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ABSTRACT: In traditional separation processes, there are environmental risks still
because of the presence of toxic agents. Thus, a novel biomembrane microreactor
named eco-green biomembrane (EgBM) was developed to perform the transport,
biodegradation, and cleaning of a textile dye aqueous solution (3 mg/L) from the donor
(iee., textile dye) to the acceptor (ie., laccase enzymes) phases. In the present work,
Morchella esculenta pellets were used as carriers and degraders instead of using the
traditional chemical carriers. The optimized EgBM was made of cellulose triacetate
(16.1%) as a base polymer, 2-nitrophenyl octyl ether (25.2%) as a plasticizer, and M.
esculenta fungus pellets (58.7%) as both carriers and degraders. A decoloration
percentage of 98.6% =+ 0.8 in 60 h was attained, which was due to two mechanisms:
biosorption (15.4% = 0.1) on fungal mycelium and biodegradation (83.2% + 0.6) by
laccase enzymes. The EgBM was achieved not only by the transport of reactive textile
dyes used in the donor phase but also by the biodegradation and biosorption of the
dyes.

(onor phase)  EGBM  (rcceptor phase)

1. INTRODUCTION present study because of its ability to produce ligninolytic
enzymes and easy cultivation.

The textile industry ranks among the most polluting industries,
The use of immobilized fungal cultures is advantageous

given its large discharge volume of wastewater during dyeing

characterized by an intense coloration and untreated or because they are more resilient to environmental perturbations
refractory material. Such wastewater is among the most such as pH and exposure to toxic chemical concentrations than
problematic types of wastewater in the environment because free cell cultures.'>"* Polymer inclusion membranes (PIMs) are
its colorant material is highly resistant to degradation and bears a a type of liquid membranes used in separation and purification
reactive complex structure.’ In particular, the color parameters techniques because of their high selectivity and stability, which

of the dyeing process create severe problems for environmental
balance because dark wastewater blocks the passage of sunlight,
which decelerates photosynthesis and, in turn, negatively affects
organic life.

Reactive dyes with heavy metals cannot be removed from
wastewater because they are stable against light, heat, and

together with their mechanical properties make their perform-

ance superior to other membranes such as supported liquid

15—-18

membranes. The greatest challenge, however, is over-

coming the current toxicity or structure during the transport,

9

which can perpetuate environmental risks.'” In order to

oxidizing agents and are not biologically degradable.” Given overcome this drawback, in the present work, M. esculenta

their structural properties and significance in environmental pellets were used as carriers and degraders instead of the
. . o . . . . . 15,16,20—25

pollution, dyeing agents merit investigation in terms of traditional chemical carriers used. Thus, a novel

wastewater treatment options.” Although the physicochemical biomembrane, named eco-green biomembrane (EgBM), in

treatment methods such as chemical precipitation, oxidation, which the chemical carriers were replaced by fungal pellets of M.

and electrocoagulation for color removal from wastewater in the esculenta, was developed. The EgBM was achieved not only by

textile industry are numerous,” their use remains limited, given
their high cost and inapplicability to all dyes. Biodegradation is
seen as a low cost, ease to use, and environmentally friendly
method for dye removal from wastewater.”™® In this context,
ligninolytic fungi are considered a very promising alternative to
treat textile wastewater because of their ability to produce
nonspecific extracellular enzymes that are able to degrade
recalcitrant organic pollutants.”~'> Among them, the untapped
ascomycete Morchella esculenta has been selected to perform the

the transport of reactive textile dyes used in the donor phase but
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also by the biodegradation and biosorption of the dyes. To the
best of our knowledge, this approach is unprecedented.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Chemical and microbiological reagents
were obtained from Aldrich Chemical Co. (Milwaukee, WI,
USA) and Sigma (St. Louis, MO, USA). Analytical grade
chemicals and other solvents were purchased from Merck
(Darmstadt, Germany). The textile azo dye Cibacron Brilliant
Red 3B-A (color Index number 1810S; DyStar Company,
Raunheim, GERMANY), used in cotton dying, was used to
perform the biodegradation experiments. The chemical
structure of the dye is depicted in Figure 1.

Figure 1. Chemical structure of the reactive textile dye.

2.2. Microorganism and Media Composition. The
white-rot fungus M. esculenta, obtained from the culture
collection of the Chemistry Department, Faculty of Science,
Pamukkale University (Turkey), was used to perform the
present study. M. esculenta was maintained on Petri plates
containing malt extract agar (MEA) at 4 °C and was subcultured
every month.

The growth medium consisted of NaCl (0.9% w/v) and malt
extract (2% w/v) at pH 4.5. The production medium
composition was as follows: glucose (10 g/L), NH,H,PO,
(1.0 g/L), MgSO,-7H,0O (0.05 g/L), CaCl, (0.01 g/L), and
yeast extract (0.025 g/L). The media were autoclaved at 121 °C
for 20 min before use.

2.3. Cultivation Conditions. The cultures were performed
in 250 mL cotton-plugged Erlenmeyer flasks containing 100 mL
of growth medium. Inoculation two plugs (diameter approx. 0.3
mm) of M. esculenta, grown on MEA Petri plates for 7 days, per
erlenmeyer were used as inoculum. The flasks were incubated on
a shaker at 175 rpm and 26 °C for 4 days in darkness. Then,
single or double pellets, depending on the experiment, were
homogenized with glass beads on Vortex for 15 min in § mL of
0.1 M of acetic acid—ammonium acetate buffer (pH 4.5). This
homogenized pellet suspension was lyophilized (Techmech
Freeze Dryer, TM350) and stored in the fridge for its use in the
preparation of the EgBM.

2.4. Preparation of the EgBM. The EgBM consisted of
three basic components: cellulose triacetate (CTA) (Mn =
72.000—74.000) as a base polymer, which acted as a support
material, 2-nitrophenyl octyl ether (2-NPOE) as a plasticizer,
which provided flexibility and mechanical stability to the
biomembrane, and M. esculenta pellets as the carrier and
degrader. 2-NPOE was selected as a plasticizer, according to
previous studies by our research group.”*™>’

The EgBM was prepared as follows: 0.20 g of CTA was
dissolved in 15 mL of dichloromethane under shaking for 3 h. 2-
NPOE (0.3 mL) and single or double pellets, depending of the
experiment, of M. esculenta were added into 10 mL of
dichloromethane and stirred for 3 h. After this, both solutions
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were mixed under stirring for 6 h. Finally, the obtained solution
was evaporated on a glass plate at room temperature, and cold
water was added. The surface area and the thickness of the
synthesized EgBM were 9.08 cm” and on average S0—60 um,
respectively.

2.5. Transport and Biodegradation Experiments. The
EgBM reactor was used as indicated in Figure 2 for the transport

Temperature Controller

Eco-green Biomembrane

Figure 2. EgBM apparatus.

and biodegradation of the textile dye Cibacron Brilliant Red 3B-
A (at three different concentrations; 2, 3, and 4 mg/L) from an
aqueous solution. The EgBM reactor is composed of two equal
chambers, and the exterior surfaces of the chambers are coated
to preserve a constant temperature (25 °C). EgBM is stated
between these two equal chambers (45 mL). The donor phase
contains a textile dye solution, and the acceptor phase contains a
laccase enzyme solution. Thus, the dye solution was the donor
phase, and the production medium was the acceptor one. Both
phases were magnetically stirred at a constant rate (500 rpm).
All the experiments were performed at a constant temperature
(25 °C) by means of a temperature controller (Polyscience,
Model: 912, USA). Samples were taken periodically from both
phases during 3 days and analyzed by UV—vis spectropho-
tometry (Spectrophotometer Shimadzu 1600A) at a wavelength
of 519 nm, which is the wavelength of the maximum visible
absorbance of Cibacron Brilliant Red 3B-A (Figure 3). Control
experiments with no M. esculenta were conducted in parallel.
Biodegradation of textile dye by the free fungal cell experiment
was performed according to our previous study.’’ Biosorption
studies were performed with dead cells. How much dye
adsorption had been achieved on the dead cell surface during
the experimental period was investigated. All results were
calculated based on the biosorption values that are obtained.
2.6. Determination of Laccase Activity. Laccase is an
extracellular, copper-containing polyphenol oxidase group
enzyme based on the oxidation of phenolic compounds using
molecular oxygen as an electron acceptor.’’ The laccase enzyme
uses only dissolved oxygen while the other peroxidase group
enzymes require hydrogen peroxide, which has toxic and
inhibition effects as an oxidizing agent. Because of this feature,
laccase enzymes have been a very widespread use in wastewater
treatment processes. In this study, the biotransformation of a
textile dye was investigated by using this feature of the laccase
enzyme. The laccase activity was determined by measuring the
enzymatic oxidation of 2,2'-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) at 420 nm (& = 3.6 X 10* cm™ M™'). The
reaction mixture contained 300 uL of extracellular fluid, 300 uL
of 1 mM ABTS, and 0.1 M acetate buffer (pH 4.5). One activity
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Figure 3. Wavelength scanning of the reactive dye in the UV region.

unit (U) was defined as the gmoles of ABTS oxidized per min,
and the activities were expressed in U/L.

2.7. Calculations of Biodegradation, Decolorization,
and Biosorption. The decolorization/biosorption/biodegra-
dation percentage and rate were calculated according to the
equations given below.

R = [(Co — C)/Co]-100
(Decolorization percentage, R(%)) (1)
Decolorization rate
= (Co — C)/incubation time(in the presence of a
living cell) (2)
Biosorption percentage = [(Ao — A)/Ao0]-100 (3)

Biosorption rate = (Ao — A)
/incubation time(

in the presence of dead cells) (4)

Biodegradation percentage

= decolourization percentage — biosorption percentage

()

2.8. Fourier-Transform Infrared Spectroscopy. Fourier-
transform infrared spectroscopy (FT-IR) spectra before and
after degradation were obtained by using a PerkinElmer
spectrometer BX FT-IR (ATR) system. The laccase enzyme
production medium was used as a background spectrum.

2.9.Scanning Electron Microscopy. Membranes with and
without fungus were examined by scanning electron microscopy
(SEM) (Zeiss LS 10) at 20,000 kV under vacuum at 10~ Torr.

3. RESULTS AND DISCUSSION

3.1. Effect of the Amount of Fungus on Dye Transport
and Degradation. To determine the EgBM capacity, it is
important to optimize the amount of fungus to be immobilized.
For this, EgBM was synthesized with different amounts of fungal
pellets. When more than two pellets were used, a nonuniform
biomembrane was obtained. Consequently, experiments with
single and double pellets were conducted. The results obtained
are shown in Table 1 and Figure 4. High dye decoloration was

100
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=O=Single pellet activity

7= Double pellets decolorization
v Double pellets activity

60 -

40

% Decolorization
Laccase Activity (U/L)

20

Time (Hour)

Figure 4. Decolorization and laccase activity of the donor phase per
single and double pellets in the EgBM.

attained operating with both EgBM (i.., single and double
pellets). Thus, decoloration was 87.2% + 0.6 and 98.6% + 0.5
after 60 min for single and double pellets, respectively. In
addition, laccase enzyme activities peaked at 24 h for both types
of EgBM with values of 13.8 + 0.01 for the single-pellet EgBM
and 28.7 + 0.02 for the double-pellet EgBM. The double-pellet
EgBM performed better, and therefore it was selected to to be
used in the subsequent experiments because a higher carrier
concentration favours ion transport and higher laccase enzyme
activities.

Table 1. Biodegradation and Enzymatic Changes in Different Pellet Quantities (sd. Standart Deviation; n. Replicate Numbers; h.

Hour)“

donor phase

pellet quantity

decolorization % + sd n =3  biosorption % + sdn =3 biodegredation % + sd n =3

laccase activity U/L £sdn=3

single
pellet
(0.039 ¢)
double
pellet
(0073 g)

72 h
60 h
24h
72h
60 h
24h

97.66 + 0.4
87.20 £ 0.6
75.70 £ 0.5
96.72 +£ 0.5
98.60 + 0.8
79.91 £ 0.5

16.35 +£ 0.1 81.30 £ 0.3 6.42 + 0.02
14.95 + 0.3 82.24 + 0.5 8.39 £ 0.01
7.94 £ 0.1 67.76 + 0.3 13.83 £ 0.01
1728 £ 0.3 79.43 + 0.4 8.36 + 0.03
1542 £ 0.1 83.18 £ 0.6 11.19 + 0.01
7.94+0.1 71.96 + 0.4 28.72 + 0.02

“Donor phase: 3.0 mg/L dye solution in enzyme production medium EgBM composition with the single pellet: 35.67% 2-NPOE, 22.79% CTA,
41.54% M. esculenta EgBM composition with the double pellet: 25.2% 2-NPOE, 16.1% CTA, 58.7% M. esculenta Acceptor phase: enzyme
production medium, temperature 298 K.
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3.2. Effect of the Dye Concentration on Dye Transport
and Biodegradation. Regarding membrane capacity in the
transport process, which is related to the concentration of the
donor phase, the amount of the substance transported via the
membrane is limited. Accordingly, the maximum transport of
target analytes will be determined via membrane optimization.
Because transport efficiency drops as membrane transport
capacity rises because of membrane stability, different
concentrations of the dye solution in the donor phase were
used. Thus, the biodegradation of the textile dye Cibacron
Brilliant Red 3B-A by EgBM at three different concentrations of
2.0, 3.0, and 4.0 mg/L in the donor phase was tested. The most
effective removal occurred at a concentration of 3.0 mg/L after
60 h (Figure Sa, Table 2). As can be seen in Figure Sb, laccase

N 2 mg/L
N 3 mg/L
T 4 mg/L

120
100
80
60

40

Dy,
e
Concey, tratiy),

35

30 —0— 2 mg/L
=@ 3 mg/L

== 4 mg/L

25 -

20

Laccase Activity (U/L)

10 T T T
0 20 40 60

80
Time (hour)
Figure S. (a) Effect of decolorization in the donor phase for three

different (2.0—4.0 mg/L) dye concentrations. (b) Laccase activity of
the donor phase for different dye concentrations.

activities peaked at 24 h and from there onward, they declined.
The laccase activity of the acceptor phase decreased with the
increasing time during the transport process. The reason of
decreasing this is thought that the laccase activity is inhibited by
the intermediate products and possible metabolites that formed
in the medium. This decreasing is compatible with the study
reported by Rodriguez Couto et al.”> They investigated the
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Table 2. Alteration of Decolorization for Different Dye
Concentrations in the Donor Phase”

time
(hour)  2.0mg/L 3.0 mg/L 4.0 mg/L
decolorization 12 60.74 + 0.4 38.79 £ 0.3 55.61 + 0.5
% +sdn=3
24 77.04 + 0.5 7991 + 0.5 92.08 + 0.8
36 87.41 + 0.6 85.05 + 0.6 93.05 + 0.7
48 94.07 + 0.8 94.39 + 0.7 98.06 + 0.9
60 97.78 + 0.8 98.60 + 0.8 96.71 + 0.8
72 98.26 + 0.8 96.72 £ 0.5 97.87 + 0.8

“Donor phase: dye solution in enzyme production medium with three
different concentration 2.0—4.0 mg/L EgBM composition with
double pellets: 25.2% 2-NPOE, 16.1% CTA, 58.7% M. esculenta
Acceptor phase: enzyme production medium, temperature 298 K.

effect of ions on laccase stability, and observed that the laccase
activity was affected negatively by increasing the experimental
time and amount of ions in the medium.

3.3. Effect of the Type of Acceptor Phase Solution on
Dye Transport and Biodegradation. To assess the effect of
the acceptor phase on dye transport, three different acceptor
phases were considered: laccase production medium, laccase
production medium and dye (3 mg/L), and DW. Laccase
activities peaked at 24 h and declined thereafter proportionally;
after 72 h, activities remained steady (Table 3). Consequently,
24 h was selected as the optimum. As is shown in Table 3, the
highest laccase activity values were 28.7 + 0.02, 29.6 + 0.04, and
11.5 + 0.03 U/L for the laccase production medium, laccase
production medium and dye, and DW at 24 h, respectively.

The decoloration values attained were 98.6 + 0.4% for the
laccase production medium, 94.4 =+ 0.5% for the laccase
production medium and dye, and 89.1 + 0.5% for DW at 60 h.

According to the results attained, the phase acceptor of the
production medium led to the highest laccase activity. However,
the three acceptor phases tested led to similar decoloration
values. However, the results indicate that the EgBM works
double-sided.

3.4. Fourier-Transform Infrared Spectroscopy. To
determine whether metabolites have formed following bio-
transformation, FT-IR spectroscopy of the acceptor phase after
degradation and an initial reactive textile dye sample was
performed to analyze degradation products. In Figure 6a, the
spectrum of the original dye is presented. Absorption bands
appeared around 2924 cm™', which can be attributed to
stretching vibrations of the aromatic C—H groups of the dye.
The absorption band located around 1540 cm™ was attributed
to the stretching vibration of the N=N azo group. Absorption
bands also appeared around 1047 cm™’, which were attributed
to stretching vibrations of the S=0 sulfoxide groups, as well as
around 613 cm™", which were attributed to stretching vibrations
of C—Cl halogen groups. In the spectrum of the degraded dye,
wide splay absorption bands appeared around 3412 cm™", which
were attributed to stretching vibrations of O—H groups, and
absorption bands also appeared around 1635 cm™!, which were
attributed to C=N.”>**" This indicates the disappearance of the
characteristic band of the azo and successful biodegradation of
toxic groups as well as those corresponding to the —C—Cl and
sulfoxide groups denoting dye transformation (Figure 6b).

The obtained results are very similar to those attained by the
free process (Table 4), but immobilized cells can be reutilized
making the overall process more economically advantageous.

https://dx.doi.org/10.1021/acsomega.9b04433
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Table 3. Comparison of the Laccase Activities for Three Different Acceptor Phase Media®

laccase activity (U/L) +sd n =3

time (hour) 0 12 24 36
enzyme production medium 8.58 +£0.03 19.75 £ 0.01 28.72 £ 0.01 22.80 £ 0.04
enzyme production medium and dye 16.55 + 0.05 32.75 £ 0.07 29.56 + 0.04 24.28 + 0.03
water 0.000 £ 0.01 15.95 £ 0.04 11.47 £ 0.03 10.19 + 0.02
decolorization % + sd n =3
time (hour) 0 12 24 36
enzyme production medium 0.000 38.79 £ 0.3 7991 £ 0.5 85.05 £ 0.5
enzyme production medium and dye 0.000 55.61 + 0.4 79.91 £ 0.5 85.51 + 0.4
water 0.000 5841 + 0.4 7991 £ 0.5 84.86 + 0.4

48

17.02 + 0.02
21.81 £ 0.03
9.03 + 0.03

48

94.39 + 0.4
89.25 £ 0.5
86.26 + 0.6

60

11.19 £ 0.02
19.00 + 0.01
8.75 £ 0.02

60

98.60 + 0.8
94.39 + 0.5
89.07 £ 0.5

72

8.36 +0.03
17.53 £ 0.01
8.03 = 0.01

72

96.72 +£ 0.5
96.26 + 0.6
91.02 £ 0.7

“Donor phase: 3.0 mg/L dye solution in enzyme production medium EgBM composition with double pellets: 25.2% 2-NPOE, 16.1% CTA, 58.7%
M. esculenta Acceptor phase: three different medium; enzyme production medium, enzyme production medium and dye, water, temperature 298 K.
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Figure 6. (a) FT-IR spectrum of reactive textile dye (b) FT-IR spectrum of reactive textile dye after the transport and biodegradation.

1047.1

1000

613.52

500

3.5. Scanning Electron Microscopy. In Figure 7(1a—2b), the immobilized EgBM. Base polymer (CTA) and plasticizer (2-
the SEM photos of the blank membrane (i.e., with no cells) and NPOE) were distributed well, and the blank membrane surface
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Table 4. Comparison of Biodegradation Results of Free and
Immobilized M. esculenta®

decolorization %  biosorption %  biodegradation %

immobilized M. 96.72 + 0.5 17.28 + 0.3 79.43
esculanta
free M. esculanta 90.83 + 0.2 1848 + 0.4 74.35

“Donor phase: 3.0 mg/L dye solution in enzyme production medium
EgBM composition: 25.2% 2-NPOE, 16.1% CTA, 58.7% M. esculenta
Acceptor phase: enzyme production medium, time 72 h, temperature
298 K.

Figure 7. 1a) SEM photo of the blank membrane (1 ym, 5.00 KX), (1b)
SEM photo of EgBM (1 um, 5.00 K X). (2a) SEM photo of the blank
membrane (200 nm, 20.00 KX), (2b) SEM photo of EgBM (200 nm,
20.00 K).

was smooth [Figure 7(1a,2a)]. After immobilizing the
membrane with the fungus cells, M. esculenta cells were seen
clearly and distinctly visible in the immobilized EgBM [Figure
7(1b,2b)], and M. esculenta cells can be clearly distinguished.
SEM photos of EgBM showed that M. esculenta cells were
immobilized into the membrane successfully. Furthermore, this
photo also demonstrated that M. esculenta cells were well
connected to the membrane structure.

3.6. Comparing Free and Immobilized M. esculenta to
EgBM. To determine which method performs better, two
different experiments with the same fungal cell quantity (two
pellets) and textile dye concentration (3.0 mg/L) were
conducted. Table 4 presents the experimental results; the
immobilized M. esculenta degraded the textile dye better, but the
values are similar to the free one because their immobilization
caused by EgBM increased efliciency as well as stability values
are too similar. Although both systems performed similar, the
stability and reproducibility of the EgBM should be taken into
consideration. If should be prefer to use fungus in free (not
immobilized) anywhere the system will be unstable and could
not convert to any engineering systems. For the sustainability of
the EgBM protype microreactor, immobilizing M. esculenta into
the EgBM presents big advantages for the applicability of the
system in large scales.

Also, the use of the immobilized system presents the following
advantages over the free one: repeated use, easy separation from
the medium, less contamination risk, protection against
environmental perturbations (e.g, pH, toxic chemicals), and
shear damage.” ™’
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4. CONCLUSIONS

This study has added a new dimension to biomembrane research
by synthesizing a novel EgBM that joins the physical potential of
PIM and the degrading ability of fungal enzymes. The
decolorization percentage of reactive textile dye with the
developed membrane achieved was 98.6% =+ 0.8 in 60 h.
Using this novel approach (i.e., EgBM), not only the transport of
the reactive textile dye but also their biodegradation (83.2% +
0.6) by laccase enzymes and biosorption (15.4% + 0.1) on
fungal mycelium was successfully achieved. To take biomem-
brane studies a step further and improve the sustainability of
industrial applications of biomembranes, we combined the
physical potential of PIMs with fungal enzymes. The comparing
free and immobilized M. esculenta experiments demonstrated
that immobilization caused better decoloration values (96.72%)
as well as biodegradation (79.43%). The developed biomem-
brane microreactor overcomes the problem of toxicity found in
traditional separation'®**>% processes because of the use of
chemical carriers. Instead, the fungus M. esculenta was used as a
carrier and also as a degrader because it produces laccase
enzymes. As a result, the present work can serve as a guide for
further studies on both the transport and biodegradation of
hazardous compounds to both humans and the environment.

B AUTHOR INFORMATION

Corresponding Authors

Canan Onac — Department of Chemistry, Pamukkale University,
20020 Denizli, Turkey; © orcid.org/0000-0003-3799-3678;
Phone: +90 258 296 3607; Email: conac@pau.edu.tr,
canan.onac@hotmail.com

Hatice Ardag Akdogan — Department of Chemistry, Pamukkale
University, 20020 Denizli, Turkey; Phone: +90 258 296 3980;
Email: hardag@gmail.com

Authors
Bugra Dayl — Department of Chemistry, Pamukkale University,
20020 Denizli, Turkey
Ahmet Kaya — Department of Chemistry, Pamukkale University,
20020 Denizli, Turkey
Susana Rodriguez-Couto — Ceit, 20018 San Sebastian, Spain;
Universidad de Navarra, Tecnun, 20018 San Sebastian, Spain;
IKERBASQUE, Basque Foundation for Science, 48013 Bilbao,
Spain
Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.9b04433

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Scientific Research Projects
(BAP) of Pamukkale University, Denizli—Turkey (2017 FEBE
025).

B REFERENCES

(1) Zille, A,; Tzanov, T.; Giibitz, G. M.; Cavaco-Paulo, A.
Immobilized laccase for decolourization of reactive Black 5 dyeing
effluent. Biotechnol. Lett. 2003, 25, 1473—1477.

(2) Geethakarthi, A.; Phanikumar, B. R. Industrial sludge based
adsorbents/industrial byproducts in the removal of reactive dyes — A
review. Int. |. Water Resour. Environ. Eng. 2011, 3, 9.

(3) Zeng, X; Cai, Y,; Liao, X; Zeng, X; Li, W, Zhang, D.
Decolorization of synthetic dyes by crude laccase from a newly isolated

https://dx.doi.org/10.1021/acsomega.9b04433
ACS Omega 2020, 5, 9813-9819


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Canan+Onac"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3799-3678
mailto:conac@pau.edu.tr
mailto:canan.onac@hotmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hatice+Ardag+Akdogan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:hardag@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bugra+Day%C4%B1"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahmet+Kaya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susana+Rodriguez-Couto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04433?ref=pdf
https://dx.doi.org/10.1023/a:1025032323517
https://dx.doi.org/10.1023/a:1025032323517
https://dx.doi.org/10.1016/j.jhazmat.2011.01.068
https://pubs.acs.org/doi/10.1021/acsomega.9b04433?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04433?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04433?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04433?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.9b04433?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

Trametes trogii strain cultivated on solid agro-industrial residue. J.
Hazard. Mater. 2011, 187, 517—525.

(4) Rodriguez Couto, S. Laccase from Trametes hirsuta grown on
paper cuttings: Application to synthetic dye decolorization at different
pH values. Eng. Life Sci. 2007, 7, 229—234.

(5) Wu, Y,; Jiang, Y,; Jiao, J.; Liu, M.; Hu, F.; Griffiths, B. S.; Li, H.
Adsorption of Trametes versicolor laccase to soil iron and aluminum
minerals: Enzyme activity, kinetics and stability studies. Colloids Surf, B
2014, 114, 342—348.

(6) Mechichi, T.; Mhiri, N.; Sayadi, S. Remazol Brilliant Blue R
decolourization by the laccase from Trametes trogii. Chemosphere 2006,
64, 998—1005.

(7) Murugesan, K.; Dhamija, A.; Nam, L-H.; Kim, Y.-M.; Chang, Y.-S.
Decolourization of reactive black 5 by laccase: Optimization by
response surface methodology. Dyes Pigm. 2007, 75, 176—184.

(8) Murugesan, K;; Nam, L-H. Kim, Y.-M.; Chang, Y.-S.
Decolorization of reactive dyes by a thermostable laccase produced
by Ganoderma lucidum in solid state culture. Enzyme Microb. Technol.
2007, 40, 1662—1672.

(9) Cvanéarova, M.; Kiesinova, Z.; Filipova, A.; Covino, S.; Cajthaml,
T. Biodegradation of PCBs by ligninolytic fungi and characterization of
the degradation products. Chemosphere 2012, 88, 1317—1323.

(10) Vobérkova, S.; Soléany, V.; Vrsanska, M.; Adam, V.
Immobilization of ligninolytic enzymes from white-rot fungi in cross-
linked aggregates. Chemosphere 2018, 202, 694—707.

(11) Zerva, A; Zervakis, G. L; Christakopoulos, P.; Topakas, E.
Degradation of olive mill wastewater by the induced extracellular
ligninolytic enzymes of two wood-rot fungi. J. Environ. Manage. 2017,
203, 791-798.

(12) Sen, S. K; Raut, S.; Bandyopadhyay, P.; Raut, S. Fungal
decolouration and degradation of azo dyes: A review. Fungal Biol. Rev.
2016, 30, 112—133.

(13) Rodriguez Couto, S. Dye removal by immobilised fungi.
Biotechnol. Adv. 2009, 27, 227—2335.

(14) Rodriguez-Couto, S.; Osma, J. F.; Toca-Herrera, J. L. Removal of
synthetic dyes by an eco-friendly strategy. Eng. Life Sci. 2009, 9, 116—
123.

(15) Almeida, M. I. G. S.; Cattrall, R. W.; Kolev, S. D. Recent trends in
extraction and transport of metal ions using polymer inclusion
membranes (PIMs). J. Membr. Sci. 2012, 415—416, 9—-23.

(16) De Gyves, J.; Rodriguez de San Miguel, E. Metal ion separations
by supported liquid membranes. Ind. Eng. Chem. 1999, 38, 2182—2202.

(17) Nghiem, L.; Mornane, P.; Potter, L; Perera, J.; Cattrall, R.; Kolev,
S. Extraction and transport of metal ions and small organic compounds
using polymer inclusion membranes (PIMs). J. Membr. Sci. 2006, 281,
7—41.

(18) Almeida, M. L. G. S.; Cattrall, R. W.; Kolev, S. D. Polymer
inclusion membranes (PIMs) in chemical analysis - A review. Anal.
Chim. Acta 2017, 987, 1—14.

(19) Kaya, A; Onac, C; Alpoguz, H. K; Agarwal, S.; Gupta, V. K;
Atar, N.; Yilmaz, A. Reduced graphene oxide based a novel polymer
inclusion membrane: Transport studies of Cr(VI). J. Mol. Liq. 2016,
219, 1124—1130.

(20) Fontas, C.; Tayeb, R.; Tingry, S.; Hidalgo, M.; Seta, P. Transport
of platinum(IV) through supported liquid membrane (SLM) and
polymeric plasticized membrane (PPM). J. Membr. Sci. 2008, 263, 96—
102.

(21) Kaya, A; Kutlu, T.; Hol, A.; Surucuy, A.; Alpoguz, H. K. Transport
of Pb(II) by supported liquid membrane containing p-tert-butyl
calix[4]amine derivative as carrier. Desalin. Water Treat. 2014, 52,
3219-3225.

(22) Zawierucha, I.; Kozlowski, C.; Malina, G. Removal of toxic metal
ions from landfill leachate by complementary sorption and transport
across polymer inclusion membranes. Waste Manage. 2013, 33, 2129—
2136.

(23) Jean, E.; Villemin, D.; Hlaibi, M.; Lebrun, L. Heavy metal ions
extraction using new supported liquid membranes containing ionic
liquid as carrier. Sep. Purif. Technol. 2018, 201, 1-9.

9819

(24) Malik, M. A.; Hashim, M. A.; Nabi, F. Ionic liquids in supported
liquid membrane technology. Chem. Eng. J. 2011, 171, 242—254.

(25) Pabby, A. K.; Swain, B.; Sastre, A. M. Recent advances in smart
integrated membrane assisted liquid extraction technology. Chem. Eng.
Process. 2017, 120, 27—-56.

(26) Kaya, A; Onac, C.; Alpoguz, H. K. A novel electro-driven
membrane for removal of chromium ions using polymer inclusion
membrane under constant D.C. electric current. J. Hazard. Mater. 2016,
317,1-7.

(27) Kaya, A.; Onac, C.; Alpoguz, H. K; Yilmaz, A.; Atar, N. Removal
of Cr(VI) through calixarene based polymer inclusion membrane from
chrome plating bath water. Chem. Eng. ]. 2016, 283, 141—149.

(28) Kaya, A,; Alpoguz, H. K; Yilmaz, A. Application of Cr(VI)
transport through the polymer inclusion membrane with a new
synthesized calix[4]arene derivative. Ind. Eng. Chem. 2013, 52, 5428—
5436.

(29) Onac, C. Investigation of Electrical Conductivity Properties and
Electro Transport of a Novel Multi Walled Carbon Nanotube Electro
Membrane under Constant Current. Electroanalysis 2020,
DOI: 10.1002/elan.20190075S.

(30) Dayi, B.; Kyzy, A. D.; Abduloglu, Y.; Cikrikci, K.; Ardag Akdogan,
H. Investigation of the ability of immobilized cells to different carriers in
removal of selected dye and characterization of environmentally
friendly laccase of Morchella esculenta. Dyes Pigm. 2018, 151, 15—21.

(31) Gianfreda, L.; Xu, F.; Bollag, J.-M. Laccases: A useful group of
oxidoreductive enzymes. Biorem. J. 1999, 3, 1-26.

(32) Rodriguez Couto, S.; Sanroman, M.; Giibitz, G. M. Influence of
redox mediators and metal ions on synthetic acid dye decolourization
by crude laccase from Trametes hirsuta. Chemosphere 2005, 58, 417—
422.

(33) Topal, T.; karapinar, E. Synthesis and characterization of new
homo and heteronuclear schiff base copper(II) complexes. J. Turk.
Chem. Soc., Sect. A 2018, 5, 785—802.

(34) Topal, T.; Kart, H. H.; Tunay Tasli, P.; Karapinar, E. Synthesis
and structural study on (1E,2E,1'E,2'E)-3,3'-bis[ (4-bromophenyl)-
3,3’-(4-methy-1,2-phenylene diimine)] acetaldehyde dioxime: A
combined experimental and theoretical study. Opt. Spectrosc. 2015,
118, 865—881.

(35) Genisheva, Z.; Teixeira, J. A.; Oliveira, J. M. Immobilized cell
systems for batch and continuous winemaking. Trends Food Sci. Technol.
2014, 40, 33—47.

(36) Chattopadhyay, S.; Sen, R. Development of a novel integrated
continuous reactor system for biocatalytic production of biodiesel.
Bioresour. Technol. 2013, 147, 395—400.

(37) Chakraborty, B.; Basu, S. Treatment of wastewater by mixed
bacterial consortium in continuous reactors packed with solid waste. J.
Water Process. Eng. 2017, 17, 135—142.

(38) Bhatluri, K. K.;; Manna, M. S.; Saha, P.; Ghoshal, A. K. Supported
liquid membrane-based simultaneous separation of cadmium and lead
from wastewater. J. Membr. Sci. 2014, 459, 256—263.

https://dx.doi.org/10.1021/acsomega.9b04433
ACS Omega 2020, 5, 9813-9819


https://dx.doi.org/10.1016/j.jhazmat.2011.01.068
https://dx.doi.org/10.1002/elsc.200620186
https://dx.doi.org/10.1002/elsc.200620186
https://dx.doi.org/10.1002/elsc.200620186
https://dx.doi.org/10.1016/j.colsurfb.2013.10.016
https://dx.doi.org/10.1016/j.colsurfb.2013.10.016
https://dx.doi.org/10.1016/j.chemosphere.2005.12.061
https://dx.doi.org/10.1016/j.chemosphere.2005.12.061
https://dx.doi.org/10.1016/j.dyepig.2006.04.020
https://dx.doi.org/10.1016/j.dyepig.2006.04.020
https://dx.doi.org/10.1016/j.enzmictec.2006.08.028
https://dx.doi.org/10.1016/j.enzmictec.2006.08.028
https://dx.doi.org/10.1016/j.chemosphere.2012.03.107
https://dx.doi.org/10.1016/j.chemosphere.2012.03.107
https://dx.doi.org/10.1016/j.chemosphere.2018.03.088
https://dx.doi.org/10.1016/j.chemosphere.2018.03.088
https://dx.doi.org/10.1016/j.jenvman.2016.02.042
https://dx.doi.org/10.1016/j.jenvman.2016.02.042
https://dx.doi.org/10.1016/j.fbr.2016.06.003
https://dx.doi.org/10.1016/j.fbr.2016.06.003
https://dx.doi.org/10.1016/j.biotechadv.2008.12.001
https://dx.doi.org/10.1002/elsc.200800088
https://dx.doi.org/10.1002/elsc.200800088
https://dx.doi.org/10.1016/j.memsci.2012.06.006
https://dx.doi.org/10.1016/j.memsci.2012.06.006
https://dx.doi.org/10.1016/j.memsci.2012.06.006
https://dx.doi.org/10.1021/ie980374p
https://dx.doi.org/10.1021/ie980374p
https://dx.doi.org/10.1016/j.memsci.2006.03.035
https://dx.doi.org/10.1016/j.memsci.2006.03.035
https://dx.doi.org/10.1016/j.aca.2017.07.032
https://dx.doi.org/10.1016/j.aca.2017.07.032
https://dx.doi.org/10.1016/j.molliq.2016.04.023
https://dx.doi.org/10.1016/j.molliq.2016.04.023
https://dx.doi.org/10.1016/j.memsci.2005.04.008
https://dx.doi.org/10.1016/j.memsci.2005.04.008
https://dx.doi.org/10.1016/j.memsci.2005.04.008
https://dx.doi.org/10.1080/19443994.2013.800302
https://dx.doi.org/10.1080/19443994.2013.800302
https://dx.doi.org/10.1080/19443994.2013.800302
https://dx.doi.org/10.1016/j.wasman.2012.12.015
https://dx.doi.org/10.1016/j.wasman.2012.12.015
https://dx.doi.org/10.1016/j.wasman.2012.12.015
https://dx.doi.org/10.1016/j.seppur.2018.02.033
https://dx.doi.org/10.1016/j.seppur.2018.02.033
https://dx.doi.org/10.1016/j.seppur.2018.02.033
https://dx.doi.org/10.1016/j.cej.2011.03.041
https://dx.doi.org/10.1016/j.cej.2011.03.041
https://dx.doi.org/10.1016/j.cep.2017.06.006
https://dx.doi.org/10.1016/j.cep.2017.06.006
https://dx.doi.org/10.1016/j.jhazmat.2016.05.047
https://dx.doi.org/10.1016/j.jhazmat.2016.05.047
https://dx.doi.org/10.1016/j.jhazmat.2016.05.047
https://dx.doi.org/10.1016/j.cej.2015.07.052
https://dx.doi.org/10.1016/j.cej.2015.07.052
https://dx.doi.org/10.1016/j.cej.2015.07.052
https://dx.doi.org/10.1021/ie303257w
https://dx.doi.org/10.1021/ie303257w
https://dx.doi.org/10.1021/ie303257w
https://dx.doi.org/10.1002/elan.201900755
https://dx.doi.org/10.1002/elan.201900755
https://dx.doi.org/10.1002/elan.201900755
https://dx.doi.org/10.1002/elan.201900755?ref=pdf
https://dx.doi.org/10.1016/j.dyepig.2017.12.038
https://dx.doi.org/10.1016/j.dyepig.2017.12.038
https://dx.doi.org/10.1016/j.dyepig.2017.12.038
https://dx.doi.org/10.1080/10889869991219163
https://dx.doi.org/10.1080/10889869991219163
https://dx.doi.org/10.1016/j.chemosphere.2004.09.033
https://dx.doi.org/10.1016/j.chemosphere.2004.09.033
https://dx.doi.org/10.1016/j.chemosphere.2004.09.033
https://dx.doi.org/10.18596/jotcsa.324878
https://dx.doi.org/10.18596/jotcsa.324878
https://dx.doi.org/10.1134/s0030400x15060223
https://dx.doi.org/10.1134/s0030400x15060223
https://dx.doi.org/10.1134/s0030400x15060223
https://dx.doi.org/10.1134/s0030400x15060223
https://dx.doi.org/10.1016/j.tifs.2014.07.009
https://dx.doi.org/10.1016/j.tifs.2014.07.009
https://dx.doi.org/10.1016/j.biortech.2013.08.023
https://dx.doi.org/10.1016/j.biortech.2013.08.023
https://dx.doi.org/10.1016/j.jwpe.2017.04.002
https://dx.doi.org/10.1016/j.jwpe.2017.04.002
https://dx.doi.org/10.1016/j.memsci.2014.02.019
https://dx.doi.org/10.1016/j.memsci.2014.02.019
https://dx.doi.org/10.1016/j.memsci.2014.02.019
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.9b04433?ref=pdf

