed at relative pressure p/po—1. Barrett—
Joyner—Halenda (BJH) method was applied to estimate pore size distribution from the desorption

isotherms. The average pore diameter was obtained by using Equation (6).
d =Y Eqs (6)

" Sger
where Sget is the specific surface area (m?) obtained using the BET model.

4.6.2. Membrane hydrophilicity
Hydrophilicity of the membranes were described by measuring contact angle using the sessile-drop
method with a suitable contact angle measuring instrument (OCA15Pro, Dataphysics, Germany).
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The software (ImageJ) was fixed to drop 10 pL of ultrapure water from micro-syringe onto the
membrane surface. Then the image of the water droplet was recorded through a digital camera.
Average of six parallel measurements were considered.

4.6.3. Membrane surface characterization

Scanning electron microscope (SEM) analysis were performed to determine membranes’ surface
morphology. A Hitachi S-4700 Type 1l scanning electron microscope (SEM) was used to conduct
the analysis, applying a 10 kV accelerating voltage. To determine the elements, present in the
fouled membrane, 200 mL of BSA solution (1 gL™) was filtered through the membrane and then
air-dried without washing. Rontec X-Flash energy dispersive X-ray (EDX) detector was used for
the analysis at a voltage of 20 keV. The BSA coverage on the membrane surface was quantified
using the N/F ratio, which was calculated from the nitrogen (N) and fluorine (F) contents of the
membrane (measured as both atomic percent and weight percent using the instrument).

X-ray diffraction (XRD) analyses were carried out using a Rigaku MiniFlex 11 diffractometer at 30
kV and 15 mA using Cu-K, radiation (A=0.015406 nm). The analysis was done to explore the
crystalinity of the nanoparticles in the membranes, and the XRD patterns were performed between

20 and 40° (26°). Scherrer equation were used to calculate the primary crystallite sizes of the
nanoparticles (Holzwarth and Gibson, 2011).

Atomic force microscope (AFM; South Korea; NC-AFM) with a PSIA XE-100 was used in head
mode, applying 10x10 um scan size to investigate the surface roughness.

Zeta potentials were calculated from measurements of streaming potential using Helmholtz-
Smoluchowski (H-S) equation (Lawrence et al., 2006). Adjustable Gap Cell of SurPASS 3 was
used to measure the streaming potential. Two samples with identical surfaces were secured onto
sample holders with a cross-sectional area of 20 mmx10 mm using double-sided adhesive tape.
The distance between the sample surfaces was adjusted by reducing the gap of the flow channel
continuously until it reached 110 + 10 um. The surface zeta potential was determined in a
potassium chloride (KCI) electrolyte solution of concentration 0.001 M in the pH range of 1-9.
Zeta potential and streaming potential are explained by Helmholtz-Smoluchowski equation (7)
(Lawrence et al., 2006).

_AE _n .,
(= AP Erer€o Kg Egs (7)

where ( is the apparent zeta potential (mV), i—i is the streaming potential developed as a result of

an applied pressure gradient (V), n and &l are the dynamic viscosity (Pas) and dielectric coefficient
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of water (-), & is the permittivity of vacuum (Fm™), Kz is the electric conductivity of the aqueous
solution (S-m™).

In order to determine the reliability of the zeta potential analysis, the streaming potential was
measured within a certain pressure range and the slope of the linear dependence (streaming
potential vs. pressure difference) was determined and used as i—i in calculation of surface zeta
potential (Eqs (7)). Strictly linear dependence of streaming potential on the pressure gradient was

observed (R?>0.99), indicating the high reliability of the analysis.
During the measurement of zetapotential in the function of pH, the pH was scanned first at neutral

pH, commenced towards the acidic range and the isoelectric point (rinsed the sample with
deionized water and fresh 0.001 mol/l KCI solution and continued with a titration towards the
alkaline range. The measurements showed that the zetapotential was stabilized at pH 8, thus
generally the scan terminated at this pH.

4.6.4. Filtration performance of the membranes
Fluxes were obtained by Equation (8):

J== Eqs (8)

where J refers to the flux (kgm=2h1), W refers to the weight of permeate (kg), A means the effective
surface area of the membrane (m?), t means time (h).

The reduction in water flux during membrane filtration is attributed to a decrease in the driving
force (transmembrane pressure) and/or an increase in membrane resistance. On the basis of
filtration theory, Darcy's equation can be used to model the permeate flux in the case of low feed
concentrations and low transmembrane pressures, which are relevant to natural water filtration.

J=—2 Eqs (9)

where J is the flux (Lm~2 h1), Ap is the transmembrnane pressure (Pa), Rt is the the total resistance
(m™), n is the dynamic viscosity of wastewater (Pas).

The resistances which can occur during a filtration process are membrane resistance (RM), fouling
resistances include reversible (Rrev) and irreversible resistances (Rirr), while the total resistance
(RT) can be calculated as a sum of membrane resistance, reversible and irreversible resistance,
according to the resistances-in-series model, as shown in Table 9. Fluxes were measured in clean
membrane, after filtration of wastewater and after rinsing the used membrane with distilled water,
and were calculated by Equation (10)-(13)) (\Vatanpour, et al., 2016; Nascimben et al, 2020).
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Table 9. Filtration resistance formulas

Filtration resistances (m™) Formula
Membrane resistance RM = 2P Egs (10)
Jomw
Irreversible resistance Rirrev = - _ RM Egs (11)
wnw
Reversible resistance Rrev =—2 _ RF — RM Egs (12)
Jwnww
Total resistance RT = RM + Rirr + Rrev Egs (13)

where, Ap is the change of pressure (Pa), Jo is water flux of clean membrane, Jw is the water flux
of the fouled membrane, Jw is the water flux after the fouled membrane is rinsed (Lm=2ht), nw is
the dynamic viscosity of water (Pas), and nww is the dynamic viscosity of wastewater (Pas).

The examination of antifouling performances of the membranes prepared was carried out using the
flux recovery ratio (FRR), which was calculated using equation (14).

FRR = ;— 100% Eqgs (14)
0

where Jo is the water flux of clean membrane (L-m~2h™1) and Jc is the water flux of used membrane
after cleaning (L-m~2h™1) in the same experiment.

The efficiency of membrane regeneration was evaluated by conducting flux recovery experiments
in the photocatalytic membrane reactors. In this experiment, the water fluxes were measured after
the membrane was flushed with distilled water following BSA filtration. The fluxes were
remeasured after 3 h and 21 h UV (360 nm, in case of TiO2 and/or CNT containing composites) or
visible light (“cool white”, in case of BiVOs-containing composites) irradiation to describe the
efficiency of photocatalytic flux recovery.

The protein rejection was calculated by:
Rejection(%) = Clc;” 100% Eqgs (15)
1

where c; is the concentration of feed, and cz is concentration of permeate.

4.6.5. Data analysis

One-way analysis of variance (ANOVA) was performed using Statal7 statistical software program
Besides, Microsoft Excel program was used for performing calculation of standard deviations. In
all cases at least three parallel measurements were performed.
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5. Results and discussion

5.1. Photocatalytic activities of bismuth vanadate and nanoparticle

mixtures

The photocatalytic activity of the synthesized BiVOg, the pure TiO2 and TiO.-CNT, BiVOs-CNT
and TiO2-CNT-BiVO4 mixtures of photocatalysts were assessed by examining methylene blue
(MB) degradation using visible light for the excitation of the photocatalysts (Fig. 11a). In this
figure, the first 30 minutes represents the adsorption of MB in dark by the nanoparticles, which
followed this order: TiO2-BiVO4-CNT > BiVOs-CNT >BiVOs> TiO2-CNT > TiO3, which show,
that the BiVO4 composites has higher adsorption capacity than TiO, composites. Comparing the
degradation rate after the dark adsorption (Fig. 11b) the results show that BiVOas-composites show
higher degradation rate than TiO2-composites; this is due to large visible light absorbance potential
of BiVO4 (Sadeghzadeh-Attar, 2020). This result revealed that the synthesized BiVO4 has excellent
photocatalytic activity under visible light. Negligible degradation of MB in absence of any catalyst
also proved that MB is stable in visible-light irradiation. The presence of CNT in the mixture
resulted in higher degradation rate of MB; probably enhanced electron-hole separation by CNT
(Barakat et al., 2020), which may increase the overall quantum yield of the photocatalytic reactions.
And the mixture containing all of nanoparticles (TiO2-BiVO4-CNT) was the most effective in MB
degradation.

Similar result was obtained in the next series of experiments, where photocatalytic activity of
BiVO4 and TiO2-BiVOs-CNT composite were compared in presence of BSA (Fig 11 cd); better
BSA degradation was observed by TiO2-BiVOs-CNT composite as compared to BiVOa.
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Figure 11. Photocatalytic activity of nanoparticles, described by the absorbance reduction of
methylene blue or BSA during 30 min dark adsorption, followed by 120 min VIS irradiation. a.
MB concentration decrease in the solution by adsorption and photodegradation. b. MB
concentration decrease in the solution by photodegradation after adsorption, c. BSA concentration
decrease in the solution by adsorption and photodegradation. b. BSA concentration decrease in the
solution by photodegradation after adsorption.
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5.2. Performance of physically coated membranes

The aim of the experiment was to investigate and compare the performance of the physically coated
photocatalytic UF PVDF membrane and pristine PVDF membrane. In this experiment physically
coated photocatalytic membranes were prepared, by covering PVDF membranes with TiO> or
TiO.-CNT mixtures containing different ratio of CNT or TiO2-BiVO4 mixtures containing different
amount of BiVOs (see Table 7.) Comparison were performed between the filtration and
regeneration performance of the photocatalytic membranes and pristine PVDF membrane, and
among the photocatalytic membranes.

5.2.1. Investigation of stability of nanoparticle-coated membranes
TiO2-coated PVDF membranes were prepared by physical deposition and were investigated for
stability of the membrane using mass retention ratio (MR), flux retention ratio (FR) and turbidity
parameters. MR and FR were 98.13 %, and 99.14 % respectively. Besides, the turbidity of 40 mg
TiO2 coated membrane which were left overnight in the string cell of 200 ml at 300 rpm for 24 h
is compared with turbidity of 5mg,10 mg, 20 mg of TiO2 in 200 ml (Table 10). As we can see from
Table 10 the turbidity of the coated membrane is insignificant as compared with turbidities of 5
mg, 10 mg and 20 mg TiO: solution. Thus, the results revealed that there is slight leaching of TiO>
coated membrane.

Table 10. Turbidity of distilled water containing TiO2 coated membrane and various concentration
of TiO2

No | Items in 200 ml distilled water Turbidity (NTU)
Distilled water only 0.075+ 0.00

1 40 mg TiO2 coated membrane 1.55+0.07

2 5 mg of TiO> 90.63+ 0.27

3 10 mg of TiO2 190+ 1

4 20 mg of TiO2 450.33+ 2.89
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5.2.2. Characterization of nanoparticle-coated membranes

5.2.2.1. Water contact angle measurements

Hydrophilicity of the prepared membranes was examined by measuring water contact angle and
were presented by mean + standard deviation (STDEV) of six sample points. The values are
indicated in Table 11. The contact angle of the pristine PVDF membrane was 75.1 + 3.63, which
means slightly hydrophilic nature. Contact angle values below 90° mean, that the water droplet
spreads out on the membrane surface, showing that it is hydrophilic. It was found that the addition
of TiO2 made the PVDF membrane very hydrophilic (0° contact angle means, that the droplet is
diminishing, completely spreading on the surface), which is positively affect the water permeability
of the membranes. Addition of CNT also decreased the contact angle, the membrane covered by
CNT without TiO2 (C-PC100) also has high hydrophilicity. The possible explanation of the effect
of CNT could be related to formation of hydrophobic-to-hydrophobic bond between the open ends
of CNT and PVDF that lead fluoride ions of PVDF to make hydrophilic membranes and increased
surface negative charge density (Dhand et al., 2019). However, better result was obtained by adding
TiO2-CNT mixture with 2% CNT content. Further increasing of CNT ratio resulted in decreasing
hydrophilicity, probably due to its hydrophobic nature compared to TiO2. A similar study by
Farahani and Vatanpour (2018) indicated hydrophilicity improvement of pristine PVDF membrane
by nanoparticles. Addition of BiVO4 was also exhibited a decreasing trend of CA, this is due to the
hydrophilic nature of BiVOg.

Table 11. Contact angle of TiO2-CNT and TiO2-BiVVO4 coated membranes.

no Membrane | Contact angle (°)
1 PVDF 75.1£3.63

2 C-PT100 0

3 C-PTC2 0

4 C-PTC5 13.17+1.54
5 C-PTC10 |30.73#4.21
6 C-PTC15 |25.3+1.93

7 C-PC100 23.92+0.8

8 C-PTB2 69.05+ 1.99
9 C-PTB5 72.22 £2.21
10 C-PTB10 71.43+3.34
11 C-PTB15 | 71.45+1.99
12 C-PB100 72.22 £2.37
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5.2.2.2. Zeta potential of nanoparticle-coated PVDF membranes

As indicated in Fig. 12, zeta potential is decreasing as pH is increasing. The isoelectric points (IEP)
for pristine and TiO2-PVDF coated (C-PT) membrane was observed at the at pH 4 and 3.6
respectively. The zeta potential of both membranes was negative at neutral pH and had zeta
potential of -50 mV and -19 mV respectively. The zeta potential result indicated that the electrical
property of pristine membrane is changed by TiO2. The zeta potential result indicated that the
electrical property of pristine membrane is changed by TiO,. PVDF-BiVOs membranes show
similar changes, their zeta potential change parallel with PT-coated membrane. On the other hand,
addition of carbon nanotubes had no effect on zeta potential below pH 5, while at higher pHs the
zeta potential increased with CNT concentration, at neutral pH it was only -7.5 and -16 mV in case
of 10% and 5% CNT containing membranes.
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Figure 12. pH dependence of Zeta potential for pristine and TiO2 coating PVDF membrane

5.2.3. Filtration performance of pristine and physically coated PVDF

membranes

The aim of this experiment was to investigate and compare the effects of coating nanoparticles on
filtration performance of PVDF membrane. In this experiment physically coated C-PVDF-TiOg,
C-PVDF-TiO2-CNT and C-PVDF-TiO2-BiVO4 membranes were prepared. Comparisons were
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performed between the filtration and regeneration performance of the coated PVDF membranes
and pristine PVDF membrane, and among the coated PVDF membranes.

5.2.3.1. Effects of nanoparticle coating on flux and filtration resistances

during filtration of model wastewaters

In order to reveal the effect of nanoparticles on filtration performance, filtration resistances were
calculated from fluxes of BSA containing model wastewater filtration by means of resistances-in-
series method. Membrane resistance (RM), irreversible resistances (Rirr), reversible resistances
(Rrev) and total resistances (RT) which were calculated by means of Eqgs. (10)—(13). The lowest
filtration resistance was observed by pristine membrane (Fig.13 a.). It was found that modification
with TiO2 and CNT significantly increased the total filtration resistances which may be associated
to pore blockage or additional coating layer formed by the nanoparticle. It is proved by the
increased reversible resistances, which can be easily removed from the surface of the membrane
by rinsing. Our results are in accordance with the earlier observations (Ismail et al., 2013; Ding et
al., 2019), who were found that adding more nanoparticles such as TiO2 on the membrane surface
leads to blockage of pores and reduced water flux. To get more sophisticated analysis of the results
ANOVA was performed for these data and regression results show that there is no significant
difference among the replication but there was significant difference between the pristine PVDF
membrane (control) and treatment (modified membrane) for total and irreversible resistances
(Appendix 1, 2, 3 and 4).
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Figure 13. Filtration resistances of TiO>-CNT coated PVDF membranes (a) and TiO2-BiVOs
coated PVDF membranes (b)

55



5.2.3.2. Effects of nanoparticle coating on rejection of BSA

In the next series of experiments BSA and COD rejections for TiO2-CNT coated PVDF membranes
(a) and TiO2-BiVO4 coated PVDF membranes (b) were investigated and compared (Fig. 14). It was
found that TiO>-CNT coated PVDF membranes exhibited a gradual decreasing trend of BSA and
COD rejection performance as CNT content increased. Pristine PVDF membrane performed better
BSA (86%) and COD (83%) rejection as compared to C-PT100 or C-PC100 or all TiO-CNT
coated PVDF membranes. This is a very surprising result as the modification increased filtration
resistances, thus it was expected, that the enhanced irreversible and reversible resistance would
lead to increased protein rejection. However, this result is similar to the result obtained by Farahani
and Vatanpour (2018). One possible explanation may be related to the effect of the nanoparticles’
surface on the protein structure, resulted in changed the structure, behaviour, and function of
proteins. These changes may allow the protein to easily pass the membrane and reduce rejection.
Another possible reason could be the tendency of nanoparticles’ agglomeration that might lead to
the formation of larger pores (Farahani and VVatanpour, 2018).

Ti0,-BiVO4 coated PVDF (C-PTB) membranes (Fig. 14b) exhibited comparable BSA and COD
rejection performance with pristine PVDF membrane. This could be due to lower effect of BiVO4
on contact angle reduction, which is directly related to the hydrophilicity of the membrane.
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Figure 14. BSA and COD rejection performance of TiO,-CNT coated PVDF membranes (a) and
TiO2-BiVO4 coated PVDF membranes (b)

5.2.3.3. Regeneration of physically modified fouled membranes

Fouled membrane regeneration experiments were performed by cleaning of fouled membranes by
UV (Amax=360 nm) light (TiO2 and TiO2-CNT containing (C-PT and C-PTC) membranes) or visible
light (BiVO4 containing membranes (C-PB). Coated PT or all coated PTC membranes performed
more than 97% regeneration by UV light, while the pristine PVDF showed only 60 %. At 3h UV
light exposure, coated C-PTC5 (99.13 %) and PTC10 (99.70 %) showed slightly higher
regeneration as compared to C-PT100 (98.80 %). The reasons for this phenomenon could be due
to the reduction in recombination of electrons/holes and enhancement of photocatalytic activity of
TiO2 by CNT as it sinks electrons/holes (Selvaraj et al., 2020). At 2h UV light exposure, the best
regeneration was obtained by C-PTC2. The lowest regeneration was observed by coated PC100
membrane and this is due to the low photocatalytic activity nature of CNT. All TiO2- BiVO4 coated
PVDF membranes or C-PB membranes exhibited better regeneration by visible light than pristine
PVDF or C-PT. For TiO2-BiVO4 coated PVDF membranes visible light-based regeneration was
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observed only by coated PTB2 and PB100 membranes. The FRR of coated C-PTB2 and C-PB100
for 2 h visible light exposure was about 84.7% and 84.90% respectively. The other TiO2-BiVO4
coated PVDF membranes did not show regeneration due to no or little irreversible foulant left after
washing the membrane by water. These imply that antifouling property of membrane can be
improved by adding BiVOs, which was also proved by lower N/F ratio (see Fig.20b). For Figure
15, the regression results between the pristine PVDF membrane (control) and treatment (modified
membrane) for flux recovery ratio (FRR) were significant according to ANOVA calculations
(Appendix 5 and 6). This imply that the photocatalytic property of modified membranes was
improved significantly.
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Figure 15. Regeneration of BSA fouled TiO.-CNT coated PVDF membranes (a) and TiO2-BiVO4
coated PVDF membranes (b)

58



5.3. Photo-catalytic blended ultrafiltration membranes

Next part of my experimental work deal to incorporate the investigated nanoparticles into the
membrane material to fabricate photocatalytic composite membranes. The aim of these
experiments was to investigate the filtration and photocatalytic performance of the blended UF
PVDF membrane during BSA solution or synthetic dairy wastewater or real dairy wastewater.
Photocatalytic blended UF PVDF membranes were prepared by phase inversion method, then
comparison was performed between the filtration and regeneration performance of the blended
membranes and pristine PVDF membrane.

5.3.1. Effects of TiO:2 concentration on the performance of PVDF-TiO:

photocatalytic blended ultrafiltration membranes

The experiment was aimed to investigate the effects of TiO. concentration on filtration and
regeneration performance of PVDF membrane during BSA solution filtration. In this experiment
blended PVDF-TiO> photocatalytic ultrafiltration membranes (labelled as B-PT membranes) with
various concentrations were prepared. Comparisons were performed between the filtration and
regeneration performance of the pristine PVDF membrane and PVDF-TiO; photocatalytic blended
membranes and among the PVDF-TiO» photo-catalytic membranes.

5.3.1.1. Contact angle, water flux and rejection performance

Membrane surface hydrophilicity was examined by measuring the contact angles of distilled water
between membrane surface and air interface. Contact angle (CA), water flux and BSA rejection
characteristics of B-PT ultrafiltration membranes across various concentrations of TiO is shown
in Table 12. The contact angles and water flux of B-PT membranes exhibit a decreasing and
increasing trend respectively as the concentration of TiO increased from 0 to 2.5 %. Results imply
that the increased concentration of TiO2 enhance the hydrophilicity of pristine PVDF, similarly to
coated membranes (Section 5.2), although the presence of PVDF membrane material on the surface
(unlike in case of coated membranes) doesn’t allow developing super hydrophilic (with a contact
angle of 0°) membrane surfaces. Our results are in accordance with the results obtained by
(Farahani and Vatanpour, (2018) in that TiO2 loading (0.2 to 4 w %) exhibited a decreasing trend
of CA. BSA rejection for fabricated pristine PVDF membrane was 98.88 % and a comparable
rejection performance was observed by B-PT1 and B-PT1.5 membranes (Table 12). (Sisay et al.,
2022)
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Table 12. Characteristics of TiO2/PVDF photo-catalytic blended ultrafiltration membranes (Sisay

et al., 2022)

Membrane | Water contact | Water Flux | Rejection (%)

types angle (°) (Lm~2h?) BSA COD

PVDF 78.1+4.59 67.22+0.7 98.88+0.09 |99.83+0.08
B-PT1 73.45+4.33 82.94+1.56 97.59 £ 0.57 99.74 £ 0.09
B-PT1.5 72.26 £4.0.6 90.78+1.33 99.06 + 0.87 98.47 £ 0.09
B-PT2 70.48+2.82 110.04+1.30 97.74 +£0.84 96.27 +0.04
B-PT2.5 66.72+3.44 157.88+1.41 95.8+0.85 98.27 £ 0.26

5.3.1.2. Filtration resistances for blended PVDF-TiO: photocatalytic UF

membranes

In order to investigate the effectiveness of the modified membranes in reducing fouling, protein
(BSA) solutions were filtered, and the filtration resistances were determined using equations (10)
through (13). The resulting membrane resistance (RM), irreversible resistance (Rirr), reversible
resistance (Rrev), and total resistance (RT) vaues are shown in Figure 16. The unmodified PVDF
membrane shows the highest filtration resistances with considerably high irreversible fouling. It
was found that the modification significantly decreases the filtration resistances. The resistances
also decrease as the concentration of TiO; increased (Figure 16).

Unlike the neat membrane, in case of 1-1,5-2 % TiO> containing membranes reversible fouling
resistances were higher than irreversible fouling. This can be explained by enhanced hydrophilicity
(proved by decreased contact angles) as compared with the pristine membrane, which prevent the
strong (unwashable) bonding BSA to the membrane surface. These results are in accordance with
the earlier results (Liu et al., 2018; Ding et al., 2019). In case of higher TiO2 content it reversed,
this is due to the pore blockage by nanoparticulates or agglomerated nanoparticulates at higher
concentration. Thus, this phenomenon can reduce the favorable effect of hydrophilicity and
morphology on water permeation (Farahani and Vatanpour, 2018).
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Figure 16. Filtration resistances of B-PT photocatalytic UF membranes with different TiO>
concentrations

5.3.1.3. Regeneration of BSA fouled blended PVDF-TiO: photocatalytic UF

membranes

The aim of regeneration experiment was to investigate the effect of TiO2 concentration on
regeneration performance of BSA fouled B-PT membranes under UV light. The experiment was
performed mainly to examine the photocatalytic degradation of irreversible foulants attached to
membrane during filtration of BSA solution at its own pH, 6.5 + 0.08.

Regeneration of BSA fouled B-PT photocatalytic UF membranes are presented in Fig.17. The
cleaning of a various BSA fouled pristine PVDF and B-PT photo-catalytic membranes were
conducted by distilled water and UV radiation (Amax = 360 nm) light for 2 and 3 h. It was found
that flux was improved after cleaning the B-PT membranes by UV radiation but the extent of flux
restoration of all photocatalytic membranes were small. The highest and the lowest regeneration
performance (expressed by FRR, 37.47 % and 26.02 %, respectively) were observed after 3h UV
light exposure in case of B-PT1.5 and B-PT2.5 blended membranes respectively. The study by
Farahani and Vatanpour (2018) revealed that larger pores can be formed at higher TiO>
concentration. So, the lower regeneration at higher concentration of TiO2 could be due to higher
tendency of irreversible foulant formation in larger pores as observed in B-PT2 and B-PT2.5.
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Figure 17. Regeneration of BSA fouled PVDF and B-PT UF membranes with various TiO>

concentrations.

62



5.3.2. Characterization of blended PVDF-TiO:-CNT-BiVO4+ photocatalytic

membranes

The next series of experiments has dealt to characterize and compare the pristine, and TiO2, CNT
and BiVOs blended membranes (labelled as B-PTC of TiO2 and CNT containing, B-PTB of TiO>
and BiVO4 containing and B-PTCB of TiO, CNT and BiVO4 containing membranes as it was
summarized in Table 8.). Besides, the experiment was aimed to investigate their filtration and
regeneration performance after BSA model solution filtration at its own pH. Comparison of
filtration and regeneration performance between pristine PVDF and blended membranes, and
among the blended membranes were performed using ANOVA. Based on the obtained results, best
performer B-PTB50 and B-PTCB50 membranes along with the controls (pristine PVDF, B-PT and
B-PB) were considered for further membrane characterization. The membranes were characterized
by porosity and pore size (BET), crystal and surface structure (XRD and SEM, respectively),
roughness (AFM), zeta potential, contact angle, and N/F ratio (EDX) of fouled membranes.

5.3.2.1. Crystalline and morphological structure of blended membranes

(XRD, SEM and AFM)

XRD measurements for blended hybrid membranes were performed to investigate crystal structure
and patterns characteristic of TiO2, BiVOs, and CNTs. Weaker signals at 25.28, 26.98, 31.62, and
36.02, and a major diffraction peak below 22° were observed for base PVDF membrane. The CNT
crystallographic plane (002) was observed at 25.8° (JCPDS card. No. 96-101-1061), but due to
overlapping with other compounds, no relevant information could be obtained for CNT.
Monoclinic BiVO4 (JCPDS No. 14-0688) diffraction peaks with a primary crystallite size of 16.4
nm were detected in B-PTBC50, B-PTB50, and B-PB100 membranes. The (101) plane of anatase
TiO2 (JCPDS No. 21-1272) was easily identified with the major diffraction peak at 25.38°,
indicating the presence of TiO2. The primary crystallite size of anatase TiO2 was calculated as 20.4
nm, which is consistent with that of Evonik Aeroxide P25. Although the signals of TiO2 in B-
PTB50 and B-PTBC50 were weak, they were still visible through the signal at 25.38°. Morphology
of the fabricated blended membranes (PVDF, B-PT100, B-PB100, B-PTB50 and B-PTBC50) was
studied and shown in Table 15. According to the AFM measurements shown in Figure 20, the
surfaces of the nanocomposite blended membranes were slightly rougher compared to the neat
PVDF membrane. This could be due to the presence of nanoparticles (200-300 nm) that were
aggregated on the surface. Despite the XRD results showing primary crystallite sizes in the range
of 10-25 nm, SEM pictures indicated that the TiO> and BiVO4 nanoparticles were present in the
membrane material as aggregates, as shown in Table 13. (Sisay et al, 2022).
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Table 13. AFM and SEM pictures of the membrane surface
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5.3.2.2. Porosity and pore size estimation

Porosity was measured by Egs. (3) and (4). And the average pore size was obtained by two
methods, flux measurements based Guerout-Elford—Ferry equation (Egs (5)) and Brunauer-
Emmett-Teller (BET) method. However, the first method has its own drawback in that the
calculations were based on flux measurements, which are dependent not only on the pore size, but
on the wettability of the membrane too. Table 14 shows the pore size, porosity, water flux, contact
angle and BSA rejection of the fabricated UF membranes. The porosity and pore size of modified
photocatalytic blended membranes were larger than the pristine B-PVDF membrane. This could
be due to the presences of hydrophilic nanoparticle in the dope solution that result in the high
exchange rate between solvent and non-solvent, leading the development of larger pores and
porosity improvement.

The largest porosity was 89.50 % for B-PTCB50 and the largest pore size was 47.33 nm for B-
PB100 as compared to 84 % and 30.04 nm of pristine B-PVDF membrane respectively. Our
porosity and pore size results consistent with the result obtained by Hudaib, et al., 2018, Farahani
and Vatanpour., 2018, and Ayyaru et al., 2019) in that the pore size and porosity of the modified
membranes were larger than the pristine membrane.

Table 14. Characteristics of fabricated PVDF and photocatalytic blended UF membranes (Sisay et

al., 2022)

_ Mean pore Rejection
Membrane | Porosity size Contact Water flux (%)
type (%) (nm) angle (°) (L-m=2-h) BSA CoD
PVDF 84.00+0.00 | 30.04+0.04 | 78.10+£5.99 | 67.224+0.7 99.79+0.09 | 99.75+0.08
B-PT100 | 85.30+0.02 | 33.43+0.58 | 73.45+4.30 | 85.63+0.66 | 98.87+0.60 | 99.74+0.09
B-PTC2 85.43+0.06 | 33.52+0.21 | 71+£5.3 82.2340.09 | 98.89+0.10 | 99.34+0.12
B-PTC5 85.73£0.03 | 32.81+0.19 | 67.45+£3.50 | 81.07+0.05 | 97.45+0.34 | 97.05+0.34
B-PTC10 | 84.934+0.01 | 36.31+0.24 | 66.05£7.00 | 92.26+0.08 | 98.55+0.25 | 98.13+0.6
B-PTC15 | 86.82+0.07 | 40.78+0.17 | 65.67+5.00 | 110.78+0.07 | 98.79+0.28 | 96.98+0.2
B-PTB25 | 86.54+0.00 | 40.85+2.97 | 69.68+3.24 | 131.79+2.07 | 97.09+0.16 | 96.88+0.09
B-PTB50 | 85.59+0.00 | 44.61+8.00 | 62.3+4.24 153.56x1 97.75+0.03 | 97.48+0.15
B-PTB75 | 84.80+0.00 | 34.87+0.00 | 71.35+2.73 | 92.06£1.2 98.01+0.09 | 94.96+0.02
B-PB100 | 83.38+0.00 | 47.33+0.11 | 76.53+£2.42 | 163.87+3.23 | 98.01+0.0 | 96.68+0.75
B-PTCB25 | 85.354+0.00 | 43.00+0.03 | 72.74+2.58 | 141.78+2.51 | 98.88+1.0 | 98.31+0.25
B-PTCB50 | 89.50+0.00 | 34.50+0.00 | 69.875+£5.01 | 150.52+2.04 | 97.10+0.77 | 95.51+0.15
B-PTCB75 | 84.71+£0.00 | 26.12+0.00 | 69.53+£2.39 | 86.27+1.09 | 97.75+0.09 | 96.72+0.11
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Brunauer-Emmett-Teller (BET) measurements were performed to support the flux measurement-
based pore size estimation. In this method specific surface area and pore size were obtained from
BET adsorption—desorption isotherms. Table 15 and Fig.18 shows the specific surface area and
pore size distribution respectively for the neat PVDF, B-PT100 and B-PB100 membranes.

Table 15. Specific surface area of neat PVDF, B-PT100 and B-PB100 membranes by method
(Sisay et al., 2022)

Membranes Surface area (m?/g) | Pore volume (cc/g) Average pore
diameter (nm)
PVDF 4.43 0.00849 7.67
B-PT100 4.548 0.0099 8.72
B-PB100 4.021 0.00658 6.55
2.50E-04
—e—PVDF
2.00E-04 —e—B-PT100
- B-PB100
+° 1.50E-04
o
s
T 1.00E-04
>
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10 100 1000

d (A)

Figure 18. Pore size distributions of neat PVDF, B-PT100 and B-PB100 membranes by the BJH
approach

The above pore size distribution curve showed many small pores rather than the large pores. These
small pores probably did not have any role in membrane filtration. However, considering them in
a pore size calculation resulted in a lower average pore size in BET approach than that obtained
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from flux-based pore size estimation. These pore size distribution results show that the presence of
nanoparticles in PVDF had only a limited effect on the pore size distribution.

5.3.2.3. Wettability

Wettability of the membrane was characterized by contact angle measurements (Table 14.) The
contact angle of pristine PVDF membrane was 78.10+5.99 °, which means only slightly hydrophilic
surface. The contact angle of all blended UF PVDF membranes was smaller than this value; all of
modification increased the hydrophilicity of the membrane, similarly to the results of coated
membranes (Section 5.2). This resulted in superior water flux too. There also was a decreasing
trend of contact angle with the increasing concentration of CNTs in TiO2-CNT, which resulted in
increased water permeability. Our result is in accordance with earlier results, where the increased
flux was explained by the increased pore size and porosity (Wang et al., 2015) or the increased
hydrophilicity (Dhand et al., 2019). The formation of strong bonds between hydrophobic open ends
of PVDF and CNTs, leads the PVDF surface to have more fluoride ions resulting in better
hydrophilic membranes (Dhand et al., 2019). A similar decreasing trend of contact angle was
observed for B-PB membranes. This is due to the superior hydrophilic nature of pure BiVOs (Pi et
al., 2021).

Water fluxes of the fabricated pristine PVDF and blended PVDF membranes are also presented in
Table 14. All blended membranes exhibited higher flux than that of the pristine PVVDF membrane;
the best water flux results were obtained by BiVVOs-containing membranes. Generally, the water
flux increased as the concentration of CNT or BiVOs increased.

5.3.2.4. Zeta potential of fabricated PVDF and blended photocatalytic

PVDF membranes

The zeta potentials were calculated using Eq. (7). Fig. 19. illustrates the zeta potentials of unused
membranes as a function of pH. The membrane zeta potential curves of all modified membranes
are quite different from the pristine PVDF curve due to presence of TiO2, CNT and BiVOs particles,
which may govern the electrical properties of the surface, and the different composition of particles
lead to the different zeta potential pattern of the surface.

The zeta potentials of all membranes are negative at neutral pH, although isoelectric point of all
modified membranes (Fig. 19.b-e) was lower than pristine membrane. This finding is particularly
important considering the various pHs of dairy wastewater (Table 2), which is approximately
between 4.1-8.8. At the acidic operating pHSs, positively charged PVDF membranes would be
fouled by the negative feed constituents (e.g. isoelectric point of BSA is around 4.5), while the
modified membranes will repel the negatively charged proteins even in lower pHs. This has a
substantial contribution on reducing fouling of the membranes.
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Figure 19. Zeta potential of unused PVDF, B-PT100, B-PB100, B-PTB50 and B-PTCB50 blended
membranes as a function of pH at 10 M KCI.

5.3.2.5. Rejection and extent of fouling

The modified membranes had slightly lower rejection rates (Table 14). than the unaltered PVDF
membrane (with BSA rejection (99.79+0.09%) and COD rejection (99.75+0.08%)), but they were
still above 97% for BSA and 96% for COD. The decrease in rejection rates of modified membranes
could be attributed to changes in the BSA appearance on the surface (Fig 21 and Table 13). The
BSA molecules covered a relatively large area of the unaltered PVDF membrane, which resulted
in a relatively high N/F ratio (Fig 21) as measured by energy-dispersive X-ray spectroscopy (EDX).
As a "protein layer” developed on the membrane surface, it acted as an additional filter, "trapping"”
most of the BSA molecules. In nanoparticle-containing membranes, BSA cannot covered the
surface, it formed small and more compact particles, which left larger areas of uncovered, neat
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PVDF surface (Table 13), according to the decrease in N/F ratio. Without the "protein layer,” more
protein molecules could pass through the membrane, leading to lower rejection rates. Although
there was an inverse relationship between surface roughness and BSA coverage, the addition of
nanoparticles may alter the surface charge, which affected BSA binding to the surface at a BSA

solution pH of 6.5, rather than the surface morphology. (Sisay et al, 2022)
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Figure 21. N/F ratio of fouled blended membranes

5.3.3. Fouling mitigation and photocatalytic regeneration of

nanocomposite membranes
The study examined the filtration resistances of membranes caused by the filtration of BSA
solutions. The total resistances (RT), membrane resistances (RM), irreversible resistances (Rirr),
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and reversible resistances (Rrev) were calculated to describe the filtration resistances of the
membranes. The results indicated that all modified membranes were more beneficial than the
pristine PVDF membrane in terms of irreversible fouling. This may be due to the lower surface
charge of the modified membranes, which prevents protein fouling. The water flux also exhibited
an increasing trend with increasing CNT concentration, which can be explained by the increased
hydrophilicity confirmed by contact angle measurements. The lowest total resistance was achieved
for the B-PTC2 composite membrane, indicating that 2% CNT concentration resulted in the best
fluxes and the lowest irreversible fouling during the filtration of BSA. Increasing CNT loading
enhanced the fouling, which may be due to the hydrophobic nature of CNTs that makes possible
the adsorption of hydrophobic parts of protein molecules onto the surface.

The effect of BiVO4 addition on fouling mitigation was also examined. The addition of BiVO4
nanoparticles considerably reduced filtration resistance and had a slightly more beneficial effect
than TiOz addition. The filtration performance of blended PTCB composites with different BiVO4
and 2% CNT content was also investigated. In line with the previous experiments, it was found
that the best performance was achieved by adding 2% CNTs. The addition of BiVO4 reduced the
total filtration resistance while filtering BSA, but the irreversible resistances showed a slight
increase in the presence of BiVOs. ANOVA was performed, and the regression results between the
pristine PVDF membrane and the modified membranes for total and irreversible resistances were
significant. This implies that the antifouling property of modified membranes was significantly
enhanced (Appendix 7, 8, 9 and 10.).

The cleanability of nanocomposite membranes was evaluated by calculating their flux recovery
ratio (FRR) values, which were found to be informative. The FRR results for TiO2-CNT composites
were presented in Figs.23a—c. UV light was used for the regeneration of TiO>-CNT composites as
TiO2 is efficiently exited by UV light. Water flux increased with increasing CNT concentration,
but the fouling pattern was different, as the irreversible fouling was more extended. The
cleanability of the membranes was also affected by their CNT content. Membranes with higher
CNT content were less cleanable by UV radiation, and B-PTC2 provided the highest FRR (64%)
(Fig. 23a).

Fig. 23b demonstrates that visible-light-induced photocatalytic purification was used to regenerate
the surfaces of BiVOs-containing membranes fouled with BSA. The restoration of flux was found
to be more efficient for all BiVO4-based membranes than for the neat PVDF membrane, even
before photocatalytic cleaning of membranes. The PTB composites were found to have better
performance in photocatalytic regeneration than PB. The regeneration performance was found to
increase with increasing BiVO4 concentration due to its photocatalytic activity under visible light,
but the presence of TiO2 was necessary to achieve superior performance.
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The regeneration of BSA-fouled PTCB membrane surfaces using photocatalytic purification with
visible light is presented in Fig. 23c. The flux recovery for membranes containing CNT was better
than that for PTB membranes without CNT before photocatalysis. However, the efficiency of
photocatalytic regeneration decreased with the presence of CNTs, probably due to their light
absorption. (Sisay et al., 2022) ANOVA was performed for Figure 20, and regression results
between the control (pristine PVDF membrane) and the modified membrane treatments for flux
recovery ratio (FRR) were significant (Appendix 11, 12, and 13).
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Figure 22. Filtration resistances of (a) PVDF, B-PT and B-PTC membranes, (b) PVDF, B-PTB
and B-PB membranes, and (c) different B-PTCB membranes with 2% CNT content.
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B-PB membranes, and (c) different B-PTCB membranes with 2% CNT content.
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5.4. Application of best performing fabricated photocatalytic blended UF

PVDF membranes for synthetic and real dairy wastewater treatment

This part of the work aimed to evaluate the applicability of photocatalytic blended UF PVDF
membranes to treat real dairy wastewater. Pristine PVDF and best performing photocatalytic
blended (B-PTB50 and B-PTCB50) membranes were considered in this series of experiments.

5.4.1. Synthetic dairy wastewater treatment

The aim of this set of experiments was to investigate the effect of pH, and the dairy wastewater
components as salinity, and lactose on filtration performance of selected blended membranes
during synthetic dairy wastewater filtration (SW-BSA).

5.4.1.1. Effects of salinity on membrane performance

Figure 24 illustrates the impact of salinity on membrane fouling and rejection. The modified
membranes (B-PTB50 and B-PTCB50) exhibited lower irreversible and total resistances at all
salinity levels compared to the pristine PVDF membrane (Figure 24a), which is significant for
mitigating fouling. All investigated membranes showed COD and turbidity rejections above 91%
for all salinity levels (Figure 24b). However, at the highest salinity level (EC > 4), slightly lower
COD rejection was observed, compared to the medium and lowest salinity levels, possibly due to
the shielding effect of saline ions. Turbidity rejection was above 98% for all membranes (Sisay et
al, 2023).
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Figure 24. Effect of salinity during synthetic dairy wastewater membrane filtration on membrane
fouling (a) or COD and turbidity rejection (b)
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5.4.1.2. Effects of lactose on membrane performance
In the next set of experiments the impact of lactose concentration on membrane performance was
studied. It was found, that at 0.5 gL}, lactose concentration of the irreversible and total resistances
of all membranes increased, while at higher, 1 gL concentration the total resistance decreased
(Figure 25a). As expected, in case of higher amount of lactose (1 gL lactose) containing synthetic
dairy wastewater, the COD rejection of all membranes was decreased to approximately 50%
(Figure 25b). This was due to the ease with which lactose could pass through the membranes during
filtration. Furthermore, composite membranes performed better in all cases, with decreasing
reversible and irreversible fouling, which mainly manifested in reduced irreversible resistances.
This indicates that the produced membranes possessed significant antifouling properties, even in
the presence of lactose.
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Figure 25. Effect of lactose during synthetic dairy wastewater (SW-BSA-L) membrane filtration
on membrane fouling (a) or COD and turbidity rejection (b)

5.4.1.3. Effects of pH on membrane performance

In the next set of experiments, three different pH values (4, 7.5, and 9.5) were chosen to investigate
their effect on membrnane fouling and COD and turbidity rejection (Figure 26). B-PTB50 and B-
PTCB50 showed lower resistances at pH 7.5 and pH 9.5, respectively, compared to the pristine
PVDF membrane (Figure 26a). It can be explained by the strong repulsion forces between the
negatively charged surface and the negatively charged protein as BSA has an isoelectric point
around pH 4.5. In acidic medium (pH 4), higher fouling was experienced due to the van der Waals
forces between the nearly isoelectric membranes (see Fig 19) and BSA. It is important to note that
the membrane modification most effectively reduced the irreversible resistances, resulting in more
negatively charged membrane surfaces. Figure 26b demonstrates that changes of pH only slightly
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affected COD rejection, and had no effect on turbidity rejection. The turbidity rejection was above
98%, while the COD rejection was above 90% in all cases. (Sisay et al., 2023)
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Figure 26. Effect of pH during synthetic dairy wastewater (SW-BSA) membrane filtration
on membrane fouling (a) or COD and turbidity rejection (b)

5.4.2. Real dairy wastewater treatment

The objective of this study was to assess the suitability of PVDF, PTB50, and PTCB50 composite
membranes for the treatment of actual dairy wastewater. The filtration and regeneration efficacy
of the composite membranes, namely PVDF, B-PTB50, and B-PTCB50, were examined at a pH
of 7.09.

5.4.2.1. Filtration resistances during filtration of real dairy wastewaters
Figure 27 illustrates the filtration resistances of selected membranes during filtration of real dairy
wastewater. As it was expected, the raw wastewater (Figure 27a) displayed higher resistances
compared to the pre-filtered wastewater (Figure 27b), indicating the requirement for pre-filtration
in membrane-based dairy wastewater treatment processes. Nonetheless, the total and irreversible
resistance of neat membrane was higher than those of the composite (B-PTB50 and B-PTCB50)
membranes in both scenarios.
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Figure 27. Filtration resistances of PVDF, B-PTB50 and B-PTCB50 membranes for real dairy
wastewater, unfiltered (a) or pre-filtered (0.2um filter paper) (b)

5.4.2.2. COD and turbidity rejection

Figure 28 illustrates the rejection efficiency of selected membranes during real dairy wastewater
filtration. The results indicate that B-PTCB50 and neat PVDF showed the highest and lowest COD
rejections of 60% and 25%, respectively, during UF of raw and pre-filtered real dairy wastewater
(Figure 28a). All membranes showed almost 100% turbidity rejection for raw real dairy wastewater
(Figure 28a). However, due to small molecule size of lactose, which enable it to pass through the
membranes, lower COD rejection rates were observed (Figure 28b) than in case of synthetic

wastewaters containing only BSA, highlighting the need for further treatment.
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Figure 28. Rejection performance of pristine PVDF, B-PTB50 and B-PTCB50 membranes during
real dairy wastewater filtration, raw (a) or pre-filtered (0.2um filter paper) (b)



5.4.2.3. Visible-light regeneration of fouled membranes

Figure 29 displays the outcomes of the regeneration process applied to membranes fouled by real
dairy wastewater components. As depicted in the figure, the modified membranes were able to be
regenerated to a greater extent visible light photocatalysis after pre-filtered real dairy wastewater
filtration (Figure 29b), compared to raw real dairy wastewater filtration (Figure 29a). Notably, the
PTCB membranes showed better flux restoration after water flushing than PTB membranes (Figure
29b). Additionally, the inclusion of 2% CNTs in the membranes led to slightly better regeneration
performance, possibly due to their ability to prevent electron recombination (Figure 29Db).
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Figure 29. Regeneration performance of fouled PVDF, B-PTB50 and B-PTCB50 membranes of
real dairy wastewater, raw (a) or pre-filtered (0.2um filter paper) (b)
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6. Conclusions

Industrial dairy wastewater treatment by means of hybrid nanocomposite P\VDF membranes hold
great potential for addressing various environmental issues, particularly those related to water
scarcity and pollution. They also present a valuable chance to utilize visible light for cleaning the
membranes, thereby decreasing reliance on costly and ecologically harmful chemicals or energy-
intensive UV light.

This PhD work dealed to fabricate nanocomposite PVDF membranes by adding of TiO, and/or
CNT, and/or BiVOg, and to examine their antifouling performance during the filtration of BSA
solution, synthetic and real dairy wastewater. Another target was to investigate the possibility of
cleaning of the fouled membranes by means of UV or visible light photocatalysis. Two fabrication
methods were applied, physical coating and blending.

In case of coated membranes commercial PVDF, PVDF-TiO. (C-PT) and PVDF-TiO2-CNT (C-
PTC) membraned were investigated. It was concluded that C-PT or all C-PTC membranes
performed more than 97% regeneration by UV light, moreover all TiOz - BiVO4 modified PVDF
membranes or PB membranes exhibited better regeneration by visible light than pristine PVDF or
PT. After ultrafiltration of BSA model solution the best regeneration flux recovery ratio,
(FRR=96.8 %) can be obtained by C-PTC membrane after 2h UV light irradiation, while FRR of
84 % and 97.7 %, can be obtained by C-PTB membranes after 3h and 21 h visible light irradiation
respectively.

Pristine PVDF and blended PVDF-TiO2 (B-PT), PVDF-BiVOs (B-PB), PVDF-TiO2-BiVOs (B-
PTB) and PVDF-TiO2-CNT-BiVOs (B-PTCB) membranes were fabricated by phase inversion
method. XRD and SEM measurements for B-PT, B-PB, B-PTB and B-PTCB blended membranes
showed that 200-300 nm-sized, aggregated nanoparticles were present in the membrane surface,
which enhanced the roughness of composite blended membranes (AFM results). During BSA
solution ultrafiltration, excellent antifouling properties of blended membranes were observed,
higher flux, decreased fouling and lower N/F ratio on the surface (EDX), than those of the pristine
membrane. The neat PVDF membrane showed a good BSA rejection. Composite membranes
exhibited comparable, but slightly lower BSA and COD rejections than those of the neat
membrane. Extent of fouling in membrane surface can easily be studied by Energy-dispersive X-
ray spectroscopy (EDX).

The aim of adding TiO2 into PVDF was to enhance hydrophilicity and antifouling property of the
membrane. The study revealed that incorporating TiO2 into the membrane improved its
performance compared to the membrane without TiO2. Moreover, the addition of CNTs further
enhanced the hydrophilicity and filtration performance of the membrane. However, it was found
that the optimal concentration of CNTs was 2%, as higher concentrations led to irreversible fouling.
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Therefore, this concentration was utilized for all CNT-based membrane preparations. Additionally,
composite membranes containing both BiVO4 and TiO2 exhibited better performance than those
containing only one of these nanoparticles. The B-PTCB composites demonstrated the best
antifouling properties. The most effective composite was the one with a ratio of 2 wt% CNT and
50-50 wt% TiO2 and BiVO4. Although the B-PTB composites had the best regeneration
performance under visible light, the restoration of flux for CNT-BiVO4-containing membranes
was superior to that of BiVO4-containing membranes without photocatalysis. Nevertheless, the
presence of CNTs decreased the efficiency of photocatalytic regeneration, likely due to the
absorption of light by CNTs.

Blended membranes used for ultrafiltration of synthetic dairy wastewater are significantly
impacted by salinity (EC level), pH, and lactose concentration. These factors influence the filtration
resistance and rejection performance of the membranes. When the EC level was higher (>4), there
was a higher total and irreversible resistance, and a slightly lower COD rejection. The presence of
lactose resulted in an increase in irreversible resistance and a significant reduction in COD
rejection. Specifically, in the presence of 1gL! lactose during UF filtration of synthetic dairy
wastewater, COD rejection was reduced to approximately 50-60% for all investigated membrnaes.
Decreased fouling and slightly enhanced COD rejection were observed at pH 7.5 and pH 9.5
compared to pH 4, owing to the strong repulsion force between the negative charge on the
membrane surface and the negative charge of the protein (BSA). During ultrafiltration of unfiltered
or prefiltered real dairy waste water, both the total and irreversible resistances of B-PTB50 and B-
PTCB50 hybrid blended membranes were lower than pristine membranes. The highest and the
lowest COD rejection were 60% for B-PTCB50 and 25% for pristine PVDF respectively. The
lower rejection performances of the membranes were due to ability of lactose to pass through the
membranes which requires further treatment.
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7. Summary

In this PhD dissertation, | have fabricated hybrid nanocomposite PVDF membranes by adding of
TiO2, and/or CNT, and/or BiVOs, and investigated their antifouling performance during the
filtration of BSA solution, synthetic dairy wastewater and real dairy waste water. | have also studied
the regeneration performance of the fouled membranes under UV or visible light.

In the Literature review section, | have provided an overview on the application of membrane
filtration in dairy industry processes. Besides | presented the characteristics of industrial dairy
wastewater. | highlighted membrane filtration application for industrial dairy wastewater treatment
and, discussed the problem of membrane fouling and their mechanisms in membrane filtration of
dairy wastewater. | have presented and discussed factors affecting membrane fouling, that may
include membrane properties (hydrophilicity, roughness, functional groups and surface charge),
composition of the wastewater: foulant type (concentration, pH, ionic strength) and hydrodynamic
operating condition: (trans-membrane pressure (TMP), flow velocity, temperature). | have
presented and discussed the most important membrane fouling control and mitigation strategies.
These strategies include pre-treatment of feed solution, physical membrane cleaning, chemical
membrane cleaning, physicochemical membrane cleaning and membrane modification. A focus
was given to membrane modification by semiconductor heterogeneous photo-catalysts. | have
discussed this topic in detail. | have also presented classification of catalytic membrane reactors
and methods of preparation.

In my result and discussion section, | have presented the photocatalytic activity of composite
nanoparticles containing TiO2, BiVO4 and CNT. | fabricated coated and blended nanocomposite
membranes by physical deposition and phase inversion method respectively. | have presented and
discussed the characteristics of the fabricated membranes. Hydrophilicity of the membranes were
described by measuring contact angle using the sessile-drop method with a suitable contact angle
measuring instrument. | have also presented the porosity and pore size of the membranes which
were performed by Guerout-Elford—Ferry equation and Brunauer-Emmett-Teller (BET)
measurements. | have presented the surface zeta potentials of the membrane which were calculated
from measurements of streaming potential (measured from SurPASS 3) using Helmholtz-
Smoluchowski (H-S) equation. | have presented the crystalline and morphological structure of
blended membranes.

X-ray diffraction (XRD) and Scanning electron microscope (SEM) measurements for B-PT, B-PB,
B-PTB and B-PTCB hybrid blended membranes revealed that the nanoparticles were present as
200-300 nm-sized aggregates in the membrane, which increased the roughness of composite
blended membranes (AFM results). | have also presented the extent of fouling explained by N/F
ratio obtained from energy-dispersive X-ray spectroscopy (EDX) measurements. Among the
characterized fabricated membranes,
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During ultrafiltration of BSA solution, The PVDF hybrid blended membranes demonstrated
superior antifouling properties, higher flux, and lower filtration resistance than the pristine PVDF
membrane. The pristine membrane exhibited a rejection rate of over 99% for both BSA and BSA
expressed in COD, while the composite membranes had comparable but slightly lower BSA and
COD rejections than the pristine membrane. The blended PTCB composite membranes exhibited
the best antifouling performance, with the optimal nanoparticle ratio being 2 wt% CNT and 50-50
wt% TiO2 and BiVO4. However, the blended PTB composite membranes demonstrated the best
regeneration performance under visible light. B-PTB and B-PTCB blended membranes showed
encouraging results, therefore they were selected for investigation their applicability in synthetic
and real dairy wastewater treatment. | performed filtration experiments of PVDF, B-PTB and B-
PTCB blended membranes using synthetic and real dairy wastewater. | presented the effects of pH,
salinity (EC) and lactose on filtration resistances (calculated by resistances-in-series model) and
rejection performance of synthetic dairy wastewater UF. | have also presented the filtration
resistance and rejection of PVDF, B-PTB and B-PTCB blended nanocomposite membranes during
real dairy wastewater filtration. Finally, | have presented the regeneration of fouled membrane
using visible light.
Application of B-PTB and B-PTCB blended nanocomposite membranes for real dairy wastewater
treatment offers several benefits at large scale. First, these membranes can recover water and reduce
water shortage problem. Second, these membranes reduce contaminants and prevent water
pollution.
Third, these membranes offer opportunity to eliminate membrane fouling using visible light; that
reduce use of chemicals which are costly and environmentally unfriendly. All objectives of this
PhD research thesis are achieved; however, | propose some researches in future. These include:

e Investigating nanoparticles that can degrade all components of real dairy wastewater and

enhance regeneration performance of UF membranes
e Investigating lactose rejection performance of a combination of UF and NF membranes
during real dairy wastewater treatment.
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8. Osszefoglalas

Doktori munkam soran TiOz és/vagy CNT és/vagy BiVOs nanorészecskékkel modositott PVDF
hibrid nanokompozit membranokat allitottam eld, és vizsgaltam eltomodést gatlo teljesitményiiket
BSA oldat, szintetikus tejipari szennyviz és valodi tejipari szennyviz szlirése soran. Vizsgaltam
tovabba a szennyezett membranok regeneralhatosagat UV vagy lathato fény hatasara.

Az Irodalmi részben attekintést adtam a membransziirés tejipari alkalmazasarol, emellett
bemutattam a tejipari szennyviz jellemzdit. Kiemeltem a membransziirés alkalmazhatosagat a
tejipari szennyviz kezelésében, és targyaltam a membranok eltomddésének problémajat és
mechanizmusait. Bemutattam a membranok eltomddését befolyasolo tényezdoket, igy a membran
tulajdonsagait (hidrofilitas, érdesség, funkciondlis csoportok ¢és feliileti toltés), a szennyviz
Osszetételét (a szennyezbanyag tipusa, koncentracié, pH, ionerdsség) ¢és a hidrodinamikai
miikodési feltételeket (transzmembran nyomds (TMP), éaramlasi sebesség, homérséklet).
Bemutattam a legfontosabb membraneltémddést csokkentd stratégidkat. Ezen stratégidk kozé
tartozik a betdplalt szennyviz elokezelése, a fizikai és kémiai membrantisztitas, a fizikai-kémiai
membrantisztitds és a membran moédositasa. Kiemelten foglalkoztam a félvezetdé heterogén
fotokatalizatorokkal torténé membranmoddositassal. Bemutattam a katalitikus membranreaktorok
osztalyozasat ¢és az eldallitdsi modszereket is.

Az Eredmények ¢és értékelésiik fejezetben bemutattam a TiO2-0t BiVOs-ot és szén nanocsoveket
tartalmazo keverékek fotokatalitikus aktivitasat. A bevont és anyagaban modositott nanokompozit
membranokat fizikai levalasztassal, illetve fazisinverzidos modszerrel allitottam eld. Bemutattam az
eléallitott membranok jellemzdit. A membranok hidrofilitisat a kontaktszog mérésével
jellemeztem. Bemutattam tovabba a membranok porozitasat és porusméretét, amelyeket Guerout-
Elford-Ferry egyenlet alkalmazasaval és Brunauer-Emmett-Teller (BET) mérések soran kaptam.
Bemutattam a membranok feliileti zéta-potencialjat, amelyet az aramlasi potencial mérésekbdl a
Helmholtz-Smoluchowski (H-S) egyenlet segitségével szamitottam. Vizsgaltam az anyagaban
modositott membranok szerkezetét.

A B-PT, B-PB, B-PTB ¢s B-PTCB hibrid kevert membranok rontgendiffrakcids (XRD) és pasztazo
elektronmikroszkopos (SEM) mérései azt mutattak, hogy a nanorészecskék 200-300 nm méretii
aggregatumokként voltak jelen a membranban, ami ndvelte a kompozit membranok feliileti
érdességét (AFM eredmények). Bemutattam tovabba, hogy a szennyezOk kisebb mértékben
rakodnak le a modositott membranok feliiletén, amelyet bizonyitott az energiadiszperziv
rontgenspektroszkopias (EDX) mérésekbdl kapott feliileti N/F-arany is.

A BSA oldat ultrasziirése sordn a hibrid membranok kivalo eltomddést gatld tulajdonsagokat,
nagyobb fluxust és alacsonyabb sziirési ellenallast mutattak, mint a tiszta PVDF membran. A tiszta

PVDF-membran nagyon jo elvalasztasi hatékonysaggal rendelkezik, a visszatartas tobb, mint 99%-
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os volt a BSA esetében. A kompozit membranok hasonld, de kissé alacsonyabb BSA- ¢s COD-
visszautasitast mutattak, mint a tiszta PVDF membran.

A legjobb eltomdédést gatld teljesitményt az anyagaban modositott PVDF-TiO2-CNT-BiVOs
kompozit membranok esetében tapasztaltam; a leghatékonyabbnak a 2% CNT és 50-50% TiOs,
illetve BiVO4 tartalmi membran bizonyult. A lathaté fénnyel torténd regeneracid szempontjabol a
legjobb teljesitményt a PVDF-Ti02-BiVO4 kompozit membranok nyujtottak. A B-PTB és B-PTCB
membranok biztatd eredményeket mutattak, ezért ezeket valasztottam ki a szintetikus és valos
tejipari szennyvizek sziirésére valo alkalmazhatosaguk vizsgalatara. Sziirési kisérleteket végeztem
PVDF, B-PTB ¢és B-PTCB kevert membranokkal szintetikus €s valds tejipari szennyviz
felhasznalasaval. Bemutattam a pH, a sotartalom (EC) és a laktdz hatésat a sz{irési ellenallasra (a
sorba kapcsolt ellenallasok modelljével szamolva) és a visszatartasra szintetikus tejipari szennyviz
ultraszlirése esetében. Bemutattam tovabba a PVDF, B-PTB ¢és B-PTCB nanokompozit
membranok szlirési ellenallasat és visszatartasat valds tejipari szennyviz szlirése soran. Végiil
vizsgaltam az eltdmddott membran lathatd fénnyel vald regeneralhatosagat.

A B-PTB és B-PTCB nanokompozit membranok alkalmazasa valds tejipari szennyvizek
kezelésére szamos eldnyt kinalhat. El16szor is, ezen membranok alkalmazasa lehet6vé teszi a viz
visszaforgatasat a technoldgiai folyamatba, és cskkentheti a vizhidny problémdjat. Masodszor,
ezek a membranok jo szennyezbanyag-visszatarassal rendelkeznek, ezaltal megakadalyozzak a
vizszennyezést.

Harmadszor, a membranok konnyen tisztithatok lathaté fénnyel torténd besugarzassal, ami
lehetové teszi a koltséges és kornyezetszennyez6 vegyszerek hasznalatanak mell6zését. A doktori
értekezés minden célkitlizése megvaldsult; azonban a jovobeli vizsgalatokhoz a kovetkezd
javaslataim vannak:

- Tovéabbi kutatasok sziikségesek olyan nanorészecskék kifejlesztéséhez, amelyek képesek
lebontani a valddi tejipari szennyviz minden Osszetevdjét, és novelik az UF-membranok
regeneracios teljesitményét.

- A laktéz hatékony elvalasztisa érdekében sziikség van az ultraszlirés és a nanoszlirés
kombinaciojara, amennyiben a valos tejipari szennyviz kezelése soran sziikséges a szerves

szennyezOk mennyiségének tovanbbi csokkentése.
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9. New scientific results

1. New TiO2 and CNT containing PVDF based photocatalytic composite UF membranes were
produced. It was proved that despite its hydrophobic nature, addition of CNT enhanced the
hydrophilicity of the membrane. | have determined the optimal CNT ratio in the membrane,
and it was 2%.

a. The enhanced hydrophilicity of the membrane was proved by reduced contact angle (from
75° pristine commercial PVDF to 0° of C-PTC2 and from 78° of fabricated pristine PVDF
to 71° B-PTC2))

b. It was proven that these membranes can be successfully regenerated by UV-irradiation. Best

regeneration with 96.89 % flux recovery ratio (FRR) was achieved in case of coated
membrane (C-PTC2, containing 11.37 gm~2 TiO2 and 0.057 gm2CNT), while FRR=64.07%
can be obtained by blended PVDF-TiO,-CNT (B-PTC2, containing 0.98 % TiO2 and 0.02
% CNT in the PVDF) after 2h UV light exposure.
2. BiVOa4 blended photocatalytic PVDF membranes were fabricated. It was proven, that BiVO4
was successfully built to PVDF-base membranes resulting in new, visible light-active
photocatalytic composite membranes.

Membrane performance can be further enhanced by addition of TiO2 or CNT.

The highest and improved water flux (150.52 L m~2h™?) was obtained by PVDF-TiO,-
CNT- BiVOa4 blended hybrid UF membrane.

High (more than 97%) BSA rejection was obtained by PVDF-TiO,-CNT-BiVO4
blended hybrid UF membrane

Lower irreversible and total resistances were gained by PVDFTiO2/BiVO4 and PVDF-
TiO2/CNT/ BiVOs blended hybrid UF membranes than pristine PVDF.

The lowest irreversible and total resistance were presented by PVDF-TiO2/CNT/ BiVO4
blended hybrid UF membrane

The best antifouling propriety which was proved by lowest irreversible and total
resistance was exhibited by PVDF-TiO2-CNT/-BiVOs blended hybrid UF membrane
Energy-dispersive X-ray spectroscopy (EDX) measurements revealed that the nitrogen
to fluorine ratio (N/F) of BSA fouled PVDF membrane was 3-4 times higher than fouled
PVDF-TiO2-BiVO4 and PVDF-TiO2-CNT--BiVOs blended hybrid UF membranes,
which imply that the antifouling propriety of the hybrid membranes is better than the
pristine PVDF membrane.
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PVDF-TiO2/BiVOs blended hybrid membrane showed best photocatalytic regeneration
performance under visible light, provided the best, (70%) flux recovery ratio during
BSA solution filtration.

3. The effect of salt content, pH and concentration of lactose on filtration performance were
investigated in order to establish the application of composite membranes for treatment of
dairy wastewaters.

It was proved that the salinity affects the membrane performance as higher irreversible
and total resistance, and slightly lower COD rejection was observed at higher EC level
(>4) than lower EC level.

The presences of lactose increased the irreversible resistance and severely reduce COD
rejection. In the presence of 1gL™ of lactose during synthetic dairy waste water UF
filtration, the COD rejection of pristine PVDF, B-PTB50 and B-PTCB50 membranes
were reduced to about 50-60 %.

Lower resistances and slightly better COD rejection were observed at pH 7.5 and pH
9.5 as compared to pH 4. The lower resistance at higher pH was due to strong repulsion
force between negative charge surface of the membranes and the negative charge of the
protein (BSA).

4. It was proved PVDF-TiO2-BiVO4 and PVDF-TiO2-CNT-BiVO4 blended hybrid membranes
performed better antifouling, flux, regeneration and COD rejection during real dairy waste
water treatment as compared to pristine PVDF.

During real dairy waste water UF, both the total and irreversible resistances of B-PTB50
(containing 0.5 wt % TiOz and 0.5 wt % BiVOs in PVDF) and B-PTCB50 (containing
0.48 wt % TiO2, 0.02 wt % CNT and 0.5 wt % BiVOs) hybrid blended membranes were
lower than pristine membranes.

The highest COD rejection performance for unfiltered and prefiltered real dairy
wastewater were 60 % by B-PTCB50 and 30 % by pristine PVDF membrane
respectively

During real dairy waste water UF B-PTCB50 blended hybrid UF membrane performed
the best regeneration, about 50% FRR under visible light.
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Appendices

Appendix 1. Regression results of total resistance (RT) for CNT based coated membranes

RT Coef. St.Err. t-value  p-value [95% Conf Interval] Sig
: base 0
Replicatio~1
Relication_2 1.067e+11  1.668e+11  0.64 537 -2.651e+11  4.784e+11
Replication_3 -6.000e+10 1.668e+11  -0.36 727 -4.317e+11  3.117e+11
: base PVDF 0 . . . . .
C-PT100 1.133e+13  2.359e+11  48.03 0 1.081e+13  1.186e+13  ***
C-PTC2 2.664e+13  2.35%+11 11290 O 2.611e+13  2.716e+13  ***
C-PTC5 7.483e+12  2.35%e+11  31.72 0 6.958e+12  8.009e+12  ***
C-PTC10 1.293e+12  2.359e+11  5.48 0 7.676e+11  1.81%9e+12  ***
C-PTC15 4.113e+13  2.35%+11 17431 O 4.060e+13  4.165e+13  ***
Constant 1.623e+13 1.926e+11  84.27 0 1.581e+13 1.666e+13  ***
Mean dependent var 30895555555555. SD dependent var 15148588838266.

551 410
R-squared 1.000 Number of obs 18
F-test 6672.741 Prob > F 0.000
Akaike crit. (AIC) 1006.527 Bayesian crit. (BIC) 1013.649

*% n< 01, ** p<.05, * p<.1
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Appendix 2. Regression results of irreversible resistance (Rirr) for CNT based coated membranes

Rirr Coef. St.Err. t-value  p-value [95% Conf Interval] Sig
base 0

Replicatio~1
Relication_2 -3.127e+11  1.956e+11  -1.60 141 -7.485e+11  1.232e+11
Replication_3 -1.765e+11  1.956e+11  -0.90 .388 -6.123e+11  2.593e+11
: base PVDF 0 . . . : .
C-PT100 -3.430e+11  2.766e+11  -1.24 243 -9.594e+11  2.734e+11
C-PTC2 2.670e+12  2.766e+1l  9.65 0 2.054e+12  3.287e+12  ***
C-PTC5 2.773e+11  2.766e+11  1.00 .34 -3.390e+11  8.937e+11
C-PTC10 -9.787e+11  2.766e+1l1  -3.54 .005 -1.595e+12  -3.623e+11  ***
C-PTC15 2.165e+12  2.766e+1l  7.83 0 1.548e+12  2.78le+12  ***
Constant 4.646e+12 2.259%+11 20.57 0 4.143e+12 5.149e+12 faleie
Mean dependent var 5114777777777.7  SD dependent var 1396730996693.4

77 16
R-squared 0.965 Number of obs 18
F-test 39.848 Prob > F 0.000
Akaike crit. (AIC) 1012.253 Bayesian crit. (BIC) 1019.376

*% n< 01, ** p<.05, * p<.1
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Appendix 3. Regression results of total resistance (RT) for BiVO4 based coated membranes

RT Coef. St.Err. t-value  p-value [95% Conf Interval] Sig

base 0
Replicatio~1
Relication_2 5.214e+11  3.394e+11 154 15 -2.180e+11  1.261e+12
Replication_3 3.457e+11  3.394e+11  1.02 .328 -3.937e+11  1.085e+12
: base PVDF 0 . . . . .
C-PT100 1.167e+13  5.184e+11 2251 0 1.054e+13  1.280e+13  ***
C-PTB2 5.100e+13  5.184e+11  98.38 0 4.987e+13  5.213e+13  ***
C-PTB5 4.528e+13  5.184e+11  87.36 0 4.415e+13  4.641e+13  ***
C-PTB10 3.304e+13  5.184e+l1l  63.74 0 3.191e+13  3.417e+13  ***
C-PTB15 3.378e+13  5.184e+11  65.16 0 3.265e+13  3.491e+13  ***
C-PB100 7.077e+12 5.184e+11 13.65 0 5.947e+12 8.206e+12 faleie
Constant 1.596e+13  4.156e+11  38.40 0 1.506e+13 1.687e+13  ***
Mean dependent var 42227619047619.  SD dependent var 18767949782744.

047 488

R-squared 0.999 Number of obs 21
F-test 2183.191 Prob > F 0.000
Akaike crit. (AIC) 1207.265 Bayesian crit. (BIC) 1216.666

% n< 01, ** p<.05, * p<.1
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Appendix 4. Regression results of irreversible resistance (Rirr) for BiVO4 based coated membranes

Rirr Coef. St.Err. t-value  p-value [95% Conf Interval] Sig
0

Replicatio~1
Relication_2 4.214e+09  2.207e+11  0.02 .985 -4.766e+11  4.851le+11
Replication_3 -1.333e+11  2.207e+11  -0.60 557 -6.141e+11  3.476e+11
: base PVDF 0 . . . : .
C-PT100 -3.430e+11  3.37le+ll  -1.02 .329 -1.078e+12  3.915e+11
C-PTB2 -4.483e+12 3.371e+11 -1330 O -5.218e+12  -3.748e+12  ***
C-PTB5 -3.360e+12  3.371le+ll  -9.97 0 -4.095e+12  -2.626e+12  ***
C-PTB10 -4.483e+12 3.371e+11 -1330 O -5.218e+12  -3.748e+12  ***
C-PTB15 -4.483e+12 3.371e+11 -1330 O -5.218e+12  -3.748e+12  ***
C-PB100 -1.022e+12  3.371e+ll -3.03 .01 -1.757e+12  -2.878e+11 **
Constant 4.526e+12 2.703e+11 16.74 0 3.937e+12 5.115e+12 faleie
Mean dependent var 1886619047619.0  SD dependent var 1985015333094.1

48 92
R-squared 0.974 Number of obs 21
F-test 56.286 Prob > F 0.000
Akaike crit. (AIC) 1189.193 Bayesian crit. (BIC) 1198.594

% n< 01, ** p<.05, * p<.1

112



Appendix 5. Regression results of flux recovery ratio (FRR) of CNT based coated membranes

FRR Coef. St.Err. t- p- [95% Interval] Sig
value  value Conf
base 0O

Replicatio~1

Relication_2 -.035 4.138 -0.01  .993 -9.256 9.185
Replication_3 -4.595 4.138 -1.11 293 -13.816 4.625

: base PVDF 0 . . . . .

C-PT100 37.741 5.852 6.45 0 24.701 50.781 Fkk
C-PTC2 35.544 5.852 6.07 0 22.504 48.584 falaled
C-PTC5 19.522 5.852 3.34 .008 6.482 32.562 Fkk
C-PTC10 29.794 5.852 5.09 0 16.755 42.834 falaled
C-PTC15 37.538 5.852 6.41 0 24.498 50.578 Fkk
Constant 61.163 4.778 1280 O 50.516 71.81 falaled
Mean dependent var 86.310 SD dependent var 15.092

R-squared 0.867 Number of obs 18

F-test 9.339 Prob > F 0.001
Akaike crit. (AIC) 127.406 Bayesian crit. (BIC) 134.529

*** n< 01, ** p<.05, * p<.1
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Appendix 6. Regression results of flux recovery ratio (FRR) of BiVO4 based coated membranes

FRR Coef. St.Err. t- p- [95% Interval] Sig
value  value Conf

base 0
Replicatio~1
Relication_2 -1.628 971 -1.68 19 -3.742 487
Replication_3 -.387 971 -0.40  .697 -2.502 1.727
: base PVDF 0 . . . . .
C-PT100 12.649 1.482 8.53 0 9.419 15.879 Fkk
C-PTB2 35.639 1.482 2404 O 32.409 38.87 falaled
C-PTB5 45.959 1.482 31.00 O 42.729 49.189 Fkk
C-PTB10 44.072 1.482 29.73 O 40.842 47.302 falaled
C-PTB15 35.767 1.482 2413 0 32.537 38.997 Fkk
C-PB100 35.751 1.482 2412 0 32.521 38.981 falaled
Constant 49.638 1.189 4176 0 47.048 52.228 Fkk
Mean dependent var 78.943 SD dependent var 16.287
R-squared 0.993 Number of obs 21
F-test 199.662 Prob > F 0.000
Akaike crit. (AIC) 90.895 Bayesian crit. (BIC) 100.295

**% n< 01, ** p<.05, * p<.1
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Appendix 7. Regression results of total resistance (RT) for CNT based blended membranes

RT Coef. St.Err. t-value  p-value [95% Conf Interval] Sig
base 0

Replicatio~1
Relication_2 4.633e+11  6.052e+11  0.77 462 -8.852e+11  1.812e+12
Replication_3 -3.000e+10  6.052e+11  -0.05 961 -1.378e+12  1.318e+12
: base PVDF 0 . . . . .
B-PT100 -1.633e+13  8.55%e+11  -19.08 0 -1.823e+13  -1.442e+13  ***
B-PTC2 -2.320e+13  8.55%+11  -2710 O -2.510e+13  -2.129e+13  ***
B-PTC5 -1.468e+13  8.55%+11  -17.16 O -1.659%e+13  -1.278e+13  ***
B-PTC10 -1.143e+13  8.559e+11  -1336 O -1.334e+13  -9.526e+12  ***
B-PTC15 -2.172e+13  8.55%e+11 -25.38 0 -2.363e+13  -1.982e+13  ***
Constant 4.673e+13  6.988e+11  66.87 0 4518e+13  4.829e+13  ***
Mean dependent var 32316111111111.  SD dependent var 7912537437055.8

109 56
R-squared 0.990 Number of obs 18
F-test 136.944 Prob > F 0.000
Akaike crit. (AIC) 1052.915 Bayesian crit. (BIC) 1060.038

% n< 01, ** p<.05, * p<.1
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Appendix 8. Regression results of irreversible resistance (Rirr) for CNT based blended membranes

Rirr Coef. St.Err. t-value  p-value [95% Conf Interval] Sig
base 0

Replicatio~1
Relication_2 9.580e+11  6.529e+11  1.47 173 -4.967e+11  2.413e+12
Replication_3 3.090e+11  6.529e+11  0.47 .646 -1.146e+12  1.764e+12
: base PVDF 0 . . . . .
B-PT100 -9.403e+12  9.233e+11  -10.18 0 -1.146e+13  -7.346e+12  ***
B-PTC2 -2.003e+13  9.233e+11 -2169 O -2.209e+13  -1.797e+13  ***
B-PTC5 -1.194e+13  9.233e+11 -1293 0 -1.400e+13  -9.883e+12  ***
B-PTC10 -1.137e+13  9.233e+11  -1231 O -1.343e+13  -9.313e+12  ***
B-PTC15 -1.361e+13  9.233e+11 -14.74 0 -1.567e+13  -1.155e+13  ***
Constant 2.302e+13 7.53%+11  30.54 0 2.134e+13  2.470e+13  ***
Mean dependent var 12387833333333.  SD dependent var 6203974601248.8

330 78
R-squared 0.980 Number of obs 18
F-test 71.674 Prob > F 0.000
Akaike crit. (AIC) 1055.643 Bayesian crit. (BIC) 1062.766

% n< 01, ** p<.05, * p<.1
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Appendix 9. Regression results of total resistance (RT) of BiVO4 based blended membranes

RT Coef. St.Err. t-value  p-value [95% Conf Interval] Sig
base 0

Replicatio~1
Relication_2 2.463e+11  4.573e+11  0.54 .599 -7.346e+11  1.227e+12
Replication_3 6.338e+11  4.573e+11  1.39 .187 -3.471e+11  1.615e+12
: base PVDF 0 . . . . .
B-PTB25 -1.869e+13  7.468e+11  -25.03 O -2.029e+13  -1.709e+13  ***
B-PTB50 -2.777e+13  7.468e+11  -3718 O -2.937e+13  -2.617e+13  ***
B-PTB75 -1.876e+13  7.468e+11  -2513 0 -2.036e+13  -1.716e+13  ***
B-PB100 -2.690e+13  7.468e+11 -36.03 O -2.850e+13  -2.530e+13  ***
B-PTCB25 -2.542e+13  7.468e+11  -34.04 O -2.702e+13  -2.382e+13  ***
B-PTCB50 -3.122e+13  7.468e+11  -4181 O -3.282e+13  -2.962e+13  ***
B-PTCB75 -1.267e+13  7.468e+11  -16.97 O -1.427e+13  -1.107e+13  ***
Constant 4.289e+13  5.904e+11  72.65 0 4.162e+13  4.416e+13  ***
Mean dependent var 23003333333333.  SD dependent var 9720917234708.7

328 68
R-squared 0.995 Number of obs 24
F-test 287.143 Prob > F 0.000
Akaike crit. (AIC) 1397.177 Bayesian crit. (BIC) 1408.957

*% n< 01, ** p<.05, * p<.1
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Appendix 10. Regression results of irreversible resistance (Rirr) of

BiVOs based blended

membranes
Rirr Coef. St.Err. t-value  p-value [95% Conf Interval] Sig
base 0
Replicatio~1
Relication 2 1.761e+11  1.111e+11 158 135 -6.222e+10  4.145e+11
Replication_3 1.137e+11  1.111e+11  1.02 .323 -1.246e+11  3.521e+11
: base PVDF 0 . . . . .
B-PTB25 -1.452e+13  1.815e+11 -80.00 O -1.491e+13  -1.413e+13  ***
B-PTB50 -1.613e+13  1.815e+11 -88.87 O -1.652e+13  -1.574e+13  ***
B-PTB75 -1.590e+13  1.815e+11 -87.60 O -1.629e+13  -1.551e+13  ***
B-PB100 -1.651e+13  1.815e+11  -90.98 0 -1.690e+13  -1.612e+13  ***
B-PTCB25 -1.744e+13  1.815e+11  -96.10 O -1.783e+13  -1.705e+13  ***
B-PTCB50 -1.934e+13  1.815e+11  -106.59 O -1.973e+13  -1.895e+13  ***
B-PTCB75 -1.430e+13 1.815e+11 -7881 0 -1.469e+13  -1.391e+13  ***
Constant 2.260e+13  1.435e+11 15753 0 2.229e+13  2.291e+13  ***
Mean dependent var 8429500000000.0  SD dependent var 5720294306809.8
00 98
R-squared 0.999 Number of obs 24
F-test 1691.304 Prob > F 0.000
Akaike crit. (AIC) 1329.273 Bayesian crit. (BIC) 1341.054
**% p<.01, ** p<.05, * p<.1
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Appendix 11. Regression results of flux recovery ratio (FRR) of CNT based blended membranes

FRR Coef. St.Err. t- p- [95% Interval] Sig
value  value Conf
base 0

Replicatio~1

Relication_2 -.559 .689 -0.81 436 -2.094 976
Replication_3 -1.068 .689 -155 152 -2.602 467

: base PVDF 0 . . . . .

B-PT100 14.306 974 1469 O 12.136 16.477 Fkk
B-PTC2 44.745 974 4593 0 42.574 46.916 falaled
B-PTC5 15.355 974 1576 O 13.184 17.526 Fkk
B-PTC10 10.67 974 1095 O 8.499 12.84 falaled
B-PTC15 7.316 974 7.51 0 5.145 9.486 Fkk
Constant 19.862 .795 2497 O 18.09 21.635 falaled
Mean dependent var 34.719 SD dependent var 14.510

R-squared 0.996 Number of obs 18

F-test 357.765 Prob > F 0.000
Akaike crit. (AIC) 62.858 Bayesian crit. (BIC) 69.981

% <01, ** p<.05, * p<.1
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Appendix 12. Regression results of flux recovery ratio (FRR) of BiVO4 based blended membranes

FRR Coef. St.Err. t- p- [95% Interval] Sig
value  value Conf

base 0
Replicatio~1
Relication_2 -.087 .18 -0.48 .635 -474 299
Replication_3 -.225 .18 -1.25 233 -.612 162
: base PVDF 0 . . . . .
B-PTB25 17.174 295 5831 0 16.542 17.805 Fokk
B-PTB50 40.2 295 136.50 O 39.569 40.832 falaled
B-PTB75 32.597 .295 110.68 0 31.965 33.229 Fokk
B-PB100 12.711 .295 4316 0 12.08 13.343 falaled
B-PTCB25 20.347 .295 69.08 0 19.715 20.978 Fokk
B-PTCB50 33.937 .295 11523 0 33.305 34.569 falaled
B-PTCB75 19.983 295 6785 0 19.351 20.615 Fokk
Constant 17.481 233 75.08 O 16.981 17.98 falaled
Mean dependent var 39.495 SD dependent var 12.443
R-squared 0.999 Number of obs 24
F-test 3039.379 Prob > F 0.000
Akaike crit. (AIC) 26.228 Bayesian crit. (BIC) 38.009

**% n< 01, ** p<.05, * p<.1
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Appendix 13. Regression results of flux recovery ratio (FRR) of BiVO4 based blended membranes.
PVDF-BiVO4 membrane as control.

FRR Coef. St.Err. t- p- [95% Interval] Sig
value  value Conf
base 0O

Replicatio~1

Relication_2 -.064 .207 -0.31 .764 -515 .388
Replication_3 -.222 .207 -1.07  .305 -.673 229

: base B-PB100 0 . . . .

B-PTB25 4.462 316 1410 O 3.773 5.152 Fokk
B-PTB50 27.489 .316 86.86 0 26.799 28.178 falaled
B-PTB75 19.886 .316 62.84 0 19.196 20.575 Fokk
B-PTCB25 7.635 .316 2413 O 6.946 8.325 falaled
B-PTCB50 21.226 .316 67.07 0 20.536 21.915 Fokk
B-PTCB75 7.272 .316 2298 O 6.582 7.961 falaled
Constant 30.183 .254 11895 0 29.631 30.736 Fokk
Mean dependent var 42.655 SD dependent var 9.704

R-squared 0.999 Number of obs 21

F-test 1565.723 Prob > F 0.000
Akaike crit. (AIC) 26.036 Bayesian crit. (BIC) 35.437

**% n< 01, ** p<.05, * p<.1
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