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vironmental impact has raised serious global concern. Biological transformation of these contaminants using
white-rot fungi (WRF) and their oxidoreductase enzymes has been proposed as a low cost and environmen-
tally friendly solution for water treatment. The removal performance of PhACs by a fungal culture is de-
pendent on several factors, such as fungal species, the secreted enzymes, molecular structure of target com-

Keywords: pounds, culture medium composition, etc. In recent 20 years, numerous researchers tried to elucidate the re-
Enzymatic treatment moval mechanisms and the effects of important operational parameters such as temperature and pH on the
Pharmaceutical compounds enzymatic treatment of PhACs. This review summarizes and analyzes the studies performed on PhACs re-
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moval from spiked pure water and real wastewaters using oxidoreductase enzymes and the data related to
degradation efficiencies of the most studied compounds. The review also offers an insight into enzymes
immobilization, fungal reactors, mediators, degradation mechanisms and transformation products (TPs) of
PhACs. In brief, higher hydrophobicity and having electron-donating groups, such as amine and hydroxyl in
molecular structure leads to more effective degradation of PhACs by fungal cultures. For recalcitrant com-
pounds, using redox mediators, such as syringaldehyde increases the degradation efficiency, however they
may cause toxicity in the effluent and deactivate the enzyme. Immobilization of enzymes on supports can en-
hance the performance of enzyme in terms of reusability and stability. However, the immobilization strategy
should be carefully selected to reduce the cost and enable regeneration. Still, further studies are needed to elu-
cidate the mechanisms involved in enzymatic degradation and the toxicity levels of TPs and also to optimize
the whole treatment strategy to have economical and technical competitiveness.
The performance of enzymatic treatment systems including whole cell fungi, crude and purified free enzyme,
immobilized enzyme and hybrid treatments were reviewed and compared.

©2017.

1. Introduction

Agricultural and industrial activities result in release of variety
of chemicals into the environment, leading to serious concerns over
the health and environmental impact of these chemicals and their
associated degradation metabolites (Deblonde et al., 2011; Kim et
al., 2007). Moreover, population increase and disposal of municipal
sewage contributed to the pollution of waterways and almost 70-80%
of rivers and streams around the world carry polluted water (Husain
and Husain, 2007). Beside the potential adverse effects on human
health, the released pollutants into waterways may have chronic and
acute toxicity to the organisms in aquatic ecosystem and may lead to
loss of biodiversity and habitats (Alexander et al., 2012).

Pharmaceutically active compounds (PhACs), are among water
pollutants that have been frequently detected in the effluents of waste-
water treatment plants (WWTPs) (Marco-Urrea et al., 2009). PhACs
are widely used as prescription or non-prescription medicines and af-
ter their usage, they find their way into wastewater through urine
and feces either as intact substances or metabolites (Naghdi et al.,
2017). It is a matter of concern that WWTPs are not able to effi-
ciently remove these pollutants due to their persistent nature, result-
ing in their discharge into surface water (Lienert et al., 2007). Due to
the persistence and high lipid solubility of some of the organic pol-
lutants, they can bioaccumulate in the fatty tissues of living organ-
isms (Burkhardt-Holm, 2011). Recently, some evidences have been
found that a few pharmaceutical compounds can mobilize towards the
food chain, and hence their concentration is increased (Lagesson et al.,
2016). The presence of PhACs in waterways may lead to several is-
sues in the environment, such as male fish feminization as a result of
exposure to steroidal hormones and development of antibiotic-resis-
tant genes due to released non-metabolized antibiotics into water (De
Garcia et al., 2013; Nazaret and Aminov, 2013).

The worldwide annual consumption of PhACs is estimated to be
100,000 tons or more and the trend is increasing due to the dis-
eases and aging population (Kiimmerer, 2008). For instance, about
877 tons of diclofenac, listed as 12th best-selling generics in the world
(Lonappan et al., 2016), and 942 tons of carbamazepine, listed as
8th bestselling psychiatric drugs worldwide (Mohapatra et al., 2012),
were sold in 2007 in 76 countries. A significant portion of these
PhACs are released into the environment in intact or metabolized
form. The increasing concern over the accumulation of micropollu-
tants in the aquatic media triggered many research works to evaluate
their biodegradation in wastewater treatment systems (Stackelberg et
al., 2007). The results implied that unlike traditional wastewater treat-
ment processes, such as conventional activated sludge, recently-devel-
oped methods for wastewater treatment including membrane separa-
tion, advanced oxidation processes (AOPs) and adsorption onto acti-
vated carbon, are able to achieve high efficiency for PhACs removal
(Ikehata et al., 2006; Radjenovi¢ et al., 2008; Suarez et al., 2008;
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Tadkaew et al., 2011). However, still, challenges remained with these
technologies including the formation of more toxic by-products during
AOPs (Kosjek et al., 2009), the disposal of the concentrated stream
in membrane separation (Westerhoff et al., 2009) and the regenera-
tion of absorbents (Bathen, 2003). Therefore, development of effec-
tive treatment processes to remove PhACs from wastewater is always
of high importance. In Table 1, the information about physicochemical
properties of the most studied compounds has been presented as they
are helpful in the prediction of the efficiency of enzymatic treatment.
In the following sections, removal efficiencies of PhACs by different
forms of the enzyme (whole-cell culture, crude extracts and immobi-
lized) are also discussed.

Biocatalytic conversion is an environmentally benign alternative
method, which involves the use of living organisms or their enzymes.
This treatment method requires lower energy input, works under

Table 1

moderate conditions and produces less or no toxic by-products com-
pared to other conventional technologies (Asif et al., 2017). Addi-
tionally, the specificity of enzymes towards substrate facilitates min-
imizing the unfavorable side reactions, where required (Senthivelan
et al., 2016). Therefore, enzymes are promising options for the selec-
tive removal of pollutants from water and wastewater (Demarche et
al., 2012). In recent years, numerous researchers studied the treatment
of wastewater with the enzymatic approach, especially with oxidore-
ductase enzymes due to their known potential for oxidizing recalci-
trant pollutants. The ligninolytic enzymes obtained from WRF are rel-
atively non-specific towards organic compounds and they use the free
radical mechanism to catalyze the degradation of a wide range of mi-
cropollutants (Rodriguez et al., 2004; Wen et al., 2009). The capabil-
ity of these enzymes was first employed in 1980s to degrade different
organic compounds, such as pesticides, dyes, polyaromatic hydrocar-

Physical-chemical properties and therapeutic functions of selected pharmaceuticals (Nghiem et al., 2010; Taheran et al., 2016).

Compound Acronym Molecular weight (g/mol)  Molecular formula  Classification Water solubility (mg/L) Log K, pKa
Acetaminophen ACT 151 CgHgNO, Analgesic, antipyretic 14000 0.46 9.5
Amitriptyline AMP 277.403 CyoHpiN Antidepressant 9.71 4.92 9.4
Atenolol ATL 266.336 C4Hy)N, 0, Antihypertensive agent 13300 0.16 9.6
Bezafibrate BFB 361.82 CoH,,CINO, Lipid regulator Slight 4.25 3.44
Caffeine CAF 194.19 CgH,(N,0, Stimulant drug 21600 —-0.07 14
Carbamazepine CBZ 236.27 C;sH,N,O Anti-epileptic 17.7 2.45 13.9
Cetirizine CET 388.89 C,Hy5CIN,O4 Antihistamine 101 1.70 P, =2.70
P,=3.57
Py =7.56
Chlortetracycline CTC 478.882 C,H,;CIN,Og Antibiotic 8.6 —0.68 P, =3.30
P,=17.5
P;=933
Ciprofloxacine CPF 331.346 C7HgFN;04 Antibiotic 30000 0.28 6.09
Citalopram CTL 324.392 C,oH,,FN,O Antidepressant 5.88 35 9.78
Diazepam Dzp 284.70 C,¢H;CIN,O Tranquilizers 50 2.82 3.4
Diclofenac DCF 296.15 C4H,,C;,NO, Anti-inflammatory, analgesic 2.37 451 4.08
Doxycycline DC 444.43 C,,HyN,Og Antibiotic 630 3.5 P,=34
P,=17.7
P;=9.7
Enrofloxacin EFC 359.4 CoH,,FN;04 Antibiotic 146 3.48 P, =594
P,=8.70
Erythromycin ETM 733.93 C37HgNO 5 Antibiotic 2000 3.06 8.9
Fenofibrate FEF 360.831 C,oH,,ClO, Anti-hyperlipidemic 250 5.19 -4.9
Fenoprofen FEP 242 C;5H404 Anti-inflammatory Slight 39 4.21
Fluoxetine FLX 309.30 Cy7HgF;NO Anti-depressants 50 4.05 8.7
Gemfibrozil GFZ 250.34 C,5H,,04 Lipid regulator 11 4.71 4.45
Ibuprofen IBP 206.29 C3H50, Anti-inflammatory, analgesic 21 3.97 4.47
Indomethacin IDM 357.78 CoH,(CINO, Anti-inflammatory 0.937 4.23 3.8
Ketoprofen KEP 254.28 C6H1405 Anti-inflammatory, analgesic 51 3.12 4.29
Mefenamic acid MFA 241.285 C;sH,sNO, Anti-inflammatory 20 5.12 3.8
Naproxen NPX 230 C4H1405 Anti-inflammatory, analgesic 15.9 3.18 4.2
Norfloxacin NOR 319.331 C,6H sFN;05 Antibiotic 178000 0.46 P, =6.34
P,=8.75
Oseltamivir OST 312.40 C,¢HysN,0, Antiviral 1600 0.95 7.7
Oxytetracycline OTC 460.434 Cy,HyN,Oq Antibiotic 313 -0.90 P,=33
P,=73
P;=9.1
Paracetamol PCT 151.163 CgHgNO, Analgesic, antipyretic 13000 0.34 9.5
Propranolol PPL 259.34 C,¢H,NO, Beta-blocker 61.7 3.48 9.6
Propyphenazone PPZ 230.306 C4,HgN,O Anti-pyretic, anti-inflammatory 2400 1.94 0.8
Sulfadimethoxine SDM 310.33 C,H14N4O48 Antibacterial 343 1.63 59
Sulfamethazine SMZ 278.33 C,H4N4O,S Antibacterial 1500 0.14 P, =2.65
P,=17.65
Sulfamethoxazole SMX 2533 CoH|1N3058 Antibiotic 610 0.89 P, =17
P,=56
Sulfamonomethoxine SMM 280.302 C1H;,N,O;8 Antibiotic 10000 —0.04 59
Sulfapyridine SPY 249.29 C;1H;N;0,S Antibiotic 268 0.35 8.43
Sulfathiazole STZ 255319 CyH¢N;30,S, Antibacterial 373 0.05 P, =22
P,=724
Sulfonamides sulfanilamide =~ SAA 172.20 C¢HgN,O,S Antibacterial 7500 —0.62 P, =10.43
P,=11.63
Tetracycline TC 444.435 C,,HN,Og Antibiotic 231 -1.37 33
Trimethoprim TMP 290.32 C4HgN,4O5 Antibacterial 400 0.91 72
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bons, etc. (Bumpus et al., 1985). and in 1990s, the researchers showed
the applicability of these enzymes for degradation of pharmaceutical
compounds (Bauer et al., 1999; Martens et al., 1996).

Many review papers have been recently published to cover the
occurrence and fate of micropollutants in the aquatic environment
as well as their removal by conventional and advanced treatment
processes i.e. adsorption, AOPs and membrane separations (Asif et
al., 2017; Grandclément et al., 2017; Taheran et al., 2016). However,
there is no comprehensive review to cover the approaches of biocat-
alytic treatment of pollutants including whole fungal culture, crude/
pure enzyme, immobilized enzyme, and the combination of enzymatic
treatment with other technologies. The aim of this work is to review
the performance of ligninolytic enzymes for removal of PhACs from
aqueous media. Different types of fungi and their intracellular and ex-
tracellular enzymes in free and immobilized forms used to treat mi-
cropollutants as well as the effects of operating conditions on removal
efficiencies are discussed.

2. Enzymatic treatment for removal of PhACs

Enzymes are biologically-made catalysts that mediate biochemical
reactions at a rapid rate and can play a crucial role in preventing pollu-
tion through cleaner methods for production of substances (Arora and
Sharma, 2010). For some commercial processes, such as synthesis of
enantiomerically pure intermediates (Carvalho et al., 2015), enzymes
have been used and they showed advantages over synthetic catalysts
with respect to substrate specificity, working under mild conditions,
energy input and posing no toxicity.

Recently, enzymes were employed for transformation of pollu-
tants in different effluents into other less harmful compounds in lab
scale reactors (Arora and Sharma, 2010; Christian et al., 2005¢; Duran
and Esposito, 2000). A biological promising alternative to conven-
tional treatment in WWTPs may be developed based on the use of
living cultures or extracted enzymes of fungi such as WRF. These
microorganisms have been reported to be able to degrade a wide
spectrum of xenobiotics due to the action of extracellular oxidore-
ductase enzymes, such as lignin peroxidase (LiP), manganese per-
oxidase (MnP), versatile peroxidase (VP) and laccase (Lac). This
consortium of oxidoreductase enzymes is also known as ligninolytic

Table 2

enzymes since they have produced by the fungi for decomposing
the lignin-rich biomass into nutrients (Garcia-Ruiz et al., 2014). LiP
(EC 1.11.1.14) catalyzes the depolymerization of lignin through the
H,0,-based oxidative process. LiP showed the capability to degrade
several recalcitrant aromatic pollutants (Christian et al., 2005¢). The
molecular mass and optimum temperature and pH of LiP fall within
37-50 kDa, 35-55°C and 2-5, respectively (Asgher et al., 2007;
Christian et al., 2005b; Hirai et al., 2005). MnP (EC 1.11.1.13) is
a heme glycoprotein enzyme that can catalyze the oxidation of or-
ganic molecules in the presence of H,O0, (Wong, 2009). The mol-
ecular mass and optimum temperature and pH of MnP fall within
32-62.5 kDa, 40-60 °C, and 4-7 respectively. The different isoforms
of MnP are secreted in nitrogen and carbon-limited media supple-
mented with VEA and Mn>" (Baborova et al., 2006; Cheng et al.,
2007). VP (EC 1.11.1.16) combines the substrate-specificity of MnP
and LiP and is able to oxidize different types of molecular struc-
tures such as low- and high-redox-potential dyes, phenolic/non-phe-
nolic compounds as given in Table 1 and hydroquinones (Camarero
et al.,, 1999). Lac (EC 1.10.3.2) is a member of multicopper en-
zymes family with low-specificity. It can catalyze the oxidation of
hydrogen-donating compounds such as phenol, lignin, or acrylamines
through the reduction of O, to H,O (Wong, 2009; Yang et al., 2013b).
The molecular mass, optimum temperature and pH of Lac fall within
58-90 kDa, 40-65 °C and 2-10, respectively (Quaratino et al., 2007;
Zouari-Mechichi et al., 2006). Among oxidoreductase enzymes, Lac
is of great interest since it only needs gaseous oxygen as a co-sub-
strate (Nguyen et al., 2014c). Therefore, low specificity, ability to use
atmospheric oxygen as the electron acceptor and good yields make
Lac attractive for environmental applications (Lundell et al., 2010;
Martinkova et al., 2016; Strong and Claus, 2011). In Table 2, the
properties of mostly used oxidoreductase enzymes in degradation of
PhACs are summarized.

The hydrophobicity of PhACs that can be expressed by log K,
(Table 1), is a key parameter that governs the sorption onto biomass
and can enhance the removal of some compounds. For instance, Yang
et al. investigated the contribution of biodegradation by extracellular
enzymes and biosorption and reported that the removal of hydropho-
bic compounds (log K., >4) was highly impacted by both mech-
anisms. They also found that the biosorption of hydrophobic com-

Enzyme properties and some of their application (Asgher et al., 2008; Duran and Esposito, 2000; Husain and Husain, 2007).

Molecular weight Co-
Enzymes Acronym Source (kDa) Optimum condition substrate Applications
Laccase Lac Funalia trogii 58-90 Temperature: 40—65 °C 0, Dyes decoloration and degradation
pH: 2-10
Fomas annosus
Cerrena unicolor
Trametes hispida
Daedalea quercina
Coriolus versicolor
Trametes versicolor
Pycnoporus cinnabarinus
Tyrosinase Tyros Agaricus bisporus 119.5-133 Temperature: 2040 °C pH: O, Phenols and amines degradation
5-8
Lignin peroxidase LiP Phanerochaete 37-50 Temperature: 35-55 °C H,0, Phenolic and Aromatic compounds
chrysosporium pH: 2-5 degradation
Versatile peroxidase VP Pleurotus eryngii 38-45 Temperature: 15-50 °C pH:  H,0, Textile effluent degradation
3-5
Bjerkandera adusta
Manganese MnP Phlebia radiata 32-62.5 Temperature: 4060 °C pH:  H,0, Phenols, lignins and dyes degradation
peroxidase 4-7

Lentinula edodes

Pleurotus ostreatus

Phanerochaete
chrysosporium
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pounds facilitated their biodegradation (Yang et al., 2013c). On the
other hand, the role of biosorption in the removal of the hydrophilic
compounds (log K, <3) is limited so that for some compounds, the
effect of biosorption was reported to be negligible compared to the
biodegradation. Since whole-cell fungal treatment involves extracellu-
lar, intracellular, and mycelium-bound enzymes, there are significant
differences in treatment by whole-cell WRF and extracted enzymes.
The complete removal of some compounds in whole-cell fungal reac-
tors indicates the important role of intracellular and mycelium-bound
enzymes and their synergistic effect with extracellular enzymes
(Nguyen et al., 2014a, 2013, 2016b).

Laccase, as illustrated in Fig. 1A, has four 4 copper atoms di-
vided into three types (1, 2 and 3) at the catalytic center of each
monomer. The type 1 atom (T1) imparts the color of the enzyme and
catalyzes the oxidation of the substrate. Afterwards, the donated elec-
tron from the substrate is internally transferred from T1 to the T2 and
T3 copper sites where the reduction of oxygen to water takes place
(Fernandez-Fernandez et al., 2013; Senthivelan et al., 2016). The oxi-
dation in T1 is a one-electron reaction that generates a radical, and the
reduction in T2 and T3 sites is a four-electron reaction that produces
two molecules of water. The initial free radical is fairly unstable and
may be transformed to a quinone by spontaneous disproportionation
or in a second enzyme-catalyzed step. For phenolic polymers, such as
humic acids, further non-enzymatic radical reactions are also possible
that may result in their partial degradation (Strong and Claus, 2011).

LiP has a high redox potential and therefore it can oxidize the com-
pounds that are not oxidized by other enzymes. It can attack both
phenolic and non-phenolic structures and lead to hydroxylation, car-
bon-carbon cleavage, phenolic oxidation, methylation, aromatic ring
fission, demethoxylation and dimerization reactions. LiP follows a
well-known peroxidase catalytic mechanism in which native enzyme
is oxidized by hydrogen peroxide and forms LiP-I with two electron
deficiencies. LiP-I oxidizes the target compound and reduces to one
electron deficient LiP-II. When LiP-II oxidizes another target mole-
cule, it returns to the native form of LiP. Due to low mobility and ac-
cessibility of enzyme active sites for target compounds, the involve-
ment of low molecular weight redox mediator plays an important role.
Veratryl alcohol (VEA) is naturally produced by WRF and serves as a
mediator to facilitate oxidation of substrates. VEA can be oxidized by
LiP to a cationic radical species (VEA®") which is responsible for the
oxidation of target compounds (Gold et al., 1989; Kersten, 1990).

MnP, as illustrated in Fig. 1B, oxidizes Mn?" to Mn®" that can
be stabilized by chelators, such as organic acids and acts as a redox
mediator to attack organic compounds and oxidize them through ab-
straction of one hydrogen and one electron. Similar to LiP, MnP first

reacts with hydrogen peroxide and form MnP-I with two electron de-
ficiency. MnP-I oxidizes the target compounds and is transformed to
MnP-II which is slowly reduced to native MnP and needs Mn*" to
complete the catalytic cycle (Christian et al., 2005a).

A single fungal species is not able to produce all four extracellular
enzymes and the combination of ligninolytic enzymes varies from one
WREF species to another. Even the secretion profile of enzymes varies
among WREF species. Furthermore, the nutrient composition e.g. car-
bon and nitrogen and conditions of growth media e.g. temperature and
pH can influence the secretion of enzymes (Yang et al., 2013c¢). Apart
from the mentioned enzymes, an intracellular enzyme system in WRF
i.e. cytochrome P450 (CYP450) was found to play a significant role in
the degradation of some pollutants (Golan-Rozen et al., 2011). There-
fore, employing these fungi for removal of PhACs can be divided
into three categories of: (i) using whole-cell culture; (ii) using crude
culture extract or pure enzyme; and (iii) using immobilized enzymes
(Marco-Urrea et al., 2009; Taheran et al., 2017a; Zhang and Geifen,
2010).

2.1. Whole-cell fungal culture

Among fungal species, WREF is able to efficiently remove a wide
range of organic compounds that are resistant to bacterial degrada-
tion (Hata et al., 2010b). This capability comes from the action of
the intracellular system i.e. CYP450 and extracellular ligninolytic en-
zymes i.e. LiP, MnP and Lac (Hata et al., 2010b; Nguyen et al., 2013).
Because of the combined effect of intracellular/extracellular enzymes
and sorption of PhACs on the biomass, whole-cell fungal treatment
can remove a wider spectrum of PhACs, such as antibiotics, anti-in-
flammatories and antiepileptics compared to the case of using a sin-
gle enzyme (Hata et al., 2010a; Marco-Urrea et al., 2009; Tran et al.,
2010). Several properties of WRF make them attractive for applica-
tion in removal of PhACs, such as: (1) non-specificity of their pro-
duced enzyme which enables the degradation of a wide range of mi-
cropollutants; (2) the fast colonization through hyphal growth which
enables WRF to access pollutants; (3) production and secretion of
enzymes to degrade compounds with low water solubility; and (4)
the ability to degrade compounds in nutrient deficient media over a
wide pH range of 3-9. It is noteworthy that the degradation of per-
sistent pollutant by WRF is a co-metabolic process which means it
happens in the presence of a readily degradable substrate (Pointing,
2001; Rouches et al., 2016). The necessity of co-substrate addition,
typically glucose, is a drawback which increases the cost but simulta-
neously increases the degradation efficiency (Gonzalez et al., 2010).
An illustration of pollutant removal with the fungal cell, as discussed
earlier, is presented in Fig. 2. Accordingly, the target pollutants can be

Substrate
A Laccase Peroxidase
-"_ _\ M
2H:0 Substrate
Oxidized
\ 1 Substrate
Mn
'/_ _)‘Cnmp(nund 1
1 M
e Substrate K\\____/ Oxidized
01+4 H+ Oxidized — o~ Substrate
2+
; Substrate Oxidized o
Substrate Subsirate

Fig. 1. Mechanism of oxidation of compounds: (a) by the laccase enzyme and; (b) by peroxidase enzyme.
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Fig. 2. A schematic illustration of pollutant removal by white-rot fungi.

adsorbed on the surface of fungi or into the cell and later degraded by
extracellular and intracellular enzymes.

The removal efficiency of pollutants by WRF can be affected by
sorption, which is significant for compounds with a high octanol/wa-
ter (K,,,) partition coefficient (Yang et al., 2013c). For example, Guo
et al. studied the degradation of SMX by the fungus, Phanerochaete
chrysosporium (PC) in whole fungal culture and also with extracted
crude Lac. In the case of whole fungal culture with Lac activity of
around 1500 U/L, they reported 53% degradation efficiency of SMX
after 24 h when initial SMX concentration was 10 mg/L and less than
3% removal efficiency due to biosorption. While in the case of us-
ing crude enzyme at 6076 U/L of Lac activity, they observed SMX
degradation of 42%, in 24 h (Guo et al., 2014). It is indicated that the
sorption of pollutants into the cell and the action of the intracellular
enzyme increased the degradation efficiency. However, systematic in-
vestigation on the contribution of biosorption and biodegradation dur-
ing fungal removal of PhACs will be useful for designing an effi-
cient and stable fungal reactor for removal of micropollutants (Yang
etal., 2013c). For example, Yang et al. studied the removal of DCF by
whole-cell of the WRF Trametes versicolor (TV). DCF showed high
initial sorption (44 =+ 13%) and high removal efficiency (>90%). Lu-
cas et al. reported that the contribution of the sorption process to over-
all removal depends on the fungal strain and the interactions between
PhACs and the components of fungal surface. Among the six fungal
strains, they related the minimum and maximum removal by sorption
to Stropharia rugosoannulata (4%) and Ganoderma lucidum (26%)
(Lucas et al., 2018). According to Table 1, the relatively hydrophobic
nature of DCF (K, =4.51) plays an important role in DCF sorption
to fungal cells. Comparison between the whole fungal culture and ex-
tracted enzyme (30% degradation efficiency) indicated that a pathway
independent of extracellular Lac was responsible for removal of DCF
(Yang et al., 2013c).

The removal mechanisms involved in treatment with WRF
whole-culture can be divided into three steps including sorption onto
biomass, biodegradation by extracellular enzymes e.g. Lac and degra-
dation by intracellular or mycelium-bound enzymes (Fig. 2). In addi-
tion to biosorption, there are other factors, including pollutant struc-
ture, fungal species, enzyme systems, culture medium, pH, tempera-
ture and enhancing methods e.g. the presence of mediators that affects
the removal performance of a WRF (Rodarte-Morales et al., 2011;
Tran et al., 2010). For instance, TV, which seems to have a good po-
tential for the degradation of micropollutants, secretes three types of
ligninolytic enzymes i.e. Lac, LiP and MnP among which Lac is the
predominant one in some strains (Cruz-Morat6 et al., 2013; Nguyen et

al., 2014d). This fungi showed better performance in aqueous media
than solid matrices that can be due to the better mass transport in liquid
media. As an instance, DCF, IBP, and NPX were almost completely
removed in liquid media of TV (Marco-Urrea et al., 2009; Tran et
al., 2010) while their removal efficiencies in solid media of TV were
64%, 75% and 47%, respectively (Rodriguez-Rodriguez et al., 2011).
Furthermore, the degradation ability of different species of WRFs and
even different strains of one species is not similar. Similar behavior
is not expected for one kind of crude enzyme extracted from differ-
ent fungi. For example, LiP from Phanerochaete sordida (PS) showed
higher efficiency for removal of some pollutants compared to LiP
from PC (Wang et al., 2012). Fungi other than WRF also showed ca-
pability to degrade PhACs. For example, Pestalotiopsis guepini strain
P-8 showed 67.7% and 68.9% removal efficiency for CPF and NOR
after 18 days with initial concentration of 300 uM and 313 uM, re-
spectively (Parshikov et al., 2001). In another study, three strains of
Mucor ramannianus grown on the malt/sucrose medium were used for
biodegradation of antimalarial drug artemisinin. These strains trans-
formed the artemisinin into 7B-6B-hydroxyartemisinin at 51% yield
and hydroxyartemisinin at 88% yield (Parshikov et al., 2005). Recent
studies showed that the hydroxylated derivatives of this compound
possess higher anti-malarial activity and water solubility (Zhan et al.,
2017). Also, the saprobic fungus, Mucor ramannianus, demonstrated
89.1% removal efficiency for CPF (initial concentration of 100 mg/L)
after 14 days (Parshikov et al., 1999).

2.1.1. Role of intracellular and extracellular enzymes

The role of mycelium-related enzymes and intracellular systems
especially CYP450 in biodegradation of PhACs have been intensely
studied for compounds, such as CTL, SMX, DCF, IBP, CBZ, SMZ,
NPX and KEP (Garcia-Galan et al., 2011; Marco-Urrea et al., 2010c;
Nguyen et al., 2014d; Rodarte-Morales et al., 2011). For example,
Hata et al. demonstrated that the WRF PS YK-624 can degrade and
remove the acute lethal toxicity of MFA and DCF towards Thamno-
cephalus platyurus (the freshwater crustacean) within 6 days. They
suggested that catalytic hydroxylation by CYP450 is responsible for
detoxification of MFA and DCF (Hata et al., 2010a). Also,
Golan-Rozen et al. studied three strains of Pleurotus ostreatus (PO)
and noticed the significance of CYP450 and MnP in degradation of
CBZ (Golan-Rozen et al., 2011). Their results implied that when
both MnP and CYP450 systems were involved, 99% of the CBZ
was transformed to 10,11 Epoxy-CBZ. This end-product is an ac-
tive pharmaceutical compound and its presence in waterways is not
desirable (Buchicchio et al., 2016). However, when both MnP and
CYP450 were inactivated, less than 30% CBZ removal was achieved
(Golan-Rozen et al., 2011). In a related study, Marco-Urrea et al. stud-
ied the degradation of IBP and CBZ at 10 mg/L by four WREF i.e.
TV, Irpex lacteus, Ganoderma lucidum and PC within 7 days. Ac-
cordingly, all strains except PC almost completely degraded IBP. The
in vitro tests showed that although intracellular systems play a ma-
jor role in degradation of IBP, CYP450 did not affect this process. In
contrast, inhibition of CYP450 reduced the degradation efficiency of
CBZ by more than 57% (Marco-Urrea et al., 2009). Later, they stud-
ied the degradation of NPX at two different concentrations (10 mg/
L and 55 pg/L) in a liquid medium of TV and achieved > 99% and
95% of degradation after 6 and 5 h, respectively. In this case, they ob-
served that Lac and the CYP450 system was responsible for degra-
dation of NPX (Marco-Urrea et al., 2010a). Similarly, Prieto et al.
reported the inhibition of NOR and CPF degradation by addition
of CYP450 inhibitor to TV grown on malt extract liquid medium
which indicated the important role of CYP450 in degradation of the
two antibiotics (Prieto et al., 2011). However, Rodriguez-Rodriguez
et al. studied the removal of



Environmental Pollution xxx (2017) xxX-Xxx 7

NPX in sewage sludge samples with TV and observed that NPX val-
ues did not necessarily correlate with CYP450 or Lac amounts though
in most cases, over 30% degradation happened (Rodriguez-Rodriguez
et al., 2010). They also found that addition of CYP450 inhibitor to the
TV culture partially suppresses the degradation STZ but has no effect
was on degradation of SPY (Rodriguez-Rodriguez et al., 2012). To
sum up, both intra-cellular and extracellular enzymes play key roles
in the degradation of PhACs, but depending on the compounds, they
act differently. The intracellular enzymes may advance the first step of
PhACs oxidation, while, extracellular enzymes do not intervene in the
first step of degradation.

2.1.2. Bioreactors

Developing an effective setup to facilitate preparation, handling
and implementation of reactor system is essential for wide applica-
tion of bioremediation with WRF. Different reactor configurations
have been studied for the treatment of PhACs with enzymes
(Rodarte-Morales et al., 2012a, b) and the data on degradation effi-
ciencies of different systems are listed in Table 3. The performance
of WRF for removal of PhACs has been often studied on synthetic
wastewater containing high concentrations of contaminants (up to sev-
eral mg/L) under sterile conditions to avoid contamination with bac-
terial strains (Grandclément et al., 2017). Contamination with bac-
teria in the fungal bioreactor has adverse effects on removal effi-
ciency of PhACs since they compete with fungi for substrate, disrupt
the growth of fungi and damage the mycelium (Espinosa-Ortiz et al.,
2016). Hence, it is essential to develop methods for an uninterrupted
fungal growth. Some possible strategies to avoid contamination with
bacterial are reducing reaction pH to acidic range, immobilization of
fungi, limiting nitrogen in feed, using disinfecting agents and pretreat-
ment of wastewater (Mir-Tutusaus et al., 2016; Van Leeuwen et al.,
2003). In few cases, fungal bioreactors were operated under non-ster-
ile conditions for a short period of time and above strategies were in-
vestigated (Cruz-Morat6 et al., 2013; Jelic et al., 2012). For example
Li et al. used a continuous bioreactor packed with a mixture of WRF
mycelia pellets under non-sterile condition for 28 days for removal
of NPX and CBZ at 1.0 mg/L. They observed 60—-80% removal effi-
ciency of CBZ and complete removal of NPX in the beginning, but
the removal efficiencies dropped to less than 20% by the 14th day
due to the contamination. Addition of sodium hypochlorite into the in-
fluent tank increased the removal efficiency to initial level for NPX
by inhibiting contamination, but it did not work for CBZ (Li et al.,
2015). Cruz-Morato et al. monitored the degradation of 10 PhACs in
urban wastewater in a non-sterile batch fluidized bed bioreactor in-
oculated with TV culture at fixed pH level of 4.5. According to their
observations, TV can remain active in the presence of bacteria and
contaminants and addition of nutrients such as nitrogen and glucose
can maintain a significant biological activity. They reported that in 8
days, 7 out of the 10 PhACs, such as IBP, ACT and KEP were re-
moved completely, 2 of them were removed partially and only one
of them (CBZ) showed higher concentration due to deconjugation of
compound intermediates (Cruz-Moratd et al., 2013). Also, they com-
pared the operation in sterile and non-sterile modes for treatment of
hospital wastewater containing more than 8 mg/L of PhACs and ob-
served 83.2% and 53.3% degradation efficiency, respectively. They
also employed Microtox test to demonstrate that both treatment can
reduce the toxicity of wastewater (Cruz-Morat6 et al., 2014). In an-
other study, Yang et al. compared the removal of DCF in a sterile
TV fungal reactor operated in batch mode (three months of reaction
time) and continuous mode (two days of retention time). They ob-
served complete removal in batch mode and 55% removal efficiency
in continuous mode (Yang et al., 2013a). This huge difference can be

due to the shorter contact time and loss of enzyme in the continuous
reactor.

Despite the lack of Lac and VP, the removal performance of PC to-
wards pharmaceuticals has also been studied (Hatakka, 1994). For in-
stance, Zhang and Geifen grew PC on polyether foam under non-ster-
ile conditions in a plate bioreactor to remove CBZ in continuous mode
for 100 days. They found that the supply of nutrients is essential for
effective elimination of CBZ. They achieved around 80% removal ef-
ficiency with synthetic wastewater and around 60% with the real ef-
fluent (Zhang and Geifen, 2012). Also, Rodarte-Morales et al. stud-
ied the degradation of DCF and IBP and NPX with PC in a fed-batch
reactor with continuous air supply over 30 days. They observed the
complete removal of IBP and DCF after 23 h in aerated reactors.
These observations implied that the oxidative capacity of PC for the
anti-inflammatory PhACs is not limited to an oxygen environment
since the fungal reactor could remove them under aerated conditions
(Rodarte-Morales et al., 2012a). In a related study, they found that
working in a continuous reactor with aged PC culture (more than 20
days) is in favor of removal of CBZ (>90%). But compared to the
fed-batch reactor with fresh PC culture, it reduced the removal ef-
ficiency for anti-inflammatory drugs i.e. DCF, IBP, and NPX from
>99% to less than 50% (Rodarte-Morales et al., 2012c¢). It can be due
to wash-out of the enzyme in a continuous system and also the fact
that the aged culture of fungi had less enzyme production compared to
fresh culture.

As mentioned earlier, most of the researchers worked with syn-
thetic wastewater or spiked wastewater with high concentrations (up
to 20 mg/L) of PhACs and the results cannot be satisfactorily extrap-
olated to environmentally relevant concentrations (ng/L to pg/L). For
example, Jelic et al. performed the aerobic degradation of CBZ in Er-
lenmeyer flask by TV. At 9 mg/L of CBZ, they observed 94% removal
after 6 days, while at initial CBZ concentration of 50 ng/L, they ob-
served only 61% removal after 7 days. Also, they performed degra-
dation of CBZ in an air pulsed fluidized bioreactor in batch and con-
tinuous modes and observed 96% and 54% degradation efficiency, re-
spectively (Jelic et al., 2012). Comparing the performance of fungi
in batch and continuous tests, two inherent restrictions were reported
as the main reasons for lowering the removal efficiency from batch
to continuous mode i.e. washout of extracellular enzymes with efflu-
ent and destabilization of fungal activity by bacteria (Gao et al., 2008;
Hai et al., 2009). However, Ferrando-Clement et al. reported that the
degradation efficiency of TV towards CPF in hospital wastewater is
higher in non-sterile compared to sterile conditions. They attributed it
to the synergistic degrading contribution by fungi and fecal bacterial
(Ferrando-Climent et al., 2015).

To sum up, it is still required to work on real wastewater con-
taining environmentally-relevant concentrations of different contami-
nants (ng/L to pg/L) under non-sterile conditions in continuous mode
to investigate the performance and feasibility of fungal reactors for the
treatment of contaminated water and wastewater.

2.2. Metabolite and toxicity assays

Degradation of PhACs by enzymes take place through different
pathways and several intermediates and end-products are generated
during the reaction. In most of the studies, researchers predominantly
focused on the disappearance of the parent compounds rather than
degradation pathways and toxicity of the TPs (Becker et al., 2016;
Rahmani et al., 2015; Sutar and Rathod, 2016). However, the proper-
ties of TPs are of high importance for releasing into the environment.
In this section, the degradation pathways of some PhACs are dis-



Table 3

Environmental Pollution xxx (2017) xxX-Xxx

Removal (%) of PhACs by different species of white rot fungi using different operating conditions.

Initial Removal
concentration efficiency Removal by
Compound Matrix Fungal species Reactor type Conditions (ug/L) (%) CAS* (%) References
Acetaminophen ~ Non-sterile urban  Trametes Fluidized bed Reactor volume: 10 L 1.56 100 90 (Cruz-Morat6 et
wastewater versicolor (Batch-fed) Total time: 8 days al., 2013)
Temperature: 25 °C
Speed: 135 rpm
pH: 4.5
Hospital Fluidized bed Reactor volume: 10 L 109 100 (Cruz-Morat? et
wastewater (Continuous) Total time: 8 days al., 2014)
Temperature: 25 °C
pH: 4.5
Amitriptyline Synthetic Trametes Membrane Reactor volume: 5.5 L 5 85 90 (Nguyen et al.,
wastewater versicolor Bioreactor Total time: 110 days 2013)
(Continuous) Temperature: 27 °C
pH: 4.5
Azithromycin Non-sterile urban ~ Trametes Fluidized bed Reactor volume: 10 L 4.31 100 50 (Cruz-Morat6 et
wastewater versicolor (Batch-fed) Total time: 8 days al., 2013)
Temperature: 25 °C
Speed: 135 rpm
pH: 4.5
Hospital Fluidized bed Reactor volume: 10 L 1.37 26 (Cruz-Morat6 et
wastewater (Continuous) Total time: 8 days al., 2014)
Temperature: 25 °C
pH: 4.5
Carbamazepine Spiked water Phanerochaete Stirred tank Reactor volume: 1.5 L 500 25-60 <25 (Rodarte-Morales
chrysosporium (Continuous) Total time: 50 days etal., 2012b)
Temperature: 30 °C
pH: 4.5
Synthetic Batch reactor Reactor volume: 3 L 20000 34 (Lietal., 2015)
wastewater Total time: 7 days
Temperature: 30 °C
Speed: 90 rpm
pH: 4.5
Spiked water Trametes Fluidized bed Reactor volume: 1.5 L 200 61-94 (Jelic et al., 2012)
versicolor (Batch-fed) Total time: 15 days
Temperature: 25 °C
pH: 4.5
Hospital Fluidized bed Reactor volume: 10 L 0.056 0 (Cruz-Morato et
wastewater (Continuous) Total time: 8 days al., 2014)
Temperature: 25 °C
pH: 4.5
Synthetic Membrane Reactor volume: 5.5 L 5 20 (Nguyen et al.,
wastewater Bioreactor Total time: 110 days 2013)
(Continuous) Temperature: 27 °C
pH: 4.5
Ciprofloxacine Non-sterile urban  Trametes Fluidized bed Reactor volume: 10 L 84.71 35 - (Cruz-Morat6 et
wastewater versicolor (Batch-fed) Total time: 8 days al., 2013)
Temperature: 25 °C
Speed: 135 rpm
pH: 4.5
Hospital Fluidized bed Reactor volume: 10 L 13 99 (Cruz-Morat6 et
wastewater (Continuous) Total time: 8 days al., 2014)
Temperature: 25 °C
pH: 4.5
Hospital Fluidized bed Reactor volume: 10 L 7 84 (Ferrando-Climent
wastewater (Batch-fed) Total time: 8 days etal., 2015)
Temperature: 25 °C
Speed: 135 rpm
pH: 4.5
Spiked water Phanerochaete Sequence batch  Reactor volume: 2 L 5000 60-80 (Zhang and
chrysosporium reactor Total time: 5 days Geifen, 2012)
Temperature: 35 °C
pH: 4.5
Clarithromycin Hospital Trametes Fluidized bed Reactor volume: 10 L 2.2 80 63 (Cruz-Morat6 et
wastewater versicolor (Continuous) Total time: 8 days al., 2014)
Temperature: 25 °C
pH: 4.5
Diazepam Spiked water Phanerochaete Stirred tank Reactor volume: 1.5 L 250 0 - (Rodarte-Morales
chrysosporium (Continuous) Total time: 50 days et al., 2012b)

Temperature: 30 °C
pH: 4.5
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Table 3 (Continued)
Initial Removal
concentration efficiency Removal by
Compound Matrix Fungal species Reactor type Conditions (ug/L) (%) CAS* (%) References
Diclofenac Spiked water Phanerochaete Stirred tank Reactor volume: 2 L 0.8 >99 50 (Rodarte-Morales
chrysosporium (Batch-fed) Total time: 30 days et al.,, 2012a)
Temperature: 30 °C
Speed: 200 rpm
pH: 4.5
Spiked water Stirred tank Reactor volume: 1.5 L 1000 92 (Rodarte-Morales
(Continuous) Total time: 50 days etal., 2012b)
Temperature: 30 °C
pH: 4.5
Hospital Trametes Fluidized bed Reactor volume: 10 L 0.477 100 (Cruz-Morat6 et
wastewater versicolor (Continuous) Total time: 8 days al., 2014)
Temperature: 25 °C
pH: 4.5
Synthetic Membrane Reactor volume: 5.5 L 345 55 (Yang et al.,
wastewater Bioreactor Total time: 90 days 2013a)
(Continuous) Temperature: 27 °C
pH: 5.4
Synthetic Membrane Reactor volume: 5.5 L 5 50 (Nguyen et al.,
wastewater Bioreactor Total time: 110 days 2013)
(Continuous) Temperature: 27 °C
pH: 4.5
Gemfibrozil Synthetic Trametes Membrane Reactor volume: 5.5 L 5 95 - (Nguyen et al.,
wastewater versicolor Bioreactor Total time: 110 days 2013)
(Continuous) Temperature: 27 °C
pH: 4.5
Ibuprofen Spiked water Phanerochaete Stirred tank Reactor volume: 2 L 0.9 75-90 90 (Rodarte-Morales
chrysosporium (Batch-fed) Total time: 30 days etal., 2012a)
Temperature: 30 °C
Speed: 200 rpm
pH: 4.5
Spiked water Stirred tank Reactor volume: 1.5 L 1000 95 (Rodarte-Morales
(Continuous) Total time: 50 days et al., 2012b)
Temperature: 30 °C
pH: 4.5
Non-sterile urban  Trametes Fluidized bed Reactor volume: 10 L 2.34 100 (Cruz-Morat? et
wastewater versicolor (Batch-fed) Total time: 8 days al., 2013)
Temperature: 25 °C
Speed: 135 rpm
pH: 4.5
Hospital Fluidized bed Reactor volume: 10 L 355 100 (Cruz-Morat6 et
wastewater (Continuous) Total time: 8 days al., 2014)
Temperature: 25 °C
pH: 4.5
Synthetic Membrane Reactor volume: 5.5 L 5 95 (Nguyen et al.,
wastewater Bioreactor Total time: 110 days 2013)
(Continuous) Temperature: 27 °C
pH: 4.5
Hospital Fluidized bed Reactor volume: 1.5 L 20000 90 (Mir-Tutusaus
wastewater (Continuous) Total time: 5 days et al., 2016)
Temperature: 25 °C
pH: 4.5
Ketoprofen Non-sterile urban ~ Trametes Fluidized bed Reactor volume: 10 L 0.08 100 50 (Cruz-Morat6 et
wastewater versicolor (Batch-fed) Total time: 8 days al., 2013)
Temperature: 25 °C
Speed: 135 rpm
pH: 4.5
Hospital Fluidized bed Reactor volume: 10 L 2.17 95 (Cruz-Morat6 et
wastewater (Continuous) Total time: 8 days al., 2014)
Temperature: 25 °C
pH: 4.5
Synthetic Membrane Reactor volume: 5.5 L 5 90 (Nguyen et al.,
wastewater Bioreactor Total time: 110 days 2013)
(Continuous) Temperature: 27 °C
pH: 4.5
Hospital Fluidized bed Reactor volume: 1.5 L 20000 70 (Mir-Tutusaus et
wastewater (Continuous) Total time: 5 days al., 2016)

Temperature: 25 °C
pH: 4.5
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Initial Removal
concentration efficiency Removal by
Compound Matrix Fungal species Reactor type Conditions (ng/L) (%) CAS* (%) References
Metronidazole Hospital Trametes Fluidized bed Reactor volume: 10 L 0.912 85 38.7 (Cruz-Morato et
wastewater versicolor (Continuous) Total time: 8 days al., 2014)
Temperature: 25 °C
pH: 4.5
Synthetic Membrane Reactor volume: 5.5 L 5 40 (Nguyen et al.,
wastewater Bioreactor Total time: 110 days 2013)
(Continuous) Temperature: 27 °C
pH: 4.5
Naproxen Spiked water Phanerochaete Stirred tank Reactor volume: 2 L 1 >99 94 (Rodarte-Morales
chrysosporium (Batch-fed) Total time: 30 days etal., 2012a)
Temperature: 30 °C
Speed: 200 rpm
pH: 4.5
Spiked water Stirred tank Reactor volume: 1.5 L 1000 95 (Rodarte-Morales
(Continuous) Total time: 50 days etal.,, 2012b)
Temperature: 30 °C
pH: 4.5
Hospital Trametes Fluidized bed Reactor volume: 10 L 1.62 100 (Cruz-Morato et
wastewater versicolor (Continuous) Total time: 8 days al., 2014)
Temperature: 25 °C
pH: 4.5
Synthetic Membrane Reactor volume: 5.5 L 5 95 (Nguyen et al.,
wastewater Bioreactor Total time: 110 days 2013)
(Continuous) Temperature: 27 °C
pH: 4.5
Phenazone Hospital Trametes Fluidized bed Reactor volume: 10 L 0.497 96 15 (Cruz-Morat6 et
wastewater versicolor (Continuous) Total time: 8 days al., 2014)
Temperature: 25 °C
pH: 4.5
Propranolol Non-sterile urban ~ Trametes Fluidized bed Reactor volume: 10 L 0.06 100 1 (Cruz-Morato et
wastewater versicolor (Batch-fed) Total time: 8 days al., 2013)
Temperature: 25 °C
Speed: 135 rpm
pH: 4.5
Sulfamethoxazole  Hospital Trametes Fluidized bed Reactor volume: 10 L 1.41 100 51.9 (Cruz-Moratd et
wastewater versicolor (Continuous) Total time: 8 days al., 2014)
Temperature: 25 °C
pH: 4.5
Tetracycline Hospital Trametes Fluidized bed Reactor volume: 10 L 0.011 0 (Cruz-Morato et
wastewater versicolor (Continuous) Total time: 8 days al., 2014)

Temperature: 25 °C
pH: 4.5

The data for removal by CAS (%) are extracted from the following references (Grandclément et al., 2017; Rosal et al., 2010; Sahar et al., 2011; Tiwari et al., 2017; Vergeynst et al.,

2015; Zuehlke et al., 2006).

* Conventional activated sludge.

cussed and the most observed TPs for widely-used PhACs are illus-
trated in Table 4.

There are several instruments for investigation of degradation
products. Direct inlet-mass spectrometry (DI-MS, electron impact),
gas chromatography-mass spectrometry (Hata et al., 2010a, 2010b;
Rodarte-Morales et al., 2012b), 'H nuclear magnetic resonance (lH
NMR) and 3C NMR (Hata et al., 2010a; Marco-Urrea et al., 2010b;
Marco-Urrea et al., 2009) are the widely used instruments for iden-
tification of TPs. Liquid chromatography electrospray time-of-flight
mass spectrometry (LC-ESI-TOF-MS) in negative and positive mode
(Eibes et al., 2011; Stadlmair et al., 2017) and high-performance liquid
chromatography-diode array detection-electrospray ionization mass
spectrometry (HPLC-DAD-MS) are also used for compounds that are
not possible to be handled by gas chromatography (Marco-Urrea et
al., 2010c; Schwarz et al., 2010). Recently, newly developed and rapid
laser diode thermal desorption-mass spectroscopy (LDTD-MS) was
used for identification of TPs (Lonappan et al., 2017).

To detect the formation of toxic TPs, most researchers used a
standard procedure called bioluminescence inhibition test or Micro-
tox assay (ISO 11348-3, 2007), that employs bacterium Aliivibrio fis-

cheri (Becker et al., 2016; Gros et al., 2014; Jelic et al., 2012;
Marco-Urrea et al., 2010a, 2010b) or Photobacterium phosphoreum
(Marco-Urrea et al., 2009). They are marine luminescent bacteria that
emit visible light (4, =490 nm). Effluent toxicity is expressed as
units of Equitox/m’ (determined as 100/ECsp). The Equitox values
are directly proportional to toxicity level, while ECs is inversely re-
lated to toxicity. Counting the number of living freshwater crustacean
Thamnocephalus platyurus and defining the relative acute lethal toxi-
city (%) as the percentage of lethality of fungal-treated influent com-
pared to that of untreated sample is another method employed by Hata
et al. (2010a). In addition, the toxicity of treated and untreated so-
lutions can be assessed based on their inhibitory effect towards the
growth of Gram-positive and Gram-negative bacterial species e.g.
Bacillus subtilis, Bacillus megaterium, Escherichia coli, and Saccha-
romyces. In this case, microorganisms are exposed to the media and
the number of viable cells is monitored over a period of time (Becker
et al.,, 2016; Rahmani et al., 2015). Moreover, the Yeast Estrogen
Screen assay (YES) can confirm the estrogenic activity of environ-
mental samples, such as wastewater effluent (Spengler et al., 2001).
In this assay, the human estrogen receptor (hER) is expressed in
yeast to make it re-
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Structures of most studied micropollutants and proposed transformation products formed during biodegradation.

Compound
Compounds Acronym mass (Da) Formula Chemical structure Reference
Carbamazepine CBzZ 236.269 CysH,N,O T (Golan-Rozen et al., 2011; Golan-Rozen et al., 2015;
Hata et al., 2010b; Jelic et al., 2012)
0 Nl
10,11-epoxycarbamazepine CBZ-EP 253.0983 C,sH,N,O, /‘Ji\,\
QT'{\MI
. . . 88
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Table 4 (Continued)

Compound
Compounds Acronym  mass (Da) Formula Chemical structure Reference
Naproxen NPX 230.259 C4H, 404 o (Marco-Urrea et al., 2010a)
LV
|
s
2-(6-hydroxynaphthalen-2-yl)propanoic ~ — 216.236 C3H1,05 on
acid
OH o
1-(6-methoxynaphthalen-2-yl)ethanone ~ — 200.237 C3H,0,
(4]
Ibuprofen IBP 206.281 C3H,40, CH, (Cruz-Morat6 et al., 2012; Marco-Urrea et al.,
OH  2009)
CH;
CHy )
1-Hydroxyibuprofen 1-OH- 222284 C13H,40; (s
IBP - OH
1y v
om
2-Hydroxyibuprofen 2-OH- 222284 C5H,40; CH;
IBP OH
CH;
HO

CHj

sponsive against estrogens (Routledge and Sumpter, 1996). The re-
combinant yeast hosts plasmids carrying lac-Z (the b-galactosi-
dase-encoding reporter gene). In the presence of estrogenic com-
pounds, the lac-Z gene is activated and b-galactosidase degrades a spe-
cific substrate that causes a color change from yellow to red as an in-
dicator of compound estrogenicity (Bistan et al., 2012).

Fungal mediated degradation of DCF starts with the introduction
of the hydroxyl group in its structure and formation of hydroxy di-
clofenac. This reaction facilitates further biodegradation (Hata et al.,
2010a; Marco-Urrea et al., 2010b). In vitro and in vivo experiments
using purified Lac and the CYP450 inhibitor, suggested that TV em-
ployed two different mechanisms to initiate degradation of DCF. Two
TPs namely 4'-hydroxydiclofenac and 5-hydroxydiclofenac (Table 4)
were identified which disappeared in 24 h resulting in a decrease in
ecotoxicity according to Microtox test (Marco-Urrea et al., 2010b).
Hata et al. reported that DCF degradation by fungus PS produced the
hydroxylated metabolites that were found in the degradation by TV,
and also they found 4,5-dihydroxydiclofenac as transformation prod-
uct (Hata et al., 2010b). These hydroxylated products disappear at the
end of the treatment with decreasing trend in toxicity that suggests
mineralization (Eibes et al., 2011). However, according to Stadlmair et
al., polymerization occurred after degradation of DCF by horseradish
peroxidase (HRP). TPs showed lower toxicity compared to the parent
compound (Stadlmair et al., 2017).

Hydroxylation is also the predominant start point for conversion
of IBP to its TPs. In degradation of IBP by TV, it was reported to
transform to 1-hydroxy ibuprofen and 2-hydroxy ibuprofen intermedi-
ates. These species were finally transformed to 1,2-dihydroxy ibupro-
fen (Table 4) during 7 days of incubation. However, Microtox bioas-
say revealed an increase in the toxicity after 7 days which was re-
lated to the presence of 1,2-hydroxy ibuprofen (Marco-Urrea et al.,
2009). This finding emphasizes the significance of the identification
of TPs in any treatment since they might be more toxic than their
original compound (Cruz-Moraté et al., 2012). Likewise, hydroxyla-

tion reaction played an important role in the degradation of KEP
with TV. 2-[3-(4-hydroxybenzoyl)phenyl]-propanoic acid, 2-[(3-hy-
droxy(phenyl)methyl)phenyl]-propanoic acid and 2-(3-benzyl-4-hy-
droxyphenyl)-propanoic acid were detected as main intermediates of
TV activity. However, none of the mentioned intermediates was de-
tected at the final stage which suggested KEP mineralization. It was
also observed that extracellular enzyme (Lac) had a negligible effect
on the degradation of KEP (Marco-Urrea et al., 2010c). Hata et al.
found four hydroxylated TPs in degradation of MFA by PS. Their re-
sults showed that CYP450 catalyzed the hydroxylation which finally
resulted in complete removal of acute lethal toxicity of MFA after 6
days of treatment (Hata et al., 2010b).

Both CYP450 and Lac can mediate the degradation of NPX in
whole-cell WRF treatment. 1-(6-methoxynaphthalen-2-yl) ethanone
and 2-(6-hydroxynaphthalen-2-yl) propanoic acid were detected as in-
termediates of NPX which disappear after 6 h of incubation with-
out remaining toxicity (Marco-Urrea et al., 2010a). Also,
6-0-desmethyl-naproxen, was reported as the major degradation prod-
ucts of the NPX in a bioreactor of PC (Rodarte-Morales et al., 2012b).

Degradation pathways of CBZ by whole-cell WRFs, such as TV
and PO was reported to result in the formation of 10,11-dihy-
dro-10,11-epoxycarbamazepine while pure Lac resulted in the forma-
tion of 9(10H)-acridone as TPs after 48 h (Hata et al., 2010b). Mi-
crotox test showed that the toxicity of these two TPs is higher than
the toxicity of CBZ (Jelic et al., 2012). Similarly, fungi other than
WREFs, such as Umbelopsis ramanniana and Cunninghamella elegans
produce 10,11-epoxycarbamazepine as the major TPs but they also
produce (2-and 3-hydroxy carbamazepine) (Kang et al., 2008). Extra-
cellular MnP and intracellular CYP450 were identified to affect the
CBZ oxidation. It is noteworthy that at high initial CBZ concentration
(10 mg/L), 10,11-epoxycarbamazepine was the major stable TP, but
at an environmentally relevant concentration (1 pg/L), further trans-
formation of 10,11-epoxycarbamazepine to 10,11 frans-diol was car-
ried out by PO fungus (Golan-Rozen et al., 2011). It seems that the
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major TP of CBZ degradation with fungi is 10,11- epoxycarba-
mazepine though other TPs, especially hydroxylated derivatives were
also identified. However, the toxicity of the TPs seemed to be more
than CBZ.

Sulfonamides are sometimes desulfonated as a result of biodegra-
dation with WRFs (Garcia-Galan et al., 2011). For example, aniline
and 4-(2-imino-1-pyridyl)aniline were identified as TPs of SPY and
4-(6-imino-2,4-dimethoxypyrimidin-1-yl)aniline was determined for
SDM (Schwarz et al., 2010). Also, desamino-sulfamethazine and hy-
droxyl-sulfamethazine were identified for SMZ and for the transfor-
mation of SPY and STZ, a formyl intermediate was observed after
the loss of the thiazole/pyrimidine group (Garcia-Galan et al., 2011;
Rodriguez-Rodriguez et al., 2012). In another study, anions, such as
sulfate, nitrate, and nitrite were detected as an intermediate of SMX
degradation with crude VP obtained from Bjerkandera adusta (Eibes
et al., 2011). Rahmani et al. showed that the growth inhibition prop-
erty of a solution containing SMX and STZ against bacteria was
remarkably decreased after treatment with laccase (Rahmani et al.,
2015). Although many metabolites of sulfonamides degradation with
enzymes were identified, the pathways and mechanisms still need to
be studied.

In the case of CPF degradation with Gloeophyllum striatum after
90 h, reduction in antibacterial activity and production of CO, was
reported along with eleven metabolites including hydroxylated con-
geners and TPs indicating the degradation of the piperazinyl moiety
(Wetzstein et al., 1999). Using extracted Lac resulted in the identifi-
cation of new TPs that were obtained from the breakdown of piper-
azinyl moiety, hydroxylation, and removal of a cyclopropyl group
(Prieto et al., 2011). There are also other acetylated derivatives iden-
tified as TPs for degradation of CPF using different fungi, such as
Pestalotiopsis guepini (Parshikov et al., 2001), Mucor ramannianus
(Parshikov et al., 1999) and Trichoderma viride (Parshikov et al.,
2002). Similarly, in degradation of EFC by Gloeophyllum striatum hy-
droxylated congeners, an isatin-type compound (obtained by cleavage
of the heterocyclic core of EFC) and an anthranilic acid derivative
was identified (Wetzstein et al., 1997). TPs with hydroxylated aro-
matic rings undergo ring cleavage to transform to one catechol-type
and four potential oxidizable o-aminophenol intermediates (Wetzstein
et al., 2006). Degradation of EFC with Mucor ramannianus, resulted
in the formation of EFC N-oxide, N-acetylciprofloxacin, and deseth-
ylene-enrofloxacin as TPs (Parshikov et al., 2000). Parshikov et al.
demonstrated that the intermediates and TPs of degradation of NOR
with Pestalotiopsis guepini and Trichoderma viride were analogous
to those derived from CPF by the same fungi (Parshikov et al., 2001,
2002). Gros et al. studied the degradation of antibiotic ofloxacin by
TV in sterile and unsterile hospital wastewater as well as synthetic
wastewater. They reported that TPs of ofloxacin are obtained mainly
through hydroxylation, oxidation, and cleavage of the piperazine ring.
Their toxicity tests showed a reduction of the toxicity in the synthetic
medium and in the batch bioreactor (Gros et al., 2014). Llorca et al. in-
vestigated the TPs formed by enzymatic degradation of antibiotic TC.
They attributed the formation of major TPs to (bi) demethylation, de-
hydroxylation and oxidation of the rings C and A (Llorca et al., 2015).

To sum up, few researchers have paid attention to the evaluation of
toxicity of TPs until the date and it should be considered in future in-
vestigations. According to the few published research works, in some
cases, the TPs of enzymatic processes were found to be more toxic
than their parent compounds. Therefore, the major TPs of enzymatic
processes should be identified for the majority of present compounds
in the waste streams and their toxicity should be determined prior to
the decision for system scale-up.

2.3. Crude enzyme

Extraction of enzymes from microorganisms and using them in-
stead of using live cultures for removal of pollutant from aqueous me-
dia has several advantages. Extracted enzymes do not need the con-
tinuous addition of nutrients or compete with bacteria and they can
reach high reaction kinetics in mild temperature and pH conditions
(Baldrian, 2006; De Cazes et al., 2014a; Demarche et al., 2012). En-
zymatic treatment consumes less energy and chemicals and produce
fewer wastes compared to other bioprocesses (Grandclément et al.,
2017; Jochems et al., 2011). Enzymatic treatment is particularly an
attractive technology for the treatment of PhACs that are resistant
to conventional treatment. The performance of individual ligninolytic
enzymes has been studied for the removal of a broad range of microp-
ollutants and the results are summarized in Table 5. In addition, the
capacity of crude and purified extracellular ligninolytic enzymes for
PhACs removal in batch and continuous mode has been extensively
investigated (Nguyen et al., 2014a, 2014b, 2014c, 2015; Tran et al.,
2010; Yang et al., 2013c). For instance, Li et al. reported more than
90% removal of NPX in two days of reaction with crude enzyme ob-
tained from PC at an initial concentration of 10 mg/L. This level of
degradation efficiency was higher than the performance in whole-cell
cultivation in which 68% removal efficiency was achieved after two
days (Li et al., 2015). Margot et al. compared the ability of extracted
Lac from bacterium Streptomyces cyaneus and TV for degradation of
DCF and MFA. They reported that fungal Lac was more active than
bacterial Lac in normal conditions of municipal wastewater (neutral
pH and 10-25 °C) and showed faster kinetics for degradation of DCF
and MFA. Complete removal of DCF and MFA was achieved dur-
ing 12 days of incubation with fungal Lac, while around 50% of both
pollutants were removed by bacterial Lac within the same incubation
time (Margot et al., 2013a). Llorca et al. reported that degradation ef-
ficiency of Lac towards TC after 18 h and EreB esterase towards ETM
after 16 h were ~78% and ~50%, respectively (Llorca et al., 2015).

2.3.1. Purified enzyme

Purification of the enzyme is a costly process that can be per-
formed through different methods, such as membrane separation, size
exclusion chromatography, etc. (Lloret et al., 2010). Purified oxidore-
ductase enzymes, obtained from different strains of WRF, have been
used for removal of pollutants from aqueous media in both contin-
uous and batch reactors (Marco-Urrea et al., 2010b). Purified oxi-
doreductase enzymes demonstrated degradation potential towards a
wide range of micropollutants, however, crude enzyme demonstrated
better removal performance for some compounds, such as NPX and
DCF (Table 5). It was related to the natural mediators that exist in
the crude enzyme (Wang and Wang, 2016). For instance, Tran et
al. observed complete removal (>99%) of several compounds, such
as IBP, DCF and IDM and related them to the natural mediators in
crude Lac obtained from TV grown in basal liquid medium (Tran
et al., 2010) whereas purified laccase obtained from TV and As-
pergillus oryzae achieved only 20-50% removal efficiency for these
compounds (Lloret et al., 2010; Nguyen et al., 2015). Although utiliza-
tion of crude enzyme is more economical and in some cases leads to
higher removal efficiency compared to the purified enzyme, the crude
solution contains remarkable levels of the unspent nutrients that can
increase the organic loading of wastewater to be treated (Nguyen et
al., 2016b). Therefore, still more research is needed to simultaneously
take advantage of natural mediators and rejection of nutrients.
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Biodegradation of PhACs by crude and purified enzymes.

Concentration of PhACs” Conversion
Compound Enzyme source Condition (mg/L) Scale (%) References
Acetaminophen Not mentioned Purified laccase 7.55 25 °C, 47 min, 50 mL 50 (Lu et al., 2009)
Carbamazepine Trametes versicolor Crude laccase 0.01 30 °C, 125 rpm, 37 (Tran et al., 2010)
48 h, 100 mL
Phanerochaete Crude lignin peroxidases 5 25°C, 120 rpm, <10 (Zhang and Geifen, 2010)
chrysosporium 2h, 10 mL
Phanerochaete Purified manganese 4.7 30 °C, 150 rpm, 14 (Hata et al., 2010b)
chrysosporium peroxidases 24 h, 100 mL
Diclofenac Trametes versicolor Purified laccase 10 25°C, 135 rpm, 95 (Marco-Urrea et al., 2010b)
4.5h,25mL
Bjerkandera adusta Purified versatile 2.5 22 °C, 25 min, 50 mL 100 (Eibes et al., 2011)
peroxidase
Trametes versicolor Crude laccase 0.01 30 °C, 125 rpm, 48 h, 100 (Tran et al., 2010)
100 mL
Myceliophthora Purified laccase 5 22°C,8h, 65 (Lloret et al., 2010)
thermophila 20 mL
Phanerochaete Crude lignin peroxidases 5 25°C, 120 rpm, 100 (Zhang and Geifen, 2010)
chrysosporium 2h, 10 mL
Ibuprofen Trametes versicolor Crude laccase 0.01 30 °C, 125 rpm, 48 h, 38 (Tran et al., 2010)
100 mL
Naproxen Trametes versicolor Purified laccase 20 25°C, 135 rpm, 10 (Marco-Urrea et al., 2010a)
30 h, 25 mL
Crude laccase 0.01 30 °C, 125 rpm, 48 h, 100 (Tran et al., 2010)
100 mL
Sulfadimethoxine  Trametes versicolor Purified laccase 310.33 21 °C, Static, 75.1 (Schwarz et al., 2010)
15d, 100 mL
Sulfanilamide Trametes versicolor Purified laccase 172.20 21 °C, Static, 10 (Schwarz et al., 2010)
15d, 100 mL
Sulfapyridine Trametes versicolor Purified laccase 10 25°C, 135 rpm, 75 (Rodriguez-Rodriguez et al.,
50 h, 50 mL 2012)
249.29 21 °C, Static, 95.6 (Schwarz et al., 2010)
15d, 100 mL
Sulfathiazole Trametes versicolor Purified laccase 10 25°C, 135 rpm, 82 (Rodriguez-Rodriguez et al.,
50 h, 50 mL 2012)

* Pharmaceutically active compounds.

2.3.2. Mediator effect

Lac catalyzes the mono-electronic oxidation of PhACs through
copper active sites. However, the oxidation-reduction potential (ORP)
of the enzyme affects the extent of removal (D'Acunzo et al., 2006).
Poor degradation of non-phenolic PhACs is generally attributed to
the presence of strong electron withdrawing groups (EWGs), such as
amide (-CONR,), carboxylic (-COOH), halogen (-X) and nitro (-NO,)
in the molecular structure and higher ORP of non-phenolic com-
pounds compared to Lac (D'Acunzo et al., 2006).

Degradation efficiency of pollutants with Lac can be enhanced by
the addition of mediators that work as electron shuttles between the
target compounds and enzyme (Kim and Nicell, 2006). The low mol-
ecular weight mediators, such as syringaldazine (SA) and 1-hydrox-
ybenzotriazole (HBT) are oxidized by the enzyme, they diffuse and
oxidize the substrate that cannot enter the enzymatic pocket due to
its size. The generated radicals serve as a shuttle for electron trans-
fer between PhACs and Lac and consequently facilitate the degrada-
tion of recalcitrant compounds. Also, they can enhance the degrada-
tion of non-phenolic compounds by generating highly reactive radi-
cals as a result of mediator oxidation by the enzyme. Therefore, the
mediator can extend the range of substrates degradable by the enzyme
(Fabbrini et al., 2002). In Table 6, the most studied redox mediator
for Lac with their structure and related information are listed. The me-
diators follow three mechanisms for oxidation i.e. ionic mechanisms,
hydrogen atom transfer, and electron transfer (Asif et al., 2017). For
instance, HBT and SA tend to follow hydrogen atom transfer, while
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and
2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) were

reported to follow electron transfer and ionic mechanisms, respec-
tively (Ashe et al., 2016; Astolfi et al., 2005). The type and concentra-
tion of mediator and the properties of target compound affect the per-
formance of a mediator. For instance, violuric acid (VLA) and HBT
were reported to work better for non-phenolic PhACs, while SA and
ABTS showed better performance for phenolic compounds (Nguyen
etal., 2015, 2014b, 2016b; Yang, 2012).

Lloret et al. investigated the effects of SA on the degradation of
DCF by commercial Lac from Myceliophthora thermophila (MT).
They found that removal of DCF was improved from 40 to 80% by
increasing the SA concentration from 0.1 to 0.5 mM (Lloret et al.,
2010). Similarly, Nguyen et al. obtained 35% improvement in the re-
moval of DCF by increasing the concentration of SA from 0.01 to
0.1 mM in an enzymatic reactor (Nguyen et al., 2016b). Increasing the
mediator concentration beyond a threshold level, may not affect the
removal of PhAC. For example, Ashe et al. reported that NPX can
be efficiently removed by Lac in the presence of VA or HBT medi-
ators but increasing the VA concentration from 0.5 to 1 mM caused
no improvement in the removal of NPX (Ashe et al., 2016). The small
aminoxyl radicals formed by reaction of HBT and Lac can abstract
hydrogen atom from the O-H bond in substrates and form the phe-
noxyl radicals which are able to react with the substrate (Coniglio et
al., 2008). Suda et al. investigated the degradation of several tetra-
cycline antibiotics (TC, CTC, DC, and OTC) with a Lac mediated
by HBT. Their results showed complete elimination of DC and CTC
in 15 min, and complete removal of CTC and TC in 1 h (Suda et
al., 2012). Nguyen et al. observed that coupling HBT with laccase in
a fungal membrane bioreactor (MBR) can eliminate DCF (70-95%)
and NPX (20-98%) that are resistant to bacterial degradation but can-
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Table 6

Physicochemical properties of redox-mediators used to improve the performance of laccase-based treatment of PhACs.

Application
Redox- Natural/ Oxidation for PhACs Average
mediator  synthetic ~ Type of mediator ~ Free radicals mechanism Chemical structure removal removal (%) References
HBTA Synthetic N-OH Aminoxyl HAT" e NpxK 89 (Lloret et al., 2013; Marco-Urrea et al.,
ZNO* 2010a; Tran et al., 2010)
DCF" 96 (Lloret et al., 2013; Nguyen et al., 2014a;
Tran et al., 2010)
CcBZM 60 (Hata et al., 2010b)
ABTS"® Synthetic ~ ABTS ABTS™* ET' DCF 100 (Tran et al., 2010)
ABTS™
NPX 100 (Tran et al., 2010)
IDMN 100 (Tran et al., 2010)
SDM° 100 (Weng et al., 2012)
SMM” 100 (Weng et al., 2012)
TEMPO®  Synthetic N-O Oxoammonium  Ionic’ Hg ?" o, NPX 37 (Ashe et al., 2016)
N=O* HyC H,
HPI” Synthetic N-OH Aminoxyl HAT" O{é NPX 38 (Ashe et al., 2016)
— N_ol —OH
SAE Natural C¢H4(OH)(OCH;)  Phenoxyl HAT! R DCF 64 (Lloret et al., 2013; Nguyen et al., 2014a;
CeH;0* Sathishkumar et al., 2014)
wd
i —CH,
1BP? 19 (Nguyen et al., 2015; Nguyen et al.,
2016b)
GFZ® 34 (Nguyen et al., 2015)
NPX 23 (Nguyen et al., 2015)
KEP® 17 (Nguyen et al., 2015)
CBZ 32 (Nguyen et al., 2015; Nguyen et al.,
2014c)
AMP" 100 (Nguyen et al., 2015; Nguyen et al.,
2016b)
VLAF Natural ~ N-OH Aminoxyl HAT! Il SDM 100 (Weng et al., 2012)
— N_Ol NH
[}
SMM 100 (Weng et al., 2012)
VAN© Synthetic  C4H,(OH)(OCH;)  Phenoxyl HAT" 2 NPX 39 (Ashe et al., 2016)
CH,0"
H Hy

A:1-hydroxibenzotriazole, B:2,2-azino-nis (3-ethylbenzothiazoline-6-sulfnoic acid, C:2,2,6,6-tetramethylpiperidinyloxyl, D:N-hydroxyphthalimide, E:Syringaldehyde, F:Violuric
acid, G:Vanillin, H:Hydrogen atom transfer, I:Electron transfer, J:Ionic oxidation, K:Naproxen, L:Diclofenac, M:Carbamazepine, N:Indomethacin, O:Sulfadimethoxine,

P:Sulfamonomethoxine, Q:Ibuprofen, R:Gemfibrozil, S:Ketoprofen T:Amitriptyline.

not degrade compounds such as IBP, GFZ and AMP that are per-
fectly removed by activated sludge treatment (Nguyen et al., 2013).
This finding indicates that WRF and activated sludge would be a com-
plementary system in WWTPs. However, the high loading of medi-
ator required for the treatment casts doubts on the applicability of
enzyme-mediator systems. Margot et al. investigated the removal of
SMX with Lac mediated by ABTS, SA, and acetosyringone (ACE).
They observed that mediators were consumed at the mediator to pol-
lutant molar ratio of 1.1-16 (Margot et al., 2015).

Another issue with using mediators is the compromising of enzy-
matic activity after the addition of mediators though they can improve
the kinetics of the reaction. For instance, Hata et al. reported 90%
reduction in Lac activity 8 h after the addition of HBT (Hata et al.,
2010b). Likewise, rapid reduction in activity of laccase was reported
after the addition of ABTS, VA, or HBT but the rate of inactivation
depends on the stability of the generated radicals (Ashe et al., 2016).
If there is no enzyme inhibitor in the medium, rapid inactivation of
enzyme in presence of mediator can be due to the blocking of en-
zyme active sites by metabolites and charged radicals and also the re-
action of enzyme-active sites with metabolites and form non-produc-
tive complexes (Asif et al., 2017; Purich, 2010). Nevertheless, the pe-
riodic enzyme replenishment will be required to maintain the removal
efficiency of PhACs which increases the operational cost.

Although the use of mediators can improve the removal of microp-
ollutant, these compounds are toxic and their release into the environ-
ment may pose chronic problems (Grandclément et al., 2017). As a
result, increasing the toxicity of treated wastewater with enzyme-me-
diator system leads to another environmental problem. For example,
Nguyen et al. found that effluent of enzymatic treatment mediated
with SA was more toxic than control sample for all dosages applied,
while the addition of HBT did not increase the toxicity at concentra-
tions lower than 0.5 mM (Nguyen et al., 2014a). Therefore, to develop
an effective removal strategy, selecting the appropriate mediator and
determination of its optimum concentration are critical. Furthermore,
it has to be ensured that use of mediator does not result in increasing
the toxicity of the effluent.

2.3.3. Operational parameters

The performance of ligninolytic enzymes in wastewater treatment
plants depends on operational conditions and physiochemical proper-
ties of PhACs and wastewater. Briefly, the properties of wastewater,
such as temperature, pH, salinity and the presence of metals and dis-
solved organic/inorganic matter may influence the performance of
fungal cultures or their extracted enzyme (Yang et al., 2013b). In the
following sections, the effects of different parameters have been sum-
marized.
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The temperature of wastewater affects both the stability of biocat-
alytic systems and the rate of reaction. It is assumed that the reac-
tion rate increases to some extent when the temperature is increased
(Zhang and Geifen, 2010). However, depending on the strain of fungi,
thermal denaturation of enzymes is expected at a temperature higher
than 40 °C (Mukhopadhyay et al., 2015; Sampaio et al., 2016). Few
studies investigated the effect of temperature on the activity of ligni-
nolytic enzymes (Bosco et al., 2002; Wen et al., 2010). The optimal
temperature to obtain the highest degradation efficiency of ligninolytic
enzymes differ from one compound to another. For instance, Wen et
al. studied the degradation of TC and OTC by crude LiP obtained from
PC and observed that in the range of 30-37 °C, TC was totally re-
moved while the degradation efficiency of OTC was about 90% at
30 °C and increased with the temperature, until it was 37 °C (Wen et
al., 2009). In a related study, Margot et al. used purified Lac from TV
to degrade DCF and observed that by increasing the temperature from
10 °C to 25 °C, degradation efficiency was increased and further tem-
perature increase resulted in a plateau (Margot et al., 2013b). Simi-
larly, Naghdi et al. showed that Lac obtained from TV has its high-
est stability at 30 °C with 66% of its initial activity and between 50
and 70 °C, Lac could not retain more than 11% of its initial activity
(Naghdi et al., 2017).

The performance of enzyme and several properties of substrates
can be highly impacted by pH of the reaction medium, which subse-
quently affects the extent of PhACs removal. The effects of pH on
degradation efficiency are caused by the stability of target compounds
at different pH levels and the pH dependency of the enzyme activity.
The latter is because of the fact that the pH changes the ionization sta-
tus of enzyme and each enzyme can be active only in a special ioniza-
tion status (Wen et al., 2009).

The optimum pH for DCF removal (60-100%) by purified Lac ob-
tained from TV and MT and LiP obtained from PC was reported to
be in the range of 3.0-4.5 (Lloret et al., 2010; Margot et al., 2013b;
Nguyen et al., 2014b; Zhang and Geifen, 2010). Zhang and Geifen
found that crude LiP obtained from PC can completely degrade DCF
at pH 3.0-4.5 while only 10% degradation happened at pH 6.0. They
indicated that this decline in removal efficiency was due to the inacti-
vation of LiP at higher pH (Zhang and Geiflen, 2010). Wen et al. stud-
ied the degradation of TC and OTC with crude MnP obtained from
PC and observed that pH range of 2.96—4.80 was the optimum range
for treatment (Wen et al., 2010). In another study, it was found that
pH 4.2 was the optimum value for degradation of TC and OTC with
LiP. They also observed no degradation for pH values below 2.8 or
above 5.4. Interestingly, for pH values higher than 4.2, the degrada-
tion efficiency of TC decreased more rapidly than that of OTC (Wen
et al., 2009). In a related study, Weng et al. observed that Lac activ-
ity decreased when pH was pushed toward alkaline values and related
it to the binding of hydroxide anion to the copper element of laccase,
which subsequently interrupted the electron transfer pathway (Weng
etal., 2013).

Besides temperature and pH, the constituents of wastewater ma-
trix, such as surfactants, natural organic matter, various organic/inor-
ganic compounds and heavy metal ions need to be evaluated in the
case of removal of PhACs (Hu et al., 2014). The effects of dissolved
organic and inorganic compounds on the activity of Lac and removal
of PhACs has been discussed by several studies. Accordingly, com-
pounds such as heavy metals, halides, sulfides and natural/synthetic
organics can inhibit the activity of Lac (D'Souza-Ticlo et al., 2009;
Sondhi et al., 2014; Wan et al., 2015). Each compound may inhibit
the enzyme via a different mechanism. For instance, fatty acids in-
hibit the catalytic potential of Lac by blocking the enzyme binding
sites for phenolic substrates (Gianfreda et al., 1998). Also, the cat-

alytic voltammetry analysis indicated that anionic inhibitors, such as
sulfides and halides could block the access of substrates to the active
copper sites in Lac (Blanford et al., 2009). Among anionic inhibitors,
azide and fluoride are known as the most effective inhibitors that can
rapidly reduce the activity of Lac by 50% even at very low concentra-
tions (Bento et al., 2005). The inhibition of Lac by halides can follow
this order: fluoride > chloride > bromide, however, the halides con-
centration required to inhibit Lac varies and no correlation with their
inhibition potential have been found (Rodgers et al., 2010; Xu, 1996).

Lu et al. investigated the effect of natural organic matter on
biodegradation of ACT with Lac and found that dissolved natural or-
ganic matter can inhibit self-coupling of the ACT and enhance its re-
moval. It can be due to the cross-coupling between ACT and dissolved
natural organic matter (Lu and Huang, 2009). Cross-coupling between
pharmaceuticals and natural organic matter may play a more impor-
tant role than self-coupling of pharmaceuticals in degradation of mi-
cropollutants due to a higher concentration of natural organic matter
(Piccolo et al., 2000). Cross-coupling of the pollutants with molecules
of natural organic matter through the oxidative action of enzymes can
deactivate their biological effects. Also, the cross-coupling of natural
organic matter molecules to each other as a result of enzymatic reac-
tion can enhance the removal of natural organic matter. Therefore, us-
ing enzymatic treatment can simultaneously remove micropollutants
and natural organic matter (Cozzolino and Piccolo, 2002; Piccolo et
al., 2000).

Although oxidoreductase enzymes act non-specifically towards
pollutants, they follow the “one electron oxidation” mechanism and
therefore the substrates need to have electron donor properties in this
reaction. The essential criteria for substrates of these enzymes are the
presence of the heterocyclic or aromatic ring, easily oxidized substitu-
tions, such as hydroxyl groups and electron donor substituent such as
phenyl, alkyl, etc. (Tran et al., 2010). Hydrophobicity and the presence
of electron donating groups (EDGs) or EWGs are important factors af-
fecting the biodegradation of trace organic contaminants in WWTPs
(Joutey et al., 2013). EWGs, such as an amide (-CONR,) and car-
boxylic (-COOH) groups cause the compounds to be less susceptible
to oxidative catabolism while EDGs such as an amine (-NH,) and hy-
droxyl (-OH) groups facilitate the electrophilic attack by oxygenase
produced in aerobic treatment (Tadkaew et al., 2011). As a conse-
quence, high removal efficiency was observed for hydrophilic and hy-
drophobic compounds, which possess EDGs while low removal ef-
ficiency was observed for hydrophilic compounds bearing EWGs. It
is noteworthy that some compounds, such as DCF and NPX contain
both EDGs and EWGs and the overall influence of these groups on
biodegradability is complex. In this case, an extensive study on the
structure-activity relationship is required (D'Acunzo et al., 2006; Yang
et al., 2013b).

2.4. Immobilized enzyme

Using batch reactors with free enzymes is not economically viable
for wastewater treatment due to the high volume of wastewater to be
treated, high quantities of required enzyme and necessity for removal
of the enzyme at the end of treatment (Majeau et al., 2010). Since
enzymes are expensive, the economic viability of the whole process
needs to be demonstrated. To overcome the cost of large amount of
free enzyme needed for real applications (due to enzyme losses dur-
ing the treatment), different strategies that have been adopted include:
(1) immobilization of the enzymes on supports to separate enzymes
from the effluent and reuse them several times (Fernandez-Fernandez
et al., 2013), (ii) using ultrafiltration membranes to prevent the re-
lease of enzyme with effluent and (iii) production of the enzyme dur-
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ing treatment using microorganisms grown on cost-effective sub-
strates. Using immobilized enzymes is a potential solution for indus-
trial-scale application since it enables reusing of biocatalyst and con-
tinuous operation and reduces the operational costs (Cabana et al.,
2007a). Furthermore, immobilization of enzyme improves the sta-
bility of enzyme during storage, against organic solvents and vari-
ations in temperature and pH. Immobilization of enzymes also in-
creases the contact surface and helps to avoid too much shear stress
which inactivates enzymes (De Cazes et al., 2014a; Majeau et al.,
2010; Mateo et al., 2007). However, the immobilized enzyme may
have less activity compared to free one due to conformational al-
terations of the enzyme and its heterogeneity on the support (Davis
and Burns, 1992; Fernandez-Fernandez et al., 2013; Ji et al., 2016b).
The immobilization process influences the properties of the biocata-
lyst and therefore the selection of an immobilization method deter-
mines the process specifications of an enzyme such as cost, catalytic
activity, effectiveness and deactivation kinetics (Duran et al., 2002;
Fernandez-Fernandez et al., 2013). Also, the toxicity of reagents used
for immobilization should be considered for waste disposal and spe-
cific application of the biocatalyst (Duran et al., 2002).

In Table 7, the data on the efficiencies of immobilized enzymes for
removal of PhACs obtained by different researchers have been sum-
marized. Immobilization of enzymes has been performed on different
types of inert (e.g., aluminum oxide pellets and alginate beads) and ac-
tive (e.g., activated carbon and silica gel) carrier materials. The selec-
tion criteria for support materials are being cost-effective and having
non-toxic nature, high surface area and mechanical strength (Cabana
et al., 2009a; Daassi et al., 2014). Several immobilization methods
have been developed so far i.e. covalent attachment, crosslinking, en-
trapment in pores or spun fibers, encapsulation, ionic interaction and
adsorption (Cabana et al., 2007b, 2009a; Cristovao et al., 2011; Daassi
etal., 2014).

Immobilization methods that involved chemical reaction with en-
zyme provided stable attachment and reduced enzyme inactivation
rates, however, they tend to reduce the activity of the biocatalyst be-
cause the covalent bonds can perturb the native structure of enzyme
(Sheldon, 2007). By contrast, physical immobilization and entrapment
methods typically have fewer effects on the structure of the enzyme
and provide less stability during the reaction (Duran et al., 2002). The
appropriate selection of immobilization method depends on several
parameters. Normally, an immobilized enzyme with a lower initial ac-
tivity but long-time stability is preferred to the one with a high ini-
tial activity but with less stability (Duran et al., 2002; Sheldon, 2007;
Turto and Turto, 2013).

Among these methods, physical adsorption on carriers is a simple
and economical approach (Naghdi et al., 2017). To improve the stabil-
ity and enzyme loading, the carrier surfaces should be properly modi-
fied to create functional groups with affinity for protein (Lloret et al.,
2012b). Naghdi et al. immobilized Lac on functionalized nanobiochar
through acidic treatment and observed an improvement in storage, pH,
and thermal stability. The immobilized Lac preserved 70% of its ini-
tial activity after 3 cycles of reaction with ABTS (Naghdi et al., 2017).
Similarly, Nguyen et al. immobilized Lac onto functionalized granular
activated carbon through acid treatment and observed more than 90%
residual activity after three oxidation cycles using 2, 6-dimethoxy phe-
nol as substrate (Nguyen et al., 2016a). In another study, Ji et al. im-
mobilized Lac on carbon nanotubes via physical adsorption and ob-
served 60% activity retention after three cycles of ABTS oxidation (Ji
et al., 2016a). Therefore, still, physical methods need to be improved
since losing 30-40% of activity in 3 cycles is not economically viable.

Covalently immobilized enzymes showed high performance in re-
moval of PhACs. For example, Kumar et al. used covalently immobi-
lized Lac on electrospun poly(lactic-co-glycolic acid) nanofibers and
observed the almost complete removal of DCF in a batch reactor after
5 h. Also, they reported similar degradation efficiency after 3 cycles
(Sathishkumar et al., 2012). Likewise, Xu et al. immobilized Lac on
polyvinyl alcohol/chitosan nanofibers through covalent bonding for
degradation of DCF and observed complete removal after 6 h in batch
mode (Xu et al., 2015b). Also, they employed immobilized HRP on
Poly(vinyl alcohol)/poly(acrylic acid)/SiO, nanofibers for degradation
of paracetamol and obtained more than 80% removal after 90 min.
Around 20% reduction in degradation efficiency was reported after 3
cycles (Xu et al., 2015a). However, in the mentioned research the ini-
tial concentrations of compounds (>10 ppm) were far beyond their en-
vironmentally relevant concentration i.e. several ppb.

Cross-linking of enzyme molecules to each other and formation
of insoluble enzyme aggregates is another approach to enhance sta-
bility. In this method, it is possible to work with or without support.
Due to the small size of aggregates, different methods such as mi-
crofiltration and using magnetic particles are proposed for separation
of the enzyme from effluent (Arca-Ramos et al., 2016b; Kumar and
Cabana, 2016). Lac cross-linking enzyme aggregates and Lac-grafted
particles have been used for the degradation of PhACs in different
reactor configurations e.g. fluidized-bed reactors and fixed-bed reac-
tors (Cao, 2005). For example, Ba et al. used Lac cross-linked aggre-
gates for degradation of the ACT, CBZ, and MFA and observed 99%,
nearly 100% and up to 85% degradation efficiency respectively after
8 h in a batch reactor. In continuous experiments, complete removal of
ACT and MFA within 24 h and 93% removal for CBZ after 72 h was
achieved (Ba et al., 2014b). In another study, a combination of Lac and
Tyr were crosslinked to form aggregates and this combined system
was used to degrade ACT in municipal wastewaters in batch mode.
They observed more than 80%—100% removal for the ACT in munic-
ipal wastewater and more than 90% removal in hospital wastewater
(Ba et al., 2014a). Nair et al. immobilized Lac on silica spheres in a
two-step adsorption-crosslinking process and achieved more than 30%
of DCF removal in continuous mode (Nair et al., 2013). There are also
other research papers that reported different removal efficiency (up to
95%) while using enzyme aggregates (Kumar and Cabana, 2016; Shi
et al., 2014; Touahar et al., 2014).

3. Enzymatic membrane reactors (EMRs)

Application of enzymatic treatment in continuous mode still re-
mained a technical challenge since the enzyme is washed out with
the treated effluent (Hai et al., 2012). Using membranes with a pore
size smaller than the size of enzyme macromolecules is a potential
approach to solve this issue (Lloret et al., 2012a). In this, so-called
enzymatic membrane reactor (EMR), the enzyme remains in the re-
actor while continuous feeding and effluent withdrawal are enabled.
Compared to the enzyme immobilization approach, EMR has advan-
tages, such as better enzyme dispersion in the reactor, more effective
enzyme retention and easier replenishment of fresh enzymes. There
are few studies in which continuous PhACs degradation by EMRs
is investigated (Asif et al., 2017; Cabana et al., 2009b). Two types
of EMRs have been already distinguished (Fig. 3) (Jochems et al.,
2011). In the first case (Fig. 3A), which is also called “stirred-tank
membrane reactors” the membrane acts as a barrier against escape
of free enzyme from the reactor, while transformation products (TPs)
are able to cross the membrane along with effluent. In this design,
separated devices for reaction and separation are deployed in series
and independently controlled in terms of operating conditions (De
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Removal efficiencies PhACs by immobilized enzyme in batch experiments.

Initial
PhAC Removal Removal
Compound concentration  Source of Fungi Enzyme Immobilization method conditions (%) References
Acetaminophen 10-50 pg/L Trametes versicolor Laccase Cross-linked enzyme aggregates Wastewater 26 (Arca-Ramos
30 °C, 150 rpm, 6 h, et al., 2016b)
10 mL
100 pg/L Trametes versicolor Laccase Cross-linked enzyme aggregates Wastewater 97 (Kumar and
20 °C, 125 rpm, 12 h, Cabana, 2016)
10 mL
100 pg/L Trametes versicolor Laccase Cross-linked enzyme aggregates Wastewater 100 (Baetal.,
20 °C, 300 rpm, 120 h, 2014b)
3500 mL
90 ng/L Trametes Laccase/Tyrosinase Cross-linked enzyme aggregates Wastewater 93 (Baetal.,
versicolor/Mushroom 20°C,8h 2014a)
Atenolol 100 pg/L Trametes versicolor Laccase Cross-linked enzyme aggregates Wastewater 90 (Kumar and
20 °C, 125 rpm, 12 h, Cabana, 2016)
10 mL
Diazepam 100 pg/L Trametes versicolor Laccase Cross-linked enzyme aggregates Wastewater 68 (Kumar and
20 °C, 125 rpm, 12 h, Cabana, 2016)
10 mL
Diclofenac 93 ng/L Trametes versicolor Laccase Immobilized on silica nanoparticles Wastewater 0 (Arca-Ramos
25°C, 210 rpm, 24 h, etal., 2016a)
100 mL
93 ng/L Mpyceliophthora Laccase Immobilized on silica nanoparticles Wastewater 0 (Arca-Ramos
thermophila 25°C, 210 rpm, 24 h, et al., 2016a)
100 mL
2.5 mg/L Aspergillus oryzae Laccase Immobilized on granular activated Spiked water 60 (Nguyen et al.,
carbon 25°C, 70 rpm, 2 h, 2016a)
100 mL
50 mg/L Pleurotus florida Laccase Immobilized on poly (lactic-co- Spiked water 100 (Sathishkumar
glycolic acid) 30°C, 100 rpm, 5 h etal., 2012)
12.5 mg/L Trametes Laccase Immobilized on polyvinyl alcohol/ Spiked water 100 (Xuetal.,
versicolor chitosan/multi-walled 50°C,6h 2015b)
carbon nanotubes
100 pg/L Trametes versicolor Laccase Cross-linked enzyme aggregates Wastewater 95 (Kumar and
20 °C, 125 rpm, 12 h, Cabana, 2016)
10 mL
10 pM Coriolopsis gallica Laccase Immobilized on Wastewater 70 (Nair et al.,
mesoporous silica spheres 20°C,24 h, 50 mL 2013)
Carbamazepine 20 pg/L Trametes versicolor Laccase Immobilized on nanobiochar Wastewater 66 (Naghdi et al.,
25 °C, 200 rpm, 24 h, 2017)
20 mL
S mg/L Trametes versicolor Laccase ImmobilizedonTiO, nanoparticles Wastewater 60 (Jietal.,
25 °C, Constant stirring, 2016b)
96 h, 50 mL
2.5 mg/L Aspergillus oryzae Laccase Immobilized on granular activated Spiked water 40 (Nguyen et al.,
carbon 25°C, 70 rpm, 2 h, 2016a)
100 mL
100 pg/L Trametes versicolor Laccase Cross-linked enzyme aggregates Wastewater 18 (Baetal.,
20 °C, 300 rpm, 120 h, 2014b)
3500 mL
Chlortetracycline 200 pg/L Trametes versicolor Laccase Immobilized on nanofibers Spiked water 58.3 (Taheran et al.,
25 °C, continuous mode 2017b)
(1 mL/h.cm?)
Fenofibrate 10-50 pg/L Trametes versicolor Laccase Cross-linked enzyme aggregates Wastewater 37 (Arca-Ramos
30°C, 150 rpm, 6 h, etal., 2016b)
10 mL
100 pg/L Trametes versicolor Laccase Cross-linked enzyme aggregates Wastewater 45 (Kumar and
20°C, 125 rpm, 12 h, Cabana, 2016)
10 mL
Ketoprofen 100 pg/L Trametes versicolor Laccase Cross-linked enzyme aggregates Wastewater 48 (Kumar and
20 °C, 125 rpm, 12 h, Cabana, 2016)
10 mL
Mefenamic acid 100 pg/L Trametes versicolor Laccase Cross-linked enzyme aggregates Wastewater 99 (Kumar and
20°C, 125 rpm, 12 h, Cabana, 2016)
10 mL
100 pg/L Trametes versicolor Laccase Cross-linked enzyme aggregates Wastewater 100 (Baetal.,
20 °C, 300 rpm, 120 h, 2014b)
3500 mL
Paracetamol 20 mg/L Not mentioned Horseradish Immobilized on nanofibrous Spiked water 98 (Xu etal.,
peroxidase membranes 25 °C, 90 min, 50 mL 2015a)
Sulfadiazine 50 mg/L Echinodontium taxodii Laccase Immobilized on Fe;0, nanoparticles ~ Spiked water 100 (Shi et al.,
25°C, 5 min 2014)
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Table 7 (Continued)
Initial
PhAC Removal Removal
Compound concentration  Source of Fungi Enzyme Immobilization method conditions (%) References
Sulfamethazine 50 mg/L Echinodontium Laccase Immobilized on Fe;0, nanoparticles  Spiked water 100 (Shi et al.,
taxodii 25°C, 3 min 2014)
Sulfamethoxazole 50 mg/L Trametes versicolor Laccase Immobilized on CPC silica beads Spiked water 53 (Rahmani et
40 °C, 50 rpm, 60 min, al., 2015)
SmL
2.5 mg/L Aspergillus oryzae Laccase Immobilized on granular activated Spiked water 59 (Nguyen et al.,
carbon 25°C, 70 rpm, 2 h, 2016a)
100 mL
50 mg/L Echinodontium Laccase Immobilized on Fe;0,4 nanoparticles  Spiked water 100 (Shi et al.,
taxodii 25°C, 5 min 2014)
Sulfathiazole 50 mg/L Trametes versicolor Laccase Immobilized on CPC silica beads Spiked water 71.7 (Rahmani et
40 °C, 50 rpm, 60 min, al., 2015)
5SmL
Trimethoprim 100 pg/L Trametes versicolor Laccase Cross-linked enzyme aggregates Wastewater 60 (Kumar and
20°C, 125 rpm, 12 h, Cabana,
10 mL 2016)
Retentate Retentate
Feed :% Feed &
Substrate Substrate
Enzymatic
Membrane Membrane
Permeate Permeate
Products Products
Pollutants + Pollutanis
Free Enzymes
A B

Fig. 3. Enzymatic membrane reactor configurations: (A) Type one: the membrane is only used as a selective barrier to retain enzyme (B) Type two: the membrane acts as both support

for biocatalyst and selective barrier.

Cazes et al., 2014a). One of the challenges for this type of EMR is
adjusting the tangential flow to avoid concentration polarization, to
prevent enzyme inactivation and to achieve a feasible filtration rate.
Stirred-tank membrane reactors have been already studied for hydrol-
ysis reactions, but such reactors were also studied for environmen-
tal applications. Recent investigations have focused on the removal
of DCF, CBZ, and SMX from water and wastewater. For instance,
Nguyen et al. studied the effect of the addition of granular activated
carbon (GAC) to Lac-based stirred-tank membrane reactors on the re-
moval of CBZ, DCF, and SMX. They observed that dosing of 3 g/L
GAC caused 14-25% improvement in biodegradation of the PhACs
and reduced membrane fouling. They also found that the removal
of DCF increased from 30% in a batch reactor (8 h contact time) to
60% in EMR continuous operation (8 h retention time) (Nguyen et al.,
2014c). In a related study, they observed that addition of SA as a me-
diator at 5 uM can increase the removal efficiency from 60% to 80%
under DCF loading rate of 480 png/L.d. They also found that DCF was
trapped into the gel layer of enzyme formed on the membrane surface,
which helped in its biodegradation (Nguyen et al., 2014b, 2015). They
also found that a higher concentration of SA increased the toxicity of
effluent, due to the presence of generated radicals and unconsumed
SA (Nguyen et al., 2016b). A gradual depletion of the enzymatic ac-
tivity has been reported even with properly selected molecular weight
cut-off, which indicates enzyme denaturation during operation. Deple-
tion of enzymatic activity is caused by both natural activity decay of
free enzymes and inactivation due to shear stresses. Therefore, the pe-
riodic addition of enzyme to the reactor will be required to maintain
the level of enzymatic activity (Nguyen et al., 2014b, 2014c).

In the second type of EMRs (Fig. 3B), the membrane is a selec-
tive barrier, which was already used as a support for immobilization of
enzyme. Therefore, the biocatalytic reaction happens at many places
where the enzyme is immobilized i.e. the external/internal surface of
the membrane. This configuration offers several advantages, such as
lower energy consumption compared to packed bed reactors, enzyme
stability and reducing the blockage of the membrane and forcing the
pollutants to pass over the active sites during filtration. The latter
is considered as the main benefit of this process (Sanchez Marcano
and Tsotsis, 2004). In this type of EMRs, the collision between en-
zyme and substrate occurs during the mass transfer process through
the membrane. Therefore, the biocatalytic reaction takes place during
the mass transfer process and the TPs are released into the permeate.
This concept enables better control of the process by reducing the dis-
tance between the substrate and catalyst and increasing the probability
of reaction. The membrane is an assembly of pores, which can be con-
sidered as micro-reactors. In these micro-reactors, the contact between
reactants is improved since the path for mass transfer is reduced and
simultaneously the retention time can be adjusted by manipulating the
flux rate (Jochems et al., 2011; Rios et al., 2004).

The selection of immobilization method is based on membrane
properties, enzyme properties, and cost. There are three main tech-
niques for preparation of active membranes: attachment through cova-
lent or physical bonds on the membrane, entrapment in the pores and
deposition of a gel layer of enzymes on the surface of the membrane
(Hilal et al., 2004; Kanwar and Goswami, 2002).

Attachment through covalent bonding methods such as the forma-
tion of carbodiimides, diazonium salts, etc. is advantageous in terms
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of enzyme stability and leaching prevention. De Cazes et al. cova-
lently immobilized Lac onto the ceramic membrane and degraded TC
at 56% efficiency after 24 h whereas the efficiency was only 30% with
free Lac. Furthermore, their EMR reached a constant degradation rate
during 10 days (De Cazes et al., 2014b; de Cazes et al., 2015). How-
ever covalent bonding to support is not a preferred method due to re-
duction of activity, high cost and regeneration problems (Belleville et
al., 2001; Chea et al., 2012; Durante et al., 2004; Hou et al., 2014;
Mateo et al., 2007; Xu et al., 2006). On the other hand, entrapping en-
zyme in the pores and formation of gel on the surface of membrane are
simple, cheap and offer the possibility of regeneration and their leach-
ing can be overcome by forming enzymes clusters inside the mem-
brane pores (Paiva et al., 2000; Sakaki et al., 2001; Trusek-Holownia
and Noworyta, 2007). Also, the stability of the enzyme layer can be
improved by covalent bonding of enzyme molecules to each other
(Yujun et al., 2008). It is obvious that further studies are needed to
advance in EMR design, particularly to verify their viability at large
scales and their potential challenges such as fouling. A mathematical
study by Abejon et al. on immobilized Lac for degradation of antibi-
otics showed that this process is still far from economic competitive-
ness due to the costs of membrane conditioning. They concluded that
some improvements on the lifetime of the reactors, enzymatic activity,
and membrane conditioning or regeneration costs need to be made to
achieve competitive economical (Abejon et al., 2015).

4. Hybrid methods

The combination and enzymatic degradation with other treatment
methods attracted the attention of researchers due to the potential of
overcoming the drawbacks of single process approaches. For exam-
ple, placing fungal reactor and activated sludge system in series can
combine the benefits of both systems, namely the oxidative activi-
ties with fungi and decreasing chemical oxygen demand (COD) by
activated sludge (Anastasi et al., 2012). Also, a combination of son-
ication with oxidation by Lac enzyme improves the degradation ef-
ficiency and reduces reaction time (Sutar and Rathod, 2015a, 2016).
Ultrasonication produces radicals that independently attack and oxi-
dize the contaminant molecules (Sutar and Rathod, 2015b). Combi-
nation of fungal media with Fenton system is another strategy stud-
ied for degradation of PhACs. In this system, the degradation effi-
ciency of recalcitrant CBZ was reported to reach 80% after addition
of 2,6-dimethoxy-1,4-benzoquinone and Fe**-oxalate to fungal cul-
ture (Marco-Urrea et al., 2010d). Yang studied the augmentation of
an MBR with TV to take the advantage of both fungi and bacteria for
removal of DCF. Initially, they observed the high removal of DCF,
which gradually dropped from 80% to 40% after three weeks of op-
eration in continuous mode. Their mass balance showed that 66%
of adsorbed DCF onto sludge underwent biodegradation that reveals
a successful combination. However, the loss of extracellular laccase
through membrane should be mentioned as a drawback (Yang, 2012).

5. Conclusion and future outlook

Over the past 20 years, numerous researchers have investigated the
performance of different processes to remove PhACs from water and
wastewaters. Treatment systems based on WRFs and their related ox-
idoreductase enzyme systems offer a promising and environmentally
friendly solution for removing such pollutants. This method has ad-
vantages over other treatment methods, such as the production of less
toxic by-products and producing no concentrated stream.

The reviewed literature showed that a variety of pharmaceuti-
cals are efficiently removed by both crude/purified enzymes and
whole-cell fungi. Treatment with whole-cell fungi showed superior
performance for many compounds due to the synergistic effects of in-
tracellular and extracellular enzymes coupled with sorption onto fun-
gal biomass. However, in these systems, the washing out of enzymes
with effluent and constant supply of different nutrients to keep fungi
active increase the organic loading of final effluent. Furthermore, the
bacterial contamination of fungal culture should be considered for
large-scale applications since in real water and wastewater, there are
different consortia of microorganisms that can compete with fungal
activity. Also, there are factors including temperature, pH, aeration,
and dissolved constituents that affect the removal performance in en-
zymatic treatment system and this needs to be investigated. Based on
the data obtained from the effects of different factors, the limitations
of enzymatic treatment in terms of influent characteristics, operational
conditions and effluent quality will be elucidated. Performing the en-
zymatic treatment in pilot scale is needed f the operational problems
and to estimate the capital and operational costs for large-scale appli-
cations.

While using extracted enzymes, the lower stability of enzyme and
its loss with the effluent urged researchers to insolubilize or immo-
bilize the free enzyme through different methods. Although immobi-
lization can increase the stability and enable reusability, most of the
immobilization methods have significant drawbacks, such as being
highly expensive, loss of enzyme activity and regeneration problems.
Low molecular weight redox mediators can enhance the kinetic and
degradation efficiency of enzymes, however, they deplete the enzyme
activity and may pose toxicity to the final effluents.

Although ligninolytic enzymes and especially laccases were al-
ready commercialized for applications, such as denim bleaching, still
there are significant hurdles in the commercialization of these en-
zymes for waste stream bioremediation. Large amounts of required
enzyme, the high cost of mediators, production of toxic compounds
and losing enzyme activity as a result of inhibitors in the waste stream
are among the most important hurdles that need to be addressed in re-
search phase before proceeding to commercialization phase.

According to the performed studies on by-products of enzymatic
treatment of PhACs till date, final TPs are less toxic as compared to
the parent compounds in many cases. However, there are several ex-
amples of enzymatic treatment by-products, such as hydroxylated IBP,
which is more toxic compared to IBP. Therefore, the major TPs of en-
zymatic treatment can be identified for the majority of present com-
pounds in the waste streams and their toxicity should be determined
through standard methods prior to the decision for the system scale-up.

Recent investigations suggested using immobilized enzymes in hy-
brid processes to improve pollutant degradation. These complemen-
tary processes, such as adsorption, Fenton oxidation, and ultrasonica-
tion can improve the degradation of recalcitrant compounds, such as
CBZ. Further investigation is required to evaluate the technical, eco-
nomical and environmental aspects of different process combinations
to obtain a reliable and robust strategy for degradation of micropollu-
tants.
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