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ABSTRACT

The occurrence of trace organic contaminants (TrOCs) in raw and secondary treated effluent is
of significant human and ecological health concern, particularly with regard to the safety of the
downstream production of water for human consumption. Efficient removal of TrOCs is a
prerequisite to wastewater reclamation which is regarded as an important means of tackling the
ever increasing demand for water. This thesis work investigated the removal of TrOCs by whole-
cell white rot fungi (WRF) and their extracellular enzyme (i.e., laccase) in membrane bioreactors

(MBRs) and enzymatic membrane reactors (EMRS).

The first step of this research compared the TrOC removal performance of live
(biosorption + biodegradation), intracellular enzyme-inhibited and chemically inactivated
(biosorption only) whole-cell preparations and the fungal extracellular enzyme extract
(predominantly laccase) from Trametes versicolor (ATCC 7731). Because phenolic substrates
are amenable to degradation by laccase, all 14 phenolic TrOCs were readily biodegraded by the
live whole-cell culture. On the other hand, only eight of the 16 non-phenolic TrOCs were readily
biodegraded, while the removal of hydrophilic TrOCs (log D <3) was negligible. With the
exception of diclofenac, no non-phenolic TrOCs were degraded by the extracellular enzyme
extract. The whole-cell culture showed considerably higher degradation of at least seven
compounds, indicating the importance of biosorption and subsequent degradation by intracellular
and/or mycelium associated enzymes. TrOC removal performance of laccase was improved by
the addition of redox-mediator (1-hydroxybenzotriazole (HBT) and syringaldehyde (SA)). The
laccase-mediator system extended the spectrum of efficiently degraded TrOCs to 13 phenolic
and three non-phenolic compounds, with moderate improvements in removal of a few other non-
phenolic compounds. TrOC removal efficiency improved significantly as the HBT dose was
increased from 0.1 to 0.5 mM, while SA achieved similar removal over dosage range of 0.1-
1 mM. However, a particular concern was the toxicity of the treated media (1200-2200 times
that of the control) for all SA dosages applied. Overall, HBT at a concentration of 0.5 mM
achieved the best removal without raising concern regarding toxicity of the treated media. The

results have been discussed in the light of the redox potential of the enzyme-mediator cocktail,



the balance between the stability and reactivity of the radicals generated, and their cytotoxic

effects.

The batch tests confirmed significant removal of various TrOCs by whole-cell T. versicolor and
its extracellular extract under sterile conditions. However, little is known about TrOC removal in
continuous flow fungal reactors in a non-sterile environment. The degradation of 30 TrOCs by a
white-rot fungus-augmented MBR was investigated. Overall, the fungus-augmented MBR
showed better TrOC removal compared to a system containing conventional activated sludge.
The major role of biodegradation in removal by the MBR was noted. Continuous mediator
dosing to MBR may potentially enhance its performance, although not as effectively as for
mediator-enhanced batch laccase systems. A toxicity bio-assay revealed no significant increase
in the toxicity of the effluent during MBR treatment of the synthetic wastewater comprising
TrOCs, confirming that no toxic by-products were produced.

One of the challenges facing the application of laccase in a continuous flow wastewater
treatment process is the wash out of the enzyme along with the treated effluent. In this thesis
work, an EMR equipped with an ultrafiltration (UF) membrane was developed to facilitate
retention of laccase and its separation from treated effluent. A commercially available laccase
purified from Aspergillus oryzae (Novozymes, Australia) was used. The UF membrane
completely retained laccase but periodic enzyme addition was required due to its denaturation.
Under the operation condition in this thesis, the laccase activity was maintained by addition of a
laccase dose of 23 mg/L d every 12 h. The EMR was observed to facilitate degradation of a
number of TrOCs originally showing resistance to enzymatic degradation. This was attributed to
the formation of a dynamic layer of laccase over the membrane surface which retained TrOCs
and facilitated their subsequent enzymatic degradation. A complementary role of enhanced
degradation by the laccase-mediator system and retention by the membrane gel layer was
revealed. Membrane retention particularly enhanced the degradation of the compounds which are
less amenable to mediator-enhanced enzymatic degradation.

The performance of the EMR was further evaluated in terms of removal efficiency and toxicity
of the treated effluent under different concentrations of the TrOCs and a redox-mediator

syringaldehyde (SA). The results showed that SA can improved laccase-catalyzed degradation of

vi



TrOCs in EMR but may increase effluent toxicity. A specific emphasis was placed on the
investigation of the toxicity of the enzyme (laccase), SA, TrOCs and the treated effluent. Batch
tests demonstrated significant individual and interactive toxicity of the laccase and SA
preparations. TrOC removal efficiency by the EMR was observed to increase with influent TrOC
concentration up to 50 pg/L, but decreased for some compounds when the influent TrOC
concentration was further increased to 100 pg/L, indicating kinetic limitations. On the other hand,
SA addition at a concentration of 10 pM significantly improved TrOC removal, but no removal
improvement was observed at the elevated SA concentrations of 50 and 100 uM. The treated
effluent showed significant toxicity at SA concentrations beyond 10 uM, providing further

evidence that higher dosage of SA must be avoided.

Finally, the effect of granular activated carbon (GAC) addition on TrOC removal performance,
effluent toxicity and membrane fouling was investigated. In this part of the study, four non-
phenolic resistant TrOCs, namely carbamazepine, diclofenac, sulfamethoxazole and atrazine
were used. A one-off dose of 3 g/L GAC was added into the EMR. The results showed that GAC
addition could enhance the TrOC degradation by the laccase-SA system, reduce the mediator-
induced effluent toxicity and mitigate membrane fouling by preventing excessive accumulation
of a gelatinous layer of laccase over the membrane. Mass balance analysis reveals that the

improvement was not due solely to adsorption on GAC but also enhanced biodegradation.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

The term trace organic contaminants (TrOCs) refer to several groups of pollutants present in
water and wastewater at very low concentration (i.e., several micrograms per litre or lower).
Classes of TrOCs include endocrine disrupting compounds (EDCs), pharmaceutical and personal
care products (PPCPs), disinfection by-products (DBPs), UV filters, steroid hormones,
phytoestrogens and industrial chemicals. These have been detected in sewage and sewage-
impacted surface waters all over the world, including Australia (Schwarzenbach et al., 2006; Ort
etal., 2010; Saba et al., 2012).

The occurrence of these TrOCs in secondary treated effluent is of significant human and
ecological health concern because TrOCs have been found to cause adverse physiological
changes in aquatic organisms and can potentially affect human health on prolonged exposure.
Thus, efficient removal of TrOCs is a prerequisite to wastewater reclamation which is regarded
as an important means of tackling the ever increasing demand for water from a growing
population, changing lifestyle patterns due to urbanization, and diminishing and uncertain natural
water resources due to erratic weather patterns (Radcliffe 2006; Fane 2007). It has been a matter
of concern that conventional wastewater treatment plants do not remove certain groups of TrOCs
effectively. The TrOC removal capacity of conventional wastewater treatment depends
significantly on the biological treatment stage where trace organics are removed by adsorption
on suspended solids possibly followed by biodegradation. Removal of some hydrophobic
compounds has been reported to be mainly due to adsorption. Wick et al. (2009) confirmed that
no significant removal of certain hydrophilic and resistant pharmaceuticals (i.e., carbamazepine
and diclofenac) was observed in the conventional wastewater treatment plant. Incomplete
removal of pharmaceuticals such as naproxen, ketoprofen and diclofenac during conventional
wastewater treatment has also been reported by Kimura et al. (2007). Over the last decade, many
studies have investigated TrOC removal from water and wastewater using physicochemical,
biological, or advanced oxidation processes, or a combination of different processes. These
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studies have led to encouraging outcomes; however, a universal end-of-pipe treatment process is
yet to be formulated. The available technologies have their own pros and cons. For example,
membrane filtration processes such as nanofiltration or reverse-osmosis have the potential to
retain TrOCs via size exclusion and/or charge repulsion; however, hydrophobic TrOCs can
accumulate on membrane and subsequently diffuse through it (Alturki et al., 2010). Similarly,
physicochemical treatment processes such as adsorption only transfer TrOCs from one form to

another and produce large volumes of secondary waste.

Biodegradation is an attractive technology that utilizes microorganisms to clean up the
environment (Watanabe 2001). A potential alternative to the application of conventional
activated sludge process is the use of white-rot fungi (WRF) cultures and their lignin modifying
enzymes (LME). Fungi display many features and components that could be used to remediate
polluted soil and water. WRF have the potential to be useful biocatalysts due to their broad
substrate coverage through a battery of extracellular (i.e., laccases, manganese peroxidases (MnP)
and lignin peroxidases (LiP)) and intracellular enzymes (i.e., cytochrome P450) (Cabana et al.,
2007; Marco-Urrea et al., 2009; Harms et al., 2011) (Figure 1.1). Initially extracellular or
intracellular enzyme systems attack the target pollutant. Metabolites generated during
extracellular pollutant oxidation may be further subject to intracellular catabolism. Metabolites
arising from intracellular attack may be excreted and can then either undergo further
extracellular enzymatic reactions or may undergo further intracellular catabolism. This may
result in mineralization or, again, in metabolite excretion at various oxidation stages if
subsequent oxidation is impeded (Harms et al., 2011). WRF can degrade a range of compounds
that are inefficiently degraded by bacteria. For example, although low molecular mass polycyclic
aromatic hydrocarbons are readily degraded by bacteria, however, as molecular mass increases,
their bioavailability strongly decrease which make them resistant to bacterial degradation. Fungi
could intracellularly hydroxylate polycyclic aromatic hydrocarbons and further convert them to
water soluble products (Juhasz et al., 2000). WRF and their LMEs have been reported to
degrade pollutants that are not amenable to bacterial degradation such as azo dyes, polycyclic
aromatic hydrocarbons, chlorophenols, nitrotoluenes and polychlorinated biphenyls (Hai et al.,
2007; Hai et al., 2012). The ability to degrade a wide variety of xenobiotics makes these
microorganisms potentially useful in application for TrOC removal.



To date, there have been a number of small-scale and batch studies on the application of WRF
and their LMEs for TrOC degradation via whole cell fungi culture or extracellular enzyme
preparations under different operating conditions (e.g., pH and culture media). Evidence from
literature indicates that WRF and their LMEs can degrade various TrOCs, and their removal
efficiency is governed by the physicochemical properties of TrOCs, fungus strains and enzyme
types (Marco-Urrea et al., 2009; Tran et al., 2010). Laccase is an important oxidoreductase
enzyme available predominantly from fungi, but also from bacteria. The substrate range of
laccase can be expanded in the presence of small molecular weight redox-mediators that act as
an ‘electron shuttle’ between the enzyme and the target compounds. The degree of enhancement

depends predominantly on the type of mediator and the TrOC structure.

Despite the potential, only a few studies have investigated TrOC removal by WRF in continuous
flow reactors (Blanquez et al., 2008; Jelic et al., 2012). Furthermore, there are only two available
studies on the removal of TrOC under non-sterile conditions as would likely be experienced in
practice (Zhang et al.,, 2012; Yang et al., 2013). Adsorption on fungal mycelium and
biodegradation by the fungal enzymes (extracellular and/or intracellular enzymes) are the two
main mechanisms for TrOC removal in a continuous flow fungal reactor. However, there are two
important inherent limitations of continuous flow fungal reactors i) washout of extracellular
enzyme (which is necessary for the degradation) with treated effluent and ii) inhibition due to
bacterial presence (deactivating enzyme and inhibiting fungal growth). Therefore, it is clear that
more systematic studies on the enhancement of fungal degradation of TrOCs in continuous flow

reactors are necessary.

Pollutant degradation via harvested enzymes, in contrast to degradation by live whole-cells, can
help separating the ‘microbial growth’ and ‘microbial degradation’ steps. Thus enzymatic
degradation of wastewater-borne resistant pollutants has gained much attention in recent years.
Compared to conventional chemical oxidation, degradation by enzyme such as laccase can be
achieved under milder conditions, while realizing higher rates and reaction specificity. However,
enzyme-washout with treated effluent is a critical problem encountered during their application
in continuous systems such as wastewater treatment plants. The application of a membrane with
a smaller pore size relative to the enzyme molecule inside the enzymatic reactor forms an

enzymatic membrane reactor (EMR). This approach offers several advantages over other
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alternatives: (i) EMR retains enzymes more effectively than conventional packed bed reactors; (ii)
operation with free enzyme avoids limitation of mass transfer associated with immobilization on
carriers; and (iii) enzyme can be easily replenished during long term operation (Modin et al.,
2014). Notably, most of the available studies on enzymatic degradation of resistant compounds
in general and TrOCs in particular have been conducted in small scale and batch mode.

Investigation of TrOC removal by EMR thus remains largely an unexplored topic.
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Figure 1.1: Principal methods used by fungi to degrade organic chemicals (adapted from Harms
etal., 2011).



1.2. RESEARCH OBJECTIVES
The overall goal of this research is to systematically investigate TrOC removal by a fungal-
augmented membrane bioreactor and an enzymatic membrane reactor (EMR). The specific

objectives are to:

1. Evaluate TrOC removal efficiency of whole-cell WRF and their enzyme systems in batch

conditions.
2. Assess TrOC removal performance of a fungal membrane bioreactor.

3. Investigate the role of enzymatic degradation and membrane retention in TrOC removal by
EMR.

4. Investigate the influence of redox-mediators on TrOC removal by EMR.
5. Assess the impact of granular activated carbon addition on TrOC removal by EMR.
1.3. THESIS OUTLINE

This thesis contains eight chapters as schematically presented in Figure 1.2. Chapter 1
introduces the background, and research objectives of this study. Chapter 2 provides a
comprehensive literature review of the current technologies for TrOC removal, and current
knowledge regarding application of WRF and their LMEs for TrOC removal. The results are
discussed under two broad sections. The first section, including Chapter 3 and 4, presents the
removal of TrOCs by whole-cell WRF and their LMEs under batch test conditions (Chapter 3)
and by a whole-cell fungal membrane bioreactor (Chapter 4). The fungal biomass and crude
extracellular enzyme solution from the culture of WRF Trametes versicolor was used in Chapter
3 and 4. The second section includes the rest of the chapters, discusses results from a series of
investigations on TrOC removal by EMRs. In chapter 5, the performance of an EMR utilizing a
commercially available laccase from Aspergillus oryzae for the removal of 30 chemically diverse
TrOCs was presented. Chapter 6 focuses on the impact of redox-mediator concentration on TrOC
removal by EMR. Particularly, the toxicity of treated effluents is systematically investigated in
this chapter. Chapter 7 assesses the impact of simultaneous dosing of mediator and an adsorbent
(i.e., granular activated carbon) on TrOC removal by EMR. Finally, chapter 8 summarizes the

overall outcomes of work and the recommendations for future research.
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Figure 1.2: Schematic description of the thesis outline.
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CHAPTER 2: LITERATURE REVIEW

2.1. INTRODUCTION

The occurrence of trace organic contaminants (TrOCs) such as pesticides, pharmaceutically
active compounds (PhACs), natural and synthetic hormones and various industrial compounds
in the aquatic environment is of great concern due to their potential adverse effects on human
and ecological health (Schwarzenbach et al., 2006). This chapter provides an overview of the
current scientific research on the occurrences, fate and toxicity of TrOCs WWTPs and in natural
systems. A comprehensive literature review on diverse treatment technologies that have been
investigated for TrOC removal will be provided. In particular, the applications of WRF and their
LMEs for TrOC removal are comprehensively reviewed.

2.2 TRACE ORGANIC CONTAMINANTS

2.2.1 Occurrence and fate of TrOCs

TrOCs are classified according to their intended use or function, e.g., PhACs, pesticides,

surfactants and industrial chemicals, steroid hormones, phytoestrogens and UV filters.

PhACs have been detected in water supplies and WWTP effluents around the world due to their
widespread production and use (Kolpin et al., 2002; Loos et al., 2009; Tran et al., 2014). For
example, Kolpin et al. (2002) investigated 139 water streams in US and observed 82 compounds
with concentration ranging up to 2 pg/L. There are various pharmaceuticals in different
therapeutic groups which have diverse physicochemical properties (e.g., analgesics and anti-
inflammatories, cholesterol-lowering agents, anti-epileptics, and others). Because they are
developed with the intention of performing a biological effect, PhACs have many of the
necessary properties to bio-accumulate and provoke effects in aquatic or terrestrial ecosystems
(Halling-Sgrensen et al., 1998). Pharmaceuticals in urine or faeces could exist in their original

chemical structure or in the form of metabolites and conjugates (Halling-Sgrensen et al., 1998).

Pesticides are substances or mixture of substances intended for preventing, destroying, repelling

or mitigating any pest. Pesticides are categorised into four groups: pesticides, fungicides,
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herbicides, and insecticides. The discovery of health and environmental hazards associated with
pesticide use has brought about more stringent regulations and changes in pesticide formulation
(Fu et al., 1999; Wilson et al., 2001). Hence, current pesticides are less persistent and harmful
than before. However, harmful pesticides are still abundantly present in polluted sites due to

widespread and indiscriminate use in the past (Fu et al., 1999; Wilson et al., 2001).

Surfactants are found in detergents, wetting agents, emulsifiers, foaming agents, and other
formulations that are widely used in industrial processes. Hence, surfactants such as nonylphenol
polyethoxylates and linear alkylbenzene sulfonates have been detected in certain effluents and
water bodies in relatively high concentrations (e.g., ug/L to mg/L) (Scott-Fordsmand et al., 2004;
Song et al.,, 2010). Two other industrial chemicals that have significant impact on the
environment are plasticizers and flame retardants. Plasticizers such as bisphenol A tend to
exhibit low biodegradability, and may have high toxicity for aquatic and terrestrial organisms
(Scott-Fordsmand et al., 2004). Flame retardants such as polybrominated diphenyl ethers have
been found in relatively low concentrations in wastewater (e.g., ng/L), but have high stability in

the environment (Song et al., 2010).

Both natural and synthetic hormones have been detected in the aquatic environment. Although
the full extent of the impact of natural and synthetic hormones on human health is still a subject
of intense scientific debate (Rodgers-Gray et al., 2000; Cunningham et al., 2009), some of these
compounds (e.g., 17p-estradiol and 17a-ethinylestradiol) have been identified as the cause of
adverse developmental and reproduction issues in fish exposed to municipal wastewater effluent
(Jaser et al., 2003; Angus et al., 2005).

Phytoestrogens are widely found in plants such as soybeans, cabbages, and fruits. Thus, human
diet is sometime rich in phytoestrogens. A variety of phytoestrogens and their metabolites have
been identified in human body fluids. The compounds have also been often detected in urine or
faeces, which can be one of the main sources of their occurrence in municipal wastewaters (Kang
et al., 2009; Liu et al., 2010). Hence, phytoestrogens have been detected in certain effluents and
water bodies. Kang et al. (2009) found high level of phytoestrogens such as enterolactone (581-
2111 ng/L), daidzein (341-1688 ng/L) and enterodiol (60-834 ng/L) in raw sewage.
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UV filters include both inorganic and organic sunscreen agents. The discharge of UV filters into
the environment is likely to increase due to recommendations of health authorities on the
prevention of skin cancer. UV filters such as benzophenone and oxybenzone have been detected
in the environment in the range of ng/L to pg/L (Poiger et al., 2004; Gomez et al., 2009).
Although only a limited number of studies on the environmental impact of UV filters is found,
there is evidence that they adversely affect the reproduction of aquatic organisms (Kaiser et al.,
2012).

The aforementioned TrOCs are introduced to the aquatic environment through various routes.
Pharmaceuticals may come from discharges of households, animal husbandries, aquacultures,
and manufacturing companies (Mompelat et al., 2009). Pesticides that were applied on soil
during agricultural activities may leach into groundwater or nearby bodies of water (Wilson et al.,
2001). Surfactants and industrial chemicals are found in industrial effluents due to typical
production processes (Hall et al., 1989; Song et al., 2010). Natural hormones and phytoestrogens
are excreted by humans, livestock, and plants (Kang et al., 2009; Combalbert et al., 2010). In
addition, humans may excrete synthetic hormones (e.g., 17a-ethinylestradiol) that have been
taken up for medicinal purposes (Johnson et al., 2004). UV filters may be directly discharged to
surface water (released from the skin during swimming and bathing), or enter sewage (Poiger et
al.,, 2004). TrOCs have been detected in different water bodies such as surface water,
groundwater, treated effluent from WWTPs, and drinking water in a number of countries/regions
including US, Austria, China, UK, Germany, France, Spain, Korea and Viet Nam. The
concentration of the TrOCs in the environment shows significant spatial and temporal variations
due to a number of factors such as production, specific sales, metabolism, and elimination
efficiency of the wastewater treatment process (Luo et al., 2014). In general, the concentrations
vary widely from the range of ng/L to few pg/L. TrOCs that are discharged into sewage enter
wastewater treatment plants (WWTPs), wherein they may undergo biodegradation. However,
conventional WWTPs are not designed to treat TrOCs and therefore, a significant amount may
persist in waste activated sludge and effluent. The discharge or re-use sludge and effluents may

cause the dispersion of TrOCs into the environment (Mompelat et al., 2009; Song et al., 2010).
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2.2.2 TrOC toxicity

The potential effects of TrOCs have been well documented in various studies in the last decade
(Schwaiger et al., 2004; Carlsson et al., 2006; Bolong et al., 2009). These compounds can disrupt
the endocrine system by mimicking, blocking or also hampering functions of hormones, thereby
affecting health of human and animal species (Bolong et al., 2009). Schqaiger et al. (2004)
studied the possible effects in rainbow trout after prolonged exposure to diclofenac. They
reported histopathological changes of kidney and liver when fish were exposed to 5 pg/L of
diclofenac for 28 days. EDCs cause a wide range of adverse effects on aquatic organisms e.g.,
feminisation of male fishes (Jobling et al., 1998), demasculinisation of alligators (Guillette et al.,
2000), growth inhibition, immobilisation, mutagenicity, increased mortality and changes in
population density (Alzieu 2000). For example, bisphenol A has been proven to have estrogenic
effects in rats (Ishido et al., 2011). Bisphenol A has been shown to mimic estradiol in causing
direct damage to the DNA of cultured human breast cancer cells (Iso et al., 2006). Some steroid
hormones such as estrone, 17B- estradiol and 170- ethinylestradiol have a high specific
biological estrogenic activity even at extremely low concentrations (Bolong et al., 2009) and
may cause feminisation in male fish. In the environment, TrOCs are present as a mixture of
various parent compounds and their transformation products. Mixture of TrOCs may impose a
more complicated effect when compared to that of a single compound (Fent et al., 2006;
Backhaus et al., 2008; Klaus 2009). For example, eco-toxicity tests with antibiotics showed that
combined toxicity of two antibiotics can lead to either synergistic, antagonistic or additive effects
(Christensen et al., 2006). In general, knowledge about the toxicity of compound mixtures is

limited. This is a new field of eco-toxicity and much remains to be studied.
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Table 2.1: Information on the adverse effects of TrOCs from recent studies (adapted from Pal et
al., 2010).

Concentration

Compounds Type of risk Reference
P (Hg/ L) P
. . . (Hoeger et
Diclofenac 0.5 -50 Affect tissues of gills and kidney of al., 2005)

freshwater fish brown trout

Risk to aquatic environment with

chronic toxic effect (such as (Carlsson et
inhibited polyp regeneration and al., 2006)
reduced reproduction in hydra)

Ibuprofen, diclofenac,
17B -estradiol and 17f - 0.01
estradiol -17acetate

Modulation of brain and inter-renal

17a-ethinylestradiol (Lyssimachou

(EE2) 5- 50 steroid genic acute in juvenile etal., 2007)
salmon
Carbamazepine 20" Cause ataxia, movement disorders,  (Soderstrom.
P anticholinergic toxidrome et al., 2006)
Triclosan 0.3 -30 Dlsrupt_s gene expression in Rana (Veldhoen et
catesbeiana al., 2006)
: i Disruption of vitellogenisis (Holbech et
Estriol 0.1-30 (shrimp) al., 2006)
Multi-generational reproductive (Brennan et
Nonylphenol 100 process disruptions on Daphnia
magna al., 2006)

" mg/kg body weight
2.3 TrOC REMOVAL PROCESSES

2.3.1 Physicochemical treatment processes
2.3.1.1 Coagulation and flocculation

In water and wastewater treatment, coagulation and flocculation is typically applied prior to
sedimentation and filtration (Matilainen et al., 2010). Coagulation process involves the addition
of chemicals which can neutralise particle charge thus promoting formation of larger particles
which can settle or get entrapped into filter material. Coagulation and flocculation have been
employed in water treatment to decrease turbidity and colour and to remove pathogens. However,
coagulation has been found inefficient in terms of TrOC removal. For example, Choi et al. (2006)
reported that the removal of 14 EDCs was in the range of 0 to 7% by coagulation using five
different coagulants. Negligible removal of estrone and estradiol has been reported in the
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literature (Bundy et al., 2007; Le-Minh et al., 2010). Information regarding the removal

efficiency of selected EDCs and PPCPs during coagulation is summarised in Table 2.2.

Table 2.2: Removal of selected TrOCs during coagulation/flocculation

Compounds Primary Influent Removal References
coagulation/pH/Dose (mg/L)  (ng/L) (%)
Pharmaceutically active compounds
Acetaminophen  Alum, pH 6.8, 78 - <20 (Westerhoff et
al., 2005)
Carbamazepine  Ferric, pH 8 1000 13 (Ternes et al.,
2002a)
Ferric, pH 8, 10.4-12.6 80-180 0-6 (Ternes et al.,
2002a)
Alum, pH 6.8, 78 - <20 (Westerhoff et
al., 2005)
Ferric, pH 6.8, 13.1 30 35 (Westerhoff et
al., 2005)
Diclofenac Ferric, pH 8 1000 6 (Ternes et al.,
2002a)
Ferric, pH 8, 10.4-12.6 65-140 8-25 (Ternes et al.,
2002a)
Alum, pH 6.8, 78 - <20 (Westerhoff et
al., 2005)
Ibuprofen Ferric, acidic pH 8.5-175 4 (Vieno et al.,
2006)
Alum, pH 6.8, 78 - <20 (Westerhoff et
al., 2005)
Ketoprofen Ferric, acidic pH 7-115 13 (Vieno et al.,
2006)
Naproxen Ferric, acidic pH 7-75 20 (Vieno et al.,
2006)
Alum, pH 6.8, 78 - <20 (Westerhoff et
al., 2005)
Sulfamethazine ~ Alum, 20-107 50000 0 (Adams et al.,
2002)
Ferric, 25-169 50000 0 (Adams et al.,
2002)
Trimethoprim Alum, 20-107 50000 0 (Adams et al.,
2002)
Ferric, 25-169 50000 O (Adams et al.,
2002)
Primidone Ferric, pH 8 1000 0 (Ternes et al.,

2002a)
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Personal Care Products

DEET Alum, pH 6.8, 78 78 0 (Westerhoff et
al., 2005)
Ferric, pH 6.8, 13.1 78 0 (Westerhoff et
al., 2005)
Triclosan Alum, pH 6.8, 78 78 0 (Westerhoff et
al., 2005)
Steroids hormones
17a- Alum, pH 6.8, 78 95 0 (Westerhoff et
Ethinylestradiol al., 2005)
Ferric, pH 6.8, 13.1 95 0 (Westerhoff et
al., 2005)
Alum, pH 5.4, 57-126 50000 0 (Ballard et al.,
2005)
17B-Estradiol Alum, pH 6.8, 78 95 2 (Westerhoff et
al., 2005)
Ferric, pH 6.8, 13.1 95 0 (Westerhoff et
al., 2005)

2.3.1.2 Granular and powdered activated carbon

Activated carbon can be used to remove TrOCs completely or partially from water and
wastewater (Ternes et al., 2002b; Snyder et al., 2007). Activated carbon can be used in the
following two types: powdered activated carbon (PAC) and granular activated carbon (GAC).
PAC is usually added in contact basins while GAC is packed in a column. The performance of
activated carbon adsorption depends on the properties of the activated carbon sorbent (i.e.,
surface area, pore size distribution, surface charge, oxygen content) and on the properties of the
solute (i.e., shape, size, charge, and hydrophobicity). The influent concentrations, organic
concentration and contact time can also affect the performance of activated carbon adsorption.
Adsorption onto PAC or GAC can also be used to efficiently remove TrOCs from water.
However, limited adsorption of ionic compounds, particularly those containing electron-
withdrawing functional groups, has been reported (Ternes et al., 2002b). Table 2.3 summarises

the removal efficiency of selected TrOCs via adsorption on activated carbon.
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Table 2.3: Removal of selected TrOCs through activated carbon adsorption

Compounds Adsorbent/dose Influent  Removal References
P (mg/L)/contact time (h) (ng/L) (%)
Pharmaceutically active compounds
Acetaminophen PAC, 5,4 o5 69 (Westerhoff
et al., 2005)
Carbamazepine GAC, 5,0.25 (Ternes et
1000 100 41 2002a)
PAC.S, 4 105-180 100 (e\t’\gl’s“;g‘gg
Diclofenac GAC, 5,0.25 (Ternes et
40 100 41 2002a)
GAC, 35-40, 0.25 (Ternes et
60 100 al., 2002a)
PAC, 5,4 (Westerhoff
35 48 et al., 2005)
PAC, 5,4 (Westerhoff
20 21 et al., 2005)
Naproxen PAC, 5,4 (Westerhoff
20 47 etal,, 2005)
Primidone GAC, 35-40, 0.25 15 67 (Ternes et
al., 2002a)
Sulfamethazine PAC, 5-50, 4 50000 35-90 (éﬁl\dgrgcs)zeit
Sulfamethoxazole PAC, 5, 4 20 20 (Westerhoff
et al., 2005)
Trimethoprim PAC, 5-50, 4 50000 35-90 (:I\dzrggze)t
PAC, 5,4 (Westerhoff
65 20 atal, 2005)
Steroids hormones
17a- PAC, 5-15, 4 (Yoon etal.,
Ethinylestradiol 29620 50-100 2003)
PAC, 5-15, 4 (Westerhoff
160 8  etal, 2005)
17p-Estradiol PAC, 5-15, 4 97930 87-100 (Yo;glogt) al.,
PAC, 1,1 6.8-1360 39-51 (Westerhoff

et al., 2005)
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2.3.1.3 Membrane filtration technology

The removal of TrOCs by nanofiltration (NF) and reverse osmosis (RO) membrane filtration has
been investigated at lab, pilot and full scale implementations. The results highlighted great
capacity of NF/RO membranes to remove TrOCs (Bellona et al., 2008; Al-Rifai et al., 2011).
However, TrOC removal by NF/RO is also dependent on various factors including
physicochemical properties of TrOCs (e.g., molecular size, hydrophobicity and polarity) and
feed solution compositions (Bellona et al., 2004). For example, Nghiem et al. (2004a) reported
that the removal of some hydrophobic compounds can be lower than that is expected based on
the size exclusion mechanism. Hydrophobic TrOCs can adsorb to NF/RO membranes and then
diffuse through the membrane material, leading to considerable transport of these compounds

into the permeate. Table 2.4 summaries the removal of selected TrOCs by NF/RO membrane.

Table 2.4: Removal of selected TrOCs by NF/RO membrane

Removal

Compounds (%) References
Pharmaceutically active compounds

Acetaminophen 85 (Snyder et al., 2007)
Carbamazepine 95 (Alturki et al., 2010)
Diclofenac 90 (Xie et al., 2012)
Gemfibrozil 89 (Snyder et al., 2007)
Ibuprofen 91 (Snyder et al., 2007)
Ketoprofen 99 (Alturki et al., 2010)
Naproxen 72-90 (Snyder et al., 2007; Alturki et al., 2010)
Primidone 85-92 (Alturki et al., 2010)
Triclosan 84 -100 (Snyder et al., 2007; Xie et al., 2012)
Steroid hormones

17a-ethinylestradiol 99 (Snyder et al., 2007; Alturki et al., 2010)
17p-estradiol 96-100 (Snyder et al., 2007)
17B-estradiol17-acetate 95-100 (Snyder et al., 2007; Alturki et al., 2010)
Estriol 96 (Snyder et al., 2007)

Estrone 69 - 98 (Snyder et al., 2007)
Industrial chemicals

4-n-nonyphenol 99 (Snyder et al., 2007)
4-tert-butylphenol 99 (Snyder et al., 2007)
4-tert-octylphenol 95-99 (Snyder et al., 2007)

Bisphenol A 75-90 (Xie et al., 2012)
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2.3.2 Biological treatment processes

2.3.2.1 Conventional activated sludge

Elimination of TrOCs in conventional activated sludge (CAS) treatment processes is often
incomplete, and the reported overall removal of TrOCs in CAS varies significantly (Clara et al.,
2005; Oppenheimer et al., 2007). As a consequence, a significant fraction of the TrOCs is
discharged with the final effluent into the aquatic environment. Two major mechanisms of
removal of TrOCs during CAS processes are sorption and biodegradation (Radjenovic et al.,
2007b). Biodegradation of TrOCs in CAS depends on the composition of biomass (i.e., microbial
community structure) and their associated enzyme systems (Tran et al., 2013). The microbial
community is influenced by the operating conditions such as pH, temperature, concentration of
growth substrates. For example, higher nitrifying activity of activated sludge has been observed
in CAS system which showed high removal of TrOCs. In a study by Tran et al (2009), enriched
nitrifying cultures achieved 10-30% improvement in the removal of 10 TrOCs in comparison to
conventional activated sludge. Higher removal efficiency of some TrOCs has also been
attributed to their adsorption to the activated sludge (Radjenovic et al., 2007a). Compounds
which are relatively hydrophilic (log D < 3.2) show limited sorption to sludge (Joss et al., 2006).
However, hydrophilic compounds such as fluoroquinolone antibiotics may mainly be eliminated
by sorption to sludge by electrostatic interactions with the cell membranes of the microorganisms
(Golet et al., 2003; Lindberg 2006). Therefore, the physical and chemical properties of these
compounds can greatly influence their fate and behaviour as well as the removal efficiency of
TrOCs during CAS treatment. For example, Kimura et al. (2007) found that ketoprofen and

naproxen were not eliminated at all in CAS treatment.

2.3.2.2 Membrane bioreactor

MBRs, which combines biological treatment and membrane separation in a single process, offers
some benefits over CAS treatment. MBRS can operate at a biomass concentration as high as 20
g/L and at a prolonged sludge retention time (SRT). Currently MBRs for domestic wastewater
treatment are operated within biomass concentration range of 8-12 g/L. The high sludge
concentration in MBR is not only beneficial for biodegradation of TrOCs but it can also have a

beneficial effect on the removal efficiency of TrOCs that can absorb to the sludge. This may

19



promote the degradation of persistent substances because of the improved adaptation of bacteria
for TrOCs.

Considerable research efforts have been devoted to the assessment of TrOC removal by MBR
treatment. The reported data ranges from nearly complete removal for some compounds to
almost no removal for several others. Excellent removal of ibuprofen (up to 98%) was confirmed
along with naproxen (84%) and erythromycin (91%) by Reif et al. (2008) in their pilot-scale
MBR. However, sulfamethoxazole and musk fragrances (i.e., galaxolide, tonalide, and
celestolide) were moderately removed (>50%) probably due to partial adsorption on the biomass.
On the other hand, carbamazepine, diazepam, diclofenac, and trimethoprim were poorly removed
(<10%). Nghiem et al. (2009) also confirmed the possibility of achieving good treatment of
bisphenol A (90%) due to both biodegradation and adsorption. On the contrary,
sulfamethoxazole removal was solely attributed to biodegradation, which can explain the lower
removal (50%) as this compound is rather hydrophilic (Nghiem et al., 2009).

Table 2.5: Removal of selected TrOCs by membrane bioreactor

Compounds Removal (%) References
Pharmaceutically active compounds
Acetaminophen 40 — 100 (Radjenovic et al., 2007a; Hai et al., 2011)
Carbamazepine 0-35 (Be_rnhard et al., 2006; Kim et al., 2007;
Reif et al., 2008; Abegglen et al., 2009)
(Bernhard et al., 2006; Radjenovic et al.,
Diclofenac 0-87 2007a; Reif et al., 2008; Abegglen et al.,
2009)
Gemfibrozil 90- 98 (Radjenovic et al., 2007a; Hai et al., 2011)
(Urase et al., 2005; Bernhard et al., 2006;
Ibuprofen 50 -99 Hai et al., 2011)
Ketoprofen 52 -92 (Radjenovic et al., 2007a; Hai et al., 2011)
Metronidazole 36 (Hai et al., 2011; Nguyen et al., 2012b)
Naproxen 1084 (Urase et al., 2005; Reif et al., 2008;
Abegglen et al., 2009; Hai et al., 2011)
Primidone 10- 35 (Abegglen et al., 2009; Hai et al., 2011)
Salicylic acid 93 (Hai et al., 2011; Nguyen et al., 2012b)
Triclosan 70— 97 (Kim et al., 2007; Hai et al., 2011)
Steroid hormones
17a-ethinylestradiol 60— 98 (Urase et aI.,I_2|;)i0e5t, jl?rggﬂ()j etal., 2006;
17B-estradiol 97-99 (Radjenovic et al., 2007a; Hai et al., 2011)
17p-estradiol 17-acetate 98 (Urase et al., 2005; Reif et al., 2008;
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Abegglen et al., 2009; Hai et al., 2011)

Estriol 83 (Hai et al., 2011; Nguyen et al., 2012b)
Estrone 99 (Urase et al., 2005; Hai et al., 2011)
Industrial chemicals

4-n-nonyphenol 87-92 (Hai et al., 2011; Nguyen et al., 2012b)
A-tert-butylphenol 98 (Hai etal., 2011;2I-(|)¢:3Lr1n)éndez-Leal etal.,
4-tert-octylphenol 98 (Urase et al., 2005; Hai et al., 2011)
Bisphenol A 52-98 (Hai et al., 2011; Nguyen et al., 2012b)
Pesticides

Fenoprop 10- 21 (Visvanathan et al., 2005; Hai et al., 2011)
Pentachlorophenol 82-99 (Hai et al., 2011; Nguyen et al., 2012b)

2.3.3 Advanced oxidation processes

Advanced oxidation processes (AOPs) have been used to remove organic pollutants from
reclaimed effluent and ground water (Azbar et al., 2004). Numerous studies in the literature have
demonstrated the effectiveness as well as limitations of AOPs for the removal of TrOCs from
wastewater (Esplugas et al., 2002; Contreras et al., 2003; Ternes et al., 2003; Andreozzi et al.,
2004; Klavarioti et al., 2009). For example, oxidation using ozone can reach from 90% to
complete removal of many pharmaceutical and pesticides such as ofloxacin, sulfamethoxazole,
propranolol, carbamazepine, clofibric acid, diclofenac, atrazine and diuron (Ternes et al., 2003;
Andreozzi et al., 2004; Maldonado et al., 2006), while only around 50% or less removal was
achieved for ibuprofen, naproxen, caffeine, iodinated X-ray contrast medium, and tonalide
(Ternes et al., 2003). Furthermore, the Fenton process has also been tested to treat TrOCs from
wastewater, particularly from hospitals and pharmaceutical manufacturers (Klavarioti et al.,
2009). For example, using the Fenton process at a concentration of 5.1 mg/L Fe*? combined with
10 mg/L H,0,, 75% removal of pesticides such as atrazine and 94% removal of herbicides from
ground water was reported (Esplugas et al., 2007). Additionally, electrochemical oxidation using
a TiO, anode has been shown to oxidise 80% of PhACs (ofloxacin, sulfamethoxazole,
propranolol, carbamazepine, clofibric acid and diclofenac) (Andreozzi et al., 2004; Klavarioti et
al., 2009).

UV oxidation is often used as a disinfection step in water and wastewater treatment processes.
The capability of UV oxidation to treat TrOCs such as atrazine, diclofenac, ketoprofen,
ibuprofen, clofibric acid and naproxen (Beltrain et al., 1994; Packer et al., 2003; Nguyen et al.,

2013b) has been reported. Packer et al. (2003) reported that diclofenac is subjected to rapid
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photodegradation, while ketoprofen and naproxen are mildly photodegraded. UV oxidation
showed a significant variation in the removal efficiency of 22 TrOCs studied by Nguyen et al.
(2013b). The authors suggested that physicochemical properties and molecular structures of
TrOCs influence their removal by UV oxidation. For example, all the phenolic compounds were
well removed (above 80%) by UV oxidation. Kim et al. (2009) reported that the removal
efficiency of compounds which have similar molecular structures can be similar because of
cleavage of the same covalent bond or molecular moiety. The influent properties (i.e., high bulk
organic content and high turbidity) could affect UV oxidation and sometime require high UV
dosages (Wu et al., 2008; Basile et al., 2011). Chong et al. (2010) noted that to ensure rapid
photocatalytic reaction rate, the turbidity of the target wastewater should be kept below 5

nephelometric turbidity units for optimal UV light utilisation and photocatalytic reaction.

Huber et al. (2003) reported that UV treatment alone could lead to 75 %, 13 %, and 7 % removal
of diclofenac, iopromide, and sulfamethoxazole, respectively. Complete removal of several
pharmaceuticals such as ofloxacin, sulfamethoxazole, propranolol, carbamazepine, clofibric acid
and diclofenac was achieved using the combination of hydrogen peroxide and UV radiation
(H20,/UV) (Andreozzi et al., 2004). However, in another study, only 30-40% of ibuprofen,
diphenhydramine, phenazone, and phenytoin can be removed using H,0,/UV (Yuan et al., 2009).

2.3.4 Combined treatment processes

The idea of combining two different processes in a hybrid system appears to be a promising
technique as the process may lead to complementary advantages. To date, there have been a few
studies on the application of integrated treatment processes for TrOC removal for example
MBR-UV oxidation treatment process (Laera et al., 2011; Kohler et al., 2012), MBR-NF/RO
membrane filtration (Alturki et al., 2010) and PAC-MBR (Li et al., 2011) or MBR — GAC
(Nguyen et al., 2012a). Previously reported data have confirmed complementary effect of
integrated system. For examples, Nguyen et al. (2013a) reported that >95% removal of all 22
TrOCs was achieved by MBR-GAC and PAC-MBR initially. Alturki et al. (2010) reported
more than 95% removal (or removal to below the analytical detection limit) of all 40 TrOCs by a
combination of MBR and a low pressure RO membrane. Table 2.6 summarises the advantages

and limitations of individual techniques for TrOC removal.
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Table 2.6: Summary the advantages and disadvantages of current techniques for TrOCs removal
(adapted from Alexander et al., 2012).

Process Advantages Disadvantages Reference
Coagulation - Simple process - Large quantity of sludge (Choi et
- Cost-effective - Ineffective in TrOC removal (0- al., 2006;
- High removal of 10%) Matilainen
turbidity and colour et al.,
2010)
Electrocoagula - Adsorption and - Produce secondary pollutants (Martins et
tion degradation - High cost al., 2011)
- Removal of soluble - Compound-specific removal
and insoluble organics
Activated - Well-established - Difficult regeneration (Ternes et
carbon tertiary treatment - Costly disposal of potentially al., 2002a;
adsorption - Removal of wide hazardous spent adsorbent Grover et
variety of TrOCs al., 2011,
Nguyen et
al., 2012a)
Nanofiltration/ - Removal of a number - Complexity associated with the (Nghiem et
reverse of TrOCs separation process al., 2004b;
0Smosis - Produce concentrated sludge Alturki et
- Low removal of hydrophobic al., 2010)
compounds due to adsorption to
membrane surface and subsequent
diffusion through the membrane
Advanced - Degradation of - Pre-treatment is required (Belgiorno
oxidation various TrOCs - May produce toxic by-products etal.,
process - Expensive 2007;
Klavarioti
etal.,
2009)
Membrane - High removal of - Inefficient removal of hydrophilic ~ (Hai et al.,
bioreactor hydrophobic TrOCs and persistent TrOCs 2011;
- High quality of - Post-treatment may be required Tadkaew et
effluent al., 2011;
Nguyen et
al., 2012a)
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24 WHITE-ROT FUNGI AND THEIR LIGNIN MODIFYING ENZYMES

WREF are organisms that are able to degrade lignin, the structural polymer found in woody plants,
exposing the lighter-coloured cellulose. WRF produce extracellular lignin modifying enzymes
(LMESs) such as laccase, lignin peroxidase (LiP) and manganese peroxidase (MnP). These
enzymes are capable of oxidising a wide variety of toxic xenobiotic. Laccase uses oxygen as an
electron acceptor during the oxidation which makes it easier to use, whereas MnP and LiP
require addition of H,O,. WRF could be used in bioremediation of a variety of toxic chemical
pollutants due to high tolerance to toxic substances in the environment. Further discussion on the

application of WRF and their LMEs is presented in Section 2.5.

2.4.1 Laccase

Laccase (Benzenediol: oxygen oxidoreductase; EC 1.10.3.2) are ligninolytic enzymes that are
secreted by white-rot fungi during the degradation of lignin (the hard cover protecting wood).
They are multi-copper atom containing enzymes that can also catalyse the oxidation of a wide
range of phenolic substrates using oxygen as an electron acceptor (Riva 2006). The oxidation of
a substrate typically involves formation of a free (cation) radical after the transfer a single
electron to laccase. The oxidative efficiency of laccases depends on the redox potential
differences between the reducing substrate and type 1 Cu in laccase., Laccases generally show
lower redox potential (0.5-0.8 V) (Xu 1997; Kumar et al.,, 2003) compared to other
oxidoreductases such as peroxidases, and, therefore, can attack only the phenolic moieties in the
lignin polymer (20% of lignin polymer). Example of the oxidation of 1-4 dihydroxy benzene in

the presence of laccase is showed in Equation 2.1.

OH

0, + 4 —_ 4 + 2H,0 Equation 2.1
Laccase

OH OH
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2.4.2 Lignin peroxidase

LiP (EC 1.11.1.14) is the first oxidative enzyme discovered in Phanerochaete chrysosporium.
This enzyme belongs to the family of oxidoreductases which require peroxide as electron
acceptor. It is a monomeric glycoprotein with a heme group in its active centre. LiP is capable of
catalysing depolymerisation of a variety of non-phenolic lignin model compounds in the
presence of H,O, (Karam et al., 1997).

o)
o}
CH,0O
CH,0
‘ H,O H )
22 20 Equation 2.2
HO OH :
Lignin peroxidase
o .
HO
CH,0
o}
CH,O
o)

2.4.3 Manganese peroxidase

MnP (EC 1.11.1.13) is also a glycosylated heme protein secreted by ligninolytic fungi into their
environment. MnP is capable of oxidizing Mn?* which is often found in wood and soils, into
highly reactive Mn®*. Then, the highly reactive Mn®* attacks phenolic lignin structures
(Hofrichter et al., 2010).

Mn* +2 H" + H,0, 2Mn* +2H,0  Equation 2.3
—_—)

Manganese peroxidase

2.4.4 Versatile peroxidase

Versatile peroxidase (VP) is a heme peroxidase produced by a few WRF. It is capable of
oxidising Mn** to Mn*, which subsequently oxidises organic compounds and non-phenolic

aromatic compounds in the presence of H,O, (Palma et al., 2000). Versatile peroxidase can also
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directly oxidise phenols and other aromatic compounds with high redox potentials, including

dyes.

Although there are four main types of enzyme secreted by WRF, a particular strain may secrete

one type of enzyme predominantly. The enzyme systems may vary from one WRF species to

another. Table 2.7 lists the enzymes described in selected fungus species and Table 2.8

summaries typical properties of white-rot fungal enzymes.

Table 2.7: Typical LMEs from different species of WRF

WRF species LMEs

References

Laccase, MnP,

Trametes versicolor :
LiP

(Bending et al., 2002; Cajthaml et
al., 2009)

Phanerochaete chrysosporium MnP, LiP

(Aitken et al., 1989; Hatakka 1994;
Karam et al., 1997; Rodarte-Morales
etal., 2012b)

Laccase, MnP,

Bjerkandera adusta Lip

(Cajthaml et al., 2009)

Pleurotus ostreatus Laccase, MnP

(Hirai et al., 2004; Cajthaml et al.,
2009; Golan-Rozen et al., 2011)

Laccase, MnP,
Irpex lacteus

(Novotny et al., 2000; Cajthaml et

MnP al., 2009)
Dichotomitus squalens Laccase, MnP (Cajthaml et al., 2009)
Pycnoporus cinnabarinus Laccase, MnP (Cajthaml et al., 2009)
. . (Cabana et al., 2007; Cabana et al.,
Coriolopsis polyzona Laccase 2009)
Dichomitus squalens Laccase, MnP (Cajthaml et al., 2009)
Phanerochaete sordida MnP (Tamagawa et al., 2005; Lee et al.,

2010)

26



Table 2.8: Typical properties of some white rot fungal enzymes

Enzyme (II\</|[\)/Z ) Optimal Ph 'I(')e ?rt]'gnf(l: f;i;(th-)r Reaction Reference
Lac 50-110 3.5-7 20 - 80 0, - Phenols are oxidised to (Katuri et
phenoxyl radicals-mediator al., 2009;
radicals Lloret et
- Redox potential of around al., 2010)
0.4-08V
MnP 38-50 4-45 30 - 60 H,0, - Mn“* are oxidised to (Hofrichte
Mn®*" Mn®* oxidises r 2002;
aromatic substrates, Davila-
oxidation of phenolic Vazquez
compounds to phenoxyl etal.,
radicals that cleave Ca -Cp  2005)
and alkyl aryl bonds
- Redox potential of 1.0—
1.2V
LiP 38-47  2.5-3 35-55 H,0, - Abstracts an electron (Ruiz-
from the substrate aromatic Duefias et
ring, generating an aryl al., 2009)
cation radical which
decomposes by enzymatic
and non-enzymatic
processes
- Redox potential of 1.4—
15V
VP Not pH 5 Not H,0, - Same effect on aromatic ~ (Ruiz-
known  (Mn?") known compounds as MnP and Duenfias et
pH 3 LiP al., 2009;
(aromatic Hofrichter
substrates) etal.,

2010)
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2.5 APPLICATION OF WRF AND LMEs FOR TrOC REMOVAL

Different WRF have been used for the removal of TrOCs, either by the whole fungal culture or
by the oxidative action of the enzyme produced (crude solution and purified enzyme). This
section presents a comprehensive literature review on the application of WRF and LMEs for
TrOC removal. Factors affecting the performance are also discussed. The application of WRF

and enzyme in fungal membrane bioreactor and EMR is critically reviewed.

2.5.1 Removal by whole-cell WRF

Considerable research has been devoted to test the performance of different WRF for the
removal of TrOCs. Cajthaml et al. (2009) investigated the performance of eight different strains
of WRF for the removal of some representative EDCs. Almost all tested fungal strains were able
to degrade the selected EDCs to different extents. Of the fungal strains tested, I. lacteus and P.
ostreatus provided the highest removal efficiency of EDCs (i.e., 90% and 80%, respectively)
after 7 days of incubation. Moreover, these strains could completely eliminate three phenolic
compounds (i.e., 4-nonylphenol, bisphenol A, and 17-a ethinylestradiol). Jelic et al. (2012)
reported effective degradation of carbamazepine by T. versicolor. The degradation rate was 94%
in the case of 9 mg/L carbamazepine addition after 6 days while it was only 61% in the case of
50 pg/L after 7 days of incubation. This also revealed that TrOCs concentration may affect the
degradation rate. Tran et al. (2010) assessed the degradation of a ten PhACs in their mixture (10
Ma/L each) by T. versicolor with and without the addition of a redox-mediator ABTS. Complete
removal of some PhACs (i.e., ibuprofen, naproxen, diclofenac, ketoprofen, indomethacin and
fenoprop) and partial removal of others (i.e., carbamazepine, clofibric acid, and propyphenazone)
was achieved. Comparing the removal by whole cell and crude laccase solution, the authors
suggested that the degradation of PhACs by WRF may be caused by the presence of laccase,
MnP and Cytochrone P450. The results from a heat-killed sample also implied that
biodegradation was the main mechanism accounting for the decrease in PhAC concentration.
The removal of carbamazepine, ibuprofen and clofibric acid by T. versicolor, I. lacteus, G.
lucidum and P. chrysosporium strains in batch mode was studied by Marco-Urrea et al. (2009).
Ibuprofen could be effectively removed by all strains. Carbamazepine and clofibric acid were
persistent to tested fungal strains except T. versicolor. In another study by Marco-Urrea et al.

(2010b), diclofenac, which is a nonsteroidal anti-inflammatory drug was also well removed by
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pellets of T. versicolor. The authors suggested that at least two different mechanisms were
involved in the degradation of diclofenac; (i) cytochrome P450 system and (ii) laccase catalysis.
The result confirmed that the removal of same TrOCs is WRF species dependent due to the
different enzyme systems excreted by different fungi. Bending et al. (2002) compared the
abilities of nine species of white-rot fungi on the degradation of pesticides. The authors reported

considerable variation between removal efficiency of each fungus.

Apart from the application of WRF for the removal of TrOCs form liquid solution, a number of
studies employed WRF in a solid-phase to remove TrOCs. Rodriguez-Rodriguez et al. (2011)
reported that T.versicolor was an alternative treatment for TrOCs in sludge. Some compounds
such as phenazone, bezafibrate, sulfamethazine and atenolol were completely removed, while a
removal of 42 to 80% was achieved for some other compounds e.g., carbamazepine, diazepam
and diclofenac. The results also highlighted that T.versicolor reduced the ecotoxicological
impact of TrOCs present in sewage sludge. A complete removal of sulfamethazine from sewage

sludge was achieved by inoculation of T. versicolor (Garcia-Galan et al., 2011).

2.5.2 Removal by mixed culture of WRF

TrOC biodegradation mainly depends on their enzyme systems. The enzyme systems vary on the
fungi strain. For example, Coriolopsis polyzona produce mainly laccase (Cabana et al., 2009)
while, Phanerochaete sordida produce mostly MnP (Tamagawa et al., 2007). The co-culture of
WRF may stimulate both the production of enzyme and the degradation capacity. A few studies
have focused on textile wastewater degradation and wood decay using co-culture of WRF. Chi et
al. (2007) reported that, compared to single cultures, the co-culture of Ceriporiopsis
subvermispora and Pleurotus ostreatus could significantly stimulate wood decay. Asgher et al.
(2012) investigated a co-culture of P. ostreatus IBL-02 and C. versicolor IBL-04 to decolorise
and detoxify dye wastewater. The decolourisation of dye after 6 days of incubation of P.
ostreatus IBL-02, C. versicolor IBL-04 and their co-culture was 45, 53 and 57%, respectively.
The co-culture also produced all three major enzymes, while P. ostreatus IBL-02 secreted high
level of laccase and LiP and C. versicolor IBL-04 produced mainly MnP. The enhancement in

decolourisation by co-culture was possibly due to the combined oxidation capacity of the
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enzymes. Baldrian et al. (2004) observed an increase in laccase production in the co-culture of P.

ostreatus and T. versicolor.

2.5.3 Removal by extracellular enzyme

Enzymatic tests employing crude or purified enzyme solutions reveal the capacity of
biodegradation catalysed by different enzymes without the effect of sorption to fungal biomass.
Direct use of enzymes harvested from microbial cultures for pollutant degradation may be
advantageous in terms of separating the ‘growth of microbes’ and ‘biodegradation of pollutant’

stages. Both crude and purified enzyme solutions have been used for the removal of TrOCs.

2.5.3.1 Removal by crude enzyme solution

TrOC degradation by fungal extracellular extract (i.e., crude enzyme) has been reported in some
recent studies. The purpose is to investigate the role of extracellular enzymes in the degradation
of TrOCs. Crude solution collected from fungi culture was used in both batch and continuous
reactor modes. Wen et al. (2010) used crude MnP prepared from P. chrysosporium to test the
degradation of tetracycline and oxytetracycline. 72.5% and 84.3% tetracycline and
oxytetracycline (50 mg/L) was degraded by an enzyme solution with a MnP activity of 40 U/L.
In another study by Tran et al. (2010) used a crude enzyme solution with an initial laccase and
MnP activity of 1500 U/L and 30 U/L, respectively for the degradation of ten selected TrOCs (10
Mg/L each). Complete removal of diclofenac, naproxen and indomethacin was observed within
12 h of incubation, while partial degradation of the rest of the compounds was observed. Zhang
et al. (2010) used crude LiP collected from P. chrysosporium for degradation of carbamazepine
and diclofenac. It was found that LiP completely degraded diclofenac at pH 3.0- 4.5 and 3 - 24
mg/L of H,0O, addition, while the degradation efficiency of carbamazepine was mostly below
10%. The performance of crude solutions from different fungi was also reported in a study by
Wang et al. (2012). The removal of EDCs by LiP from WRF P. sordida YK-624 (YK-LiP1) and
P chrysosporium was investigated in that study. Five EDCs namely, p-t-octylphenol, bisphenol
A, estrone, 17B-estradiol, and 17a-ethinylestradiol were degraded by LiP from P. sordida YK-
624 more effectively than LiP from P. chrysosporium, and p-t-octylphenol and bisphenol A were
removed almost completely from the reaction mixture containing LiP from P. sordida YK-624

after 24 h treatment. The benefit of using crude enzyme solution is that the crude solution may
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contain some natural mediators which are produced during the growth of fungi. Tran et al. (2010)
suggested that the complete removal of diclofenac, naproxen and indomethacin by the crude
enzyme may be due to the combination of laccase and natural mediators present in crude enzyme.
Moreover, the use of crude enzyme without any further enzyme purification may reduce the cost

of the treatment process.

2.5.3.2 Removal by purified enzyme solution

Tran et al. (2010) used laccase purified from T. versicolor (23 U/mg proteins) for the degradation
of ten selected TrOCs. The initial laccase activity and TrOC concentration was 6000 U/L and 10
Mg/L each, respectively. The test was conducted in water buffered with 50 mM sodium acetate at
pH 4.5. Consistent with the test using a crude solution, the author showed that diclofenac,
naproxen and indomethacin were rapidly transformed by laccase (Tran et al., 2010). Complete
removal of diclofenac (40 mg/L) was also reported in a study by Marco-Urrea et al. (2010b) who
used a laccase solution with final enzyme activity of 2000 U/L. A commercial laccase purified
from M. thermophila has been reported to remove 65% and 40% of 5 mg/L diclofenac at pH 4
and 5, respectively by Lloret et al. (2010). However, no significant removal of naproxen was
observed. The observation of different removal percentage in the literature may be because of the
use of different laccase from different species, concentrations, test condition and time of
observation. Overall, the results from the available studies demonstrate that enzymes, either in a

crude or purified form, could degrade a range of TrOCs.

2.5.4 Factors affecting the performance of whole cell WRF and enzymatic treatment

Using WRF for water and wastewater treatment can subject the fungi to environmental
conditions far removed from their natural habitat. Physical and chemical properties of the water
to be treated could adversely affect fungal growth. The physical and chemical properties of the
water could also have an impact on the enzymatic activity, stability and substrate specificity of
the employed enzyme. These features are important in process design and optimisation of the
fungal and enzyme treatment process for TrOCs removal. This section discusses the effect of
environmental parameters such as pH, temperature, enzyme dose, and metal ions on the

performance of WRF and enzyme treatment process.
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2.5.4.1 pH

The pH of the reaction environment can have an effect on both enzyme and substrate properties.
Therefore, it may affect the performance of the enzyme in the removal of the pollutant. For
example, 65% and 40% diclofenac was removed by a commercial laccase from M. thermophila
at pH 4 and 5, respectively (Lloret et al., 2010). However, Zhang et al. (2010) reported that
carbamazepine was recalcitrant to LiP degradation with degradation efficiencies around 7% at all
studied pH values (i.e., 2.5, 3, 4, 4.5 and 6). On the contrary, diclofenac was completely
degraded in the pH range of 3.0 — 4.5. However, its degradation efficiency significantly
decreased from 100% at pH 4.5 to 10% at pH 6.0. The reduction in diclofenac degradation was
in accordance with the inactivation of LiP at higher pH values. Nguyen et al. (2014c) observed
that pH 4.5 was optimal pH for the removal of diclofenac. Wen et al. (2010) used crude
extracellular extract containing MnP and LiP for removal of two antibiotics (i.e., tetracycline and
oxytetracycline). They observed that the degradation rate was highly dependent on the pH. A pH
of 5 appears to be the best for degradation of triclosan by laccase (T. versicolor) (Kim et al.,
2006). The optimum pH for bisphenol A degradation by laccase was found to be 6.0 (Fukuda et
al., 2001). Nguyen et al. (2014c) compared the removal of bisphenol A by laccase at five pH
values (i.e., 3, 4.5, 6, 7 and 9). The results revealed that bisphenol A was degraded almost
completely (96%) within 4 h of incubation at a pH of 7, while over the same period a
degradation of 56%, 61%, 88% and 74% was achieved at pH of 3, 4.5, 6, and 9, respectively.
The optimal pH for laccase to degrade chlorophenols was around 5.5 (Zhang et al., 2008). The

pH optimum for the pentachlorophenol reaction by laccase was 5.0 (Ullah et al., 2000).

pH did not have any remarkable effect on the removal of estrogen in a study by Lloret et al.
(2010). A similar degradation result was observed at three pH value (i.e., 4, 5and 7) (Lloret et al.,
2010). The reason may be because estrogen is easily removed by enzymatic treatment. However,
considering the enzyme deactivation, Lloret et al. (2010) concluded that the optimal pH for the
degradation of estrogen and anti-inflammatories (i.e., naproxen and diclofenac) was pH 4. pH in
the range of 5 - 9 was studied for estriol, estrone and estradiol removal by a commercial laccase
preparation from T. versicolour (Auriol et al., 2007). They observed that the optimum pH for

laccase-catalysed treatment was approximately 6 for each estrogen (Auriol et al., 2007).
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2.5.4.2 Temperature

The optimal temperature for LME activity may differ greatly from one strain to another (Yang et
al., 2013c). However, 25-30°C and 37-40°C are usually reported as the optimum temperature for
laccase and peroxidases, respectively. For example, the removal efficiency of chlorophenols by
laccase increased rapidly with a rise in temperature (20-25°C) (Zhang et al., 2008). The effect of
temperature on the extent of pentachlorophenol removal by laccase showed that the reaction was
optimal at 25°C, with a range of 10 - 45°C (Ullah et al., 2000). MnP has its highest activity at
37-40°C (Wen et al., 2010). LiP activity was found to be optimal at 37.5°C (Bosco et al., 2002).
On the other hand, an increase in temperature was not found to enhance the degradation of

carbamazepine (Zhang et al., 2010).

2.5.4.3 TrOC properties

The functional groups within the TrOC structure may have an effect on the extent of their
degradation by WRF and their enzymes. Based on the functional groups, TrOCs can be divided
into 3 different categories; (i) compounds containing electron-donating groups (EDGs) (e.g.,
amine (-NHy), hydroxyl (-OH), alkoxy (-OR), alkyl (-R), acyl (-COR) (ii) compounds containing
electron -withdrawing groups (EWGs) (e.g., amide (-CONRy), carboxylic (-COOH), halogen (-X)
and nitro (-NO>) and iii) compounds containing both EDGs and EWGs.

Studies related to bacteria-dominated activated sludge have reported high removal of TrOCs with
EDGs (Tadkaew et al., 2011). It is interesting to note that the TrOCs having EDGs have been
reported to be effectively removed by WRF and their LME. For example, Lloret et al. (2010)
reported that estrogens (i.e., estrone, 17p-estradiol and 17a-ethinylestradiol) were significantly
removed by purified laccase. Nonylphenol (3 mg/L) was completely removed by eight different
WREF (i.e., I. lacteus, B. adusta, P. chrysosporium, P. magnoliae, P. ostreatus, P. cinnabarinus,
T. versicolor and D. squalens) within 3 days of incubation with 4-5 mg WRF (dry wt) (Cajthaml
et al., 2009). Similar results can be found in other studies using WRF (Saito et al., 2004; Soares
et al., 2005; Tamagawa et al., 2007; Mizuno et al., 2009a). Significant removal (66 to 100%) was
also observed when crude laccase from C. polyzona was used (Cabana et al., 2007). Other EDG
compounds such as bisphenol was also effectively removed by WRF and their enzyme (Saito et
al., 2004; Cabana et al., 2007; Cajthaml et al., 2009; Wang et al., 2012).
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Compounds containing EWGs have been found to be persistent to WRF and their enzyme. Lloret
et al. (2010) reported that naproxen was not removed by direct action of laccase. Because of the
carboxylic group present in its structure is not likely to be attached by laccase. Tran et al. (2010)
used purified and crude laccase and MnP from T versicolor and WRF in pellet form for the
degradation of carbamazepine. Carbamazepine was not degraded by crude laccase and MnP
resulted in 5% to 37% removal, while the WRF pellet showed 75% degradation. The author
suggested that cytochrome P 450 played a role in the degradation. The low removal of
carbamazepine has also been observed in other studies (Zhang et al., 2010; Eibes et al., 2011). A
complete removal carbamazepine (1 mg/L) by three different WRF (i.e., B. adusta, P.

chrysosporium and Bjerkandera sp. R1) was reported by Rodarte-Morales et al. (2011).

For the compounds containing both EDGs and EWGs, significant variation in removal efficiency
has been reported. Some compounds achieved a high degree of removal (e.g., triclosan,
diclofenac, ibuprofen) while no removal also was observed for some compounds (e.g., clofibric
acid, atrazine, metalaxyl and diuron). Cajthaml et al. (2009) studied the degradation of triclosan
(a compound which has both EDG and EWG) by pellets of several different species (P.
cinnabarinus, P. chrysosporium, P. magnolia, P. ostreatus). 85% of 2.5 mg/L triclosan was
degraded after 14 days of incubation. An exception was B. adusta which showed no significant
removal (Cajthaml et al., 2009). These results suggest that different species may have different

abilities to degrade the same compound.

2.5.4.4 Metal ions

Some studies have reported the effect of the presence of metal ions in water or wastewater matrix
on TrOC removal performance and stability of LME. For example, Mn®* has been reported to
promote the degradation of tetracycline and oxytetracycline by crude MnP from P.
chrysosporium. The degradation percentage became stable at 78% tetracycline and 81%
oxytetracycline with 0.1 mM Mn?*" (Wen et al., 2010). The presence of ions including SOs*, S?,
CN’, CI', Fe** and Cu?* resulted in reduced treatment efficiency of triclosan by purified laccase
from T. versicolor (Kim et al., 2006). In the presence of 1 mM CN", Cu®* and Fe** significantly
reduced conversion of triclosan was observed. These ions may interrupt the electron transport

systems of laccase and then decrease the triclosan conversion. Kim et al. (2006) reported that
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bisphenol A conversion was inhibited in the presence of anions such as SOs*, S,0:%, $%, NO,
and CN™ but heavy metal ions such as Co*, Zn®*, Ni**, and Mn?** showed no significant
difference in bisphenol A conversion relative to controls. The concentration of metal ions also
effects enzyme activity. Laccase activity was found to be enhanced by metal ions such as Ca*,
Co?*, Cu** and Zn*" at concentrations of 1 mM. However, except for Cu®** and Zn**, increasing
the concentration of metal ions up to 5 mM and above decreased the laccase activity (Murugesan
et al., 2009). Some heavy metal such as Fe?* highly inhibited laccase activity (Murugesan et al.,
2009).

2.5.4.5 Salinity

Several studies have investigated the effect of salinity on fungal growth and the removal
efficiency by WRF. A study on the impact of salinity on the growth of the white rot fungi B.
adusta, 1. lacteus, and L. tigrinus reported that I. lacteus and L. tigrinus were less affected by
salinity, but the growth of B. adusta was inhibited when the salt concentration reached 32 %
(\Valentin et al., 2006). Kim et al. (2006) investigated the effect of different salts (i.e., ammonium
sulphate ((NH4).SO,4), ammonium chloride (NH4CI), sodium chloride (NaCl), sodium sulphate
(NaySOQ,), calcium chloride (CaCl,), magnesium chloride (MgCl,), and magnesium sulphate
(MgSQy) ion. Results showed that ammonium sulphate ((NH,4),SO,), sodium sulphate (Na,SOy),
and magnesium sulphate (MgSO,) did not exert a significant effect on enzymatic bisphenol A
conversion. However, the chloride compounds (NaCl, NH,CI, CaCl, and MgCl,) substantially
inhibited bisphenol A conversion. For example, in the presence of 50 mM NaCl or CaCl,, the
conversion achieved by a fixed dose of enzyme was reduced to one-half or one third,

respectively as compared to conversion achieved in control.

2.5.4.6 Enzyme dose

Enzymes are involved in the degradation of TrOCs and the application of different enzyme dose
may have an effect on TrOCs removal. There is an optimum relationship between the
concentration of enzyme and substrate for achieving maximum activity (Katuri et al., 2009).
However this relationship varies for different compounds and in different applied conditions. A
study by Auriol et al. (2007) showed that 20 U/mL of initial laccase activity was required to

completely remove each estrogen from synthetic water within an hour incubation. In the case of
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17a-ethinylestradiol, only 15 U/mL was required to achieve 100% removal. Kim at al. (2006)
investigated the degradation of triclosan (20 uM) at 3 different concentrations (0.3, 1.5 and 3
U/mL) of purified laccase from T versicolor. The removal efficiency increased from 71% to
complete removal under laccase activity of 0.3 and 3 U/mL, respectively. However, the entire
enzyme was inactivated at the end of the period. As such if the enzyme dose is increased, there
are diminishing returns in terms of the amount of triclosan transformed per quantity of enzyme
supplied. The degree of bisphenol A degradation depended on laccase concentrations in the
study by Fukuda et al. (2001). The test was conducted at pH 6.0 and 60°C using purified laccase
from T. villosa. Zhang et al. (2008) observed improvement in chlorophenol degradation with
increase in laccase concentration. However, when taking into account the degradation quantity
per unit laccase, the lower laccase concentration appeared to be more effective. The authors
suggested that a laccase dosage from 20 to 60 mg/L for removal of 10 mg/L of chlorophenols.

2.5.3.3.7 Enzyme immobilization

The idea of enzyme immobilisation appears to be a promising way to overcome some of the
disadvantages associated with application of freely suspended enzymes. The idea is to ensure
localisation of the biological catalysts in a definite space area and thus reduce its loss (Rios et al.,
2004). Immobilisation of the enzyme may result in laccase stabilisation against thermal and
chemical reaction. The methods for enzyme immobilisation include chemical and physical
methods. Chemical methods include: (i) enzyme attachment to the matrix by covalent bonds and
(ii) enzyme cross-linking by multifunctional reagents. Physical methods involve entrapment of
enzyme molecules within different support materials such as a porous hollow fiber, spun fibers,
insoluble gel matrix and a reverse micelle (Duran et al., 2002). Enzyme immobilization has been
applied for removal of pollutants e.g., dyes and TrOCs (Corvini et al., 2010; Nicolucci et al.,
2011). Results from these studies indicate that enzyme immobilization can enhance enzyme
stability and enzymatic degradation compared to the use of free enzymes. Immobilisation can
improve stability of laccase to temperature, pH, chemical inhibitors and storage time. The
activity of immobilised enzyme is more resistant against high temperatures than the free enzyme
(Nicolucci et al., 2011). In a study by Dodor et al. (2004) immobilised enzyme retained almost
100% of its initial activity, whereas the free laccase retained between 35 - 60% under the same

conditions. Comparatively better performance of immobilised laccase in terms of decolourisation
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(Peralta-Zamora et al., 2003) as well the laccase activity preservation has been reported in the
literature. For example, the chitosan-immobilised laccase showed a lower activity than that of
free laccase. However, the activity of chitosan-immobilised laccase remained stable as
demonstrated by consistent removal of 2,4-dichlorophenol (above 65%) after six cycles of
operation (Zhang et al., 2008). Nevertheless, because immobilisation can make the enzyme more
stable, it is important to investigate better ways of enzyme immobilisation for larger scale

operations.

2.5.5 Laccase-mediator system

The use of a mediator in the enzymatic reaction process allows maximisation of the efficacy of
the enzyme by enhanced electron transfer. In such a case, the enzymatic reaction becomes a two-
step process where the redox mediator firstly reacts with the enzyme and generates a strong
oxidising intermediate which then reacts with the substrate (Burton 2003; Lloret et al., 2010).
The range of substrate may be widened by means of the action of mediators that boost the
oxidation capacity of the enzyme.

0O, Laccase Med

f:x\

H,0 Laccase, Med Substyy

Subsi

Figure 2.1: Schematic diagram of laccase mediator system

According to the above schematic, the role of enzyme is to oxidize the mediator, whereas the
actual oxidation of the substrate takes place in a subsequent non-enzymatic step by the action of
the radicals generated. There are three mechanisms by which mediators promote the oxidation of
substrates: hydrogen atom transfer route, electron transfer and ionic oxidation. Mediators can be
categorized based on the oxidation mechanism. The first group of mediators includes the
compounds that have N-OH functional group in their chemical structure (e.g., 1-
hydroxylbenzotriazole, violuric acid, N-hyddroxyphthalimide). Laccase oxidize these mediators
to form aminoxyl radicals which target the substrate by hydrogen atom transfer route. The

driving force for the oxidation of substrate is the energy difference between the dissociated bond
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(C-H) in the target substrate and the forming bond (NO-H) in the mediator. This mechanism
requires substrates with relatively weak C : H bonds (Xu et al., 2000). The mediator TEMPO
follows ionic mechanism. It is oxidized by laccase forming an oxo ammonium ion (NN=0")
(Christopher et al., 2014). The electron transfer route appears in the case of laccase-ABTS
system (Baiocco et al., 2003). Figure 2.2 presents the three laccase mediator mechanisms and

Table 2.9 summaries characteristics of mediators.

CH,OH *CHOH
Medlator o Mediator -OH
HAT
OMe
CH,0OH CH,OH *CHOH
Medlator ox Medlatorred
ET
OMe
CH,OH
— —
.
I
O
oxoammonium ion reduced TEMPO
Laccase Laccase
Ionic mechanism
O TEMPO

Figure 2.2: Laccase-mediator reaction mechanisms (adapted from Xu et al., 2000 and
Christopher et al., 2014).
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Table 2.9: Characteristics of mediators

Compound

Free —
(_Molecular Chemicals structure radicals OX|dat_|on Examples of Reference
weight (g/mol)) mechanisms substrates tested
generated
1- \/N\\ Textile, dye or (Kurniawati et al.,
hydroxibenzotria ‘ ’ N printing industries, 2007; Hata et al.,
zole /\N/ aminoxyl HAT phenols, non- 2010a; Suda et al.,
(CsHsN30) \ phenolic lignin, 2012; Nguyen et al.,
(135.12) OH steroid hormones 2014a)
O
Violuric acid N Lianin. non-ohenolic (Kurniawati et al.,
(C4H3N30y) HOY N INH -H0 aminoxyl HAT 9 l ' d'p 2007; Weng et al.,
(157.09) )\ 'gnin dimer 2012)
(@) E @)
N- 0
hyddroxyphthali (Baiocco et al.,
mide N—OH aminoxyl HAT Phenol 2003; Azbar et al.,
(CgHsNO3) 2004)
(163) 0
/O
Syringaldehyde Synthetic dyes, (Torres-Duarte et
(CoH1004) phenoxyl HAT bisphenol A, EDC, | al., 2009; Nguyen et
(182.17) o oct, Pharmaceutical al., 2014a)
OCH?H
Guaiacol OH
(CHz0,) ©/ phenoxyl HAT TrOCs (M”ruggi%” etal,
(124) )
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Vanillin Svnthetic dves (Murugesan et al.,
(CgH3gO3) phenoxyl HAT y TrOCsy ' 2010; Weng et al.,
(152.15) P 2012)
P-coumaric acid . (Murugesan et al.,
(CoH5O5) NN phenoxyl HAT Sym?fg‘égyes’ 2010; Weng et al.,
(164.16) 2012)
- CN
4-cyanophenol
(CE;TSI\:S)) phenoxyl HAT TrOCs (Weng et al., 2012)
OH
Acetosyringone .
Synthetic dyes, (Murugesan et al.,
(Cl(oll—élé)ozl) phenoxyl HAT TroCs 2010)
Acetovanillone (Murugesan et al
(CgH1005) phenoxyl HAT TrOCs 3010) N
(166) A




2,2 -azinobis-(3-
ethylbenzothiazo
line-6 - sulfonate
(ABTS)
(C18H24N606S4)
(548.67)

ABTS ™
ABTS **

ET

Synthetic dyes,
TrOCs, phenolic
compounds

(Cabana et al., 2007;
Kurniawati et al.,
2007; Weng et al.,
2012)

2,2,6,6-
Tetramethylpiper
idinyloxyl
(TEMPO)
(C9H;15NO)
(156)

N=O
Oxoammon
ium

lonic mechanism

Phenolic compounds,
synthetic dyes

(Murugesan et al.,
2010; Weng et al.,
2012)




Several studies have demonstrated improvement of TrOC removal by the addition of mediators.
Hata et al. (2010a) reported that the aminoxyl radicals generated in the laccase — HBT system
could eliminate carbamazepine, while laccase only could not. Marco-Urrea et al. (2010a)
achieved 10% and 100% removal of naproxen in laccase and laccase + HBT, respectively. Lloret
et al. (2010) compared the removal of naproxen and diclofenac by laccase and laccase —HBT
system at pH 4 and 5. The results showed that laccase — HBT provided a better removal of
naproxen and diclofenac at both pH (i.e., improvement of removal of naproxen by 60% and 40%
and of diclofenac by 30% and 25% at pH 4 and 5, respectively).

The presence of HBT and ABTS helped increase the removal of ketoprofen from 25% to 45%
and 60%, respectively (Tran et al., 2010). Murugesan et al. (2010) observed a significant
improvement of triclosan removal from 56% to 92 % and 84% after addition of HBT and SA to
the laccase solution, respectively. The enhancement of TrOC removal by laccase mediator
system may be due to the two factors attributable to radical species generated from mediator
during the laccase-mediator reaction i) higher redox potential and ii) reduction of steric
hindrance. Weng et al. (2012) observed an increase in the redox potential of laccase solution
after addition of SA and thus, laccase-SA system could improve the removal of sulphonamide. In
addition, low molecular weight mediators can interact with complex compounds that cannot

directly access the enzyme active site (Xu et al., 2000).

The capacity of a certain mediator to improve TrOC degradation is compound-specific. For
example, in the case of triclosan, addition of SA or TEMPO to laccase solution derived froma T.
versicolor culture resulted in inferior performance than with no mediator present (Kim et al.,
2006). Weng et al. (2012) investigated the effect of 6 mediators on degradation of
sulfadimethoxine and sulfmanomethoxine by laccase. The authors reported that ABTS and
violuric acid provided the fastest transformations, while relatively slower transformation was
observed in presence of SA and 4-hydroxybenzyl alcohol. No significant impact of 4-
hydroxyacetophenone and 4-cyanophenol was observed. Nguyen et al. (2014a) compared the
TrOC removal performance of HBT and SA (1 mM). HBT showed better removal than SA for
some compounds, namely salicylic acid, oxybenzone, pentachlorophenol, enterolactone,
primidone, atrazine, and naproxen. On the other hand, SA led to better removal of formononetin
and octocrylene.
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The performance of laccase mediator system has also been found to be dependent on the
mediator concentration. This may be because mediator concentration influences both the
abundance and stability of oxidized intermediates (Murugesan et al., 2010). Removal
improvement will reach saturation at a certain mediator concentration, beyond which further
increase in mediator concentration cannot increase the removal. For example, Mizuno et al.
(2009b) observed increase in the removal of iso-butylparaben and n-butylparaben when the
mediator HBT was added to laccase (from T. versiscolor) reaction over a concentration range of
0.2 — 2 mM, beyond which no further improvement was observed. Benzina et al. (2012) studied
the effect of HBT and enzyme concentration on decolorization at a fixed dye concentration of 60
mg/L. Increase in the HBT and enzyme concentration led to the enhancement of decolorization
but the enhancement reached its highest point at 0.9 mM HBT and 0.1 U/mL laccase. The
threshold concentrations depend on the source of laccase, the target compound and the mediator
used (Nguyen et al., 2014b).

The radicals generated from laccase-mediator reaction could inactivate laccase by oxidizing the
aromatic amino acid residues on the proteinaceous enzyme surface (Khlifi-Slama et al., 2012).
The extent of laccase denaturation somewhat depends on the type and mediator concentrations.
The activity of T versicolor laccase was observed during 40 days in the absence/presence of
mediator. In the presence of 50 UM SA, the laccase was deactivated within 30 min (Mendoza et
al., 2011). However, reducing the mediator concentration to 25 UM resulted in a similar
deactivation profile as without the mediator (Mendoza et al., 2011). Kurniawati and Nicell (2007)
observed only a slight inactivation (<5%) of laccase from T. versicolor when a range of different
mediators was used at concentrations up to 0.5 mM. Nguyen et al. (2014a) observed 14 to 39%

loss of laccase activity for HBT dosages of 0.1-1 mM.

Laccase-mediator systems have been used for removal of selected pollutants with promising
results. However, reports on application of laccase and mediators systems in reactors are limited
possibly due to the continuous addition of mediators which may increase the cost of treatment
process or operational difficulty. A way of reusing the mediator could be to couple it to a large
polymer such as polyethylene glycol to increase its molecular size, and then use it in a membrane
reactor where both enzyme and mediator could be retained. Mendoza et al. (2011) confirmed that
the membrane (MWCO of a kDa) could retain the mediator (TEMPO) (immobilized on PEG)
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within the reactor and prevent mediator loss significantly. Thus, the authors could operate the
membrane reactor up to 9 batches without replenishment of enzyme and mediator. However, the
reaction time, which was 4.5 h in the first batch to obtain a complete decolorization, increased up
to 27 h to achieve 78% color removal at the end of operation period. The decrease in removal
efficiency and increase in time required for reaction is possibly due to the drop in the enzymatic
activity. Thus, in a continuous system re-addition of both enzyme and mediator is required to
maintain stable removal efficiency. In that context, recovery of mediator from the effluent and
reuse in the reactor could be a potential solution. Chhabra et al. (2009) achieved 70% ABTS
recovery from the membrane reactor effluent through ammonium sulphate precipitation. Further

discussion on this aspect is presented in Section 2.5.7.

It is also noteworthy that the addition of mediators may increase the toxicity of the treated
solution. Nguyen et al. (2014a) observed a significant increase in toxicity of treated effluent after
addition of HBT and SA into laccase reaction. The toxicity increased with mediator
concentration. It was hypothesized that the increase in toxicity may be due to the reactive
radicals that are generated from mediators, which may conceivably attack and damage the cells
of the bacteria used toxicity assay (Kim et al., 2006). Cortez et al. (2010) reported that SA
inhibited the growth and xylitol production of Candida guilliermondii via respiration inhibition.

2.5.6 Continuous flow fungal reactor

WRF have been reported to effectively remove a wide range of TrOCs in small scale (few
hundred mililitres) and pure culture batch tests under sterile conditions. However, studies
applying fungus in larger scale bioreactors are very scarce in the literature. Moreover, most of
these studies focused on dye removal (Borchert et al., 2001; Chhabra et al., 2009). Only a few
studies have focused on TrOC removal by continous flow fungal reactors (Blanquez et al., 2008;
Jelic et al., 2012) and among these only one study has explored a fungal MBR using an MF
membrane (Yang et al., 2013b). Table 2.10 summaries information from available studies on
TrOC removal by fungal reactors. Conceptually, application of whole-cell fungi in the reactor
may provide some advantages such as; (i) fungi may continuously produce enzymes, therefore
keeping the enzyme level in the bioreactor stable, (ii) the intracellular enzymes can also play an
important role in the removal of pollutants which will increase the TrOC removal and (iii)

adsorption on fungal cell may also provide additional removal. Thus, TrOCs could be removed
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simultaneously by degradation by extracellular and/or intracellular enzymes and adsorption on
fungal mycelium. For example, in the presence of the cytochrome P-450 inhibitor 1-
aminobenzotriazole (5 mM), Marco-Urrea et al. (2010c) reported a decrease in ketoprofen
oxidation, suggesting that intracellular cytochrome P450 mediated degradation constitutes an
important part in ketoprofen degradation. A notable removal of carbamazepine by the T.
versicolor culture was attributed to the intracellular cytochrome P450 enzyme system by Zhang
etal. (2010). A similar observation was reported in a study by Jelic et al. (2012). Blanquez et al.
(2008) reported the removal of two estrogens by T. versicolor inoculated in an air fluidised
bioreactor. Estrone and 17p3-estradiol were completely removed at a volumetric removal rate of
0.16 and 0.09 mg/L.h, respectively when fed at 18.8 and 7.3 mg/L, respectively over the
operation period of 26 days. The degradation was observed to be due to the laccase excreted
from the fungi. This study demonstrated fungal treatment of estrogens using continuous flow
bioreactor with suspended fungal biomass. Rodarte-Morales et al. (2012a) used pellets of
Phanerochaete chrysosporium in fed-batch bioreactors operated under continuous air supply or
periodic pulsation of oxygen for the transformation of three anti-inflammatory drugs namely,
diclofenac, ibuprofen and naproxen. The performance of the fungal reactor was steady over a
period 30 day with a complete removal of ibuprofen and diclofenac and 77 - 99% removal of
naproxen under both aeration conditions. Jelic et al. (2012) investigated the degradation of
carbamazepine by T. versicolor in an air pulsed fluidised bed bioreactor and identified
degradation by-products. The bioreactor was operated in continuous mode with a hydraulic
retention time of 3 days. 54% of the influent concentration (200 pg/L) was reduced at steady
state (25 days) with a carbamazepine degradation rate of 11.9 ug/g biomass (dry wt.).day (Jelic
etal., 2012).

Recently, there have been some studies on the removal of TrOCs from real wastewater and/or
under non-sterile conditions (Cruz-Morat6 et al., 2013a; Gros et al., 2014). Yang et al. (2013b)
achieved stable removal of bisphenol A (80-90%) and diclofenac (55%) during the course of
three months of operation by a membrane bioreactor which was inoculated with T. versicolor.
The results from that study confirmed biodegradation as the main removal mechanism. A
fluidized bed bioreactor inoculated with T. versicolor was operated to degrade TrOCs contained
in urban wastewater under non sterilized condition (Cruz-Moraté et al., 2013a). Ibuprofen and

acetaminophen were completely removed despite of their high concentration. Ketoprofen was
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completely removed after 2 days. The high removal of ibuprofen and ketoprofen were quite
promising since these compounds have been reported to be resistant in activated sludge treatment.
The result from this study demonstrated that fungus could be used to remove TrOCs which are
present at low concentration in real and complex matrices. Performance of different species for
the same TrOC removal may vary. Diverse enzyme systems harboured by different fungal

species may lead to different levels of performance.
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Table 2.10: Summary of current studies on fungal reactor for removal of TrOCs

Concentration HRT Biomass Operation Removal
TrOCs in feed Reactor type (h) concentration duration (%) Reference
(mg/L) (9/L) (day)
(Rodarte-
Diclofenac 0.8 Fed batch stirred reactor 24 6.5 30 100 Morales et al.,
2011)
. Whole-cell fungal (Yangetal.,
Diclofenac 04+0.01 membrane bioreactor 48 3 90 55 2013a)
(Rodarte-
Ibuprofen 0.8 Fed batch stirred reactor 24 6.5 30 100 Morales et al.,
2011)
(Rodarte-
Naproxen 0.8 Fed batch stirred reactor 24 6.5 30 100 Morales et al.,
2011)
Attached growth on (Zhang et al
Carbamazepine 1 polyether foam 15.6 - 100 80 2012) N
bioreactor
i Air fluidised bed (Jelic et al.,
Carbamazepine 0.2 bioreactor 3 - 25 54 2012)
Pentachlorophenol 0.1 Rotating tube bioreactor - - 8 99 g’g‘gg)m anetal.,
. Whole-cell fungal (Yangetal.,
Bisphenol A 0.5+0.01 membrane bioreactor 48 3 90 80-90 2013b
Air pulsed fluidised bed (Gros et al
lopromide 0.19 bioreactor (sterile - 1.4 8 87 N
. 2014)
condition)
Air pulsed fluidised bed (Gros et al
lopromide 0.19 bioreactor ( non-sterile - 1.4 8 65.4 2014) N
condition)
Ofloxacin 0.024 Air pulsed fluidised bed - 1.4 8 98.5 (Gros et al.,
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bioreactor (sterile
condition)

2014)

Air pulsed fluidised bed

Ofloxacin 0.024 bioreactor ( non-sterile - 1.4 8 99 (Grosetal.,
. 2014)
condition)

Lo Air fluidised bed (Cruz-Morato et
Clofibric acid 0.16 bioreactor 96 3.8 25 80 al., 2013b)
Estrone 18.8 Air fluidised bioreactor 120 - 26 100 (ZI?)ga8n)quez etal,
170- ) o ) (Blanquez et al

7.3 Air fluidised bioreactor 120 - 26 100 B

ethinylestradiol

2008)
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2.5.6.1 Limitations of current continuous flow whole-cell fungal reactors

The application of fungi under non-sterile conditions is a technical challenge. The main reason is
that fungi are low-level eukaryotic microorganisms which grow slower than bacteria. Once
bacteria invades into the reactor, they could compete for nutrients with the fungi. Bacterial
contamination usually causes deterioration in the degradation performance of the fungi. For
example, Heinfling et al. (1998) observed a high and stable decolourisation rate under sterile
conditions but bacterial contamination led to a decline in dye decolourisation efficiency
(Heinfling et al., 1998). Furthermore, it is obviously impractical to use the sterilisation means
(which are used in laboratory) to prevent bacterial contamination to a full-scale reactor system.
Another limitation of continuous fungal reactors is the loss of enzymes and mediators along with
treated effluent (Hai et al., 2008; Hai et al., 2012b).

2.5.6.2 Strategies to improve continuous flow fungal reactor performance

Bacterial contamination and washout of extracellular enzymes with effluent are major limitations
of a continuous flow whole-cell fungal reactor. In batch incubation tests Gao et al., (2008)
observed that while a suspended culture was highly contaminated in non-sterile conditions, the
immobilised fungal culture restrained bacterial growth. Consequently, the immobilised fungal
culture produced higher MnP activity than the suspended one (i.e., 690 U/L vs. 125 U/L). Results
also showed higher decolourisation efficiency (93.5% vs. 15%) by the immobilised culture (Gao
et al., 2008). However, this report was based on a short term observation, i.e., the batch test was

conducted over 3 and 6 days.

Zhang et al. (2000) entrapped PAC inside T. versicolor pellets. The results in comparison with
fungi pellet only, fungi pellet with PAC (free) and PAC only demonstrated that the fungi pellet
with entrapped PAC inside promoted the dye degradation. The enhanced decolouration ability of
the fungi pellets entrapped PAC implies that the microenvironment around the fungi cell was
changed. The PAC can absorb and concentrate the chemical thereby increasing the
bioavailability of these compounds for microbial and enzyme attack. More interestingly, PAC
can retain the extracellular enzyme and mediator that are necessary for degradation. Hai et al.
(2012b) also proposed to prevent extracellular enzyme wash out by the addition of GAC to the

reactor in order to adsorb the dye and enzyme simultaneously.
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2.5.7 Effect of bio-augmentation of activated sludge with fungi

As discussed above, most of the studies with WRF were operated under sterile conditions in lab
scale tests and the results demonstrated that WRF can be used for TrOC degradation. However,
an important consideration for their use in treating wastewater containing TrOCs is whether
similar degrees of treatment can be achieved under non-sterile conditions. A few available
studies on TrOCs removal by WRF under non-sterile conditions report somewhat poorer removal
by fungal reactor. For example, decrease in performance of fungal reactor under non-sterile
conditions and/or in continuous flow mode has been reported in study by Jelic et al. (2012) and
Zhang et al. (2012). Libra et al. (2003) also observed a significant decrease in decolorization of
reactive black 5 by T. versicolor performance owing to bacterial contamination. Therefore, more
systematic studies on the enhancement of fungal degradation of TrOCs in continuous reactors
under non-sterile condition are necessary. It is important to investigate on bio-augmentation
between bacteria and WRF in more details. Interestingly, in the soil environment, bacteria and
fungi seem to adopt different but complementary metabolic pathways for the degradation of
some recalcitrant pesticides (Regnhede et al., 2005). For instance, the contributions of both
bacteria and fungi to the degradation of a chloroaromatic fungicide - chlorothalonil - in soil were
confirmed by a selective inhibition method (Mori et al., 1998). Hai et al. (2012a) observed
enhanced removal of three widely used recalcitrant pesticides from their liquid mixture by
implementing a non-acclimated mixed culture of bacteria and white-rot fungus. The combination
of activated sludge with T. versicolor for treatment of olive mill wastewater resulted in a
significant reduction of phenolic monomers in olive mill wastewater has been reported by
Dhouib et al. (2006). Utilisation of mixed microbial consortia dominated by WRF, instead of
conventional bacterial consortia, led to excellent degradation of dye by an MBR (Hai et al.,
2008).

2.5.8 Degradation products and toxicity of effluent

Metabolites arising from degradation of the parent compounds also need to be monitored to
understand the degradation pathway and the toxicity of the metabolites compared to the parent
compounds during the treatment with WRF and their LMEs. However, the majority of studies
focused on the disappearance of parent compounds after treatment. There is only a limited

number of studies on the degradation pathways and toxicity of treated effluent. Hata et al. (2010b)
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reported that diclofenac was degraded via hydroxylation pathway by cytochrome P450 in
Phanerochaete sordida YK-624. A hydroxyl group was first attached to diclofenac and formed
hydroxy diclofenac which was more amenable to further degradation. In another study, Marco-
Urrea et al. (2010b) observed a slight decrease in removal of diclofenac after addition of 1-
aminobenzotriazole, a known inhibitor of cytochrome P450, into T. versicolor confirming the
involvement of cytochrome P450 in the degradation of diclofenac. In vivo and in vitro
experiments using purified laccase suggested another degradation pathway of diclofenac. The
metabolite 4-(2,6 dichlorophenylamino)-1,3-benzenedimethanol was formed during the laccase
oxidation of diclofenac (Marco-Urrea et al., 2010b). Different pathways namely, desmethylation
by Cytochrome P450 and oxidation by laccase occurred during naproxen degradation by WRF
treatment. The former pathway led to the formation of 6-desmethylnaproxen, while 1-(6-
methoxynaphthalen-2-yl)ethanone) was formed via the later pathway (Marco-Urrea et al.,
2010a). Further analysis of naproxen and its metabolites revealed that these compounds were
completely removed after 6 h incubation. Thus, it was also confirmed that the treated medium
was non-toxic (Marco-Urrea et al., 2010a). Three metabolites of ibuprofen namely, 1-
hydroxyibuprofen, 1,2-dihydroxyibuprofen and 2-hydroxyibuprofen were identified after WRF
treatment. The appearance of these metabolites was accompanied by a corresponding progressive
decrease in ibuprofen concentration (Marco-Urrea et al., 2009). Marco-Urrea et al. (2010c)
elucidated three intermediates namely, 2-[3-(4-hydroxybenzoyl) phenyl]-propanoic acid, 2-[(3-
hydroxy(phenyl)methyl)phenyl]-propanoic acid, and 2-(3-benzoyl-4-hydroxyphenyl)-propanoic
acid from the oxidation of ketoprofen. Some metabolites (i.e., acridone, acridine, 10,11-dihydro-
10,11-dihydroxy-carbamazepime, and 10, 11-epoxy-carbamazepine) were identified after
treatment of carbamazepine by T. versicolor (Jelic et al., 2012). Moreover, acute toxicity tests
indicated that the final treated effluent was non-toxic. However, effluent toxicity may arise due
to addition of redox-mediators to enhance laccase-catalysed degradation. This aspect has been

detailed in the results and discussion related chapters within this thesis.
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2.5.9 Enzymatic membrane reactors
2.5.9.1 EMR configurations

Enzymatic membrane reactors (EMRs) couple membrane separation with enzymatic degradation
in a single unit. The selective membrane aims to separate the biocatalyst (enzyme) from the
reaction products. The main objective of EMR is to ensure complete retention of the enzyme in
order to maintain biodegradation inside the reactor. In this system, the membranes retain the
enzyme by size exclusion, and freely circulate on the retentate side. However, in some cases such
as when the degradation product is larger than the enzyme, enlargement of enzyme by cross-
linked enzyme aggregates or binding them onto a carrier is required (Jochems et al., 2011).
Another way is that the enzyme can be immobilised onto the membrane surface or inside its
porous structure by physical or chemical interactions (Rios et al., 2004). Thus, the membranes
can act as a support layer for enzyme immobilization. The configurations of enzymatic
membrane reactor are presented in Figure 2.3. Each configuration has its own advantages.
Enzyme use in suspension offers several advantages such as more effective retention of enzymes,
spreading of enzymes in the reactor, and easy replenishment of fresh enzymes during long term
operation. On the other hand, a key advantage of immobilising enzymes on the membrane
material is to increase their stability and resistance towards chemical inhibitors. This is

particularly important for wastewater treatment (Rios et al., 2004).
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Figure 2.3: Schematic diagram of three different configurations of enzymatic membrane
bioreactor (a) suspended enzyme in solution in a reactor coupled with membrane unit, (b)
immobilised within the membrane matrix itself and (c) entrapped in gels or microcapsules
(adapted from Rios et al., 2004).

2.5.9.2 Application of EMR for the removal of dyes

EMRs have been used for treatment of dyes in a few studies (Lopez et al., 2004; Katuri et al.,
2009; Mendoza et al., 2011). Mendoza et al. (2011) investigated the removal of azo dyes by

laccase/mediator in an EMR with polysulfonate UF membrane (MWCO of 10 kDa). The
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decolourisation yields were 52% to 95% depending on the dye type. Another study by Chhabra
et al. (2009) also used laccase with mediator in an EMR. Effective decolourisation (>95%) was
achieved up to 25 days with a single dose of enzyme and more than 45% of enzyme activity
remained at the end of operation. Katuri et al. (2009) operated different EMRs (i.e., direct
contact MBR, enzyme impregnated MR and immobilised EMR) for the removal of acid azo dye.
The immobilized laccase showed high decolourization efficiency towards dye removal from
aqueous solutions and laccase encapsulated in chitosan membranes presented several advantages
such as requirement of short contact period and reusability. Decolourization of acid black with
laccase obtained from P. ostreatus was effective even without presence of any mediators (Katuri
et al., 2009). Lopez et al. (2004) also suggested that EMR can be proposed as a promising
technology for continuous decolourisation of dye wastewater.

2.5.9.3 TrOC removal by EMR

Recently, few studies have focused on the removal of TrOCs by enzymes suspended in the
reactor (Lloret et al., 2012a; Nguyen et al., 2014c; Nguyen et al., 2015) or immobilised on the
membrane (Nicolucci et al., 2011; Lloret et al., 2012b) (Table 2.11). Lloret et al. (2012a)
investigated the removal of two estrogens (estrone and 17f-estradiol) by suspension of a
commercial laccase from M. thermophila in the EMR. The UF membrane (MWCO of 10 kDa),
which was submerged in the enzymatic reactor, completely retained the enzyme. The EMR
effectively removed estrone and 17p-estradiol to 64 — 100% at an enzymatic activity of 500 U/L.
In addition to the high removal efficiency, the EMR effectively reduced estrogenic activity to
97%.

Denaturation of enzyme (i.e., loss of enzymatic activity) has been observed in some EMR studies.
Denaturation of enzyme may be due to various factors including physical, chemical and
biological inhibitors and the effect of shear stress during filtration (Rios et al., 2004; Mendoza et
al., 2011). Consequently, denaturation of enzyme leads to the decline in the performance of the
EMR system. Reduction in enzymatic activity was observed in a study by Hata et al. (2010a).
The authors reported a rapid decrease during the first 4 h (initial E = 10 nkat/mL drop to 3
nkat/mL) of treatment and the residual of laccase was below 10 % after 8 h of treatment. Thus,

periodic enzyme addition may be necessary to maintain stable enzymatic activity and the EMP
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performance. Hata et al. (2010a) re-injected laccase every 8 h to the reactor to enhance the
performance of the system. Escalona et al. (2014) used laccase and peroxidase from horseradish
to remove bisphenol A in an EMR. This system integrated an enzymatic reactor with a
nanofiltration membrane (NF). As a result, bisphenol A was rejected by the membrane and
degraded by the enzyme-catalysed reactions. The results revealed the efficiency of the enzyme
treatment for bisphenol A degradation. However, the presence of enzyme reduced the membrane
permeability (Escalona et al., 2014). Apart from laccase, other ligninolytic enzymes such as
versatile peroxidase and manganese peroxidase have been also used for the removal of TrOCs.
Méndez-Hernandez et al. (2015) presented a two-stage membrane reactor based on the
production and use of Mn**-malonate (chemical oxidant) which was produced in an enzymatic
reactor (R1) by versatile peroxidase. The Mn**-malonate was transferred to oxidation reactor
(R2) where the oxidation of one TrOC (nonylphenol) took place. A complete removal of
nonylphenol was achieved at a hydraulic retention time of 20 min. The separation of these two
reactors allowed constant production of Mn**-malonate in R1 with minimal deduction of
enzymatic activity. This study also confirmed that the system could effectively remove
nonylphenol in real wastewater (454 nM) up to 99% (Méndez-Hernandez et al., 2015).

Immobilisation of enzyme on membrane or support materials is another potential application of
enzyme in a continuous enzymatic reactor. Nicolucci et al. (2011) immobilised laccase on
polyacrylonitrile beads in a fluidized bed reactor for removal of bisphenol. A complete removal
of bisphenol was achieved. The author also reported that the immobilization of laccase improved
its stability and resistance to pH and temperature changes. The removal efficiency of estrogens
by immobilised laccase in a fluidized bed reactor was investigated in a study by Lloret et al.
(2012b). High removals (between 76 and 90%) were obtained for 16 d in this study. Lante et al.
(2000) immobilised laccase onto a spiral-wound asymmetric polyethersulphone membrane and
applied for the degradation of 18 phenols. It was confirmed that the immobilised laccase on the
membrane could oxidise the phenols. The enzyme immobilisation generally increase its stability
compared to the free enzyme. Chea et al. (2014) prepared an enzymatic membrane by grafting
laccase (T. versicolor) on a gelatine layer deposited onto a-alumina tubular membranes. The
system was operated in a dead end mode. A phenolic compound 2,6-dimethoxyphenol was
completely removed in that study (Chea et al., 2014). In another study, tetracycline, an antibiotic
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was degraded by immobilized laccase (T. versicolor) in an EMR (De Cazes et al., 2014). The
immobilized laccase-EMR achieved 56% removal of tetracycline as compared to only 30% with
free laccase. These results highlighted the stability of the immobilized enzyme for the
degradation of tetracycline (De Cazes et al., 2014). Hou et al. (2014) immobilized laccase on
TiO, nanoparticles which were coated on the membrane surface and used for the removal of
bisphenol A. Accordingly, an improvement in bisphenol A removal efficiency and stability of

enzyme were achieved.
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Table 2.11 EMR studies for TrOC removal

Membrane
material H Temp  Laccase  HRT Wastewater composition Reactor Reference
(MWCO) P °C)  (uM/min)  (h) P volume (L)
UF . . (Lloret et al.,
polyethersulfone 7 26 5001000 1,4 TrOCs (4 mg/L each). in water buffered with 100 mM 0.95 2012a)
sodium phosphate
(10 kDa)
UF TrOCs (4 mg/L each) in water buffered with 100 mM (Lloret et al.,
polyethersulfone 4,7 25 500 2,4 sodium acetate at pH 4 and with 100 mM sodium 0.25 2012c¢)
(10 kDa) phosphate at pH 7
UF (Nguyen et al
Polyacrylonitrile 6.8 28 90 8 TrOCs (0.5 mg/L each ) in Milli-Q water 1.5 guy a
2014c)
(6 kDa)
UF (Nguyen et al
Polyacrylonitrile 6.8 28 180 8 TrOCs (0.005 mg/L each ) in Milli-Q water 1.5 guy a
2015)
(6 kDa)
UF (Nguyen et al
Polyacrylonitrile 6.8 28 90 8 TrOCs (0.25 and 0.5 mg/L each ) in Milli-Q water 1.5 guy b
2014d)
(6 kDa)
Laccase-grafted
ceramic L (de Cazes et al.,
membrane (0.2 7 25 - 24 TrOCs (20 mg/L each ) in deionized water 2 2015)
and 1.4 um)
Laccase on TiO; . :
coated on PVDE 5.5 29 0.42 24 TrOCs (35 mg/L each ) in water buffered with 100 0.04 (Hou et al.,
mM acetate 2014)
membrane
Enzymatic . . . (Méndez-
reactor -NE 45 30 Versatile 08 TrOCs (100 mg/L each ) in water buffered with 12.5 0.97 Hernandez et al.,
and MnP mM sodium malonate
membrane 2015)

2P Chapter 5, and 7 of this thesis
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2.5.9.4 Enhancement of EMR performance

Reusability and stability of enzyme are key factor in the operation of EMR, because enzymes are
responsible for the oxidation of pollutants. The membranes effectivity retains the enzymes to
enhance the reusability. However, denaturation of enzyme occurs due to various factors
including physical, chemical and biological inhibitors and the effect of shear stress during
filtration (Rios et al., 2004). Apart from enzyme reinjection, the addition of preservative
compounds to the enzymatic reactor could prevent or decrease the loss of enzymatic activity.
Mendoza et al. (2011) reported that ethylenediaminetetraacetic acid and polyethylene glycol
could protect the enzyme, especially under oxidative stress. Immobilisation of enzyme on the

membrane may increase their stability in the EMR.

The performance of the EMR on TrOC removal could be enhanced by addition of redox-
mediator. As mentioned in Section 2.5.4, mediator act as an electron shuttle between the
oxidizing enzyme and target compounds. The addition of mediators (SA and HBT) was reported
to extend the spectrum of efficiently degraded TrOCs (Chapter 5). Apart from the mediator
addition strategy, addition of adsorbent (PAC or GAC) has recently been applied to the EMR.
Because laccase can degrade TrOCs that are inefficiently degraded by conventional biological
processes, PAC/GAC dosing to the EMR may lead to enhanced biodegradation. As mentioned
previously, PAC/GAC addition to MBR has been shown to enhance the removal of TrOCs. This
thesis demonstrates a 14 — 25% improvement in aqueous phase removal of four TrOCs (i.e.,
carbamazepine, diclofenac, sulfamethoxazole and atrazine) by dosing 3 g/L GAC to EMR
(Chapter 7).
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3.1. INTRODUCTION

Trace organic contaminants (TrOCs) consist of both naturally occurring and anthropogenic
compounds and are frequently detected in sewage-impacted water bodies. These include
pharmaceuticals, steroid hormones, pesticides and industrial chemicals. The resistance of certain
TrOCs to conventional wastewater treatment and their potential adverse effects on human and
ecological health raise significant concerns (Snyder 2008). This has prompted research on TrOC

degradation by white-rot fungi (Yang et al., 2013a).

White-rot fungi (WRF) can efficiently degrade a wide range of organic compounds including
TrOCs that are resistant to bacterial degradation via one or more extracellular enzymes including
lignin peroxidases, manganese-dependent peroxidases and laccase. Apart from the extracellular
enzymes, intracellular enzyme systems, such as cytochrome P450, have been reported to play
important roles in the removal of some TrOCs (Hata et al., 2010). In addition to whole-cell
preparations, removal of TrOCs has been investigated either by employing crude culture extract
(‘crude enzyme’) or by purified enzymes (Marco-Urrea et al., 2009; Zhang et al., 2010).
Enzyme-catalysis has been shown to be enhanced by the addition of low molecular weight
mediator compounds that act as an ‘electron shuttle’ between the oxidizing enzyme and target

compounds (Kim et al., 2006).

Several studies, as noted above, have investigated the TrOC removal capacity by different fungal
species. The removal efficiency has been observed to depend on fungal species, their specific
enzyme systems and the TrOC characteristics. However, with a few exceptions (Tran et al., 2010;
Rodarte-Morales et al., 2011), individual studies to date have focused mostly on a single or only
a few TrOCs at a time. This has hindered the establishment of a uniform database on white-rot
fungal degradation of a broad spectrum of TrOCs, particularly because of the differences in
experimental conditions in individual studies. Furthermore, some TrOC categories such as UV
filters (active ingredients of sunscreens) and phytoestrogens have not been investigated by the

previous studies.

Enzymatic degradation of a range of TrOCs has been investigated previously (Nguyen et al.,
2013). However, because of the synergistic effect of intracellular, mycelium-bound and
extracellular enzymes as well as sorption of TrOCs on the biomass, whole-cell white-rot fungal
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treatment may cover a wider spectrum of TrOCs compared with enzymatic treatment. A few
studies have separately compared the performance of whole-cell and extracellular extract (Auriol
et al., 2007; Tran et al., 2010) or have studied the role of intracellular enzyme systems (Marco-
Urrea et al., 2009; Hata et al., 2010). However, systematic studies on the relative contribution of
biosorption and various modes of biodegradation (e.g., extracellular enzyme
dependent/independent) during fungal removal of TrOCs remain scarce. Elucidation of such
mechanisms is a prerequisite to formulation of strategies to ensure stable operation of continuous

flow fungal reactors (Yang et al., 2013a).

A series of batch tests was conducted in this study to address the research gaps outlined above.
The removal of 30 TrOCs belonging to diverse groups in terms of applications or origins and
chemical structures by a whole-cell pure fungus culture (Trametes versicolor (T. versicolor)) and
the fungal extracellular enzyme extract has been systematically compared. In discussing the
removal efficiency, the relative contribution of biosorption and biodegradation is addressed, as
well as potential catalytic modes (extracellular enzyme dependent/independent) responsible for
fungal degradation of TrOCs. The effect of augmenting enzymatic transformation with a redox
mediator on the removal performance and the treated media toxicity was also studied.

3.2. MATERIALS AND METHODS

3.2.1 Trace organic contaminants and mediators

A mixture of 30 TrOCs, including 11 pharmaceuticals, six pesticides, five steroid hormones,
three industrial precursors and products, three UV filters and two phytoestrogens was used in this
study. Key properties of these compounds are listed in (Appendix Table A-1). These were
selected in view of their widespread occurrence in wastewater and wastewater-impacted water
bodies and their diverse physicochemical properties (e.g. hydrophobicity and molecular weight).
Analytical grade chemicals were purchased from Sigma-Aldrich (Australia). A mixed stock
solution of the TrOCs was prepared at a concentration of 1 g/L (each) in pure methanol, stored at
-18°C and used within one month.

Two redox mediators, namely 1-hydroxybenzotriazole (HBT) and syringaldehyde (SA), were

used in this study. HBT is a =N-OH type mediator, while SA is a phenolic mediators (Appendix
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Table A-2). The oxidation of these mediators by laccase generates highly reactive aminoxyl
(=N-O") and phenoxyl (CgHsO") radicals, respectively, both of which follow the HAT pathway
during substrate (TrOCs) degradation (d'Acunzo et al., 2006). These mediators were also
purchased from Sigma-Aldrich (Australia). The mediators were prepared as a stock solution at a

concentration of 50 mM and stored at 4 °C.

3.2.2 Fungus culture and preparation of crude enzyme extract

The white-rot fungus T. versicolor ATCC 7731 (USA) was used in this study. Malt extract broth
(Merck, Germany) was used as both the growth and the test medium at concentrations of 5 g/L
and 1 g/L, respectively. The pH of the growth medium as well as the batch test medium was
adjusted to 4.5 with 4 M HCI. Refrigerated stock fungal suspension was grown on a rotary
shaker at 28 °C in sterilized growth medium for a week (Yang et al., 2013a) . Freshly grown
fungal pellets and the supernatant of the fungal culture (‘crude enzyme extract’) were then

harvested and subsequently used for whole-cell and crude enzyme batch tests.

3.2.3 Batch test protocol

Batch tests were conducted under three broad categories to assess: i) removal by live and
‘chemically inactivated’ (biosorption only) whole-cell preparations; ii) performance of the live
whole-cell in the presence of an intracellular cytochrome P450 inhibitor; and iii) degradation by
the crude enzyme extract with/without addition of a redox-mediator. During the whole-cell test,
sterile test medium (50 mL), in 400 mL sterile beakers, was inoculated with approximately 0.4
g/L freshly grown fungus culture. TrOCs were added to the test solution at final concentrations
of 50 pg/L (each). Separate beakers were incubated to assess the removal by sodium azide (0.1
mM)-inactivated fungus culture (Yang et al., 2011). The intracellular enzyme inhibition test
followed a similar procedure by adding l-aminobenzotriazole (ImM) (Hata et al., 2010) to
inactivate intracellular cytochrome P450 enzyme systems. The containers were incubated in the
same fashion mentioned above. All experiments were conducted in triplicate. At the end of the
incubation period, the whole test medium was harvested. The samples were diluted to 500 mL
with deionised (Milli-Q) water and filtered through 0.45 um glass fibre filter (Filtech, Australia).
The pH of the sample was adjusted to 2 by using 4 M H,SO, before refrigerating until the solid-
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phase extraction (for GC/MS analysis, see Section 3.2.4.1) within 2 d. For toxicity testing,

undiluted samples were kept at 4 °C until analysis.

In the enzymatic degradation test, the stock TrOC solution was added to 25 mL crude enzyme
extract in 100 mL beakers to give a final concentration of 100 pg/L of each TrOC. The crude

enzyme extract demonstrated a laccase activity of 35 ptMpmpy /min.

To investigate the effect of mediator addition, each mediator was added separately to obtain
solutions with final mediator concentration of 0.1, 0.5 and 1 mM. Control samples comprised
TrOCs in deionised (Milli-Q) water. The beakers were covered with aluminium foil and
incubated on a rotary shaker at 70 rpm and 25 °C for 24 h. The experiments were conducted in
triplicate and a sampling method similar to that in the tests with whole-cell preparations was

adopted.

3.2.4 Analytical methods

3.2.4.1 TrOC analysis

The TrOCs in feed and permeate samples were extracted using 6 mL 200 mg Oasis hydrophilic-
lipophilic-balanced (HLB) cartridges (Waters, Milford, MA, USA). The cartridges were pre-
conditioned with 7 mL dichloromethane and methanol (1:1, v/v), 7 mL methanol, and 7 mL
reagent water, respectively. The feed and permeate samples (500 mL each) were adjusted with
H,S0,40.4 M to pH 2-3, then loaded onto the cartridges at a flow rate of 15 mL/min, after which
the cartridges were rinsed with 20 mL Milli-Q water and dried with a stream of nitrogen for 30
min (see Figure 3.1). The TrOCs were eluted from the cartridges with 7 mL methanol followed
by 7 mL dichloromethane and methanol (1:1, v/v) at a flow rate of 1-5 mL/min, and the eluents
were evaporated to dryness under a gentle stream of nitrogen in a water bath at 40 °C. The
extracted residues were then dissolved with 200 pL methanol solution which contained 5 pg
bisphenol A-ds and transferred to 1.5 mL vials, and further evaporated to dryness under a gentle
nitrogen stream. Finally, the dry residues in the vials were derivatized by addition of 100 pL of
BSTFA (1% TMCS) plus 100 L of pyridine (dried with KOH solid), which were then heated in
a heating block at 60 — 70°C for 30 min. The derivatives were cooled to room temperature and
subjected to GC-MS analysis (Liu et al., 2004). The SPE recovery of TrOCs was above 80% in

all analysis.
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The TrOCs were analysed using a Shimadzu GCMS-QP5000 system, equipped with a Shimadzu
AOC 20i autosampler. A Phenomenex Zebron ZB-5 (5% diphenyl — 95% dimethylpolysiloxane)
capillary column (30 m x 0.25 mm ID, di= 0.25 pm) was used. Helium carrier gas was
maintained at a constant flow rate of 1.3 mL/min. The GC column temperature was programmed
from 100 °C (initial equilibrium time 1 min) to 175°C via a ramp of 10 °C/min and maintained 3
min, 175 — 210°C via a ramp of 30°C, 210 — 228°C via a ramp of 2 °C/min, 228 — 260°C via a
ramp of 30 °C, 260 — 290°C via a ramp of 3 °C/min and maintained 3 min. The injector port and
the interface temperature were maintained at 280 °C. Sample injection (1 pL) was in splitless

mode.

For qualitative analysis, the MS full-scan mode from m/z, 50 — 600 was used, apart from the
mass spectrum, the relative retention times of each compound was used for confirmation of the
compound. Quantitative analysis was carried out using selected ion monitoring (SIM) mode. For
each compound, the most abundant characteristic ions were selected for quantification. The
selected ions of the analysed compounds after silyl derivatization are in agreement with those
reported elsewhere (Gatidou et al., 2007; Zhang et al., 2007).

Standard solutions of the analytes were prepared at 1, 10, 50, 100, 500 and 1000 ng/mL, and an
internal instrument calibration was carried out with bisphenol A- dis as internal standard. The
calibration curves for all the analytes had a correlation coefficient of 0.99 or better. Detection
limits were defined as the concentration of an analyte giving a signal to noise (s/n) ratio greater
than 3, where, ‘noise’ is the fluctuation in the instrument background signal and generally
measured as the standard deviation of the background signal and, analyte ‘signal’ is the change
in instrument response to the presence of a target chemical. The limit of reporting was
determined using an s/n ratio of greater than 10.

Statistical analysis of data was performed using the Student t-test function. Values of p < 0.05

were considered to indicate statistical significance.
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Figure 3.1: Schematic of sample preparation for GC-MS measurement of TrOCs (MeOH -
methanol, DCM - dichloromethane, SPE — solid phase extraction, HLB -Hydrophilic-lipophilic-

balanced)
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3.2.4.2 Enzymatic activity and toxicity assay

Under the experimental conditions used, the fungus predominantly secreted the extracellular
enzyme laccase. Laccase activity was measured by monitoring the change in absorbance at 468
nm due to the oxidation of 2,6-dimethoxy phenol (DMP) at room temperature over 2 min using a
spectrophotometer (PharmaSpec UV-1700, Shimadzu, Kyoto, Japan). Laccase activity was
calculated from the molar extinction coefficient ¢ = 49.6 (mM/cm) and expressed in uM
substrate/min. The toxicity of the treated solution was tested in duplicate by measuring
bioluminescence inhibition in Photobacterium leiognathi (ToxScreen3 assay, CheckLight Ltd,
Israel) as described previously (Nguyen et al., 2013). Toxicity was expressed as Relative Toxic
Unit (rTU) calculated as rTU=1/1C5, with IC2 (concentration of the sample required to kill 20%
of the bacteria) determined by linear regression of the toxicity response vs. relative sample

enrichment within the linear range (1Cqo — I1Cap).

3.3. RESULTS AND DISCUSSION
3.3.1 Removal performance of live and chemically inactivated whole-cell

Biodegradation, biosorption, photodegradation and volatilization are the possible removal
mechanisms of TrOCs. Photodegradation of TrOCs was minimized by covering the test
containers (Section 3.2.3), while the volatilization of the selected compounds was deemed
negligible given their low vapour pressure (Appendix Table A-1). Therefore, biodegradation

and biosorption were considered as potential removal mechanisms under the tested conditions.

Hydrophobic interactions play a very important role in sorption of TrOCs to biomass. According
to a definition widely accepted in the literature, an organic compound is hydrophobic when its
pH-dependent effective octanol water partitioning coefficient (measured by log D) is 3 or higher
(Hai et al., 2013). In this study, for almost all significantly hydrophobic compounds (log D> 4)
similar levels (> 50%) of removal were achieved by the live and sodium azide-inactivated
(biosorption only) cultures (Figure 3.2). In particular, over 80% removal of 17p-estradiol 17-
acetate, pentachlorophenol, 4-tert-octylphenol and triclosan was achieved by the live and
inactivated cultures. No previous study of the removal of 17p-estradiol 17-acetate by whole-cell
white-rot fungi could be found. However, the results in the current study are in good agreement

with previous studies reporting the significant removal of 4-tert-octylphenol (Tamagawa et al.,
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2007), triclosan (Cajthaml et al., 2009) and pentachlorophenol (Ryu et al., 2000). Because a
similar removal was attained of these significantly hydrophobic TrOCs by both live and
inactivated cultures, the governing mode of removal (biodegradation or biosorption) could not be
ascertained from their aqueous phase concentration change. Nevertheless further insight into this
aspect is provided in the following section while comparing the performance of whole-cell and

crude enzyme extract.
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Figure 3.2: Removal of 30 TrOCs from aqueous phase after 24 h of incubation of live and
inactivated white-rot fungus in malt extract broth. The initial pH, fungus concentration and the
concentration of each of the TrOCs were 4.5, 0.4 g/L and 50 pg/L, respectively. Error bars
indicate average * standard deviation (n=3). Fungus was inactivated by adding 0.1 mM sodium

azide to the test solution.
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Of particular interest was the high (60-99%) removal of five hydrophobic (log D=3-4)
compounds, namely, naproxen, formononetin, ibuprofen, estrone and bisphenol A by the live
culture, but less removal by the inactivated culture (p < 0.05, Appendix Table A-3). This
observation suggests that biodegradation (and not biosorption) was the main mechanism of
removal of these compounds. No previous reports regarding the removal of formononetin by
white-rot fungi could be identified. However, previous studies have revealed high removal of
naproxen (Marco-Urrea et al., 2010; Rodarte-Morales et al., 2010; Tran et al., 2010; Rodarte-
Morales et al., 2011), ibuprofen (Marco-Urrea et al., 2009), estrone (Tamagawa et al., 2005) and
bisphenol A (Cajthaml et al., 2009; Yang et al., 2013c) by whole-cell white-rot fungi treatment.
The high removal of these TrOCs is also in good agreement with a TrOC classification proposed

by Yang et al. (2013a) based on their degradation by white-rot fungi.

As expected, 12 hydrophilic compounds possessing a log D <3 showed negligible removal by the
inactivated culture, confirming their negligible biosorption (Figure 3.2). However, their removal
by the live culture was also generally low or negligible, indicating their resistance to degradation
by the T. versicolor strain used in this study. These hydrophilic TrOCs include some highly
resistant compounds (showing low or variable removal) reported in the literature (Yang et al.,
2013a). For instance, carbamazepine has been shown to be resistant to fungal treatment by
whole-cell culture (Marco-Urrea et al., 2009) and enzymatic treatment (Marco-Urrea et al., 2009;
Zhang et al., 2010; Eibes et al., 2011), although certain species were able to degrade significantly
(Rodarte-Morales et al., 2010; Rodarte-Morales et al., 2011). Marco-Urrea et al. (2009) observed
97% removal of clofibric acid by a different strain of T. versicolor than that used in this study,
however, they reported lower removal (0-24%) by Irpex lacteus and Phanerochaete
chrysosporium. Atrazine was found to be resistant to treatment by Dichotomitus squalens,
Phanerochaete velutina, and Hypholoma fasciculare (Bending et al., 2002); however, a different
strain of T. versicolor was shown to achieve a better removal (Bending et al., 2002). There is
further discussion on the behavior of the resistant TrOCs in regards to their molecular structures

in the next section.
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3.3.2 Comparison of removal by whole-cell and crude enzyme extract
3.3.2.1 Removal mode

Highly hydrophobic compounds may be removed solely due to biosorption. However, when the
performance of live/inactivated whole-cell culture (Figure 3.2) and that of crude enzyme extract
(Figure 3.3) is taken into consideration, it can be confirmed that most of the very hydrophobic
TrOCs (log D>3) in this study were in fact biodegraded. Performance comparison between
whole-cell and crude enzyme extract also helped identify the TrOCs for which low or negligible
removal by the latter was observed (p < 0.05, Appendix Table A-3). These include: three very
hydrophobic TrOCs (oxybenzone, gemfibrozil, and pentachlorophenol), two moderately
hydrophobic TrOCs (formononetin and ibuprofen), and two significantly hydrophilic TrOCs
(salicylic acid and naproxen). Better performance of the whole-cell culture for these compounds
indicated three possibilities: 1) biosorption in fact was the main mechanism (i.e., resistant to
biodegradation); ii) intracellular cytochrome P450 enzyme system was significantly involved in
degradation by the whole-cell; or iii) mycelium-associated enzyme played a significant role in

biodegradation.
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Figure 3.3: Removal of 30 TrOCs from aqueous phase after 24 h of incubation of live fungus
and crude enzyme extract. Live fungus was incubated in malt extract broth (1 g/L), and the initial
pH, fungus concentration and the concentration of each of the TrOCs were 4.5, 0.4 g/L and 50
ug/L, respectively. The initial laccase activity of the crude enzyme extract was 35 pUMppmp)/ Min.
TrOCs were added to the crude enzyme extract at a concentration of 100 pg/L. Error bars

indicate average * standard deviation (n=3).

The role of intracellular cytochrome P450 was assessed by comparing the removal by whole-cell
culture in the presence and absence of 1-aminobenzotriazole (a cytochrome P450 inhibitor). The
cytochrome P450 inhibitor was found to have a negligible effect on the degradation of all except
seven TrOCs, namely, salicylic acid, ibuprofen, gemfibrozil, naproxen, bisphenol A, diclofenac
and 17B-estradiol (Figure 3.4). The role of intracellular enzymes in the fungal degradation of

salicylic acid, bisphenol A and 17-estradiol has not been studied before. However, the data in
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the current study is consistent with that from other studies reporting the negative impact of
cytochrome P450 inhibition on the degradation of naproxen (Marco-Urrea et al., 2010),
ibuprofen (Marco-Urrea et al., 2009), gemfibrozil (Tran et al., 2010) and diclofenac (Hata et al.,
2010). Previous reports have also demonstrated the important role of mycelium-associated
enzymatic activity in the degradation of resistant compounds such as dye (Svobodova et al., 2008)
and TrOC. Considering the data in Figure 3.2, Figure 3.3 and Figure 3.4 collectively, in this
study, the reason for lower removal by the crude enzyme extract compared to that by the whole-
cell culture can be considered compound-specific. For salicylic acid, naproxen, formononetin,
ibuprofen and gemfibrozil, the role of cytochrome P450 and/or mycelium-associated enzymes
was critical, while for oxybenzone and pentachlorophenol the role of biosorption was significant
in their removal. Further clarification on this aspect is presented in Section 3.3.3. The TrOC
adsorption capacity of crude enzyme has not been tested in this study. It is recommended that the
potential adsorption of TrOCs on the protein molecules or other biopolymers in the inactivated

crude enzyme is investigated in future studies.
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Figure 3.4 Removal of seven affected TrOCs in presence and absence of an intracellular

cytochrome P450 inhibitor (1-aminobenzotriazole) at a concentration of 1mM. Error bars

indicate average + standard deviation (n=3).

3.3.2.2 Impact of enzymatic activity

It is noted that similar removal by whole-cell and crude enzyme extract was obtained for
bisphenol A and diclofenac (Figure 3.3) although a significant (but not exclusive) role of
intracellular enzymes in the degradation of these TrOCs was evident (Figure 3.4). Furthermore,
for two hydrophilic compounds, namely, estriol and 4-tert-butylphenol, the extracellular enzyme
extract achieved better and/or more stable removal. This was despite the fact that a higher initial
concentration was applied during the test with crude enzyme extract (100 pg/L of each
compound, compared to 50 pg/L of each in the whole-cell test). This may be attributed to the
fact that the laccase activity in the whole-cell culture gradually increased from zero to
approximately 20 puMpmpy/min within 24 h, while that in the extracellular extract remained at 35
uMpmpy/min from the start of the test (Figure 3.5). Auriol et al. (2007) previously observed the
removal of synthetic hormones including estriol to depend on the level of laccase activity in the
test media. In that study, estriol was completely removed by a laccase solution exhibiting an
activity of 20 U/ mL, while the removal corresponding to a laccase activity of 5 U/mL was 88%.
Tran et al. (2010) also reported increased removal of pharmaceuticals such as naproxen (from 30
to 100%), ibuprofen (from 10 to 40%) and ketoprofen (from 25 to 50%) with the increase of
laccase activity from 2 to 6 U/mL. The potential effect of level of laccase activity on the removal
of the above TrOCs in this study is also indicative of their relatively resistant structure against

fungal degradation.
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Figure 3.5: Level of laccase activity in the media during the test with the whole-cell culture and

the crude enzyme extract. Error bars indicate average + standard deviation (n=3).

3.3.2.3 Resistant TrOC

Under the tested conditions, little or no (<30%) removal of 15 TrOCs, namely, metronidazole,
primidone, amitriptyline, propoxur, clofibric acid, carbamazepine, enterolactone, fenoprop,
atrazine, ametryn, ketoprofen, benzophenone and octocrylene (Category 3, Figure 3.3) and
estriol and 4-tert-butylphenol (Category 2, Figure 3.3) was achieved by the whole-cell culture.
The crude enzyme extract could substantially degrade estriol and 4-tert-butylphenol but little or
no degradation of an additional six TrOCs including salicylic acid, naproxen, formononetin,
ibuprofen, gemfibrozil and pentachlorophenol was obtained (Figure 3.3). This section
particularly discusses the case of 13 TrOCs for which treatment by neither whole-cell nor crude
enzyme preparations was found effective (Category 3, Figure 3.3). It is noteworthy that the
removal of only a few of these 13 TrOCs (e.g., clofibric acid, carbamazepine, atrazine and
ketoprofen) by whole-cell culture has been studied before; however, the existing literature

confirms the resistance of these TrOCs to fungal degradation (Yang et al., 2013a).
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The resistance of the aforementioned TrOCs can be attributed to their chemical structures. The
presence of electron withdrawing groups (EWG) generates an electron deficiency and thus
renders the compounds less susceptible to oxidative catabolism (Tadkaew et al., 2011). The low
removal of the chlorinated TrOCs clofibric acid and fenoprop can be explained by the fact that
chlorine is a strong EWG. Treatment by laccase from T. versicolor was reported to inefficiently
remove clofibric acid (Tran et al., 2010). Atrazine and ametryn are two triazine compounds.
Atrazine additionally contains a chloride group. Despite having the weak electron donating
groups (EDG) methyl and secondary amine, atrazine and ametryn were poorly removed. This is
consistent with the report of Mougin et al. (1997) who found that triazine pesticides are resistant
to fungal treatment. The insignificant removal of metronidazole, propoxur and carbamazepine
can be attributed to the presence of strong EWG nitro, carbamate and amide groups, respectively
in their structures. The presence of these groups has been reported to cause higher resistance to
biodegradation (Tadkaew et al., 2011; Yang et al., 2013a). In a previous study, at an initial
concentration of 10 ug/L, complete removal of ketoprofen was reported by the whole-cell of a
different strain of T. versicolor, while only 12% removal was achieved by the extracellular
extract (Tran et al., 2010). Notably, ketoprofen contains a carboxylic acid group which is
strongly electron withdrawing. Its degradation pathway may be limited to being via
hydroxylation of the vicinal unsubstituted aromatic fragment and the mono-carbon-substituted
benzenoid (Quintana et al., 2005), and this pathway may have been unavailable to the T.

versicolor strain utilized in this study.

3.3.3 Effect of mediator addition on the removal by crude enzyme extract
3.3.3.1 Overall improvement in TrOC degradation

As noted in Section 3.3.2, of the 30 TrOCs tested, the crude enzyme extract could attain
significant degradation of only ten compounds. Two mediators were added to the crude enzyme

extract to test if any improvement in the remaining TrOC removal could be achieved.

In a laccase-mediator system, the role of the enzyme is to oxidize the mediator, while the actual
oxidation of the substrate takes place in a subsequent non-enzymatic step by the action of the
oxidized mediator species. Therefore, the reaction mechanisms by which the radicals generated

from the laccase-mediator system oxidize a substrate are important (Fabbrini et al., 2002; Astolfi
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et al., 2005). The oxidation of HBT and SA by laccase generates highly reactive aminoxyl (=N-
0") and phenoxyl (CeHsO") radicals, respectively. The aminoxyl radical oxidizes the target
substrate by the HAT mechanism (Xu et al., 2000; Fabbrini et al., 2002). Therefore, the enthalpic
balance between the dissociated bond (C-H) in the target substrate and the forming bond (NO-H)
in the mediator is the driving force of this mechanism (d'Acunzo et al., 2003; Cafas et al., 2010).
It has been reported that phenoxyl radicals act analogously to aminoxyl radicals (Carias et al.,
2010). The HAT mechanism has been implicated in the oxidation of resistant compounds such as
non-phenolic compounds (Fabbrini et al., 2002; Astolfi et al., 2005). For instance, Bernini et al.
(2011) reported that the laccase-mediator system can effectively trigger H-abstraction from

benzylic carbons of non-phenolic compounds.

Figure 3.6 shows the effect of adding the mediators separately (1 mM) to the crude enzyme
extract (containing predominantly laccase) on the removal of the selected TrOCs. Mediator
addition extended the spectrum of efficiently degraded TrOCs to 13 phenolic and three non-
phenolic compounds (i.e., atrazine, naproxen and diclofenac), with moderate improvements in
the removal of a few other non-phenolics. For example, the degradation rate of atrazine increased
from negligible to over 50 ng/L.h. Similarly the degradation rate of naproxen improved from 20
to over 80 ng/L.h, while the degradation rate of diclofenac, which was already well removed

without mediator addition, improved by only around 10 ng/L.h (Appendix Table A-4)

The superior performance of the mediator-amended crude enzyme extract may be explained by
two factors attributable to the aminoxyl and phenoxyl radical species generated from HBT and
SA by laccase, respectively: i) higher redox potential, and ii) reduction of steric hindrance. The
oxidation of even some phenolic compounds by laccase may be hindered by solubility or steric
issues. Low molecular weight mediators can interact with complex compounds that cannot
directly access the enzyme active site. Moreover, compounds with high redox potential can be
oxidized by radical mediators (e.g., aminoxyl and phenoxyl) through the operation of H-
abstraction mechanism. The laccase-mediator system can achieve better removal of compounds
with high redox potential as the oxidized mediator species have redox potentials higher than that
of laccase only (Klonowska et al., 2002). Figure 3.7 indeed demonstrates that in our study, the
redox potential of the crude enzyme extract increased significantly due to the addition of the

mediators. The redox potential of the crude enzyme extract with SA and HBT was 540 and 441
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mV, respectively, which were significantly higher than that for the crude enzyme extract, SA
solution and HBT solution (207, 249 and 251 mV, respectively) (Figure 3.6). Our results are
consistent with those of Weng et al. (2012) who reported that the redox potential of a range of
mediators including SA was higher than that of laccase or the mediator separately, and thus

higher degradation of sulfonamide antibiotics was achieved.

The factors and mechanisms discussed in this section may explain the significantly improved
degradation of the phenolic TrOCs (i.e., formononetin, salicylic acid, oxybenzone,
pentachlorophenol and enterolactone) and the non-phenolic TrOCs (i.e., primidone, atrazine,
amitriptyline, octocrylene, naproxen, and diclofenac) in our study in the presence of mediators
(Figure 3.7). Aminoxyl radicals generated from oxidation of HBT by laccase from the fungus T.
villosa were previously shown to carry abstract hydrogen from certain amide substrates
(Coniglio et al., 2008). However, the lack of improvement in the removal of the amide
compound carbamazepine observed in this study is probably due to the difference in redox
potential of laccase from different Trametes species as well as the specific structure of the

compounds.
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Figure 3.6: Removal of 30 TrOCs by crude enzyme extract from T. versicolor (ATCC 7731) in

the presence of two mediators (SA and HBT) at a concentration of 1 mM. The error bars

represent the standard deviation of three replicates.
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3.3.3.2 Mediator performance

In this study, HBT facilitated better removal than SA for four phenolic compounds, namely
salicylic acid, oxybenzone, pentachlorophenol and enterolactone, and three non-phenolic
compounds, namely primidone, atrazine, and naproxen (Figure 3.6). By contrast, SA led to
better removal of the phenolic compound formononetin and the non-phenolic compound
octocrylene, while similar removal of the non-phenolic compound amitriptyline was achieved by
the mediators. No relevant data could be retrieved from the literature for a direct comparison
with our data. However, in general, there appears to be no clear consensus on the comparative

performance of SA and HBT. For example, Khlifi-Slama et al. (2010) reported that a laccase-
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HBT system achieved the best decolorization of a textile industry effluent among the nine
mediators tested including SA. On the other hand, Camarero et al. (2005) reported better
degradation using SA than HBT for a range of phenolic and non-phenolic dyes possessing strong
EWG.

The performance of the laccase-mediator systems depends on the electrochemical potential of the
radical generated, redox reversibility of the reaction of the radical with the substrate, as well as
on the balance between the stability and reactivity of the mediator radical (Camarero et al.,
2005). As noted in Section 3.3.3.1, both SA and HBT act via the HAT mechanism. In addition,
in this study, the redox potential values of the crude enzyme solution amended with the
mediators separately were not significantly different (Figure 3.7). Therefore, the difference in
the performance of the two mediators is due to the relatively higher stability of aminoxyl radicals
compared to phenoxyl radicals. In general, both radicals (phenoxyl and aminoxyl) have short
half-lives due to their poor thermostability. For example, aminoxyl radicals have a half-life of
120 s (Coniglio et al., 2009), and convert rapidly to benzotriazole and other inactive compounds.
Phenoxyl radicals (from SA) have often been reported to rapidly turn into quinone, which is
much less active (Xu et al., 2000). Nonetheless, Xu et al. (2000) hypothesizes that the half-life of
aminoxyl radicals is long enough to allow diffusion to the substrate. In our study, this is further
evidenced by the fact that at the end of the incubation period, the redox potential of the SA-
amended solution demonstrated a 45% reduction from the initial value as compared to a 25%
reduction in case of the HBT-amended solution (Figure 3.7). This may explain the better

performance of HBT observed in our study.
3.3.3.3 Effect of mediator concentration on TrOC removal and enzymatic stability

The abundance and stability of the oxidized intermediates from the mediators affect TrOC
degradation. Mediator concentration can influence both the abundance and stability of oxidized
intermediates. Here, the effect of three different concentrations (0.1, 0.5, and 1 mM) of the
mediators (SA and HBT) on TrOC removal is discussed focusing on the five phenolic and five
non-phenolic compounds for which the mediators produced significant improvement in removal.

The complete data set is presented in (Appendix Figure A-1 and 2).
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In this study, TrOC degradation improved by up to 60 and 95% using SA and HBT, respectively
(Figure 3.8). The redox potential of the crude enzyme extract was not significantly different
between different dosages of SA and HBT (Figure 3.9). In accordance with that, approximately
similar removal efficiencies were achieved for all three tested concentrations of SA (Figure 3.8).
On the other hand, the removals on addition of HBT at 0.5 and 1 mM were similar but
significantly better than that at 0.1 mM. These results are in line with the general trend observed
in the literature that pollutant removal profiles may reach a plateau beyond a certain mediator
concentration, and that such threshold concentrations depend on the source of laccase, the target
compound and the mediator used. For example, Mizuno et al. (2009) found a gradual increase in
iso-butylparaben and n-butylparaben removal due to addition of HBT to laccase (from T.
versicolor) over a concentration range of 0.2 to 2 mM, beyond which no further improvement
was observed. By contrast, Lloret et al. (2010) obtained diclofenac removal in a range from 40 to
80% for the SA concentrations ranging from 0.1 to 0.5 mM, while complete removal was

achieved at 1 mM.
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improvement. The error bars represent the standard deviation of three replicates.
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The free radicals generated from laccase-mediator systems that can improve pollutant
degradation may inactivate laccase by oxidizing the aromatic amino acid residues on the
proteinaceous enzyme surface (Khlifi-Slama et al., 2012). However, the range of mediator
concentrations beyond which fast and significant laccase inactivation occurs tends to vary
depending on the source of laccase and the type of the mediator. For example, in a study by
Khlifi-Slama et al. (2012), a gradual increase in the degree of inactivation of laccase from T.
trogii was observed for HBT concentrations from 0.1 to 10 mM. On the other hand, Kurniawati
and Nicell (2007) observed only a slight inactivation (< 5%) of laccase from T. versicolor when
a range of different mediators was used at concentrations up to 0.5 mM. In this study, when no
mediators were added, the loss of laccase activity was 8 %, possibly due to the rotational shaking
(agitation) during incubation (Hai et al., 2012). In contrast, depending on the mediator
concentration (0.1 to 1 mM), the loss of laccase activity ranged from 14 to 39% (Figure 3.9).
This gradual inactivation may be a contributing factor to the lack of increase in TrOC
degradation beyond a dosage of 0.1 mM for SA and 0.5 mM for HBT.

Cost is an important consideration for practical implementation of a treatment process. While
this study provides unique insights on the effect of augmenting enzymatic transformation with
different dosage of HBT and SA on the TrOC removal performance, scale up of the system is a
critical prerequisite to a meaningful economical assessment. Malt extract broth was used to
obtain crude enzyme extract in this study. However, practical implementation would require
selection of a more inexpensive medium such as agricultural residues. Given the potential of use
of such renewable inexpensive growth medium, it appears that mediator cost will comprise a
major fraction of the material cost. While the importance of feasibility assessment of the process
cannot be overlooked, further detailed coverage of the cost analysis is beyond the scope of this

study.
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Figure 3.9: Impact of mediator concentration on the redox potential and the enzyme inactivation.
The error bars represent the standard deviation of three replicates. Enzyme inactivation (%) =
(Initial — Final enzymatic activity) / Initial enzymatic activity. Enzyme inactivation for the

enzyme solution without mediators was 8%.
3.3.4 Effect of treatment mode on effluent toxicity

While TrOC transformation via fungal treatment may often lead to detoxification (Jelic et al.,
2012), increase in toxicity of white-rot fungi-treated media containinig TrOCs has also been
reported. For example, Kim and Nicell (2006) reported that the addition of the mediator 2,2 -
azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid enhanced the laccase catalysed oxidation of
aqueous triclosan, but negatively affected the residual toxicity. A recent study has reported
increased effluent phytotoxicity following laccase-HBT catalysed treatment of a dye solution

(Daassi et al., 2013). However, there appears to be no specific literature regarding toxicity
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following laccase-HBT catalysed treatment of TrOCs. In this study, a ToxScreen3 assay (Section
3.2.4.2) revealed a slight decrease in toxicity after treatment by whole-cell or crude enzyme
extract. For instance, the toxicity of the TrOC solution in Milli-Q water was 14.7 + 1.0 rTU,
which reduced to 10.7 £ 1.1 rTU after the treatment by crude enzyme extract.

The toxicity of the test media treated with laccase-HBT was comparable at HBT doses of 0.1 and
0.5 mM, but increased at the higher HBT concentration of 1 mM (88.6 £ 3.9 rTU vs. 6.2 £ 1.1
rTU of control). The toxicity of the laccase-HBT solution was however much lower than the
laccase-SA solution (8240 £ 1336, 14202 + 5894, and 15250 + 4359 rTU for the SA doses of
0.1, 0.5 and 1 mM, respectively) (Figure 3.10). The higher toxicity of SA is consistent with a
study by Fillat et al. (2010), who reported that under the same mediator concentration, the
toxicity of laccase-SA treated flax pulp effluent was 10 to 20-fold higher than that of laccase-
HBT treated effluent, but did not offer any explanation behind this observation. It is possible that
radicals formed due to oxidation of SA interact with the vitally important biomolecules in a
different manner. For example, Cortez et al. (2010) reported inhibition of growth of Candida
guilliermondii and its xylitol production due to SA, and noted that unlike some other phenolic
compounds the microbial activity inhibition mechanism of SA was not directly related to
damaging the integrity of the cell membrane but comprised respiration inhibition. Lack of
relevant information in the literature restricts offering further insight to the difference between
the behavior of SA and HBT.

Whilst the observations made in this study are generally consistent with the available
information, elucidation of the critical influence of the type and the dose of the mediators is a
novel outcome of this study. The toxicity of the treated media due to the addition of mediator
requires further research: screening of non-toxic mediator and optimizing the mediator
concentration are potential approaches to addressing this issue. Furthermore, investigations
specifically aimed at identification of metabolites are needed to clarify the relative contribution
of TrOC-metabolites and mediator to treated media toxicity. However, these aspects are beyond

the scope of this study.
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Figure 3.10: Comparison of toxicity following enzymatic treatment with and without the
mediators. TrOC solution in Milli-Q water served as the control. The error bars represent the

standard deviation of two replicates.
3.3.5 Insight into overall removal of TrOC classes

Generalizations regarding TrOC removal based on the intended applications or origins can be
difficult as compounds within the same TrOC class can have vastly different chemical structures
(Hai et al., 2013). Nevertheless, some interesting trends regarding fungal degradation of different
TrOC classes can be observed in this study (Table 3.1). In line with several previous studies
(Tamagawa et al., 2005; Cajthaml et al., 2009; Yang et al., 2013b) all hormones and the
industrial chemicals were well degraded. Among these, the degradation of estriol (which is a
hormone) and 4-tert-butylphenol (which is an industrial chemical) appeared to be more sensitive
to the level of enzymatic activity (Section 3.3.2.2).
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The removal of the pharmaceutically active compounds by whole-cell culture varied over a wide
range: no removal (metronidazole, amitriptyline, primidone, carbamazepine and ketoprofen) to
over 80% removal (salicylic acid, naproxen, ibuprofen, gemfibrozil, diclofenac and triclosan).
The removal of salicylic acid, primidone and naproxen by crude enzyme extract was
significantly improved by HBT addition. SA addition enhanced the removal of salicylic acid and

naproxen.

In good agreement with the literature (Mougin et al., 1997; Tran et al., 2010; Yang et al., 2013a),
pesticides demonstrated particular resistance to degradation. Among the six pesticides, no
degradation was observed for clofibric acid, propoxur and fenoprop. HBT addition was essential
for the degradation of ametryn (30%), atrazine (>90%) and pentachlorophenol (>90%). SA
addition also improved the removal but lower extent of ametryn (30%), atrazine (>50%) and

pentachlorophenol (>38%) compared to that of HBT addition.

Degradation of UV filters and phytoestrogens by white-rot fungi has not been studied before. In
this study, among the UV filters, high removal of oxybenzone was achieved by the live whole-
cell culture, but degradation by the crude enzyme required HBT or SA addition. Benzophenone
and octocrylene were removed only by the live whole-cell culture. Of the two phytoestrogens,
formononetin was degraded only by whole-cell preparations, while enterolactone degradation

was only possible by amending the extracellular extract with HBT or SA.

Comparing the performance of the fungal strain used in this study with that of conventional
bacterial activated sludge was not the aim of this study. However, it is worth noting that the
results suggest differences in the mode of removal and the spectrum of TrOC covered by these
options. The white-rot fungi strain achieved significant degradation of some pharmaceuticals
such as naproxen and diclofenac, and the pesticide atrazine, which are usually reported to be
highly resistant to bacterial degradation (Hai et al., 2013). In addition, the significantly
hydrophobic TrOCs such as many of the hormones, personal care products and alkyl phenolic
industrial compounds are well removed from the aqueous phase during conventional (bacterial)
wastewater treatment. However, some of these TrOC such as 17p-estradiol, 4-tert-octyl phenol
and triclosan exhibit significant resistance to bacterial degradation (Hai et al., 2013). The high

biosorption of these resistant TrOC in conventional treatment poses a risk of leaching of these
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compounds during sludge processing and disposal. By contrast, the data reported in this study

confirm fungal degradation of these TrOC (at least the disappearance of the parent molecules).
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Table 3.1: Comparative removal of TrOC classes by different treatment options.

Phenolic  LogD Removal (%) by different options
Category Compound moiety  (pH 4) | I i v Y,
Metronidazole -0.2 0 0 17 £23 10 £15 6 +8
Salicylic acid Yes 0.2 0 . 0 . 1942
Primidone 0.8 24 £34 10 +7 0 | 314
Amitriptyline 1.3 8 +8 5+4 4+1 %
Carbamazepine 1.9 615 0 4 15 0 0
Pharmaceuticals  Ketoprofen 2.7 10 £15 24 +8 0 715 0
Naproxen 2.8 1445 2043 %
Ibuprofen 3.4 321 % 212 0 315
Gemfibrozil 4.2 18+ 24 3 79
Diclofenac 4.3 %
Triclosan Yes 5.3 %
Propoxur 15 0 10 £5 7 1 0 0
Fenoprop 2.4 0 0 917 11 67
- Clofibric acid 1.6 1543 445 8 +2 7 +8 21 +11
Pesticides Atrazine 2.6 9+1 16+15 32 _
Ametryn 2.6 14 +8 5 +6 e 29 +1 29 +4
Pentachlorophenol Yes 5.0 10 £11
4-tert-Butylphenol Yes 3.4 10 +14
Industrial products  Bisphenol A Yes 3.6 26 £5
4-tert-Octolphenol Yes 5.2
Estriol Yes 2.5 13 +4 512
Estrone Yes 3.6
Steroid hormones  17a-Ethinylestradiol Yes 4.1
17p-Estradiol Yes 4.2
17B-Estradiol-17-acetate Yes 5.2
Phytoestrogens Enterolacton_e Yes 1.9 3+1 0 19 +27
Formononetin Yes 2.9 15 +5 0 0 20 £10
Benzophenone 3.2 10 £2 0 0 0
UV filters Oxybenzone Yes 4.0 415
Octocrylene 6.9 27 +2 18 +14 1345

Treatment options: 'Whole- cell (inactivated), "Whole-cell (live), "Crude enzyme extract, '*Crude enzyme extract with 1 mM HBT, and V' Crude enzyme extract

with 1 mM SA.

D0~30%

|| >60%
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3.4. CONCLUSION

In this study, all 14 phenolic TrOCs but only a half of the tested non-phenolic TrOCs were
effectively degraded. All hydrophobic (log D>3) TrOCs were well removed. By comparing the
performance of the whole-cell preparations and the extracellular extract (no biosorption), it was
confirmed that biodegradation was the main mechanism of removal. However, the fact that the
hydrophilic compounds were poorly removed may indicate the importance of biosorption in
subsequent degradation by the whole-cell. In addition, the lower degradation of some
hydrophobic compounds by the extracellular extract, and the impact of intracellular cytochrome
P450 system inhibition on the degradation of some TrOCs by the whole-cell culture indicated the

importance of extracellular enzyme-independent catalytic pathways.

This is also the first study to reveal the dosage-specific comparative enhancement of enzymatic
degradation of a set of 30 TrOCs by two redox-mediators, namely HBT and SA. HBT and SA,
which produce aminoxyl and phenoxyl radicals, respectively, achieved significant removal of
additional five phenolic and two non-phenolic TrOCs, with moderate removal of a few other
non-phenolics. The improved removal may be attributed to the increase in redox potential of the
enzyme solution following mediator addition. However, despite the similar redox potentials of
the enzyme-mediator cocktail for HBT and SA, SA achieved less efficient degradation and did
not exhibit significant improvement in degradation at concentrations higher than 0.1 mM,
indicating the imbalance between the stability and reactivity of the radicals generated. Addition
of SA at all concentrations (0.1 — 1 mM) also resulted in a >1000-fold increase in bacterial
cytotoxicity. In contrast, only the higher HBT dose (1 mM) produced measurable toxicity, with
no detectable increase in toxicity at lower doses (0.1-0.5 mM). Overall, addition of HBT at a
concentration of 0.5 mM achieved the best removal without raising any increase in toxicity of the

treated media.
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CHAPTER 4: Removal of trace organic contaminants by an

MBR comprising a mixed culture of bacteria and white-rot fungi

This chapter has been published as:

Luong N Nguyen, Faisal | Hai, Shufan Yang, Jinguo Kang, Frederic DL Leusch, Felicity
Roddick, William E Price, Long D Nghiem. (2013) Removal of trace organic contaminants by an

MBR comprising a mixed culture of bacteria and white-rot fungi, Bioresource technology, 148,
234-241
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4.1. INTRODUCTION

Trace organic contaminants (TrOCs) comprise a wide range of naturally occurring and synthetic
compounds including pharmaceutically active compounds (PhACSs), steroid hormones, pesticides
and industrial chemicals. TrOCs have been detected in raw sewage, secondary treated effluents,
surface water bodies, and even in drinking water (Schwarzenbach et al., 2010). Given the
potential adverse effects of TrOCs on aquatic organisms and human health, recent studies have
been devoted to improving current processes or developing new technologies for the removal of
these compounds from wastewater (Bourbonnais et al., 1998; Tadkaew et al., 2011). The
conventional activated sludge (CAS) treatment process (that is widely employed for wastewater
treatment) can effectively remove bulk organic matter and nutrients (nitrogen and phosphorus).
However, the CAS process was not specifically designed to remove TrOCs. Thus, the removal
efficiency of TrOCs by CAS can vary significantly (Hai et al., 2013). Due to the limitations of
TrOC removal by the bacteria-dominated CAS process, several small-scale batch studies have
been conducted to explore the application of white-rot fungal bioremediation (Yang et al.,
2013a). White-rot fungi possess one or more extracellular enzymes including lignin peroxidases
(LiP), manganese-dependent peroxidases (MnP) and laccases. They can efficiently degrade a
wide range of persistent organic compounds including TrOCs that are resistant to bacterial
degradation (Marco-Urrea et al., 2009; Tran et al., 2010; Yang et al., 2013a).

Despite the significant number of small-scale sterile batch test studies, only a few studies have
been conducted on continuous flow fungal reactors (Blanquez et al., 2008b; Jelic et al., 2012;
Rodarte-Morales et al., 2012). Furthermore, to date, only two studies have investigated the
removal of TrOCs under non-sterile conditions, which are more realistic for a practical
application (Zhang et al., 2012; Yang et al., 2013a). Compared to the performance in pure culture
batch tests, that of a continuous flow fungal reactor can be adversely affected due to two major
phenomena: i) continuous washout of fungal extracellular enzyme with treated effluent (Hai et
al., 2012a; Yang et al., 2013a), and ii) bacterial destabilization of fungal activity (Libra et al.,
2003; Hai et al., 2009). On the other hand, combination of white-rot fungi with activated sludge
may bring about synergistic degradation of TrOCs. For example, based on a series of batch tests,
Hai et al. (2012b) reported enhanced removal of three widely used resistant pesticides from their

mixed solution by implementing a mixed culture of bacteria and white-rot fungus. However, a
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systematic assessment of the relative performance of fungus and activated sludge, and the

implications of combining them in a continuous flow system is absent from the literature.

Fungal enzyme-catalysis can be enhanced by adding low molecular weight mediators that act as
an ‘electron shuttle’ between the oxidizing enzyme and target compounds (Kim et al., 2006a).
The degree of enhancement depends predominantly on the type of mediator and the TrOC
structure. Apart from a few short-term studies on enzymatic membrane reactors (EMR) (e.g.
Lloret et al. (2012)), most of the studies on mediator-enhanced enzyme system have been carried
out in batch mode. Even with the EMR configuration, gradual loss of enzymatic activity due to
various physical, chemical and biological inhibitors under wastewater conditions is inevitable.
Thus, it is necessary to periodically replenish the reactor with fresh enzyme. By contrast, a
whole-cell reactor may bring about the added advantage of continuous enzyme production. In
this context, continuous dosing of a mediator to a whole-cell reactor may achieve enhanced

removal of TrOCs. However, no work in this line could be identified in the literature.

This study aims to evaluate the removal of TrOCs by a reactor containing the white-rot fungus
Trametes versicolor (ATCC 7731) and activated sludge. To prevent the washout of the fungus, a
microfiltration membrane was coupled with the mixed culture bioreactor. A control activated
sludge reactor was also operated to assess the implications of the combination explored. To
further facilitate the comparison between fungus and activated sludge, the TrOC degradation
capacity of the fungal enzyme (laccase) was assessed in a series of batch tests. The effect of
continuous dosing of a mediator (1- hydroxy benzotriazole, HBT) to the fungus-augmented

MBR on TrOC removal was also studied.

4.2. MATERIALS AND METHODS

Two identical MBR systems, one with activated sludge and the other inoculated with fungus-
augmented sludge (details follow in Section 4.2.4), were operated under similar conditions to
enable assessment of the effect of white-rot fungus (T. versicolor) augmentation with
conventional activated sludge. Because of the practical difficulties in maintaining sterility (Libra
et al., 2003), operation of a control MBR with a pure culture of T. versicolor was not attempted.
However, in order to shed light on the probable differences between the performances of the
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mixed culture and the pure fungus culture, the results of the batch (fungal) enzymatic tests

(Section 4.2.3) were taken into account.
4.2.1 Trace organic contaminants

A set of 30 TrOCs was selected for investigation in this study based on their widespread
occurrence in raw sewage and sewage-impacted water bodies and their diverse physicochemical
properties (e.g., hydrophobicity and molecular weight) as presented in (Appendix Table A-1).
These compounds represent six major groups of TrOCs including eleven PhACs, five steroid
hormones, six pesticides, three industrial chemicals, three UV filters and two phytoestrogens. A
stock solution of all selected TrOCs was prepared in pure methanol at a concentration of 25

mg/L of each compound on a monthly basis and stored at —18 °C prior to use with dilution.
4.2.2 White-rot fungi, growth medium, synthetic wastewater and mediator

The white-rot fungus T. versicolor ATCC 7731 (USA) was used in this study. The fungus was
maintained on malt extract agar (Oxoid, England). A liquid culture was obtained by inoculating
pieces of fungus grown on agar into malt extract broth (5 g/L) (MEB) (Merck, Germany).
Refrigerated stock fungal suspension was poured into sterilised growth medium (pH 4.5) and
incubated in a temperature-controlled (28 °C) shaker for 7 d in order to obtain fresh batches of
fungus. The supernatant of the same fungal culture was harvested as crude enzyme extract and

refrigerated (4 °C) in sterilized bottles.

A malt-based synthetic wastewater consisting of MEB (0.5 g/L), KH,PO, (0.2 g/L), MgSO,
(0.05 g/L), FeSO, (0.01 g/L) and thiamine (0.001 g/L) (Yang et al., 2013a) was used for the
operation of the fungus-augmented MBR as described in Section 4.2.4. All chemicals used for
preparing the synthetic wastewater were dissolved in Milli-Q water. The pH of the synthetic
wastewater was adjusted to 4.5 with HCI (4 M). The MBR containing activated sludge (see
Section 4.2.4), on the other hand, was fed with a synthetic wastewater validated previously for
activated sludge (Nguyen et al., 2012). The stock TrOC solution (Section 4.2.1) was introduced
to the respective synthetic wastewater to obtain a concentration of approximately 5 pg/L of each
TrOC and then fed continuously to the MBRs.
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HBT (Sigma-Aldrich, Australia), which is a widely studied redox mediator for fungal laccase
(Coniglio et al., 2008; Hata et al., 2010), was used in this study. A stock solution of the mediator
was prepared at a concentration of 50 mM and stored at 4 °C.

4.2.3. Protocol of batch enzymatic degradation tests

See Section 3.2.3, Chapter 3.

4.2.3 MBR systems and operating protocol

As noted earlier, two identical MBR systems, one inoculated with fungus-augmented sludge
(details follow) and the other with activated sludge, were operated under similar conditions. Each
MBR comprised of a 5.5 L (active volume) glass reactor and housed a PVDF hollow fiber
membrane module (SADF0790M mini module, Mitsubishi Rayon Engineering, Japan) with a
nominal pore size of 0.4 um and a total effective membrane surface area of 0.074 m?. The
membrane was operated on a 8 min “suction” and 2 min “relaxation” cycle under an average flux
of 1.54 L/m*h, resulting in a hydraulic retention time (HRT) of 2 d. The focus of this study was
on the removal performance of the MBR. Therefore the reactor was designed as such that
frequent membrane fouling, requiring periodic cleaning, could be avoided by maintaining a low
average membrane flux. A vacuum gauge (Model 840064, Sper Scientific Ltd., USA), which
was connected to a data logging computer, was used to monitor transmembrane pressure (TMP)
as an indicator of membrane fouling. Aeration pumps (AC0O-002, Zhenjiang Sensen Industry Co.
Ltd, China) supplied air to the reactor through diffusers. Peristaltic pumps (Master-Flex, Cole-
Parmer, Australia) were used to supply influent and draw effluent. The MBRs were placed in a
water bath to maintain the mixed liquor temperature at 28.0 + 0.2°C by a heating immersion
circulator (Julabo, Germany). The dissolved oxygen (DO) concentration in the reactors was
monitored daily by a DO meter (YSI, USA). Aeration was provided to avoid settling of the
mixed liquor in the corners of the reactor, leading to a consistently high DO concentration of

approximately 5 mg/L within the MBRs.

The fungus-augmented MBR in the current study was seeded with sludge from a previous lab-
scale MBR (Yang et al., 2013a) which was originally inoculated with a pure culture of T.
versicolor (ATCC 7731) and operated for 90 d to treat a synthetic wastewater containing two

model TrOCs (bisphenol A and diclofenac). Because the original MBR (Yang et al., 2013a) was
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operated under non-sterile conditions, a mixed culture of fungi and bacteria gradually developed
in the reactor. The mixed sludge, however, continued to exhibit laccase (a white-rot fungal
enzyme) activity — a characteristic uncommon to activated sludge. After seeding with this
fungus-augmented sludge, the MBR in the current study was operated for 110 d, of which the
investigation over the last 30 d was conducted with continuous dosing of 5 uM of HBT (redox
mediator) to the MBR. HBT was added continuously via a peristaltic pump at a flow rate of 0.5
mL/min to achieve a mediator concentration of 5 uM in the reactor. The conventional MBR, on
the other hand, was inoculated with activated sludge from another lab-scale MBR operated for
over 3 years for TrOC removal (Tadkaew et al., 2011). The initial mixed liquor suspended solid
concentration in both the MBRs was 3 g/L. Sludge was withdrawn from the MBRs only during
sampling. As noted earlier, the MBRs were fed continuously with respective synthetic
wastewater (Section 4.2.2) spiked with the selected 30 TrOC each with a concentration of
approximately 5 pg/L.

4.2.4 Analytical methods

4.2.4.1 Basic parameters and trace organic contaminants

Total organic carbon (TOC) and total nitrogen (TN) concentrations were measured
simultaneously by a Shimadzu TOC/TN-VCSH analyser (Japan). The determination of mixed
liquor suspended solid (MLSS) and mixed liquor volatile suspended solid (MLVSS)
concentration (Method 2540E) and enumeration (colony forming unit, CFU/mL) of fungi
(Method 9610 C) and bacteria (Method 9215) followed Standard Methods for the Examination
of Water and Wastewater (Eaton et al., 2005).

TrOCs adsorbed on the MBR biomass was extracted by a previously developed solvent
extraction method (Wijekoon et al., 2013). Freeze-dried (0.5 g) sludge was ground to powder and
subjected to repeated solvent extraction (methanol and dichloromethane) via sonication. The
extracted TrOCs in the solution was diluted to 500 mL with Milli-Q water. Then, the samples
were subjected to SPE and finally to GC-MS analysis as outlined above. The concentration was
expressed as ng TrOC per g of MLSS (dry wt).

The TrOC concentrations in all the samples were measured using a Shimadzu GC/MS (QP5000)
system (see Section 3.2.4.1 Chapter 3).
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4.2.4.2 Enzymatic activity and toxicity assay
See Section 3.2.4.2, Chapter 3.

4.3. RESULTS AND DISCUSSION
4.3.1 Performance stability of MBR

The seed sludge for the lab-scale MBRs in the current study was sourced from MBRs treating
TrOCs, and the MBRs were operated under stable temperature, pH, DO and organic loading
conditions. Under the applied organic loading and MLSS sampling pattern (for weekly
determination of MLSS/MLVSS, fungal/bacterial count and biomass laccase activity, and
determination of amount of TrOC adsorbed on biosolids), the MLSS in the MBRs remained
stable around 3 g/L. Under the applied low flux and vigorous aeration, severe membrane fouling,
causing TMP build-up, did not occur (data not shown), confirming stable hydraulic performance
of the membrane. Accordingly, the fungus-augmented MBR showed good and stable
performance with respect to the basic water quality parameters TOC and TN (Table 4.1). The
addition of the mediator (HBT) appeared not to adversely affect the biological stability (e.g. in
terms of MLVSS/MLSS ratio and TOC/TN removal). This confirms that the TrOC removal
performance of the MBR was evaluated under stable conditions. Notably, in good agreement
with a previous study (Nguyen et al., 2012), the basic operating and water quality parameters for

the conventional MBR in the current study were also stable (data not shown).

Table 4.1: Basic biological performance of the fungus-augmented MBR with/without continuous

dosing of a redox mediator (1-hydroxy benzotriazole) (5 pM).

Fungal Bacterial Biomass
MLVSS/MLSS count  count laccase roc TN
Process ratio 5 5 activity removal removal
(10 (10 (UM/min/g (%) (%)
CFU/mL) CFU/mL) MLSS)
Without 0.67+0.1 125+71 122+ 69 45+23 97+2 7512
mediator (n=15) (n=15) (n=15) (n=15) (n=17)  (n=15)
0.75+0.1 100£38 125+54 59+8 97+2 79.0+12.5

With mediator
(n=06) (n=6) (n=6) (n=6) (n=11) (n=11)
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Consistent with previous work (Yang et al., 2013a), the viable fungal and bacterial count in the
fungus-augmented MBR supernatant varied over the operating period (Table 4.1). It is noted that
fungi prefer to grow in pellet form in suspension, and, thus, monitoring the fungal count in the
mixed liquor supernatant sample may not accurately reflect the fungal concentration in the MBR.
Nevertheless, monitoring the fungal count serves the important purpose of confirming the

presence of viable fungi in the MBR throughout the operating period.

Consistent with the observations made in previous studies on continuous flow fungal reactors
(Blanquez et al., 2008a; Yang et al., 2013a), laccase activity was only occasionally detected in
the mixed liquor supernatant (data not shown). This could be attributed to the previously
reported factors such as: i) bacterial denaturation (Libra et al., 2003), as would be expected in
real wastewater conditions, and ii) passage of laccase (59-110 kDa) through the microfiltration
membrane along with permeate (Hai et al., 2012a; Yang et al., 2013a). Nevertheless, the
consistent detection of laccase activity in the MBR biomass (Table 4.1) confirmed the active
presence of the white-rot fungi T. versicolor that was originally inoculated into the seed sludge

source MBR.
4.3.2 TrOC removal by fungus-augmented MBR
4.3.2.1 Batch enzymatic test vs. MBR operation

Figure 4.1 presents the removal of 30 TrOCs by the fungus-augmented MBR. For the TrOCs
that were degraded with an efficiency of over 50% by crude enzyme solution in batch tests, the
fungus-augmented MBR maintained high removal (80% - complete) of all of them (except
diclofenac with a removal of ca. 50%). Furthermore, of the 18 TrOCs showing limited enzymatic
degradation (negligible - 50%), ten were removed with an efficiency of over 80% by the fungus-
augmented MBR (Figure 4.1). Degradation of some compounds, namely, gemfibrozil (24%),
amitriptyline (28%), primidone (40%), salicylic acid (77%), enterolactone (93%) and
oxybenzone (95%) in the batch enzymatic tests was only obtained with the addition of the
mediator, while the fungus-augmented MBR achieved a high removal (> 90%) without mediator

dosing (Figure 4.1).
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Figure 4.1: Removal of 30 TrOCs by the fungus-augmented MBR. Error bars represent the

standard deviation of 14 samples.

Data from this study also highlighted the better removal performance of a fungus-augmented
MBR (white-rot fungus + bacteria) compared to a conventional MBR. As shown in Table 4.2,
the fungus-augmented MBR achieved better removal of six compounds, namely, fenoprop,
clofibric acid, pentachlorophenol, ketoprofen, diclofenac and naproxen that are all well-known
compounds resistant to bacterial degradation (Tadkaew et al., 2011; Hai et al., 2012a; Nguyen et
al.,, 2012). Of further interest is the fact that the removal of fenoprop, clofibric acid,
pentachlorophenol and ketoprofen, as obtained by the fungus-augmented MBR, was better than
that by both batch fungal enzymatic tests and conventional (bacterial) MBR (Table 4.2 and
Figure 4.1). This observation points to a synergistic effect achievable by combining a mixed
culture of bacteria and white-rot fungus. This is in keeping with another study where enhanced

removal of three pesticides from their mixture was demonstrated by a mixed culture of bacteria
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and white-rot fungus as compared to bacteria or white-rot fungus -only cultures (Hai et al.,
2012b).

Table 4.2: Removal efficiency (average + standard deviation, n =14) of six TrOCs consistently
showing better aqueous phase removal by the fungus-augmented MBR than the conventional
MBR.

TrOCs Removal efficiency (%)

Fungus-augmented MBR Conventional MBR

Fenoprop 57+25 20+ 15
Clofibric acid 65+ 17 25%3
Pentachlorophenol 92+5 60+10
Ketoprofen 94+ 2 65+ 13
Diclofenac 50+9 15+ 10
Naproxen >99 45+ 15

4.3.3.2 Role of biosorption and biodegradation

Given the very low vapour pressure or Henry’s constant (H) and low H/log D ratio of the TrOCs
selected in this study (Appendix Table A-1), their removal by volatilization is expected to be
negligible. Therefore, biosorption and biodegradation/transformation can be considered as the
major mechanisms of TrOC removal by MBR. One may wonder whether the improved TrOC
removal by the fungus-augmented MBR as compared to that in the batch enzymatic test was due
mainly to the adsorption of the compounds on biomass in the former. However, for several of
these compounds (e.g. fenoprop, clofibric acid, amitriptyline, salicylic acid, ketoprofen, and
enterolactone) biosorption is likely to have played a limited role as they are hydrophilic (log D
<3 (pH=5), as marked on Figure 4.1). Indeed, the dominant role of biodegradation can be
demonstrated by Figure 4.2 which plots the adsorption of the 30 TrOCs on fungus-augmented
MBR biomass at the mid-point and the end of the operating period. Figure 4.2 confirms the
gradual reduction of the concentration of the TrOCs on fungus-augmented MBR biomass. The
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role of biodegradation is also supported by Figure 4.4 which depicts the overall fate of the
selected TrOCs during fungus-augmented MBR treatment. The total loading of each TrOCs and
the amount passing through the system untransformed along with permeate was calculated
considering the feed/permeate volume, TrOC concentration in each and the experimental
duration. The difference between the amounts fed and lost with permeate indicated the amount
‘retained’, i.e., that went through transformation or simply remained adsorbed on biomass. The
residual amount of untransformed TrOCs on biomass was calculated considering the MLSS
concentration, reactor volume and the residual TrOC concentration on biomass at the end of the

experiment, and finally, the percentage of biodegradation/transformation was estimated.

Biosorption may facilitate further biodegradation (Tadkaew et al., 2011; Wijekoon et al., 2013).
However, in this study, the improved removal by the fungus-augmented MBR, as compared to in
vitro enzymatic degradation, was not merely due to adsorption on biomass but due to
progressively fortified biodegradation. This is confirmed by the data regarding the concentration
of the TrOCs on MBR biomass, coupled with the fact that no biomass was withdrawn from the
system except for sampling. It is noted that, irrespective of the hydrophobicity, the TrOCs for
which the MBR achieved better aqueous phase removal than that observed during batch
enzymatic degradation tests, biosorption accounted for less than 5% of the overall fate (Figure
4.3). This observation regarding the major role of fungal biodegradation in TrOC removal is in
good agreement with previous reports (Garcia-Galan et al., 2011; Zhang et al., 2012; Yang et al.,
2013b).
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Figure 4.2: Adsorption of 30 TrOCs on fungus-augmented MBR biomass at the mid-point and

the end of the operating period.
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Figure 4.3: Fate of the selected TrOCs during fungus-augmented MBR treatment. Operating

conditions of MBR are presented in Section 4.2.4.

4.3.3 Effect of continuous dosing of mediator to fungus-augmented MBR

Different levels of improvement (22% (ametryn) to 93% (atrazine)) in degradation were
observed for 11 TrOCs during batch tests due to the addition of the mediator in crude enzyme
solution (see Section 3.3.2.1, Chapter 3). Of them, all TrOCs except atrazine, ametryn and
diclofenac were already well removed by the fungus-augmented MBR without mediator dosing
(Figure 4.1), indicating the fact that fungal removal was enhanced due to bacterial presence
(Section 4.3.2.1). The investigation with continuous dosing of mediator to fungus-augmented
MBR was conducted to check whether any improvement in the remaining TrOC removal could

be achieved.
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No significant difference in removal by the MBR with/without mediator dosing was observed for
other TrOCs (data not shown); therefore discussion here will focus on the removal of the
aforementioned three compounds, namely, atrazine, ametryn and diclofenac. Only the removal of
diclofenac was significantly improved by mediator dosing to MBR (Figure 4.4). The removal of
atrazine and ametryn did not improve even after doubling the mediator dose to 10 uM (data not
shown). The improvement in enzymatic degradation of ametryn as achieved during batch tests
due to the mediator addition was limited (~20% improvement with the final level of degradation
not exceeding 30%). However, as high as 93% improvement in enzymatic degradation of
atrazine was achieved due to mediator addition during batch tests (see Section 3.3.2.1, Chapter
3). Therefore, no increase in atrazine removal by the MBR after mediator addition necessitates

further discussion.

—O— Diclofenac —&— Ametryn —O— Atrazine
——> Without HBT ¢— \+H»WithHBT5uM «

(o))
o
1

o
o
L

Removal efficiency (%)
N
o

0 - 1
0O 10 20 30 40 50 60 70 80 90 100 110
Time (Day)

Figure 4.4: Removal of diclofenac, ametryn and atrazine by the fungus-augmented MBR with
and without addition of a mediator (1-hydroxy benzotriazole) at a concentration of 5 uM. Each

data point corresponds to the average of duplicate samples with less than 5% variation.

No study has systematically compared the performance of mediator-enhanced laccase system in

sterile/non-sterile and batch/continuous flow systems. However, some inferences regarding the
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cause of inefficient removal of atrazine by the MBR can be drawn from the available batch
studies. Mediators such as HBT can cause inactivation of laccase by free radical attack on the
catalytic site of the enzyme and consequently slow down the compound conversion rate, thus
reducing the positive impact of mediator addition on enzymatic degradation (Kim et al., 2006b).
In this study, a higher atrazine removal was achieved due to HBT addition during batch tests
(Figure 4.1) despite the fact that the laccase activity of the batch test solution within 24 h of
HBT addition dropped by ca. 50% (as compared to no drop in the test solution without HBT)
(data not shown). However, this laccase activity lowering effect of HBT addition may have been
more significant in case of the MBR where the supernatant laccase activity was mostly at a non-
detectable level (although the laccase activity in biomass was always detectable, Table 4.1),
while during batch tests the initial laccase activity of the test solution was 35 puMpwmpy/min.
Another possible reason may be the difference between the wastewater matrix in the batch test
and MBR. It is worth reiterating that, in this study, the crude enzyme solution was obtained by
growing the pure culture of T. versicolor in MEB, while the MBR was continuously fed with a
wastewater composed of MEB along with thiamine and some salts, namely, KH,PO,4, MgSO,
and FeSO, (Section 4.2.2). Furthermore, in contrast to the enzyme solution used in the batch
tests, the bioreactor mixed liquor was characterized by higher suspended solids. In this context, it
is notable that the effect of wastewater constituents on the performance of laccase-mediator
system has been reported previously in the literature. For example, the presence of humic acid in
the media containing laccase and the mediator syringaldehyde reduced the degradation of the
fungicide cyprodinil by 12 % (Kang et al., 2002). The presence of ions such as Cu** and Fe**in
the laccase solution caused significant reduction in the conversion of triclosan (Kim et al.,
2006b). These ions may interrupt the electron transport between laccase and mediator resulting

in reduction of laccase-mediator performance.
4.3.4 Effluent toxicity

TrOC transformation via white-rot fungi often leads to detoxification (Jelic et al., 2012). On the
other hand, increase in toxicity of white-rot fungi-treated media containinig TrOCs has also been
reported in the literature. For example, 1,2- hydroxy ibuprofen, the main metabolite during
ibuprofen degradation by T. versicolor, was more toxic than ibuprofen (Marco-Urrea et al.,

2009). Increased toxicity of the treated media is a particular concern associated with the addition
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of mediators (Kim et al., 2006b). Therefore, the toxicity of the MBR permeate relative to the
feed wastewater was tested. A ToxScreen3 assay (Section 4.2.5.2) revealed no significant
increase in the toxicity of the effluent during MBR treatment of the synthetic wastewater
(relative toxic unit of 4.1 £ 0.3 and 4.6 + 1.1 (n=2), respectively). Fungus-augmented MBR,
therefore, can be recommended to more efficiently remove TrOCs without the production of
toxic metabolites; however, a risk assessment should be performed for each specific process (e.g.,
wastewater matrix and TrOC types and concentrations) given the contrasting data in the

literature.
4.4. CONCLUSION

Results from this study highlight that a mixed culture of bacteria and a white-rot fungus in a
fungus-augmented MBR can achieve better TrOC removal than a system containing fungus or
bacteria alone. The major role of biodegradation was confirmed for all TrOC for which the MBR
system achieved high aqueous phase removal. Redox mediators can enhance the performance of
fungal enzyme (laccase); however, compared to batch tests, due to lower enzymatic activity level
and more complex wastewater matrix, limited improvement in removal due to mediator dosing

may be achieved by the MBR for compounds originally highly resistant to fungal degradation.

In this study, viable fungal count in the fungus-augmented MBR and consistent detection of
laccase activity in the MBR biomass confirmed the active presence of the white-rot fungi T.
versicolor that was originally inoculated into the MBR. Nevertheless, unlike the pure culture
laccase activity was only occasionally detected in the mixed liquor supernatant of the MBR.
Bacterial growth is often faster than fungi and it may negatively affect the fungal growth and
enzymatic activity. Further studies will need to be carried out to ensure fungal dominance and

stability of fungal enzymatic activity in such MBRs.
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5.1. INTRODUCTION

Trace organic contaminants (TrOCs) are ubiquitous in wastewater, and water sources polluted by
wastewater. Conventional wastewater treatment plants do not effectively remove TrOCs (Luo et
al., 2014). Thus for both safe discharge into the environment and wastewater reuse it is important

to develop effective wastewater treatment processes.

Enzymatic degradation of wastewater-borne resistant pollutants has gained much attention in
recent years. Compared to conventional chemical oxidation, enzymatic degradation can be
achieved under milder conditions, while realizing higher rates and reaction specificity. Laccases
(EC 1.10.3.2) are copper-containing oxidoreductase enzymes that can use atmospheric oxygen as
the terminal oxidant. Laccase has been used in various industrial biotechnology processes such
as denim bleaching and pulp delignification. It has also been reported to efficiently degrade
resistant compounds including aromatic hydrocarbons and dyes (Modin et al., 2014). Recent
studies demonstrate that laccase can efficiently degrade a broad spectrum of TrOCs that are
hardly degradable by conventional biological processes (Cabana et al., 2007; Yang et al., 2013a).
Notably, most of the available studies on enzymatic degradation of resistant compounds in

general and TrOC in particular have been conducted in small scale and batch mode.

Enzymatic TrOC degradation may depend on various factors such as chemical structure of the
TrOCs, chemistry of the reaction media (i.e., pH, temperature and ionic strength), and the
characteristics of the enzyme applied (Yang et al., 2013a). Laccase can efficiently degrade
compounds with phenolic moeity including diphenols, methoxy-substituted monophenols as well
as aromatic/aliphatic amines. For compounds which possess higher redox potential than laccase,
or are too large to gain access to the active sites of the enzyme, addition of redox-mediators may
facilitate their oxidation. Mediators are low-molecular weight substrates of laccase which can act
as “electron carrier” between the enzyme and the target pollutant. However, the efficiency of a
laccase-mediator system depends largely on mediator type and the molecular structure of TrOCs
(Yang et al., 2013a).

Enzyme-washout with treated effluent is a critical problem encountered during their application
in continuous systems such as wastewater treatment plants. By using a membrane with an

appropriate pore size relative to the enzyme molecule, an enzymatic membrane reactor (EMR)
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can prevent enzyme washout. This approach offers several advantages over other alternatives: (i)
EMR retains enzymes more effectively than conventional packed bed reactors, (ii) operation
with free enzyme avoids limitation of mass transfer associated with immobilization on carriers,
and (iii) enzyme can be easily replenished during long term operation (Modin et al., 2014). To
date, only a few studies have explored continuous biotransformation of TrOCs by EMR (Lloret
etal., 2012; Nguyen et al., 2014d). Lloret et al. (2012) reported high removal of phenolic TrOCs,
namely estradiol and estrone; however, that study was conducted for only 8 h. High and stable
biotransformation of both bisphenol A and diclofenac by an EMR was demonstrated by Nguyen
et al. (2014c) . Nguyen et al. (2014d) investigated the removal of four non-phenolic compounds,
namely diclofenac, carbamazepine, sulfamethoxazole, and atrazine, and proposed simultaneous

dosing of mediator and activated carbon to enhance their removal efficiencies.

Most, if not all, studies to date on TrOC removal by EMR have focused on a few compounds at a
time. For the establishment of a uniform database regarding EMR performance, investigation of
a broader spectrum of TrOCs is imperative. Another aspect that requires further systematic
investigation is the role of the membrane in enzymatic degradation of TrOCs in an EMR.
Ultrafiltration membranes typically used in EMRs cannot retain TrOCs. However, enzyme gel
layer, which typically forms on membrane surface, can adsorb the TrOCs. Thus the membrane
may facilitate enzymatic degradation of TrOCs. A few studies have alluded to this aspect
(Nguyen et al., 2014d), however, any systematic study elucidating the phenomena involved,
particularly the extent of adsorption and biodegradation during prolonged operation, has not been
reported.

The objective of this study was to assess the performance of an EMR utilizing a commercially
available laccase from Aspergillus oryzae for the removal of 30 chemically diverse TrOCs (e.g.,
phenolic/non-phenolic moieties and electron releasing/demanding substituent groups). Baseline
batch tests provided valuable insight into the EMR performance. The effect of addition of redox-
mediators, namely 1-hydroxybenzotriazole (HBT) or syringaldehyde (SA), on the enzymatic
TrOC degradation was highlighted. Particularly, the complementary role of TrOC retention by

the gel layer on the membrane and their enzymatic degradation was systematically elucidated.
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5. 2. MATERIALS AND METHODS

5.2.1 Trace organic contaminants, laccase and mediators

Firstly, the EMR was operated for a preliminary assessment of the removal of two model
compounds namely bisphenol A (BPA) and diclofenac (DCF). Key properties of these
compounds are summarised in (Appendix Table A-1. A stock solution of the TrOCs was
prepared at a concentration of 1 g/L of each compound in pure methanol, stored at -18 °C and
used within one month. Based on the preliminary data, the EMR was operated for the removal of
a broad spectrum of 30 TrOCs. The details of TrOCs have been presented in Section 3.2.1,
Chapter 3.

A commercially available laccase (Novozym 51003) purified from the culture of genetically
modified A. oryzae was supplied by Novozymes (Novozymes Australia Pty. Ltd). A genomic
DNA segment encoding an extracellular laccase was isolated from the thermophilic fungus
Myceliophthora thermophila, and the nucleotide sequence of this gene was determined. A vector
containing the M. thermophila laccase coding region was constructed for heterologous
expression in A. oryzae (Berka et al., 1997). The enzyme had a molecular weight of 56 kDa, and
the enzyme stock solution had a density, purity and activity of 1.12 g/mL, approximately 10%
(w/w) and 150,000 uMpmpy/min, respectively.

Properties of the mediators are summarized in Section 3.2.1, Chapter 3.

5.2.2 Batch test description
5.2.2.1 Effect of pH

In this study, enzymatic degradation of BPA and DCF was investigated under a range of pH
from acidic to basic (i.e., 3, 4.5, 6, 7 and 9). The experiments were conducted in screw-capped
test tubes (13 mL). All laboratory apparatus was sterilized by autoclaving before use to maintain
aseptic conditions. The concentrated stock solution (3 pL) of laccase was diluted to a final
volume of 5 mL in the test tubes by Milli-Q water to obtain an initial enzymatic activity of
approximately 180 pMpmp)/min. The TrOCs were added at an initial nominal concentration of
1000 pg/L into test tubes (actual concentrations of 1100 + 10 and 860 + 10 pg/L (n=3) for BPA
and DCF, respectively). Sodium citrate at a concentration of 100 mM was used to control the pH
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of the reaction media. All test tubes were incubated in a rotary shaker at 70 rpm and 28 °C
(Bioline Shaker Incubator BL 8600, Edwards Group Pty. Ltd, NSW, Australia), and samples
were collected at 2, 4, 8 and 22 h for TrOC analysis and enzymatic activity measurement. To
verify that degradation took place only due to enzymatic oxidation, control samples containing

only TrOCs in Milli-Q water (without enzyme) were incubated in parallel.
5.2.2.2 Effect of redox-mediator addition

The effect of addition of the redox-mediator SA on the degradation of BPA and DCF as well as
the stability of enzymatic activity was tested. Based on the results from the tests described in
Section 5.3.1.1, the effect of SA concentration was studied at a pH of 7. SA concentrations of 5,
100, 500, and 1000 uM were selected based on the concentration-range used in other batch test
studies (Mizuno et al., 2009; Mendoza et al., 2011). All other steps were similar to those
described in Section 5.2.2.1.

5.2.2.3 Batch degradation of a broader set of TrOCs

The degradation capacity of laccase utilized in this study was further tested for the degradation
of 30 diverse TrOCs. The test solution contained an enzymatic activity of ca. 180 uMpmp)y/min
(dilution of 30 pL stock laccase solution by Milli-Q water to 25 mL). An aliquot of the stock
TrOC cocktail was added to the test solution to obtain an initial nominal concentration of
100 pg/L of each TrOCs. The impact of redox mediator addition on laccase degradation of TrOC
was assessed by adding SA or HBT (10 pM) to the test solution. The mediator concentration was
selected following a baseline investigation with bisphenol A and diclofenac (Nguyen et al.,
2014d). TrOCs in Milli-Q water (without laccase) served as control. The pH of the test solution
was 6.8 £ 0.2. All the containers were covered and incubated at 25 °C for 24 h in a rotary shaker
(70 rpm). The experiments were conducted in triplicate. The whole test solution was collected
for TrOC analysis at the end of the incubation period. The samples were diluted to 500 mL,
filtered through 0.45 um glass fiber filter, and pH immediately adjusted to 2 by adding H,SO, (4
M).
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5.2.3 EMR system and operation protocol

5.2.3.1 EMR setup

A laboratory scale EMR system consisting of a 1.5 L (active volume) glass reactor was used
(Figure 5.1). An ultrafiltration (UF), hollow fiber membrane module made of polyacrylonitrile
was submerged in the reactor. The membrane was supplied by Microza Membranes (Pall
Corporation, NSW, Australia). It had a molecular weight cut off (MWCO), surface area and
clean water flux of 6 kDa, 0.19 m? and 10 L/h.bar, respectively.

Stock solution (1 mL) of laccase was diluted to a final volume of 1.5 L in the reactor by Milli-Q
water to obtain an initial enzymatic activity of approximately 180 pMpmpy/min. The membrane
was operated at a flux of 1.1 L/m?.h via a peristaltic pump (Masterflex L/S, USA) with a 8 min
on and 1 min off cycle, and the permeate was returned to the reactor. The reactor was placed in a
water bath with a temperature control unit (Julabo, Germany) to maintain the temperature at
28 °C. Dissolved oxygen (DO) concentration was maintained at above 3 mg/L via an air pump
(ACO-002, Zhejiang Sensen Industry Co. Ltd, Zhejiang, China) connected to a diffuser placed at
the bottom of the reactor. The pH of the reactor contents was 6.8 + 0.2. Transmembrane pressure
(TMP) was continuously monitored using a high-resolution (£ 0.1 kPa) pressure sensor (SPER
scientific 840064, Extech equipment Pty. Ltd., Victoria, Australia) connected to a computer for

data logging.
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Figure 5.1: Schematic diagram of the enzymatic membrane reactor
5.2.3.2 Retention of soluble enzyme by UF membrane and enzymatic activity

The EMR was first operated to confirm retention of the enzyme by the UF membrane. Permeate
and reactor supernatant samples were taken every 2 h for enzymatic activity measurement over a

period of 24 h for this specific part of the experiment.

Once enzyme retention by the membrane was confirmed, the stability of enzymatic activity
under the applied hydraulic conditions was tested. Feed containing TrOCs in Milli-Q water (4.5
L) was prepared daily. The EMR was operated at a hydraulic retention time (HRT) of 8 h, and
the TrOC concentration in the feed water was maintained such that a TrOC loading rate of
approximately 500 pg/L.d (for each TrOC) was applied. Operation was initiated with an

enzymatic activity of 90 pMpmp)/min. Permeate and reactor supernatant samples were taken
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every 5 h for TrOC removal and enzymatic activity measurement until no enzymatic activity was
detected in the reactor (72 h). Following this, another dose of enzyme was added to the EMR to
reinstate the enzymatic activity to the initial level (90 pMpwmpy/min), and the above run was

repeated.

5.2.3.3 Preliminary assessment of TrOC degradation by EMR

The EMR was continuously operated to investigate TrOC degradation. Laccase solution (200 uL
laccase/L reactor volume) was re-injected every 12 h into the EMR to maintain the enzymatic
activity within a range of 70-100 uM@pwmpy/min. This run was conducted at an HRT of 8 h, and
the TrOC loading rates were 570+ 70 ug/L d and 480 +40 ug/Ld for BPA and DCF,
respectively. Permeate and reactor supernatant samples were taken every 5h for TrOC

concentration and enzymatic activity measurements over a period of 132 h.

Figure 5.2: Experimental set-up of EMR

5.2.3.4 Degradation of a diverse set of TrOCs

In this test, the removal of broad spectrum (30 compounds) TrOC was investigated in the EMR.
To start up the EMR, stock solution (2 mL) of laccase was added to 1.5 L Milli-Q water. This
resulted in an enzymatic activity of ca. 180 uMpwmpy/min in the reactor. The enzymatic activity in
this study was double of the preliminary test. A peristaltic pump was used to operate the
membrane intermittently (8 min on and 1 min off) at an average flux of 1.1 L/m? h. This resulted
in a hydraulic retention time (HRT) of 8 h. Feed solution containing TrOCs at a concentration of
5 ng/L in Milli-Q water was continuously fed to the reactor. The EMR was first operated for 72 h
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(i.e., 9 x HRT) without any mediator. After operating the EMR for a period of 4 x HRT,
collection of TrOC samples was initiated, and three sets of feed, supernatant and permeate

samples were collected at equal intervals over the rest of the operation period.

5.2.3.5 Effect of dosing mediator
The mediator (SA or HBT) was continuously fed to the reactor, obtaining a final mediator
concentration of 10 uM, to study the effect of mediator addition on enzymatic degradation of
TrOCs. To avoid any possible interaction between the mediators and TrOCs during the storage
time in the feed tank, feed containing the TrOCs and mediators was prepared daily and added
separately by two different pumps.

5.2.3.6 Role of membrane and enzymatic degradation

In an EMR, a gel layer can form on the membrane surface due to retention of the enzyme by the
membrane. Such a gel layer may facilitate TrOC retention and possibly their subsequent
enzymatic degradation. In order to clarify the role of the membrane gel layer, TrOC removal
performance of the EMR with addition of active and heat-inactivated laccase (laccase incubated
at 80 °C for 10 min) was compared. Four TrOCs (i.e., pentachlorophenol, oxybenzone, ibuprofen
and benzophenone) which represented a group of compounds showing high removal by the EMR
were selected for this investigation. To reach the adsorption capacity of the enzyme gel layer,
TrOC concentration in feed was increased to 100 pg/L of each compound for this investigation.
All other parameters were kept the same as described in Section 5.2.3.4.

5.2.4 Analytical methods

5.2.4.1 TrOC analysis

The concentration of bisphenol A, diclofenac, pentachlorophenol, oxybenzone, benzophenone
and ketoprofen was measured by a Shimadzu HPLC system (Shimadzu, Kyoto, Japan) equipped
with a Supelco Drug Discovery C-18 column (with diameter, length and pore size of 4.6 mm,
150 mm, and 5um, respectively) and a UV-Vis detector. The column temperature was set at 20
°C. A sample injection volume of 50 pL was used. The mobile phase composed of acetonitrile
and Milli-Q grade deionized water buffered with 25 mM KH,PO,4. Two eluents, namely, eluent
A (80 % acetonitrile + 20% buffer, v/v) and eluent B (20 % acetonitrile + 80 % buffer, v/v) were
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used. Eluent A and B were delivered through the column in time-dependent gradient proportions
(Table 5.1). Calibration always yielded standard curves with coefficients of determination (R?)
greater than 0.98 within the range of experimental concentrations used. The quantification limit

for the analytes under investigation using these conditions was approximated at 10 pg/L.

The concentration of 30 TrOCs was measured by a GC-MS system. The method has been
descripted in Section 3.2.4.1 of Chapter 3.

Table 5.1: Gradient eluent profiles used in HPLC-UV analyses

For bisphenol A and diclofenac

(wavelength: 280 nm, eluent flow rate: 1 mL/min)

Time (min) 0 12 20 25
Eluent B, % 80 80 0 80
For pentachlorophenol, oxybenzone and benzophenone

(wavelength: 280 nm, eluent flow rate: 0.7 mL/min)

Time (min) 0 12 20 25 25
Eluent B, % 85 80 0 0 80
For ketoprofen
(wavelength: 225 nm, eluent flow rate: 0.7 mL/min)
Time (min) 0 7 19 20 35
Eluent B, % 50 50 20 50 50

5.2.4.2 Enzymatic activity and toxicity assay

Laccase activity and toxicity assay are summarized in Section 3.2.4.2, Chapter 3.

5.3. RESULTS AND DISCUSSION

5.3.1 TrOC removal in batch tests

5.3.1.1 Effect of pH

BPA was degraded almost completely (96%) within 4 h of incubation at a pH of 7, while over
the same period a degradation of 56%, 61%, 88% and 74% was achieved at a pH of 3, 4.5, 6
and 9, respectively (Table 5.2). However, irrespective of the media pH, at least 80% removal of
BPA was observed after 22 h (Figure 5.3). The overall high degradation of BPA can be
attributed to the strong electron donating group (EDG) —OH in its structure which renders it a
good substrate of laccase (Yang et al., 2013b). This observation is consistent with that in the

available literature. For example, a complete degradation of three different bisphenols (bisphenol
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A, bisphenol B and bisphenol F) by laccase within 1.5 h of incubation was reported by Nicolucci

et al. (2011). Furthermore, the slightly lower removal of BPA at highly acidic (pH 3) and

alkaline (pH 9) conditions may be attributed to the significant (i.e., 46% and 53%) inactivation of

the laccase activity within 2 h of incubation. Kim and Nicell (2006b) also reported a complete

removal of BPA in the pH range of 5 - 7, which decreased only slightly in the acidic regime (pH

3-4).

Table 5.2: Effect of incubation pH and duration on TrOC degradation by laccase (mean +

standard deviation from triplicate experiments).

BPA removal (%0)

DCF removal (%)

pH Incubation Time (h)
2 4 8 22 2 4 8 22
3 43+£50 56x35 7705 89x30 |36+x16 5735 69+£23 91+46
4.5 51+05 61+£35 82+32 94x15 |44+£72 50+£10 8205 9820
6 79+05 88+94 92+18 9505 |42+35 51+£28 6517 71+45
7 87+40 9615 100x0 100£0 | 29+84 33+25 40+28 59x7.8
9 69+45 74.0 £ 84+32 83+£0.7 |11+34 3059 48+28 61x1.7
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Figure 5.3: Removal of BPA and DCF (a), and the change in enzymatic activity (b) during
treatment by laccase at different pH. Control samples contained TrOC in Milli-Q water in

absence of laccase. Error bars represent the standard deviation of three samples.

Unlike BPA, DCF degradation was significantly better at the acidic pH (3 and 4.5), and the
removal consistently decreased irrespective of the incubation period with the increase in media
pH beyond a value of 4.5 (Table 5.2). For example, compared to a complete removal after 22 h
of incubation at a pH of 4.5, DCF removal reached only 61% at pH 7 over the same period
(Figure 5.3). Lloret et al. (2010) also reported high removal of DCF by laccase at acidic pH.
According to Sathishkumar et al. (2014), the drop in laccase mediated degradation at alkaline pH
is probably due to the combination of hydroxide ion inhibition and its binding with the T2/T3
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site of laccase (Sathishkumar et al., 2014). Instances of significant effect of pH on the
degradation of DCF by other enzymes can also be found in the literature. For example, Zhang
and Geissen (2010) reported that DCF was completely degraded by lignin peroxidase (LiP) in the
pH range of 3 - 4.5. However, its degradation by LiP significantly decreased from complete
removal at a pH of 4.5 to 10% at a pH of 6.

Not only the extent of removal but also the stability of enzymatic activity is important,
particularly in case of a continuous flow reactor. In this study, significant inactivation of laccase
activity at acidic pH was observed. In contrast, almost no enzyme inactivation was found at the
neutral pH (Figure 5.3). As a compromise between treatment efficiency and stability of
enzymatic activity, and considering the ease of operation under neutral pH (avoiding the

requirement of pH adjustment), further investigation was conducted at a pH of 7.

5.3.1.2 Effect of redox-mediator addition

BPA was completely removed within 4 h of incubation irrespective of the mediator
concentration. This was expected as BPA was completely removed even without mediator
addition. However, DCF removal was significantly improved after SA addition. For example,
over 80% removal was achieved within 8 h at all mediator concentrations tested (Figure 5.4).
This compares favourably with a 40% removal of DCF in the absence of SA over the same
period. Furthermore, the addition of SA (at all concentrations) achieved a complete removal of
DCF within 22 h (end of observation), while the removal in the absence of SA was only 60%.
This observation is in line with the literature. For example, Lloret et al. (2010) observed an
enhancement of DCF removal from less than 5% to complete removal due to the addition of SA
at a concentration of 100 uM. The better performance of the mediator-amended enzyme may be
explained by two factors attributable to the radical species generated from SA by laccase: i)
higher redox potential, and ii) reduction of steric hindrance. Compounds with high
electrochemical potential can be oxidized by radical mediators (e.g., phenoxyl produced from SA)
through the operation of H-abstraction mechanism. The laccase-mediator system can achieve
better removal of compounds with high electrochemical potential as the oxidized mediator
species have redox potentials higher than that of laccase only (Nguyen et al., 2014a). In this

study, tests with TrOCs and SA (without laccase) yielded no TrOC degradation (data not shown).
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Therefore, the observed improvement in degradation was due to the enhancement of enzymatic

degradation by SA, not due to direct degradation by SA.

Overall, the batch test data reveals two options for a continuous flow reactor to achieve high
removal of the TrOCs, particularly DCF: i) to operate at acidic pH with frequent replenishment
of enzyme (due to aggravated enzyme deactivation under this pH), or ii) to operate at neutral pH
with mediator dosing. The latter option was chosen in this study from the point of view of

enzymatic stability.
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Figure 5.4: Concentration of BPA and DCF (a), and the change in enzymatic activity (b) during
treatment by laccase in the presence of a redox-mediator (syringaldehyde) at different

concentrations (5, 100, 500, and 1000 uM). Control samples contained TrOC and mediator in
Milli-Q water in absence of laccase. Error bars represent the standard deviation of three samples.
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5.3.1.3 Impact of mediator dose on performance

The effect of mediator concentration could be clearly observed at shorter incubation periods
(Figure 5.4). For example, for an incubation period of 2 h, DCF was removed by 90% at an SA
concentration of 1000 uM. In comparison, the removal of DCF for the same period ranged
between 30 - 70% for SA concentrations between 5 - 500 uM. Similarly, Lloret et al. (2010)
observed complete degradation of DCF by laccase within 1 h in presence of 1000 uM SA, while
the removal ranged from 40 - 80% for the lower SA concentrations (i.e., 100 - 500 uM). The
effect of mediator concentration has also been reported for other combinations of resistant
pollutants and mediators. A notable example is the enhanced degradation of iso-butylparaben
and n-butylparaben due to the dosing of a mediator (1-hydroxybenzotriazole, HBT) in the range
of 200-2000 pM (Mizuno et al., 2009).

In contrast to better DCF removal, higher SA concentrations (i.e., 500 and 1000 pM) resulted in
a remarkable decrease in laccase activity (Figure 5.4). For example, within 4 h of incubation,
enzymatic activity of the test media reduced by 60% for an SA dose of 500 uM. Mediator-
induced inactivation of enzyme has been previously reported (Kurniawati et al., 2007; Khlifi-
Slama et al., 2012). Loss of enzymatic activity has been attributed to the degradation of essential
amino acid residues or the glycosyl moieties at the surface of the enzyme (Khlifi-Slama et al.,
2012). However, the range of mediator concentrations beyond which a fast and significant
laccase inactivation occurs tends to vary depending on the source of laccase and the type of the
mediator. For example, in the study by Khlifi-Slama et al. (2012), the inactivation of laccase
from Trametes trogii was proportional to the mediator (HBT) concentrations in the range from
100 - 10,000 puM. The authors explained that free radicals generated from HBT inactivated the
laccase. On the other hand, Kurniawati and Nicell (2007) observed that up to a mediator
concentration of 500 uM, there was only a slight inactivation (< 5%) of laccase (from a white-rot
fungus - Trametes versicolor). However, when the mediator concentration was increased to
10,000 uM, the inactivation was remarkable (90%). In another study, in the presence of 50 uM
SA, laccase from Trametes versicolor was inactivated within 30 min (Mendoza et al., 2011).
However, reducing the SA concentration to 25 pM resulted in a similar inactivation profile as

without the mediator. In general the use of mediators can enhance TrOC transformation;
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however, in certain instances their practical application may be limited since they lead to

significant inactivation of laccase.

Overall, in this study, it has been demonstrated that laccase offers greater stability at neutral pH
(Figure 5.3) and at an SA concentration of up to 100 uM (Figure 5.4). Because there was
virtually no difference in removal of TrOCs between SA concentrations of 5 and 100 pM, a SA

concentration of 10 uM was selected for the operation of the EMR.

5.3.1.4 Laccase degradation of a diverse set of TrOCs

Together with a few compounds (i.e., bisphenol A, estradiol, estrone, diclofenac, atrazine and
carbamazepine) that have been recently investigated (Lloret et al., 2012; Nguyen et al., 2014d),
this study included a broad spectrum of TrOCs to establish a comprehensive understanding of the
degradation capacity of the laccase preparation used. The batch test data regarding laccase
catalysed degradation of the selected TrOCs provided important baseline information to explain
EMR performance. Given the difference in the chemical structures of the TrOCs in this study
(phenolic/non-phenolic moieties and the presence of electron releasing/demanding functional
groups), as expected, a significant variation in their enzymatic degradation was observed (Table
5.3). Laccase efficiently degrades compounds with phenolic moiety. Thus high degradation of all
phenolic TrOCs except salicylic acid, formononetin, pentachlorophenol, enterolactone and
oxybenzone was achieved. In contrast, laccase could not efficiently remove non-phenolic

compounds except octocrylene and diclofenac (31 and 41% removal, respectively).

All steroid hormones and the industrial chemicals tested were phenolic compounds and thus well
degraded. Similarly, the phenolic personal care product triclosan was efficiently degraded.
However, despite being phenolic compounds, none of the phytoestrogens (i.e, enterolactone and
formononetin) were degraded by laccase. The low enzymatic degradation of a few of the
phenolic compounds identified in Table 5.3 will be discussed later in this section. With the
exception of octocrylene and diclofenac, none of the non-phenolic compounds were
enzymatically degraded. Indeed, consistent with the literature (Hai et al., 2012a; Tran et al.,
2013; Yang et al., 2013a), all pesticides (including pentachlorophenol, which is a phenolic
compound) demonstrated particular resistance to degradation. All the pharmaceuticals, except

salicylic acid, were non-phenolic compounds and thus underwent negligible enzymatic
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degradation. A similar observation could be made with all of the UV-filters (personal care

product).

Table 5.3: Assessment of TrOC degradation capacity of the laccase in batch tests. Values listed
indicate average + standard deviation (n=3).

Category Compound Phenolic Enzymatic removal
moiety (%)
Salicylic acid Yes 0
Ibuprofen 0
Metronidazole 0
Naproxen 0
Pharmaceuticals _Primidone 12+09
Amitriptyline 8.5+8.0
Carbamazepine 2.8+3.9
Ketoprofen 0
Gemfibrozil 0
Diclofenac 41517
Personal care Triclosan Yes 88.7 £ 3.9
Benzophenone 11.7+8.2
products Oxybenzone Yes 6.1+£85
Octocrylene 31.6+3.2
Propoxur 0
Fenoprop 0
Pesticides Clofibric acid 0
Atrazine 0
Ametryn 0
Pentachlorophenol Yes 0
Industrial 4-tert-Butylphenol Yes 955+25
chemicals Bisphenol A Yes 97.0+4.2
4-tert-Octolphenol Yes 93.3+6.6
Estriol Yes 98.5+0.5
Steroid Estrone Yes 948+3.1
hormones 17a-Ethinylestradiol Yes 98.2+0.3
17p-Estradiol Yes 98.5+0.1
17p-Estradiol-17- Yes 93.0+25
Phytoestrogens _Enterolactone Yes 42+58
Formononetin Yes 0
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The low or negligible removal of non-phenolic compounds reported in Table 5.3 is consistent
with a previous study where the crude enzyme extract from Trametes versicolor was used (see
Chapter 3). The observed low removal may be explained by the presence of strong electron
demanding groups or absence of strong electron releasing groups in the TrOC structure.
Tadkaew et al. (2011) reported that the presence of electron demanding groups (e.g., amide (-
CONRy), carboxylic (-COOH), and halogen (-X)) renders the compounds resistant to oxidation.
The high removal of the non-phenolic TrOC diclofenac may have been due to the electron
releasing functional group aromatic amine in its structure. Similarly, direct oxidation of
diclofenac by laccase was reported by Lloret et al. (2012), who anticipated that laccase

degradation of diclofenac is initiated with the aniline group.

Despite the usual high amenability of phenolic compounds to laccase degradation, in this study, a
few phenolic TrOCs, namely salicylic acid, formononetin, pentachlorophenol, enterolactone and
oxybenzone were degraded inefficiently. The observed low removal of these compounds may be
due to deficient oxidative capacity of the laccase, which depends on the ORP difference between
the TrOC and laccase, and/or steric hindrance. For example, while testing the electrochemical
behaviour of natural phenolics, Simi¢ et al. (2007) reported that the ORP of salicylic acid is 0.94
V, which is significantly higher than the ORP of the laccase used in this study (0.28 V). In
contrast, d’Acunzo et al. (2006) observed that some phenolic compounds such as f-naphthols and
2,4,6-trichlorophenol were not oxidized by laccase due to steric hindrance. They explained that
the presence of electron demanding groups (sterically demanding groups) at ortho position to the
—OH group can hinder the approach of the substrate to the active sites of laccase. Consistent with
that explanation, in the current study, among the poorly removed phenolic TrOCs, salicylic acid,
pentachlorophenol and oxybenzone contain EWG at the ortho position. Notably, similar to this
study, Jeon et al. (2008) observed poor degradation of pentachlorophenol by laccase
(from Ganoderma lucidum). Conversely, Ullah et al. (2000) reported complete degradation of
pentachlorophenol by laccase (from Coriolus versicolor). This contradiction may be explained

by the difference in ORP of laccase derived from different sources (Xu et al., 2000).
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5.3.2 Enzymatic activity within EMR

5.3.2.1 Enzyme retention by the UF membrane

In the context of continuous operation, enzyme retention and enzymatic stability within an EMR
is particularly important. Lopez et al. (2004) confirmed the retention of manganese peroxidase
(MnP) within the reactor by a polyethersulfone UF membrane (MWCO of 10 kDa). Laccase
from Cyathus bulleri (molecular weight of 53 kDa) was retained by a polyacrylonitrile UF
membrane (MWCO of 20 kDa) (Chhabra et al., 2009). Considering the molecular weight of the
enzyme (56 kDa) and the MWCO of the membrane (6 kDa) used in this study, laccase was
expected to be retained. But enzyme retention and activity can be influenced by factors such as
membrane material, wastewater matrix and other operational parameters (Rios et al., 2004). Thus,
the suitability of the selected membrane was tested for the retention of laccase under the
operating conditions used in this study (Section 5.2.3.2). The enzymatic activity in the permeate
and in the reactor-supernatant was monitored during continuous filtration over a period of 24 h.
No enzymatic activity in the permeate was observed, while that in the reactor supernatant

remained stable (Figure 5.5), confirming that the membrane effectively retained the enzyme.
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Figure 5.5: Enzyme retention by the UF membrane

145



5.3.2.2 Maintenance of enzymatic activity during EMR operation

The maintenance of enzymatic activity is an important parameter for long term stable operation
of an EMR. As mentioned in Section 5.3.2.1, the enzyme was completely retained within EMR.
However, to assess the probable change of enzymatic activity during continuous operation of the
EMR, the enzymatic activity was measured periodically. As presented in Figure 5.6, the
enzymatic activity gradually dropped to undetectable levels within 72 h of continuous operation.
This was accompanied by a significant decrease in the removal of BPA and DCF. Denaturation
of an enzyme can occur for various reasons including physical, chemical and biological
inhibitors, and the effect of shear stress (Rios et al., 2004). Depending on the shear rate and flow
geometry, deformation of the enzyme molecules during filtration could cause enzyme
inactivation. There is only one study on continuous TrOC (i.e., estrone and estradiol) degradation
by an EMR (Lloret et al., 2012). The authors of that study observed no enzyme denaturation
within the short observation period of 8 h. Nevertheless, inactivation of enzyme has been
reported in a few studies investigating the removal of other resistant groups of compounds. For
example, Mendoza et al. (2011) observed complete inactivation of laccase within 180 h during
repeated batch decolorization of Remazol Blue RR.
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Figure 5.6: Enzymatic activity decrease during continuous operation of the EMR following

addition of a single dose of laccase, and concomitant reduction in removal of BPA and DCF.
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In this study, the UF membrane completely retained laccase within the EMR, but the enzymatic
activity and TrOC removal decreased gradually (Figure 5.6). Therefore, periodic replenishment
of laccase was deemed to be required to keep the enzymatic activity and TrOC removal stable.
The enzymatic activity was maintained by the addition of 200 puL of the commercial laccase
solution (see Section 5.2.3.3) per L of the reactor volume every 12 h (equivalent to a laccase
dose of 23 mg/L.d). Apart from enzyme reinjection, various additives, e.g.,
ethylenediaminetetraacetic acid and polyethylene glycol, which are believed to possess a
protecting role for proteins, especially under oxidative stress, may be added to an EMR

(Mendoza et al., 2011). However, this aspect was beyond the scope of the current study.
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Figure 5.7: Denaturation of the enzyme within the reactor and maintenance of stable enzymatic

activity over long-term operation by the addition of 200 uL of the commercial laccase solution

per L of the reactor volume every 12 h (equivalent to a laccase dose of 23 mg/L.d).
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5.3.3 TrOC removal performance of the laccase-EMR

5.3.3.1 Overall TrOC removal and the role of membrane

TrOC degradation data from batch and continuous EMR experiments cannot be directly
compared due to the difference in the operation modes. However, two distinct patterns in the
TrOC degradation profile for the EMR (Figure 5.8) are worth noting: (i) significantly higher
removal of some phenolic and non-phenolic TrOCs, with low but discernible improvement in
removal of some other non-phenolic compounds, (ii) lower removal (although still maintaining
at 40-90%) of some phenolic compounds which were well degraded in batch tests (Table 5.3).
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Figure 5.8: Removal efficiency of 30 TrOCs by the laccase-EMR as compared to batch test
data. Laccase activity was maintained by the addition of 400 puL of the commercial laccase
solution per liter of the reactor volume every 12 h (equivalent to a laccase dose of 46 mg/L d).
The EMR was operated for 72 h (i.e., 9 x HRT). Data presented as average + standard deviation
(n=3) in both batch and the EMR studies.
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Compared to the batch test results, lower (although significant) removal of some compounds (i.e.,
estrone, 4-tert-butyphenol, bisphenol A, 17a-ethinylestradiol, estriol and 17p-estradiol) during
the continuous operation of the EMR may be attributed to the sustained TrOC-loading to the
EMR, and is not entirely unexpected (Lloret et al., 2012). Of particular interest was the better
removal (p < 0.05) achieved by the EMR for five phenolic and five non-phenolic TrOCs. The UF
membrane used in this study was not expected to retain any TrOC by size exclusion. The EMR
was operated in the absence of the enzyme to determine TrOC adsorption directly on the
membrane surface. Results show that TrOC removal by adsorption on the membrane was
negligible (<5%). However, when an enzyme solution is flushed through an UF membrane that
rejects the enzyme molecules, the enzyme can form a porous, thin gel layer (‘secondary
membrane’) on the membrane (Modin et al., 2014). Wastewater-borne suspended and colloidal
particles as well as water soluble macromolecules may co-deposit on the gel layer and enhance
removal of pollutants (Hai et al., 2012b). Therefore, it was hypothesized that the improved
removal was due to the retention of TrOCs by an enzyme gel layer dynamically formed on the
membrane, followed possibly by enzymatic degradation. Indeed high laccase activity was
detected in the cleaning solution from ex situ Milli-Q water backwashing. A litre of cleaning
solution was generated in each Milli-Q backwash, and the enzymatic activity in that solution was
60 UM pmpy/min. This translates to an accumulation of ca. 0.24 g laccase/m” membrane surface,
evidencing formation of a laccase gel layer on the membrane surface. Furthermore, for the
TrOCs which received significantly higher removal by the EMR (i.e., salicylic acid,
formononetin, pentachlorophenol, enterolactone and oxybenzone), the ratio of the concentration
in permeate and supernatant (P/S ratio) was significantly below 1 (Figure 5.9), confirming that

TrOCs were indeed retained by the gel layer of laccase on the membrane.
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Figure 5.9: Concentration ratio in membrane permeate and reactor supernatant (P/S ratio) for
TrOCs by laccase-EMR (compared to that in batch test). Data presented as average + standard

deviation (n=3).

Of the TrOCs shown in Figure 5.9, pentachlorophenol, oxybenzone, benzophenone and
octocrylene were all significantly hydrophobic (as indicated by log Dpn=7 values greater than 3)
and showed high retention on the membrane (P/S ratios 0.44 + 0.15, n=15). These compounds
also showed high improvement (49 — 84%) in removal by the EMR compared to batch test
removal (Figure 5.8). In contrast, enterolactone, gemfibrozil, naproxen and ketoprofen, which
are hydrophilic (log Dyn=7 values ranging from 0.19 — 1.89), had P/S ratios of 0.79 + 0.1 (n=12),
and were still better removed by the EMR compared to the batch test removal, but to a lesser
extent (10 — 17%). These observations strongly point to the importance of hydrophobicity for
retention of these TrOCs on the membrane gel layer, which consequently governed their overall
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removal by the EMR. However, a few of the TrOCs plotted in Figure 5.8 (i.e., salicylic acid,
formononetin, ibuprofen, ametryn and amitriptyline) as well as the TrOCs that showed somewhat
lower removal by the EMR than in the batch tests, did not conform to the trend of high
hydrophobicity effecting high membrane retention (low P/S ratio) and high EMR removal, or
vice versa. For example, compared to batch tests, high improvement in removal of salicylic acid
was observed by the EMR although it was highly hydrophilic (log Dpn=7 = -1.13). Conversely,
despite having a high log Dyn=7 of 4.11, 17a-ethinylestradiol was removed with an efficiency of
around 80% by the EMR as compared to complete removal in batch tests. Taken together, these
observations indicate the following possibilities: (i) TrOC retention on membrane gel layer was
governed not only by hydrophobic partitioning but also by non-hydrophobic interactions such as
electrostatic interactions (Luo et al., 2014), (ii) both retention on membrane and enzymatic
degradation was important.

The formation of the enzyme gel layer on the membrane may lead to gradual fouling and drop in
permeate flux (Lloret et al., 2012; Modin et al., 2014). In order to keep the focus of this study on
assessment of TrOC removal mode, a low flux of 1.1 L/m? h was applied. Under the operating
conditions in this study, a TMP increase rate of 3.3 kPa/d was observed, and a mild in situ
backwash on every third day as per the protocol described in Section 2.3 was adequate to
reinstate the TMP to its original value. Although beyond the scope of this study, further work to
establish the applicable flux-range as a function of feed wastewater characteristics would be

interesting.

5.3.3.2 Fate of TrOC following membrane retention

The data presented in Figure 5.8 and Figure 5.9 show a complementary role of TrOC retention
by the membrane gel layer and enzymatic degradation. In order to provide further evidence,
EMR performance with active laccase and heat-inactivated laccase was compared. For this set of
experiments, four TrOCs (two phenolics, i.e., pentachlorophenol and oxybenzone, and two non-
phenolics i.e., ibuprofen and benzophenone), which showed significant retention on the

membrane (low P/S ratio) were selected.

When the EMR was operated with inactivated laccase, a significant amount of TrOCs was
initially adsorbed on the laccase gel layer as evidenced by stable removal of TrOCs for nearly 2

d (Figure 5.10). However, thenceforth, the removal efficiency gradually diminished. The
151



saturation of the adsorption capacity of the layer of enzyme (inactivated) on the membrane was
evidenced by the P/S ratio gradually approaching unity. In contrast, a significantly high and
stable removal of these compounds was sustained by the EMR when operated with the addition
of active laccase (Figure 5.10). Thus it was concluded that TrOCs retained by the enzyme gel
layer were eventually degraded.
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Figure 5.10: Removal efficiency and concentration ratio (P/S ratio) profiles of four selected
TrOCs during the operation of the laccase-EMR with heat-inactivated or active laccase. The

EMRs were operated for a period of 18 x HRT to confirm the dominant role of enzymatic

degradation.
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Previous studies have reported short-term increase in organics removal due to pre-formed
adsorbent-coating on membrane, or dynamically formed adsorbent layer on membrane, although
the role of biodegradation was not addressed (Heijman et al., 2009; Léwenberg et al., 2014). By
contrast, a few studies have shown the advantages of adding adsorbents to membrane bioreactors
to effect simultaneous adsorption, retention on membrane cake layer and biodegradation (Hai et
al., 2012b; Nguyen et al., 2014b). Li and Loh (2007) developed a hollow fibre membrane reactor
wherein microbes were entrapped within the fibres. They achieved improved removal of phenol
when granular activated carbon too was incorporated into the membrane structure. Conversely,
various enzymes can be immobilized on membranes, thereby facilitating conversion of resistant
chemicals concurrent with the retention of the insoluble metabolites (Gasser et al., 2014; Hou et
al., 2014). The uniqueness of this study is that it systematically demonstrates improved
degradation of a range of TrOCs by dynamically immobilized laccase on the UF membrane.

5.3.4 EMR performance with mediator addition

Laccase-mediator systems can generate free radicals having higher redox potential than laccase
itself. Furthermore, these radical species can act as a carrier of electrons between laccase and the
substrate, thereby overcoming the steric hindrance that may exist between them (Xu et al., 2000).
In a batch test study by Weng et al. (2012), dosing of SA to laccase led to concomitant increase
in ORP of the solution and degradation of sulphonamide antibiotics. In the current study, the
ORP of the laccase solution increased significantly from 0.27 V to 0.53 and 0.48 V, due to
addition of SA and HBT, respectively. Accordingly the substrate spectrum was observed to be
broadened and higher TrOC removal by the EMR could be obtained due to mediator dosing to
the EMR (Figure 5.11).
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Figure 5.11: Enhancement of TrOC removal by the EMR due to the addition of mediators (SA

or HBT) at a concentration of 10 uM to the laccase-EMR. Laccase activity was maintained by

the addition of 400 pL of the commercial laccase solution per liter of the reactor volume every

12 h (equivalent to a laccase dose of 46 mg/L d). The EMR was operated for 72 h (i.e., 9 x

=3).

HRT). Data presented as average + standard deviation (n
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5.3.4.1 Substrate specificity

The aspect of mediator addition to improve TrOC degradation by EMR has been communicated
in a limited number of studies (Nguyen et al., 2014d). In our previous study involving four non-
phenolic TrOCs, SA addition to an EMR resulted in a significant improvement of TrOC removal
depending on the properties and loading rates of the TrOCs (Nguyen et al., 2014d). The current
study compares performance of SA and HBT for a larger set of TrOCs. A notable observation
was the substrate-specificity demonstrated by the mediators. For example, SA addition achieved
better removal of phenolic compounds namely, estrone, 4-tert-bytylphenol and bisphenol A (p <
0.05, Appendix Table A-6). Conversely HBT achieved better removal of non-phenolic
compounds, namely clofibric acid, atrazine, primidone, and carbamazepine (p < 0.05, Appendix
Table A-6). Overall, HBT appeared to offer more versatility i.e., effective degradation of both
phenolic and non-phenolic TrOCs.

Substrate specificity of mediators has been reported before, but only in conjunction with batch
tests (Camarero et al., 2005). The efficiency of a laccase-mediator system depends not only on
the ORP of the radicals generated, but also on reversibility of the reaction of the radicals with the
substrate, and the stability of the radicals generated (Camarero et al., 2005). However, both SA
and HBT act via the same oxidation mechanism (i.e., hydrogen atom transfer), and the ORP of
the laccase preparation with addition of the mediators (separately) were similar. Thus the
performance difference between the mediators may be explained by the overall stability of the
highly reactive radicals formed. Phenoxyl radicals are generated due to laccase oxidation of SA,
and these radicals have been reported to be more active than aminoxyl radicals generated from
HBT. Conversely, phenoxyl radicals are extremely unstable and convert to much less active
quinone (Xu et al., 2000). While the aminoxyl radicals generated from HBT also turn rapidly to
benzotriazole and other inactive compounds, their reactivity and stability appears to be better
balanced than that of phenoxyl radicals (Xu et al., 2000).

5.3.4.2 Laccase-mediator system: Batch vs. EMR operation

An ideal redox-mediator must not be consumed during the reaction. However, as noted above,
phenoxyl and aminoxyl radicals can convert to quinone and benzotriazole, respectively (Xu et al.,
2000), which are far less efficient as mediators. Thus, it is necessary to continuously add the

mediators to maintain a stable removal. For example, Hata et al. (2010) achieved 40% increase in
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the removal of carbamazepine by adding HBT every 8 h to the reactor. In the current study, a
marked additional improvement in TrOC removal by the EMR (continuous mediator dosing) was
achieved (Figure 5.12) when compared with the improvement achieved during batch incubation
tests. This is evidenced by the distinct removal-improvement profiles (batch vs. EMR) of seven
highly resistant TrOCs shown in Figure 5.12 for HBT as an example.

100
\ B Batchtest N\JEMR
S 80-
= x
aE) T
g 60 N N
S
E 404 N
IS 1
3 ‘\\ \%
GE) 20 1 il
* e \
0 T \ T T \ T \ % T x—
O W& < Q N J &
& o & Q P N\ &
\(;b' \6‘5" \S‘gp Q0K K\‘Qko \60 &Q\
&S Yo S & &
¥ %

Figure 5.12: Comparison of the TrOC removal improvement (%) due to HBT addition in batch
tests and continuous operation of EMR demonstrating that mediator addition was more effective

in case of the EMR operation. Data presented as average + standard deviation (n=3).

Figure 5.13 provides further unique insight to the plausible reasons for the better removal by the
EMR. Of the seven TrOCs plotted in Figure 5.13, for atrazine and carbamazepine, significant
improvement in removal due to HBT dosing to EMR was accompanied by a significant drop in
their reactor-supernatant concentrations, evidencing better degradation capacity of the laccase-
HBT system. For the rest of the TrOCs, however, little difference in reactor-supernatant
concentration was observed (i.e., less amenable to laccase-HBT system than atrazine or
carbamazepine), although significant improvement in their removal by the EMR was obtained

when HBT was added. Consistent with the discussion in Section 5.3.3, the observations made
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here strongly point to a complementary role of enhanced degradation by the laccase-mediator
system and membrane retention, and also that for certain compounds which are less amenable to
mediator-enhanced enzymatic degradation (i.e., clofibric acid, metronidazole, fenoprop,
gemfibrozil and primidone) among the compounds shown in Figure 5.13) membrane retention

has a more profound impact on the overall removal.
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Figure 5.13: Supernatant concentration of resistant non-phenolic TrOCs during the operation of
the laccase-EMR with and without HBT dosing, and corresponding improvement (%) in TrOC

removal during HBT dosing. Data presented as average + standard deviation (n=3).

5.3.5 Effluent toxicity

Despite efficient degradation of the target compounds, increased effluent toxicity may be
observed following enzymatic treatment (Marco-Urrea et al., 2009; Nguyen et al., 2014a). This
has been attributed to metabolites produced during TrOC degradation and/or highly reactive
radical species generated from oxidation of mediators (Kim et al., 2006a). Because a set of 30

TrOCs was used in this study, it was not possible to relate the metabolites to their parent
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compounds. Thus, the toxicity of the effluent to a bacterial system was quantified as a measure
of the overall toxicity of metabolites and reactive radical species generated via the mediator-

enhanced laccase system.

There was a small but insignificant increase in toxicity following treatment by the laccase-EMR
(feed toxicity 4.1 £ 0.43 rTU vs. permeate toxicity 7.0 £ 1.8 rTU, n=2), indicating that the
laccase-treatment did not generate toxic by-products. Furthermore, there was no detectable
increase in toxicity in the treated solution after addition of 10 uM of either SA or HBT to the
EMR. This is consistent with HBT results from previous batch tests (Nguyen et al., 2014a), but
suggests that SA addition to EMR may cause slightly less toxicity than previously thought
(Nguyen et al., 2014d). The slight discrepancy in case of SA may be due to the fact that in the
previous EMR studies fewer numbers of TrOCs but with higher dosage were tested (Nguyen et
al., 2014d). However, the investigations conducted within the scope of this study confirm
efficient degradation of a range of TrOCs by the EMR without causing significantly elevated

toxicity in treated effluent.

5.4. CONCLUSION

Preliminarily investigation confirmed the impact of pH on the degradation of BPA and DCF by
the laccase preparation used. BPA was almost completely removed at neutral pH (pH 7), while
DCF degradation was significantly better at the acidic pH (pH 4.5). Moreover, laccase was more
stable at neutral pH. The addition of mediator SA enhanced the removal of DCF, which was

originally resistant to degradation by laccase.

Batch tests with a diverse set of 30 TrOCs revealed laccase-catalysed degradation of nine out of
14 phenolic and only two out of 16 non-phenolic compounds. The ORP of the laccase solution
almost doubled due to addition of the mediators (SA or HBT); however, this led to better
degradation of only one phenolic and three non-phenolic TrOCs. Compared to the batch tests, the
EMR was observed to facilitate degradation of a number of TrOCs originally showing resistance
to enzymatic degradation. This was attributed to the formation of a dynamic layer of laccase over
the membrane surface which retained TrOCs and facilitated their subsequent enzymatic
degradation. A complementary role of enhanced degradation by the laccase-mediator system and
retention by the membrane gel layer was revealed. Membrane retention particularly enhanced the
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degradation of the compounds which are less amenable to mediator-enhanced enzymatic

degradation.
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CHAPTER 6: Trace organic contaminant removal by an
enzymatic membrane reactor: Effects of redox-mediator
concentration

This chapter has been published as:

Luong N. Nguyen, Jason P. van de Merwe, Faisal I. Hai, Frederic D.L. Leusch, Jinguo Kang,
William E. Price, Felicity Roddick, Saleh F. Magram, and Long D. Nghiem. (2015) Laccase —
syringaldehyde (SA) — mediated degradation of trace organic contaminants (TrOCs) in an
enzymatic membrane reactor (EMR): Removal efficiency and effluent toxicity. Bioresource
Technology (accepted on Oct 6, 2015).
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6.1. INTRODUCTION

Laccases (EC 1.10.3.2) are oxidoreductase enzymes that can effectively oxidize a range of
aromatic compounds such as phenols and aromatic amines (d'Acunzo et al., 2006; Cafias et al.,
2010) using atmospheric oxygen as the terminal oxidant. Detection of trace organic contaminants
(TrOCs) including pharmaceutically active compounds, industrial chemicals, pesticides, and
natural and artificial hormones in the aquatic environment has raised considerable concern due to
their potential effects on human health and the ecosystem  (Schwarzenbach et al., 2006).
Biodegradation of TrOCs by means of enzymes such as laccases has recently attracted much
attention (Hai et al., 2013). A significant barrier against the application of laccase in a continuous
flow wastewater treatment process, however, is the wash out of the enzyme along with the
treated effluent. The loss of laccase in the treated effluent may be effectively prevented by
coupling a membrane to the bioreactor, thus forming an enzymatic membrane reactor (EMR).
Only a handful of studies have assessed TrOC removal performance in continuous flow EMRs
(Ba et al., 2014; Escalona et al., 2014; Nguyen et al., 2015). TrOC degradation performance of
EMRs depends on various factors including the chemical structure of TrOCs. For example, in a
previous study, phenolic compounds were more effectively removed than the non-phenolic
TrOCs (Nguyen et al., 2015).

Addition of a redox mediator may broaden the substrate spectrum of laccase. Mediators are low-
molecular weight substrates of laccase that can act as “electron carriers” between the enzyme and
the target pollutant. These include both synthetic (e.g., 1-hydroxybenzotriazole (HBT) and 2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS)) and natural (e.g., syringaldehyde
(SA) and P-coumaric acid) mediators. Owing to the cost and potential toxicity of the synthetic
mediators, the use of laccase in combination with natural mediators has been proposed as an
alternative (Xu et al., 2000; Camarero et al., 2007). While the natural mediators have shown
case-specific efficiency in enhancing TrOC degradation (Yang et al., 2013; Nguyen et al., 2014),
certain studies have raised concern about elevated toxicity in the effluent even when natural
mediators are used to enhance laccase-catalyzed degradation of pollutants. For example, Fillat et
al. (2010) observed increased toxicity in effluent when they used the natural mediator SA to
enhance the laccase-catalyzed bleaching of flax pulp. Although there is a lack of consensus

regarding the mechanisms of such toxicity, it has been proposed that the highly reactive radical
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species generated via the laccase — SA system, which aid in enhancing pollutant degradation,
may cause cytotoxicity (Fillat et al., 2010; Khlifi et al., 2010). In addition, previous studies
employing laccase - SA combination to degrade resistant compounds including TrOCs seem to
have overlooked the reported inhibitory impact of SA itself (in absence of laccase) on microbes,
for example, those capable of biofuel production from lignocellulosic biomass (Richmond et al.,
2012; Yu et al., 2014). It is also important to take into consideration the fact that the laccase
system forms a part of the defense system in certain eukaryotes — a notable example being the
expression of antibacterial activity of some white-rot fungi (de Boer et al., 2010). Although
probably not to the same extent as SA, laccase preparations may also contribute to effluent
toxicity as assessed by common single bacterium based aquatic toxicity assays. Notably, most of
the available studies on TrOC degradation by laccase — SA system has been carried out in batch
mode. Moreover, to date no study has systematically compared the toxicity of laccase and SA
preparations separately or in mixture. Particularly, the impact of SA-dose on TrOC removal

efficiency by EMR and effluent toxicity remains to be elucidated.

The objective of this study was to assess the performance of an EMR at degrading 31 selected
TrOCs at different TrOC and SA loadings, with a special focus on the toxicity of the treated
effluent. In discussing the TrOC degradation profiles, due consideration has been provided to the
phenolic moiety and other important features of TrOC structure. Effluent toxicity following
EMR treatment may be due to generation of toxic by-products and/or due to the afore-mentioned
laccase — SA mechanisms. A series of batch tests assessing the toxicity of pure solutions of
laccase and SA preparations as well their mixture helped to provide insights into this aspect.
Through a systematic consideration of both TrOC removal efficiency and effluent toxicity, an

optimal SA dosage range was recommended.
6.2. MATERIALS AND METHODS

6.2.1 Trace organic contaminants

See Section 3.2.1, Chapter 3.

6.2.2 Enzyme solution and mediator

See Section 5.3.5.3, Chapter 5.
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6.2.3 Assessment of laccase and SA toxicity

The bacterial luminescence toxicity screen (BLT-Screen) method described by van de Merwe
and Leusch (2015) was used to investigate the individual and interactive toxicity of laccase and
SA. SA was serially diluted (1:2) across the columns of a 96-well plate with phosphate buffered
saline assay media to obtain concentrations ranging from 4 to 1000 uM. Similarly, laccase was
serially diluted (1:2) down the rows of a separate 96-well plate to obtain concentrations ranging
from 12 to 750 uMpmpy/min. A volume of 100 pL from each of the aforementioned plates (final
volume of 200 pL per well) was then added to a white 96-well microplate (Greiner Bio-One,
Austria), resulting in different combinations of laccase and SA concentrations ranging from 2 to
500 pM for SA and 6 to 375 pMpwmpy/min for laccase. Serially diluted (1:5) standard curves of
pentachlorophenol (which was used as the reference compound) and Milli-Q water (negative
control) in phosphate buffered saline assay media were included in duplicate for quality control.
Five microliters of the luminescent bacteria, Photobacterium leiognathi (from a cryopreserved
aliquot) was then added to each well using a multi-channel pipette. Exactly 30 mins later the

luminescence of each well was measured on a Fluostar plate reader (BMG Labtech, Germany).

The experiment was run on two separate occasions and the mean % inhibition of luminescence
was calculated for each combination of laccase and SA, using following equation from van de
Merwe and Leusch (2015).

luminescencesample

% Inhibition = [1— ( )] x 100 Equation 6.1

luminescencecontrol
For each SA: laccase ratio (which ranged from 0.01 to 21.3) the inhibition of luminescence
(regarded as ‘toxicity’) was plotted against the sum of SA and laccase concentrations, and the
ICso (concentration that causes 50% inhibition of bacterial luminescence) was calculated from
the straight line regression (note that all data was below 70%, and thus within the linear phase of
the dose-response curve). The % inhibition was also plotted against SA only and laccase only
concentrations and the ICsy values for SA and laccase were calculated from the straight line
regressions (see Section 6.3.1). These 1Cso values were further used in the assessment of
interactive toxicity. The interactive toxicity of laccase and SA was analysed using an
isobologram, following methods originally described by Gaddum (1949) and Loewe (1953), and
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implemented widely in mixture toxicity research (e.g., (Sgrensen et al., 2007; Mori et al., 2015).
The ECso (concentration required to inhibit 50% of bacterial luminescence) for each SA : laccase
ratio (which ranged from 0.01 to 21.3) was derived by linear interpolation from the dataset, and
individual toxic units (TUs) at each ratio were calculated in Microsoft Excel (Microsoft Corp,
Redmond, WA, USA) for both laccase and SA as Equation 6.2:

TUi = (pi x ICspi) / 1Cs0 Equation 6.2

where

i = a specific laccase:SA ratio,

pi = the proportion of the total concentration due to the compound (e.g., Piiaccase = Ciaccase /
(Claccase + Csa), Where Ciaccase @and Csa are the concentration of laccase and SA in the mixture,
respectively),

ICsoi = the ICs at the particular laccase:SA ratio i, and

ICs0 = the 1Csp of each compound individually determined from the concentration-effect curve of
single compounds (i.e., 380 uM and 370 pMpwmpy/min for SA and laccase, respectively; see
Section 3.1). (see Section 6.3.1).

Laccase and SA interactive toxicity was analysed by plotting TUjaccase VS. TUsa and examining
the position of the resulting isobole (see Section 6.3.1). In addition, a contour map of toxicity,
plotting laccase activity vs. SA concentration was generated in SigmaPlot (Systat Software Inc,
San Jose, CA, USA).

6.2.4 Enzymatic membrane reactor

The lab scale EMR set up has been described in a previous study (Nguyen et al., 2015). Briefly, a
hollow fiber membrane module (Microza Membranes, Pall Corporation, NSW, Australia) with a
molecular weight cut off of 6 kDa was submerged in a 1.5 L (active volume) glass reactor. This
membrane was selected based on initial trials confirming complete retention of the enzyme. The
membrane module was made of polyacrylonitrile, and had a surface area of 0.19 m?. Laccase (2
mL) was added from stock solution to 1.5 L Milli-Q water. This resulted in an enzymatic activity
of 180 uMpmpy/min in the reactor. Laccase activity was maintained in the range of 160 to 180
MM mpy/min by adding 400 pL of the commercial laccase solution per liter of the reactor volume
every 12 h (equivalent to a laccase dose of 46 mg/L.d) following a previously developed protocol

(Nguyen et al., 2015). A peristaltic pump was used to operate the membrane intermittently
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(8 min on and 1 min off) at an average flux of 1.1 L/ m? h. This resulted in a hydraulic retention
time (HRT) of 8 h. In this study, the EMR was operated under six different combinations of
TrOC and SA concentrations (Table 6.1) to assess their impacts on both the removal efficiency
and effluent toxicity. Feed solutions containing TrOCs at concentrations of 5, 50 and 100 pg/L in
Milli-Q water were prepared daily and fed continuously to the reactor. SA solutions were
continuously fed to the reactor at a final concentrations of 10, 50 or 100 uM. A low flux was
applied to minimize membrane fouling, thus allowing the focus of the study to remain on the
removal performance. The EMR was operated for a period of 9 x HRT (i.e. 72 h) in each run.
Duplicate samples of influent and permeate were collected at three sampling events over the
operation period. The samples were collected after a period of 3 x HRT (i.e. 24 h) following the
start of operation to ensure that steady removal performance was established. At the end of each
run, duplicate samples were collected to quantify TrOC concentration in the reactor supernatant.
Additionally, the membrane module was taken out of the reactor and subjected to backwashing
with 1 L Milli-Q water at a flux of 5 L/m? h. The backwash solution was collected to measure
any TrOC released during the backwashing. Milli-Q water backwashing was adequate to retrieve
the original transmembrane membrane pressure (1 kPa) before a new run. There was negligible

increase in TMP during each run.

Table 6.1: Sequence of EMR experiment

Experiment ID SA concentration (UM) TrOC concentration (ug/L) Duration ( X HRT)

1 0 5 9
2 10 5 9
3 10 50 9
4 10 100 9
5 50 100 9
6 100 100 9
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6.2.5 Analytical methods
6.2.5.1 Trace organic contaminants

The concentrations of the TrOCs were measured by a previously reported analytical technique
involving solid phase extraction, derivatisation and quantitative determination by a Shimadzu
GC/MS (QP5000) system (Section 3.2.4.1, Chapter 3). The quantitative detection limits of this
analytical method were compound specific and in the range 1 to 20 ng/L (Appendix Table A-1).

The removal efficiency was calculated as shown in Equation 6.3:
C
R=100 x <1ﬂ) Equation 6.3
inf

where Cins and Cer are influent and effluent (permeate) concentrations of the TrOCs, respectively.
TrOC biodegradation during EMR treatment was calculated using the following mass balance

equation:

Cing X Ving = Cepr ¥ Verr + Caas X Vaas + Csup* Vsyp + biodegradation Equation 6. 4
where Ciys and Viqs are influent concentration (ng/L) and volume (L), respectively; Ce and Vs

are effluent concentration (ng/L) and volume (L), respectively; Cags and Vags correspond to

TrOCs adsorbed on membrane and denote the concentration of TrOCs (ng/L) in and volume (L)

of cleaning solution during the membrane backwashing with Milli-Q water at the end of

operation, respectively; Csyp and Vg, are reactor supernatant concentration (ng/L) and volume

(L), respectively. The mass of TrOCs adsorbed on membrane was estimated from 1 L of cleaning
solution during the membrane backwashing with Milli-Q water.

6.2.5.2 Enzymatic activity and toxicity assay
See Section 3.3.4.2, Chapter 3.

6.3. RESULTS AND DISCUSSION

6.3.1 Toxicity of utilized laccase and mediator
6.3.1.1 Toxicity of the individual solutions

Pure solutions of laccase and SA were both toxic to the luminescent bacteria, Photobacterium
leiognathi (Figure 6.1). Using the regression equations presented in Figure 1, the ICy values
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(limit of quantification of the BLT-Screen, van de Merwe and Leusch 2015) were 147 uM
owmpy/min for laccase and 153 pM for SA. In addition, more relevant to the calculations of
interactive toxicity, the 1Cs (i.e., concentration required to inhibit 50% of bacterial luminescence)
for laccase and SA was 370 UM pmpy/min (Figure 6.1a) and 380 uM (Figure 6.1b), respectively.
In nature, the laccase system has been previously described to protect plant-pathogen fungi from
the toxic phytoalexins and tannins in the host plant (Pipe et al., 2000) or to protect invertebrates
(e.g., crustaceans) from invading microorganisms (Luna-Acosta et al., 2011). However, this is
the first report regarding aquatic toxicity (measured in terms of inhibition of bacterial
luminescence) of a purified laccase preparation. Notably, Kim et al. (2006b) reported negligible
toxicity of a laccase purified from T. versicolor. They, however, carried out the toxicity assay
with a much lower laccase activity of 1.5 pMagts)/min, and also used a different luminescent
bacterium (i.e., Photobacterium phosphoreum). The laccase preparation used in this study
contained preservatives such as propylene glycol, glucose and glycine (25%, 4% and 2%, w/w,
respectively), which are generally considered non-toxic. The toxicity of laccase observed in the
present study is therefore most likely attributed to the damage to bacterial cell via laccase-
catalyzed reactions as further discussed in Section 6.3.1.2.
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Figure 6.1: Toxicity (%) i.e., inhibition of bacterial luminescence (%) of: (a) laccase (UMpwmp)
/min) and (b) SA (uUM) in batch tests. Data presented as average + standard deviation (n=2
independent measurements). Data below the detection limit of the BLT-Screen (10% inhibition
of luminescence) have been included to highlight the low toxicity at low SA and laccase

concentrations. Exclusion of these data makes results in identical slope and R? values of these
regressions.

SA is a naturally occurring lignocellulose degradation product, which is thought to inhibit
growth of a range of microbes including yeast, bacteria and algae (Richmond et al., 2012; Yu et
al., 2014). For example, Richmond et al. (2012) reported that SA hampers metabolism of
Clostridium beijerinckii (NCIMB 8052) by inhibiting the expression and activity of coenzyme A
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transferase during its growth. However, as a notable omission, most available studies
investigating pollutant removal via SA-enhanced laccase systems did not investigate SA toxicity,
and assumed that SA was non-toxic due to its natural origin (Camarero et al., 2007; Cafias et al.,
2010). The results in this study confirm the toxicity of the pure solution of SA at concentrations
above 125 uM.

6.3.1.2 Toxicity of laccase-SA mixture

Oxidation of mediators (in this case SA) generates highly reactive radical species, which can
degrade target pollutants (Kim et al., 2006a; Fillat et al., 2010). Kim and Nicell (2006a)
suggested that radicals formed due to oxidation of mediators may also interact with vitally
important biomolecules and result in cytotoxic effects. Thus, it was anticipated that the laccase -
SA mixtures prepared here would exhibit increased toxicity. Indeed a strong synergism between
laccase and SA in terms of the toxicity of the mixture was observed (Figure 6.2). As noted in
Section 6.2.3, the interactive toxicity of laccase and SA was analysed using an isobologram i.e.,
TUjaccase VS. TUsa plot (Figure 6.2a). Chemicals with common modes of action can act jointly to
produce combination effects that are larger than the effects of each mixture component applied
individually. These effects can be described by ‘dose or concentration addition’. In this study, all
the points in the isobologram stayed below the ‘concentration addition line’ or in the ‘zone of
synergism’ (Figure 6.2a), confirming that the combination of laccase and SA had a synergistic
effect on the tested microorganism (i.e., Photobacterium leiognathi). Through a Microtox assay
using Vibrio fischeri, Fillat et al. (2010) observed an 18 fold increase in effluent toxicity due to
laccase — SA interaction during bleaching of flax pulp by laccase (the pulp contains SA).
Maruyama et al. (2007) observed effective degradation of imazalil (a postharvest fungicide) by
laccase in the presence of 4-hydroxybenzoic acid (a natural mediator) but cytotoxicity of the
effluent against mouse fibroblast L929 cells revealed toxicity of 4-hydroxybenzoic acid. These
previous investigations were conducted in batch mode and under selected dosages of laccase and
the mediator. The data reported in the current study demonstrates this phenomenon in a more
comprehensive manner i.e., over a broader range of concentrations of laccase and SA, and in
both batch (Section 6.3.1.2) and continuous flow (Section 6.3.6) modes. The toxicity contour

plot shown in Figure 6.2b demonstrates further the strong impact of the presence of laccase on
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SA toxicity. Additional discussion on the effluent toxicity during the treatment of TrOCs by
EMR has been presented in Section 6.3.6.
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Figure 6.2: Synergistic effect between laccase and SA toxicity (a) isobologram and (b) toxicity

contour map showing 10, 20, 50, 70 and 95% toxicity profiles at varying concentrations of

laccase activity vs. SA concentration.

172



6.3.2 Overall TrOC removal by EMR

The performance of the EMR in removing TrOCs was evaluated at different combinations of
TrOC concentration (from 5 - 100 pg/L) and SA concentration (from 0 - 100 uM) (Table 6.1).
TrOC removal performance at a TrOC concentration of 5 pg/L and SA concentration of 0 and 10
MM is first discussed to illustrate the general trend (Figure 6.3). Laccase can efficiently degrade
phenolic compounds, particularly the polyphenols (Yang et al., 2013), and thus it was not a
surprise that, even in the absence of SA, the EMR achieved efficient removal of all but a few
phenolic TrOCs, namely salicylic acid, formononetin, pentachlorophenol and enterolactone
(below 40% removal). The low removal efficiency of these compounds may be due to steric
hindrance which prevents the reaction between laccase and the compounds. For example,
d'Acunzo et al. (2006) observed that B-naphthols and 2,4,6-trichlorophenol were not oxidized by
laccase due to steric hindrance. The presence of electron withdrawing group at the ortho position
to the —OH group hinders the approach of the substrate to the active sites of laccase (d'Acunzo et
al., 2006), which may explain the low removal of salicylic acid and pentachlorophenol in the
current study. On the other hand, except for benzophenone, amitriptyline, octocrylene and
diclofenac, the non-phenolic TrOCs were poorly removed by the EMR. The efficient removal of
diclofenac could be due to its direct oxidation by laccase via the aniline group in its structure
(Lloret et al., 2010). Laccase could mediate oxidative cleavage of carbonyl group in ketone such
as [N,N-dimethylaminophenyl][N-methyaminophenyl] benzophenone (Parshetti et al., 2011),
which may explain the high removal of benzophenone in this study. Amitriptyline and
octocrylene were previously noted to be persistent to laccase oxidation in batch tests (Nguyen et
al., 2014; Nguyen et al., 2015). However, their high removal by the EMR in this study may be
due to their retention by a laccase gel layer (formed on the membrane) and subsequent
degradation, as further discussed in Section 6.3.5. Moreover, the oxidation of phenolic
compounds may produce radicals which may react with non-phenolic TrOCs (Tran et al., 2010).
However, the assessment of the fact whether the selected phenolic TrOCs acted as laccase

mediator is beyond the scope of this study.
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Figure 6.3: Removal efficiency of 31 TrOCs by the laccase-EMR. Laccase activity was
maintained at the range from 160 to 180 pMpmey/min by the addition of 400 pL of the
commercial laccase solution per liter of the reactor volume every 12 h (equivalent to a laccase
dose of 46 mg/ L.d). The EMR was operated for 72 h (i.e., 9 x HRT). Data presented as average

+ standard deviation (n=6).

Addition of SA at 10 uM led to the following changes in TrOC removal (Figure 6.3): i) higher
removal of previously well-degraded TrOCs (e.g., estriol, 17a-ethinylestradiol, 17pB-estradiol,
and 4-tert-butylphenol), ii) improved degradation of some phenolic TrOCs (e.g., estrone,
bisphenol A, salicylic acid, formononetin, pentachlorophenol, and enterolactone) originally
resistant to laccase-EMR treatment, and iii) degradation of a few additional non-phenolic TrOCs
(e.g., metronidazole, gemfibrozil, and ketoprofen). The phenoxyl radicals formed during the
oxidation of SA by laccase may act as ‘electron shuttles’ between laccase and the target
compound (Xu et al., 2000). These radical species may have higher redox potential than laccase
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and/or overcome the steric hindrance due to their small size, and thus improve TrOC removal.
Indeed the redox-potential of the laccase solution increased significantly (from 270 mV to 530
mV) due to SA addition at 10 uM in this study. This is consistent with the observation of Weng
et al. (2012), who reported only batch test data and monitored removal of a few TrOCs.

A notable observation made during the initial run was that even with the addition of SA (10 puM),
the laccase-EMR could degrade only a limited number of non-phenolic compounds (Figure 6.3).
Previous batch studies have reported that both abundance and stability of the oxidized
intermediates from the mediators affect TrOC degradation. Mediator concentration can influence
these (Camarero et al., 2007; Nguyen et al., 2014). Thus, there may be scope of optimizing SA

dosages. Sections 6.3.3 and 6.3.4 present further discussion on this aspect.
6.3.3 Impact of TrOC concentrations on EMR performance

TrOC removal by the EMR was further evaluated at higher influent TrOC concentrations (i.e., 50
and 100 pg/L) but with the same SA dose of 10 pM and laccase activity of 180 UM pmpy/minas
in the first trial (Section 6.3.2). Except pentachlorophenol, formononetin and enterolactone,
which showed 25 to 40% improvement in removal, a similarly high removal efficiency of the
phenolic TrOCs was noted irrespective of their concentration in the influent (Figure 6.4).
Overall 80-100% removal of the phenolic TrOCs was achieved by the EMR. Therefore, further

discussion in this section focuses on the removal of the non-phenolic TrOCs.
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Figure 6.4: Removal efficiency of phenolic TrOCs by laccase-EMR with SA addition at a
concentration of 10 uM. The feed contained 31 TrOCs at a concentration of 5, 50 and 100 pg/L
of each compound. Laccase activity was maintained at the range from 160 to 180 pM@pwmpy/min
by the addition of 400 pL of the commercial laccase solution per liter of the reactor volume
every 12 h (equivalent to a laccase dose of 46 mg/Ld). The EMR was operated for 72 h (i.e., 9 X

HRT). Data presented as average + standard deviation (n=6).

The removal efficiency of a number of non-phenolic TrOCs increased when influent TrOC
concentration was increased from 5 to 50 pg/L (Figure 6.5). However, the removal of a few
compounds, namely, ametryn, naproxen and primidone decreased when the influent TrOC
concentration was further increased to 100 pg/L, probably due to kinetic limitations. In general,
the rate of an enzymatic reaction increases with substrate concentration, but eventually reaches a
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plateau as all the active sites of the enzyme become occupied (Cristovéo et al., 2008). Thus
beyond a certain substrate concentration, the percentage removal efficiency drops. The drop in
removal of ametryn, naproxen and primidone at their higher influent concentrations signifies
particular resistance of these TrOCs to degradation by laccase-SA system. This is the first study

to assess the impact of influent concentration on the removal of the non-phenolic TrOCs.
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Figure 6.5: Removal efficiency of non-phenolic compounds by the laccase-EMR with SA
addition at a concentration of 10 puM. The feed contained 31 TrOCs at a concentration of 5, 50
and 100 pg/L of each compound. Laccase activity was maintained at the range from 160 to 180
UM wmpy/min by the addition of 400 pL of the commercial laccase solution per liter of the reactor
volume every 12 h (equivalent to a laccase dose of 46 mg/L d). The EMR was operated for 72 h
(i.e., 9 x HRT). Data presented as average + standard deviation (n=6).
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6.3.4 Impact of SA concentrations on EMR performance

High removal of the phenolic TrOCs was already obtained at an SA dose of 10 uM (Figure 6.4),
and the removal efficiencies remained largely unaltered at the higher SA dosages of 50 and 100
MM (data not shown). Similarly, except for 20 - 35% improvement in the removal of diclofenac,
metronidazole and primidone, virtually no change in the removal of the non-phenolic TrOCs was
observed after increasing SA concentration from 10 to 50 uM (Figure 6.6). Furthermore, 10-20%
decrease in the removal of a few TrOCs was noted when the SA concentration was increased
from 50 to 100 uM. Our results are in line with the general trend observed in the available batch
studies (Mizuno et al., 2009; Nguyen et al., 2014) that pollutant degradation by laccase may
reach a saturation point beyond a certain mediator concentration, but shows this systematically

for the first time in the context of a continuous flow EMR.

In the current study, the laccase activity in the EMR was maintained at the same level during
operations with different SA dosages (10, 50 and 100 uM). Rate limitation of SA oxidation by
laccase may have had occurred under higher SA concentrations because the rate of the reaction
would not increase with the mediator concentration when it is already present at sufficiently high
levels to saturate all the reactive sites of the enzyme. Thus, increasing SA concentration beyond
50 uM did not improve TrOC removal efficiency (Figure 6.6). Furthermore, reduced
degradation of a few target compounds at an SA dose of 100 UM may be because, at excessive
mediator concentrations, high levels of reactive radicals are quickly produced, which have a
tendency to react with each other rather than with the pollutant (Margot, 2015). Two points are
conceivable from the information depicted in Figure 6.5 and Figure 6.6: (i) an SA dose greater
than 10 pM is not required for influent TrOC concentrations not exceeding 50 pg/L, and (ii)
even at an influent TrOC concentration of 100 pg/L, improvement in removal of a limited
number of TrOCs would be achieved if the SA dose was increased to 50 uM. Applying the
lowest possible SA dose would be economical, and additionally it may avoid SA-induced

toxicity of treated effluent (discussed in Section 6.3.6).
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Figure 6.6: Removal efficiency of non-phenolic compounds by the laccase-EMR with SA
addition at a concentration of 10, 50 and 100 pM. The feed contained 31 TrOCs at a
concentration of 100 pg/L of each compound. Laccase activity was maintained at a range of 160
to 180 pMppmry/min by the addition of 400 pL of the commercial laccase solution per liter of the
reactor volume every 12 h (equivalent to a laccase dose of 46 mg/L d). The EMR was operated

for 72 h (i.e., 9 x HRT). Data presented as average + standard deviation (n=6).

6.3.5 Fate of TrOCs

TrOC removal during EMR treatment may occur due to enzymatic degradation, adsorption on
and subsequent rejection by the membrane, volatilization and photolysis. Volatilization was
expected to be negligible because of the very low vapor pressure or Henry’s constant (H) and
low ‘H/log D ratio’ (Appendix Table A-1) of the selected TrOCs. TrOC photolysis was avoided
by covering the EMR with aluminum foil. On the other hand, given the relative sizes, the

ultrafiltration membrane used in this study was not capable of directly retaining any TrOCs.
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However, the laccase molecules retained by a membrane can form a gel layer on it (Modin et al.,
2014), which may retain the TrOCs in the reactor and facilitate their further degradation. The
following observations made in the current study validate this hypothesis: (i) a laccase gel layer
on the membrane was evident by a significant laccase activity in the membrane backwash
solution (the measured laccase activity indicated an accumulation of approximately 0.24 g active
laccase m* membrane surface i.e., roughly 40% of the total laccase dosed during a run), (ii)
TrOCs were detected at low but discernible concentrations in the backwash solution (Figure 6.7),
evidencing TrOC retention by the laccase layer, and (iii) the ratio of concentration of TrOCs in
effluent and supernatant was below 1 for a number of TrOCs (data not shown), indicating an
additional ‘removal’ by the laccase gel layer. Overall, a mass balance analysis confirmed that,
irrespective of the TrOC and SA concentrations, TrOC removal by the EMR was mainly due to
biodegradation (Figure 6.8). It is noteworthy that the formation of an enzyme gel layer could
lead to the membrane fouling (Nguyen et al., 2014b) requiring periodic cleaning. However,
under the operating conditions (i.e., low flux) in this study, no rise in TMP was observed

following the development of an enzyme gel layer on the membrane.

The observations regarding the prime role of biodegradation in TrOC removal by EMR is
generally consistent with a previous study (Nguyen et al., 2015), but the current study confirms
this trend over a range of TrOC and SA concentrations. An additional aspect captured by the
current investigation is that higher SA concentration did not necessarily correspond to the higher
percentage of biodegradation. For example, most non-phenolic TrOCs were detected in higher
concentrations in reactor supernatant for an SA dose of 100 uM than for 50 uM (Figure 6.8).
This further strengthens the point highlighted in the previous section regarding the importance of

mediator dose selection.

180



— Phenolic TrOCs <«— —» Non-phenolic TrOCs <

SA (10 M) ~TrOCs (50 pg/L)

10000 5

SA (10 uM) ~TrOCs (100 ug/L)

SA (50 uM) ~TrOCs (100 pg/L)

- oulzellyy

- quidezewreqie)

L Inxodoud

- PI9B 91IGI0ID

- 133d

_ doJdoua

L 5|0ZePILI0NBA

L |1z0Jq1jwaD

- Uajoudoloy

- auopIWIg

BENO BN

L UALIBWY
C_ 1usjoudng|
[ 1Jeusjopig

1 suouaydozuag

C— } sunAduiwy

- 9U3JAI00120

- 9UO0]oe|0J91ug

L JousydoJojydeiusd

- Ullsuououwiioo

SA (100 uM) -TrOCs (100 pg/L)

- pioe o1jAd11es
-/ Jousydsig
- 2U0.]1S

- _ococm__a:m_-:&-v
- |01pess3-9/ T

- [0il1sg
L "|ous(d|A100-ua)-

- a]ejaoe-/ T |01pelS3-¢/T
- UBSO|OLI

L 3UOZUSGAXO

|
]
—
L ]
I [olpenssjAui3-o/T
]
1
]
]
/1

10000

10000

1000 4
100

T
o —i
—

(Bu) sDOJL Jo ssew k101

10000

1000 3

100

—

Figure 6.7: Adsorption of TrOCs on the membrane. TrOC extraction was conducted by

membrane backwash with 1 L of Milli-Q water at a flux of 5 L/m 2h.
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Figure 6.8: Fate of TrOCs (%) during EMR operation with SA addition at a concentration of 10,
50 and 100 pM and TrOC concentration of 50 and 100 pg/L.

6.3.6 Toxicity of EMR-treated effluent

At the concentrations tested, TrOC solutions (i.e., 31 TrOCs in Milli-Q water) showed negligible
toxicity, and no increase in toxicity was also observed in EMR effluent in the absence of SA
(data not shown). On the other hand, consistent with the batch test data showing SA-induced
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toxicity (Figure 6.1b), the toxicity of the influent to the EMR during the laccase-SA
investigations (i.e., TrOC and SA in Milli-Q) increased with SA concentration. For example, a
toxicity of 11.1 rTU was recorded in case of a SA dose of 100 uM, compared to a toxicity of 2.5
rTU at a SA dose of 10 uM (Figure 6.9). Two notable observations were made regarding the
toxicity of the EMR effluent: (i) the toxicity of the influent containing 10 and 50 uM SA was
significantly decreased after the EMR treatment (2.5 vs. below detection limit, and 10.5 vs 7.0
rTU, respectively), but (ii) an increase in the toxicity of the effluent was observed when SA was
added at a concentration of 100 uM (11.1 vs 19.9 rTU) (Figure 6.9). SA concentration — specific
toxicity was also reported in a previous batch study wherein a crude enzyme extract (mainly
laccase from T.versicolor) and SA were used (Nguyen et al., 2014). Highly reactive phenoxyl
radicals are produced due to oxidation of SA by laccase. These radical species can be consumed
as they react with TrOCs (Margot, 2015). However, due to continuous addition of SA in excess,
copious amount of reactive radical species are likely to be produced. The unconsumed radicals
and SA can permeate through the membrane to the treated effluent and increase its toxicity.
Furthermore, although in this study the degradation products arising from laccase-only treatment
appeared non-toxic, it is uncertain whether the toxicity of the laccase + SA treated effluent
(Figure 6.9, “effluent”) is due only to the production of reactive radicals from the interaction
between the enzyme and the mediator (Figure 6.2) or whether it is also caused by the generation
of toxic TrOC by-products. Despite this uncertainty, the results indicate that to avoid heightened
toxicity in the effluent, the SA dose must be carefully controlled, particularly because higher SA

dose did not necessarily achieve better TrOC removal (Figure 6.4)

183



29 . EMR: I Influent Effluent

Toxicity (rTU)

—
Vv

N
<1
<1
<1
<1

SA (uM) 10 10 10 50
TrOCs (ng/L) 5 50 100 100

Figure 6.9: Comparison of toxicity following the EMR treatment at different TrOC and SA
concentrations. The limit of detection of the toxicity assay was generally below 10% of
inhibition values. A 20% inhibition of luminescence was considered to be a conservative value
of the minimum response that could be quantified in the assay. The detection limit was 1 rTU.
Data presented as average + standard deviation (n=2 independent measurements).

6.4. CONCLUSION

With increase in TrOC concentration from 50 - 100 pg/L, 8-28% reduction in removal of some
resistant TrOCs was observed due to Kinetic limitations. SA addition at a dose of 10 uM
significantly increased TrOC removal. Elevated dosages of SA (50 and 100 uM) could not
improve TrOC removal efficiency further, but increased effluent toxicity, which may be
attributed to the passage of unconsumed SA and phenoxyl radicals (highly reactive radicals
generated from SA-oxidation by laccase) through the membrane to the effluent. Overall, the
TrOC removal and treated effluent toxicity data suggested that a high dose of SA should be
avoided.
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CHAPTER 7: Trace organic contaminant removal by an
enzymatic membrane reactor: Effects of simultaneous addition

of mediator and granular activated carbon
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Ngo, Wenshan Guo, Saleh F Magram, Long D Nghiem. (2014) The effects of mediator and
granular activated carbon addition on degradation of trace organic contaminants by an enzymatic

membrane reactor. Bioresource Technology, 167, 169-177
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7.1. INTRODUCTION

Enzymatic transformation of organic contaminants that are otherwise resistant to conventional
activated sludge treatment is a promising eco-friendly concept (Jochems et al., 2011). Enzymatic
treatment can be accomplished under mild conditions, achieves high reaction specificity and
rates, and generally only requires a small dosage. However, the application of enzymatic
treatment in a continuous system remains a challenge due to enzyme washout with the treated
effluent (Hai et al., 2012). The use of membranes with pore size smaller than the enzyme
molecule presents an elegant approach to preventing enzyme wash out (Lloret et al., 2012). In an
enzymatic membrane reactor (EMR), the enzyme remains within the reactor allowing operation
with continuous feeding and treated effluent withdrawal. Compared to the conventional approach
of enzyme immobilization on a suitable support material (Cabana et al., 2009), the EMR system
offers several advantages such as more effective retention of enzymes, dispersion of enzymes in
the reactor (eliminating the mass transfer limitations typically associated with attachment on

supports), and easy replenishment of fresh enzymes during long term operation.

Recent studies have explored EMRs for the treatment of pollutants such as dyes and aromatic
hydrocarbons (Chhabra et al., 2009; Mendoza et al., 2011). Trace organic contaminants (TrOCs)
is a group of emerging pollutants that have been routinely detected in sewage and sewage-
impacted natural water at concentrations ranging from ng/L to pg/L (Boonyaroj et al., 2012;
Navaratna et al., 2012). TrOCs can be classified into several groups including pharmaceuticals
and personal care products, pesticides, steroid hormones, phytoestrogens, and industrial
chemicals. Many of these TrOCs can cause adverse physiological changes in aquatic organisms
and can potentially affect human health after prolonged exposure. To date, the enzymatic
removal of TrOCs has been mostly investigated in batch tests (Tran et al., 2010; Yang et al.,
2013a) using different enzymes such as laccase, lignin peroxidase, and manganese peroxidase.
Among these enzymes, laccase (Benzenediol: oxygen oxidoreductase; EC 1.10.3.2) is of
particular interest as it only requires molecular oxygen as a co-substrate. Recent studies have
demonstrated that laccase can effectively degrade a range of TrOCs that are otherwise resistant
to conventional biological processes (Marco-Urrea et al., 2009; Tran et al., 2010; Yang et al.,
2013a). TrOC removal by an enzymatic system is dependent on various factors including the

molecular structure of the TrOCs, pH, temperature, and properties of the specific enzyme.
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Phenolic substrates are particularly amenable to degradation by laccase. The substrate range of
laccase can be expanded in the presence of small molecular weight redox-mediators that act as
an ‘electron shuttle’ between the enzyme and the target compounds. The degree of enhancement
depends predominantly on the type of mediator and TrOC structure (Yang et al., 2013a).
However, TrOC degradation by the mediator-enhanced laccase system has been studied almost
exclusively in batch tests. To date, only a few studies have investigated continuous TrOC
degradation by EMR with continuous dosing of a redox-mediator (Nguyen et al., 2014; Nguyen
etal., 2015).

Adsorption onto powdered activated carbon (PAC) or granular activated carbon (GAC) can
efficiently remove TrOCs from water. In addition to the hydrophobic partitioning, a range of
other mechanisms may govern the adsorption of a compound onto a specific adsorbent. The
additional mechanisms include hydrogen bonding, n-r interaction between aromatic rings, and
van der Waals forces (e.g., dipole-dipole interaction and London dispersion force). Limited
adsorption of ionic compounds, particularly of those containing electron-withdrawing functional
groups, has been reported by Nguyen et al. (2012). In this connection, the concept of combined
processes such as coupling of membrane bioreactors with PAC/GAC has been explored in a few
recent studies (Li et al., 2011; Nguyen et al., 2013). Available data confirms short-term
enhancement in removal of resistant TrOCs but highlights the requirement of periodic
withdrawal and replenishment of activated carbon. Because laccase can degrade TrOCs that are
inefficiently degraded by conventional biological processes, activated carbon dosing to an EMR
may lead to enhanced biodegradation rather than only temporary improvement in aqueous phase

removal. However, no previous attempts have been made to validate this hypothesis.

This study aims to investigate the removal of four selected TrOCs, known to be resistant to
conventional activated sludge treatment, by an EMR using laccase. The two hypotheses noted
above to enhance the degradation of TrOCs, namely (i) continuous addition of a redox-mediator,
and (i) simultaneous addition of a redox mediator and GAC, have been systematically validated.
Implications of GAC addition on TrOC removal, membrane fouling and the toxicity of the

treated effluent are also discussed.
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7.2. MATERIALS AND METHODS
7.2.1 Trace organic contaminants

Three pharmaceutically active compounds, namely carbamazepine (CBZ), diclofenac (DCF), and
sulfamethoxazole (SMX) and the pesticide atrazine (ATZ) were selected based on their
widespread occurrence in raw sewage and sewage-impacted water bodies as well as their
resistance to conventional biological treatment processes. These are non-phenolic compounds
with molecular weights ranging from 215 (ATZ) to 296 (DCF) Da and with logDpH=6)
(indicating hydrophobicity) ranging from 0.43 (SMX) to 2.72 (DCF). Analytical grade (> 98%)
standards of these TrOCs were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). A
stock solution containing 1 g/L of each compound was prepared in pure methanol. This stock

solution was stored at —18°C in the dark and was used within one month.

7.2.2 Enzyme solution, mediator and granular activated carbon

A commercially available laccase (Novozym 51003) purified from genetically modified
Aspergillus oryzae was supplied by Novozymes Australia Pty Ltd. This enzyme has a molecular
weight of 56 kDa. The enzyme stock solution had a density, purity and activity of 1.12 g/mL,
approximately 10% (w/w) and 150,000 uM pmey/min, respectively.

The radicals generated due to oxidation of syringaldehyde (SA) by laccase have been reported to
be more stable than those of other common redox-mediators (e.g. HBT) (Gonzalez Arzola et al.,
2009). Therefore, SA obtained from Sigma-Aldrich (NSW, Australia) was used in this study as
the redox- mediator. A stock solution of SA was prepared in Milli-Q water at a concentration of
50 mM and stored at 4°C.

GAC-1200 (Activated Carbon Technologies Pty Ltd, Victoria, Australia) was chosen as
adsorbent because of its high TrOC adsorption capacity (Nguyen et al., 2013). The
physicochemical characteristics of this GAC are summarized in Table 7.1. Prior to the
experiment, the GAC was washed with Milli-Q water to remove fine particles, dried at 105 °C

for 24 h and stored at room temperature until use.
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Table 7.1: Physicochemical characteristics of the GAC-1200

Parameter Values
Apparent density (g/mL) 0.42-0.50°
Surface area (MultiPoint BET m?/g) 1121°
Ash content (%) 3?
lodine number (mg of 1,/g) >1200°
Carbon mesh size 6 X 12 mesh (1.6-2.0 mm)?
Pore volume (cc/g) 0.043"
Pore diameter (nm) 3.132°

% Data from Activated Carbon Pty Ltd, Australia.

Y Data obtained from a nitrogen adsorption/desorption measurement using
an Autosorb iQ. The measurement was conducted at the Australian Nuclear
Science and Technology Organisation. Pore volume and pore diameter were
calculated based on the Barret-Joyner-Halenda method.

7.2.3 Batch test description

The impact of GAC and/or SA addition on enzymatic degradation of TrOCs was first
investigated in batch tests. Parallel tests on different combinations (i.e., enzyme only, GAC only,
enzyme + GAC, enzyme + SA, and enzyme + GAC + SA) were conducted with 200 mL test
media in 400 mL beakers. In all tests, each TrOC was added at an initial nominal concentration
of 5000 pg/L (actual concentrations of 5600 + 110, 4900 + 160, 4700 + 100, and 4300 + 400
pg/L for CBZ, DCF, SMX and ATZ, respectively). The initial enzymatic activity of the test
solution was 90 pMpwmpy/min. The enzymatic activity was selected based on a preliminary
experiment (data not shown) showing that the enzymatic activity in the range of 60 to 90
MM/min resulted in approximately 80% removal of DCF at an initial concentration of 1000 pg/L.
The enzymatic assay has been described in Section 7.2.5.2. SA was added at a concentration of
10 uM and a GAC dosage of 20 mg/L was used. The initial concentrations of the TrOCs and
GAC were selected such that the TrOC loading exceeded the maximum adsorption capacity of
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the GAC ( 250 and 94.3 mg/g GAC for CBZ and DCF, respectively (Nguyen et al., 2013))
allowing the effect of enzyme and mediators to be clearly observed. Triplicate samples were
collected after 24 h of incubation to measure TrOC removal from the aqueous phase. The
samples were diluted two-fold in methanol to immediately stop any residual enzyme activity.
TrOC adsorbed on GAC was measured by a solvent extraction method (Wijekoon et al., 2013).
Freeze-dried GAC was thoroughly mixed with 5 mL of methanol. The mixture was then
sonicated for 10 min and the supernatant was collected. The remaining solid mass was subjected
to further extraction using 5 mL methanol and dichloromethane (1:1 v/v) and the supernatant was
collected. The extracted TrOC in the solution was measured by HPLC analysis as described in
Section 7.2.5.1. The extraction efficiency of CBZ, DCF, SMX and ATZ from GAC was 64, 98,
82 and 79%, respectively.

7.2.4 EMR system and operation protocol

7.2.4.1 EMR setup

A laboratory scale EMR system has been described in Section 5.2.3, Chapter 5.
7.2.4.2 EMR operation

The EMR was continuously operated for 66 d to investigate TrOC degradation by laccase alone
or laccase in the presence of GAC and/or SA. Based on the observed enzymatic stability (see
Section 5.3.2.2, Chapter 5), laccase was injected (200 puL laccase/ L reactor volume) every 12 h
to the EMR to maintain the enzymatic activity within a range of 70 to 100 uM@pwmpy/min. The
whole experimental sequence has been detailed in Table 7.2. Under each operation regime, the
EMR was run for at least a period of 6 x HRT up to 45 x HRT, and samples for measuring TrOC

concentration were collected at 2 x HRT following the operation condition change.

The effect of SA addition at different concentrations (i.e., 5, 10 and 20 uM) was investigated
under two nominal TrOC loadings (1600 and 830 pg/L.d). Mediator concentrations were
selected based on the concentration range used in previous EMR studies targeting recalcitrant
compounds such as dyes (Chhabra et al., 2009; Mendoza et al., 2011) . A single dose of GAC
was added to the EMR on Day 30 to obtain a final GAC concentration of 3 g/L. The effect of
GAC addition was assessed for 35 d.
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Table 7.2: Sequence of the experiments and the relevant operating conditions of the enzymatic membrane reactor

] TrOC loading rate S_ampllng
Day Experiment interval
(Mg/L.day) h
(h)
TroC SA GAC Compounds
conc., )
mg) @M (@ CBZ DCF SMX ATZ
0-4 0.5 - - 2060 * 60 1860 + 60 1700 + 30 1660 + 60 5
5-8 0.5 5 - 1830 £160 1730 +130 1660 + 60 1660 + 60 5
9-13 0.5 10 - 2030 = 60 1800 + 60 1760 £30 1900 + 100 5
14-18 0.5 20 - 2130 + 160 1800 + 30 1800 + 60 1860 + 130 5
19-23 0.25 - - 930 + 30 900 + 160 850 + 30 880 + 160 8
24 - 26 0.25 5 - 930 + 30 900 + 50 860 + 30 860 + 30 4
27-29 0.25 10 - 930 + 50 860 + 30 900 + 50 860+ 30 4
3046 0.5 5 3 2230+ 160 1800 * 100 1700 + 60 1830 + 130 11
47 - 55 0.25 5 3 1000 + 160 100 + 30 930 + 60 760 + 60 10
56 — 61 0.25 10 3 1060 + 60 960 + 30 960 + 60 830 + 100 8
62 — 66 0.25 20 3 1060 + 50 1000 +30 960 + 30 900 + 100 6
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7.2.4.3 Membrane cleaning protocol

The UF membrane was cleaned by in situ Milli-Q water backwash at a flux of 24 L/mh (5
seconds) when the TMP exceeded 40 kPa during any particular run. Additionally, the membrane
was cleaned by ex situ backwash with 1 L of Milli-Q water followed by 1 L of NaOCI (500 mg/L
active chlorine) under a flux of 5 L/m?.h at the end of each run. To monitor the formation of an
enzyme gel layer on the membrane surface, the enzymatic activity of the cleaning solution was

measured after each ex situ Milli-Q water backwash.
7.2.5 Analytical methods
7.2.5.1 Trace organic contaminants

A HPLC system (Shimadzu, Kyoto, Japan), equipped with a 300 x 4.6 mm (5 um pore size) C-
18 column (Supelco Drug Discovery, Sigma-Aldrich, Australia) and an UV-vis detector, was
used to measure TrOC concentrations. The detection wavelength, column temperature, and
sample injection volume were 280 nm, 20°C, and 50 pL, respectively. The mobile phase
comprised of acetonitrile and Milli-Q water buffered with 25 mM KH,PO,. Two eluents, A (80%
acetonitrile and 20% buffer, v/v) and B (20% acetonitrile and 80% buffer, v/v) were delivered at
0.7 mL/min through the column for 30 min in a time-dependent gradient proportions [Time
(min), B (%)]: [0, 85], [5, 40], [8, O], [22, 85] (Hai et al., 2011). The limit of quantification for

the analytes under investigation using these conditions was approximately 10 pg/L. The removal

.. C .
efficiency was calculated asR =100><(1— &l j where Ci¢ and Cgs are influent and effluent
Inf

(permeate) concentrations of the TrOC, respectively.

7.2.5.2 Enzymatic activity and toxicity assay

Laccase activity and toxicity assay are summarized in Section 3.2.4.2, Chapter 3.
7.3. RESULTS AND DISCUSSION

7.3.1 Batch test: assessment of treatment capacity of each option studied

Although phenols are typical laccase substrates, laccase can directly oxidize some non-phenolic
compounds if the electrochemical potential of the laccase used is sufficiently high (Gonzalez

Arzola et al., 2009). However, the laccase preparation used in this study did not efficiently
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degrade the tested non-phenolics (Table 7.3), with the highest removal of 21% being achieved
for DCF. Similarly, even after SA addition, except for DCF (64%) all compound removals
ranged between 16 and 31%. The recalcitrance of the selected TrOCs in this study can be
attributed to their chemical structures. According to Tadkaew et al. (2011) the presence of
electron withdrawing groups (EWG) in TrOCs imparts resistance to oxidative catabolism.
Therefore the low removal of CBZ can be attributed to the presence of strong EWG amide in its
structure (Yang et al., 2013a). The low removal of the chlorinated TrOCs DCF and ATZ can
similarly be explained by the fact that chloride is a strong EWG. This is consistent with a report
by Tran et al. (2010) who also observed the resistance of chlorinated TrOCs to laccase treatment.
Resistance of ATZ is also consistent with previous reports on inherent resistance of triazine
pesticides (Navaratna et al., 2012). Among the sulfonamide antibiotics, thus far, only limited
information on the enzymatic degradation of SMX is available. Consistent with this study, Yang
et al. (2013b) reported negligible removal of SMX by a crude extracellular extract preparation

(mainly laccase) from Trametes versicolor.

Table 7.3: Aqueous phase TrOC removal efficiencies by different options in batch tests

Aqueous phase removal (%)

Enzyme +  Enzyme +

Compounds Enzyme Enzyme +
GAC only GAC SA +
only SA

GAC

Carbamazepine 10 16 49 52 71
Diclofenac 21 64 60 63 67
Sulfamethoxazole 9 17 53 58 64
Atrazine 14 31 57 75 76

Standard deviation of 3 replicate experiments was less than 5%. Initial enzymatic activity was 90
puM/min. Carbamazepine, diclofenac, sulfamethoxazole and atrazine concentrations of 5600 +
110, 4900 £ 160, 4700 = 100, and 4300 + 400 pg/L, respectively were applied. SA and GAC
concentrations were 10 uM and 20 mg/L, respectively.
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Only DCF degradation was significantly improved by SA addition (Table 7.3). This may be due
to the presence of the aromatic amine group (an electron donating group, EDG) in its structure,
which possibly lowers its redox potential and makes it amenable to oxidation by laccase
preparation when amended with SA. However, it could not be clarified why despite having an
amine group, SMX removal efficiency improved by only 8% compared to 43% for DCF. This
observation, however, is consistent with reports from other studies investigating the
electrochemical behavior of DCF (Blanco-Lopez et al., 2005) and SMX (Msagati et al., 2002) at
carbon electrodes: DCF appears to be electrochemically irreversibly oxidized at lower electric
potential than SMX. It is also interesting to note that unlike in this study, Weng et al. (2012)
observed significant improvement in the removal of sulfadimethoxine and sulfmanomethoxine,
which have a similar backbone structure to SMX. This may be explained by the fact that the
oxidation reduction potential of the SA-amended laccase solution in this study (540 mV) was
lower than that in the study (626 mV) by Weng et al. (2012).

When only GAC was added to the test solution, 49-60% TrOC removal from the aqueous phase
was achieved (Table 7.3). Therefore, it was not a surprise that the aqueous phase removal ranged
from 64-76% with the simultaneous addition of laccase, SA and GAC. However, it is interesting
to note that this improvement in aqueous phase removal (compared with that achieved by the
laccase—SA system) was not only due to adsorption on GAC, but also due to enhanced
enzymatic degradation. The fate of TrOCs (i.e., residual amount in liquid phase, adsorbed onto
GAC and biodegraded) was assessed by extracting residual TrOC from the GAC at the end of the
incubation period. The adsorbed amount onto GAC was calculated taking the extraction
efficiency into account. It was revealed that a 12-45% increase in the extent of enzymatic
degradation occurred in presence of GAC (Figure 7.1). Apparently co-adsorption of enzyme and
TrOC onto GAC facilitated enhanced TrOC degradation. Zille et al. (2003) observed that
compared to dye adsorption on alumina, immobilization of enzyme on alumina led to a more
consistent dye removal performance due to combined adsorption and biodegradation. Enhanced
enzymatic degradation could be further advantageous in a continuous process wherein TrOCs are

constantly loaded to the system.
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Figure 7.1: Overall fate of TrOCs following 24 h treatment via different combinations of
enzyme, SA and GAC.
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7.3.2 Performance of EMR
7.3.2.1 Maintenance of enzymatic activity during EMR operation

See Section 5.3.2.2, Chapter 5.

7.3.2.2 Continuous removal of TrOC by EMR

The removal efficiency of the compounds by the EMR followed the same order as in batch tests,
i.e., DCF>ATZ>CBZ>SMX. Although a direct comparison of removal efficiency between two
operation modes (i.e., batch vs. continuous) may not be valid, it is notable that the removal
efficiency of DCF by the EMR was around 60%, which was three times that achieved during
batch tests. The removal of the other compounds by EMR was slightly higher as well. The
improved removal by the EMR despite continuous dosing of TrOCs can be attributed to the fact
that in order to assess the contribution of adsorption and biodegradation, the batch tests (Section
7.2.3) were conducted under an initial TrOC concentration (5000 pg/L) 10 times that fed to the
EMR. The effect of TrOC loading on the performance of the EMR was directly evidenced by a
compound-specific improvement (3 to 12%) in removal efficiency when the TrOC loading was
reduced to approximately half from 1660 pg/L.d (Figure 7.2 and Table 7.4). The effect of TrOC
loading on the removal of these non-phenolic TrOCs by EMR has not been reported before.
However, the effect of TrOC loading was also demonstrated in a study by Lloret et al. (2012),
who reported that the removal of estrone (a phenolic TrOC) increased from 64 to 73% when the

loading decreased from 4 mg/L.h to 1 mg/L.h.
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Table 7.4: Summary of the TrOC removal efficiencies by the treatment options studied.

Removal efficiency (%)

TroC TrOC Enzyme

- Enzyme + SA Enzyme + SA + GAC
Compounds  conc., loading only
(mg/L)  (pg/L.d) SA concentration (UM)
0 5 10 20 5 10 20

25+4 23+6 40+4 53+24 50+9

CBz 0.5 1660 1220) (n=15) (n=17) (=15 (n=34)
028 530 28+5 41t9  55%6 66+8  74t4  34%7
' (n=11) (n=11) (n=11) (n=20) (h=16) (n=16)

55t4 75+13 87+4  88+5 7814

DCF 0.5 1660 12200 (n=15) (n=17) (n=15) (n=234)
028 530 64t3 76+5 82%2 7845  75t2  73%6
' (n=11) (n=11) (n=11) (n=20) (h=16) (n=16)

13+4 34+9 755  73t9 4848

SMX 0.5 1660 12200 (n=15) (n=17) (n=15) (n=234)
028 530 2545 51+6  67+4 65t6 68:t3 64%4
' (n=11) (n=11) (n=11) (n=20) (n=16) (n=16)

2046 31+5 37+7  35t6 3848

ATZ 0.5 1660 1220) (n=15) (n=17) (n=15) (n=34)
028 530 34t9 61t6 78 8 79+7  89t6 5613
' (n=11) (n=11) (n=11) (n=20) (n=16) (n=16)

7.3.3 Impact of mediator addition on EMR performance

In a laccase—mediator system, the role of laccase is to oxidize the mediator, while the actual
oxidation of the substrate takes place in a subsequent non-enzymatic step by the action of the
oxidized mediator species. The oxidation of SA by laccase generates highly active phenoxyl
(CeHsO") radicals, which then target substrate via a hydrogen atom transfer (HAT) route
(Fabbrini et al., 2002). This HAT mechanism has been implicated for the oxidation of resistant
species such as non-phenolic compounds. However, to date the use of mediators to improve
TrOC removal has been reported in mostly batch test studies (Yang et al., 2013a) and a few
EMR studies that this thesis comprises (Nguyen et al., 2014; Nguyen et al., 2015) .

In this study the addition of SA to EMR resulted in significant improvement in TrOC removal
depending on the mediator dose as well as the TrOC type and loading (Figure 7.2 and Table

7.4). Two notable observations were made: (i) achievement of significant improvements in
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removal up to a mediator dose of 10 uM, and (ii) the impact of TrOC loading on the removal

performance by the laccase—SA system.

In general, the better performance of the laccase—SA system may be explained by two factors
attributable to the radical species generated from SA by laccase: i) higher redox potential, and ii)
reduction of steric hindrance. Low molecular weight mediators can interact with complex
compounds that cannot access the active sites of the enzyme directly. Moreover, compounds
with high electrochemical potential can be oxidized by radical mediators (i.e., phenoxyl) through

the operation of H-abstraction mechanism.

Our results are in line with the general trend observed in the literature that pollutant removal
profile may reach a plateau beyond a certain mediator concentration (10 uM in this study)
(Mizuno et al., 2009). This occurs because the free radicals generated from laccase—mediator
systems that can improve pollutant degradation may also inactivate laccase by oxidizing the
aromatic amino acid residues on the proteinaceous enzyme surface (Khlifi-Slama et al., 2012).
Another notable observation in this study was the impact of TrOC loading on the performance of
the laccase-SA system. During EMR operation, the effect of TrOC loading was particularly
significant for ATZ (Figure 7.2). Furthermore, compared with batch tests, which were conducted
under higher (10 times) TrOC concentrations, better performance during EMR operation with the
same SA dose (10 puM) was observed for all tested TrOCs except DCF, which was well removed
in both cases. This observation once again illustrates the significant impact of TrOC loading on
enzymatic removal of the resistant TrOCs. At high substrate concentrations, when almost all of
the enzyme molecules are bound to the substrate, the reaction rate is dependent solely on the

amount of enzyme and, therefore, occurs with zero-order kinetics.

In this study, continuous dosing of the mediator was required because it was not retained by the
membrane utilized. It is noted that continuous dosing of mediators to EMR may hinder its
applicability due to mediator cost and complexity of operation. In this context, immobilization of
the mediator or its recovery from the treated effluent may be applied. For example, Mendoza et
al. (2011) confirmed that a membrane with a MWCO of 10 kDa could retain the mediator
TEMPO which was immobilized on polyethylene glycol. The EMR was operated up to nine

batches to treat a dye wastewater with a single addition of the mediator. In another study by
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Chhabra et al. (2009), a recovery of 70% of ABTS was achieved from the treated effluent using
ammonium sulphate precipitation method. It would be interesting to observe TrOC removal with

the incorporation of such strategies. However, it is beyond the scope of the current study.

7.3.4 Effect of GAC addition on EMR performance

Following the single dose addition of GAC, the EMR was operated for 35 d with continuous
feeding and periodic injection of laccase. The TrOC loading and SA concentration were varied
systematically over 830 — 1660 pg/L.d and 5—20 pM, respectively. A stable and improved
removal of all three resistant TrOCs (i.e., CBZ, SMX and ATZ) was observed for SA
concentrations of 5 and 10 uM. For example, with a SA dose of 5 uM and a TrOC loading of
830 ug/L.d (each), 14-25% improvement in removal was observed following GAC addition
(Figure 7.3 and Table 7.4). Notably, irrespective of TrOC loading and SA dose, the removal of
DCF remained around 80%, which was already achieved without GAC addition.
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Figure 7.3: Enhancement of enzymatic degradation due to addition of GAC (3 g/L) and/or
mediator (5 uM) under different TrOC concentrations (i.e., 0.5 and 0.25 mg/L corresponding to
loadings of 1660 and 830 ug/L.d, respectively). The error bars represent the standard deviation
of available data points (n =11-34, depending on the option).

Over the period of continuous operation of the EMR following GAC addition, the total mass of
TrOCs fed to the reactor did not exceed the maximum adsorption capacity of the GAC added to
the EMR. However, data from EMR operation, in line with the batch test data, indicates that the
improved and stable aqueous phase removal achieved by the GAC-amended EMR was not only
due to adsorption of TrOCs but also due to subsequent enzymatic degradation of the adsorbed
amount. At the end of the EMR operation, residual amounts of TrOCs on GAC were measured
and a mass balance was conducted which revealed that a major portion of the TrOCs retained

within the EMR (as indicated by the difference in TrOC concentration in feed and permeate) was
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biodegraded. Removal of the selected TrOCs in this study by volatilization was expected to be
negligible because of the very low vapour pressure or Henrys’s constant (H) and low H/log D
ratio (Appendix Table A-1) of the TrOCs investigated, and photolysis was avoided by covering
the EMR. Thus, enzymatic degradation appeared to be the major mechanism of TrOC removal
by the GAC-amended EMR system.

Table 7.5:; Fate of TrOCs retained within EMR

Total mass of TrOC (mg)® . .
Biodegradation

Compounds Residual on b
In (1) Out (O) (%)
GAC (R)
Carbamazepine 94 45 8 84
Diclofenac 85 19 1 99
Sulfamethoxazole 76 34 1 97
Atrazine 76 35 7 82

® At the end of the 35 d operation period (with GAC addition) during which the EMR was
operated under different TrOC loadings and SA concentrations as detailed in Table 7.2.

Y Biodegradation of the amount retained within the reactor was calculated as Equation 7.1.

Biodegradation (%) = % x 100 Equation 7.1

The results reported here indicate that in a GAC-amended EMR system, simultaneous adsorption
of TrOCs and enzyme on GAC can enable enhanced enzymatic degradation of TrOCs bound on
GAC, and lead to overall improvement of TrOC degradation, possibly because it promotes the
interaction of TrOCs with the active sites of enzyme. Similar phenomena have been observed
when activated carbon (GAC or PAC) was added to conventional membrane bioreactors (Li et
al., 2011) or fungal reactors (Zhang et al., 2000; Hai et al., 2008). For example, Zhang and Yu
(2000) encapsulated PAC inside fungal mycelium pellets and applied them for the removal of
dye. It was shown that the PAC facilitated co-adsorption of the dye molecules and the
extracellular enzyme secreted by fungal cells and achieved enhanced dye degradation. Co-
adsorption of enzyme and dye on PAC and subsequent enzymatic dye degradation was also
confirmed in a study by Hai et al. (2008). Moreover, it is possible that the adsorption of enzyme
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on GAC stabilizes enzymatic activity. This is supported by the observations made in studies
involving enzyme immobilization on activated carbon (Jochems et al., 2011). The adsorption of
TrOCs on GAC can also enhance degradation by increasing the contact time between the TrOCs
and the enzyme.

7.3.5 Membrane performance
7.3.5.1 Role of the membrane in TrOC removal

A significant level of enzymatic activity in the membrane cleaning solution from ex situ Milli-Q
backwashing was observed in this study. The enzymatic activity in 1 L of the cleaning solution
was 60 UM pmey/min, which was equivalent to an accumulation of at least 0.24 g active laccase
per m? of membrane surface. This demonstrated that an enzyme gel layer was formed on the
membrane surface. Therefore, the TrOC concentration in permeate and supernatant of the reactor
was measured periodically to investigate if there was any additional removal by the membrane
and/or enzyme layer on the membrane. The ratio of concentration of TrOCs in permeate and
supernatant (P/S ratio) was indeed below 1 for all TrOCs (Figure 7.4). Without addition of SA
or GAC, the lowest P/S ratio was observed in case of DCF (0.52+0.02, n=11). Interestingly, the
P/S ratio of DCF did not change significantly following addition of SA or GAC, which is
consistent with its high removal by laccase alone. Conversely, for a TrOC loading of 830 ug/L.d,
the P/S ratios of CBZ and ATZ dropped significantly following GAC addition. It is noted that
GAC particles did not significantly accumulate on the membrane surface, rather remained
mainly in suspension by aeration within the reactor. However, the drop in P/S ratio indicates that

adsorption on the suspended GAC facilitated retention of TrOCs within the reactor.

No EMR study could be found to directly compare these results, but the observations made in
this study are in line with that by Li et al. (2011) who reported significant additional removal of
CBZ and SMX by a microfiltration membrane submerged in a conventional activated sludge
bioreactor to which PAC was added. A stable TrOC removal was achieved throughout this study,
and there was no accumulation of TrOCs within the EMR (as evidenced by a stable
concentration in the reactor supernatant). It can therefore be said that TrOCs adsorbed on the
enzyme gel layer over the membrane were subsequently degraded. Dosing of GAC to an EMR
can realize advantages additional to improved TrOC degradation, and these aspects have been

discussed in Sections 7.3.5.2 and 7.3.6.
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7.3.5.2 Membrane fouling

Membrane fouling is an important aspect that requires due consideration when operating a
continuous flow EMR. The formation of an enzyme gel layer on the membrane (Section 7.3.5.1)
can lead to its gradual fouling (Jochems et al., 2011). In this study, during EMR operation
without GAC, a TMP build up rate of approximately 9 kPa/d was observed (Figure 7.5). By
contrast, following GAC addition, an initial TMP build up rate of approximately 3.3 kPa/d was
noted, which further dropped to 2.5 kPa/d within a month of operation after the single dose
addition of GAC.

The data reported here suggests that a dynamic layer of adsorbent over the membrane can be
beneficial for long-term restoration of the membrane permeability. It is also likely that the
scouring action of the GAC particles helped to restrict the overgrowth of the enzyme gel layer on
the membrane surface, thus reducing the overall hydrodynamic boundary layer thickness on the
membrane compared with operation without GAC. Previous studies have demonstrated that the
addition of adsorbents such as activated carbon (PAC or GAC) can mitigate membrane fouling in
membrane bioreactors (Ng et al., 2013). This study, however, is possibly the first to demonstrate
the advantage of GAC dosing for mitigation of membrane fouling in an EMR.
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Figure 7.5: Variation of transmembrane pressure (TMP) as a function of operating time showing
the impact of GAC addition to EMR.
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7.3.6 Toxicity of treated effluent

A few recent batch test studies have shown increased toxicity of enzyme-treated media despite
efficient degradation of the target pollutant (Marco-Urrea et al., 2009). In this study, a
ToxScreen3 assay (Section 7.2.5.2) revealed no significant toxicity in the feed irrespective of the
feed concentration (6.6 = 0.3 rTU; n=4) indicating that the tested TrOCs were not particularly
toxic to the indicator bacterium (P. leiognathi) used in this study. There was also no appreciable
increase in toxicity in the EMR permeate (7.0 £ 1.7 rTU; n=2), suggesting that treatment did not
produce toxic by-products. On the other hand, addition of the redox-mediator SA to the EMR
considerably increased the toxicity of the permeate. The toxicity of treated effluent with SA
dosage of 5 uM and 10 pM was 20.1 £ 5 (n=2) and 41.7 + 2.1 rTU (n=2), respectively. This
corresponds to 2.8x and 6.0x increase in toxicity, respectively.

The observed toxicity of treated effluent after SA addition is consistent with a report by Fillat et
al. (2010) who studied the treatment of flax pulp. The toxicity of the treated medium, despite
efficient TrOC removal after SA addition, may be due to the phenoxyl radicals formed in the
laccase—SA system and/or the metabolites produced during the TrOC degradation. However,
under the tested conditions, the toxicity test for SA itself (incubation with SA solution in the
absence of laccase) revealed no toxicity (data not shown). Therefore, the toxicity of the media
after enzymatic treatment with or without SA and the negligible toxicity of SA itself indicate that
the effluent toxicity is most likely due to the radicals formed in the presence of both laccase and
SA. This observation is in accordance with that by Kim and Nicell (2006) who suggested that
radicals formed due to oxidation of mediators can interact with vitally important biomolecules
and result in cytotoxic effects.

Nevertheless, bacterial assay can only provide a limited measure of ecotoxicity, and while the
toxicity results clearly indicate that the effluents are toxic to bacteria, further tests using other
organisms are needed to more thoroughly appreciate the potential ecological risks. Moreover,
further work is required to screen mediators which enhance enzymatic degradation without
raising the toxicity of the treated media. In this context, it is interesting to note that a significant
reduction in effluent toxicity originating from SA dosing was observed after the addition of GAC
to the EMR (Figure 7.6). In fact, following GAC addition, the treated effluent demonstrated no
elevated toxicity with a SA dose of 5 pM. It has been previously reported that the effects of
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shock loads or toxic concentrations of pollutants/chemical species can be buffered as a result of
their adsorption onto activated carbon. For example, PAC addition to an MBR treating tannery
wastewater was shown to reduce the negative effects of natural and synthetic tannins that impart
toxicity (Munz et al., 2007). Systematic demonstration of the problem of effluent toxicity
originating from mediator dosing to EMR and proposal of a solution is a unique contribution of

the current study.
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Figure 7.6: Toxicity of EMR effluent depending on the mediator concentration and the impact of

GAC addition. The error bars represent the standard deviation of two samples.

7.4. CONCLUSION

This is the first report on the multiple advantages of GAC dosing to an EMR: (i) enhancement of
TrOC degradation by a laccase—mediator (syringaldehyde) system, (ii) reduction of mediator-
induced effluent toxicity, and (iii) mitigation of fouling by an enzyme gel layer over the
membrane. TrOCs adsorbed onto the enzyme layer, and GAC addition further facilitated such
TrOC retention on the membrane cake layer; nevertheless, subsequent TrOC degradation was
confirmed. At a TrOC loading, mediator concentration and GAC dose of 830 ug/L.d, 5 uM, and

3 g/L, respectively, removal efficiency ranged from 65% (sulfamethoxazole) to 80% (diclofenac).
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CHAPTER &: Conclusions and Recommendations for Further
Work

8.1. CONCLUSIONS

This thesis systematically investigates the removal of a broad spectrum of trace organic
contaminants (TrOCs) by whole-cell white-rot fungi (WRF) and their extracellular enzyme (i.e.,
laccase). Results have been discussed under two broad sections. The first section reports
investigations involving a white-rot fungus Trametes versicolor. The roles of extracellular and
intracellular enzyme systems (laccase and CytP450, respectively) as well as adsorption on fungal
mycelium have been elucidated. In addition to batch reactors, a continuous flow membrane
bioreactor was utilized to assess the TrOC removal performance. The second section reports a
series of investigations involving a continuous flow enzymatic membrane reactor (EMR) system.
A commercially available laccase preparation (Novozymes Australia) was used for this part of
the investigations, and the impact of type and concentration of TrOCs as well as redox-mediators
(low molecular weight chemicals added to enhance enzymatic degradation) on the removal and

fate of TrOCs and the effluent toxicity were revealed.

In chapter 3, a series of batch tests was conducted to address the relative contribution of
biosorption and various modes of biodegradation (e.g., extracellular enzyme
dependent/independent pathways) during fungal removal of TrOCs. Biodegradation was
confirmed as the main mechanism of removal. However, results indicate that biosorption may
aid in subsequent degradation by the whole-cell fungus. The extracellular enzyme laccase
achieved significant degradation of the TrOCs, although the role of extracellular enzyme-
independent catalytic pathways (i.e., intracellular cytochrome P450 system and/or mycelium-
associated enzymes) in degradation of some TrOCs was evident. The performance of laccase was
further improved by the addition of redox-mediators. 1-hydroxybenzotriazole (HBT) and
syringaldehyde (SA), which produce aminoxyl and phenoxyl radicals during the oxidation by
laccase, respectively, achieved significant removal of additional five phenolic and two non-
phenolic TrOCs, with moderate removal of a few other non-phenolics. The improved removal

may be attributed to the increase in redox potential of the enzyme solution following mediator
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addition. However, despite the similar redox potentials of the enzyme-mediator cocktail for HBT
and SA, SA achieved less efficient degradation and did not exhibit significant improvement in
degradation at concentrations higher than 0.1 mM, indicating the imbalance between the stability
and reactivity of the radicals generated. Addition of SA at all concentrations (0.1 — 1 mM) also
resulted in a >1000-fold increase in bacterial cytotoxicity. In contrast, only the higher HBT dose
(2 mM) produced measurable toxicity, with no detectable increase in toxicity at lower doses (0.1-
0.5 mM). Overall, addition of HBT at a concentration of 0.5 mM achieved the best removal
without raising any increase in toxicity of the treated media.

In chapter 4, the removal of TrOCs by a membrane bioreactor containing the WRF (Trametes
versicolor (ATCC 7731) and activated sludge was evaluated. Results in this chapter highlight
that a mixed culture of bacteria and Trametes versicolor can achieve better TrOC removal than a
system containing fungus or bacteria alone. The major role of biodegradation was confirmed for
all TrOCs for which the MBR system achieved high aqueous phase removal. Redox mediators
can enhance the performance of fungal enzyme (laccase); however, compared to batch tests, due
to lower enzymatic activity level and more complex wastewater matrix, limited improvement in
removal due to mediator dosing may be achieved by the MBR for compounds originally highly

resistant to fungal degradation.

In chapter 5, an EMR was developed to facilitate retention of laccase and its separation from
treated effluent. The enzyme was completely retained by the membrane allowing continuous
operation. However, denaturation of enzyme occurred due to physical, chemical and hydraulic
conditions during EMR operation. The enzymatic activity was maintained by the addition of 200
uL of the commercial laccase solution per L of the reactor volume every 12 h (equivalent to a
laccase dose of 23 mg/L.d). The EMR was observed to facilitate degradation of a number of
TrOCs originally showing resistance to enzymatic degradation. This was attributed to the
formation of a dynamic layer of laccase over the membrane surface which retained TrOCs and
facilitated their subsequent enzymatic degradation. A complementary role of enhanced
degradation by the laccase-mediator system and retention by the membrane gel layer was
revealed. Membrane retention particularly enhanced the degradation of the compounds which are

less amenable to mediator-enhanced enzymatic degradation.
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In chapter 6, the performance of the EMR was evaluated in terms of the removal efficiency and
toxicity of treated effluent under different TrOCs and redox-mediator (SA) concentrations. The
removal of TrOCs increased with influent TrOC concentration-increase from 5 to 50 pg/L.
Further increase in influent TrOC concentration to 100 pg/L resulted in a drop in the removal
efficiency, indicating kinetic limitations. The addition of mediator SA at a dose of 10 uM to the
EMR increased TrOC removal. Elevated concentrations of SA (50 and 100 pM) could not
improve the removal efficiency, but it increased treated effluent toxicity. The toxicity may be
attributed predominantly to the highly active radicals produced during the laccase—SA reaction,
but also to the toxicity of SA itself. Under the same SA and enzyme loading, the treated effluent
from the EMR showed lower toxicity than that observed during the batch tests. Overall, the
TrOC removal and treated effluent toxicity data suggested that the lower possible dose to sustain
the required level of TrOC removal must be used.

Chapter 7 reports the multiple advantages of granular activated carbon (GAC) dosing to the
EMR: (i) enhancement of TrOC degradation by a laccase—mediator (SA) system, (ii) reduction
of mediator-induced effluent toxicity, and (iii) mitigation of fouling by an enzyme gel layer over
the membrane. TrOCs adsorbed onto the enzyme layer, and GAC addition further facilitated
such TrOC retention on the membrane cake layer; nevertheless, subsequent TrOC degradation
was confirmed. At a TrOC loading, mediator concentration and GAC dose of 830 pg/L.d, 5 uM,
and 3 g/L, respectively, removal efficiency ranged from 65% (sulfamethoxazole) to 80%
(diclofenac).

8.2. RECOMMENDATIONS FOR FURTHER RESEARCH

This thesis work provides comprehensive understanding of the TrOC removal performance of
WREF and laccase in membrane reactors. However, some of the new ideas emerging during this

research are worth to explore in the future.

The performance of EMR in this thesis was investigated mainly using a synthetic wastewater
(i.e., TrOC in ultrapure water). Before implementation of EMRs at an industrial scale,
performance assessment using real wastewater would be required. The impact of common
organics (e.g., humic acid and chelating agents) or inorganics (e.g., metals and salts) in

wastewater on enzymatic degradation needs to be addressed in the future studies.
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Enzyme replenishment was necessary to maintain the enzymatic activity level in the EMR. Thus,
this may increase operation cost. Therefore, further research on the stabilization of enzyme
during EMR operation is recommended. Immobilization of enzyme on carriers appears to be a
potential alternative to improve the enzyme stability. The use of crude enzyme, which is
collected directly from the culture of WRF without any further purification, may decrease the

cost of enzyme and provide more flexible operation.

The toxicity of treated effluent was investigated in this work via bioluminescence assay.
Monitoring the degradation by-products during the treatment is also important to understand the
degradation pathway and fate of TrOCs. Data on the degradation pathway and the fate of the

compounds would facilitate the assessment and explanation of the potential risks of TrOCs.

In this study, the addition of redox mediators has been demonstrated to improve the degradation
and also extend the spectrum of compounds degraded by laccase. It is recommended that

different groups of mediators are compared in the future studies..

Immobilization of laccase on supports could enhance its potential for industrial use due to the
improvement in enzyme stability and reusability. This can be an important aspect to explore in

the future studies.
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APPENDIX

Table A-1: Physicochemical properties of the selected trace organic contaminants (TrOCSs).

Vapor Limit of
Compound | Mmolecular | Log D pressure | —'MHO :
Category weight | (pH 4) |(mm Hg) detection Chemical structure
’ -1\b
(CAS number) (g mol) a ot 2590 & (ng L™
Ibuprofen Ha
CH, o
(CuHiO;) | 20628 | 281 | L39E4 | 20 )\/Q)?Hi
H;C
(5687-27-1)
Naproxen :
(CuHu0) | 23026 | 249 |301E7 1
o OH
(22204-53-1)
Ketoprofen 0 CH,
(CiH10s) | 25428 | 2.07 |3326-8 | 20 COOH
(22071-15-4)
COOH
Diclofenac
3 (CHuCLNO,) | 296.15 | 3.66 | 1.59E-7 5
2 (15307-86-5)
£
&
o Primidone
(Ci,HuN,0;) | 218.25 | 0.83 |[6.08E-11 10
(125-33-7)
Carbamazepine
(C1sH12N,0) 236.27 189 |5.78E-7 10
(298-46-4)
Salicylic acid e
(C1Hs05) 138.12 | -0.65 | 4.45E-5 1 on
(69-72-7) on
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Metronidazole
(CeHoN30O5)
(443-48-1)

171.15

-0.14

2.67E-7

20

Gemfibrozil
(C15H2203)
(25812-30-0)

250.33

3.86

6.13E-7

Triclosan
(C12H7C|302)
(3380-34-5)

289.54

5.34

3.36E-5

Amitriptyline
CZO H23 N
(50-48-6)

277.40

2.28

1.50E-6

Pesticides

Fenoprop
(CgH:Cl505)
(93-72-1)

269.51

1.39

2.13E-6

20

Pentachloro-
phenol

(CsHCI50)
(87-86-5)

266.34

4.62

3.49E-4

Atrazine
(CgH14CINs)
(1912-24-9)

215.68

2.63

1.27E-5

10

Propoxur
(CuH1sNO3)
(114-26-1)

209.24

1.54

1.53E-3
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Ametryn
(CoH17NsS)
(843-12-8)

227.33

2.92

1.72E-6

10

Clofibric acid
(C10H11CIO3)
(882-09-7)

214.65

0.61

1.03E-4

Industrial chemicals and their metabolites

4-tert-
butylphenol

(C1oH140)
(98-54-4)

150.22

3.40

0.0361

HO

4-tert-
octylphenol

(C14H220)
(140-66-9)

206.32

5.18

1.98E-3

HO

Bisphenol A
(ClSHlGOZ)
(80-05-7)

228.29

3.64

5.34E-7

Steroid hormones

Estrone
(C18H2202)
(53-16-7)

270.37

3.62

1.54E-8

17B-estradiol
(C18H2402)
(50-28-2)

272.38

4.15

9.82E-9
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17p-estradiol —

17 acetate
314.42 511 | 9.88E-9 5
(C20H2605)
(1743-60-8) o
17a IS ——CH
ethinylestradio
! 269.40 411 | 3.74E-9 10
(Ca0H2402)
HO
(57-63-6)
Estriol (E3) o
(C18H2405) 288.38 253 | 1.34E-9 10
(50-27-1) o
Benzophenone O
Ci3 H1oO 182.22 3.21 |8.23E4 10
(119-61-9) ‘ ‘
Oxybenzone OH O
i:’ Cis Hpp O 228.24 3.89 | 5.26E-6 10
2 (131-57-7) ~o
Octocrylene N
Co H N Oy 361.48 6.89 | 2.56E-9 10 O & o\j\/\/
0
(6197-30-4) O
Formononetin HO o
|
Cis Hi2 Oy 268.26 2.86 |8.17E-10 5 O
e
(485-72-3) g

221



Enterolactone
HO %
Cis Hig O4 298.33 1.89 |3.29E-13 5

(78473-71-9)
OH

Phytoestrogens

% Source: SciFinder database https:/scifinder.cas.org/scifinder/view/scifinder/scifinderExplore.jsf

Log D is logarithm of the distribution coefficient which is the ratio of the sum of concentrations of all forms of the
compound (ionised and unionised) in octanol and water at a given pH.

na: data not available

PLimit of detection (LOD) of the compounds during GC-MS analysis as described in Section 2.4. LOD is defined as
the concentration of an analyte giving a signal to noise (S/N) ratio greater than 3. The limit of reporting was

determined using an S/N ration of greater than 10.
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Table A-2: Physicochemical properties of the selected mediators

Molecular Dissociation

Molecular
. formula constant )
Compounds weight (CAS (pKa)® Chemical structure
(g/mol) number)
N
7.39+ NN
1-Hydroxybenzotriazole ., (%‘;_QISZNS? 0.58 | ’ /N
(HBT) ' 2) 0.48 + TN
0.30 \
OH
/ (6]
Syringaldehyde 182 17 CyH1004 7.80 +
(SA) ' (134-96-3) 0.23
H,CO OCH;
OH

& Source: SciFinder database https://scifinder.cas.org/scifinder/view/scifinder/scifinderExplore.jsf
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Table A-3: Statistical analysis of data

p value
Compounds L_ive V\_/hole Live whole cell extra C?\r/g(.j?nzg?zgre_

cell vs. inactivated VS. crude enzyme enhanced crude enzyme

whole cell fungus extract extract
Metronidazole - 0.225 0.225
Salicylic acid 0.008 0 0
Primidone 0.489 0.084 0.001
Amitriptyline 0.57 0.75 0.002
Propoxur 0.038 0.141 0.001
Clofibric acid 0.02 0.588 0.037
Carbamazepine 0.122 0.225 0.225
Enterolactone 0.005 0.225 0.018
Fenoprop - 0.123 0.111
Estriol 0.014 0 0.094
Atrazine 0.333 0.194 0.001
Ametryn 0.255 0.711 0.024
Ketoprofen 0.329 0.022 0.089
Naproxen 0 0 0
Formononetin 0 0.003 -
Benzophenone 0.068 0.048 -
Ibuprofen 0 0 0.225
4-tert-Butylphenol 0.234 0.028 0.009
Estrone 0.004 0.008 0.006
Bisphenol A 0 0.006 0.004
Oxybenzone 0.043 0.002 0.01
170 -

Ethinylestradiol 0.003 0.01 0.056
17p -Estradiol 0.004 0 0.03
Gemfibrozil 0.001 0.001 0.011
Diclofenac 0.002 0.001 0.021
Pentachlorophenol 0.029 0.021 0.007
17B-Estradiol-17- 0.022 0 0.014

acetate
4-tert-Octylphenol 0.052 0.124 0.418
Triclosan 0 0.001 0.111

Octocrylene 0.173 0.223 0.533

224



Table A-4: Comparative degradation rates of TrOCs by different treatment options (based on removal over 24 h)

TrOC degradation rate (ng/L.h)

Laccase Laccase- HBT Laccase-SA
Category Compounds HBT concentration (mM) SA concentration (mM)
0.1 0.5 1 0.1 0.5 1

Formononetin 0.0 0.0 0.0 0.0 37.7+95 25.4 4.0 242 +11.7
Salicylic acid 0.0 0.0 66.2 £12.2 50.2+16 104 +£8.3 15.7+£45 152+3.0
Oxybenzone 0.0 6.6 45 80.1 +£16.7 68.5+13.4 72.0+54 31.2+£9.3 56.7+11.2
Pentachlorophenol 85+5.0 199+1 70.2+12.4 67.8+11.7 128+24 9.7+£15 31714
Enterolactone 16.1 £5.7 61.0+31.2 69.8 + 18.8 788+128 48.8+16.0 50.6 £12.3 63.1+18.0

o Triclosan 62.5+18.7 90.6 +14.7 91.8+13.3 71.6+154 85.8+4.0 84.7£2.7 84.8 £ 3.0

é 4-tert-Butylphenol 62.2+11.4 68.2 +£14.2 65.8 + 15.6 60.0 £13.6 51.6£0.9 51.7 £ 0.5 51.5+0.6

2 4-tert-Octylphenol 59.2 +13.2 61.5+12.4 62.3+17.0 67.5+16.2 67.2+5.2 67.2 £8.5 67.2 £3.0

a 17B-Estradiol 17-acetate 83.1+17.9 84.1+2.6 84.9+11.0 86.7 £5.6 92.6 +3.8 93.0+4.0 91.8+2.38
Estriol 99.0£5.6 99.6 £8.3 98.8+£5.2 93.6 £3.5 83.6 £4.5 86.7 £3.7 81.7+2.3
Bisphenol A 96.7 £ 3.6 99.3+45 98.3+3.5 96.1 + 2.6 98.5+2.8 985+ 3.7 98.2 £2.5
17pB-Estradiol 99.0+24 100.5+2.8 101.2+2.3 105.2+3.0 98.4+2.6 100.1+3.5 99.2+24
170~ Ethinylestradiol 919+24 92.0+£2.6 935+1.8 91.6+24 774+1.3 782+1.4 75.3+1.8
Estrone 104.0 £ 17.5 105.4 + 18.6 106.3+13.6 106.0+7.2 1079+ 6.6 108.5+£6.3 108.5+£5.6
Benzophenone 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ketoprofen 0.0 15+28 25+3.6 78+28 0.0 0.0 0.0
Primidone 0.0 0.0 0.0 29.2 +3.8 16.7 £28.0 0.0 0.0
Atrazine 0.0 43.2+15.8 69.1 +16.0 53.8+13.9 239+10.1 256+4.1 51.2+64
Ibuprofen 0.0 0.0 0.0 0.0 109+ 1.0 20+5.2 09+18

o Amitriptyline 2813 43+16 24.8+4.8 18.2+34 189+74 714+24 34.8+£12.0

§ Carbamazepine 3.9+£10.6 0.0 3.0+£11.7 0.0 0.0 0.0 0.0

o Propoxur 55+2.8 55+23 6.5+9.2 8.8+11.7 0.0 0.0 0.0

< Clofibric acid 6.2+4.0 8.0+35 17.3+9.6 104 +4.7 16.4+4.2 142 £8.7 223141

& Fenoprop 82+13 13.8+4.8 179+35 186 +1.7 3.2+12.8 4.6+154 3.7+135

z Metronidazole 2.6+0.8 3.3+0.8 6.3+1.1 8.7+05 79+1.2 1.2+45 1.0+47
Octocrylene 13.9+£26.8 1.1+23 14+28 1.9+0.7 344+ 145 16.3+£7.5 53.3+9.8
Gemfibrozil 18.0+£7.0 19.8+12.0 326+ 144 13.8+54 12.8+6.4 40+£45 6.6 +2.8
Naproxen 19.0+14.3 59.6 + 9.0 95.6 +15.1 81.8+124 12.1+6.2 10.6 £0.8 57.6 +6.3
Ametryn 24.0+8.1 18.7 +5.3 29.0+94 235+4.3 244 +£5.1 25.3+2.8 19.0+24
Diclofenac 62.0 +17.3 57.0%125 79.7+145 701+116 720+165 85.6 +2.1 743 +£13.2
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Table A-5: Statistical analysis of data

p value
¢ Lac’:case- Laccase-EMR ¢ La?case- E '\I;IEEQC_CST;,} ,
EMR’ versus Versus EMR’ versus
Category Compounds ‘Laccase- ‘Laccase- ‘Laccase- . Versus
Batchtes' ~ EMR-HBT'  EMRSA’  -60ose

Salicylic acid 0.004 0.009 0.012 0.031
Formononetin 0.008 0.033 0.236 0.003
Pentachlorophenol 0.001 0.004 0.477 0.07
Enterolactone 0.174 0.04 0.048 0.225
% Oxybenzone 0.003 0.193 0.047 0.016
0 Triclosan 0.055 0.225 0.035 0.074
':.) 17p -Estradiol 17-acetate 0.02 0.296 0.128 0.225
S 4-tert-Octylphenol 0.904 0.073 0.318 0.912
3 Estrone 0.001 0.225 0.247 0.004
o 4-tert-Butylphenol 0.022 0.38 0.009 0.003
Bisphenol A 0.002 0.443 0 0.001
17 a-Ethinylestradiol 0.006 0.504 0.01 0.023
Estriol 0.004 0.02 0.28 0.019

17 B- Estradiol 0.008 0.038 0.009 0
Propoxur 0.267 0.267 0.267 0.267
Clofibric acid 0.138 0.001 0.87 0.046
Ibuprofen 0.002 0.743 0.283 0.089
Metronidazole 0.423 0.01 0.002 0.073

" Atrazine - 0 0.06 0
8 Fenoprop 0.233 0.015 0.106 0.249
|—T Ametryn 0 0.317 0.734 0.248
% Gemfibrozil 0.044 0.007 0.115 0.296
S Naproxen 0.05 0.082 0.302 0.147

'5. Ketoprofen 0.252 0.152 0.374 0
é Primidone 0.561 0.001 0.398 0.006
Carbamazepine 0.238 0 0.207 0.004
Benzophenone 0.003 0.829 0.043 0.49

Amitriptyline 0.003 0.124 0.094 0
Octocrylene 0 0.057 0.478 0.84
Diclofenac 0.701 0.02 0.115 0.271
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Figure A-1: Removal of 30 TrOC by crude enzyme extract from T. versicolor (ATCC 7731) in

the absence and presence of SA at concentrations of 0.1, 0.5, and 1 mM. The error bars represent

the standard deviation of three replicates.
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Figure A-2: Removal of 30 TrOC by crude enzyme extract from T. versicolor (ATCC 7731) in

the absence and presence of HBT at concentrations of 0.1, 0.5, and 1 mM. The error bars

represent the standard deviation of three replicates.
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