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The release of synthetic dye into the environment causing abnormal growth of phytoplankton may lead
to a decline in the photosynthetic performance of aquatic ecosystem. Scientific knowledge of Remazol
Brilliant Blue R (RBBR) decolorization is essential for designing the engineered bioremediation systems of
employing fungal mycelium. The biodegradation of RBBR dye mediated by an appropriate fungus was
analyzed using the modified mass transfer factor models to get better understanding on the
decolorization kinetics and mechanisms of external and internal mass transfer. The results showed
that the limited capacities of the kinetic and isotherm models are still not able to comprehensively
explain many important phenomena of RBBR decolorization mediated by the T. citrinoviride, T.
koningiopsis and Pestalotiopsis sp. strains. The rate-limiting step of RBBR decolorization depends on the
EMT resistance and the vegetative growth rates of T. citrinoviride, T. koningiopsis and Pestalotiopsis sp.
strains can be described by second-order polynomial equation. The analysis of decolorization
performance may provide a new insight on the role of fungus in the degradation of RBBR dye.
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1. Introduction

Synthetic dyes are widely used in the various industries such as
the textile, cosmetics, pharmaceutical, plastics, leather, papermak-
ing, rubber and food industries. Several synthetic dyes used in the
textile industries such as heterocyclic, anthraquinone, azo,
phthalocyanine and triphenylmethane are usually designed to
increase the quality of textile to be resistant to light, biological
activity, ozone and other environmental conditions. More than 105
synthetic dyes have been produced with approximately 7 x 10°
metric tons of annual production [1]. It is estimated the loss of
around 10-15 % colorants during the dyeing process leading to a
variety of environmental problems [2]. A high amount of dye
released into the aquatic environment may cause abnormal growth
of phytoplankton and leads to a decline in the ecosystem
photosynthetic performance due to the lack of light penetration
limits the algal reproduction [3]. The degradation of synthetic dyes
is important to avoid ruinous effects on the environment since the
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disposal of textile wastewater can cause the depletion of dissolved
oxygen and leads to ecological hypoxia of causing fish kills [4].
Preventing environmental pollution and conserving water are
important to assure a continuing availability of water to maintain
sustainable economic development.

The Remazol Brilliant Blue R (RBBR) that contains anthracene
derivatives as a persistent and recalcitrant organic compound is
commonly used as starting material in the production of polymeric
dyes [5]. The analysis of several mechanisms involved in the
various methods of RBBR dye removal has been performed to
explain the conveniences and disadvantages of the physical,
chemical and biological processes offering an insight into the
removal of color from wastewater [6]. The decolorization of RBBR
dye by the various methods of physical, chemical and combined
physicochemical treatments have many disadvantages and limi-
tations [7,8]. Photoelectrocatalysis combined with a single-step
H,0, dosage on TiO, meshes has an effective configuration
optimizing with a low energy cost for the decolorization and
biodegradability of RBBR dye from a pharmaceutical wastewater
[9]. Biological based methods for the RBBR degradation could be
more environmentally friendly than chemical and physical
methods due to the use of biological reductant may result in the
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formation of nonhazardous bioproduct and lowers the energy
requirements [10,11].

Many different types of microorganism including bacteria,
fungi and algae are capable of decolorizing synthetic dyes [12] but
the biodegradation process by microorganism would be more
challenging for the decolorization of dye molecules contained five-
membered rings or more [13]. The biosorption isotherm of
anthraquinone dye by different fungi has been investigated by
selecting the optimal conditions relying on the initial biomass, pH
and temperature [14]. Combining active and passive transports of
molecules during the biosorption process could be favorable for a
rapid biological degradation of the colorant compounds in the
natural environment. Active transport is defined as the movement
of molecules from an area of lower to higher concentration against
a concentration gradient and requires enzymes and an input of
energy [15]. Passive transport is defined as the movement of
molecules from an area of higher to lower concentration in a liquid
medium and is controlled by driving force [16]. Even though the
biosorption kinetics and isotherm studies of synthetic dyes by the
various fungal strains have been investigated from different
environments [17,18], the decolorization mechanisms and mass
transfer kinetics of dye molecules transported from liquid medium
to accumulate into the rigid layers of fungal cell walls are not fully
understood. The objectives of this study are: (1) to screen and
select the best fungal strains from specific incubation condition
and then to identify and characterize the selected fungal strains for
use in the rest of the experiments, (2) to study the effects of carbon
source, nitrogen source, agitation and pH on the performance of
RBBR biodegradation for finding the optimal conditions of
incubation process and (3) to verify the decolorization kinetics
and isotherms by using several models and then to evaluate the
decolorization kinetics and mass transfer mechanisms of RBBR dye
by using the modified mass transfer factor (MMTF) models.

2. Materials and methods
2.1. Chemicals and culture media

This study used the RBBR dye originally coming from Sigma-
Aldrich Produktions GmbH (Steinheim am Albuch, Germany). The
malt extract agar (MEA) and silica gel were obtained from Merck
(Darmstadt, Germany). The potato dextrose agar (PDA) was
obtained from Lotte Chemical Titan Holding Sdn Bhd (Kuala
Lumpur, Malaysia). The reagents of acetone, ammonium chloride
(nitrogen source), ammonium nitrate (nitrogen source), chloram-
phenicol, dichloromethane, ethanol, ethyl acetate of chemical
grade, hydrochloric acid and sodium sulfate anhydrous were
obtained from QReC (New Zealand). The carbon sources of b-
(-)-Fructose, p-(+)-Galactose and p-(+)-Glucose monohydrate extra
pure were obtained from Systerm (Selangor, Malaysia), Acros
Organics - Fisher Scientific Belgium and QReC (New Zealand),
respectively. The yeast extract (nitrogen source) and Tween 80 of
synthesis grade were obtained from Scharlab (Barcelona, Spain).

2.2. Sampling and screening of fungi

This study selected 20 species among the various species of
fungi collected from decaying pieces of wood and soil in a tropical
rainforest around the campus of Universiti Teknologi Malaysia.
Each fungus was put in the labeled plastic bag and then keptat 0°C
in a freezer of labo-720-chromat (Philipp Kirsch GmbH, Germay)
and then analyzed under the Vilber Lourmat UV lamp (lllkirch,
France) in a dark room to select the representative samples of
fungal strains for use in the next steps of the experiments. Each
species of fungus was isolated and cultured on the PDA (39g L™1)
medium in a glass petri dish containing of 50-mg/L RBBR dye. The
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glassware and PDA medium were put into an autoclave of EF18967,
50X-120V Model (Daigger Scientific, New Jersey, USA) at 121 °C
and 101 kPa for 45 min to eliminate any bacteria and then cooled at
room temperature. Then 20 mL of PDA as culture medium was
transferred into a petri dish and then added 1 mg of RBBR dye.
Small vegetative part (0.2 g) of luminescent fungus was cut and
then cultured on the PDA medium at room temperature. For the
screening purpose, all unidentified species of fungi were cultured
on the PDA growth media and incubated at 27 °C for 7 d and then
measured the average mycelial diameter of each fungus to find the
most efficient fungi for use in the decolorization of RBBR dye.
Phylogenetic tree analysis of fungal identification was performed
to depict the lines of evolutionary descent of different fungal
species from a common ancestor. The fungus was named by
referring to the GenBank database of the National Center for
Biotechnology Information (NCBI).

2.3. Biodegradation experiments

A liquid medium containing of 20-g L~! malt extract agar, 20-g
L~! glucose, 5-g L~! yeast extract, 300-mg L~! chloramphenicol
and 1-L distilled water was prepared in a beaker of 1500 mL and
then sterilized in an autoclave at 121 °C and 101 kPa for 45 min.
Then approximately 1 cm (3 plugs) of the best growth performance
of fungi on the PDA medium was punched out using a cork borer
and transferred into 100-mL Erlenmeyer flask containing of 20-mL
liquid medium and then incubated using the BBD 6220 CO,
incubator (Thermo Fisher Scientific, Massachusetts, United States)
at 27 °C to allow new mycelium to grow for 3 d. Then 0.5 mL of
RBBR dye was slowly added to the bottom of Erlenmeyer flask and
incubated again at 27 °C to record the degradation of RBBR dye at
7th and 14th d of incubation. After the incubation period of 14 d,
the liquid culture was centrifuged using the LC-8 Series Laboratory
Centrifuge (Benchmark Scientific, New Jersey, United States) at
2000 rpm for 15 min to produce the supernatant. The UV-vis
absorbance of supernatant collected was measured using the UV-
vis Spectrophotometer (Manual NONOCOLOR® UV/VIS, Macherey-
Nagel GmbH & Co., Germany) at N (max) of 595 nm to analyze the
occurrence of RBBR dye decolorization mediated by different
fungal strains in the liquid medium containing of glucose as carbon
source.

For the purposes of studying the RBBR decolorization perfor-
mance of fungi, first, 20g L=! of either glucose, galactose or
fructose as carbon source was added together with 5g L~ of yeast
extract and 300mgL~! of chloramphenicol into 20 mL of liquid
medium in 100-mL Erlenmeyer flask and then incubated at 27 °C
for 7 d. Second, 20 g L~! of either ammonium chloride, ammonium
nitrate or yeast extract as nitrogen source was added together with
5g L1 of yeast extract and 300 mgL~! of chloramphenicol into
20 mL of liquid medium in 100-mL Erlenmeyer flask and then
incubated at 27 °C for 7 d. Third, 20 g L'! of glucose, 5 g L'! of yeast
extract and 300 mg L~! of chloramphenicol and 50 mg L~ of RBBR
dye were added into 20mL of liquid medium in 100-mL
Erlenmeyer flask of being wrapped with aluminium foil and then
shaken on a rotary shaker at 120 rpm for 28 d of incubation. Fourth,
20g L' of glucose, 5g L' of yeast extract and 300mgL™"! of
chloramphenicol and 50mgL~! of RBBR dye were added into
20 mL of liquid medium in 100-mL Erlenmeyer flask and used
hydrochloric acid for the adjustment of pH at 1, 3 or 5 and then
incubated at 27 °C for 7 d. All the liquid media of first, second, third
and fourth experiments were then centrifuged at 2000 rpm for
15 min to produce supernatant. All the treatments of biodegrada-
tion were performed in triplicate to analyze the effects of carbon
source in the first, nitrogen source in the second, operating
condition in the third, and pH in the fourth experiments on the
efficiency of RBBR dye decolorization.



A. Syafiuddin and M.A. Fulazzaky
2.4. Analytical methods

The concentration of RBBR dye in the supernatant was analyzed
using the Gas chromatography (GC) (Agilent 5975E GC/FID,
California, USA) with a DB-1 GC column (30m x0.25mm ID
0.25 pm film thickness) with the helium carrier gas of 40 mL
min~L. The operation of GC was started with a temperature
gradient of 100 °C for 2 min. Then the temperature was increased at
arate of 15°C min~! until 160 °C and then increased again at a rate
of 25 °C min~! until to 290 °C. The temperatures of injector, column
and detector were kept at 260 °C.

The efficiency of RBBR decolorization was determined by
computing the percentage of degradation using the formula:

(Co—C)

E= o

x 100% (1)
where E is the efficiency of RBBR decolorization by fungus (%), Cy is
the initial concentration of RBBR dye in liquid medium (mg L"), G,
is the concentration of RBBR dye in liquid medium at t time (mg
L.

2.5. Characterization of fungi

The characterization of morphology was carried out by
transferring a small vegetative part of the best growth perfor-
mance of fungi under the optimum experimental conditions and
then observed using the Monocular microscope (Kyowa Biolux-12
Series, model 41-400, Sagamihara, Japan) after 7 d of incubation.
The functional groups in supernatant containing of RBBR and
degraded RBBR dye were analyzed using the Fourier transform
infrared spectroscopy (FTIR) (Perkin Elmer Spectrum One IR,
Massachusetts, USA). The supernatant FTIR spectrum was
recorded in the spectral region of 400 - 4000cm~! for
understanding covalent bonding information. After centrifuga-
tion at 2000 rpm for 15 min, the liquid medium containing of
RBBR or degraded RBBR dye was filtered to separate the
precipitates from the supernatant solution. The precipitates were
scanned using the Field emission scanning electron microscopy
(FESEM) (Supra 40, Carl Zeiss AG, Oberkochen, Germany) for
analyzing the surface characteristics of fungi before and after
used to degrade the RBBR dye.

2.6. Numerical simulation

2.6.1. Kinetic models
The quantity of RBBR dye biosorbed by the different fungal
strains can be calculated using the equation of:

g = W 2)

where g, is the quantity of RBBR dye biosorbed by fungus at t time
(mg g 1), Co is the initial concentration of RBBR dye in liquid
medium (mg L), C, is the concentration of RBBR dye at t time (mg
L~1), Vis the volume of liquid medium (L) and W is the mass of
fungus (g).

The incubation experiment was carried out by adding three
fungal mycelium plugs into 20 mL of liquid medium contained of
20-g L' glucose, 5-g L~ ! yeast extract, 300-mg L~! chlorampheni-
col and 50-mg L~! RBBR dye to collect the experimental data for
the kinetic evaluation of RBBR decolorization. The concentration of
RBBR dye in liquid medium was monitored within an incubation
period of 30 d with 3-d time intervals. The adsorption kinetic
models of pseudo-first order, pseudo-second order and intra-
particle diffusion (IPD) [19] were used to describe the decoloriza-
tion of RBBR dye mediated by different species of fungi and
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expressed by the following equations:

qe = qe[1 — exp(—ki1)] 3)

where g. is the quantity of RBBR dye biosorbed by fungus at
equilibrium (mg g7!), k; is the pseudo-first order rate constant
("

kagzt

1y kag.t @)

t

where k, is the pseudo-second order rate constant (d~1)
qr = kaVt+¢q (5)

where kq is the measure of diffusion coefficient (mg g~ ' min™(1/2))
and cq is the intraparticle diffusion constant (mg g~').

2.6.2. Isotherm models

The isothermal decolorization experiments were carried out by
adding three fungal mycelium plugs into 20 mL of liquid medium
consisting of 20-g L~! glucose, 5-g L~! yeast extract, and 300-mg
L~ chloramphenicol and by varying the concentration of RBBR dye
in the range of 10-60mgL~!. The isotherm models [19] of
Langmuir, Freundlich and Temkin were used to describe the
decolorization of RBBR dye mediated by different species of fungi.
The Langmuir isotherm model can written as:

o KLQmCe
qe = 1+K,C, (6)

where g. is the quantity of RBBR dye biosorbed by fungus at
equilibrium (mg g~ '), qm is the maximum quantity of RBBR dye
biosorbed by fungus (mg g~'), K. is the Langmuir constant
(dimensionless).

The Freundlich isotherm model can written as:

q. = KeCe " (7)

where K is the Langmuir constant (mg g~ ') and is the correction
factor (L g™ 1).
The Temkin isotherm model can written as:

g. = B InAr + B InC, (8)

withB = g where B is the constant related to heat of biosorption (J

mol~1), Ay is the Temkin isotherm equilibrium binding constant (L
g~ 1), R is the universal gas constant (] mol~'K™!), T is the
temperature (K), br is the Temkin isotherm constant (dimension-
less).

2.6.3. Mass transfer kinetic models

Reflections on the history of the mass transfer factor (MTF)
models were firstly developed by Fulazzaky [16,20] to describe the
adsorption of single solute from aqueous solution onto granular
activated carbon (GAC) processed in a hydrodynamic column.
Using the MTF models permits us to describe the mass transfer
kinetics of Cd(Il) ions adsorption by titania polyvinylalcohol-
alginate beads from aqueous solution in a batch reactor [21]. The
MTF models were then modified to extend their applicability for
describing the adsorption of multi-solute from surface water onto
GAC applied to a hydrodynamic column [22]. The use of the MMTF
models could useful to describe the biosorption of oil and grease
from agro-industrial processing effluent applied for growing
biomass in a packed-bed column reactor [23] and the biosorption
of carbonaceous, nitrogenous and phosphorous matters from palm
oil mill effluent applied to the development of aerobic granules in a
sequencing batch reactor [24-26]. The purpose of this study was to
scrutinize the usability of the MMTF models for use in the
investigation of RBBR decolorization by different fungal strains
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performed in liquid medium, aiming at wide applicability of the
models. The cumulative amount of RBBR dye biosorbed by fungal
strain can be calculated using the formula [26] of:

V(G- Cdv
a- [ CorE ©)

where q is the cumulative amount of RBBR dye biosorbed by fungal
strain (mg g~!), V is the volume of liquid medium (L) and m is the
mass of fungus (g).

This study assumed that the decolorization of RBBR dye by a
fungal strain successively passes through three different processes
of extracellular deposition, cell surface sorption and intracellular
accumulation. The first process of extracellular deposition relates
to an external mass transfer (EMT) and both the second and third
processes of cell surface sorption and intracellular accumulation
relate to an internal mass transfer (IMT). The use of the MMTF
models may be expanded to investigate the decolorization

(@)
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Trichoderma citrinoviride strain NEFU24
Hypocrea lixi strain DAOM 229903

Trichoderma sp. 4 BRO-2013
Trichoderma harzanium isolate 8227

Hypocrea sp. ZG 41

Trichoderma harzanium strain VRU-Th108

Trichoderma harzanium strain VRU-Th183

(©

Griff. DX-FIL12

Trichoderma koningjopsis strain Nib
Trichoderma koningiopsis strain DMC 75%b
Trichoderma koningiopsis strain T-1

Trichoderma koningiopsis strain Dis326h
Trichoderma koningiopsis strain CIB T01
Trichoderma sp. ATT088

Trichoderma koningiopsis strain SHSI8001

(e)

Pestalotiopsis sp. Y512-02

Pestalotiopsis sp. Ht-3 internal transcribed spacer |
Pestalotiopsis sp. microspora strain LK11

Pestalotiopsis sp. P08 internal transcribed spacer 1
Pestalotiopsis sp. microspora isolate XSD-42

Pestalotiopsis sydowiana strain xsd08016
Pestalotiopsis sp. ATT035

Pestalotiopsis sp. P029 internal transcribed spacer 1
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mechanisms and mass transfer kinetics of RBBR dye mediated
by fungus. The MMTF models have been formulated [22] as
follows:

C —Bx1
In (C—‘S’) = [kaly x e PM@x ¢ (10)
where [kia]g is the global mass transfer factor of RBBR decoloriza-
tion mediated by fungus (d~1), #is the absorbate-adsorbent affinity
parameter (g d mg~!) and t is the time of incubation (d).

A deduction of Eq. (10) yields the linear equation [22] of:

In(q) = %3 x In(t) + B (11)
with
o ln([kLa}g> ﬁln{ln@)} 12

Fig.1. Phylogenetic tree identification with (a) the identification of fungal strain coded with W04, (b) the identification of fungal strain coded with W14, (c) the identification
of fungal strain coded with W15, (d) the picture of fungal strain coded with W04, (e) the picture of fungal strain coded with W14 and (f) the picture of fungal strain coded with

W15.
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where B is the potential mass transfer index related to driving force
and intracellular accumulation of mass transfer during the
decolorization of RBBR dye mediated by fungus (mg g~ 1).

The correlation of EMT factor to global mass transfer (GMT)
factor can be written by the mathematical equation [22] of:

[kl = [kl x e P (13)

where [kpa]s is the external mass transfer factor of RBBR
decolorization mediated by fungus (d1).

Firstly, the variation of [k.a], following the Co/C; ratio can be
determined using Eq. (12) since the values of g and B have been
verified from the curve of plotting In(q) versus In(t) as shown in
Eq. (11). Then the variation of [kia]f to follow g value can be
determined using Eq. (13) since the variation of [k a]g has been
verified accordingly.

The IMT factor is the difference between GMT and EMT and can
be expressed in the form [22] of:

(kalg = [kealg — [keale (14)

where [kia]q is the internal mass transfer factor of RBBR
decolorization mediated by fungus (d~1).

Since the [k.a]q value can be determined as the [kia]g value
minus the [k.a]s value according to Eq. (14), the variations of [k.a]g,
[krals and [ka]q can finally be traced over time of the incubation.
The investigation of decolorization kinetics and mass transfer
mechanisms were carried out using the experimental data
obtained from the degradation of RBBR dye mediated by different
fungi under optimal conditions during the incubation period of 21
d with 3-d time intervals.

3. Results and discussion
3.1. Screening and identification

3.1.1. Fungal screening results

The screening of fungal strains was carried out for 20 species of
fungi labeled with the codes of W01, W02, W03, W04, W05, W06,
W07, W08, W09, W10, W11, W12, W13, W14, W15, W16, W17,
W18, W19 and W20. Even though the degradation of RBBR dye
cannot be induced by the action of light [27], all the liquid cultures
contained of RBBR dye were kept in a very dark room to avoid any
light assist in the decolorization process of RBBR dye. The results
showed that three fungal strains of W04, W14 and W15 provide a
quantification of the best growth performance identified by faster
growth rates of 4, 5 and 5 d, respectively, compared to other fungal
strains needed for fully decolorized RBBR dye in the PDA media at
least 10 d of incubation. The occurrence of liquid culture
decolorization was monitored through visual observation. Verify-
ing the occurrence of RBBR decolorization in the liquid medium
using the UV-vis Spectrophotometer shows the different peaks of
absorbance at \ (max) of 595 nm for the supernatants of W04, W14
and W15.

3.1.2. Phylogenetic tree identification

The identification and phylogenetic analysis of W04, W14 and
W15 was conducted at the First BASE Laboratories Sdn Bhd in the
Selangor state of Malaysia using the MEGA 4.0 software with the
neighbor-joining method. The gel electrophoresis was carried out
to separate the macromolecules based on series of bands, which
contain only particular size fragments of DNA. An extrinsic band
could be related to the interaction of macromolecule with
chromophore in every fungal strain due to the structural transition
of macromolecule may occur during the incubation process [28].
The fungal strains of W04, W14 and W15 were verified having
622 bp (base pairs of DNA), 606 bp and 552 bp, respectively and
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then referred according to the GenBank database of the NCBI
belonging to the fungal species of Trichoderma citrinoviride (T.
citrinoviride), Trichoderma koningiopsis (T. koningiopsis) and Pesta-
lotiopsis sp., respectively, as shown in Fig. 1. Numerous fungal
strains from the Trichoderma and Pestalotiopsis species could be
characterized by a high potential of lignocellulose degradation [29]
and identified by an incubation period in the region of 4-5 d. A
fungal genus name of Trichoderma is seemly similar between the
fungal species of T. citrinoviride and T. koningiopsis because of the
similar physical properties of mycelium that are confined
essentially to the genus of Trichoderma [30].

3.1.3. Morphology of the fungi

The morphology of the T citrinoviride, T. koningiopsis and
Pestalotiopsis sp. strains was observed using the Monocular
microscope when fungal mycelium that represents the essence
of each fungal lifestyle has fully occupied petri dish after 7 d of
incubation. The results (Fig. 2) show that the fungal strain of T.
citrinoviride characterized by a surface morphology of thick layer
may be related to growth rate of fully decolorized RBBR dye within
4 d of incubation (see Fig. 2a). Fungal strains of T. koningiopsis and
Pestalotiopsis sp. being characterized by their surface morphologies
of thin layer may be related to growth rates of fully decolorized
RBBR dye within 5 d of incubation (see Figs. 2b, c¢). Microscopic
examination confirms the strain of T. citrinoviride characterized by
the morphological feature of rough surface (see Fig. 2a). The strain
of T. koningiopsis has an amorphous buffer layer of thin film surface
morphology (see Fig. 2b). The distribution of rough surface
morphology combined with an amorphous thin film for the
Pestalotiopsis sp. strain has the different modes of morphological
feature (see Fig. 2c). The decolorization capacity of T. citrinoviride
strain with its rough surface and porous structure could be more
effective than that of T. koningiopsis or Pestalotiopsis sp. strain.
Decolorization of textile dyes by the isolated bacterial strains can
be processed by the biological degradation [31]. The pore channels
of the T. citrinoviride, T. koningiopsis or Pestalotiopsis sp. strain can
typically absorb the RBBR dye through capillary action affecting the
efficiency of RBBR decolorization.

3.2. Study on the RBBR decolorization performance of fungi

3.2.1. Effect of carbon source

The carbon sources of glucose, galactose and fructose were
used to enhance the decolorization of RBBR dye. The results
(Fig. 3a) show that the use of glucose as carbon source can
increase the decolorization efficiencies of RBBR dye by 43.3 %
(from 22.6 to 65.9%), 51.6 % (from 32.3 to 83.9%) and 51.6 % (from
32.2 to 83.8%) after 7 d of incubation and by 53.8 % (from 27.1 to
80.9%), 50.6 % (from 38.2 to 88.8%) and 50.2 % (from 37.0 to
87.2%) after 14 d of incubation since the fungal strains of T.
citrinoviride, T. koningiopsis and Pestalotiopsis sp., respectively,
mediates the degradation of RBBR dye. In spite of the glucose
converted by the isolated bacterial strains to organic acids may
inhibit the decolorization of textile dyes [31], the glucose spike can
accelerate the decolorization process of RBBR dye by different
fungi. An increase in the incubation period of 7 d for the
decolorization process of RBBR dye mediated by the fungal strains
of T. citrinoviride, T. koningiopsis and Pestalotiopsis sp. may
increase the performances of RBBR degradation by 15.0 % (from
65.9 to 80.9%), 4.9 % (from 83.9 to 88.8%) and 3.4 % (from 83.8 to
87.2%), respectively. It seems that prolonging the incubation time
from 7 to 14 d may slightly increase the sensitivity of RBBR
decolorization. This result is consistent with a previous study that
the activity of laccase from Ganoderma lucidum in PD medium for
decolorizing the RBBR dye slightly increases after 6 d of the
incubation [32].
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(b)

Fig. 2. Morphological character of (a) the T citrinoviride strain, (b) the T
koningiopsis strain and (c) the Pestalotiopsis sp. strain.

The decolorization efficiencies increased by 31.7 % (from 22.6 to
54.3%), 43.7 % (from 32.3 to 76.0%) and 45.1 % (from 32.2 to 77.3%)
after 7 d of incubation and by 42.6 % (from 27.1 to 69.7%), 42.6 %
(from 38.2 to 80.8%) and 45.9 % (from 37.0 to 82.9%) after 14 d of
incubation can be verified from the degradation of RBBR dye
mediated by the fungal strains of T. citrinoviride, T. koningiopsis and
Pestalotiopsis sp., respectively, with added galactose. The efficien-
cies of RBBR decolorization with added fructose increased by 23.3
% (from 22.6 to 45.9%), 23.7 % (from 32.3 to 56.0%) and 26.2 % (from
32.2 to 58.4%) after 7 d of incubation and by 38.2 % (from 27.1 to
65.3%), 25.2 % (from 38.2 to 63.4%) and 25.5 % (from 37.0 to 62.5%)
after 14 d of incubation can be obtained for the degradation of
RBBR dye mediated by the fungal strain of T. citrinoviride, T.
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koningiopsis and Pestalotiopsis sp., respectively. This revealed that
glucose is the best carbon source for the degradation of RBBR dye
by different fungi due to it provides higher decolorization
efficiency than other sugars of galactose and fructose.

3.2.2. Effect of nitrogen source

The nitrogen sources of yeast extract, ammonium nitrate and
ammonium chloride were used to boost the decolorization of RBBR
dye. The results by using yeast extract as nitrogen source (Fig. 3b)
show that the decolorization efficiencies of RBBR dye can increase
by 10.5 % (from 22.6 to 33.1%), 20.2 % (from 32.3 to 52.5%) and 42.6
% (from 32.2 to 74.8%) after 7 d of incubation and by 33.4 % (from
27.1 to 60.5%), 34.1 % (from 38.2 to 72.3%) and 55.4 % (from 37.0 to
92.4%) after 14 d of incubation due to the fungal strains of T.
citrinoviride, T. koningiopsis and Pestalotiopsis sp., respectively,
mediates the decolorization of RBBR dye. Fig. 3b shows that the
yeast extract is the best nitrogen source for degradation of RBBR
dye by different fungi since it provides higher decolorization
efficiency than other nitrogen sources of ammonium nitrate and
ammonium chloride. In a previous study has reported that the
highest laccase activity of Trametes ljubarskyi can be obtained by
using urea as the nitrogen source during the degradation process of
RBBR dye [33]. The RBBR decolorization efficiencies of 92.4, 88.9
and 89.8 % after 14 d of incubation can be achieved by using the
nitrogen sources of yeast extract, ammonium nitrate and
ammonium chloride, respectively, since the fungal strain of
Pestalotiopsis sp. is used to mediate the biodegradation of RBBR
dye. The fungal strain of Pestalotiopsis sp. is the most efficient
fungus in term of the RBBR dye decolorization affected by the
addition of different nitrogen sources (see Fig. 3b).

3.2.3. Effect of agitation

The effects of stationary and agitation on the decolorization of
RBBR dye were investigated to get better understanding of
different conditions of the incubation. The results (Fig. 3c) show
that the RBBR decolorization efficiencies of 32.9, 38.1 and 41.0 %
after 7 d of incubation and those 0f48.0, 57.7 and 67.4 % after 14 d of
incubation can be obtained by using the fungal strains of T.
citrinoviride, T. koningiopsis and Pestalotiopsis sp., respectively, to
degrade the RBBR dye under stationary conditions. The decolori-
zation efficiencies of RBBR dye by agitating the liquid medium may
reach 37.7,61.1 and 43.1 % after 7 d of incubation and 68.9, 81.0 and
71.9 % after 14 d of incubation since to the fungal strains of T.
citrinoviride, T. koningiopsis and Pestalotiopsis sp., respectively, were
used to mediate the biodegradation of RBBR dye. Effect of agitation
on the fungal growth rates of the T. citrinoviride, T. koningiopsis and
Pestalotiopsis sp. strains may increase the decolorization efficien-
cies of RBBR dye by 4.8 % (from 32.9 to 37.7%), 23.0 % (from 38.1 to
61.1%) and 2.0 % (from 41.1 to 43.1%), respectively, after 7 d of
incubation and by 20.9 % (from 48.0 to 68.9%), 23.3 % (from 57.7 to
81.0%) and 4.5 % (from 67.4 to 71.9%), respectively, after 14 d of
incubation. The agitation of liquid medium during the incubation
periods of 7 and 14 d increases approximately 23 % of the efficiency
for the decolorization of RBBR dye mediated by the T. koningiopsis
strain, which is the best fungal strain likely adapted after 7 d of
incubation with or without agitation. This result reinforces the
point that the agitation condition of stirred-tank bioreactor could
be preferable for the production of mycelial biomass and
exopolysaccharide in Paecilomyces sinclairii [34].

3.2.4. Effect of pH

The results (Fig. 3d) show that the decolorization efficiencies of
43.9, 88.5 and 93.0 % can be achieved with aid of the T. citrinoviride
strain to degrade the RBBR dye since the pH of the liquid cultures
was adjusted at 1, 3 and 5, respectively. The degradation of RBBR
dye mediated by the T. koningiopsis strain can achieve at 37.6, 57.5
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Fig. 3. Effects of (a) carbon source, (b) nitrogen source, (c) operating condition and (d) pH on the decolorization efficiency of RBBR dye by different fungal strains. Noted that
the efficiency of RBBR dye decolorized by the strains of (i) T. citrinoviride, (ii) T. koningiopsis and (iii) Pestalotiopsis sp. analyzed after 7 d of incubation and by the strains of (iv) T.
citrinoviride, (v) T. koningiopsis and (vi) Pestalotiopsis sp. analyzed after 14 d of incubation were based on the triplicate data for each experiment.

and 72.9 % of the efficiency when the liquid medium was
conditioned at the pHs of 1, 3 and 5, respectively. The decoloriza-
tion efficiencies of 39.5, 88.5 and 85.7 % can be achieved for the
degradation of RBBR dye mediated by the strain of Pestalotiopsis sp.
conditioned the pH of liquid medium at 1, 3 and 5, respectively.
Even though the decolorization efficiency for degrading the RBBR
dye with aid of T. citrinoviride strain at pH 5 is slightly higher than
that at pH 3, the decolorization efficiency of RBBR dye mediated by
the Pestalotiopsis sp. strain at pH 3 is slightly higher than that at pH
5. This suggests that the most favorable pH for decolorizing the
RBBR dye could be at the pH range of 3—5. This result supports the
previous observation that the highest decolorization efficiency of
RBBR dye mediated by the white rot fungus KRUS-G strain is when
the culture medium was conditioned at pH 4 [35].

3.3. Characteristics of the RBBR dye

3.3.1. FTIR analysis

The FTIR analysis (Fig. 4) of investigating the functional groups
of RBBR dye was performed for (A) the RBBR dye decolorized
without fungus as control, (B) the RBBR dye decolorized with aid of
the T. citrinoviride strain, (C) the RBBR dye decolorized with aid of
the T. koningiopsis strain and (D) the RBBR dye decolorized with aid
of the Pestalotiopsis sp. strain. Fig. 4A shows the FTIR spectrum of
broad overlapping absorption bands indicated N—H and O—H
stretching vibrations at 3448.31 cm™' [36,37] and signals attrib-
uted to N—H vibrations appeared at 2089.15cm™! [36]. The
appearance of sharp and medium peak at 1617.33cm™' may be

attributed to the formation of C=C, C=0 and C—N functional
groups [38,39]. The 1240.83, 726.47 and 625.02cm~! bands are
due to stretching vibrations of C—0, S=0 and C—CO—C group
characteristics of the RBBR dye [39,40].

The appearance of the new bands in Figs. 4B, C and D can be
attributed to a change in the characteristics of RBBR dye because of
the decolorization of RBBR dye mediated by the T. citrinoviride, T.
koningiopsis and Pestalotiopsis sp. strains may result in the
fragmentation of RBBR dye to produce the RBBR derivative
molecules. The absorption bands at the wavenumbers around of
3504.81, 2974.97 and 2090.73cm ™! as shown in Fig. 4B can be
attributed to stretching vibrations of N—H group characteristic of
the decolorized RBBR dye [39,41]. The absorption bands appearing
at around 1729.45 and 1392.98 cm™! can indicate the presence of
C=0 and SO, functional groups [38,39]. The position of absorption
bands at around of 1255.95 and 1054.64 cm~' can be assigned to
stretching vibrations of C—0O and the P—O—C asymmetric
stretching vibration, respectively [39]. The absorption bands at
the wavenumbers of around 848.76, 617.63 and 457.67 cm™! could
be probably due to an asymmetric P—O—S stretching vibration,
C—CO—C bond formation and Si-O-Si bond formation, respec-
tively, in the decolorized RBBR dye [39,42]. The absorption bands
at 3477.58, 2974.82, 2089.41, 1728.47, 1391.99, 1256.28, 1053.10,
843.15, 618.50 and 458.38 cm™' appeared in Fig. 4C are almost
similar to those appeared in Fig. 4B and therefore can be suggested
to the presence of the similar functional groups of decolorized
RBBR dye. The absorption bands at 3474.22, 2977.49, 2092.85,
1728.09, 1389.74, 1256.58, 1051.36, 616.93 and 457.94cm !
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appeared in Fig. 4D are slightly different from those appeared in
Figs. B and C due to the absorption band of P—O—S stretching
vibration does not appear. The results of FTIR analysis showed that
the characteristics of decolorized RBBR dye mediated by the fungal
strains of T. citrinoviride, T. koningiopsis and Pestalotiopsis sp. are
different from the genuine RBBR dye.

3.3.2. FESEM analysis

The FESEM analysis of the T. citrinoviride, T. koningiopsis and
Pestalotiopsis sp. strains was carried out to get better understand-
ing on the material degradation and mode of the RBBR decolori-
zation. Before using these fungal strains for decolorizing the RBBR
dye, the FESEM image of T. citrinoviride strain under magnification
of 1.00 kX (Fig. 5a) shows a matt non-adhesive patterned surface of
the fungal mycelium. The FESEM image at 1.00-kX magnification
(Fig. 5b) of T. koningiopsis strain before used to degrade the RBBR
dye shows smooth thin layer surface without any hydrophilic RBBR
encapsulation. The FESEM image of Pestalotiopsis sp. strain under
1.00 kX of magnification (Fig. 5¢) shows smooth thin layer surface
made up of fungal mycelium without attracted hydrophilic RBBR
dye. After the decolorization reaction of RBBR dye, the FESEM
image of Fig. 5d with a magnification of 5.00 kX shows the hollow
spheres of RBBR dye attached on the surface of T. citrinoviride
strain. Decolorization of RBBR dye in the liquid medium can lead to
an increment in the laccase activity of T. citrinoviride strain [14].
The FESEM image of Fig. 5e with a magnification of 5.00 kX looks
like the blood pellets of RBBR dye and shows the rough and thick
surfaces of T. koningiopsis strain after used to degrade the RBBR
dye. The biosorption process of RBBR decolorization mediated by
the T. koningiopsis strain can enhance the transformation of RBBR
by the immobilized laccase [43]. The FESEM image at 5.00-kX
magnification (Fig. 5f) of Pestalotiopsis sp. strain looks like the long
thick pieces of RBBR dye bonded small balls and appears the
aggregate facets showing rough surfaces of Pestalotiopsis sp. strain
and the asperities after the incubation period of 7 d. The
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decolorization of RBBR dye mediated by the Pestalotiopsis sp.
strain produces a color change from dark blue before to light color
of liquid culture medium after 7 d of incubation. The decolorization
ability of ligninolytic enzymes produced by Marasmius cladophyllus
can be proposed for the bioremediation of RBBR dye contained in
the textile industry wastewater [44]. The results (Figs. 5d, e, f)
show the agglomeration and aggregation of the RBBR dye on the
surface of every fungus after an incubation period of 7 d. Fungal cell
walls are responsible for the binding of RBBR dye to form the thick
layers strongly attached at certain parts of hollow spheres [32,45].

3.4. Kinetics and isotherm studies

3.4.1. Decolorization kinetics

The results (Table 1) show that the kinetics of RBBR
decolorization mediated by the T. citrinoviride, T. koningiopsis
and Pestalotiopsis sp. strains follow pseudo-second order kinetic
reaction since to the R? values of 0.90471, 0.97263 and 0.93419,
respectively, are all near unity. This means that the rate-limiting
step of RBBR decolorization involves a chemisorption, where the
removal of RBBR dye from liquid medium is due to the
physicochemical interaction between fungal mycelium of solid
phase and the RBBR molecules in liquid phase [46].

The kinetics of RBBR decolorization mediated by the T.
koningiopsis and Pestalotiopsis sp. strains can be described by
the IPD model due to the R? values of 0.94219 and 0.92153,
respectively, are also near unity. Because of the initial biosorption
factor of IPD model can be classified into four zones: weakly initial
biosorption, intermediately initial biosorption, strongly initial
biosorption and approaching completely initial biosorption [47],
the primary IPD zones of RBBR decolorization mediated by the T.
koningiopsis and Pestalotiopsis sp. strains likely associated with the
mycelium surface of an amorphous thin film are both intermedi-
ately initial biosorption and strongly initial biosorption. The
kinetics of RBBR decolorization mediated by the Pestalotiopsis sp.

Fig. 5. FESEM images of the surface structures for studying the surface patterns of the T. citrinoviride (see Fig. 5a), T. koningiopsis (see Fig. 5b) and Pestalotiopsis sp. (see Fig. 5¢)
strains with a magnification of 1.00 kX and the surface patterns of the T. citrinoviride (see Fig. 5d), T. koningiopsis (see Fig. 5e) and Pestalotiopsis sp. (see Fig. 5f) strains with a

magnification of 5.00 kX.
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Table 1
Value of the parameters in the kinetic models.
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Decolorization kinetic models

Fungal strain Pseudo-first order Pseudo-second order Intraparticle diffusion

qe (mg/g) ky (min~") R qe (mg/g) ky (min™) R? Ca (mg/g) kq (min~") R?
T. citrinoviride 2.1345 0.1914 0.70824 0.679 0.1622 0.90471 0.3262 0.8835 0.80612
T. koningiopsis 1.8223 0.1805 0.64336 0.951 0.1389 0.97263 0.0629 0.7799 0.94219
Pestalotiopsis sp. 1.3581 0.1077 0.94130 1.1415 0.1386 0.93419 0.2204 0.7809 0.92153

strain may also follow the pseudo-first order kinetic model
because of the R? value of 0.94130 is near unity. The chemical
combination of RBBR dye and fungal mycelium of Pestalotiopsis sp.
strain in the reaction is made to behave like a first order reaction
[48] and occurs by a great excess of available fungal mycelium
compared to the supply of RBBR dye from liquid medium. The
influence of temperature on the decolorization kinetics of RBBR
dye has been investigated using the bismuth oxychloride nano-
sphere material and (Kq sNag 5s)NbOs crystal as pyrocatalysis in the
treatment of wastewater [49,50]. The limited capacity of these
kinetic models cannot explain many important phenomena of
RBBR decolorization mediated by the T. citrinoviride, T. koningiopsis
and Pestalotiopsis sp. strains. Therefore, the aim of this study is to
extend the application of the MMTF models for investigating the
decolorization mechanisms and mass transfer kinetics of RBBR dye
associated with the notable roles played by different fungi.

3.4.2. Decolorization isotherm

The isotherm models of Langmuir, Freundlich and Temkin were
used to describe the decolorization of RBBR dye mediated by the T.
citrinoviride, T. koningiopsis and Pestalotiopsis sp. strains. The
results (Table 2) show that the decolorization of RBBR dye
mediated by the T. koningiopsis strain is the only best fitted in
Langmuir isotherm since the R? value of 0.92246 is near unity. A
thin layer morphological trait (see Fig. 2b) of the T. koningiopsis
strain is assumed to be an ideal solid surface composed of distinct
sites capable of binding the RBBR molecules to form a continuous
monolayer surrounding a smooth homogeneous solid surface
[51,52].

The decolorization of RBBR dye mediated by the T. citrinoviride
strain may follow the isotherm models of Langmuir, Freundlich
and Temkin since the R? value of 0.78438, 0.78042 and 0.72060,
respectively, shows a moderately strong positive linear and is close
from each other. This describes the relation of the available RBBR
dye on the surface of T. citrinoviride mycelium to the concentration
of RBBR dye in the liquid medium attributed to a change in the
equilibrium constant of the binding process to the heterogeneity
(see Fig. 2a) of the fungal mycelium surface [53]. This result cannot
be clearly supported for the design of RBBR decolorization and the
interpretation of biological recognition phenomena [54]. The
decolorization of RBBR dye mediated by the Pestalotiopsis sp. strain
may follow the Freundlich isotherm since the R? value of 0.70728
fitted in Freundlich isotherm is the highest R? value of fitting the
isotherm models. The decolorization of RBBR dye mediated by the
Pestalotiopsis sp. strain depends on the rough surface of sites
occupation and heterogeneous pore distribution.

Table 2
Value of the parameters in the isotherm models.

3.5. Decolorization mechanisms and mass transfer kinetics

3.5.1. Linear curve fitting

The novelty and originality of this study compared to the
previous studies [16,20-26] is the use of the MMTF models to
scrutinize the kinetics and decolorization mechanisms of the RBBR
dye mediated by different fungi. This may provide better
understanding on the mass transfer of dye molecules by employing
fungal mycelium for use in designing the further engineered
bioremediation systems. By plotting In(q) versus In(t) (see Fig. 6a)
yields the linear curves with 1/4 as slope and B as the y-intercept.
Correlation for the parameters g and B in Eq. (11) providing a very
good fit to the experimental data is due to the values of R? are all
near unity (R?> > 0.96675; see Table 3). The mass transfer kinetics of
RBBR decolorization mediated by different fungi can be deter-
mined on the basis of the [ka]g [kialr and [kua]q values. The
mechanisms of RBBR decolorization mediated by fungal strain
depend on the behaviors of dye molecules passing through three
successive points of extracellular deposition located at film surface
outside of the mycelium surface, cell surface sorption located at
interfacial liquid-fungal mycelium and intracellular accumulation
located within fungal mycelium. It is suggested that every fungal
strain may have the typical mass transfer kinetics of RBBR
decolorization and affects the efficiency of RBBR biodegradation.
The 4 values of 1.1589, 1.1375 and 1.1456 g d mg~! and the B values
of 0.0805, 0.1231 and 0.2202 mg g~ ' were verified from the linear
curve of In(q) versus In(t) for the decolorization of RBBR dye
mediated by the for the fungal strains of T. citrinoviride, T. koningiopsis
and Pestalotiopsis sp., respectively (see Table 3). An increase in the B
value of transporting dye molecules from liquid medium to diffuse
through the plasma membrane to aggregate into the cells could be
due to an increase in the number of cells with a rough surface
pattern of the fungal mycelium from the T. citrinoviride to T.
koningiopsis and to Pestalotiopsis sp. strain (see Figs. 5d, e, f). This
may haverelated to an increased driving force [22] and intracellular
accumulation of removing the RBBR molecules from liquid medium
during the incubation period of 21 d.

The decolorization mechanisms of RBBR dye mediated by
fungus may associate with active chemical groups of mycelium
surface and intracellular accumulation due to the behaviors of
physical sorption, ion exchange and chemical bond are dependent
on the availability of different surface functional groups [55,56].
Fungal mycelium composed of different natural polymers such as
cellulose, chitin and proteins has the possibility of tailoring a
unique structure and composition of the cell walls [57]. This paves
the way for environmental security and efficiency in the various

Adsorption isotherm models

Fungal strain Langmuir Freundlich
ge (mg g™') ki (min") R? ge (mg g™")

T. citrinoviride 405.98 18.226 0.78438 5.099

T. koningiopsis 44,268 5.8793 0.92246 24348

Pestalotiopsis sp. 400.11 12.685 0.42827 5.1338

Temkin
ki (min~1) R? ge (mg g ") ki (min~1) R?
0.4854 0.78042 0.0135 0.0135 0.72060
0.1316 0.49795 0.0720 0.0191 0.51076
0.5570 0.70728 0.0302 0.0211 0.56825
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Fig. 6. Analysis of the mass transfer kinetics and mechanisms of RBBR decolorization mediated by different fungi with (a) the linear curve fitting, (b) the curves of plotting
[kra]¢or [kpalq versus t where (1) the decolorization of RBBR mediated by the T. citrinoviride mycelium, (2) the decolorization of RBBR mediated by the T. koningiopsis mycelium
and (3) the decolorization of RBBR mediated by the Pestalotiopsis sp. mycelium and (c) the the curves of plotting [k a]q versus E.

Table 3
Values of g and B obtained from slope and interception, respectively, of plotting In
(q) versus In(t) for the experiments of RBBR decolorization.

Fungal strain p(gdmg) B(mgg) R?

T. citrinoviride 11589 0.0805 0.96677
T. koningiopsis 11375 0.1231 0.97375
Pestalotiopsis sp. 11456 0.2202 0.97760

scale applications of fungus by properly choosing the toxic organic
substrates. The decolorization behaviors of RBBR dye mediated by
the T. citrinoviride, T. koningiopsis and Pestalotiopsis sp. strains can
differ from each other due to the various mechanisms of molecular
transformation occur naturally in the different species of fungi
during the incubation period of 21 d. The mechanisms and mass
transfer kinetics of the RBBR decolorization can be predicted from
the values of [k.alg, [kia]r and [kia]q to provide a comprehensive
insight into the overall external and internal mechanisms of mass
transfer involved molecular diffusion and convection [58].
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3.5.2. Mass transfer kinetics and decolorization mechanisms

The variation trends of [k.a]; and [k.a]q values increased with
increasing of the incubation period are almost similar with each
other. A decrease in the variation of [k a]¢ value is counterbalanced
by an increased variation of both the [k alg and [k a]q values over
the course of 21 d of incubation. Studying the decolorization
kinetics of RBBR dye can be limited by the analysis of external and
internal mass transfer. Fig. 6b shows the conformational variation
of [kpalf or [kia]q pursuant to the time of incubation. The most
appropriate curve types of [kia]s versus t traced over 21 d of
incubation are the polynomial, power and logarithmic equations
for the decolorization of RBBR dye mediated by the fungal strains of
T. citrinoviride, T. koningiopsis and Pestalotiopsis sp., respectively,
while the curve types of [k a]q versus t are all most appropriate for
the polynomial equations. The [k a]s values of 0.1865, 0.1934 and
0.2118 d~! at the 1st d of incubation are all higher than the [k.a]q
values of 0.0705, 0.0917 and 0.1276 d ', respectively. This reveals
that the decolorization kinetics of RBBR dye mediated by three
different fungal strains are mainly controlled by intracellular
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Table 4
Curve of [kea]e or [kialq versus t for describing the RBBR decolorization by different fungi.
Fungal strain Type of the equation R?
[kpale versus t R? [kpalq versus t
T. citrinoviride [kialf=0.0008 t 2 - 0.0207 t + 0.1875 0.87837 [kala=0.0058t 2 - 0.033t + 0.2124 0.96722
T. koningiopsis [kiale=0.1899 ¢ %409 0.95188 [kala=0.0018 t 2 - 0.0361 t + 0.1005 0.96729
Pestalotiopsis sp. [kpale = -0.05In(t) + 0.2012 0.93098 [kealqa=0.0002t 2 - 0.0814 t + 0.0525 0.96329
accumulation at the 1st d of incubation and then mainly controlled Table 5
by film mass transfer along the period of 20 d from the 2nd to 21st Modeling of [k a]q value to predict the efficiency of RBBR decolorization.
day of incubation. The resistance of mass transfer could be Fungal strain Polynomial equation of [k.a]q versus E R?
prominently dependent on EMT since the [k a]s values are all lower T citrinoviride [kuala = 0.0002E 2 + 0.0038E - 0.0461 0.99442
than the [kpa]q values except at the beginning of incubation. The T. koningiopsis [kia]q = 0.0002E 2 + 0.0023E - 0.0231 0.99547
rate-limiting step of RBBR decolorization depends on the EMT Pestalotiopsis sp. [kuala=0.0002E ? + 0.0108E - 0.1931 0.99580

resistance due to the IMT resistance and kinetic limitations for the
migration of RBBR molecules from bulk solution to intracellular
accumulation are negligible. It has been reported that the
generation of clean hydrogen energy converted by vibration
energy through the Bi;WOg layered-perovskite may enhance the
process of RBBR dye decolorization [59]. Detail decolorization
mechanisms of RBBR dye mediated by fungus affecting the EMT
and IMT rates can be scrutinized by plotting the most appropriate
equations of [kia]f or [kia]q versus t, as shown in Table 4.

The primary concern of this study was to develop scientific
knowledge from using the MMTF models for describing the
decolorization behaviors of RBBR dye mediated by different fungi.
This attempts to extend the applicability of the models and to gain
a new insight on the mass transfer process and RBBR dye
degradation. An investigation of the response mechanisms by
fungal strain in the RBBR decolorization is important to get an in
depth understanding of the mass transfer dynamic behaviors of
reduced color by fungal mycelium. A polynomial model (Fig. 6b1
line-i) of external mass transfer mechanisms mediated by the T.
citrinoviride strain could be influenced by the variables of driving
force and intracellular accumulation. The curve of Fig. 6b1 line-i
shows the [kia]s value decreased during an incubation period of 15
d and then increased from the 15™ to 215t d of incubation. This
could be due to the rapid intracellular accumulation caused vacant
sites on the surface of T. citrinoviride mycelium cannot be
immediately occupied by the RBBR molecules and leads to an
increase in the driving force for mass transfer. A power model
(Fig. 6b2 line-i) of transporting the RBBR dye from bulk liquid to
the extracellular deposition points mediated by the T. koningiopsis
strain may be mainly affected by driving force for molecular
diffusion rapidly transported at the beginning of incubation. A
logarithmic model (Fig. 6b3 line-i) of mass transfer is mainly
dependent on the logarithmically decreased driving force of
transporting the RBBR dye from the bulk liquid to the extracellular
enzymes of Pestalotiopsis sp. mycelium. In a previous study
reported that the vibration-catalysis mediated by ZnO might be a
potential method to decolorize the RBBR dye during the treatment
of wastewater decolorization [60].

The polynomial models (Fig. 6b1 line-ii, b2 line-ii, b3 line-ii) of
internal mass transfer diffusion mechanisms mediated by the
fungal strains of T. citrinoviride, T. koningiopsis and Pestalotiopsis sp.
could be due to the movement of RBBR dye is dependent on the
variables of driving force and intracellular accumulation. It seems
that an increase in the intracellular accumulation is counter-
balanced by a decrease in the film mass transfer. This indicates that
the shortcoming of RBBR dye as a tracer for mycelium growth
cannot support fungus for very long. The vegetative growth rates of
T. citrinoviride, T. koningiopsis and Pestalotiopsis sp. strains are all
faster than the reduced rates of RBBR dye moved from bulk liquid
to extracellular deposition points. The efficiency of RBBR
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decolorization affected by different fungi can be evaluated by
tracing the appropriate models. Empirical modeling and data
analysis for the prediction of RBBR decolorization performance
mediated by the T. citrinoviride, T. koningiopsis and Pestalotiopsis sp.
strains are based on the [kia]yq values plotted versus the RBBR
degradation efficiency calculated using Eq. (1).

3.5.3. Prediction of decolorization efficiency

A plot (Fig. 6¢) of [kra]q versus E displays the curves fitting with
a second-order polynomial trend line while the efficiency of RBBR
decolorization increases with increasing of the IMT factor. The
polynomial regression models of best fit (R?> > 0.9944; see Table 5)
represent strong relationship between [kialq and E for use in the
prediction of RBBR decolorization performance. The results
(Fig. 6¢) show that the efficiency of RBBR decolorization mediated
by the T. citrinoviride strain is almost similar to that mediated by
the T. koningiopsis strain and this may be related to the same fungal
genus of Trichoderma (see Fig. 6¢ lines-i,-ii). The morphological
identification of Trichoderma genus shows great homoplasy in the
conidial structures [61]. The internal mass transfer rate of RBBR
decolorization mediated by the Pestalotiopsis sp. strain (see Fig. 6¢
line-iii) requires faster for achieving the same percentage of
degradation efficiency as achieved by the Trichoderma genus (see
Fig. 6¢ lines-i,-ii). The selection of the relevant fungal species
during the incubation process can do the role to optimize the RBBR
decolorization and consequently leads to a polynomial growth of
fungal mycelium for increasing the efficiency of RBBR dye
degradation during the experimental period of 21 d. It requires
the [k.a]q values of 1.9997, 1.7787 and 1.7980 d~! to reach at
approximately 84.78, 79.80 and 76.33 % efficiency of RBBR
decolorization mediated by the fungal strains of T. citrinoviride,
T. koningiopsis and Pestalotiopsis sp., respectively. The application
of photo-/piezo-bi-catalysis of ZnO by harvesting the light and
vibration energy of the natural environment may enhance catalytic
efficiency of RBBR dye decomposition [62]. The high efficiency of
RBBR decolorization can be designed from the selection of
appropriate fungal species [63], which can further aid in the
engineered bioremediation systems of employing fungal myceli-
um. This study reveals that the performance of RBBR decoloriza-
tion depends on the metabolic potential of fungi to degrade the
RBBR dye molecules.

4. Conclusions

The decolorization of RBBR dye mediated by the fungal strains
of T. citrinoviride, T. koningiopsis and Pestalotiopsis sp. was
performed to get better understanding into the kinetics and
mechanisms of mass transfer. The experimental data of 21-d
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incubation time were analyzed using the MMTF models to
determine the GMT, EMT and IMT factors. The variation trends
of [kialg and [kia]q values are almost similar to most likely due to
an increased variation trend of both [kia]; and [kialq value is
regularly counterbalanced by a decreased variation trend of [k a]¢
value over the course of 21-d incubation. The decolorization of
RBBR dye mediated by different fungal strains in liquid medium is
mainly controlled due to the EMT resistance. The results findings
show that the efficiency of RBBR decolorization analyzed based on
the variation of [k a]q value could be useful for researchers in
predicting the performance of sythetic dye decolorized by
incubation on the liquid media. The performance of RBBR
decolorization polynomially increased depends on the growth
rate of fungal mycelium and this may contribute to designing the
further engineered bioremediation systems of employing fungal
mycelium. This study suggested that the use of the MMTF models
could be useful to describe the decolorization kinetics of synthetic
dye mediated by different fungal strains in the future researches.
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