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Abstract
The aim of this study was to determine the potential of white-rot fungi, namely Pycnoporus cinnabarinus, Pleurotus ostreatus 
and Trametes hirsuta, for the mono azo dye Allura Red AC (AR) removal from aqueous solutions. AR belongs to the hardly 
degradable xenobiotic associated with a neurotoxic effect on humans and animals. Our results suggested that degradation 
processes driven by the activity of laccases were not involved in the process of AR removal and the predominant mechanism 
of dye elimination was biosorption. The surface of fungal biomass was analyzed by Fourier transform infrared spectroscopy 
(FTIR) and Langmuir and Freundlich models of absorption isotherms were applied to describe the biosorption isotherms. 
Langmuir model fitted the equilibrium data better than Freundlich isotherm according to the corrected Akaike Information 
Criterion  (AICc). From Langmuir model, dead biomass of P. ostreatus modified by heat was the most suitable biosorbent 
with the maximum sorption capacity of 118.3 ± 9.9 mg/g dried biomass. Obtained results suggest that biomass of white-rot 
fungi can be used as a suitable and low-cost biosorbent for the removal of azo dyes from contaminated waters.
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Introduction

The extensive application of synthetic dyes in a wide range 
of industry results in their release into the environment 
(Yang et al. 2016). It has been assumed that 10–25% of syn-
thetic dyes are not used in the dyeing process and 2–20% is 
directly released into the wastewater streams (Zahria and 
Suteu 2012). Dyeing industry, especially the textile indus-
try, belongs to the major producer of wastewater containing 
synthetic dyes (Sen et al. 2016). Azo dyes represent approx. 
70% of all synthetic dyes used in dyeing industry and can 
be characterized by one or more chromophores (–N=N–) 
linked to benzene or naphthalene rings with the side chains 

of –OH, –SO3H or other functional groups (Solís et al. 2012; 
Thiam et al. 2015a). The presence of azo dyes in wastewa-
ters poses a potential risk to living organisms (Sharma et al. 
2007; Thiam et al. 2015b) due to their toxic, carcinogenic 
or mutagenic effects (Saratale et al. 2011; Nath et al. 2015; 
Gopinathan et al. 2015). Therefore, the removal of the dyes 
has become a major research topic (Legerská et al. 2016, 
2018).

The monoazo dye Allura Red AC (AR) belongs to hardly 
degradable xenobiotic associated with a neurotoxic effect 
on humans and animals (McCann et al. 2007; Noorafshan 
et al. 2018). The effective degradation of AR was obtained 
by solar photoelectron-Fenton physico-chemical method 
(Thiam et al. 2015a, b) although, the presence of persis-
tent toxic oxalic acid as degradation product was observed 
(Thiam et al. 2015a). Moreover, traditional physical, phys-
ico-chemical and chemical techniques are less effective 
methods for dye elimination due to chemical stability of 
dyes and their resistance to degradation or the materials and 
equipment improving process efficiency are too expensive 
for their commercial purposes (Zhao et al. 2006; Vanhulle 
et al. 2008; Nguyen and Juang 2013). Therefore, the environ-
mentally acceptable biological methods of dye elimination 
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appear to be more promising than conventionally used meth-
ods (Forgacs et al. 2004).

Biological methods involve the use of microorganisms 
and/or their metabolites in dye removal. The uptake of dye 
by microbial biomass occurs in three possible ways: (1) 
biosorption of dye onto the surface of microbial biomass; 
(2) biodegradation of dye molecules by ligninolytic enzymes 
such as laccases and peroxidases; and (3) bioaccumulation 
of dye in living cells by transport membrane systems (Kau-
shik and Malik 2009; Yang et al. 2016; Sen et al. 2016). 
White-rot fungi belong to perspective microorganisms for 
this purpose (Yang et al. 2016; Legerská et al. 2018). The 
use of fungal biomass for dye elimination has some advan-
tages, namely a relatively inexpensive process, low operating 
costs and less production of sludge (Forgacs et al. 2004; Sen 
et al. 2016). For white-rot fungi, dye degradation by ligni-
nolytic enzymes and biosorption are recently widely studied 
(Aksu et al. 2010; Ramírez-Montoya et al. 2015; Legerská 
et al. 2016; Huang et al. 2016). However, biodegradation 
of azo dyes by fungal ligninolytic enzymes requires the 
enzymes with high redox potential (+ 730 to + 790 mV vs. 
normal hydrogen electrode; NHE) (Yang et al. 2015) but the 
toxicity of degradation products should be evaluated (Thiam 
et al. 2015a; Legerská et al. 2018). Pycnoporus cinnabari-
nus, Pleurotus ostreatus and Trametes hirsuta were used as 
the model fungal producers of high redox potential laccases 
with 750, 740 and 780 mV vs. NHE, respectively (Li et al. 
1999; Garzillo et al. 2001; Shleev et al. 2005). In biosorp-
tion, the dye molecules are not degraded or transformed, but 
dyes are adsorbed onto the surface of biomass/biosorbent. 
As a result, the dyes are removed from the aqueous solu-
tion, but the problem with high amounts of dyes trapped 
in biomass/biosorbent still remains. The traditionally used 
sorbents such as activated carbon have several disadvantages 
such as the relatively high cost of pretreatment, difficult 
regeneration and the reduction of sorption efficiency after 
the regeneration (Srivastava et al. 2007). Therefore, other 
suitable biosorbents for synthetic dyes removal from waste-
waters based on microbial or plant biomass are intensively 
investigated (Lei et al. 2014; Jain and Gogate 2018; Cro-
minski da Silva et al. 2019). White-rot fungi producing the 
significant biomass yields seem to be useful for this purpose 
(Marcharchand and Ting 2017; Kumar et al. 2018; Przystaś 
et al. 2018). P. cinnabarinus, P. ostreatus and T. hirsuta are 
well-known fast-growing fungi (Freitag and Morell 1992; 
Levasseur et al. 2014; Sabantina et al. 2019).

The aim of this work was to evaluate the potential of 
fungal biomass (P. cinnabarinus DSM 3022, P. ostreatus 
DSM 1833 and T. hirsuta DSM 3491) for the removal of the 
hard-to-degrade monoazo dye AR from aqueous solutions. 
The contribution of ligninolytic enzymes, namely laccases, 
to the AR elimination was estimated. For the evaluation of 
biosorption efficiency, Langmuir and Freundlich adsorption 

isotherms were used and surface properties of fungal bio-
mass were characterized by Fourier transform infrared spec-
troscopy (FTIR).

Materials and methods

Chemicals and synthetic dye

All chemicals used in the experiments were of analytical 
grades. The azo dye Allura Red AC (AR; C.I. 16,035; MW 
496.4 g/mol) was purchased from Sigma-Aldrich (Germany) 
(Fig. 1). The wavelength (λmax) with the absorption maxi-
mum of this azo dye was determined by spectrophotometer 
UV-1600 PC (VWR, Germany).

Microorganisms and culture conditions

The white-rot fungi, namely Pycnoporus cinnabarinus DSM 
3022, Pleurotus ostreatus DSM 1833 and Trametes hirsuta 
DSM 3491 were purchased from German Collection of 
Microorganisms and Cell Cultures GmbH (Germany). The 
cultures were maintained on malt agar supplemented with 
agar (1%, w/v) at 4 °C. For the fungal biomass collection, 
the strains were re-inoculated and incubated at 30 °C on malt 
agar. The fungal biomass of 7-day-old culture was collected 
(6 × 1 cm2 squares), added to sterile distilled water (20 mL) 
and stirred at 150 RPM for 30 min. Aliquot amount of the 
fungal biomass (2 mL) was used to inoculate the culture 
medium (20 mL) containing glucose (10 g/L), casein hydro-
lysate (5 g/L),  MgSO4. 7  H2O (0.5 g/L), NaCl (0.1 g/L), 
 CuSO4. 5  H2O (0.1  mg/L),  FeSO4. 7  H2O (0.2  mg/L), 
 MnSO4. 4  H2O (0.02  mg/L) and  ZnCl2 (0.15  mg/L) in 
100 mmol/L phosphate buffer (pH 5.0) at 30 °C and shaking 
of 140 RPM for 14 days under submerged conditions. This 
composition of culture medium and cultivation conditions 
were used in all experiments.

Enzyme decolorization

The potential of laccases produced by white-rot fungi to 
eliminate AR was verified in culture media with the addi-
tion of AR in the concentration range of 25 − 250 mg/L. 

Fig. 1  The structure of the azo dye Allura Red AC
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Laccase activity was monitored during the whole cultivation 
and after 14 days, the amount of removed dye was calculated 
from the difference between the initial dye concentration 
in the abiotic control without fungal biomass and the dye 
concentration in the culture medium after 14 days of culti-
vation. The azo dye AR concentration was calculated from 
the calibration curve measured at a wavelength of 493 nm 
(spectrophotometer UV-1600 PC; VWR, Germany).

In individual experiments, the decolorization of AR 
was also studied using the crude laccase extract. This was 
obtained after the removal of biomass from the culture 
medium without the addition of AR. The supernatant was 
centrifuged at 4000 RPM for 10 min. Decolorization poten-
tial of prepared crude laccase extract with the activity of 1.0 
U/mL was tested in 100 mmol/L phosphate buffer (pH 5.0) 
containing AR (initial concentration of 100 mg/L) during 
5 days at 20 °C and compared to the control. The control 
was prepared by boiling the culture medium supernatant at 
100 °C for 10 min to denature the proteins.

Sorption decolorization

The sorption potential of both living and dead fungal bio-
mass (P. cinnabarinus, P. ostreatus or T. hirsuta) for AR 
elimination from aqueous solutions was verified. Fungal 
biomass for the sorption experiments was obtained after 
14-day cultivation under above-mentioned conditions. 
After this time, the culture media were decanted, and fun-
gal biomass was repeatedly washed with the phosphate 
buffer (100 mmol/L; pH 5.0). In the case of living fungal 
biomass, the experiments were carried out in the flasks with 
20 mL solution containing AR in the concentration range 
of 15–340 mg/L dissolved in 100 mmol/L phosphate buffer 
(pH 5.0) with the addition of 0.01% (w/v) sodium azide (for 
suppression of laccase activity).

The study of AR biosorption by dead biomass was per-
formed under identical conditions as in the case of living 
biomass, but the biomass was heat-pretreated. Produced 
biomass in phosphate buffer (100 mmol/L; pH 5.0; 20 mL) 
was boiled for 10 min at 100 °C. Subsequently, the flasks 
with dead biomass were cooled, the phosphate buffer was 
decanted, and AR dissolved in 100  mmol/L phosphate 
buffer (pH 5.0) was added in the concentration range of 
20–355 mg/L. The sorption efficiency was evaluated as 
decolorization of AR (in %; Eq. 1) and in terms of adsorbed 
amount of azo dye (in mg/g; Eq. 2).

where c0 is the initial dye concentration (mg/L) and ct is 
the dye concentration (mg/L) in the selected time interval. 

(1)Decolorization = 100 ⋅

(

c0 − ct

c0

)

The amount of adsorbed azo dye was calculated according 
to Eq. 2.

where Qt is the amount of the azo dye AR adsorbed per gram 
of living/dead biomass of the selected white-rot fungus (P. 
cinnabarinus, P. ostreatus or T. hirsuta) (mg/g; d.w.); ci is 
the initial concentration of dye (mg/L), ce is the residual dye 
concentration at equilibrium (mg/L); N is the mass of dry 
biomass (g); and V is the solution volume (L).

At the time of reaching the equilibrium, the sorption pro-
cess was terminated, and obtained data were evaluated by 
adsorption isotherms according to the Langmuir and Fre-
undlich. Specific sorption (mg/g; d.w.) was evaluated using 
adsorption isotherms by the Langmuir (Eq. 3) and Freun-
dlich (Eq. 4) models (Freundlich 1906; Langmuir 1918).

where Qeq represents the specific dye sorption on the bio-
mass of the white-rot fungus (mg/g d.w.); b is Langmuir 
equilibrium constant describing the affinity between sorbent 
(biomass) and sorbate (dye) (L/mg); Qmax is the maximum 
sorption capacity of fungal biomass (mg/g, d.w.); Ceq rep-
resents the residual concentration of dye in a solution at 
equilibrium (mg/L), K represents Freundlich equilibrium 
constant describing the sorption capacity of fungal biomass 
(L/g); and n is dimensionless Freundlich constant expressing 
the sorption intensity.

FTIR analysis

After 14 days of cultivation in the culture medium, the 
biomass was heat-pretreated and after this, the biomass 
was repeatedly washed with deionized water and dried at 
50 °C to constant weight. The dried samples were homog-
enized, mixed with KBr and pressed into the pellets by a 
manual hydraulic press Specac 15 for analysis. The spec-
tra were acquired in triplicates in the range of wavelength 
of 400–4000 cm−1 using a Tensor 27 FTIR spectrometer 
(Bruker, Billerica, MA, USA).

Laccase activity

The activity of laccases was determined as follows: 150 
µL of a 1 mmol/L solution of ABTS (2-2′-azinobis (3-eth-
ylbenzothiazoline-6-sulfonate)) in 0.2 mol/L phosphate 
buffer (pH 5.0) and 50 µL of the sample were mixed. The 

(2)Qt =
(ci − ce) ⋅ V

N

(3)Qeq =
b × Qmax × Ceq

1 + b × Ceq

(4)Qeq = K × C

(

1

n

)

eq
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mixture was then incubated for 10 min to determine the 
change in absorbance caused by oxidation of ABTS by 
laccases in the plate reader at 450 nm. Enzyme activity 
was expressed in U/mL. 1 U is defined as the enzyme 
activity that catalyses the conversion of 1 µmol ABTS 
in 1 min.

Statistical methods

Individual experiments were performed in triplicate. The 
experimental data were processed using OriginPro 2016 
(OriginLab Corporation, Northampton, MA, USA). The 
corrected Akaike information criterion  (AICc) (Akaike 
1974) and Akaike weight (λi) by Akpa and Unuabonah 
(2011) were used to verify better sorption isotherm 
model.

Results and discussion

Combined processes of AR elimination

The removal of AR from aqueous solutions by white-rot 
fungi takes place by biosorption, enzymatic degradation by 
ligninolytic enzymes such as peroxidases and laccases or the 
combination of both mechanisms (Ramírez-Montoya et al. 
2015; Legerská et al. 2016; Huang et al. 2016). The produc-
tion of peroxidases by P. cinnabarinus, P. ostreatus and T. 
hirsuta, namely lignin and manganese peroxidases, was not 
confirmed in our previous works (Hazuchová et al. 2017; 
Pecková and Chmelová 2019). For this reason, laccase activ-
ity and removed dye concentration were determined after 
14 days of submerged cultivation of selected white-rot fungi 
(Fig. 2). The utilization of glucose used as a carbon source 
in the culture media and the maximal biomass production 

Fig. 2  Concentration of removed AR from culture media containing living biomass of P. cinnabarinus (a), P. ostreatus (b) or T. hirsuta (c) and 
laccase activity determined after 14 days of cultivation under submerged conditions (30 °C, initial pH 5.0, 140 RPM)
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were the parameters determining the cultivation time (data 
not shown).

During the cultivation, all studied white-rot fungi pro-
duced laccases, except for T. hirsuta (Fig. 2). Moiseenko 
et al. (2018) observed that T. hirsuta produces several extra-
cellular laccases depending on the conditions of production 
and the composition of the culture medium. It was found that 
the depletion of carbon source in culture media inducted the 
production of laccase in the case of P. cinnabarinus. On the 
contrary to this, the laccase activity was determined during 
the whole time of P. ostreatus cultivation (data not shown). 
The amount of removed AR in culture media increased in 
order: P. cinnabarinus < T. hirsuta < P. ostreatus. The lack 
of T. hirsuta laccase production suggests that the decrease 
of AR concentration was caused by the sorption processes 
of AR binding onto the surface of this fungal biomass 
(Fig. 2c). The observed data of both laccase activity and 
removed dye concentration in P. cinnabarinus culture media 
allow us to conclude that the predominant mechanism of 
AR elimination was biosorption. Laccase activity increases 
with increasing the initial dye concentrations in the range 
of 50–250 mg/L, but the concentrations of removed AR are 
comparable to each other (10.2–11.0 mg/g d.w.) (Fig. 2a). 
Although, the sorption typically represents a rapid process 
with reaching the higher specific sorption capacities with 
increasing the concentration of synthetic dye (Aksu et al. 
2008, 2010), the sorption process can be stopped when all 
binding sites located on the biomass surface are fully occu-
pied (Zeroual et al. 2006; Aksu et al. 2010; Bouras et al. 
2017). It can be assumed, for T. hirsuta (Fig. 2c) results, all 
binding sites located onto the biomass surface were occu-
pied at higher dye concentrations. The role of P. ostreatus 
laccase in the process of AR elimination along with sorption 
processes must be considered. It was found that there is a 
linear dependence between the concentration of removed 

dye and laccase activity produced by P. ostreatus (R2 = 0.8). 
The highest values of laccase activity were measured at the 
highest AR concentration (250 mg/L; 27.7 ± 0.6 U/L) and 
the concentration of removed AR increased with increasing 
the P. ostreatus laccase activity (Fig. 2b).

Enzyme catalyzed elimination of AR

Therefore, the crude enzyme extracts of laccase-producing 
P. cinnabarinus and P. ostreatus were tested for AR decol-
orization during the 5 days of the exposure (Fig. 3).

The results of AR decolorization by crude laccase extract 
of P. cinnabarinus and P. ostreatus did not confirm the con-
tribution of laccases to dye elimination (Fig. 3). It is known 
that laccases produced by P. cinnabarinus and P. ostrea-
tus belong to laccases with high-redox potential (Garzillo 
et al. 2001; Shleev et al. 2005). On the contrary, high-redox 
potential laccases were not able to degrade AR (Fig. 3), but 
the dye structure itself also plays an important role in the 
removal of the dye by laccases. AR is one of the azonaph-
thalene dyes containing a single azo bond (Fig. 1). Electron-
acceptor groups such as –SO3H are more resistant to enzyme 
degradation compared to electron-donor groups such as –OH 
(Hsueh et al. 2009; Solís et al. 2012). Dye biodegradation by 
enzymes can be increased using appropriate redox mediators 
(Sen et al. 2016). Some white-rot fungi can produce low-
molecular weight compounds (e.g., vanillin, acetosyringone, 
phenolic acids) that can act as potential redox mediators 
(Polak and Wilkolazka 2012). These can be produced under 
negative environmental conditions including the presence of 
an azo dye in a medium. Although, the used crude laccase 
extract (Fig. 3) was prepared from a culture medium with-
out the addition of the dye and therefore, the production of 
low-molecular weight compounds may not have started at 
all. From the measured results (Fig. 2b), it can be assumed 

Fig. 3  The effect of crude laccase extracts of P. cinnabarinus (a) and P. ostreatus (b) on AR decolorization (100 mg/L) after 5 days of incuba-
tion at 20 °C and pH 5.0
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that laccase mediator system of P. ostreatus can be partially 
involved in the AR removal process. However, sorption 
seems to be the dominant process of AR elimination for all 
fungi used (Figs. 2, 3). In the next step, we focused on test-
ing the sorption ability of fungal biomass to remove AR, but 
the production of laccases by living biomass was suppressed 
by the addition of sodium azide.

Biosorption of AR

Dead and live fungal biomass

Adsorption isotherms provide the information about the 
properties of biosorbents from the point of view of their 
sorption efficiency (Hasan et al. 2012; Akar et al. 2013). 
Several factors affect the effectiveness of biosorption, but 
the method of pretreatment of microbial biosorbent has a 
significant effect on the biosorption rate (Taha et al. 2014; 
Huang et al. 2016). In general, the sorption of xenobiotics 
by dead biomass is more effective than by living biomass. 
Therefore, we compared the biosorption efficiency of living 
biomass and heat-treated dead biomass of studied white-rot 
fungi to remove AR from aqueous solutions (Fig. 4).

It was found that the percentage of AR decolorization was 
increased with increasing the dye concentration, although, 
the highest AR concentrations had the negative effect on 
this parameter (Fig. 4). A similar trend was observed in 
studies of Aksu et al. (2010) and Chakraborty et al. (2013). 
The best potential for AR removal was demonstrated by 
living biomass of the white-rot fungus P. ostreatus, which 
reached the maximum decolorization efficiency of 26.9% 
(Fig. 4c). However, the highest decolorization efficiency, as 
well as the highest sorption potential, was observed in the 
case of all heat-treated biomass studied. In the comparison 
of applied white-rot fungi, the biomass T. hirsuta showed 
the ability to remove more than 53% of AR from the initial 
amount in the medium (Fig. 4f). Considering these facts, 
it can be concluded that heat treatment of fungal biomass 
probably improved the sorption properties of biomass as a 
sorbent. This phenomenon could be explained by a change 
in the porosity of prepared biosorbent increasing the spe-
cific surface for AR sorption. As the biosorbent, heat-treated 
biomass has an advantage over living cells, since the dead 
biomass, in general, cannot be affected by the toxic effects 
of the dye (Arica and Bayramoglu 2007). Our results suggest 
that heat-treated biomass of studied white-rot fungi shows 
better potential to remove synthetic dyes than living biomass 
(Fig. 4).

Modeling the biosorption equilibrium

The surface properties and biosorbent efficiency can be 
assessed by adsorption isotherms (Hasan et al. 2012; Akar 

et al. 2013). Langmuir or Freundlich adsorption isotherm 
models (Freundlich 1906; Langmuir 1918) are often used 
for the description of the dye removal by fungal biomass 
(Patel and Suresh 2008; Yang et al. 2011; Taha et al. 2014; 
Lei et al. 2014; Huang et al. 2016). The most appropriate 
parameters of Langmuir and Freundlich models for the char-
acterization of biosorbent sorption capacity are Qmax and 
Freundlich constant K which represent the maximum sorp-
tion capacity and sorption capacity of the given biosorbent, 
respectively. Predicted values of individual parameters, as 
well as the correlation coefficients R2, obtained from the 
description of the data using nonlinear regression method 
are presented in Table 1.

As can be seen from Table 1, the coefficients of deter-
mination (R2) for both living and dead biomass were higher 
for the Langmuir than Freundlich model of adsorption iso-
therm, suggesting that AR sorption onto fungal biomass can 
be described by monolayer sorption according to the model 
theory. These conclusions are also supported by the cor-
rected Akaike information criterion  (AICc) that belongs to 
an appropriate statistical tool for the search of the best model 
for one dataset. Langmuir model has the minimum values of 
 AICc for all tested variables and the value of λi, which shows 
of how many times it is more likely that the chosen model 
is the correct model, suggests that the Langmuir model is a 
better model describing the AR sorption onto the surface of 
fungal biomass (Table 1).

From obtained results, the heat-treated biomass showed 
a higher maximum sorption capacity for all fungal bio-
mass than for living biomass. This fact is also confirmed by 
higher affinity of the dead fungal biomass to the AR sorbate 
expressed by Langmuir constant of b. The Freundlich model 
assumes that dye sorption occurs on a heterogeneous surface 
associated with interactions between sorbed molecules (Fre-
undlich 1906). The values of the coefficients of determina-
tion as well as the constant K suggest that this model does 
not fit the sorption process well (Table 1). The value of 1/n 
is related to the strength of adsorption, and if this value is 
less than one, we are talking about normal adsorption and 
if it is higher than one, it is cooperative adsorption. Normal 
adsorption was observed in the cases of living and dead fun-
gal biomass and cooperative adsorption was not observed in 
our experiments (Table 1).

Lei et al. (2014) described that the Langmuir isotherm 
model fitted the biosorption process of the Neutral Red dye 
by P. ostreatus well with the maximum sorption capacity of 
61.7 mg/g. On the base of our results, it can be concluded 
that the dead biomass of T. hirsuta and P. ostreatus represent 
the interesting sorbents due to the amount of sorbed/removal 
of dye (Table 1). Table 2 summarizes the maximum sorption 
capacities Qmax of different types of sorbents for synthetic 
dyes removal predicted from the Langmuir model of adsorp-
tion isotherm. From the comparison of mentioned values, it 
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is evident that the studied fungal biomass modified by heat-
treatment method shows comparable and, in many cases, 
higher sorption capacities for synthetic dyes removal. Heat-
treated biomass of P. ostreatus showed 1.9-times higher 
sorption capacity than dried P. ostreatus at 40 °C (Table 2). 
It can be assumed that exposure of P. ostreatus biomass to 
high temperature for a relatively short time improves the 

sorption properties of the fungal biomass. Fungal biomass 
appears to be a better sorbent compared to plant biosorb-
ents, except of dried leaves of Ficus racemosa pre-treated 
by NaOH. However, the sorbent makes the sorption process 
expensive due to the consumption of chemicals as well as 
water needed to neutralize the biosorbent. The traditionally 
used sorbents such as graphene oxide and zeolite showed 

Fig. 4  Efficiency of decolorization and specific capacity for removal 
of AR from aqueous solutions by living and dead biomass of selected 
white-rot fungi. (Qt) of AR in the concentration range 15–340 mg/L 

was carried out for 1 h at 20 °C in phosphate buffer (100 mmol/L; pH 
5.0). Legend: Qt—the amount of the azo dye AR adsorbed per gram 
of living/dead biomass of the selected white-rot fungus
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the lower sorption capacity of azo dyes than fungal biomass 
used in this study (Table 2).

The main advantages of biosorption are high selectiv-
ity, cost-effective process without the formation of sludge, 
simple dye desorption and biosorbent utilization in several 
cycles (Yang and Feng 2010; Xin et al. 2012; Rybczyńska-
Tkaczyk and Korniłłowicz-Kowalska 2016; Chen et  al. 
2019). The application of dead fungal biomass is more pre-
ferred for hardly degradable dyes such as AR than living 
biomass. Dead fungal biomass is not affected by the toxicity 
of wastewater and it needs to supply no nutrients to ensure 
growth and metabolism (Arica and Bayramoglu 2007). 
However, depending on the dye structure, it is also possi-
ble to use a combined dye removal process with enzyme 
catalysed reactions and sorption (Pecková et al. 2018). The 
patent literature describes the possibilities of using ligni-
nolytic enzymes, especially laccases, in the removal of 

lignin or its modifications, biocatalysis, production of vari-
ous substances usable in pharmacy, medicine, and the food 
industry, production of biosensors and bioremediation and 
biodetoxification. An overview of patent literature on this 
topic was compiled by Zerva et al. (2019). Some patents also 
focus on the use of biomass of white-rot fungi in the removal 
of textile dyes from the environment (US20020151038; 
WO2006059348A1). The white-rot fungi are non-pathogens 
to humans and can be produced by simple fermentation pro-
cess or obtained as the waste from industrial fermentation 
processes. Moreover, the reusability of fungal sorbents is 
a key factor to make the economical treatment process. Si 
et al. (2014) found slight loss in adsorption capacity of T. 
pubescens dead biomass after three cycles. Sorption effi-
ciency of immobilized T. viride biomass decreased about 
4.3% after five adsorption–desorption cycles of methylene 
blue (Saeed et al. 2009). It appears that fungal biomass is 

Table 1  Biosorption parameters for the removal of AR by living and dead biomass of selected white-rot fungi obtained by nonlinear regression 
using Langmuir and Freundlich adsorption isotherms and the comparison of isotherm models

White-rot fungus Biomass Langmuir model Freundlich model

Parameters Parameters

Qmax b R2 AICc λi n K R2 AICc λi

(mg/g d.w.) (L/mg) (L/g)

Pycnoporus cinnabarinus Living biomass 41.3 ± 15.8 0.004 ± 0.003 0.91 26.56 0.77 1.42 ± 0.33 0.44 ± 0.36 0.87 28.98 0.23
Dead biomass 77.0 ± 6.1 0.006 ± 0.001 0.99 31.30 0.97 1.70 ± 0.20 1.79 ± 0.61 0.97 38.43 0.03

Pleurotus ostreatus Living biomass 70.3 ± 14.6 0.003 ± 0.001 0.99 16.90 0.87 1.29 ± 0.13 0.41 ± 0.16 0.98 20.63 0.13
Dead biomass 118.3 ± 9.9 0.004 ± 0.001 0.99 10.91 0.98 1.26 ± 0.06 0.77 ± 0.13 0.99 18.46 0.02

Trametes hirsuta Living biomass 32.6 ± 8.6 0.005 ± 0.002 0.95 21.10 0.80 1.49 ± 0.27 0.46 ± 0.27 0.92 23.92 0.20
Dead biomass 107.5 ± 6.1 0.008 ± 0.001 0.99 25.44 0.98 1.67 ± 0.14 2.41 ± 0.67 0.98 32.74 0.03

Table 2  The comparison of maximum sorption capacity for the elimination of different types of synthetic dyes using various adsorbents

Legend: HMDA hexymethylenediamine. *Single layer graphene oxide

Sorbent Modification Synthetic dye Qmax (mg/g) References

P. cinnabarinus Heat-treated Allura Red AC 77.0 ± 6.1 This work
T. hirsuta Heat-treated Allura Red AC 107.5 ± 6.1 This work
P. ostreatus Heat-treated Allura Red AC 118.3 ± 9.9 This work
P. ostreatus Dried Neutral Red 61.7 Lei et al. (2014)
Seedcake from Salvia hispanica Dried Reactive Yellow B2R 76.3 Crominski da Silva and Teix-

eira de Abreu Pietrobelli 
(2019)

Dried leaves of Prunus dulcis NaOH treatment Acid Green 25 50.8 Jain and Gogate (2018)
Dried leaves of Ficus racemosa NaOH treatment Acid Violet 17 119.1 Jain and Gogate (2017)
Dried leaves of Ficus racemosa H2SO4 treatment Acid Violet 17 61.4 Jain and Gogate (2017)
Graphene oxide* Basic Red 12 43.5 Robati et al. (2016)
Graphene oxide* Methyl Orange 83.3 Robati et al. (2016)
Zeolite Modified with HMDA Reactive Red 239 29.7 Alver and Metin (2012)
Zeolite Modified with HMDA Reactive Blue 250 58.5 Alver and Metin (2012)



29International Journal of Environmental Science and Technology (2021) 18:21–32 

1 3

a suitable environmentally acceptable alternative for dye 
biosorption.

FTIR analysis

Dye sorption, and biosorption in general, is associated with 
the interaction between cell walls of fungi and their com-
ponents and sorbates -molecules of synthetic dyes. Fungal 
cell walls contain chitin and chitosan molecules, amino 
acids, lipids, fatty acids, and various surfactant groups 
(carboxyl and carbonyl groups, phosphate groups) that are 
involved in binding of synthetic dye molecules (Kaushik 
and Malik 2009; Yang et al. 2016). The structure of the dye 
itself (molecular weight, presence of functional groups and 
polarity) can affect the sorption efficiency of the dye. The 
presence of functional groups present on the mentioned cell 
walls components and their quantitative distribution deter-
mine the extent of interactions between the dye molecule 
and cell wall. FTIR analysis was carried out on all tested 
heat-treated fungal samples (Fig. 5).

In the region of valence vibration of X–H 
(4000–2500  cm−1), a strong, wide band in the region 
of 3500–3300  cm−1 representing the –OH group was 
found. The functional group was identified in FTIR spec-
tra of all tested fungi (Fig. 5). The stretching vibration 
at 3500–3200 cm−1 represents amino groups (Lei et al. 
2014). C–H stretch in the region at 2900–2800 cm−1 was 
also observed. The valence vibrations of the C–H aliphatic 
compounds are usually assigned to two bands. The corre-
sponding vibration for the  CH2 group was found at ~ 2930 
and ~ 2860 cm−1. FTIR spectrum of P. ostreatus (Fig. 5) 
shows a weak band at 2407 cm−1 in the triple-bond region 
of the spectrum (2500–2000 cm−1) and the band was not 
found in FTIR spectra of P. cinnabarinus and T. hirsuta. 

The region between 2000 and 1500 cm−1 is characteristic 
for double-bond vibrations (C=C, C=O, C=N and N=O). 
The band at ~ 1650 cm−1 is relevant to C=C and C=O bonds. 
The valence vibrations of  COO− ion are characterized by 
two strong bands on the spectra at 1610–1550 cm−1 and 
1420–1300 cm−1. The fingerprint region (1500–600 cm−1) 
shows the bands at 1044, 1041 and 1045 cm−1 for the bio-
mass of P. cinnabarinus, P. ostreatus and T. hirsuta, respec-
tively. These bands can be assigned to C–O or C–C stretch-
ing vibrations. The bands in the region of 1180–820 cm−1 
are associated with carbohydrates of cell walls, such as 
glucan and chitin (Nie et al. 2007; Szeghalmi et al. 2007). 
Stretching of P=O and P-OH represents absorption peaks 
at 1150 and 1079 cm−1. The peaks at 520–536 cm−1 can 
correspond to aromatic components. The deformation vibra-
tion (612–520 cm−1) represents C=N=C group. Also, in the 
region of 1654–1041 cm−1 of all IR spectra were identified 
the differences in the spectra of the white-rot fungi tested 
(Fig. 5). IR spectrum of P. ostreatus did not confirm the pres-
ence of peaks identified in the case of P. cinnabarinus and 
T. hirsuta biomass. Moreover, the region between 1700 and 
2800 cm−1 for heat-treated P. ostreatus biomass shows the 
different profile than these regions of P. cinnabarinus and 
T. hirsuta. The above-mentioned bands in fungal biomass 
FTIR profiles suggest the presence of s –NH, –OH, C=O, 
P=O, P–OH, and C=N=C groups probably participated in 
the sorption process. FTIR analysis indicates the possible 
involvement of various functional groups. Chen et al. (2019) 
suggested that hydroxyl, carbonyl, amino, phosphoryl and 
nitro groups are mainly involved in dye biosorption. The 
changes in band intensity and wave values suggested that 
carboxyl, hydroxyl and amino groups are involved to azo dye 
uptake by fungal biomass (Ghariani et al. 2019).

Conclusion

The elimination of synthetic dyes used in various industrial 
applications by environmentally acceptable methods is one 
of the recent research topics. Sorption represents rapid pro-
cesses compared to enzymatic reactions, when the concen-
tration equilibrium between sorbent and sorbed dye in the 
solution can be reached within several minutes or hours. 
Obtained results showed that the pretreatment of white-rot 
fungi biomass by heat caused the changes in the surface 
properties and structure of such biosorbent which led to 
increased sorption capacity. In this context, it was found that 
dead biomass of P. ostreatus and T. hirsuta had the compa-
rable or higher sorption capacities for synthetic dye removal 
than recently tested biosorbents derived from the plant bio-
mass or inorganic sorbents, such as zeolites. Heat-treated 
fungal biomass appears to be a suitable biosorbent for 
those synthetic dyes recalcitrant to enzymatic degradation.

Fig. 5  FTIR spectra for heat-treated dead biomass of P. cinnabarinus 
(a), P. ostreatus (b) and T. hirsuta (c)



30 International Journal of Environmental Science and Technology (2021) 18:21–32

1 3

Acknowledgements This work was supported by research grant of the 
Slovak Research and Development Agency APVV-18-0154.

Compliance with ethical standards 

Conflict of interest There is no conflict of interest for the authors.

References

Akaike H (1974) A new look at the statistical model identification. 
IEEE Trans Autom Control 19:716–723. https ://doi.org/10.1109/
TAC.1974.11007 05

Akar T, Arslan S, Tunali Akar S (2013) Utilization of Thamnidium 
elegans fungal culture in environmental cleanup: a reactive dye 
biosorption study. Ecol Eng 58:363–370. https ://doi.org/10.1016/j.
ecole ng.2013.06.026

Akpa OM, Unuabonah EI (2011) Small-sample corrected Akaike 
information criterion: an appropriate statistical tool for ranking 
of adsorption isotherm models. Desalination 272:20–26. https ://
doi.org/10.1016/j.desal .2010.12.057

Aksu Z, İdil Tatlı A, Tunç Ö (2008) A comparative adsorption/biosorp-
tion study of Acid Blue 161: effect of temperature on equilib-
rium and kinetic parameters. Chem Eng J 142:23–29. https ://doi.
org/10.1016/j.cej.2007.11.005

Aksu Z, Ertuğrul S, Dönmez G (2010) Methylene Blue biosorption 
by Rhizopus arrhizus: effect of SDS (sodium dodecylsulfate) sur-
factant on biosorption properties. Chem Eng J 158:474–481. https 
://doi.org/10.1016/j.cej.2010.01.029

Alver E, Metin AÜ (2012) Anionic dye removal from aqueous solu-
tions using modified zeolite: adsorption kinetics and isotherm 
studies. Chem Eng J 200–202:59–67. https ://doi.org/10.1016/j.
cej.2012.06.038

Arica MY, Bayramoğlu G (2007) Biosorption of Reactive Red-120 dye 
from aqueous solution by native and modified fungus biomass 
preparations of Lentinus sajor-caju. J Hazard Mater 149:499–507. 
https ://doi.org/10.1016/j.jhazm at.2007.04.021

Bouras HD, Yeddou AR, Bouras N, Hellel D, Holtz MD, Sabaou N, 
Chergui A, Nadjemi B (2017) Biosorption of Congo red dye 
by Aspergillus carbonarius M333 and Penicillium glabrum 
Pg1: kinetics, equilibrium and thermodynamic studies. J Tai-
wan Inst Chem Eng 80:915–923. https ://doi.org/10.1016/j.jtice 
.2017.08.002

Chakraborty S, Basak B, Dutta S, Bhunia B, Dey A (2013) Decolori-
zation and biodegradation of Congo Red dye by a novel white 
rot fungus Alternaria alternata CMERI F6. Bioresour Technol 
147:662–666. https ://doi.org/10.1016/j.biort ech.2013.08.117

Chen SH, Cheow YL, Ng SL, Ting ASY (2019) Removal of triph-
enylmethane dyes in single-dye and dye-metal mixtures by live 
and dead cells of metal-tolerant Penicillium simplicissimum. 
Sep Sci Technolog e21086196. https ://doi.org/10.1080/01496 
395.2019.16264 22

Crominski da Silva DC, de Abreu Teixeira, Pietrobelli JM (2019) 
Residual biomass of chia seeds (Salvia hispanica) oil extraction 
as low cost and eco-friendly biosorbent for effective reactive yel-
low B2R textile dye removal: characterization, kinetic, thermody-
namic and isotherm studies. J Environ Chem Eng 7:103008. https 
://doi.org/10.1016/j.jece.2019.10300 8

Forgacs E, Cserháti T, Oros G (2004) Removal of synthetic dyes 
from wastewaters: a review. Environ Int 30:953–971. https ://doi.
org/10.1016/j.envin t.2004.02.001

Freitag M, Morell JJ (1992) Decolorization of the polymeric dye poly 
R-478 by wood-inhabiting fungi. Can J Microbiol 38:811–822. 
https ://doi.org/10.1139/m92-133

Freundlich H (1906) Über die adsorption in lösungen. Z Phys Chem 
57U:385–470. https ://doi.org/10.1515/zpch-1907-5723

Garzillo AM, Colao MC, Buonocore V, Oliva R, Falcigno L, Saviano 
M, Santoro AM, Zappala R, Bonomo RF, Bianco C, Giardina P, 
Palmieri G, Sannia G (2001) Structural and kinetic characteri-
zation of native laccases from Pleurotus ostreatus, Rigidoporus 
lignosus, and Trametes trogii. J Protein Chem 20:191–201. https 
://doi.org/10.1023/a:10109 54812 955

Ghariani B, Hadrich B, Louati I, Mtibaà R, Daâssi D, Rodriguez-Couto 
S, Nasri M, Mechichi T (2019) Porous heat-treated fungal bio-
mass: preparation, characterization and application for removal 
of textile dyes from aqueous solutions. J Porous Mater 26:1475–
1488. https ://doi.org/10.1007/s1093 4-019-00746 -6

Gopinathan R, Kanhere J, Banerjee J (2015) Effect of malachite green 
toxicity on non target soil organisms. Chemosphere 120:637–644. 
https ://doi.org/10.1016/j.chemo spher e.2014.09.043

Hasan HA, Abdullah RSR, Kofli NT, Kamarudin SK (2012) Isotherm 
equilibria of  Mn2+ biosorption in drinking water treatment by 
locally isolated Bacillus species and sewage activated sludge. 
J Environ Manage 111:34–43. https ://doi.org/10.1016/j.jenvm 
an.2012.06.027

Hazuchová M, Chmelová D, Ondrejovič M (2017) The optimization 
of propagation medium for the increase of laccase production by 
the white-rot fungus Pleurotus ostreatus. Nova Biotechnol Chim 
16:113–123. https ://doi.org/10.1515/nbec-2017-0016

Hsueh CC, Chen BY, Yen CY (2009) Understanding effects of chemi-
cal structure on azo dye decolorization characteristics by Aero-
monas hydrophila. J Hazard Mater 167:995–1001. https ://doi.
org/10.1016/j.jhazm at.2009.01.077

Huang J, Liu D, Lu J, Wang H, Wei X, Liu J (2016) Biosorption of 
reactive black 5 by modified Aspergillus versicolor biomass: 
kinetics, capacity and mechanism studies. Colloids Surf A Phys-
icochem Eng Asp 492:242–248. https ://doi.org/10.1016/j.colsu 
rfa.2015.11.071

Jain SY, Gogate PR (2017) Adsorptive removal of acid violet 17 dye 
from wastewater using biosorbent obtained from NaOH and 
 H2SO4 activation of fallen leaves of Ficus racemose. J Mol Liq 
243:132–143. https ://doi.org/10.1016/j.molli q.2017.08.009

Jain SY, Gogate PR (2018) Efficient removal of Acid Green 25 dye 
from wastewater using activated Prunus Dulcis as biosorbent: 
batch and column studied. J Environ Manage 210:226–238. https 
://doi.org/10.1016/j.jenvm an.2018.01.008

Kaushik P, Malik A (2009) Fungal dye decolourization: recent 
advances and future potential. Environ Int 35:127–141. https ://
doi.org/10.1016/j.envin t.2008.05.010

Kumar R, Negi S, Sharma P, Prasher IB, Chaudhary S, Dhau JS, Umar 
A (2018) Wastewater cleanup using Phlebia acerina fungi: an 
insight into mycoremediation. J Environ Manage 228:130–139. 
https ://doi.org/10.1016/j.jenvm an.2018.07.091

Langmuir I (1918) The adsorption of gases on plane surfaces of glass, 
mica and platinum. J Am Chem Soc 40:1361–1403. https ://doi.
org/10.1021/ja022 42a00 4

Legerská B, Chmelová D, Ondrejovič M (2016) Degradation of syn-
thetic dyes by laccases—a mini-review. Nova Biotechnol Chim 
15:90–106. https ://doi.org/10.1515/nbec-2016-0010

Legerská B, Chmelová D, Ondrejovič M (2018) Decolourization and 
detoxification of monoazo dyes by laccase from the white-rot 
fungus Trametes versicolor. J Biotechnol 285:84–90. https ://doi.
org/10.1016/j.jbiot ec.2018.08.011

Lei DY, Li B, Wang Q, Wu B, Ma L, Xu H (2014) Removal of Neu-
tral Red from aqueous solution using Pleurotus ostreatus nano-
particles by response surface methodology. Desalin Water Treat 
54:1–12. https ://doi.org/10.1080/19443 994.2014.90481 7

Levasseur A, Lomascolo A, Chabrol O, Ruiz-Dueñas FJ, Boukhris-
Uzan E, Piumi F, Kües U, Ram AFJ, Murat C, Haon M, Benoit I, 
Arfi Y, Chevret D, Drula E, Kwon MJ, Gouret P, Lesage-Meessen 

https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1016/j.ecoleng.2013.06.026
https://doi.org/10.1016/j.ecoleng.2013.06.026
https://doi.org/10.1016/j.desal.2010.12.057
https://doi.org/10.1016/j.desal.2010.12.057
https://doi.org/10.1016/j.cej.2007.11.005
https://doi.org/10.1016/j.cej.2007.11.005
https://doi.org/10.1016/j.cej.2010.01.029
https://doi.org/10.1016/j.cej.2010.01.029
https://doi.org/10.1016/j.cej.2012.06.038
https://doi.org/10.1016/j.cej.2012.06.038
https://doi.org/10.1016/j.jhazmat.2007.04.021
https://doi.org/10.1016/j.jtice.2017.08.002
https://doi.org/10.1016/j.jtice.2017.08.002
https://doi.org/10.1016/j.biortech.2013.08.117
https://doi.org/10.1080/01496395.2019.1626422
https://doi.org/10.1080/01496395.2019.1626422
https://doi.org/10.1016/j.jece.2019.103008
https://doi.org/10.1016/j.jece.2019.103008
https://doi.org/10.1016/j.envint.2004.02.001
https://doi.org/10.1016/j.envint.2004.02.001
https://doi.org/10.1139/m92-133
https://doi.org/10.1515/zpch-1907-5723
https://doi.org/10.1023/a:1010954812955
https://doi.org/10.1023/a:1010954812955
https://doi.org/10.1007/s10934-019-00746-6
https://doi.org/10.1016/j.chemosphere.2014.09.043
https://doi.org/10.1016/j.jenvman.2012.06.027
https://doi.org/10.1016/j.jenvman.2012.06.027
https://doi.org/10.1515/nbec-2017-0016
https://doi.org/10.1016/j.jhazmat.2009.01.077
https://doi.org/10.1016/j.jhazmat.2009.01.077
https://doi.org/10.1016/j.colsurfa.2015.11.071
https://doi.org/10.1016/j.colsurfa.2015.11.071
https://doi.org/10.1016/j.molliq.2017.08.009
https://doi.org/10.1016/j.jenvman.2018.01.008
https://doi.org/10.1016/j.jenvman.2018.01.008
https://doi.org/10.1016/j.envint.2008.05.010
https://doi.org/10.1016/j.envint.2008.05.010
https://doi.org/10.1016/j.jenvman.2018.07.091
https://doi.org/10.1021/ja02242a004
https://doi.org/10.1021/ja02242a004
https://doi.org/10.1515/nbec-2016-0010
https://doi.org/10.1016/j.jbiotec.2018.08.011
https://doi.org/10.1016/j.jbiotec.2018.08.011
https://doi.org/10.1080/19443994.2014.904817


31International Journal of Environmental Science and Technology (2021) 18:21–32 

1 3

L, Lombard V, Mariette J, Noirot C, Park J, Patyshakuliyeva A, 
Sigoillot JC, Wiebenga A, Wösten HAB, Martin F, Coutinho FP, 
de Vries RP, Martínez AT, Klopp C, Pontarotti P, Henrissat B, 
Record E (2014) The genome of the white-rot fungus Pycnoporus 
cinnabarinus: a basidiomycete model with a versatile arsenal for 
lignocellulosic biomass breakdown. BMC Genom 15:486. https 
://doi.org/10.1186/1471-2164-15-486

Li K, Xu F, Eriksson KEL (1999) Comparison of fungal laccases and 
redox mediators in oxidation of a nonphenolic lignin model com-
pound. Appl Environ Microbiol 65:2654–2660

Marcharchand S, Ting ASY (2017) Trichoderma asperellum cultured 
in reduced concentrations of synthetic medium retained dye decol-
ourization efficacy. J Environ Manage 203:542–549. https ://doi.
org/10.1016/j.jenvm an.2017.06.068

McCann D, Barrett A, Cooper A, Crumpler D, Dalen L, Grimshaw K, 
Kitchin E, Lok K, Porteous L, Prince E, Sonuga-Barke E, Warner 
JO, Stevenson J (2007) Food additives and hyperactive behav-
iour in 3-year-old and 8/9-year-old children in the community: 
a randomised, double-blinded, placebo-controlled trial. Lancet 
370:1560–1567. https ://doi.org/10.1016/S0140 -6736(07)61306 -3

Moiseenko KV, Vasina DV, Farukshina KT, Savinova OS, Glazunova 
OA, Fedorova TV, Tyazhelova TV (2018) Orchestration of the 
expression of the laccase multigene family in white-rot basidi-
omycete Trametes hirsuta 072: evidences of transcription level 
subfunctionalization. Fungal Biol 122:353–362. https ://doi.
org/10.1016/j.funbi o.2018.02.006 (1878-6146)

Nath PP, Sarkar K, Modal M, Paul G (2015) Metanil Yellow impairs 
the estrous cycle physiology and ovarian folliculogenesis in female 
rats. Environ Toxicol 31:2057–2067. https ://doi.org/10.1002/
tox.22205 

Nguyen TA, Juang RS (2013) Treatment of waters and wastewaters 
containing sulphur dyes: a review. Chem Eng J 219:109–117. 
https ://doi.org/10.1016/j.cej.2012.12.102

Nie M, Luo J, Xiao M, Chen J, Bao K, Zhang W, Li B (2007) Structural 
differences between Fusarium strains investigated by FT-IR spec-
troscopy. Biochem (Moscow) 72:61–67. https ://doi.org/10.1134/
S0006 29790 70100 75

Noorafshan A, Hashemia M, Karbalay-Dousta S, Karimi F (2018) High 
dose Allura Red, rather than the ADI dose, induces structural and 
behavioral changes in the medial prefrontal cortex of rats and 
taurine can protect it. Acta Histochem 120:586–594. https ://doi.
org/10.1016/j.acthi s.2018.07.004

Patel R, Suresh S (2008) Kinetic and equilibrium studies on the 
biosorption of reactive black 5 dye by Aspergillus foetidus. 
Bioresour Technol 99:51–58. https ://doi.org/10.1016/j.biort 
ech.2006.12.003

Pecková V, Chmelová D (2019) Potential of white-rot fungi on azo 
dye decolorization. In: Sokol J, Ondrejovič M, Chmelová D (eds) 
Applied natural sciences: a young scientists journal, 1st edn. Výz-
kumný ústav pivovařský a sladařský, Brno, pp 59–60

Pecková V, Chmelová D, Ondrejovič M (2018) Decolorization of mon-
oazo dyes by Pleurotus ostreatus. In: MMK 2018: International 
Masaryk conference for Ph.D. students and young researchers, 
Hradec Králové, Czech Republic, December 17–21, 2018. Pro-
ceedings, pp 1080–1087

Polak J, Wilkolazka JA (2012) Fungal laccases as green catalysts 
for dye synthesis. Process Biochem 47:1295–1307. https ://doi.
org/10.1016/j.procb io.2012.05.006

Przystaś W, Zabłocka-Godlewska E, Grabińska-Sota E (2018) Effi-
ciency of decolorization of different dyes using fungal biomass 
immobilized on different solid supports. Braz J Microbiol 49:285–
295. https ://doi.org/10.1016/j.bjm.2017.06.010

Ramírez-Montoya LA, Hernandéz-Montoya V, Montes-Morán MA, 
Jáuregei-Rincón J, Cervantes FJ (2015) Decolorization of dyes 
with different molecular properties using free and immobilized 

laccases from Trametes versicolor. J Mol Liq 212:30–37. https ://
doi.org/10.1016/j.molli q.2015.08.040

Robati D, Mirza B, Rajabi M, Moradi O, Tyagi I, Agarwal S, Gupta VK 
(2016) Removal of hazardous dyes—BR 12 and methyl orange 
using graphene oxide as an adsorbent from aqueous phase. Chem 
Eng J 284:687–697. https ://doi.org/10.1016/j.cej.2015.08.131

Rybczyńska-Tkaczyk K, Korniłłowicz-Kowalska T (2016) Biosorp-
tion optimization and equilibrium isotherm of industrial dye 
compounds in novel strains of microscopic fungi. Int J Envi-
ron Sci Technol 13:2837–2846. https ://doi.org/10.1007/s1376 
2-016-1111-3

Sabantina L, Kinzel F, Hauser T, Többer A, Klöcker M, Döpke C, 
Böttjer R, Wehlage D, Rattenholl A, Ehrmann A (2019) Compara-
tive study of Pleurotus ostreatus mushroom grown on modified 
PAN nanofiber mats. Nanomaterials (Basel) 9:E475. https ://doi.
org/10.3390/nano9 03047 5

Saeed A, Iqbal M, Zafar SI (2009) Immobilization of Trichoderma 
viride for enhanced methylene blue biosorption: batch and column 
studies. J Hazard Mater 168:406–415. https ://doi.org/10.1016/j.
jhazm at.2009.02.058

Saratale RG, Saratale GD, Chang JS, Govindwar SP (2011) Bacte-
rial decolorization and degradation of azo dyes: a review. J Tai-
wan Inst Chem Eng 42:138–157. https ://doi.org/10.1016/j.jtice 
.2010.06.006

Sen KA, Raut S, Bandyopadhyay P, Raut S (2016) Fungal decolour-
ation and degradation of azo dyes: a review. Fungal Biol Rev 
30:112–133. https ://doi.org/10.1016/j.fbr.2016.06.003

Sharma KP, Sharma S, Sharma S, Singh PK, Kumar S, Grover R, 
Sharma PK (2007) A comparative study on characterization of 
textile wastewaters (untreated and treated) toxicity by chemi-
cal and biological tests. Chemosphere 69:48–54. https ://doi.
org/10.1016/j.chemo spher e.2007.04.086

Shleev S, Christenson A, Serezhenkov V, Burbaev D, Yaropolov A, 
Gorton L, Ruzgas T (2005) Electrochemical redox transformations 
of T1 and T2 copper sites in native Trametes hirsuta laccase at 
gold electrode. Biochem J 385:745–754. https ://doi.org/10.1042/
BJ200 41015 

Si J, Yuan TQ, Cui BK (2014) Exploring strategies for adsorption 
of azo dye Congo Red using free and immobilized biomasses 
of Trametes pubescens. Ann Microbiol 65:411–421. https ://doi.
org/10.1007/s1321 3-014-0874-3

Solís M, Solis A, Pérez HI, Manjarrez N, Flores M (2012) Microbial 
decolourization of azo dyes: a review. Process Biochem 47:1723–
1748. https ://doi.org/10.1016/j.procb io.2012.08.014

Srivastava VC, Mall ID, Mishra IM (2007) Adsorption thermody-
namics and isosteric heat of adsorption of toxic metal ions onto 
bagasse fly ash (BFA) and rice husk ash (RHA). Chem Eng J 
132:267–278. https ://doi.org/10.1016/j.cej.2007.01.007

Szeghalmi A, Kaminskyj S, Gough KM (2007) A synchrotron FTIR 
microspectroscopy investigation of fungal hyphae grown under 
optimal and stressed conditions. Anal Bioanal Chem 387:1779–
1789. https ://doi.org/10.1007/s0021 6-006-0850-2

Taha M, Adetutu EM, Shahsavari E, Smith AT, Ball AS (2014) Azo 
and anthraquinone dye mixture decolourization at elevated tem-
perature and concentration by a newly isolated thermophilic 
fungus, Thermomucor indicae-seudaticae. J Environ Chem Eng 
2:415–423. https ://doi.org/10.1016/j.jece.2014.01.015

Thiam A, Sirés I, Centellas F, Cabot PL, Brillas E (2015a) Decoloriza-
tion and mineralization of Allura Red AC azo dye by solar pho-
toelectro-Fenton: identification of intermediates. Chemosphere 
136:1–8. https ://doi.org/10.1016/j.chemo spher e.2015.03.047

Thiam A, Sirés I, Garrido JA, Rodríguez RM, Brillas E (2015b) Decol-
orization and mineralization of Allura Red AC aqueous solutions 
by electrochemical advanced oxidation processes. J Hazard Mater 
290:34–42. https ://doi.org/10.1016/j.jhazm at.2015.02.050

https://doi.org/10.1186/1471-2164-15-486
https://doi.org/10.1186/1471-2164-15-486
https://doi.org/10.1016/j.jenvman.2017.06.068
https://doi.org/10.1016/j.jenvman.2017.06.068
https://doi.org/10.1016/S0140-6736(07)61306-3
https://doi.org/10.1016/j.funbio.2018.02.006
https://doi.org/10.1016/j.funbio.2018.02.006
https://doi.org/10.1002/tox.22205
https://doi.org/10.1002/tox.22205
https://doi.org/10.1016/j.cej.2012.12.102
https://doi.org/10.1134/S0006297907010075
https://doi.org/10.1134/S0006297907010075
https://doi.org/10.1016/j.acthis.2018.07.004
https://doi.org/10.1016/j.acthis.2018.07.004
https://doi.org/10.1016/j.biortech.2006.12.003
https://doi.org/10.1016/j.biortech.2006.12.003
https://doi.org/10.1016/j.procbio.2012.05.006
https://doi.org/10.1016/j.procbio.2012.05.006
https://doi.org/10.1016/j.bjm.2017.06.010
https://doi.org/10.1016/j.molliq.2015.08.040
https://doi.org/10.1016/j.molliq.2015.08.040
https://doi.org/10.1016/j.cej.2015.08.131
https://doi.org/10.1007/s13762-016-1111-3
https://doi.org/10.1007/s13762-016-1111-3
https://doi.org/10.3390/nano9030475
https://doi.org/10.3390/nano9030475
https://doi.org/10.1016/j.jhazmat.2009.02.058
https://doi.org/10.1016/j.jhazmat.2009.02.058
https://doi.org/10.1016/j.jtice.2010.06.006
https://doi.org/10.1016/j.jtice.2010.06.006
https://doi.org/10.1016/j.fbr.2016.06.003
https://doi.org/10.1016/j.chemosphere.2007.04.086
https://doi.org/10.1016/j.chemosphere.2007.04.086
https://doi.org/10.1042/BJ20041015
https://doi.org/10.1042/BJ20041015
https://doi.org/10.1007/s13213-014-0874-3
https://doi.org/10.1007/s13213-014-0874-3
https://doi.org/10.1016/j.procbio.2012.08.014
https://doi.org/10.1016/j.cej.2007.01.007
https://doi.org/10.1007/s00216-006-0850-2
https://doi.org/10.1016/j.jece.2014.01.015
https://doi.org/10.1016/j.chemosphere.2015.03.047
https://doi.org/10.1016/j.jhazmat.2015.02.050


32 International Journal of Environmental Science and Technology (2021) 18:21–32

1 3

Vanhulle S, Trovaslet M, Enaud E, Lucas M, Taghavi S, van der Lelie 
D, van Aken B, Foret M, Onderwater RCA, Wesenberg D, Aga-
thos SN, Schneider YJ, Corbisier AM (2008) Decolorization, 
cytotoxicity and genotoxicity reduction during a combined ozo-
nation/fungal treatment of dye contaminated wastewater. Environ 
Sci Technol 42:584–589. https ://doi.org/10.1021/es071 300k

Xin B, Zhang Y, Liu C, Chen S, Wu B (2012) Comparison of spe-
cific adsorption capacity of different forms of fungal pellets for 
removal of Acid Brilliant Red B from aqueous solution and mech-
anisms exploration. Process Biochem 47:1197–1201. https ://doi.
org/10.1016/j.procb io.2012.03.016

Yang H, Feng Q (2010) Characterization of pore-expanded amino-
functionalized mesoporous silicas directly synthesized with 
dimethyldecylamine and its application for decolorization of 
sulphonated azo dyes. J Hazard Mater 180:106–114. https ://doi.
org/10.1016/j.jhazm at.2010.03.116

Yang Y, Jin D, Wang G, Liu D, Jia X, Zhao Y (2011) Biosorption 
of Acid Blue 25 by unmodified and CPC-modified biomass of 
Penicillium YW01: kinetic study, equilibrium isotherm and FTIR 
analysis. Colloids Surf B Biointerfaces 88:521–526. https ://doi.
org/10.1016/j.colsu rfb.2011.07.047

Yang J, Yang X, Lin Y, Ng TB, Lin J, Ye X (2015) Laccase-catalyzed 
decolorization of malachite green: performance optimization 

and degradation mechanism. PLoS ONE 28:1–14. https ://doi.
org/10.1371/journ al.pone.01277 14

Yang P, Shi W, Wang H, Liu H (2016) Screening of fresh water 
fungi for decolorizing multiple synthetic dyes. Braz J Microbiol 
47:828–834. https ://doi.org/10.1016/j.bjm.2016.06.010

Zahria C, Suteu D (2012) Textile Organic Dyes—characteristics, pol-
luting effects and separation/elimination procedures from indus-
trial effluents—a critical overview. In: Puzyn T, Mostrag-Szli-
chtyng A (eds) Organic pollutants 10 years after the Stockholm 
convention- environmental and analytical update. InTech, Rijeka 
pp 55–86. https ://doi.org/10.5772/32373 

Zeroual Y, Kim BS, Kim CS, Blaghen M, Lee KM (2006) Biosorp-
tion of bromophenol blue from aqueous solutions by Rhizopus 
stolonifer biomass. Water Air Soil Pollut 177:135–146. https ://
doi.org/10.1007/s1127 0-006-9112-3

Zerva A, Simić S, Topakas E, Nikodinovic-Runic J (2019) Applications 
of microbial laccases: patent review of the past decade (2009–
2019). Catalysts 9:e1023. https ://doi.org/10.3390/catal 91210 23

Zhao X, Hardin IR, Hwang HM (2006) Biodegradation of a model 
azo disperse dye by the white rot fungus Pleurotus ostreatus. Int 
Biodeterior 57:1–6. https ://doi.org/10.1016/j.ibiod .2005.10.008

https://doi.org/10.1021/es071300k
https://doi.org/10.1016/j.procbio.2012.03.016
https://doi.org/10.1016/j.procbio.2012.03.016
https://doi.org/10.1016/j.jhazmat.2010.03.116
https://doi.org/10.1016/j.jhazmat.2010.03.116
https://doi.org/10.1016/j.colsurfb.2011.07.047
https://doi.org/10.1016/j.colsurfb.2011.07.047
https://doi.org/10.1371/journal.pone.0127714
https://doi.org/10.1371/journal.pone.0127714
https://doi.org/10.1016/j.bjm.2016.06.010
https://doi.org/10.5772/32373
https://doi.org/10.1007/s11270-006-9112-3
https://doi.org/10.1007/s11270-006-9112-3
https://doi.org/10.3390/catal9121023
https://doi.org/10.1016/j.ibiod.2005.10.008

	Comparison of efficiency for monoazo dye removal by different species of white-rot fungi
	Abstract
	Introduction
	Materials and methods
	Chemicals and synthetic dye
	Microorganisms and culture conditions
	Enzyme decolorization
	Sorption decolorization
	FTIR analysis
	Laccase activity
	Statistical methods

	Results and discussion
	Combined processes of AR elimination
	Enzyme catalyzed elimination of AR
	Biosorption of AR
	Dead and live fungal biomass
	Modeling the biosorption equilibrium
	FTIR analysis


	Conclusion
	Acknowledgements 
	References




