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ABSTRACT

Natural organic matter (NOM) removal is one of the challenges encountered by
water treatment utilities in water treatment. NOM is found naturally in all surface
waters and consists of compounds with complex structures emanating from
decomposing plants and animal remains. NOM presence in water sources is a
concern due to its ability to generate carcinogenic disinfection by-products (DBPSs)
with chlorine-based disinfectants, its ability to enable bacterial re-growth in
distribution pipelines and introduction of organoleptic problems such as bad taste,
odour and colour in drinking water. In attempt to remove NOM from water,
conventional water treatment processes such as coagulation-flocculation have been
employed. However, this can be achieved by optimising the coagulant dose and pH
which not only increase the treatment costs but also time consuming. Therefore,
fungal degradation of NOM into smaller fragments which can be easily removed by
advance treatment methods such as membrane filtration could be a viable
alternative to remove NOM from water. This work was aimed at developing and
applying white rot fungi (WRF) enzyme-modified membranes for NOM degradation

and removal in water.

The phase inversion method was used to prepare Polyethersulfone (PES)
membranes using water as a non-solvent additive, N-methly-2-pyrrolidone (NMP)
as a solvent and polyethylene glycol (PEG) as the pore-forming agent. This was
carried out by varying the dope solution composition and concentration of the
coagulation bath. Scanning electron microscopy (SEM) was used to study the
changes in membrane structural arrangement and rejection studies were carried out
using humic acid (HA) and bovine serum albumin (BSA) as NOM model compounds.
Furthermore, eighteen (18) WRF isolates were collected from decaying wood and
screened for their ability to produce lignolytic enzymes. Isolates (D, L and R) which
tested positive for laccase were further screened for HA degradation from liquid
media. Moreover, production of the desired enzymes in high quantities were carried
out using solid-state fermentation (SSF) method and purified using 80 % ammonium
sulfate. Thereafter, crude enzyme laccase was extracted and immobilised on the

most promising PES membrane as a support material and 4-hydroxybenzoic acid

Vi



was used as a substrate for laccase stability. The changes in morphology of the
modified membranes was also used as a confirmation for the successful

immobilisation of the enzyme.

SEM micrographs revealed that the non-solvent additive impacts the morphology of
the membrane pores and ultimately the permeation of water. High water flux was
achieved from the membrane (M.5) with 0 wt.% water and 36 wt.% PEG. High flux
performing membranes were selected for coagulation bath experiments. The
highest water flux achieved for M.5 with 15 wt.% NMP was 568.66 L.m2.h"l. The
most permeable membranes recorded solute rejections as high as 88 % for BSA
and 69 % for HA. Only three isolates (D, L, and R) identified as Perenniporia sp,
Trichoderma koningiopsis and Polyporaceae sp, respectively, tested positive for
laccase production. Colour change after fungal treatment was observed in all three
isolates indicating the degradation of HA by the fungi. Ultraviolet visible (UV-vis) at
254 nm and dissolved organic carbon (DOC) measurement analysis revealed the
highest percentage removal of (DOC) 52 % and (UV2s4) 27.3 % for isolate R. After
enzyme purification, results indicated laccase activity of 0.297 U/mL for isolate R
and 0.152 U/mL for isolate D. In immobilisation studies, the interaction amongst the
enzymes, the sulfonate groups and the substrate were confirmed by an intense
colour change on the membrane surface. SEM images revealed the presence of
spherically shaped structures on the surfaces of enzyme-modified membranes
which in turn confirmed the successful immobilisation of the enzyme laccase.
Moreover, a reduction in the permeability of the modified membranes served as

confirmation for the immobilisation of the enzyme.

Rejection studies suggest that the enzyme-modified membranes can be used for
HA removal and other similar pollutants from water with a 95 % HA removal using
membrane modified with enzyme laccase from isolate R. Therefore,
enzyme-modified membranes can be recommended for NOM removal from real
water samples. However, the application of the enzyme-modified membranes in a
large-scale water treatment is limited by challenges emanating with enzyme

extraction, and high operational costs associated with higher pressure conditions.
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CHAPTER 1
INTRODUCTION

1.1 Background

Increasing concerns over the augmentation of current safe drinking water supplies
has driven the water industry to perform further research on alternative and efficient
methods for water treatment. The current water treatment systems were not initially
intended for the complete removal of organic substances present in raw water. The
presence of natural organic matter (NOM) in water is therefore undesirable. Being
a naturally occurring complex mixture of dissolved organic and particulate
compounds, NOM emanates from the remains of vegetation and animal matter and
it is to this end found in either soil or water sources (Chaukura et al., 2018). Despite
their important role in plant growth and soil richness, NOM is problematic to remove,
especially when present in drinking water sources (Haarhoff et al., 2013; Kosobucki
& Buszewski, 2014).

1.2 Problem statement

The presence of NOM in water changes its colour, taste and smell, thus interfering
with the quality of the final water (Ncibi & Matilainen., 2018; Pan et al., 2016). In
addition, the re-growth of bacteria and formation of biofilm coupled with cumulative
and high amounts of heavy metals in the supply pipelines, is caused by NOM thus
leading to increased treatment costs (Haarhoff et al., 2013; Matilainen et al., 2010).
Furthermore, during the disinfection stage, NOM reacts with chlorine to produce
disinfection by-products (DBPs) such as haloacetic acids (HAA) and
trihalomethanes (THM), which are potential carcinogens that impacts human health
(Marais et al., 2019; Golea et al., 2017; jiang et al ., 2016). The presence of NOM in
water has also been linked to fouling in membrane filtration processes (Tshabalala
et al., 2016). Given the above-mentioned challenges, lowering NOM content or its

complete removal from water is of critical importance.
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The removal of NOM depends on their geographic origin, character and occurrence
in water (Moyo et al., 2019; Tshindane et al., 2019; Nkambule et al., 2012). The
most used methods for NOM removal include the use of chemicals, which effectively
increases the overall water treatment costs. Examples of the
chemical-based methods include coagulation, adsorption and oxidation (Sillanp&a
et al., 2018). In a typical water treatment, the most reliable treatment method for
NOM removal is coagulation-flocculation, which removes most of the hydrophobic
fraction of NOM. The next steps are clarification followed by filtration, which remove
low molecular weight substances such as the hydrophilic part of NOM (Marais et al.,
2018; Matilainen et al., 2010). Although considered the best conventional water
treatment process for NOM removal, enhanced coagulation has major limitations
such as increased coagulant dose requirements, pH adjustment and production of

large sludge quantities (Solarska et al., 2009).

Other methods for NOM removal from water involve degradation that use
photocatalysts such as titanium dioxide (Ndlangamandla et al., 2018; Ng et al.,
2014; Autin et al., 2013) and oxidation processes such as ozonation (Bose &
Reckhow, 2007; Matilainen & Sillanpaé, 2010). Adsorption processes have recently
been used for NOM removal. However, these processes include the use of costly
adsorbents such as activated carbon, ion exchange resin and nano adsorbents
(Levchuk et al., 2018; Bhatnagar & Sillanpaa, 2017). Although membrane
technology has been reckoned as alternate treatment method for the removal of
NOM (Motsa et al., 2018; Qin et al., 2006), its fouling limitations still persist.
Therefore, there still exists a need for the development of eco-friendly and less cost
water treatment methods that use naturally derived bio-systems such as
microorganisms that degrade NOM in water. The use of naturally occurring
microorganisms for the biodegradation of NOM into smaller metabolites that can
possibly be removed with filtration processes such as membranes offers a viable

solution for NOM removal from water.
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1.3 Justification

Biological treatment methods such as the use of basidiomycetes white rot fungi
(WRF) species could potentially be used for NOM removal from water. These
organisms produce lignolytic enzymes such as laccase, lignin peroxidase and
manganese-dependent peroxidases through their secondary metabolism (Huy et
al., 2017). These enzymes can transform biodegradable NOM into less harmful
products and thus reduce the formation of sludge and eventual treatment costs of
drinking water (Zahmatkesh et al., 2016). It has been demonstrated that WRF
enzymes can degrade a wide array of organic compounds including NOM
(Zahmatkesh et al.,, 2017; Collado et al., 2018). Maintaining a conducive
environment such as pH and temperature as well as nutrients such as carbon and
nitrogen is known to enhance the ability of WRF to produce enzymes in high
guantities to enables the degradation of organic compounds (Ergun et al., 2017;
Batal et al., 2015).

These lignolytic enzymes can be attached to membranes as a substrate to avoid
washout and enhance stability. Recently, membrane surfaces have been modified
with enzymes from WRF for the degradation of a wide array of organic pollutants in
water and wastewater in membrane bioreactor (MBR) systems (Asif et al., 2017;
Vasina et al., 2017; Nguyen et al., 2013). Such systems were successfully
demonstrated in the effective and efficient removal of trace organic compounds
(TrOCs) such as pharmaceuticals, personal care products, industrial chemicals and
pesticides from wastewater (Asif et al., 2018; Asif et al., 2017; Nguyen et al., 2016;
Nguyen et al., 2013). In this research work, a similar principle that employs WRF
enzyme system was adopted and investigated for the ability to degrade NOM using
synthetic solutions such as humic acid. Specifically, this study was aimed at the
modification of an ultrafiltration polymeric membrane infusing WRF enzymes such
as laccase on its surface for application in the degradation and NOM removal in
water. The method is preferred over basic membrane filtration due to its dual
functionality of biodegradation and filtration, in addition there is the enhancement of

anti-fouling properties.
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1.4

Aim and objectives of the study

The aim of this study was to develop and modify polyethersulfone (PES)

membranes with WRF enzyme extracts for the degradation and filtration of NOM in

water.

To successfully accomplish the aim of this study, the following key objectives were

formulated:

15

Fabrication of high performing PES ultrafiltration membranes for NOM
removal.

Isolation, identification and characterization of white rot fungi (WRF) isolates.
Extraction, purification and assaying of fungal enzymes from pure culture of
WRF species.

Immobilisation of the extracted enzymes by modifying the membrane
surfaces.

Application and evaluation of the developed enzyme-based PES membranes
in the biodegradation and removal of NOM from water.

Dissertation outline

A summary of each chapter discussed in this dissertation is as follows:

Chapter 2 reviews the current literature on NOM by specifically focussing on
its origin, fractions, impact on water treatment and currently available
methods for the removal of NOM from water. Furthermore, literature on the
WRF species and their corresponding extracellular enzymes, including their
application, especially the application on the degradation of NOM in water, is
reviewed. The chapter concludes with a review on the all-important

application of MBR in water treatment.

In chapter 3, the research methodology on membrane fabrication protocols,
characterization techniques used to generate data is discussed. As part of
the research methodology, methods undertaken for the isolation and
identification of WRF using MALDI-TOF Biotyper software and molecular
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method are presented. Moreover, method for enzyme production, extraction

and purification is also discussed in this chapter.

Chapter 4 covers the results on an investigation of the effect of water as a
non-solvent additive in preparation of high flux polyethersulfone (PES)

ultrafiltration membranes.

Chapter 5 presents results emanating from the screening of white rot fungi
isolates to produce lignolytic enzymes and humic acid degradation as a
model compound for NOM. Chapter 5 also covers a discussion on the

optimisation of enzyme production and extraction of crude enzymes.

Chapter 6 provides evidence for the immobilisation of white rot fungi
enzymes on the surface of PES membranes and the membrane matrix.
Furthermore, the application of enzyme-modified PES membranes in the

degradation and removal of NOM is demonstrated and evaluated.

Chapter 7 presents major conclusions from this research work and

recommendations for future work.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In this chapter, applicable literature relating to the origin, fractions, impact on water
treatment of natural organic matter (NOM) as well as available methods for its
removal from water is reviewed. The white rot fungi (WRF) species and their
corresponding lignolytic enzymes, including their role in the biodegradation of
pollutants in water is also chronicled. The all-important application of membrane

bioreactors in water and wastewater treatment is also discoursed in this chapter.

2.2 Natural Organic Matter (NOM)

All-natural waters contain NOM, a wide range of different organic compounds
consisting mainly of organic carbon and hydrogen (Adusei-Gyamfi et al., 2019).
NOM is found mostly in water bodies and soil, and it results from the degradation of
vegetation and animal material (Adusei-Gyamfi et al., 2019). A representative

complex structure of NOM is exhibited in Figure 2.1.
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Figure 2.1: A representative chemical structure of NOM (adapted from Bhatnegar
& Sillanpaa, 2017).

NOM is introduced into the ecosystem either naturally or anthropogenically (Derrien
et al., 2019). It can be categorized based on its origin. NOM that occurs outside the
water body is described as Allochthonous and is generally caused by leaching of
vegetation and soil from the surface and transported into water sources through
winds or surface washout (Artifon et al., 2019). Autochthonous NOM originates
within the water body due to algal blooms, which imparts the aesthetical
characteristics of the water and biological activities that occur in water sources
(Koszelnik et al., 2018). Effluent NOM (EfOM) is another group of NOM derived from
anthropogenic activities that can be introduced into water sources through

wastewater discharge and degradation of organic litter (Derrien et al., 2019).

2.2.1 Composition of NOM

NOM is quantified through organic carbon measurements as total organic carbon
(TOC) (Nkambule et al., 2012). It consists of particulate organic matter (POM), a
fraction of organic matter that retains on the filter after filtration through 0.45 um

(Winogradow et al., 2019), and dissolved organic carbon (DOC), the portion that
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goes through the filter and is mostly used as a quantification parameter for NOM
(Zhao et al., 2019). DOC can be divided into hydrophobic such as humic substances
(HS), and hydrophilic fractions such as non-humic substances (Hu et al., 2016). HS
are composts of high molecular weight compounds such as humic acids, fulvic acid
and humin and are the most abundant DOC fraction that causes yellow-brownish
colour of most surface water (Pan et al., 2016). The hydrophilic component of DOC
consists of low molecular weight compounds comprising of aliphatic carbon and
nitrogenous compounds (Matilainen et al., 2011). A fraction of DOC that consist of
the combination of hydrophobic and hydrophilic is described as transphilic
(Bhatnagar, 2017; Matsebula & Haarhoff, 2009).

2.2.2 Organic matter components and their role in the environment

2.2.2.1 Humic substances (HS)

Humic substances (e.g. humic acids, fulvic acids and humin) are some of the most
persistent organic matter fraction in the soil. This type of NOM constitutes the major
fraction of NOM in drinking water sources. Moreover, they can be classified
according to their solubility, physical appearance and molecular size (Adusei-
Gyamfi et al., 2019; Levchuk et al., 2018).

Humic acids (HA), which originates from the microbial degradation of plants, are the
most abundant HS in ground and surface water. As shown in Figure 2.2, HA are
made up of both aliphatic and aromatic alcohols and carboxylic acids (Basumallick
& Santra, 2017). HA are dark brown in colour and soluble at pH > 2 (Mamba et al.,
2009). This HS fraction is relatively large and their molecular weight ranges between
2 000 to 50 000 Da, which makes them easy to be extracted either from soil or water
(Boguta et al., 2019). Despite the presence of HA in drinking water being
undesirable, they are essential in agriculture by improving the chemical and physical
gualities of the soil as well as protecting the soil from contamination with heavy
metals. Furthermore, the presence of HA in soil improves the uptake of nutrients
and the amount of humus (Liu et al., 2019; Zhou et al., 2019).

11
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Figure 2.2: Proposed chemical structure of humic acid (Sirbu et al., 2010).

Fulvic acids (FA) are found in any kind of soil. As shown in the model chemical
structure depicted in Figure 2.3, FA consist of a combination of weak chains bearing
both aliphatic and aromatic alcohols and organic acids. Relative to other HS
fractions, FA contain less hydrogen and carbon (Klu¢akova, 2018). The molecular
weight of FA ranges from 100 to 10 000 Da, which is much smaller than that of HA
(Qin et al., 2019). For this reason, FA are described as low molecular weight HS
(Qin et al., 2019). The smaller size of FA makes them easy to be absorbed by roots
of many plants. FA are soluble at any pH levels and appear yellow brown in colour
(Nkambule et al., 2012). The presence of FA in soil is beneficial since it stimulates
the growth of roots and increase both uptake of water and nutrients. Moreover, FA
prevent the growth of harmful microorganisms in crops (Zhao et al., 2019).

12
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Figure 2.3: Molecular structure of fulvic acid (Rupiasih & Vidyasagar, 2005;

permission granted by Research Gate).

Humin is a black coloured component of HS, which is soluble at low pH
(Zandvoort et al., 2015). It is made up of aliphatic hydrocarbons such as lipids,
cuticular materials and small components of peptides and carbohydrates
(Hayes et al., 2017). The chemical properties of humin is like that of HA; humin is
however more resistant to decomposition. As shown on Figure 2.4, humin consists
of interlinked furanic rings, which in some instances are linked by short aliphatic
linkers. Humin plays a major role in enhancing soil structure and richness
(Goveia et al., 2013).

Figure 2.4: Molecular structure of humin (Wang, 2017 Thesis).
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2.2.1.2 Non-humic substances

Non-humic substances form part of the hydrophilic fraction of NOM. They are
derived from easily decayed polysaccharides, carbohydrates and proteins. In terms
of the chemical structure, non-humic substances are consisted mainly of aliphatic
carbons and hydroxyl groups (Yamamura et al., 2014; Ghernaout, 2014). Soil
organisms utilizes non-humic substances as their source of nutrients
(Bot & Benites, 2005). The most found non-humic substances in soil are
carbohydrates in the form of mainly glucose and sugars, which mostly comprises
about 5-25 % of the soil organic matter (Ratnayake et al., 2013). Most researchers
commonly use glucose as a model compound for non-humic substances in
laboratories (Gerke, 2018).

2.3 Impacts of NOM in water treatment

Drinking water disinfection has been practiced over decades to protect public health
from illnesses caused by microorganisms found in water. Chlorine is used by most
water utilities as a disinfectant because of its reliability and cost effectiveness (Sun
et al., 2019; Villanueva & Cordier, 2015; Beniwal et al., 2018: Wang et al., 2015).
However, chlorine react with NOM to form carcinogenic disinfection by-products
(DBPs) (Steféan et al., 2019; Ding et al., 2019). In the form of biodegradable organic
carbon (BDOC), NOM serves as a substrate for microbial re-growth and biofilm
formation in water supply pipelines, which result in health problems associated with
gastrointestinal diseases (Thayanukul et al., 2013; Lin et al., 2016; Liu et al., 2019).
In addition, the re-growth of bacteria in distribution networks causes organoleptic
problems that gives water bad taste and odour thus making it unpleasant to
consumers (Li et al., 2018; Zhang et al., 2019). Geosmin and 2-methylisoborneol
(MIB) are regarded as principal organoleptic compounds (Doederer et al., 2019).
Colour in water is an indication of poor quality and it makes it unacceptable to
consumers. The appearance of yellow-brownish colour of water is an indication of
the presence of humic substances; however, even though water may appear clear,

it may still contain organic substances (Ibrahim & Aziz, 2014; Perkins et al., 2019).

14
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The South African National standards (SANS 241: 2015) specifies acceptable limits

of < 15 Pt-Co for colour in drinking water.

High levels of NOM in raw water requires increased amounts or dosages of the
coagulant, which in turn leads to increased treatment costs (Rathnayake et al.,
2017; Krzeminski et al., 2019; Ferna et al., 2013). Moreover, NOM leads to poor
flocs formed during the coagulation-flocculation stage thus resulting in poor settling
during the sedimentation process (lbrahim & Aziz, 2014). Poorly formed flocs tend
to block the filters and this result in shorter filter run and more frequent backwashing
(Chaulk & Sheppard, 2011). This basically means that more treated water will be
required to clean the filters which also increases treatment cost. Furthermore, in
membrane technology, NOM is known to be the major membrane foulant due to
deposition either on the membrane surface or within the membrane matrix
(Baghbanzadeh et al., 2016; Vatanpour et al., 2011; Moslehyani et al., 2019). For
these reasons, there is a need for the reduction or complete removal of NOM from

water.

2.4 Current processes used for NOM removal

Due to the enduring problems in relation to the presence of NOM in drinking water,
it is therefore vital to remove or reduce NOM and its components from water during
or prior to treatment. Although several methods have been used for NOM removal

from water, a number of these processes are costly and not environmentally friendly.

2.4.1 Enhanced Coagulation-flocculation

Surface water is the foremost water source for drinking water. Most surface waters
consist of negatively charged colloidal particles of NOM molecular architecture.
These particles can be destabilized by positively charged chemical coagulants such
as polymers, aluminium salts and many other chemicals in a rapid mix form during
the coagulation stage (Zhang et al.,, 2015; The et al.,, 2016; Su et al., 2017).
Thereafter, small flocs aggregate during flocculation to form bigger flocs that can
settle during the sedimentation stage (Chekli et al., 2019). Generally, conventional
coagulation does not completely remove NOM from water. Therefore, enhanced

coagulation has been implemented by optimising the dosage of the coagulants and
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pH adjustment to improve NOM removal efficiency (Dlamini et al., 2013; Lobanga
et al., 2014). However, the removal efficacy depends on the character, nature and
geographical area of NOM (Tshindane et al., 2019; Ozdemir, 2016).

Moreover, increasing coagulant dosage is accompanied by setbacks relating to
increased treatment costs and the production of large quantities of sludge
(Krzeminski et al., 2019). The working conditions (e.g. pH and coagulant dosage)
should be considered when improving coagulation (Sillanpaa et al., 2018; Hussain
et al., 2019). In a study conducted by Awad et al. (2016), dissolved organic matter
from sandy soil measured as dissolved organic carbon (DOC) was found to be lower
(21.1 mg/L) than found in clay soil (38.6 mg/L) when a jar testing system with alum
dosage of 8.0 mg/L was used. An increase in the dosage of alum to 10 mg/L
decreased the DOC concentration by 0.15 mg/L. A comparative analysis of the
performance of titanium chloride and salts of aluminium and iron in the removal of
NOM by coagulation process was also undertaken by Wan et al. (2019). Results
generated from the optimization of the coagulant dosage and pH by Wan et al.
(2019) were in agreement with those of Awad et al. (2016). These results confirmed
that the removal of NOM is dependent on the type of coagulant used, the nature of

NOM and seasonal changes.

2.4.2 Adsorption processes

Research on innovative and reliable treatment methods for purposes of improving
water quality and compliance with stringent water quality standards is continuously
being conducted. Adsorption processes such as activated carbon and ion exchange
have been used as polishing processes to optimize the conventional water
treatments for the removal of NOM (Shimizu et al., 2018; Lee et al., 2018).
Adsorption processes have specific advantages such as easy to design and operate
processes; however, the cost of treatment is high due to expensive and
environmentally unfriendly adsorbents such as powdered activated carbon (PAC),
granular activated carbon (GAC) and ion exchange resins (Kaleta et al., 2017;
Bertone et al., 2018).

As already mentioned, taste and odour problems in water treatment are caused by

NOM compounds. Activated carbon is used for the removal of taste and odour
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causing compounds such as geosmin and 2-methylisoborneol (MIB) from water
(Menya et al., 2018; Kaleta et al., 2017). It can be added in powder (PAC) or granular
(GAC) form (Zhang et al.,, 2019; Park et al.,, 2019; Jamil et al., 2019). In a
conventional water treatment, PAC is usually used as a pre-treatment step while
GAC is used in the post-treatment stage because of its effectiveness in the removal
of heavy metals and organic substances (Marais et al., 2018). lon-exchange (IEX)
Is widely used as an alternate method for the removal of NOM, especially the low
molecular weight fraction that cannot be removed by coagulation from water
(Vaudevire et al., 2019; Winter et al., 2018). lon-exchange involves the exchange of
specific ionic species that are present in a solution with similarly charged species
(Levchuk et al., 2018). In IEX, non-desirable charged compounds (either negatively
or positively charged) considered to be impurities are removed from a solution by
exchanging them with a similarly charged ions anchored in the resin (Arias-Paic et
al., 2016; Finkbeiner et al., 2019). Since NOM is mainly negatively charged, an
anionic exchange resin is used for its removal in a typical conventional water
treatment plant (Finkbeiner et al., 2018; Amini et al., 2018; Chen et al., 2018).

2.4.3 Advanced oxidation processes

In respects of the persisting related problems that NOM pose during water
treatment, advanced oxidation processes (AOPs) has attracted many researchers
to study AOPs as an additional method for NOM removal. This involves the use of
oxidants such as ozone (Os), hydrogen peroxide (H202) and ultraviolet (UV) light
and many others (Sillanpaa et al., 2018). Given the complex structure of NOM
fractions, highly effective hydroxyl radicals are formed in high quantities from AOPs,
especially when a combination of the oxidants are used (lke et al., 2019). The
produced hydroxyl radicals degrade NOM compounds into simpler products such
as easily biodegradable carboxylic acids (Miklos et al., 2018; Ahn et al., 2017).
However, a huge concern was expressed on the operational costs of AOPs and the
generation of oxidation by-products, which poses adverse health impacts when
AOPs are used for the removal of NOM (Cai & Lin, 2016; Ike et al., 2019). Complete
oxidation of NOM by AOPs has apparently not yet been achieved and research on

new and cost-effective technologies is still continuing (ke et al., 2019).
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Chlorine is one of the most used disinfectant for the deactivation of pathogens in
water, due to its cost effectiveness and prolonged disinfection in distribution
networks arising from residual chlorine. Nonetheless, the production of disinfection
by-products caused by the reaction of NOM with chlorine is a concern (Nakada et
al., 2019). For this reason, the removal of NOM prior to chlorination is critical. Ozone,
a strong oxidizing agent is used in the pre-treatment step in conventional water
treatment plants to improve NOM removal in the coagulation stage (Bu et al., 2019).
Nevertheless, the production of hydroxyl radicals by ozone has been reported to be
very low, and many researchers opt for some type of a combination process
involving the use of ozone and other oxidants (Lamsal et al., 2011; Lue et al., 2018;
Wang et al., 2019). However, the cost that is associated with a combined oxidation

process is relatively high.

2.4.4 Membrane Technology

A membrane is a thin film of semi-permeable material that allows specific
substances to pass through under pressure while rejecting others (Giwa et al., 2019;
Zahid et al., 2018). Membranes are made of polymeric or ceramic materials (Alenazi
etal., 2017; Vera et al., 2017). Membranes are increasingly used for the removal of
micro-organisms, particulate organic matter, organic substances and many other
pollutants (Madhura et al., 2018; Ngombolo et al., 2018). Membrane processes (e.g.
reverse osmosis, nanofiltration, ultrafiltration and microfiltration) provide an
alternative method for the removal of organic and inorganic contaminants from water
and wastewater (Motsa et al., 2018; Sakarinen, 2016). In the past, membrane
technology was used as a refining step to remove pathogens from water. However,
increasing concerns regarding the presence of NOM in raw water has led to this
technology being considered as a treatment option for NOM removal from drinking
water (Chang et al., 2019; Shao et al., 2019). Nevertheless, NOM is a major foulant
that causes a massive permeate flux reduction during membrane filtration
processes, especially for denser membranes such as ultrafiltration and
nanofiltration (Yu et al., 2018). NOM and other low molecular weight compounds
tend to accumulate either on the membrane surface to form a cake layer or inside
the membrane pores resulting in clogging of the membrane (Deng et al., 2019) (see
Figure 2.5).
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Figure 2.5: A schematic illustration of membrane fouling mechanism caused by
NOM (Cui & Choo, 2014): (a) NOM particles inside the membrane pores; (b)
Accumulating of NOM particles on the surface of the membrane; and (c) NOM

bridging other particles on the membrane surface.

Any fouling or clogging of the membrane would require frequent cleaning either
chemically or through backwashing. The cleaning results in increased operational
costs and shortening of the lifespan of the membranes (Yu et al., 2019). The
hydrophilic fraction of NOM is reported to be a major membrane foulant due to its
low molecular weight, as it easily accumulates on the membrane pores (Yamamura
et al., 2014, Alresheedi et al., 2019). Therefore, pre-treatment of NOM containing
water is necessary prior to membrane filtration to mitigate fouling (Jepsen et al.,
2018). Such a pre-treatment step may include the addition of chlorine or activated
carbon to reduce NOM fractions in raw water (Xing et al., 2019; Yu et al., 2019).

Ceramic membranes are types of membranes which are gaining interest in the water
industry for NOM removal. Although ceramic membranes have been successfully
used for NOM removal, the high costs generation from ceramic components
(Urbanowska & Kabsch-Korbutowicz, 2014) and the ease with which they break limit
their full-scale application (lorhemen et al., 2016; Lee & Kim, 2014). Therefore, a

need exists for membrane surface modification strategies targeted towards the
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improvement of anti-fouling properties of these membranes while retaining good

separation capacity.

Graphene oxide (GO) modified membranes have attracted attention as an
alternative method for NOM removal. You et al. (2018) have obtained a 100 % NOM
rejection while maintaining a high-water flux in GO-membrane based laboratory
scale set-up. Although no fouling of the membranes was found to occur in the short-
term, further studies to determine the long-term fouling of the membranes still needs
to be carried out. Moreover, the high cost of GO materials, which are known to
increase the overall water treatment cost have led to GO-modified membranes not
being commercially available (Zhao et al.,, 2019). Such limitations suggest the
research and development of advanced techniques for the removal of NOM sitill
need to be undertaken. To this end, attempts at the development of membranes
modified with multi-walled carbon nanotubes have successfully led to 79 % NOM
removal from water (Hudaib et al.,, 2018). Membrane modification using
microorganisms to improve the removal of pollutants from water has drawn attention

by many researchers in the water industry.

The incorporation of biocatalytic molecules such as fungal enzymes on the
membrane surface to fabricate biocatalytic membranes for high and improved
pollutants removal efficiency is increasingly gaining the interest of researchers
(Vitola et al., 2016). Biocatalytic membranes offer high permeate flux, high removal
of pollutants and can tolerate wide ranges of pH and temperature conditions.
Enzymes incorporated on or into the membrane matrix are apparently more stable
than free enzymes (Li et al.,, 2018). Most importantly, biocatalytic membranes
provide high chances of reusability (Ren et al., 2018). The production of lignolytic
enzymes such as laccase, manganese peroxidase, lignin peroxidase and many
others by white rot fungi (WRF) species offers a potential solution for the removal of
NOM. WRF has been reported efficient in the degradation of organic substances in
water and wastewater (Solarska et al., 2009; Zahmatkesh et al., 2016; Zahmatkesh
et al., 2017). WRF are the most promising biological agent that can be used for

improving the quality of water laden with NOM.
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2.5 White rot fungi (WRF)

WREF are organisms that occur naturally and belong to the Basidiomycetes group of
fungi that completely degrade wood components such as lignin through their
secondary metabolism (Asif et al.,, 2017). As a result, WRF offers a potential
environmentally friendly and cost-effective solution for NOM biodegradation and
removal (Zhang et al., 2017). Lignin is a complex polymer that gives plants their
structural support. Lignin has different structural components consisting of a mixture
of aromatic alcohols, monolignols and hydroxycinnamyl alcohols (Figure 2.6)

obtained mostly from wood (Detta et al., 2017).

H3C O,

Lignin)

Figure 2.6: Structure of lignin (Pollegioni et al., 2015).

Lignin structure is similar to that of organic matter. Moreover, lignin serves as a
second source of NOM found in terrestrial ecosystems as it contributes about 20 %
of soil organic matter (Khatami et al., 2019). As shown on Figure 2.7, the change
of wood from brownish to white colour is ascribed to the degradation of lignin by
WRF such as Phanerochaete Chrysosporium, a WRF that grows by forming flat
attached reproductive fruiting bodies instead of a mushroom structure (Hervé et al.,
2016; Rekik et al., 2019). WRF occur mostly in Eucalyptus trees under moist
conditions and can withstand a variety of temperature and pH conditions (Negrao et
al., 2014).
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Figure 2.7: A picture of WRF Phanerochaete chrysosporium growing on rotting

wood.

2.5.1 White rot fungi species and conditions for enzymes production

WRF species are widely used for the biodegradation of a wide array of pollutants in
water and concentrated wastes. These species are preferred over other organisms
such as bacteria since they can withstand high levels of contaminants during
degradation (Rodriguez-Couto, 2017; Mir-Tutusaua et al., 2018). In addition, they
are not dependent on climatic condition and do not require preconditioning to a
pollutant (Rodriguez-Couto, 2017; Mir-Tutusaua et al., 2018). WRF species tolerate
broad range of ecological conditions and use available lignocellulosic materials as
nutrient source (Rodriguez-Couto, 2017; Mir-Tutusaua et al., 2018). Moreover,
during their secondary metabolism, they can produce lignolytic enzymes, mainly
lignin peroxidase (LiP), manganese-dependent peroxidase (MnP) and laccase (Hu
et al., 2017). Lignolytic enzymes are oxidative enzymes produced by fungi and
bacteria, and they catalyse the breakdown of lignin (Bugg et al.,, 2011). These
enzymes can breakdown a wide range of contaminants to carbon dioxide and water
(Grinhut et al., 2011). The production of the enzymes by WRF depends on the
growth conditions provided such as temperature, pH, humidity and the availability
of nutrients such as carbon and nitrogen (Collado et al., 2019). Table 2.1 indicates
the production conditions of lignolytic enzymes by WRF species. Amongst WRF

species, Phanerochaete chrysosporium, Trametes versicolor, Pleurotus eryngil,
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Phlebia suserialis, Phanerochaete sordida and Bjerkandera adusta are mostly
studied for bioremediation of organic pollutants (Senthilkumar et al., 2014;
Vobérkova et al., 2018; Lee, 2005; Solarska et al., 2009).
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Table 2.1: WRF species, growth conditions and enzyme produced

Pleurotus ostreatus

Lentinula boryana

Bjerkandera adusta

Pleurotus pulmonarius
Pleurotus eryngii (DC)
gillet (MCC58)
Phanerochaete
chrysosporium (ATTC
20696)

Ganoderma Leucidum
Pleurotus sajor-caju

Trametes versicolor

26

20

30

30

29

30

35

26

30

5.0

5.3

5.6

6.0

4.5

4.5

4.5

Potato  peel

waste

Corn cob
meal

Potato
dextrose
broth

Corn cob

Grape waste

Dextrose

Corn cob
Rice husk
Wet apple

residues

Laccase

MnP

LiP

MnP

MnP

LiP

Laccase

Laccase

MnP

MnP

LiP

LiP

Laccase

Laccase

MnP

6708.3 + 75 U/L

2503.6 + 50 U/L

231.2+9 U/L

20 U/L

0.31 U/mg

0.19 U/mg

270 U/L

2247 £ 75 U/L
2198.44 + 65 U/L
88.5 U/L

541.0 U/L

2807 U/mL
45 U/L
4.12 +0.36 U/g

0.89 +0.06 U/g

17

25

20

10

15

Ergun & Urek (2017)

Hermann et al. (2013)

Bouacen et al. (2018)

Tychanowicz et al. (2008)

Akpinar & Urek (2012)

Wang et al. (2008)

Mehboob et al. (2011)

Ang, 2013

Landolo et al. (2011)
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2.5.2 Application of WRF enzymes for the biodegradation of organic matter

The degradation of NOM in wastes using WRF was investigated by Lee, (2005)
using two types of WRF species (Phanerochaete chrysosporium, Trametes
versicolor) and yeast Saccharomyces in laboratory cultured strains. NOM
degradation ranged from 37 %-73 %, which was attributed to the activity of enzyme
laccase and manganese-dependent peroxidase produced by the two WRF species,
was observed Lee, (2005). A very poor NOM degradation efficiency of 12 % was
observed from the yeast Saccharomyces, which agreed with findings by Solarska
et al. (2009), was achieved (Lee, 2005). Using experiment involving potable water
contained in shake flasks culture without supplements, Solarska et al. (2009) have
studied the potential of WRF species to degrade NOM in potable water. To this end,
high NOM removal efficiency rates amounting to 65 %, which were ascribed to the
activity of the Bjerkandera adusta species, were reported (Solarska et al., 2009).

Enzyme laccase produced by WRF species have been reported to be the most
effective enzyme in the degradation of humic acid (HA) in liquid and solid media
(Zahmatkesh et al., 2016). The potential of laccase produced by different WRF
strains was investigated to remove HA by monitoring the change in HA
concentration and molecular size distribution (Zahmatkesh et al.,, 2016).
Degradation of HA was reported to be 80 %, due to the action of the laccase enzyme
(Zahmatkesh et al., 2016). The presence of other constituents in WRF growth media
reduce the production of enzymes. The impact of heavy metals such as copper,
manganese and cobalt on the growth and enzymes activity for the bioremediation
and removal of organic contaminants was investigated by Asif et al. (2018). When
present in high concentrations, these heavy metals hinder the growth of WRF thus
impacting its potential to produce lignolytic enzymes, which are able to degrade

organic compounds found in water and wastes.

It is clear from the studies mentioned above that there is great potential in using the
appropriate WRF species for the degradation and removal of organic compounds
such as NOM.
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2.5.3 Mechanism of lignin-degrading enzymes

Lignolytic enzymes are profoundly oxidative in nature and degrade lignin by the one-
electron oxidation reaction due to the production of free radicals, which experience
further natural reactions (Karigar & Rao, 2011; ljoma, 2016). The availability of
limiting nutrients such as carbon and nitrogen source enhances the production of
lignolytic enzymes by WRF (Ma et al., 2018). Lignin decomposition permit the fungal
species to use cellulose and hemicellulose as their carbon and energy sources
(Wen & Li, 2009). Lignin degradation results in the formation of water-soluble
compounds which are then mineralized to form carbon dioxide (Singh & Chen,
2008).

2.5.3.1 Lignin peroxidase (LiP)

Lignin peroxidase (EC 1.11.1.14) is a heme containing peroxidase enzyme that
utilizes hydrogen peroxide (H202) to oxidize non-phenolic aromatic compounds such
as veratryl alcohol (VA) to produce cation radicals (Bilal & Igbal, 2019). Since this
type of enzyme is more powerful than other peroxidases, it oxidizes not only phenols
but a wide range of non-phenolic and aromatic compounds such as methoxylated
benzenes and benzyl alcohols, which have similar structures as lignin (Falade et al.,
2017). The activity of LiP is usually assayed by the addition of H202 which oxidizes
veratryl alcohol (3,4-dimethoxybenzyl alcohol) to veratraldehyde (Rubilar et al.,
2008). The ultraviolet (UV) absorbance of LiP is usually determined at 310 nm.

As indicated by Figure 2.8, the oxidation mechanism of LiP occurs in a cyclic
process whereby the transfer of electrons comprises the use of H202 to oxide Fe
(1) enzyme to LiP compound (Mester & Tien, 2000). The oxidation process begins
with the production of two-electrons in compound I, which then results in the
reduction of one-electron of VA. Thereafter, compound | eliminates one electron
from VA, which serves as the donating substrate, thus causing the production of
reduced compound Il and intermediate cation radical. Compound Il is then oxidized
by the second molecule of VA through one electron transfer resulting in the
production of another cation radical intermediate and the resting state of LiP. The
produced cation radical naturally breaks into smaller components. With excess H20:2
and VA, compound Il can then be oxidized to compound Ill, which can be oxidized
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further into the natural state of LiP (Alneyadi et al., 2018). Furthermore, compound
[Il can be inactivated if there is any excess H202. However, any presence of VA
inhibits the inactivation process by giving out VA+ intermediate, which results in the
reduction of compound Il to its natural state (Alneyadi et al., 2018).
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compound |
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Figure 2.8: Represent the oxidation mechanism of lignin peroxidase (LiP)
whereby AH represent an electron-donor substrate, A+ represents a cation
radical and VA+ represents VA radical cation (Wan & Li, 2013).

2.5.3.2 Manganese-dependent peroxidase (MnP)

Manganese-dependent peroxidase (EC 1.11.1.13) is also a heme-containing
peroxidase, and the oxidation process involving this enzyme is similar to that of LiP,
with the presence of Mn?* being a crucial substrate (Bansal & Kanwar, 2013; Li et
al., 2019). MnP utilizes H202 as an oxidant to oxidize Mn?* to Mn3*, which then
oxidize many phenolic compounds to phenoxyl radicals (Wang et al., 2018). The UV
absorbance of MnP in a reaction mixture using H202 as an oxidant is recorded at a
wavelength of 350 nm (Duan et al., 2018).
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The oxidation cycle of MnP involves the binding of H202 to the natural state of ferric
enzyme and the production of iron peroxidase compound as illustrated in Figure 2.9
(Xu et al., 2017). In this cycle-step, two electrons are transported from heme to bind
with oxygen-oxygen bond in the peroxide to produce MnP compound | (Nousiainen
et al.,, 2012). Mn compound Il is then formed when MnP compound | is reduced
together with Mn3* from Mn?* thus resulting in the reproduction of natural enzyme
when water molecules are released (Wang et al., 2018). Inactivation of MnP can be
reserved together with the production of compound Il when the concentrations of
H20:2 is high. Mn3* is then released from the surface of the enzyme into the nearby
environment (Nousiainen et al., 2012). The released Mn3* then oxidizes lignin and
many other compounds; the Mn3* serves as a low molecular mediator for phenolic

compounds degradation (Datta et al., 2017; Kuhar et al., 2016).

H,0, H,0
Kj . [MnP]-*Fe(IV) MnP |

(compound|)

[MnP]-Fe(1l1)
Ferric MnP

Catalytic reaction of MnP

A [MnP]-Fe(IV) MnP II A
(compound Il)

Figure 2.9: Oxidation cycle of MnP (Datta et al., 2017).

The incubation conditions of WRF to produce MnP enzymes differ from species to
species. MNP enzymes produced by Trametes pubescens strain i8 isolated from
camphor wood was investigated for its ability to decolourize dyes (Rekik et al.,
2019). The enzyme was found to have a molecular mass of 55.2 kDa, at optimised
incubation conditions of pH 5 and 40 °C. The catalytic efficiency of MnP produced
by Trametes pubescens strain i8 was compared with that of the MnP produced by
other WRF. Results generated by Rekik et al. (2019) have shown that MnP
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produced by Trametes pubescens strain i8 has higher catalytic efficacy than MnP
produced by other WRF species. Kong et al. (2016) have reported a higher efficacy
of MnP produced by Echinodontium taxodii 2538 at an optimised incubation of pH
3.5 and 55 °C. This proves that the type of species producing the enzyme and their

growth conditions differ.

2.5.3.3 Laccase

Laccase (EC 1.10.3.2) is an enzyme consisting of blue copper atoms that can only
catalyse the oxidation of phenolic compounds to phenoxyl radicals due to its low
redox potential (Vivekanandam et al., 2014). Laccase is the most widely studied
WRF enzyme for the biomineralization of phenolics and non-phenolic compounds
due to its eco-friendly benefits (Yang et al., 2015; VrSanska et al., 2017; Ren et al.,
2018; Unuofin et al., 2019).The production of Laccase differ from fungus to fungus
especially those related with wood rot (Asadgol et al., 2014; Allard-Massicotte et al.,
2017). The oxidation of complex substrates by laccase can be increased through
the addition of mediators such as 1-hydroxybenzotriazole (HBT) and 2.2-azino-bis
3-ethylbenzothiadine-6-sufunic acid (ABTs) (Moilanen et al., 2014; Christopher & Ji,
2014; Perna et al., 2018).

Laccase contain four or more copper atoms that are responsible for the oxidation of
phenolic substrates through the reduction of oxygen to water as the final product
(Kumar et al., 2018; Monssef et al., 2016). Oxygen is used as an electron acceptor
for the conversion of phenolic compounds to phenoxy radicals (Batal et al., 2015).
The four copper sites can be categorized into three types namely; type 1 (T1), type
2 (T2) and type 3 (T3) (Jones & Solomon, 2015). Laccase is only able to oxidize
phenolic compounds, which are much smaller and therefore able to access the
active site at the centre of the enzyme (Bagewadi et al., 2017). The blue colour of
the enzyme is due to Tl where the substrate oxidation occurs and can be
characterized using UV absorbance of 610 nm (Agrawal et al., 2018). T2 is
colourless and it does not have strong absorption elements. For this reason, T2 is
closely positioned to T3 copper site forming a trinuclear centre-like shape where
oxygen molecules are reduced to water molecules (Wang et al., 2015). T3 copper
sites are usually in pairs (T3 and T3"), which are not easily detectable in the visible
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regions of the spectrum. However, in some cases T3 can be detected at a

wavelength of 33 nm (Agrawal et al., 2018).

Generally, the oxidation of substrates occurs at the T1 copper site and the oxygen
reduction into water molecules take place at T2 and T3 copper sites (Wang et al.,
2015). The cycle of laccase substrate oxidation is depicted in Figure 2.10. The
substrate is oxidized such that Cul lose one electron to form free radicals, which
can further perform oxidation. The lost electron from Cul is transferred via His-cys-
His motif to Cu2/Cu3 sites where oxygen molecules are reduced to water molecules.
One oxygen molecule to two water molecules is escorted by the oxidation of four

molecules of substrate (Mate & Alcalde, 2017).

OH

4e+4H*
4x

4x

2H,0

Figure 2.10: Reaction mechanism of enzyme laccase (Wang et al., 2015).

2.6 Immobilisation of lignin-degrading enzymes on membrane surface

It is vital to ensure the stability of enzymes that are used for degradation purposes.
Free enzymes are not stable at high temperatures and pH conditions (Jochem et
al., 2011). Therefore, immobilisation of enzymes onto a support offers the best way
for ensuring enzyme stability and reusability. Immobilisation of the enzyme is
achieved by introducing the enzymes on or inside a suitable support material (Deska

& Konczak, 2019). However, proper use of support materials, techniques and
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operational conditions is essential. As indicated by Figure 2.11, immobilisation can

be divided into three main methods namely:

Binding of enzymes into a support or carrier. This type of immobilisation can
occur physically through interactions of van der Waals forces, ionic or the
binding of the support and enzymes covalently (Taheran et al., 2017). When
enzymes are physically attached to a support, the interaction is weak.
Therefore, escape of the enzymes can easily occur whereas ionic and
covalent binding of the enzyme on the support material is much stronger
because the enzymes are kept on the support under severe conditions
(Sheldon & Pelt, 2013).

Entrapment involves encapsulating the enzyme inside the matrices of a
material or support such as inorganic or organic polymers (Sirisha et al.,
2016). This type of immobilisation involves preparing the polymer with the

enzymes.

Cross-linking involves the use of bifunctional reagent to form cross-linking
bonds between the enzymes. For instance, Li et al. (2015) cross-linked Ca-
alginate particle with peroxidases produced from WRF species Trametes
versicolor. However, high loading of enzymes should be avoided as it would

results in the loss of enzyme activity (Sheldon & Pelt, 2013).
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Figure 2.11: Methods of enzyme immobilisation on a support material adapted
from Sheldon & Pelt, (2013).

The support material for enzyme immobilisation can be resins, biopolymers,
inorganic or organic membranes (Jun et al.,, 2019). Bilal et al. (2018) reviewed
different materials such as nanofibers, nanoparticles, polymeric membranes and
many others for the immobilisation of peroxidase enzymes. Simon-Herrero et al.
(2019) immobilised laccase enzyme on polyamide aerogels for the removal of
pharmaceuticals compounds from wastewater. Most researchers prefer to use
polymeric materials independently or incorporated with nanoparticles because they
provide a variety of barrier structures and properties, the energy requirement is low
and the operational scale-up can be easily changed (Zdarta et al., 2019; Qiu et al.,
2019; Xu et al., 2018; Costa et al., 2019). It should however be noted that the
resultant membranes should be strong enough to withstand high mechanical forces
as well as high temperature conditions and pH. The active site of the membranes
should be modified using certain functional groups to allow the binding of enzymes
on the membrane surface (Sarma et al.,, 2018; Barrios-Estrada et al., 2017).
Moreover, the functional groups introduced on the membrane surface should be
controlled in such a way that the activity of the enzymes is maintained (Jochems et
al., 2011). The immobilised enzyme on the membrane can be used in an enzymatic
membrane reactor (EMR) whereby the feed is transferred across the membrane
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whereas the enzymes are retained on the surface of the membrane with the product

being produced.

2.7 Membrane bioreactors (MBR) in water treatment

Membrane bioreactors (MBR) are systems that combine membrane filtration

processes such as microfiltration or ultrafiltration with a biological water or

wastewater treatment (Xiao et al., 2019; Ma et al., 2018). MBR systems are applied

according to two main configurations namely:

1)

2)

Submerged (Figure 2.12), which involves placing the membrane modules
inside the reactor. This type has several benefits such as being less costly
due to low energy and low operational pressure, good permeability, less
sensitive to variations in wastewater characteristics (chemically stable) and
minimal flow instabilities. However, it suffers from some drawbacks such as
low membrane flux, more membrane area requirement, difficult to extend and

more frequent backwashing for membrane cleaning (Mutamim et al., 2012).

External (Figure 2.12), whereby the membrane modules are located outside
the reactor and feed recirculation occurs in the reactor. Advantages
associated with this set-up includes high membrane flux, easy to extend, less
area requirement and less frequent cleaning of the membranes. The
disadvantages include high sensitivity to variations in wastewater
characteristics, increased power consumption, high membrane pressure and

more expensive (Aslam et al., 2017).
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Figure 2.12: Typical MBR process configuration.

2.7.1 Applications of MBR

MBR have been widely used and have proven effective in removing pollutants from
drinking water and wastewaters of (e.g. domestic, industrial and agricultural origin)
(Tian et al., 2008; Bernal et al., 2017; Arriaga et al., 2016; Quist-Jensen et al., 2015).

Main industrial wastewater emanates from chemical, textile, tannery, food and paper
industries (Fazal et al., 2015; Alighardashi et al., 2017). These activities lead to the
generation of unsaturated fatty acids and chlorinated resin acids, which cause
undesirable aesthetic problems such as colour (Erkan et al., 2017; Ashrafi et al.,
2015; Johansson et al., 2012). Wastewater generated from textile industry
contributes to pollution of water sources as large amounts of toxic and polluted
wastewater containing inorganic and organic pollutants are generated from the use
of dyes and finishing of agents (Badani et al., 2005; Lorena et al., 2011;
Jegatheesan et al., 2016). MBR systems have been found effective in the treatment
of textile wastewater (Niren & Jigisha, 2011). The food production industry utilizes
large quantities of water for irrigation, livestock operation and food processing.
Water reclamation methods from agricultural waste such as forward osmosis and
membrane distillation was reviewed by Quist-Jensen et al. (2015).

Domestic wastewater is also reported to be rich in micro pollutants, which are
released into surface water sources thus resulting in water pollution (Assayie et al.,
2017; Arriage et al., 2016; Ozkan et al., 2017). Therefore, the development of
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alternative methods that can remove pollutants from domestic wastewater prior to
discharge is required. Over the years, potential application of MBR, at pilot or large
scale, for municipal wastewater treatment have increased tremendously, (Bernal et
al., 2017; Ma et al., 2018; Besha et al., 2017). Although most water treatment
companies rely on conventional water treatment processes to remove specific types
of pollutants found in drinking water sources, these processes are not efficient to
remove total organic content of the pollutants found in water (Tian et al., 2008; Khan
et al., 2018). MBR technology is currently being implemented as an alternate to
traditional water treatment processes due to its several benefits over traditional

treatment processes.

2.7.2 MBR studies

The use of MBR coupled with WRF species have previously been used for the
bioremediation of a wide array of organic contaminants (other than NOM) present
in wastewater (Wang et al., 2014). Bioreactors have found application in different
sectors of the industry such as bioremediation of industrial waste, food wastes, trace
organic compounds (TrOCs) and dyes (Burton et al., 2004; Thorulsley, 2015; Agtas
et al., 2016). The effectiveness of membrane distillation coupled with enzymatic
membrane bioreactor for the degradation of selected TrOCs in synthetic wastewater
was studied by Asif et al. (2017) using two separate and combined catalysts (viduric
acid and syringaldehyde). Findings indicated that high removal efficiency was due
to dosing the catalysts separate compared to when combined (Asif et al., 2017). The
coupling of the two systems (membrane distillation and enzymatic membrane

bioreactor) improved the removal of the organic compounds under investigation.

Nguyen et al. (2013) has also investigated the degradation and removal of TrOCs
two MBRs operated under the same experimental conditions, namely: one with
enzymes produced by WRF species Trametes versicolor and activated sludge, and
another with just activated sludge. An increase in biodegradability was only
observed for the mixed MBR because of the added redox-mediator 1-
hydroxybenzotriazole (HBT) (Nguyen et al.,, 2013). Fungal MBRs were also
investigated by Yang et al. (2013) by comparing the removal of bisphenol A and
diclofenac with pure culture of WRF Trametes versicolor in batch and continuous
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systems operated under non-sterile conditions. High removal of the organic
compounds was observed in a batch system due to degradation by WRF enzymes
when compared with continuous addition of conventional bacteria to the MBR
system. However, poor removal of diclofenac was observed in batch tests; this could
be due to diclofenac not adsorbing onto the biomass and insufficient retention time
that allows biodegradation. A case study comparing the performance of fungal MBR
and photocatalytic membrane reactor in the removal of carbon oxygen demand
(COD) and colour from industrial textile wastewater was investigated by Deveci et
al. (2016). The fungal MBR contained WRF Phanerochaete Chrysosporium and the
photocatalytic membrane reactor was exposed to ultra-violet light using titanium
dioxide and zinc oxide as photo-catalysts. The two systems were operated single or
as a combined use system. Overall, the combined systems achieved high removal

percentages of COD and colour compared to the single use system.

The degradation of NOM present in surface water was also investigated using a
photocatalytic reactor in the presence of nanocomposites such as titanium oxide
(Sun et al., 2014). Whereas high degradation of hydrophobic fraction of NOM was

reported, very little degradation of the hydrophilic fraction was achieved.

It is apparent from the studies reported above that most of the studies were carried
out on degradation of TrOCs in MBR systems using different types of WRF species.
However, very little has been reported on the direct use of enzymes for NOM
degradation, and knowledge on the behaviour and performance of these enzymes
in the degradation of NOM is limited. Furthermore, the performance of these
enzymes when infused in polymeric membranes has not been sufficiently studied.
For this reason, this work seeks to study the biodegradation of NOM in water using

an enzyme-modified membrane.
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2.7.3 Factors affecting MBR performance

2.7.3.1 Feed composition

The organic load in the feed tank affects the removal efficiency, growth and activity
of micro-organisms; therefore, organics compounds are consumed by the
organisms as a source of food (Boonyungyuen et al., 2014). In this regard, the food
to micro-organism ratio is a critical factor in MBR operation and should be calculated

accordingly whether in a submerged or side stream system (Wei et al., 2014).

2.7.3.2 Hydraulic retention time (HRT)

Another important factor in MBR operation is HRT, which is the average period
taken by a compound to remain in the feed tank or reactor before it leaves the tank
(Tavana et al., 2019). Studies suggest that less HRT would result in low removal
efficiency due to less contact time that the pollutants have with the micro-organisms
(Sambusiti et al., 2019). It is therefore vital to note the HRT for the removal of
contaminants in the feed. This would allow the organisms to have enough time to
adsorb the organics before leaving the reactor. Moreover, the volume of the feed
tank directly influences HRT. For instance, a bigger tank volume would have a
higher HRT. Other researchers recommend an HRT of 5 to 10 hours (Judd, 2011);
however, as already mentioned, HRT depends on the volume of the reactor.
Hemmati et al. (2012) investigated the effect of different HRT on membrane fouling
and the removal of phenols and chemical oxygen demand (COD) from wastewater.
Increasing HRT from 8 h to 12 h led to a reduction in fouling and a high phenols and
COD removal efficiencies of 99 % and 96 %, respectively.

2.7.3.3 Aeration rate

The supply of oxygen in the feed tank in MBR by aeration is important as some
micro-organisms require oxygen for them to survive especially aerobic organisms.
lorhmen et al. (2016) have reported that an increase in the rate of aeration reduces

membrane fouling since it allows the disruption of cake layer formed on the
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membrane surface; however, increasing the rate of aeration results in high
operational costs due to high energy usage. Makisha & Nesterenko (2018) have

suggested an aeration rate of between 0.2 to 1.3 m? /h for a 1 m? area of membrane.
2.7.3.4 Temperature

As already mentioned, the growth of micro-organisms depends on temperature
conditions and the availability of nutrients. Therefore, the activity and growth of
micro-organisms is greatly influenced by the temperature (Calderén et al., 2012). In
MBR, it has been reported that low temperature was responsible for a reduction in
permeate flux, which in turn affected the transmembrane pressure (Arévalo et al.,
2014).

2.8 Conclusion

NOM in water has persisted over decades and is responsible for the formation of
various undesirable compounds produced upon reaction with disinfectants. A review
of literature presented herein has highlighted several ways of characterizing the
nature of NOM, its impact on the drinking water treatment process and several
removal methods. The currently available methods for NOM removal have been
reported to be time consuming and not cost effective. Amongst conventional
treatment processes, coagulation-flocculation have been recognised as the most
promising process for NOM removal. However, in order to achieve complete NOM
removal from water, optimisation of the process such as coagulant dose and pH is
often required. Biocatalytic processes implemented in bioreactors have presented
promising alternatives for the effective degradation of NOM with improved properties
such as NOM removal efficiency. Therefore, this work seeks the use of biocatalytic

membrane for the degradation of NOM in water.
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

3.1 Introduction

This chapter discusses the materials and methods used for the preparation of
ultrafiltration polymeric membranes and methods on the collection of white rot fungi
isolates, and preparation of fungal inoculum. In addition, water samples and analysis

are also discussed in this chapter.

3.2 Reagents and Materials

All chemicals used in this study were used without any further purification. The
following chemicals were purchased from Sigma-Aldrich (Johannesburg, South
Africa): polyethersulfone (PES), polyethylene glycol (PEG) BioUltra 400 Da,
1-methyl-2-pyrrolidone (NMP) (=99.5 vol %), were used as a polymer, poreformer
and solvent respectively. Humic acid (HA), Bovine serum albumin (BSA) (>96 %)
and acid blue dye (45 % dye content) were used as model compounds for
membrane rejection experiments. Sabouraud Dextrose Broth (SDB) was used for
the growth of fungal isolates for identification using Matrix Assisted Laser Desorption
lonisation- Time of Flight Mass Spectrometry (MALDI-TOF). Absolute ethanol (100
%), formic acid (70 %), acetonitrile (ACN) (50 %) and nitrilotriacetic acid (=299.0 %)
were used as reagents for sample preparation for fungal identification using MALDI-
TOF biotyping. Guaiacol (298.0 %) was used as substrate for the screening of
lignin-degrading enzymes. Hydrogen peroxide (H202) and veratryl alcohol or 3.4-
Dimethoxybenzyl alcohol ((CH30)2CeHsCH20H) (299.0 %) were used for the
determination of peroxidases activity. Potassium hydrogen phthalate (CsHsKOa4)
(299.95 %), sodium hydroxide (NaOH) (=98.0 %) and hydrochloric acid (HCI) (=37.0
%) were used in preparation of HA stock solution. Potassium dihydrogen phosphate
(KH2PO4)
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(298 %), magnesium sulfate heptahydrate (MgSO4.7H20) (299.0 %) , calcium
chloride (CaClz) (293.0 %), ammonium sulfate ((NH4)2S0O4) (299.0 %), magnesium
sulfate (MgSOa4), (299.5 %), manganese sulfate (MnSO4 )(= 99.0 %), sodium
chloride (NaCl) (299.5 %), ferrous sulfate heptahydrate (FeSO4.7H20), cobalt(ll)
sulfate (CoSOa4), zinc sulfate (ZnSO4), copper(ll) sulfate pentahydrate
(CuS04.5H20), aluminium potassium sulfate (Alk (S04)2), boric acid (HzBOs3),
ammonium molybdate tetrahydrate ((NH4)sM07024), biotic, folic acid (C19H19N7Os)
(297.0 %), thiamine hydrochloride (HCi2H17ON4SCl2), Riboflavin (Ci7H20N4Os),
pyridoxine hydrochloride (CsHi12CINO3s), cyanocobalamine (Ce3HssCoN14014P),
nicotinic acid (CsHsNO2), DL-calcium pantothenate (CisH32CaN2010), p-
aminobenzoic acid, thioctic acid (CsH1402S2), hydrogen peroxide (H202), sodium
acetate (C2HsNaO2), sodium tartrate (C4sHsOsNaz) and citric acid (CeHsO7) were
used to prepare basal medium for fungal growth. a-Cyano-4-hydroxycinnamic acid
(HCCA) was supplied by Bruker (Sandton, South Africa) and used as matrix for
MALDI-TOF biotyping. The following chemicals were supplied by Ingaba
Biotechnical Industries (Pty) Ltd (Pretoria, South Africa): Sabouraud Dextrose Agar
(SDA) was used as solid media for fungal growth and chloramphenicol was used as
an antibiotic to prevent bacterial growth. Zymo fungal/bacterial research quick DNA
extraction kit, forward and reverse primer internal transcript spacer (ITS1 and ITS4),
master mix, water molecular biology reagent, ethidium bromide, agarose gel and
Tris-acetate-EDTA (TAE) were used for fungal molecular identification. Sodium
acetate (anhydrous, C2HsNaO:2) (299.0 %) was used as a buffer for maintaining the
natural state of the enzymes and 4-hydroxybenzoic acid (4-HOCsH4CO2H) (=99 %)
was used as a substrate for enzyme laccase in immobilisation studies. Purified
crude laccase enzymes from identified isolates, namely D and R as Perenniporia
sp. UOC KAUNP MK 65 and Polyporaceae sp. GMB-2014 voucher MEL: 2382662,

were used for membrane immobilisation.
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3.2.1 Membrane preparation

The membranes reported in this work were prepared through the phase inversion
process depicted in Figure 3.1. Several factors that influence membrane
morphology were investigated during membrane preparation. The dope solution
compositions are presented in Table 3.1. The polymer PES was initially dried in an
oven at 120 °C for 12 h to remove moisture. The dried polymer was then allowed to
cool to room temperature, weighed and added to a previously weighed mixture of
PEG and NMP. The solution was vigorously stirred at approximately 60 °C for at
least 14 h to ensure complete dissolution of the polymer. The dope solution was
then allowed to cool to room temperature and various amounts of ultra-pure water
were added dropwise and under stirring conditions to the dope solution. The
dropwise addition of the water was carried out to determine the influence of water
as a non-solvent on the membrane structure. The resulting solution was stirred for
a further 12 h to allow complete homogeneity to occur and thereafter kept at room
temperature for the degassing processing to complete. Prior to immersion into a
coagulation bath containing ultra-pure water, a manual casting knife and a glass
plate was used to cast the solution. The prepared membranes were kept in ultra-

pure water at 4 °C prior to characterization and testing.
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I Dope solution
Weighing of PES, PEG (PES,PEG, NMP and

Drying of PES and NMP water)

Phase separation Casting of the solution

Figure 3.1: Graphical representation of polymeric membrane preparation via the

phase inversion process.

Table 3.1: Casting solution compositions for the fabrication of membranes
M.1-M.9.

M.1 20 60 20 0
M.2 20 57.5 20 2.5
M.3 20 56.5 20 3.5
M.4 20 55 20 5
M.5 20 44 36 0
M.6 20 38.5 36 5.5
M.7 20 37.7 36 6.5
M.8 22 42 36 0
M.9 22 39.5 36 2.5
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The coagulation bath composition influences the structure of a membrane. Thus, its
effect on membrane performance was determined. The highest performing
membranes in terms of water flux were selected from the first set of prepared
membranes and thus used to study the influence of the coagulation bath
composition on the structure and the performance of the membranes. The

concentration variations of the coagulation bath are presented in Table 3.2.

Table 3.2: Composition of the coagulation bath

NMP v/v.% Water v/v.%
0 100
5 95
10 90
15 85

The third parameter that was studied is the membrane thickness. The following

range of membrane thickness was studied: 150 um, 120 pm, 90 um and 60 pum.

3.2.2 Micro-organisms

3.2.2.1 Sampling sites and sample collection

Fruiting bodies of 18 WRF isolates collected from decaying Eucalyptus trees in the
following four pulp and paper farms were used in this study: (i) Mondi Farm in Piet
Retief (South Africa) (27°06°05.9"S, 31°01°29.7"E); (ii) Montigny Farm near MR 9 in
Nhlangano (Eswatini) (26°59°45.8"S, 31°15°38.0"E); (iii) Goodluck Farm, near
Maseyisini, Nhlangano (Eswatini) (27°06°22.4"S, 31°09°27.0"E); (iv) J.P Robberts
and Sons Plantations (Pty) Ltd Farm, near Nhlangano town (eSwatini)
(27°01°06.0"S, 31°14°07.2"E). The locations of the above-mentioned sampling sites
are shown as A, B, C and D, respectively, in Figure 3.2. The samples were collected
in paper plates and thereafter placed and transported to the laboratories in cooler

boxes at temperatures below 10 °C. The samples were kept overnight at 4 °C in the
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laboratories of the University of South Africa, Science Campus, Florida,

Johannesburg.

@) 26°59'46.9'S
31°15'39.1"E

26°59'45.8"S 31°15'38.0"E 27°06'22.4"S 31°09'27.0"E

Figure 3.2: Satellite imagery showing locations of the four fungal sampling sites.

3.2.2.2 Media preparation, plating and sub-culturing

A selective culture media Sabouraud Dextrose Agar (SDA) was prepared by

dissolving 63.5 g of SDA in 1 L of deionized water. Prior to autoclaving at 121 °C for
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15 min, approximately 0.4 g of the chloramphenicol antibiotic was added to the
media to prevent the growth of bacteria. The media was poured into sterile culture
plates for solidification. Approximately 0.5 x 1 cm fruiting body was sliced using a
sterilized scissor and transferred to the SDA solid media in triplicates and thereafter
incubated at 28 °C for 7 days. The fungi were periodically sub-cultured into fresh
culture media until pure cultures were obtained. The pure cultures were used for
identification and screening of lignolytic enzymes and humic acid. Agar slants were
prepared in 100 ml sterile polystyrene tubes, inoculated with pure cultures and

stored at 4 °C for future use.

3.2.2.3 Primary screening for ligninolytic enzyme activity

Screening was carried out by supplementing 0.1% guaiacol as a substrate for
detecting laccase activity. This screening process was adopted based on the
optimised concentration levels reported for the screening of the lignolytic enzymes
(joma, 2016; Masalu, 2016; Casceillo et al., 2017; Sharma et al., 2017). Actively
growing mycelia was cut from each pure culture and plated into culture plates with
guaiacol, and thereafter incubated at 28 °C for 7 days. Colour change of fungal
colonies was observed around and below the colony surface as an indication of
lignolytic enzymes activity and their ability to oxidize guaiacol. Culture plates that
did not show any colour change were kept in the incubator for a period of 10 days

and thereafter discarded when no colour change was observed.

3.2.3 Screening of fungal isolates for humic acid (HA) removal

3.2.3.1 HA stock solution preparation

HA stock solution was prepared according to the method proposed by Zahmatkesh
et al. (2016). After dissolving 4 g of powdered HA in 200 mL of 0.1 M NaOH, the
resultant solution was stirred at room temperature for 30 min. Purification of HA
solution was carried out by centrifugation for 20 min at 8 000 rpm. The supernatant
liquid was withdrawn and approximately 100 mL of 0.5 M potassium hydrogen
phthalate was added to the supernatant, and pH of the resultant solution was
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adjusted to 4.5 using HCI. The solution supplemented with the buffer was
centrifuged at 8000 rpm for 20 min to remove particulates, and the supernatant liquid
was sucked using a sterile syringe and used as HA stock solution. The stock solution
was filtered (0.45 um) and used for all the experiments.

3.2.3.2 Solid media preparation

Solid media was used to estimate HA decolourization by all the fungal isolates.
Mineral and vitamin solution were prepared with slight modifications according to
the method reported by Kirk et al. (1978). Solution 1 (Mineral) and solution 2
(vitamin) were diluted 5 and 20 folds, respectively. A solution containing a mixture
of (0.2 g of KH2PO4, 0.05 g of MgS0O4-7H20 and 0.01 g of CaClz) dissolved in
deionized water was used as major minerals. The solution was then supplemented
with 100 pL solution 1 (mineral), 26 mM ammonium sulphate as nitrogen source,
100 mL HA stock solution as carbon source and 15 g agar for solidification. These
were mixed in a 1 L bottle with deionized water and the pH of the resulting solution
was adjusted to 4.5 using HCI prior to autoclaving for 15 min at 121 °C. The solution
was left to cool down to room temperature and supplemented with 25 pL filtered
(0.45 pm) vitamin solution. Finally, the media was poured into culture plates (20 x

100 mm) for solidification.

3.2.3.3 Liquid media preparation

To the liquid media containing major minerals (0.12 g of KH2PO4, 0.03 g of
MgS0a4-7H20 and 0.006 g of CaClz) and 2.064 g of ammonium sulphate, 30 mL of
HA stock solution and 60 pL of the solution 1 (mineral) was added in 600 mL of
deionized water, and the pH of the resultant solution was adjusted to 4.5 with HCI
prior to autoclaving for 15 min at 121 °C. The culture media was then supplemented
with 15 pL of solution 2 (vitamin) and the mixture was dispensed into 18 autoclaved

250 mL conical flasks and covered with aluminium foil.
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3.2.4 Humic acid degradation experiments

3.2.4.1 HA solid media pre-screening

Culture plates with solid agar were inoculated by plating using a sterile blade
approximately 1 cm? of actively growing mycelium from pure fungal culture at the
centre of duplicate plates. The plates were then incubated for 15 days at 28 °C in
the absence of light and two uninoculated plates were used as controls. The
diameter of the fungal growth and decolourization of HA on the plates (top, bottom
and vertical) were observed after 4, 7, 10 and 15 days of incubation and were

thereafter analysed for qualitative degradation of HA.

3.2.4.2 HA removal in liquid media

All conical flasks with 30 mL liquid media were inoculated with one piece of
mycelium growth, incubated in an orbital shaker for effective growth and shaken
continuously for 15 days at 28 °C and 150 rpm. A control was uninoculated and
incubated with the samples under similar conditions. After incubation, the content of
the flasks was filtered through glass fiber filters (0.45um) prior to conducting
dissolved organic carbon analysis and ultraviolet visible absorbances to determine

HA removal and degradation after fungal treatment.

3.2.5 Production of enzymes

3.2.5.1 Solid state fermentation

Fungal isolates D and R were further studied for enzyme production in solid state
fermentation (SSF) as they indicated high laccase activity in solid media and HA
removal. SSF is a high enzyme production method whereby solid materials such as
corn corb, corn husk or wheat straw are used as a carbon source for the growth of
micro-organisms in the presence of little liquid media (Ergun & Urek, 2017).
Fermentation was carried out in duplicate in 2 L (isolate R) and 1 L (isolate D)
Erlenmeyer flasks (see Figure 3.3) using corn husks as a carbon source for fungal

growth and little amount of basal media prepared as described by Kirk et al. (1978).
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Firstly, freshly grown cultures of fungi was inoculated into 250 mL Erlenmeyer flasks
containing 100 mL basal medium and incubated for 7 days in duplicates at 30 °C
and 150 rpm. The fungal growth was homogenized by stirring at 2.8 rpm using an
IKA, T25 digital ULTRA TURRAX mixer and poured into 70 g sterilized corn husks
with little amount of basal media and incubated in complete darkness for 21 days at
30 °C. Samples were collected for enzyme assay after 4, 7, 10,15 and 21 days of

incubation.

Growth of fungal inoculum under

shaking condition Mixing of fungal growth

Homogenized fungal
growth poured on sterile
corn husk

Incubation in state
conditions |

Figure 3.3: The solid-state fermentation set-up used in this study.

3.2.5.2 Enzyme Assays

The method for determining enzyme activity was adopted from ljoma (2016) and

used with slight modification.

3.2.5.2.1 Laccase activity

Laccase activity was assayed using guaiacol as a substrate. The increase in
ultraviolet (UV) absorbance at 470 nm was measured as laccase activity at 25 °C

after incubation at 30 °C for 2 minutes. The reaction mixture contained 1.2 mL
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guaiacol, 0.4 mL 100 mM sodium buffer at pH 5, and 0.4 mL crude enzymes. The

reaction mixture was shaken by swirling and UV absorbances were measured.

3.2.5.2.2. Manganese-dependent peroxidase (MnP) activity

MnP activity was determined in a mixture which consist of 0.4 mL of 0.1 M
manganese sulphate, 0.4 mL of 50 mM sodium tartrate at pH 5, 0.6 mL autoclaved
deionized water, 0.2 mL crude enzyme and the mixture was activated by adding 0.4
mL of 5 mM hydrogen peroxide (H202). The UV absorbances of the reaction mixture

were immediately measured at 350 nm after 1 minute at room temperature.

3.2.5.2.3 Lignin peroxidase (LiP) activity

LiP was assayed in a reaction mixture which contain 0.5 mL veratryl alcohol as a
substrate, 0.4 mL of 0.3 M citrate/phosphate buffer at pH 4.5, 40 uL crude enzyme
and 1.26 mL autoclaved deionized water. The mixture was activated by adding 250
puL of 5 mM H202 and UV absorbances were immediately measured at 310 nm at

room temperature.

The activity for all enzymes were calculated using (Equation 1).

EA=2L (1)

where E.A is the enzyme activity (U/mL), A is the absorbance (a.u), V is the total
volume of the reaction mixture (mL), t is the incubation time, ¢ is the enzyme

extinction coefficient and v is the volume of crude enzyme (mL).
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3.2.5.3 Extraction of enzymes

Crude enzymes extraction was carried out after 10 days of incubation by filtering the
content of the SSF flasks using a clean cloth. The solid content was rinsed in 0.1 M
citrate phosphate buffer (pH 5) and filtered .The filtered solution was centrifuged at
4400 rpm for 20 min to remove particulate and assayed for enzyme activity as

previously discussed in Section 3.2.5.2. prior to purification.

3.2.5.4 Enzyme purification

The crude enzymes were purified using ammonium sulfate precipitation method
(Othman et al., 2014). Approximately 80 % ammonium sulfate was dissolved in
isolate R and D solution while stirring overnight at 0 °C. After centrifuging the mixture
for 20 min at 4400 rpm, the supernatant was separated from the precipitate (pellet)
by decanting into sterile 250 mL glass bottles and the supernatant liquid was kept
at 4 °C. The precipitate was homogenized in 30 mL of 0.05 M citrate-phosphate
buffer (pH 6.0) and stored at 4 °C. Prior to being dialyzed, both solutions were

determined for enzyme activity as previously discussed in Section 3.2.5.2.

3.3 NOM Synthetic solution preparation

Synthetic solutions of humic acid (HA) and bovine serum albumin (BSA) of
concentrations of 30 mg/L were prepared by dissolving 0.03 g/L of the pure
substance (HA and BSA) in deionized water and used as the feed for rejection

studies.

3.4 Characterization techniques used in this study
3.4.1 Filtration systems

Cross-flow system (membrane permeability tests)

Pure water flux was measured in triplicates using a cross-flow filtration system at an

operational pressure of 3 bars. The membranes were cut into 8.6 cm length and 3.9
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cm width dimensions (effective membrane area = 0.00354 m?) and assembled
within the cross-flow cells. The membranes were first compacted at 7 bars for 1 hour
to allow for the attainment of a steady flux before collecting the permeate. The water
flux was calculated using (Equation 2) (Li et al., 2016).

Jw=1= )

where Jwis water flux (L.m2.h'1), V is the permeate volume (L), At is the time taken

to collect the permeate (h) and A is the effective membrane area (m?).

Dead-end cell

Rejection studies were performed using a dead-end system at 3 bars. Only high
performing membranes were selected for rejection studies. Solute percentage

rejection for the membranes was calculated using (Equation 3) (Li et al., 2016).

R(%) = Cfc;fc” x 100 3)

where R(%) is the solute rejection, C is the feed concentration (mg/L) and C, is the

permeate concentration (mg/L).

3.4.2 Wettability

Contact angle measurements for all the prepared membranes were performed using
DSA30 Kruss drop shape Analyzer, GmbH (Hamburg, Germany). The aim of
measuring the contact angle was to determine the hydrophilicity of the membranes
prepared. Membrane samples were initially dried for 12 h at 40 °C and thereafter
cut into small pieces on a glass slide prior to analysis using the sessile drop method.
The contact angle was measured by delivering a minimum of 10 water droplets at
different spots or areas across each membrane surface. The average contact angle

value was reported.

3.4.3 Mechanical strength
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The mechanical properties of the membranes were determined using SAXSpace
system (Anton Paar GmbH, Graz, Austria). The membranes were dried for 24 h at
40 °C and thereafter cut into smaller sized membrane samples of 40 x 10 mm
dimensions. The membrane samples were then attached to the measuring stage.
The cross-section area of the membranes was calculated by multiplying the width
and the thickness of the membranes, which were measured using a micrometer.
Each membrane sample was clamped on the sides with an aluminium tensile stage
and stretched at a speed of 0.50 mm/min. Three samples were tested, and the

average value of the tensile strength and elongation was reported.

3.4.4 Scanning Electron Microscopy (SEM)

The morphology of the prepared membranes was studied using scanning electron
microscopy (SEM) (JSM-IT300 Joel, Tokyo, Japan). This microscope is used to
produce 2 dimensional images of a sample by focusing an electron beam which
then interact with the atoms of the samples thus resulting in the production of an
image or composition of the sample (Akhtar et al.,, 2018). To study the
cross-sectional morphology, the membranes were cut into smaller pieces and
dipped in liquid nitrogen for fracturing. After being coated with gold, the fractured
membrane pieces were analysed with SEM. SEM was also used to study the
morphology of all the fungal isolates collected. Relatively small quantities of
mycelium growth from fresh cultures were inoculated into glass plates mounted with
double-sided tape. The samples were coated with an 8 nm gold layer prior to

examination.

3.4.5 Water uptake measurements

Membrane samples were initially cut into a size 5.1 cm? and immersed in
ultra-pure water for 24 h. The membrane samples were then dried by placing
between two layers of paper towel and weighed immediately. The very same
membrane sample was then dried in an oven at 45 °C and weighed again. The water
uptake (%) was calculated using the wet and dry weights of the membrane by
(Equation 4) (Yee et al., 2013).
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Ww-Wd
Ww

Water uptake (%) = ( ) X 100 4)

Where: Ww is the wet membrane weight (g) and Wd is the dry membrane weight

(9).

3.4.6 Matrix Assisted Laser Desorption lonisation-Time of flight/ Time of flight
Mass Spectrometry (MALDI) Biotyper

Fungal identification was carried out using MALDI Biotyper software. This technique
uses a laser energy absorbing matrix that is used as a substrate to assists in the
desorption and ionization of sample ions (Patel, 2019). Samples were prepared by
standard operating procedure using the cultivation method for filamentous fungi.
Mycelium growth from pure culture plates were inoculated in Sabouraud Dextrose
Broth (SDB) media contained in 15 mL Falcone tubes and thereafter cultivated for
3 days in a rotator at 20 rpm. Fungi sediments was let to settle at the bottom of the
tubes for 10 min, harvested and transferred to a 1.5 mL Eppendorf tube before being
centrifuged for 2 minutes at 13 000 rpm. The resultant supernatant was removed,
and 1 mL HPLC-grade water was added to the pellets and suspended by vortexing
for 1 min. The mixture was centrifuged for the second time, and the supernatant was
sucked out. HPLC-grade water (300 pL) and absolute ethanol (900 uL) was added
to the pellets, vortexed and centrifuged for 2 min at 13 000 rpm. The supernatant
was removed, and the pellets were dried at room temperature before adding 70%
formic acid depending on the size of the pellets. An amount of acetonitrile similar to
that of formic acid was added and the resultant solution as mixed prior to
centrifugation for 2 min at 13 000 rpm. The supernatant (1 pL) was pipetted into a
clean MALDI steel target plate and let to dry at room temperature before spotting
HCCA solution (1 uL) on the dried samples and left to dry at room temperature prior

to analysis.
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3.4.7 Molecular characterization of fungal isolates

Genomic DNA extraction was carried out by harvesting fresh mycelium growth from
7-day old cultures grown on SDA media. The fungal DNA was extracted using a
zymo fungal/bacterial research quick DNA extraction kit following the extraction
protocol of the manufacture. Amplification of pure eluted DNA was performed with
polymerase chain reaction (PCR) using primers ITS1 and ITS 4 with the following
sequence: ITS1 (forward) 5-TCC GTA GGT GAA CCT GCG G-3' and ITS4
(reverse) 5-TCC TCC GCT TAT TGA TAT GC-3' (White et al., 1990). The
amplification was carried out in a 25 pL reaction mixture, which contained 12.5 L
master mix, 0.5 puL primers, 10.5 pL water molecular biology reagent and 1 pL eluted
pure fungal DNA. The PCR reaction was run using a BIO-RAD T100 Thermal Cycler.
The PCR protocol began with 1 min denaturation at 95 °C, 35 X amplification cycles
of denaturation at 95 °C for 1 min, annealing at 53 °C for 1 min and extension at 72
°C for 1 min. Additional extension was carried out at 72 °C for 10 min then
maintained at 4 °C. Agarose gel of 0.7 % was prepared in 250 mL TAE and stained
with 10 pL ethidium bromide. The final PCR product was sent to Ingaba Biotechnical
Industries (Pty) Ltd for sequencing and a BLAST search was carried out using the

National Centre for Biotechnology Information (NCBI) software.

3.4.8 Natural organic matter (NOM) characterization techniques

Dissolved organic carbon

Total organic carbon (TOC) is composed of particulate matter, which gets retained
on a filter paper after filtration through a 0.45 um filter and dissolved organic carbon
(DOC), the portion that passes through the filter (Darrien et al., 2019). NOM is
guantified as DOC using a TOC analyzer to oxidize organic carbon to carbon dioxide
(Yoon et al., 2018). This technique can be used to determine concentrations of up
to 30 000 mg/L for a variety of water samples such as drinking water, wastewater,
sea water or grey water (Pan et al., 2016). The concentrations of real water samples
and residual HA after fungal treatment was determined using a TOC torch analyzer,
(Teledyne Tekmar, Mason, Ohio, USA). Residual HA concentration in inoculated

and uninoculated flasks was measured as DOC after filtering the samples through
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a 0.45um glass fiber filters. It was also used to measure the concentration of the

feed and permeate in membrane filtration.
Ultra-violet visible (UV-Vis) spectroscopy

UV-Vis spectrophotometer is a technique used for measuring absorbance of visible
light beam by comparing visible light absorbance before and after it passes through
a sample analyte (Kim et al., 2016). The absorbance of the analyte can be measured
using a single wavelength or over a range of spectra. For example, NOM has been
reported to absorb at wavelengths in the range of 220 to 280 nm (Matilainen et al.,
2011). The most used wavelength that is representative of NOM measurements is
UV2s4; this range measures the aromatic components of NOM (Nkambule et al.,
2012). The absorbance of the feed and permeate for BSA, acid blue dye and
residual HA were determined using a UV-Vis Spectrometer (Lambda 650S
PerkinElmer, USA) in a 1 cm quartz cuvette. The measurements were undertaken
by running a full scan (200-400 nm) giving specific attention to 254 nm as the

absorbing wavelength for humic substances (Nkambule et al., 2012).
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CHAPTER 4

IDEAL MEMBRANE STRUCTURE FOR HIGH FLUX AND DOM REMOVAL
FROM WATER: INSIGHT INTO THE INFLUENCE OF PREPARATION
CONDITIONS

4.1 Introduction

This chapter was aimed at preparing high flux polymeric ultrafiltration membrane
using polyethersulfone (PES) as the polymer and polyethylene glycol (PEG) as the
pore former. The effect of water as a non-solvent additive on the structure and
performance of the fabricated membranes was studied. The membranes were
prepared by altering influential phase inversion parameters and dope solution
composition. In addition, the membranes performance in terms of high flux and
dissolved organic matter (DOM) removal from water was optimised by varying the
concentration of dope solution, composition of coagulation bath and membrane
thickness. Results obtained from the application of PES membranes for high flux
and DOM removal from water are discussed in detail in this chapter.

4.2 Results and Discussion

4.2.1 Membrane characterization

4.2.1.1 Membrane morphology

The morphology of the prepared membranes was studied using scanning electron
microscopy (SEM) as outlined in Section 3.44. As shown in Figure 4.1, the
configuration of the resultant membrane structure is influenced by the addition of
various amounts of water to the dope solution. Upon addition of water as a

non-solvent (i.e. 5 wt.% water) (Table 3.1), an evolution of the shape, orientation

Part of this work has been submitted for publication to the Journal of Industrial & Engineering Chemistry
Research, 10 January 2020.
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and size of macrovoids was observed at constant concentrations of polyethylene
glycol (PEG) and polyethersulfone (PES) (Figure 4.1a-d). A further addition of 7
wt.% resulted in phase separation. The phase separation, which resulted in the
structure of the M.7 membrane depicted in Figure 4.1g, was particularly evident
when 6.5 wt.% water was added to the dope solution. The spongy-like structure of
the M.7 membrane terminated by large voids is indicative of a phase separation

process that gives rise to mechanically poor membranes.

The next step for altering the membrane structure involve increasing the content of
the pore former (PEG) from 20 to 36 wt.%. The macrovoids structure persisted until
the water content was increased to 5.5 wt.% to form a completely sponge-like
structure (Figure 4.1f). Any further increases in the content of the polymer PES did
not eradicate the macrovoids. From Figure 4.1, it can be concluded that the
structural morphology of the membrane is dependent on the composition of the dope
solution, which in turn influences physical properties such as viscosity and the
solvent-non-solvent demixing rate (phase inversion). For the dope solution of
PES/PEG, the optimized water content for achieving a spongy-like structure was
found to be 5.5 wt.% (M.6) (see Figure 4.1f), and any increases in the water content
beyond 6.5 wt.% (M.7) failed to generate spongy-like structured membranes.
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Figure 4.1: SEM images showing cross-section of the prepared membranes at x
800 magnification: (a) M.1, (b) M.2, (c) M.3, (d) M.4, (e) M.5, (f) M.6, (g) M.7 and

(h) M.8 (membrane composition shown in Table 3.1).

4.2.1.2 Membrane wettability

As previously discussed in Section 3.4.2, the wettability of the membranes was
determined through contact angle measurements performed on dried membrane
pieces. All the measured contact angles were above 60° and were as high as 80°
for some of the membranes (Figure 4.2a). In accordance with the basic definition
of hydrophilicity, membranes produced in this study were classified as poorly
hydrophilic and slightly hydrophobic. The sessile drop method requires that the
water contact angle be measured on a dry membrane sample. This means that the
angle is measured while the membrane surface is still wetting thus resulting in the
actual contact angle being overestimated. Figure 4.2b shows the contact angle of
M.5 (the most promising membrane in terms of high flux) measured over 10 minutes
against that of the hydrophobic membrane under the same conditions. The
stabilization of the contact angle at about 47° of polyethersulfone-ultrafiltration
(PES-UF) (see Figure 4.2b) membrane provides proof that although the PES-UF
membranes were hydrophilic, they took a bit of time to hydrate (the decline in water
contact angle was attributed to membrane wetting instead of evaporation). It is clear
from Figure 4.2 that the use of water as a non-solvent additive in the dope solution
plays no significant role on influencing the wettability of the membranes. This lack
of correlation is ascribed to the weak interaction that exists between the water and

the polymer. However, the manner in which surface wettability is measured using
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the sessile drop method tends to overestimate the measured angles. It is possible
that the dry membrane continues to hydrate during measurement of the contact
angle. Huhtamaki et al. (2018) have suggested that the contact angle measured
immediately after a drop is made will always be higher than the contact angle

measured min after the drop has been made.
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Figure 4.2: Wettability of prepared membranes derived from contact angle: (a)
water contact angle of membrane variants, (b) water contact angle measured as a

function of time for M.5 and a hydrophobic membrane.
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4.2.1.3 Membrane water uptake measurements

The water uptake measurements of the membranes were accrued out as discussed
in Section 3.4.5 and undertaken using deionized water (see Figure 4.3). The
equilibrium water content (uptake) of a membrane is used as an indirect measure
of the hydrophilicity and flux patterns (Pandey et al., 2015). Upon exposure to water,
the prepared membranes expanded more than twice their initial weight. When
measured against the pristine PES membrane (M.1), a significant increase in the
water uptake was recorded in all the membranes under investigation. A large
interstitial volume for holding water was noticed in the structures of the membranes,
thus confirming the hydrophilicity of the membranes. A correlation seems to exist
between the evolution of macrovoids and the interstitial volume as well as the water
uptake. A change of the morphology of the membranes from a finger-like to a
sponge-like (M.6) gave rise to reduced uptake of the water (Figure4.3). The reduced
water uptake suggests that, in line with the results obtained for the water contact
angles, the prepared membranes swell upon absorbing water and thus have a
significantly large affinity for water. To this end, membranes that take up more water

are more likely to possess a good passage for water during filtration.
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Figure 4.3: Water uptake capability of prepared ultrafiltration membranes.
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4.2.1.3 Tensile strength

The mechanical strength of the membranes was determined according to a
procedure outlined in Section 3.4.3. In this work, an existence of a relationship
amongst the mechanical properties, structural morphology and water uptake of the
membranes was established. Results displayed in Figure 4.4 demonstrates the
lowest tensile strength associated with the M.5 membrane (high flux performing
membrane). The weak mechanical strength of M.5 correlates well with its cross-
sectional structure (Figure 4.1e), which shows the presence of mixed orientations
of the macrovoids. The different macrovoids serves as weak points (tear initiation
points) in the membrane structure, thus resulting in an easy tear upon application of
a force. However, the same weak points (macrovoids) are responsible for the high-
water uptake as shown in Figure 4.3. The highest tensile strength and longest
elongation was observed for the M.6 membrane. The applied pressure is well
distributed throughout the structure of the membrane. Such a result can be
attributed to the fully sponge-like structure of M.6 membrane. Furthermore, a high
tensile strength and long elongation results from the uniform stretching of the
membrane, which is in turn ascribed to the absence of voids (weak points).
Therefore, results generated from this study confirm the high mechanical strength
measurements reported for sponge-like morphologies (Feng et al., 2017; Zhu et al.,
2017). The mechanical strength of the membranes has implications on the

operational pressure and water transport.
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Figure 4.4: Tensile strength and elongation of the prepared membranes.

4.2.2 Membrane permeability

4.2.2.1 Effect of water as a non-solvent additive in the dope solution

Permeate flux measurements were undertaken as reported in Section 3.4.1. Pure
water flux tests revealed that the addition of water into the dope solution improved
the water flux (Figure 4.5). As previously highlighted in Figure 4.1, the optimum
water content was 5.5 wt%, beyond which phase separation occurred thus leading
to the production of structurally poor membranes. Table A1 stipulate raw data of the
prepared membranes. A water flux of 179.64 L.m2.h* was achieved at 3 bars for
water content of 5 wt.% (Figure 4.5). To fabricate a membrane with a higher flux,
the dope solution was altered by increasing the concentration of the pore former
(PEG) from 20 wt.% to 36 wt.% (Table 3.1). This resulted in an increase of the
permeate flux from 17.61 (M.2) to 276.72 L.m2.h"1 (M.5) (Figure 4.5). To increase
the flux further, an increased content of water (5.5 wt.% and 6.5 wt.%) was added
to the dope solution. The membrane with a water content of 6.5 wt.% was found to

possess a superior flux (134.33 L.m2.h'1) than the membrane with 5.5 wt.% water
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content (45.67 L.m2.h't). However, the flux obtained for the membrane with a water
content of 6.5 wt.% (134.33 L.m2.h'1) was not any higher than that of the M.5 water-
free membrane (276.72 L.m2.h!) due to the dense sponge-like structure of the
prepared membranes (M.6). The dense macrovoids-free structure of M.6 membrane
was a result of the increased tortuosity (lengthened water path). Although high mass
transfer through the membrane has been reported to be favoured by such a
structure, this was observed mainly in nanoparticle bearing membranes (Daraei et
al.,, 2013). In this study, water passage was contrastingly favoured by the
macrovoids structure connected by the open cell structure. On the other hand, the
macrovoids-free membrane offered resistance to water passage through the
membrane. The low flux and resistance associated with the M.6 macrovoids-free
membrane as compared to M.5 was corroborated by the second lowest water
uptake results obtained for M.6 (see Figure 4.3). Additional attempts aimed at
increasing the flux of the membranes were made by increasing the polymer (PES)
concentration of the dope solution to 22 wt.% while maintaining the PEG at 36 wt.%
(see Table 3.1). A flux of 181.43 L.m2.h't (M.8) comparable to that of M.4 (179.64
L.m2.h't) was noticed. However, the addition of water (2.5 wt.%) increased M.8 flux
to 264 L.m2.h"1 (M.9). It can be concluded that increasing the concentration of PEG
from 20 wt.% to 36 wt.% into the dope solution had an effect in increasing the

performance of the membranes under investigation in terms of flux measurements.
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Figure 4.5: Recorded pure water fluxes for the prepared membranes operated at
3 bars.

4.2.2.2 Effect of coagulation bath composition

The effect of coagulation bath composition (Table 3.2) on the structure and
performance of the membrane (M.1, M.4, M.5, M.8 and M.9) was studied by varying
the concentration of the non-solvent in the coagulation bath. The presence of a
solvent in a coagulation bath has been reported to lower the rate of phase inversion
(i.e. rate of demixing between the solvent and the non-solvent such as water)
(Rahimpour et al.,, 2010a). Such a decrease results to the production of a
macrovoids-free structure and a uniform pore distribution such as the one depicted
in Figure 4.1. In contrast, the morphology of the membranes being investigated in
this study, was still dominated by macrovoids even after the concentration of the
non-solvent was varied several times. Notwithstanding the domination of
macrovoids, a reduction in the concentration of the non-solvent in the coagulation
bath led to a modification of the macrovoids into elliptical and tear-like geometries
and an interconnecting cell structure. The modification of the membrane morphology
enhanced the water flux for the best performing membrane (M.5) (Figure 4.6a).
From Figure 4.6b, the addition and increment of the solvent in the coagulation bath
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resulted in lower contact angles of the membranes. The increased water flux could
be due to improved membrane hydrophilicity. The low contact angles can be
explained by the slow phase inversion which led to slow PEG escape from the
membrane matrix. Thus, resulting in slightly high concentration of PEG remaining in
the membrane matrix after phase inversion, leading to increased hydrophilicity.
More interestingly, the flux of membrane M.5 after the coagulation bath experiment
Is comparable to some of the flux obtained by nanoparticle bearing membranes
(Table 4.1). The highest flux was 580 L.m2.h recorded by the best performing
membrane, M.5. Changing the coagulation bath improved the water flux of the
selected membranes (M.1, M.4, M.5, M.8 and M.9) (Figure 4.6a).

Table 4.1: Average flux of some nanoparticle bearing membranes.

Membrane type Pressure Flux Rejection (%) Reference

(UF) (bar) (L.m2.h?)

PES 4.0 580 >80 this work
PES/SPSF/O-MWCNT 1.5 560 >99.9 (BSA) Gumbi et al. (2018)
PES/PVP/HANTS 1.0 439 90 (BSA) Mu et al. (2019)
PSU/GO 1.4 322 - Hwang et al. (2016)
PES/PANI/MWCNT 1-2 490 80 (HA) Lee et al. (2016)
PVDF/SGO 1.0 450-740 >95 (BSA) Ayyaru & Ahn (2017)
PVDF/TiO2/GO 1.0 200 91 (BSA) Xu et al. (2016)
PSF/CS/ TiO2 5.0 350 >90 (BSA) Kumar et al. (2013)
PES/CuO-ZnO 2.0 679 >99 (BSA) Nasrollahi et al. (2018)
PES/Ag 2.0 520 - Teng et al. (2009)

PES: Polyethersulfone; SPSF: Sulfonated polysulfone; O-MWCNT: Oxidized-multi wall carbon nanotube; PVP:
Polyvinylpyrrolidone; HANTs: Hydroxyapatite nanotubes; PSU: Polysulfone; GO: Graphene oxide; PANI:
Polyaniline; PVDF: Polyvinylidene fluoride; SGO: Sulfonated graphene oxide; TiO2: Titanium dioxide; CS:
Chitosan; ZnO: Zinc oxide; Ag: Silver.
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Figure 4.6: (a) Pure water flux and (b) wettability of selected prepared membranes.

4.2.2.3 Effect of membrane thickness on permeate flux

Membrane thickness has been reported to influence the performance of the
membrane (Ahmad, 2005; Hamzah et al., 2014). Membrane thickness is inversely
proportional to water passage through the membrane; thus, the effect of membrane
thickness on the water permeation rates was investigated. After altering the
membrane thickness by increasing the polymer concentration in dope solutions,
Ahmad (2005) and Hamzah et al. (2014) reported that a high polymer concentration
produces a thick membrane and a low membrane flux. In this study, the membrane
(M.5) thickness was altered by reducing the gap of the casting knife. As depicted in
Figure 4.7 and in sharp contrast to the results reported by Ahmad (2005) and
Hamzah et al. (2014), the reduction in the membrane thickness led to a
corresponding reduction in the membrane flux. This anomaly casts serious doubt
on the strategy adopted in this study for altering the thickness of the membrane
through the reduction of the gap of the casting knife. It is quite evident that the
casting knife approach is not favourable towards the alteration of the thickness of
the membrane and ultimately the improvement of the membrane performance.

Hence, the most stable thickness was 150 pm.
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Figure 4.7: Effect of membrane thickness on water transport.

4.2.3 Rejection studies using model organic substances

Membranes prepared in this study can be classified as tight ultrafiltration
membranes. That is, they have a pore size of 300 to 5000 Da (Aryanti et al., 2018).
As described in Section 3.4.1, rejection studies were performed using high
permeable membranes (M.1, M.4, M.5, M.8 and M.9) and model organic substances
(acid blue dye, 416.4 Da; humic acid (HA), 2.0-1300 kDa (de Melo et al., 2016) and
bovine serum albumin (BSA), 66.5 kDa). Figure 4.8 shows that, for all the
membranes evaluated, BSA is the most rejected pollutant due to its high molecular
weight. Furthermore, all evaluated membranes achieved a rejection percentage of
>60% for HA and <35% for acid blue dye (Figure 4.8). From the low rejection rate
associated with acid blue, the pore sizes of the prepared membranes were
estimated to range between 2000 and 2500 Da. For both BSA and HA, the pristine
PES membrane (M.1) achieved a higher rejection rate compared to the other
membranes. These findings correlate well with the low water flux demonstrated by
M.1 (see Figure 4.5). Furthermore, a clear or noticeable correlation between
rejection of the pollutants and addition of the water to the dope solution could not be
established. For this reason, it was deduced that the non-solvent does not

significantly affect the rejection of the model pollutants that were investigated.
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Figure 4. 8: Rejection of model organic substances by selected best performing

membranes.

4.3 Conclusion

Although a sole addition of water to the dope solution of the fabricated ultrafiltration
membranes failed to remove any of the macrovoids in the membrane structure
except for M.6. An increase of both the water content and PEG from zero to 5.5
wt.% and 36 wt.%, respectively, led to the formation of a membrane possessing a
spongy-like structure. Addition of water more than 5.5 wt.% resulted in phase
separation and poorly formed membranes. Water permeability was favoured by the
macrovoids structure connected by open-cell structures. The study has also
revealed that an ideal membrane structure for water transport can be tailored
through optimization of dope solution as well as physiochemical properties of the
membranes studied. The coagulation bath composition was found to have a major

effect on the hydrophilicity and water transport of the fabricated ultrafiltration
membranes.

Alteration of membrane thickness had adverse effect on the water transport
properties of the membranes. The fabricated membranes demonstrated high
rejection rates towards NOM fractions (HA and BSA). For this reason, it is envisaged
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that the next generation of membranes will be produced from new plain polymers or
polymer prepared through the phase inversion process. It can therefore be
concluded that the performance of polymeric membranes can be enhanced without
the addition of nanoparticles. Instead, this performance enhancement can be
achieved through the alteration of factors that control the phase inversion process,

which ultimately dictates the morphology of the resultant membranes.
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CHAPTER 5

SCREENING OF FUNGAL ISOLATES FOR HUMIC ACID REMOVAL AND
DECOLOURIZATION

5.1 Introduction

Humic acid (HA) constitutes approximately > 70 % of natural organic matter (NOM)
in surface water (Haarhoff et al., 2013; Nkambule et al., 2012), therefore in this
chapter, HA was used as the closest model compound for NOM. The isolation and
identification of white rot fungi (WRF) isolates using three well studied methods is
also discussed in this chapter. Furthermore, the screening of isolated fungi for their
ability to produce lignolytic enzymes and HA removal is discussed. Lastly, the
production, purification and assay of the enzymes is also chronicled. The aim of this
part of the study was to identify WRF isolates that would produce enzyme laccase
in high quantities for immobilisation on the high flux performing membrane surface

prepared in Chapter 4.

5.2 Results and discussion

5.2.1 Identification of fungal isolates

5.2.1.1 Morphological examination

Identification of fungal isolates using morphological characterization techniques
could be another useful method to identify fungi. In a study by Hopkins et al. (2007),
morphological characterization techniques were successfully used for the
identification of Australian wood decay fungal species based on their morphology
and mycelium texture. The identification of the fungal isolates was also confirmed
using the molecular method (Hopkins et al., 2007). In this work, the fungal isolates

basidiocarps/fruiting bodies were initially identified based on morphological
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characteristics and mycelium texture on dead decaying Eucalyptus wood, and
colony growth characteristics on solid agar media as described by Hopkins et al.
(2007). To determine the ultrastructural morphology differences in the fungal
isolates, scanning electron microscopy (SEM) was used as discussed in Section
3.4.4. The identity of the fungal isolates was also confirmed by molecular methods,
MALDI-TOF biotyping and sequencing of the internal transcribed spacer (ITS)
region gene. Figure 5.1 shows images of fruiting bodies of the fungal isolates
growing on decaying wood of Eucalyptus trees, the fungal pure cultures on agar
plates, and SEM images of the mycelium growth. A similar growth of the isolates on
decaying wood has also been observed on solid media (see Figure 5.1 (1 and 2)).
When comparing the morphology of the isolates, several similar physical features
were observed. Based on the physiological features of the mycelium growth, the
fungal isolates can be identified as fungal species classified under Basidiomycota
and Ascomycota categories. Three of the isolates showed physical features of
hyphae producing basidium such as isolates A, B and M. Similar features of aerial
hyphae with clamp connections were shown in isolates D, F, and R. As observed
for isolates L, N, P, Q and S, some of the isolates only displayed aerial hyphae. As
indicated in Figure 5.1, isolates E and J displayed features of hyphae with
chlamydocodia. Whereas isolate K showed production of conidia throughout the

mycelium growth, isolate | showed a unique chain structure of arthroconidia.

‘ Cluster of‘
spores

Conidial
spores
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Dikaryotic
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l

Figure 5.1: Showing fruiting bodies (1) and pure cultures (2) of the fungal isolates
investigated. SEM images (3) showing typical morphological features of the fungal
isolates used in this study at X2000 magnification, only isolates C at X500

magnification.

5.2.1.2 Matrix assisted laser desorption ionisation-Time of Flight (MALDI-TOF)
biotyping

Of the 18 fungal isolates collected, only three (A, L and I) were successfully identified
with MALDI-TOF Biotyper. The previously identified strain Issatchenkia orientalis

ATCC 6258 was also run as positive control for identification. The strain
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Issatchenkia orientalis ATCC 6258 was obtained from the Nanotechnology and
Water Sustainability (NanoWS) laboratory at the University of South Africa. The
mass spectrum generated by MALDI-TOF Biotyper of the identified species is
shown in Figure 5.2. The strain ATCC 6258 was identified as Issatchenkia orientalis
with a high confident score level of 2.09 showing high intensity at a mass to charge
ratio of between 6000-6500 m/z. Of the three isolates identified by MALDI-TOF
Biotyper, only isolate L showed a high confident score level (2.09) and was identified
as Trichoderma longibrachiatum DD. Generally, a score level of 22.0 indicates high
confident identification level of the species and a score level between 1.7 and 1.999
can be used for genus-level identification, whereas a score level of <1.7 is taken as
not reliable results (Riat et al., 2015). The other two isolates (A and I) had low
confident score levels of 1.79 and 1.83, respectively. Isolate A was identified as
Trichoderma longibrachiatum and isolate | as Aspergillus flavus CCI. High
intensities for the isolates A, L and | were obtained at a mass to charge ratio of
between 6100-7100, 6000-6700 and 4000-4500 m/z, respectively. The high
intensities are an indication that the high amounts of ions of the species are present
in the sample and an increase in mass to charge ratio indicates large amounts of

ions of the identified species in the sample (Cassagne et al., 2016).

Collectively, these results show that using MALDI-TOF Biotyper automation control
and the Bruker Biotyper 3.1 software and library (version 3.1.66, encompassing
4613 entries; Bruker Daltonics, Billerica, MA, USA) did not successfully identify most
of the fungal isolates. Consist with this observation, several reports reveal poor
identification of species as a result of the paucity of representative spectra in the
database (De Carolis et al., 2014; De Respinis et al., 2014). Therefore, expanding
the database with additional extended MS library, especially MALDI-TOF MS
spectra from more reference strains has been suggested (De Carolis et al., 2014,
Rizzato et al., 2015).
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Figure 5.2: Mass spectrum of the identified isolates (A, L and I) and reference
(strain ATCC 6258) produced by MALDI-TOF Bruker Biotyper.

5.2.1.3 Molecular characterization

Due to inability to successfully identify fungal isolates using MALDI-TOF biotyping,
molecular identification-based polymerase chain reaction (PCR) amplification and
sequencing of internal transcribed sequence (ITS) gene was performed. The PCR
product of the ITS region (ITS1 —ITS4) were within the expected size of ~750bp
(base pair) (Figure 5.3), which is within the range of filamentous fungi region. The

ITS PCR product indicate that there was no contamination since the controls (C1
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and C2) did not show any presence of deoxyribonucleic acid (DNA). Lane M1 and
M2 represent the 100 bp molecular size ladder used, whereas lanes A-M and N-N1

were the ITS PCR for the 18 fungal isolates under study.

~750bp S R s i b o e

»

M2—
~750bp

Figure 5. 3: Showing a gel electrophoresis image of the PCR product of the fungal
isolates in this study.

Basic local alignment search tool (BLAST) search of the resultant 17 ITS sequences
on GenBank confirmed that the isolates belonged to phylum Ascomycota (13
isolates), Basidiomycota (3 isolates) and Zygomycota (1 isolate). The descriptions,
accession number, E value and percentage identity of the identified species are
presented in Table 5.2. Isolate H could not give enough data to be successfully
processed for sequencing and was thus omitted from Table 5.1. The species were
chosen based on the highest percentage identity and the lowest E value. From the
results obtained, the percentage identity ranged between 97.5 -100 % and most of
the E values were 0.0 (Table 5.1). Consistent with results obtained from MALDI-
TOF Biotyper (Figure 5.2), analysis of isolates A, | and L concur with results of the
molecular identification, which identified isolates A, | and L as Trichoderma
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longibrachiatum, Aspergillus flavus and Trichoderma koningiopsis isolate upmd,
respectively. Although, isolate | was identified as Trichoderma longibrachiatum
using the MALDI-TOF Biotyper, it still belongs to the same division as Trichoderma
koningiopsis.
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Table 5.1: Descriptions of the species identified from ITS gene sequencing analysis

A, E, Q Trichoderma longibrachiatum GS45 Ascomycota,; 0.0 100.00 MN511324.1
C, K Trichoderma ghanense isolate CTCCSJ-W- Sordariomycetes; 0.0 99.82 MF383137.1
SD22035 Hypocreales;
F Trichoderma erinaceum isolate SWFUOO0006  Hypocreaceae 0.0 99.45 MK 862245.1
Trichoderma koniniopsis isolate upmd 0.0 100.00 MK 027312.1
P Trichoderma deliquescens isolate CTCCSJ-F- 0.0 100.00 MF 408466.1
KZ23239
S Trichoderma ovalisporum strain LHL1-1 0.0 100.00 MN 509070.1
G Aspergillus fumigatus isolate IFASW-F4 Ascomycota,; 0.0 99.81 KX 675260.1
I Aspergillus flavus strain ND34 Eurotiomycetes; Eurotiales; 0.0 100.00 MG 659628.1
Trichocomaceae
M Verrucaria polysticta isolate MM10 Ascomycota,; 3e-10 100.00 MK 773877.1
Eurotiomycetes;
Verrucariales;
Verrucariaceae
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Table 5.1 (continued)

N Setosphaeria rostrate strain UAS 467D Ascomycota,; 0.0 100.00 MH 201156.1
Dithideomycetes;
Pleosporales;
Pleosporaceae
D Perenniporia sp. UOCKAUNP MK65 Basidiomycota; 0.0 100.00 KR907878.1
R Polyporaceae sp.6 GMB-2014 Agaricomycetes; 0.0 97.54 KP013025.1

Polysporales; Polyporaceae

B Schizophyllum sp.KN4 Basidiomycota; 0.0 99.82 KU253771.1
Agaricomycetes;
Agaricales;

Schizophyllaceae

J Umbelopsis isabelline strain B-3A Zygomycota; 0.0 99.64 MK 358980.1
Umbelopsidomycetes;
Mucorales;
Umbelopsidaceae
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Evolutionary interrelations amongst the identified fungal isolates was carried out by
conducting a phylogenic analysis using the maximum likelihood method and Kimura
2-parameter model described by Kimura, (1980). The evolutionary analysis was
conducted in MEGA X (Kumar et al.,, 2018). Figure 5.4 indicate an ancestral
relationship between the fungal isolates. Partial deletion option was selected to
eliminate <5 % alignment gaps and missing data. The phylogenic tree shows
evolutional relationship amongst the species, which mostly identified as evolved

from the Trichoderma group of fungi.
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Figure 5.4: A phylogenetic tree indicating an ancestral relationship between the

identified isolates (500 rounds of bootstrap resampling).
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5.3 Screening of fungal isolates

5.3.1 Primary screening of fungal isolates

All the fungal isolates were screened for their capability to produce laccase using
guaiacol plate screening method on Sabouraud dextrose agar (SDA) media as
discussed in Section 3.2.2.3. The isolates were further screened for their ability to
utilise humic acid (HA) as their sole carbon source on solid media as previously
discussed in (see Section 3.2.4.1). The screening results are shown in (Figure 5.5
and Table 5.2). Among the 18 fungal isolates screened, only three (D, L and R)
showed promising results for enzyme production on 0.1 % guaiacol as evidenced
by the reddish-brown colour at the top and bottom view of the agar plate (Figure
5.5). The reddish-brown zone at the bottom and edges of the mycelium growth is
due to the oxidation of guaiacol by the fungal enzymes (Alfarra et al., 2013;
Ghebreslasie et al., 2016). The three isolates showed a colour change within 10 min
of inoculating with mycelium disks on agar plates. Guaiacol can be a unique laccase
substrate in the absence of hydrogen peroxide (H202), thereby confirming that the
enzyme is a true laccase. However, peroxidases are also able to oxidize guaiacol
in presence of hydrogen peroxide as an electron donor (Doerge et al., 1997).
Generally, laccases catalyse the oxidation of guaiacol to phenoxy radicals, which
subsequently undergo oxidative polymerization to form tetraguaiacol producing
reddish-brown zone around laccases positive colonies on agar plates (D’'Souza et
al., 1999). Therefore, guaiacol can be used as a marker for extracellular oxidative
enzymes, and the immediate colour change may be an indication of high enzyme
activity, either laccases and/or peroxidases produced by the fungi (More et al.,
2011). Similar to this study, Metuku et al. (2011) screened white rot fungi (WRF)
based on the polymerization of guaiacol in wood powder agar plates caused by
extracellular phenoloxidases and or peroxidases excreted by the fungi. Savitha et
al. (2011) also screened laccase producing WRF on potato dextrose agar (PDA)
media containing tannic acid and observed for development of brown coloured
precipitate on the plates and observed reddish hallow zone in guaiacol containing

plates.
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Top view

Bottom view

Figure 5.5: Lignolytic enzyme activity of Perenniporia sp. isolate D, Polyporaceae
sp isolate R and Trichoderma koniniopsis Isolate L on solid media supplemented

with guaiacol as a substrate for enzyme laccase detection.

The eighteen (18) isolates were also sub-cultured individually on selective agar
plates to screen for their ability to utilise HA as the sole carbon source. Table A2
shows the actual growth of the mycelium (radius in mm) on HA solid media. As
indicated in Table 5.2, the mycelium growth for all isolates were observed visually
following 4, 7, 10 and 15 days of incubation. The mycelium growth, in terms of colony
radius in mm, was used to monitor the fungal isolate’s ability to utilise HA as carbon
source for growth. As shown in Table 5.2, most of the fungal isolates exhibited
partial growth on the agar plates containing HA as sole carbon source. However,
the mycelium growth for the three isolates D, L, and R was comparatively intense
(>30mm) than other isolates, illustrating their ability to efficiently utilise HA as a
carbon source. According to Zahmatkesh et al. (2016), decolourization of HA in solid
media is an indication of degradation of the HA. However, decolourization does not
necessarily confirm complete degradation of HA. In this work, no bleaching of the
HA was observed, possibly due to the presence of low concentrations of HA in the
solid media. The same trend in the growth behaviour of the three isolates (D, L and

R) on HA selected media was observed in Figure 5.6. With these results, it could
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be an indication that the isolates may be producing a similar cocktail of lignolytic
enzymes for the diminution of HA for their growth.

Table 5.2: Screening of fungal isolates for lignolytic enzymes and growth on humic

acid as a carbon source.
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a Change in the media colour from colourless to reddish brown: - no change, + slight change, +++ intense colour

change.
b Colony radius: - no growth, + slight growth (<10mm), ++ good growth (<30mm) and +++ Intense growth
(>30mm).
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Figure 5.6: Growth curve of Perenniporia sp. isolate D, Polyporaceae sp. isolate R
and Trichoderma koniniopsis Isolate L on solid media having HA as the sole

carbon source.

Members of Deutromycetes, Ascomycetes and a wide range of Basidiomycetes are
known fungal producers of laccases, which are exceptionally abundant in many
lignin degrading WRF (Bourbonnais et al., 1995; Leontievsky et al., 1997; Thurston,
1994). Consistent with these reports, the isolates exhibiting guaiacol oxidative
capacity were identified as two Basidiomycetous fungi (Perenniporia sp. (isolate D)
and Polyporaceae sp (isolate R) and an Ascomycete Trichoderma koniniopsis
(Isolate L) based on ITS gene sequencing (Table 5.1). There are reports in literature
that fungi, especially saprotrophic fungi, are able to breakdown the most recalcitrant
humic substance structures via the processes of oxidation, aromatic cleavage, and
demethylation and utilise the intermediates as carbon sources for growth (Klein et
al., 2014; Grinhut et al., 2007). These compounds are not taken up by the microbial
cell but are degraded initially by non-specific extracellular oxidizing enzymes such
as manganese peroxidases (MnPs), lignin peroxidases (LiPs) and laccases (Grinhut
et al., 2007). Therefore, the observed intense growth on HA by the fungal isolates
D, L and R could be due to their ability to produce these extracellular lignolytic

enzymes for efficient utilisation of HA as carbon source.
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5.3.2 Humic acid degradation in liquid media

According to Zahmatkesh et al. (2016), decolourization of high-molecular-mass HAs
in solid media can be used as an indicator for their degradation/conversion into low-
molecular-mass fluvic acid (FA) and carbon dioxide. There are several reports for
number of white rot fungi (WRF) under cometabolic conditions (i.e., in the presence
of an assimilable carbon source such as glucose) to decolourize HAs. For example,
WRF such as Trametes versicolor, Phanerochaete Chrysosporium, Bjerkandera
adusta and Collybia dryophila were found to degrade HA from soil, peat and brown
coal (Hurst et al., 1963; Ralph & Catheside, 1994; Willman & Fakousa, 1997; Steffen
et al., 2002). However, in this work there was no bleaching of HA observed, possibly
due to low concentration of HA used in the solid media. Therefore, Perenniporia sp.
isolate D, Polyporaceae sp isolate R and Trichoderma koniniopsis Isolate L were
further screened for their ability to decolourize HA in liquid media using HA as the

sole source of carbon for the fungal growth as discussed in Section 3.2.4.2.

Figure 5.7 shows decolourization of HA following fungal treatment. The side and
top view images of the samples were taken after they were filtered through a 0.45
um Whatman filter. High decolourization was observed in cultures inoculated with
isolates D and R and the reddish-brown colour of the control changed to a less
intense reddish-brown colour (Figure 5.7). This colour change is an indication of HA
removal by the fungal isolates either through degradation or absorption by the
fungal mycelia (Badis et al., 2009). The decolourization results concur with the

percentage removal of HA in Figure 5.8.
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Top view

Side view

Figure 5.7: Comparison of HA decolourization in liquid media by Perenniporia sp.
isolate D, Polyporaceae sp isolate R and Trichoderma koniniopsis Isolate L, and

the negative control.

5.3.3 Humic acid removal capacity

Ultraviolet and visible (UV-Vis) spectrometry and dissolved organic carbon (DOC)
are some of the characterization methods that can be used for studying the change
in molecular structure and quantity of natural organic matter in water (Cheng et al.,
2019; Matilainen et al., 2011). Humic acid degradation based on UV2s4 and DOC
analysis was carried out by fungal treatment of Perenniporia sp. isolate D,
Polyporaceae sp. isolate R and Trichoderma koniniopsis Isolate L according to a
procedure outlined in Section 3.4.7. As shown in Figure 5.8, the highest
degradation percentage of HA (27.30 % UV2s4; 52.0 % DOC) was achieved using
Polyporaceae sp. isolate R. On the other hand, the lowest HA degradation
percentage (11.65 % UVass; 23.05 % DOC) was obtained using Trichoderma
koniniopsis Isolate L (Figure 5.8). These degradation results suggest strong
correlation between UV2s4 and DOC analysis for the removal of HA.
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Within the WRF, correlation has been observed between the activities of
extracellular peroxidases production and HA degradation, with manganese-
dependent peroxidase (MnP) and laccase playing a major role in depolymerizing
and mineralizing different HAs in vitro (Zahmatkesh et al., 2016). Thus, differences
observed in HA degradation between the isolates could be due to differences in their

production potential of this enzyme cocktail.
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Figure 5.8: Percent HA degradation by three selected fungal isolates based on UV

absorption spectra (UV2sanm) and DOC analysis.

5.4 Enzyme production during solid-state fermentation (SSF)

When compared with Trichoderma koniniopsis Isolate L, far more superior removal
rates of HA in liquid media were achieved with Perenniporia sp. isolate D, and
Polyporaceae sp. isolate R. As outlined in Section 3.2.5.1, further investigations
were therefore conducted on the ability of the two isolates to produce lignin
degrading enzymes in an SSF process. Enzyme activity was determined

spectrophotometrically after 7, 10, 15 and 21 days of incubation to determine
whether there was any increase or decrease in the production of enzymes (Table
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A3-A5). The enzyme activity results indicated high peroxidases production for both
isolates as compared to laccase (see Figure 5.9 (a)-(b)). On the 10" and 15" days
of incubation, the activity of MnP decreased from 1.523 + 0.0011 U/mL to 0.690 *
0.000185 U/mL for Perenniporia sp. isolate D (Figure 5.9 (a)) and from 3.941 *
0.000389 U/mL to 1.416 = 0.000113 U/mL for Polyporaceae sp. isolate R (Figure
5.9 (b)). The decreased activity could be a result of an interplay in the depletion of
carbon source to support the growth of the fungal isolates. Whereas the highest
concentration of lignin peroxidase (LiP) was produced by Polyporaceae sp. isolate
R (3.738 = 0.00018 U/mL) on day 15, the highest activity levels of LiP (1.397 +
0.00047 U/mL) were obtained only in day 10 for Perenniporia sp. isolate D.
Interestingly, Perenniporia sp. isolate D produced high levels of laccase on day 10
(0.467 £ 0.00016 U/mL), which subsequently decreased to 0.178 + 0.000312 U/mL
at day 21 (Figure 5.9 (a)). Following an almost similar trend, Polyporaceae sp.
isolate R was found to produce high laccase activity on day 7, which subsequently
decreased from 0.316 + 0.00017 to 0.068 + 0.00018 U/mL at day 21 (Figure 5.9
(b)). The results obtained by Ergun & Urek (2017) were different from those
generated in this research study; laccase production was found to be the highest
compared to the peroxidases produced by Pleurotus ostreatus in SSF using potato
peel waste (Ergun & Urek, 2017). In another study by Damia’'n-Robles et al. (2017),
white rot fungi species Irpex lacteus and Phlebiopsis were found to produce lower
levels of laccase when basal media was used for the growth of the fungi. The results
of this and the above cited studies suggest that the production of lignolytic enzymes
is dependent on the type of species and the fungal growth conditions (e.g. type of

carbon source) used.

Since high enzyme activity was obtained during 10 days of incubation, SSF
experiment was carried out once more over a 10-day period and the enzymes were
extracted for purification. While the activity of Perenniporia sp. isolate D enzyme
was found to be 0.311, 0.746 and 0.329 U/mL for laccase, MnP and LiP,
respectively, and the respective activities of 0.263, 1.367 and 0.184 U/mL for
laccase, MnP and LiP, were recorded for isolate R identified as Polyporaceae sp.
The enzymes were partially purified according to an ammonium sulfate purification

method outlined in Section 3.2.5.4. Figure 5.19(c) shows enzyme activity after
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purification process. MnP activity was found to be the highest for both isolates
(Table AB6). Activity levels of 0.869 U/mL and 0.724 U/mL were recorded for
Perenniporia sp. Isolate D and Polyporaceae sp. isolate R. While lowest levels of
LiP activities were produced with both Perenniporia sp. Isolate D and Polyporaceae
sp. isolate R, respective laccase activity levels of 0.152 and 0.298 U/mL were on
the other hand recorded. In some instances, enzyme precipitation using ammonium
sulfate increases or decreases enzyme activity depending on the type of method
used (Othman et al., 2014). In the current work, enzyme activity following purification
was slightly increased from 0.746 to 0.869 U/mL (MnP) for Perenniporia sp. isolate
D, and from 0.263 to 0.297 U/mL (laccase) and from 0.184 to 0.298 U/mL (LiP) for
Polyporaceae sp. isolate R (see Figure 5.9(c)).

Although not efficient, the SSF and partial purification resulted in enzyme extract

that could be utilised for the downstream enzyme immobilisation for HA removal as

discussed in Chapter 6.
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Figure 5.9: Change in lignolytic enzyme production during solid state fermentation
by Perenniporia sp. isolate D (a) and Polyporaceae sp isolate R (b), and the final

enzyme activities of partially purified extracts (c).

111



Chapter 5: Screening of Fungal Isolates for Humic Acid Removal and Decolourization

5.5 Conclusion

In the study, a combination of culture-dependent (fruiting bodies morphology, colony
characteristic and SEM) and molecular (based on MALDI-TOF biotyping and ITS
gene sequencing) methods were used for identification of 18 fungal isolates
collected from Eucalyptus trees forest in eSwatini. The 18 fungal isolates were
identified as belonging to phylum Ascomycota (14 isolates), Basidiomycota (3
isolates) and Mucoromycotina/Zygomycota (1 isolate). Based on guaiacol plate
assay, two Basidiomycetous fungi Perenniporia sp. isolate D and Polyporaceae sp.
isolate R and an Ascomycete Trichoderma koniniopsis Isolate L qualitatively
exhibited ability to produce lignin degrading enzyme laccase. The three isolates also
exhibited ability to use HA as a sole carbon source on solid media and HA and its
decolourization (bleaching) in vitro. Reduction in dissolved organic carbon and
UV2s4 analysis results indicated subtle differences in HA degradation in liquid media.
Comparatively, the results also indicated that white rot fungi (WRF) Perenniporia sp.
isolate D and Polyporaceae sp. isolate R were two-fold efficient in degrading HA
than the Ascomycetous Trichoderma koniniopsis Isolate L. The study also showed
the capacity of the two WRF Perenniporia sp. isolate D and Polyporaceae sp. isolate
R to produce lignolytic enzymes MnP, laccase and LiP, under solid-state
fermentation system, which optimal production observed between 10-15 days.
However, further studies are required to optimise conditions for maximal enzymes
production. Moreover, enzyme purification, and biochemical characterization to
understand the novel features that can be of importance regarding application in HA

degradation also need to be investigated.
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CHAPTER 6

ENZYME-MODIFIED POLY ETHERSULFONE (PES) MEMBRANE FOR THE
REMOVAL AND DEGRADATION OF HUMIC ACID

6.1 Introduction

In Chapter 4, the methods in preparing a poly ethersulfone (PES) membrane that
possesses high permeate flux by varying the composition of the dope solution and
parameters that influence the phase inversion process was introduced. On the other
hand, Chapter 5 introduced methods for isolation and identification of white rot
fungi (WRF) isolates using three identification methods. In addition, Chapter 5 also
introduced the method for the production and extraction of lignin-degrading
enzymes. In this chapter, the modification of PES membranes through
immobilisation of enzyme laccase on the membranes surface for simultaneous

degradation and removal of humic acid as a model compound for NOM is presented.

6.2 Experimental methods

6.2.1 Modification experiments

Previously prepared flat sheets of PES membranes were cut into small fragments
and placed in 500 mL beakers (M.5 clear membrane as a blank, M.5a membrane
with substrate only, M.5b membrane with the enzymes only, and M.5¢c membrane
with enzyme and substrate). The beakers contained 40 mL of 0.1 M sodium acetate
buffer (pH 5.0), 50 mL of 28.8 mM 4-hydroxybenzoic acid and 10 mL of crude
enzyme laccase with 0.297 U/mL for isolate R and 0.152 U/mL for isolate D. The
contents of the beakers were incubated for 24 h at 30 °C under stirring conditions
(120 rpm). After the incubation and prior to use, the membranes were kept in

desiccators containing silica gel. The change in the colour of the membranes was
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visually observed after 24 h of incubation. Further colour changes were observed
after rinsing the membranes with ultra-pure water and after undertaking rejection

studies.

6.2.2 Membrane characterization

Characterization of the membranes in terms of surface morphology using scanning
electron microscopy and wettability measurements using drop shape analyzer were
carried out. The respective methods are outlined in Sections 3.4.4 and 3.4.2,

respectively.

6.2.5 Membrane filtration tests

Humic acid (HA) rejection was carried out by passing through the membranes using
a dead-end cell system ~30 mg/L of HA solution as feed stream. For every h, the
permeate was monitored for every 15 and 30 min. The effective area of the
membranes was 0.00113 m?. The permeate flux was calculated using (Equation 2)
as described in Section 3.41. Membrane water permeability was calculated as
follows using (Equation 5).

v
" AmAtP ()

where: A is the membranes permeability (L/h.m?.bar), V is the permeate volume (L),
Am is the membrane area (m?), At is the filtration time (h) and P is the pressure
applied (bar).

The permeate analysis was carried out using ultraviolet visible (UV-vis)
spectrometry, with particular attention given to 254 nm as an absorbing wavelength
for HA (Nkambule et al., 2012) and dissolved organic carbon (DOC) (see Section
3.4.8). UV-Vis analysis was conducted for all the permeate samples and DOC

analysis were conducted after a 30 min filtration of the permeate samples. The
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removal percentage for HA was calculated according to Equation 3 outlined in
Section 3.4.1.

6.4 Results and discussion

6.4.1 Colour observation

A visual change in colour of the modified membranes was considered as
confirmation for successful grafting of the enzymes and the substrate onto the
membrane surface. As expected, no colour change was observed for the blank
membrane (see Figure 6.1). A colour change was observed for membranes
incubated with enzymes and substrate. The change in colour was particularly
intense for M.5¢ when compared with M.5b, especially with enzymes extracted from
isolate D (see Figure 6.1 (a)). The change in colour for M.5b was ascribed to the
adsorption of enzymes onto the membrane surface. The intense colour change in
M.5c is indicative of an enzymatic free radical reaction taking place between the
substrate and the sulfonate groups of the membranes (Nady et al., 2012). The
membranes were kept for 24 h in a desiccator prior to use and no colour change

was observed after storage.
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Figure 6.1: Images of unmodified and modified membranes using enzymes

produced by isolate D (a) and isolate R (b).

6.4.2 Surface morphological examination

A morphological analysis of the membranes was carried out to confirm the enzyme
immobilisation on the surface of the membranes. The appearance of large rough
spherically shaped enzymes on enzyme modified membranes is evident in Figure
6.2c, d, g and h. As expected, a clear surface was observed on the blank membrane
M.5 (Figure 6.2(a)). Membranes incubated with enzymes from isolate D (M.5b and
M.5c) were found to possess well distributed enzymes on the membrane surface
(see Figure 6.2 (c) and (d)) when compared with membranes modified with
enzymes from isolate R (see Figure 6.2 (g) and (h)). The good distribution of the
enzymes could be attributed to complete physical adhesion of isolate D enzymes
on the membranes surface since all the membranes were subjected to the same
incubation conditions. The structural changes observed on the enzyme modified
membranes were similar to that obtained by Nady et al. (2016). To verify if enzyme

leakage occurred during filtration, the morphology of the enzyme modified
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membranes were examined after filtration. As depicted in Figure 6.2 (e, f, i and j),
no major changes in the morphology of enzyme modified membranes were
observed since small spherically shaped enzymes were still present on the surface
of the membranes. It is possible no leaching ever took place and the enzymes were
therefore linked to the substrate that is covalently bonded to the membrane. Based
on stable membrane permeabilities observed 60 min following filtration of enzyme
modified membranes, possibilities exist of the enzymes becoming saturated (Figure
6.4). However, this does not mean the enzymes were washed off after filtration; this

was confirmed by SEM results (see on Figure 6.2 e, f, i and j).
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Figure .: SEM images of all enes iestigated (a) M.5 blanmrane,

(b) M.5a membrane with substrate only, (c) M.5b(D) membrane with enzyme only,
(d) M.5¢(D) membrane with enzyme and substrate, (e) M.5b(D) used membrane, (f)
M.5c¢c(D) used membrane, (g) M.5b(R) membrane with enzyme only, (h) M.5¢c(R)
membrane with enzyme and substrate, (i) M.5b(R) used membrane and (j) M.5¢c(R)
used membrane. The membranes were taken at x1500 magnification except for
M.5a and M.5c¢(R) which were taken at x700.
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6.4.3 Wettability

The measured contact angles for all membranes investigated are presented in
Figure 6.3. All the measured contact angles were found to be greater than 60°,
indicating that the membranes are slightly hydrophobic. According to Malczewska
& Zak (2019), a hydrophobic membrane is characterised by a contact angle of >60°.
The grafting of the enzymes on the membranes surface increased the contact
angles from 68.1°+ 5.8 (M.5) to 71.94°+ 2.41 (M.5b) and 72.84°+ 4.72 (M.5b) for the
isolate D and R enzymes, respectively. The increased contact angles suggest
successful immobilisation of the enzymes on the membranes. However, upon
addition of the substrate, the contact angles decreased slightly to 59.3°+ 4.2,
63.83°+ 2.07 and 61.25°+ 5.11 for the M.5a, M.5c isolate D enzyme and M.5c isolate
R enzyme, respectively. In addition, the slight decrease in the contact angle was
accompanied by an enhancement in the hydrophilicity of the membranes. The
reported contact angle measurements herein are in agreement with the contact
angle measurements obtained by Nady et al. (2011). The increase in hydrophilicity
is attributed to the polar carbonyl groups present in the 4-hydroxybenzoic acid
substrate, which are covalently bonded to the sulfonate groups of poly ethersulfone

membranes (Nady et al., 2012).
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Figure 6. 3: Contact angle for all the membranes studied.
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6.4.4 Permeability and Rejection experiments

The membranes performance in terms of permeability and filtration period is
illustrated in Figure 6.4. Table A7-A12 shows raw data of the permeabilities of
unmodified and modified membranes. As expected, the results obtained indicate a
high permeability of 30.09 L/h.m?.bar (M.5) and 21.24 L/h.m?.bar (M.5a) during the
first 15 min of filtration for the unmodified membranes compared with enzyme
modified membranes (Figure 6.4). However, the respective permeabilities of the
same membranes decreased to 3.98 L/h.m?.bar (M.5) and 2.65 L/h.m2.bar (M.5a)
after 180 min of filtration. The decrease in permeability could results from the
deposition of humic acid (HA) on the surface of the membrane resulting from the
increased concentration of HA in the feed stream brought about by the membrane
rejection of HA. The initial 15 min permeabilities of 6.73 L/h.m?.bar (M.5b) and 4.96
L/h.m?.bar (M.5c) obtained for the membranes modified with isolate D enzymes
were found to decrease over time. The decrease in permeabilities is attributed to
the reduction of membrane pores, caused by the grafting of the enzymes on the
membranes surface as well as the formation of an extra permeate flow resistant
layer (Luo et al., 2014; Koloti et al., 2018). A reduction in permeate flux, which is
related to permeability, was also reported by Nady (2016) when laccase modified
PES membranes were used for the rejection of bovine serum albumin. The
permeability results obtained for M.5¢c from isolate D contradict with contact angle
results obtained in Figure 6.3. As upon incorporating the substrate in the incubation
solution, the hydrophilicity of the membranes slightly increased which was expected
to increase the permeability. A decrease in the permeability of the M.5¢c (D)

membrane from 6.726 to 4.956 L/h.m?.bar was not expected.

A similar trend was observed for the isolate R enzyme modified membranes.
However, contact angle results obtained for M.5b (R) and M.5c (R) are in alignment
with the corresponding increase in permeability from 4.956 to 6.726 L/h.m?.bar that
was observed after 15 min of filtration. The increase in permeability could be due to
the incorporation of the substrate 4-hydroxybenzoic acid onto the membrane M.5c
(R) which led to an increase in the hydrophilicity of the membrane. Similar results

were reported by Koloti et al. (2017). No significant difference in the permeabilities
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of membranes modified with D and R enzymes was noted. This implies that the

extent of enzyme grafting does not affect the permeability of membranes.
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Figure 6. 4: Permeabilities of unmodified membranes (M.5 and M.5a) at 1 bar and

enzyme modified membranes at 5 bars.

For all the membranes investigated in this research study (Figure 6.5), the UV2sa
removal percentage of HA was found to be high during the first filtration period (i.e.
15 min); thereafter, it decreased with time. A high HA removal rates for M.5b (D)
(84.8%) and M.5b (R) (81.1%) membranes were observed during first 15 min
filtration period. However, after 180 min of filtration, the HA removal rate decreased
to 57.18% and 60.13% for the respective M.5b (D) and M.5b (R) membranes. The
decreased HA removal rate is attributable to saturation of the active sites of the
enzymes. After 90 min of filtration, a constant HA removal rate was observed for
M.5, M.5a, M.5¢ (D) and M.5c (R) membranes (Figure 6.5). This implies that these
membranes are stable between the filtration periods of 30 and 120 min. Low
removal percentage rates were obtained for M.5¢c D (41.9%) and M.5 (42.0%)

membranes. It is evident from the results obtained that the HA removal rates for the

124



Chapter 6: Enzyme-modified Poly ethersulfone (PES) Membrane for the Removal and Degradation of Humic Acid

modified membranes with enzymes are higher than those of the other membranes
investigated. This suggests that enzymes are much more effective in the removal of
HA when used without the substrate on membranes as a support material for
immobilisation.
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Figure 6.5: UV-Vis spectrum for all membranes studied; M.5 blank membrane, M.5a
membrane with substrate only, M.5b (D) membrane with enzyme only, M.5c (D)
membrane with enzyme and substrate, M.5b (R) membrane with enzyme only and

M.5c¢ (R)membrane with enzyme and substrate.

The removal of HA as measured by dissolved organic carbon (DOC) is shown in
Figure 6.6. The DOC concentration was initially high and thereafter decreased as
the filtration progressed over time. A similar trend in terms of total organic carbon
degradation by laccase was reported by Mahvi et al. (2009). In this work,
degradation rate within the first 90 min was initially high for the modified and it then
declined with time. At 120 min interval, membranes modified with enzymes

extracted from isolate D displayed a DOC concentration reduction of 6.06 to 3.43
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mg/L and 7.99 to 6.01 mg/L for M.5b (D) and M.5c (D) membranes, respectively.
After 180 min, the DOC concentration increased slightly from 3.43 to 3.77 mg/L and
6.01 to 6.55 mg/L for M.5b (D) and M.5c (D) membranes, respectively (see Figure
6.6 (a)). This sudden increase in the DOC concentration could be due to over
deposition of HA on the surface of the membrane resulting from the continuous
filtration through the membranes. Alternatively, the sudden increase in the DOC
concentration might be due to over saturation of the reactive sites of the enzymes.
For membranes modified with enzymes extracted from isolate R, the DOC
concentration decreased from 2.33 to 0.15 mg/L at 120 min and 1.99 to 0.30 mg/L
at 90 min for M.5b (R) and M.5c (R) membranes, respectively. Later, the DOC
concentration increased from 0.15 to 1.47 mg/L and 0.30 to 1.98 mg/L for M.5b and
M.5c membranes, respectively, after 180 min filtration (see Figure 6.6 (a)).

As shown in Figure 6.6, the DOC results correspond to UV results in Figure 6.5.
The highest HA removal rate was achieved (99.5%) within 120 min of filtration using
the M.5b (R) membrane modified with enzymes extracted from isolate R. On the
other hand, the lowest removal percentage was achieved (51.8 %) within filtration
30 min using the unmodified M.5a membrane (see Figure 6.6 (b)). These removal
percentage figures are similar to those obtained by Barrios-Estrada et al. (2018) and
Bilal et al. (2019), which involved the degradation of Bisphenol A (BPA) using
laccase produced from white rot fungi species.
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Figure 6.6: Normalized DOC (a) and HA removal % (b) over 180 min filtration time

for all the membranes studied.

6.5 Conclusion

Laccase substrate, 4-hydroxybenzoic acid was used to maintain the stability of
enzyme laccase on the membrane surface through formation of
C-O covalent bond between the enzyme and the sulfonate groups of the
membranes. It was observed that the substrate led to an improvement of the
hydrophilicity of PES membranes modified with enzymes extracted from
Polyporaceae sp. isolate R. The intense colour of the enzyme modified membranes
confirmed the interaction between the enzyme, substrate and membranes. The
appearance of the spherically shaped structures on the SEM images of M.5b and
M5.c enzyme modified membranes was used as confirmation for the successful
immobilisation of the enzyme. Moreover, a reduction in the permeability of the
modified membranes served as confirmation for the enzyme immobilisation, which
could have resulted from the reduced porosity (clogged pores) of the membranes.
Rejection results suggest that the enzyme modified membranes can be used for the
removal of HA and other similar compounds from water since 95 % HA removal rate
was achieved when the M.5c (Polyporaceae sp. Isolate R) membrane modified was
used.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusion

The aim of this work was to evaluate the performance of an enzyme enabled poly
ethersulfone (PES) membranes in the degradation and removal of natural organic
matter from water. In accomplishing the aim of this work, the following objectives
were successfully achieved; preparation of high performing PES membrane in terms
of permeate flux by altering the composition of the dope solution and parameters
that influences the phase inversion process; isolation and identification of eighteen
(18) fungal isolates using three (3) well-defined methods; screening of the isolates
for the production of lignolytic enzymes using guaiacol as a substrate, and for
removal of humic acid (HA) from liquid media; production of lignolytic enzymes using
solid-state fermentation method, purification of the enzymes using ammonium
sulfate and extraction of the crude lignolytic enzymes; modification of the high
performing membrane by immobilising the extracted crude enzyme laccase on the
membrane surface; and application and evaluation of the enzyme-modified
membranes in the biodegradation and removal of HA as a model compound for
NOM.

The following conclusions were drawn from this study:

I.  In membrane preparation, the addition of water of up to 5 wt.% did not have
any effect on the structure of the membranes. However, for the PES
membrane M.6, an increase in the content of the poreformer polyethylene
glycol (PEG) from 20 wt.% to 36 wt.% and water content of 5.5 wt.% changed
the finger-like structure of the membrane to spongy-like. Extensive surface
characterization of PES membrane M.5 (with 36 wt.% PEG and 0 wt.% water)
revealed that the membrane was hydrophilic (with a contact angle of < 45°)
with the highest water flux of 276.72 L.m2.h'1. Further enhancement of the

permeability of the membrane M.5 through the addition of the solvent
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(15 wt.%) into the coagulation bath improved the permeate flux to 568.66
L. m2.h1. Rejection results showed that the order of rejection was as follows:
BSA>HA>acid blue dye, which indicates that the removal was mostly

governed by the size exclusion mechanism.

Only three (D, L and R) of the 18 isolates screened exhibited the production
of enzyme laccase when guaiacol was used as a substrate. The three
isolates (D,L and R) were further screened for their ability to remove HA from
liquid media. About 48, 23 and 52 % removal were achieved from isolates D,
L and R, respectively. This indicates that fungal enzymes from WRF have the
potential to degrade organic compounds in aqueous media and can be
therefore used to degrade NOM in surface water.

Characterization of the isolates using molecular methods has revealed that
the isolates belong to the family of Perenniporia sp. (D), Trichoderma
koniniopsis (L) and Polyporaceae sp. (R). This corroborates the difference in
the degradation of HA, which was ascribed to the variation in species. Thus,
it can be concluded that the organic compound degradation is species

dependent.

The solid-state fermentation method was used to enhance enzyme
production by the two isolates (D and R). Results demonstrated a decrease
in enzyme activity after 10 days of incubation, suggesting that the optimal
duration for enzyme extraction was less than 10 days. A slight increase in
enzyme activity was observed after purification, with isolate R exhibiting high
laccase activity when compared with isolate Perenniporia sp. (Isolate D). This
serves as further confirmation that enzyme production differs from species to
species. The purified crude enzyme laccase from Perenniporia sp. (isolates
D) and Polyporaceae sp. (isolate R) were immobilised onto the surface of the

PES membrane for the degradation and removal of humic acid.

The high flux membrane M.5 was used as a support material (film) to maintain

the stability of the enzyme laccase on the membrane. The substrate
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VI.

4-hydroxybenzoic acid increased the membrane hydrophilicity owing to its
polar carbonyl groups. An intense colour change was observed that is
indicative of an interaction amongst the enzyme, the substrate and the
sulfonate functional groups of the membrane. Morphological examination
with scanning electron microscope and reduced permeability confirmed the

successful enzyme immobilisation on the surface of the membranes.

The highest UV2s4 degradation efficiency of 85 % was obtained with
membranes immobilised with Perenniporia sp. (isolate D) enzymes during
the first 15 min of filtration. The highest dissolved organic carbon (DOC)
removal efficiency of 99.5 % was achieved with membranes immobilised with
Polyporaceae sp. (isolate R) enzymes. This implies that the enzymes are
much more active on their own than with the substrate. However, a decrease
in DOC removal was observed after 90 min of filtration. This could be due to
saturation of the enzyme active sites or deposition of HA on the membrane
surface. It can be concluded that the best retention time for HA removal from

water is between 15 to 90 min of filtration.

7.2 Recommendations

The study could be extended to cover the following:

High flux membrane preparation

Results emanating from this work showed that it is possible to fabricate a
polymeric membrane with high performance and high mechanical strength
without adding nanomaterials. However, detailed knowledge on the
fundamentals of membrane fouling are needed to fully understand

performance and determine the lifespan of the membranes.

Screening of fungal isolates for enzymes production and humic acid

degradation
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This study was focused on the production of enzymes from three isolates (D,
L and R) on solid media using guaiacol as a substrate. The use of other
substrates for enzyme detection is recommended. Although the investigated
isolates (D, L and R) showed an ability to remove humic acid from liquid
media, the screening of other fractions of natural organic matter (NOM) such
as protein-like, and polysaccharides-like compounds as well as other NOM

model compounds is also recommended.

Enzyme-modified PES membrane characterization

The removal of HA as a model NOM constituent by enzyme-modified
membranes was achieved. Future work on the removal of other NOM
fractions in real water samples is recommended. Future work involving the
application of the enzyme-modified membranes on membrane bioreactors
using hydraulic retention times of between 15 and 90 min of filtration with the
view to enhance membrane performance and process application is

recommended.
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APPENDIX

Table A1:

Flux measurements and permeabilities of the prepared membranes at 3 bars.

Area 0.00335 m? Prepared membranes
Time 05H
65 38 37 94 478 81 250 116 430
29 29 50 101 449 72 330 101 455
45 30 46 100 322 56 200 102 555
Average
(mL) 37 29.5 48 100.5 463.5 76.5 225 101.5 442.5
Average (L) 0.037 0.0295 0.048 0.1005 0.4635 0.0765 0.225 0.1015 0.4425
Flux (LMH) | 22.08955224 | 17.6119403 | 28.65671642 | 179.6407186 | 276.716418 | 45.67164 | 134.3283582 | 60.59701493 | 264.1791045
Permeability | 7.36318408 | 5.870646766 | 9.552238806 | 59.88023952 | 92.238806 15.22388 44.7761194 | 20.19900498 | 88.05970149
STD 11.3137085 | 0.707106781 | 2.828427125 | 0.707106781 | 20.5060967 | 6.363961 | 56.56854249 | 0.707106781 | 17.67766953
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Table A2: Mycelium growth (radius in mm) of all the fungal isolates on HA solid media.

Isolates

A

I & m m O O @

w T O Vo =z Z B XN«

Day 4
29.5
9.5
315
20
15.5
29.5
10
325
25
10
12.5
17.5
18
19

30
29.5
22
20

Day 7

375
14
37
32
32
40
36
36
36
25
36.5
36.5
35
345

36
35
36.5
35.5

Day 10

38.5
15
37
35
33
40
36.5
36.5
36.5
27
36.5
37.5
355
36.5

3.65
35.5
39

37.5
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Day 15
40
15.5
38
39
345
40
37
37
37
275
36.5
385
36
375

37
35.5
40
38.5
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Table A3: Enzyme laccase activity for isolate D and R over 21 incubation period on SSF.

Laccase activit
Isolate Abs before incubation Abs after incubation Difference Enzyme Activity (U/mL) E.A * 1000 (U/mL)
R(@) 7d 2.424 3.31 0.886 0.000328635 0.328635015
Rb)7d 2.076 2.894 0.818 0.000303412 0.303412463
R(a) 10d 1.449 2.307 0.858 0.000318249 0.318249258
R(b) 10d 0.35 0.432 0.082 3.04154E-05 0.03041543
D(@) 7d 2.208 3.078 0.87 0.0003227 0.322700297
DMb)7d 2.286 3.095 0.809 0.000300074 0.300074184
R() 15d 1.428 2.243 0.815 0.0003023 0.302299703
R(b) 15d 0.284 0.325 0.041 1.52077E-05 0.015207715
D(a) 10d 1.501 2.748 1.247 0.000462537 0.462537092
D(b) 10d 0.982 2.255 1.273 0.000472181 0.472181009
R(@)21d 1.551 1.85 0.299 0.000110905 0.110905045
R(b) 21 d 0.439 0.509 0.07 2.59644E-05 0.025964392
D(a) 15d 1.935 2.592 0.657 0.000243694 0.243694362
D(b) 15d 1.563 2.043 0.48 0.000178042 0.178041543
D(@)21d 1.745 2.287 0.542 0.000201039 0.201038576
D()21d 1.376 1.796 0.42 0.000155786 0.15578635
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Table A4: Manganese-dependent peroxidase activity for isolate D and R over 21 incubation period on SSF.

Manganese peroxidase
Isolate Abs before peroxide addition Abs after peroxidase addition Difference | Enzyme Activity E.A * 1000
R@) 7d 2.129 1.7135 0.4155 0.001203999 1.203998841
Rb)7d 1.431 1.147 0.284 0.00082295 0.82294987
R(@) 10d 1.981 0.716 1.265 0.003665604 3.665604173
R(b) 10d 2.191 0.736 1.455 0.004216169 4.216169226
D@7d 1.286 1.0145 0.2715 0.000786728 0.786728484
D(b)7d 1.007 0.804 0.203 0.000588235 0.588235294
R(@) 15d 2.28 1.819 0.461 0.001335845 1.335844683
R(b) 15d 2.32 1.804 0.516 0.001495219 1.495218777
D(a) 10d 1.222 0.971 0.251 0.000727325 0.727325413
D(b) 10d 0.973 0.173 0.8 0.002318169 2.318168647
R(@) 21d 2.63 2.0775 0.5525 0.001600985 1.600985222
R(b) 21 d 2.683 2.057 0.626 0.001813967 1.813966966
D(a) 15d 0.962 0.769 0.193 0.000559258 0.559258186
D(b) 15d 1.357 1.0735 0.2835 0.000821501 0.821501014
D(a)21d 0.776 0.657 0.119 0.000344828 0.344827586
D(b) 21 d 1.468 1.048 0.42 0.001217039 1.21703854
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Table A5: Lignin peroxidase activity for isolate D and R over 21 incubation period on SSF.

Lignin peroxidase
Isolate Abs before peroxide addition Abs after peroxidase addition Difference Enzyme Activity E.A * 1000
R@7d 2.736 2.5935 0.1425 0.000766129 0.766129032
Rb)7d 1.822 1.7455 0.0765 0.00041129 0.411290323
R(@) 10d 2.366 2.0905 0.2755 0.001481183 1.481182796
R(b) 10d 2.629 2.315 0.314 0.001688172 1.688172043
D@ 7d 1.52 1.4545 0.0655 0.000352151 0.352150538
D(b) 7d 1.206 1.1535 0.0525 0.000282258 0.282258065
R(a) 15d 0.194 0.8655 0.6715 0.003610215 3.610215054
R(b) 15d 0.177 0.896 0.719 0.003865591 3.865591398
D(a) 10d 0.183 0.5045 0.3215 0.001728495 1.728494624
D(b)10d 0.189 0.387 0.198 0.001064516 1.064516129
R(@) 21d 0.828 0.946 0.118 0.000634409 0.634408602
R(b) 21 d 0.492 0.9135 0.4215 0.002266129 2.266129032
D(a) 15d 0.329 0.404 0.075 0.000403226 0.403225806
D(b) 15d 0.487 0.589 0.102 0.000548387 0.548387097
D(a) 21 d 0.338 0.403 0.065 0.000349462 0.349462366
D(b)21d 0.534 0.576 0.042 0.000225806 0.225806452
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Table A6: Enzyme activity for isolate D and R after purification.

Isolate Absorbance before incubation Absorbance after incubation Difference Enzyme activity E.A *1000 (U/mL)
R 0.57 1.37 0.8 0.000296736 0.296735905
D 2.735 3.145 0.41 0.000152077 0.152077151

Isolate Absorbance before H202 addition Absorbance after H202 addition Difference Enzyme activity E.A *1000 (U/mL)
R 181 1.56 0.25 0.000724428 0.724427702
D 2.37 2.07 0.3 0.000869313 0.869313243

Isolate Absorbance before H20: addition Absorbance after H2O2 addition Difference Enzyme activity E.A *1000 (U/mL)
R 0.92 0.89 0.03 0.00016129 0.161290323
D 0.945 0.97 0.025 0.000134409 0.134408602
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Table A7: Permeabilities of unmodified membrane

Area

Filt Time(min)

15
30
45
60
90
120
150
180

0.00113 m?

hours
0.25
0.5
0.75
1
15
2
25
3

M.5a
Volume

(mL) L

6 0.006
4.5 0.0045
4.5 0.0045
3.5 0.0035

8 0.008
6.5 0.0065
8.5 0.0085

9 0.009

Table A8: Permeabilities of unmodified membrane with substrate only

Flux
21.23893805
7.96460177
5.309734513
3.097345133
4.719764012
2.876106195
3.008849558
2.654867257

Area 0.00113 m?
M.5
Volume

Filt Time(min) hours (mL) L Flux permeability
15 0.25 8.5 0.0085 30.08849558 30.08849558

30 0.5 7 0.007 12.38938053 12.38938053

45 0.75 6.5 0.0065 7.669616519 7.669616519

60 1 6 0.006 5.309734513 5.309734513

90 15 13 0.013 7.669616519 7.669616519

120 2 12.5 0.0125 5.530973451 5.530973451

150 25 13 0.013 4.601769912 4.601769912

180 3 135 0.0135 3.982300885 3.982300885

permeability
21.23893805
7.96460177
5.309734513
3.097345133
4.719764012
2.876106195
3.008849558
2.654867257

Table A9: Permeabilities of membranes modified with enzymes only
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Area 0.00113 m?
M.5b isolate D
Filt Time(min) hours Volume (ml) L Flux permeability
15 0.25 9.5 0.0095 33.62831858 6.725663717
30 0.5 10 0.01 17.69911504 3.539823009
45 0.75 9.5 0.0095 11.20943953 2.241887906
60 1 9.2 0.0092 8.14159292  1.628318584
90 15 18.5 0.0185 10.91445428 2.182890855
120 2 175 0.0175 7.743362832 1.548672566
150 25 17 0.017 6.017699115 1.203539823
180 3 16.5 0.0165 4.867256637 0.973451327



Appendix

Table A10: Permeabilities of membranes modified with enzymes and substrate

Area 0.00113 m?
M.5c¢ isolate D
Volume

Filt Time(min) hours (ml) L Flux permeability
15 0.25 7 0.007 2477876106  4.955752212
30 0.5 7.5 0.0075 13.27433628  2.654867257
45 0.75 6.5 0.0065 7.669616519  1.533923304
60 1 6.3 0.0063 5.575221239  1.115044248
90 15 115 0.0115 6.784660767  1.356932153
120 2 11 0.011 4.867256637  0.973451327
150 2.5 10.5 0.0105 3.716814159  0.743362832
180 3 10 0.01 2.949852507  0.589970501

Table A1l: Permeabilities of membranes modified with enzymes only

Area 0.00113 m?
M.5b isolate R
Filt Time(min) hours Volume (ml) L Flux permeability
15 0.25 7 0.007 24.77876106 4.955752212
30 0.5 6.5 0.0065 11.50442478 2.300884956
45 0.75 6.2 0.0062 7.315634218 1.463126844
60 1 7 0.007 6.194690265 1.238938053
90 15 13 0.013 7.669616519 1.533923304
120 2 12.5 0.0125 5.530973451 1.10619469
150 2.5 12.5 0.0125 4.424778761 0.884955752
180 3 12.2 0.0122 3.598820059 0.719764012

Table A12: Permeabilities of membranes modified with enzymes and substrate

Area 0.00113 m?
M.5c isolate R

Filt Time(min) hours Volume (ml) L Flux permeability
15 0.25 9.5 0.0095 33.62831858  6.725663717
30 0.5 8 0.008 14.15929204  2.831858407
45 0.75 7.5 0.0075 8.849557522  1.769911504
60 1 8.5 0.0085 7.522123894  1.504424779
90 15 15.5 0.0155 9.144542773  1.828908555
120 2 15 0.015 6.637168142  1.327433628
150 2.5 14.8 0.0148 5.238938053  1.047787611
180 3 13.6 0.0136 4.01179941 0.802359882
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