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a b s t r a c t
Mucor circinelloides isolated from mill scale was magnetized by using the method of co-precipitation 
under alkaline conditions and this magnetized fungus was utilized efficiently to remove reactive 
textile dyestuff such as Reactive Orange 13. The value of saturation magnetization was obtained 
4.93083 emu/g and Brunauer–Emmett–Teller surface area for this untreated magnetic biosorbent 
and dye-loaded magnetic biosorbent were obtained as 7.88 and 23.25 m2/g, respectively. After 
experimental study was carried out, predicted values obtained at 95% confidence interval indi-
cated that the magnetized fungal biomass (1.60 g/L) could adsorb RO13 dyestuff (339.86 ppm) at 
34.95°C with a yield of 93.476% (predicted value) in 84.90 min. In these conditions, the experiment 
was realized, and dye removal was found to be 95.765%. The adsorption kinetic and isotherm of 
magnetic biosorbent were examined. The results indicated that the adsorption process of Reactive 
Orange 13 by magnetized fungus was more suitable with Pseudo-second-order kinetic model. 
The adsorption isotherm was fitted better with Langmuir model. Fourier transform infrared 
spectroscopy, Raman spectroscopy, X-ray diffraction, and scanning electron microscopy/energy 
dispersive X-ray spectroscopy analyses were utilized for biosorbent characterization.
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1. Introduction

The most important environmental problem in recent 
years is caused by the presence of micro-contaminants 
such as endocrine disruptors, drugs, personal care prod-
ucts, pesticides, and hormones [1]. Other pollutants such as 
heavy metals and dyes also cause environmental pollution 

[1,2]. Dyestuffs are also one of the most significant pollut-
ants in the wastewater from different industries [3]. Textile 
dyes, which are soluble organic compounds, are classified 
as particularly reactive, direct, basic, and acidic. The biggest 
damage caused by the textile industry to the environment 
arises from the discharge of untreated wastewater into water 
bodies. The dyestuff associated with textile dyes not only 
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cause aesthetic damage to water bodies, but also prevent 
light from entering the water, resulting in lower photosyn-
thesis and lower dissolved oxygen levels, which in turn 
affects all aquatic organisms [4]. Textile dyes also acting 
as toxic, mutagenic and carcinogenic substances [3–5], are 
still environmental pollutants and pass through all food 
chains that provide biomagnification. Therefore, highly 
trophic level organisms have higher pollution levels than 
their prey. In this sense, special mention should be made of 
azo textile dyes that do not combine with fabrics by about 
15%–50% during the dyeing process and are released into 
waste water and are widely used in agricultural irrigation 
in developing countries. The use of these azo compounds 
is very detrimental to the soil microbial community and 
the germination and growth of plants [4]. In recent years, 
the removal of dyes from effluent has given much attention 
in managing water contamination [3]. Adsorption is usu-
ally determined as cost-effective technique amongst avail-
able treatment options. Providing lower toxic by-products 
and higher efficiency are the most important advan-
tages of adsorption process [6]. Coal, wood, rice husk, 
fly ash, activated carbon, cotton waste, and clay are used 
as an adsorbent for the removal of dye from its aqueous  
solutions [7].

Native or chemically modified fungal biosorbents have 
been investigated to remove heavy metals or dyestuffs 
[8–13]. Furthermore, when evaluating many natural and 
synthetic adsorbents studied in the literature, it is obvious 
that magnetic compounds (MCs) and magnetic nanocom-
posites (MNCs) draw attention in removing the dyes from 
the aqueous solution [3,14,15]. The adaptation of exist-
ing adsorbents as MCs/MNCs offers them an outstanding 
advantage; after adsorption or regeneration, they provide 
good recovery by magnetic separation technology [16]. 
The development of special nanoparticles with magnetic 
properties and high adsorption ability provides a new tool 
to deal with wastewater treatment. Functionalized mag-
netic nanoparticles hold promise for detection and separa-
tion application [17].

Especially, iron oxide nanoparticles such as magnetite 
(Fe3O4) and maghemite (γ-Fe2O3) for magnetic separation 
have been examined for water treatment owing to their mag-
netic features (thereby easy separation with magnetic force), 
easy synthesis, gaining surface functionality, low cost, chem-
ical inert property and low toxicity [18,19]. Magnetically 
modified beer yeast cells (Saccharomyces cerevisiae) were 
synthesized utilizing water-based magnetic fluid for the 
biosorption of different water-soluble dyes [20]. 

In this study, magnetic Mucor circinelloides (MagMC) 
was investigated as biosorbent for removing acidic textile 
dyestuff such as Reactive Orange 13 (RO13) from aqueous 
solution. In order to design the experiments, analyse yield 
results, and subsequently create the mathematical model 
and optimize conditions, central composite design method-
ology was used. With the purpose of revealing biosorption 
mechanism, kinetic and isotherm models were assessed and 
thermodynamic study was performed. Fourier transform 
infrared spectroscopy (FTIR), RAMAN, X-ray diffraction 
(XRD), and scanning electron microscopy/energy dispersive 
X-ray spectroscopy (SEM-EDS) analyses were used to char-
acterize biosorbent structure.

2. Materials and methods

2.1. Dyestuffs and chemicals

Commercial grade reactive dyestuffs comprising 
Reactive Orange 12 (RO12), Reactive Orange 13 (RO13), 
Reactive Blue 49 (RB49), and Reactive Black 8 (RB8) were 
kindly provided by Sarar Textile M/S (Manufacturer/
Suppliers) (Turkey). Before usage, their peak wavelengths 
at maximum absorbance were recorded. Their chemical 
structures are shown in Fig. 1.

2.2. Microorganism isolation and screening studies

Each step in experimental design is given in Fig. 2. Fungi 
were isolated from mill scales derived from an iron and steel 
industry. The formation rate of mill scale is about 2% of the 
steel production [21,22]. The result of major and minor ele-
ment analyses of the mill scale from which the mentioned 
fungus was isolated is given in the supplementary docu-
ment (Table S1).

Collection of scale samples in an iron and steel plant 
in Turkey was done in 1–l sterile bottle. Prior to process-
ing, samples were kept at 4°C. Malt extract broth medium 
(MEB) was utilized for isolation of fungi. Once fungal growth 
appeared, they were streaked onto malt extract agar (MEA) 
medium for purification and plates were incubated 7 d at 
30°C. Purified isolates were maintained on MEA slants at 4°C.

Purified fungal liquid seed samples with 4% inoculum 
amount belonging to five strains (#1, #2, #3, #4, and #5) 
isolated from mill scale were grown in malt extract broth 
including 5% scale and two of these fungal strains (#4 and 
#5 strains) were able to adsorb scale, while other strains 
could not. As shown in Table 1a, amongst dried biomasses 
of two fungi (#4 and #5 strains) investigated for RO12, 
RO13, RB49, and RB8 removal, a fungus isolate (#4 strain) 
having efficient adsorption character was chosen and 
obtained as magnetic form of this biosorbent for the study.

To obtain dried biomass for biosorption, these fungi 
were grown in MEB medium for 7 d, washed with dis-
tilled water, filtered and dried in an oven overnight (65°C) 
and pulverized to 300 µm and stored at +4°C for further 
experiments.

2.3. Preparation of magnetic biosorbent and vibrating-sample 
magnetometer analysis

To prepare the magnetic biosorbent, the method of 
co-precipitation under alkaline conditions was used. For 
purpose, FeSO4·7H2O (209 mg) and FeCl3·6H2O (405 mg) 
were dissolved in 8 mL of distilled water and the mixture 
was heated to 80°C [23]. Then 1 mL of NH4OH solution 
(25%) was added dropwise and stirring was continued. 
Finally, 1 g of powdered fungal biosorbent was added and 
stirred rapidly at the same temperature for 30 min [24]. 
At the end of the period, the solution cooled to room tem-
perature was washed three times with distilled water and 
dried at 60°C for 1 d and milled to obtain a magnetic bio-
sorbent in powder form. This magnetic biosorbent has been 
confirmed to be magnetite-coated by means of magnet sep-
aration in the aqueous solution. This biosorbent obtained 
was used for further optimization studies and stored at +4°C.
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Fig. 1. Characteristics of the dyes given in the study.

Fig. 2. Schematically experimental procedure.
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In addition, the magnetic property of this fungal biosor-
bent was determined by vibrating-sample magnetometer 
(VSM) at 300 K. This analysis was experimentally plotted 
with magnetization curve. Analyses were measured with 
the LakeShore VSM7407 device at a speed of 20 Oe/s in a 
magnetic field range of ±20 kOe = ramp rate (Fig. 3).

2.4. Biosorption experiments

For batch biosorption, 250 mL Erlenmeyer flasks con-
taining 50 mL working volume of dyestuff solution at 
150 rpm and pH 2 was studied. Experiments were designed 
following the central composite design (CCD) method. 
Initial dye concentration, biosorbent dosage, reaction 
period, temperature, and their relationship to the biosorp-
tion yield (%) of RO13 dyestuff were expressed in mathe-
matical models. Experimental design and modelling were 
carried out with Design Expert 10.0.6. Considering the 
orthogonal quadratic design, the α value was considered 
to be 2 during calculation of the axial points. Preliminary 
experiments used to determine independent parameters 
and levels were given in Table 1b. Independent parame-
ters analysed and their levels are given in Table 2. To assess 
parameter effects, 30 tests composed of 16 factorial points, 
8 axial, and 6 middle points were carried out randomly.

After all experiments finalized, the biosorbents were 
separated by a magnet and the absorbances of superna-
tants were measured to define the residual dyestuff concen-
tration at the previously determined wavelengths of each 
dyestuff using an UV/VIS spectrophotometer (Shimadzu 
UV2550, Japan). These absorbances were then compared 
with a standard curve plotted using different concentra-
tions of the dyestuff. Eqs. (1) and (2) were utilized to com-
pute the percentage of decolorization and the biosorption  
capacity (Q):

%Decolorization =
−

×
C C
C

e0

0

100  (1)

q V
C C
m

e= ×
−0  (2)

where C0 is the initial concentration (mg/L) of dyestuff, 
Ce is the equilibrium concentration (mg/L) of dyestuff at 
the optimization stage, V is the volume of the dyestuff 
solution (L), and m is the amount of biosorbent (g).

Based on a quadratic model, the results from the exper-
iments were subjected to a variance analysis and using the 
95% CI, a backward elimination methodology enabled 
the deletion of terms not significant. Then, the reduced 
model was provided.

2.5. Thermodynamic studies

Thermodynamic studies were performed under the 
previously determined optimal conditions. The prepared 
samples were incubated in medium with pH 2 at 25°C, 
30°C, 35°C and 150 rpm for 60 min. At the end of this 
period, absorbance values were read and ΔG°, ΔH°, and 
ΔS° values were calculated using experimental results. 
Isotherms are generally used to describe adsorption. 
Among the two commonly applied isotherms, Freundlich 
isotherm [Eq. (3)] is described as:

q K Ce F e
n= ×  (3)

Langmuir isotherm [Eq. (4)] is described as:

C
q bq q

Ce

e m m
e= ( ) +

1 1  (4)

Table 1
Biosorption capacities of dyestuffs by raw and magnetic fungal biosorbent

(a) Biosorption yield (%) of dyestuffs by #4 and #5 raw fungal biosorbents (working conditions: 50 ppm of initial dye concentration, 
150 rev/min of agitation rate, 30°C, 60 min of reaction time, and 1 g/L of biosorbent dosage)

Dyestuff

Biosorption capacities (mg/g)

#5 fungal isolate #4 fungal isolate

pH 2 Not adjusted pH (pH 7) pH 2 Not adjusted pH (pH 7)

RO12 15.585 0 44.745 0
RO13 16.535 0 43.285 0
RB49 24.050 4.555 39.115 0
RB8 16.325 4.060 0.039 0

(b) Biosorption yield (%) of dyestuffs by magnetic biosorbent belonging to #4 fungal strain (working conditions: 150 rev/min of 
agitation rate, 30°C, 60 min of reaction time, and 1 g/L of biosorbent dosage)

Dyestuff Biosorption capacities (mg/g)

50 ppm 200 ppm 500 ppm

pH 2 Not adjusted pH (pH 7) pH 2 Not adjusted pH (pH 7) pH 2 Not adjusted pH (pH 7)

RO12 45.315 6.49 31.415 0.42 12.245 0
RO13 46.930 1.61 33.865 0.09 10.545 0
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In Eq. (4), qe describes the amount of dye adsorbed per 
unit mass of the adsorbent, Ce describes the equilibrium con-
centration of dye, KF and n are the Freundlich coefficient. 
The adsorption coefficient was found by Linear Freundlich 
plots of logqe vs. logCe. Some analysis of the Langmuir equa-
tion related basis of a dimensionless equilibrium parameter, 
RL value (known as separation factor) which is generally 
seen to indicate adsorption more reliably [25] given by the 
following equation:

R
bCL =

+( )
1

1
 (5)

In Eq. (5), b is Langmuir equilibrium coefficient and 
C is any adsorptive concentration at which the adsorption 
is carried out. RL value evaluated for favourable adsorption, 
0 < RL < 1, while RL > 1 means unfavourable adsorption pro-
cess. RL = 1 value represents linear adsorption and RL = 0 
value indicates that the adsorption process is irreversible.

The thermodynamic parameters, ΔG, ΔH, and ΔS for 
the adsorption process are computed as follows:

lnK S
R

H
RTd � �

� �  (6)

� � �G H S� �  (7)

where Kd in Eq. (6) is termed the distribution coefficient 
(qe/Ce). The slope and intercept of the linear plot of lnKd vs. 
1/T can be used to compute ΔH and ΔS. With using ΔH 
and ΔS values, ΔG was calculated according to Eq. (7) [26].

2.6. Kinetic studies

Kinetic studies were performed at various time inter-
vals, at different temperatures (25°C–30°C–35°C), at pH 2  
and an initial dye concentration of 240 ppm in the batch 
system to know when it reached sorption equilibrium. 
The amount of dye adsorbed was computed from the 

difference between the initial and equilibrium concentration 
and results were evaluated with Lagergren’s pseudo-first- 
order kinetic model and pseudo-second-order kinetic model.

The first-order kinetic model generally expressed as:

ln lnC C k tt i= − 1  (8)

where Ct (mg/L) is the dye concentration at time t (min), 
Ci (mg/L) is the initial dye concentration, k1 (min–1) is the 
rate constant. The plot of ln(Ct) vs. time (t) was a straight 
line suggesting a first-order kinetics. Most systems 
responding to second-order kinetics model for sorption 
reactions, are generally represented by the equation:

dq
dt

k q qt
e t= −( )2

2  (9)

where k2 defines the rate of pseudo-second-order adsorp-
tion and qe and qt represent the amount of dye adsorbed at 
equilibrium and the amount adsorbed at any time respec-
tively. The sorption rate can be calculated as the initial 
sorption rate when t approaches zero. The pseudo-second- 
order equation can be written as:

t
q k q

t
qt e e

= +
1

2
2  (10)

The slope and intercept of the linear plot of t/qt to t 
produced k2 and qe, respectively, as already defined in 
Eq. (10).

2.7. Biosorption characterization

2.7.1. FT-IR analysis

In this study, FTIR analyses determined the possi-
ble groups that could interact with the RO13 dyestuff on 
the surface of the #4 fungal biosorbent used as adsorbent 
after the biosorption process. For FT-IR analysis, untreated 

Fig. 3. Magnetization curve of magnetic fungal biosorbent.
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magnetic biosorbent and dye loaded biosorbent samples 
were pressed into disk by mixing 1% with potassium bro-
mide. The FT-IR spectra of the discs were taken at 400–
4,000 cm–1. FT-IR spectroscopy was performed on Bruker 
Tensor 27.

2.7.2. Raman analysis

In this study, Raman spectroscopy analysis was per-
formed in order to obtain information about magnetic 
fungal biosorbent structures both before and after bio-
sorption and to determine if there is a change in the struc-
ture after adsorption. In addition, it was aimed to obtain 
information about whether FeCl3 and FeSO4 compounds, 
which are effective in becoming magnetic, attach to the 
biosorbent and the structure of the new magnetic biosor-
bent. For this purpose, Raman analysis was performed 
using Renishaw INVIA brand Raman spectroscopy at 100–
4,000 cm–1 spectrum range, 532 nm wavelength laser is used, 
the spectral scanning at 4 cm–1 intervals was performed.

2.7.3. Zeta potential analysis

To determine the pHPZC point of the magnetic biosor-
bent, 100 mL of distilled water was added to the flasks 
and the pH was adjusted to 1.0–12.0 with HCl or NaOH. 
Magnetic biosorbents were placed in each flask at a 
concentration of 1 g/L to form a colloidal system and the 
mixture was stirred and waited for 5 min to stabilize the 
colloidal system. Then, the zeta potentials of these colloidal 
systems at different pHs were measured and their surface 
loads were determined. The zeta potential was measured by 
using a Zetasizer Nano ZS (Malvern Instrument, Ltd., U.K.).

2.7.4. XRD analysis

XRD analyses of both raw and magnetic biosorbent 
were performed in Panalytical EMPYREAN XRD device 
and structural changes were revealed.

2.7.5. Surface area analysis

Surface area analyses of both raw biosorbent and mag-
netic biosorbent were performed with Quantachrome 
NOVA TOUCH LX4 model device.

2.7.6. SEM-EDX analysis

In order to investigate the surface behaviour of biosor-
bent, the physical properties of raw and dye loaded bio-
sorbent surfaces were obtained by using SEM (JEOL 560 
LV SEM) combined with elemental analyser. The magnetic 
modification on the biosorbent was evaluated by energy 
diffraction X-ray (EDX) analyses of both the non-magnetic 
raw biosorbent and the magnetic fungal biosorbent.

2.8. Biosorbent characterization

2.8.1. Fungal genomic DNA isolation

Genomic DNA isolation from the fungus was done 
using the CTAB protocol [9]. To check for the presence of 

DNA, 2 µL of sample was loaded onto a 0.1% agarose gel and 
run in 1X TAE buffer. 1 kb Plus DNA Ladder (Invitrogen) 
was used as a marker. Gel photographs were obtained 
with Biorad Gel Documentation System.

2.8.2. PCR amplification and sequence analysis

The fungal internal transcribed spacer (ITS1-5,8S  
rDNA region) was amplified using ITS1 (5′-TCCGTAG 
GTGAACCTTGCGG-3′) and ITS4 (5′-TCCTCCGCTT 
ATTGATAT GC-3ʹ) primer pair. The PCR amplification 
was carried out in 25 µL reaction mix containing 1× PCR 
buffer, 25 mM MgCI2, 0.2 mM dNTP, 1.25-unit Taq DNA 
polymerase, 1.2 mM of primer, and 1 µL DNA template. 
The PCR program comprised of initial denaturation step at 
95°C for 5 min, followed by 35 cycles of 95°C for 30 s, 57°C 
for 1 min, 72°C for 1.5 min followed by a final extension 
step at 72°C for 10 min [27]. Purification of PCR products 
was followed sequence analysis whereby similarities were 
obtained using the BLAST tool from the National Center 
for Biotechnology Information.

3. Results and discussion

3.1. Screening studies

Table 1a indicates biosorption capacities of dyestuffs by 
raw fungal biosorbents. According to Table 1, the experi-
ments carried out with 50 ppm of initial dyestuff concen-
trations for both biosorbents (#4 and #5) showed that #4 
fungal biosorbent had better dyestuff biosorption poten-
tial than #5 biosorbent. Therefore, further experiments 
were continued with #4 fungal biosorbent.

Table 1b showed biosorption capacities of dyestuffs 
by magnetic biosorbent belonging to #4 coded fungal 
strain. In experiments performed with magnetic biosor-
bent, biosorption efficiency of RO13 dye was found to 
be higher level. After the screening studies, experiments 
were continued with magnetic #4 fungal biosorbent and 
RO13 dyestuff.

3.2. Mathematical modeling with CCD

3.2.1. Effects of parameters on biosorption

The experiments were applied to the RO13 dyestuff 
by the fungal biosorbent which had been magnetized, 
initial dyestuff concentration, biosorbent dosage, reac-
tion period, and reaction temperature were studied as 
parameters. Previous studies were used to determine 
the levels. The results from the experiments performed 
in accordance to the design matrix are given in Table 2. 
Within the scope of experiments in the design matrix, bio-
sorption yield (%) was calculated for each experimental 
set and evaluated as a response.

As indicated in Table 3, variance analysis was carried 
out after obtaining the response values of the experiment 
sets. An analysis of variance was carried out to examine the 
linear and quadratic effects of all parameters and a model 
was created. Since the confidence interval was chosen as 
95% in the analysis of variance, the terms with p-value less 
than 0.05 were considered statistically significant in the 
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ANOVA table. The correlation values of the biosorption 
yield of the #4 fungal biosorbent are also given in Table 3.

According to the analysis of variance for the yield of 
RO13 dyestuff biosorption by fungal biosorbent, the qua-
dratic model was found to be significant. In addition, below 
the variance analysis table, R2 and adjusted R2 values indi-
cating the ratio of model to represent the experiments 
are given in Table 3. The approximation of the adjusted 
R2 value to the R2 value reveals the power of the model.

The graph showing the changes caused by the affected 
factors alone in the biosorption yield is given in Fig. 4a with 
coded parameter levels. As can be seen from Fig. 4a, it is 
seen that parameters A (initial dye concentration), B (bio-
mass dosage), and C (reaction period) are more effective 
on dye removal than D (reaction temperature) param-
eter. When factor A had a linear effect (pA < 0.05 and 
pA2 > 0.05), both the linear and parabolic effects of B and C 
factors were found to be significant. The three-dimensional 

graph of the initial dye concentration (A)-biosorbent dos-
age (B) interaction from the dual interactions is given 
in Fig. 4b. When the coded factors are considered at the 
end of the analysis, the resulting model is given in Eq. (11):

y A B C D
A B B

� � � � � � � � �

� � � � � �

78 98 13 52 17 60 9 33 2 81
6 06 4 68 3 02

. . . . .
. . . 88 2�C  (11)

3.2.2. Prediction and optimization

Predicted values obtained at 95% confidence interval 
indicated that magnetic fungal biosorbent (1.60 g/L) could 
adsorb RO13 dyestuff (339.86 ppm) at 34.95°C with a yield 
of 93.476% in 84.90 min. In these conditions, the mentioned 
experiment set was realized and dye removal was found 
to be 95.765%. The fact that this value remains within the 
95% confidence interval and in particular its closeness to 

Table 2
Design matrix and results of experiments

Parameters

Std. A: Initial dye 
concentration (ppm)

B: Biosorbent 
dosage (g/L)

C: Reaction 
period (min)

D: Temperature 
(°C)

Response: (biosorption 
yield-%)

q (capacity) 
(mg/g)

1 140 0.6 35 25 60.0979 146.0114
2 340 0.6 35 25 28.6045 156.6952
3 140 1.6 35 25 90.4820 84.89216
4 340 1.6 35 25 69.0408 141.8269
5 140 0.6 85 25 85.3097 207.265
6 340 0.6 85 25 39.0061 213.6752
7 140 1.6 85 25 99.7209 86.84194
8 340 1.6 85 25 87.3737 179.4872
9 140 0.6 35 35 70.1566 189.886
10 340 0.6 35 35 29.6256 195.1567
11 140 1.6 35 35 92.5982 86.73511
12 340 1.6 35 35 71.6412 147.1688
13 140 0.6 85 35 86.9156 237.8917
14 340 0.6 85 35 47.7270 245.0142
15 140 1.6 85 35 99.9663 87.05562
16 340 1.6 85 35 94.2128 193.5363
17 40 1.1 60 30 99.8900 38.81119
18 440 1.1 60 30 46.6744 191.1422
19 240 0.1 60 30 17.4361 401.7094
20 240 2.1 60 30 99.8691 110.2236
21 240 1.1 10 30 41.0339 90.13209
22 240 1.1 110 30 89.0356 186.4802
23 240 1.1 60 20 66.7767 139.8601
24 240 1.1 60 40 83.8419 175.6022
25 240 1.1 60 30 83.0999 174.0482
26 240 1.1 60 30 84.5839 177.1562
27 240 1.1 60 30 78.8336 165.1127
28 240 1.1 60 30 78.0917 163.5587
29 240 1.1 60 30 79.5756 166.6667
30 240 1.1 60 30 81.9870 171.7172
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the predicted value – 93.476% – shows the reproducibility 
of the experiments and the predictive power of the model; 
therefore, the success of the model has occurred (Table 3). 
In similar studies with using of Fe-BDC MOF adsorbent, 
maximum dye removal was obtained as 94.74% after 24 h [7].

3.3. Thermodynamic and kinetic studies

Equilibrium and kinetics are the key aspects during 
adsorption. The adsorption isotherm of MagMC for RO13 at 
25°C, 30°C, and 35°C and kinetic parameters were calculated 

Table 3
Variance analysis for biosorption yield, correlation values, and verification experiment

Variance analysis

Source p-value Prob. > F Model coefficients 
for coded values

Model <0.0001 Significant +78.98
A-Initial dyestuff concentration (ppm) <0.0001 –13.52
B-Biosorbent dosage (g/L) <0.0001 +17.60
C-Reaction period (min) <0.0001 +9.33
D-Reaction temperature (°C) 0.0116 +2.81
AB <0.0001 +6.06
B2 <0.0001 –4.68
C2 0.0033 –3.08
Lack of fit 0.0512 Not significant 

Correlation values

R2 0.9658
pR2 0.9102
Adj. R2 0.9549

Verification experiment

Initial dye concentration 
(ppm)

Biosorbent 
dosage (g/L)

Reaction 
period (min)

Reaction 
temperature (°C)

95% CI 
low

Pred. 
value

95% CI 
high

Exp. 
value

339.86 1.60 84.90 34.95 88.15 93.476 98.80 95.767

Fig. 4. (a) Main effects of variables on the responses for biosorption yield and (b) the response surface of double interaction 
of biosorbent dosage and initial dye concentration for biosorption yield.
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by using the change of dye concentration as a function of 
time at various temperature and the results were shown 
in Table 4.

When the temperature is constant, the relationship 
between the dye uptake and the sorbate equilibrium is 
referred to as the adsorption isotherm. Several expressions 
are used to describe adsorption isotherms [28], Langmuir 
and Freundlich models as the most applied models at dye 
removal were used in this study. It could be observed from 
the fitting coefficient R2 that comparing with Freundlich, 
Langmuir model was more suitable for this biosorption pro-
cess (Table 4). This model shows the biosorption with MagMC 
belonged to the monolayer adsorption. RL value at 25°C 
changes between 0.280 and 0.34, at 30°C changes between 
0.239 and 0.027 and at 35°C changes between 0.177 and 0.019 
shows the biosorption process suitable for this dye-adsorbate 
complex. Similar studies have seen in the literature [29].

The sorption process’s calculated thermodynamic para-
meters are indicated in Table 4. The positive value of ΔH° 
established the endothermic characteristic of biosorption 
process dye onto MagMC. The experiments investigated 
temperature effect also indicated that the biosorption capac-
ity increased with increasing medium temperature. q-values 
are 196.08 mg/g at 25°C and 212.77 mg/g at 35°C (Table 4). 
The value of ΔS° was positive which reflects the affinity of 
magnetic biosorbent toward used dye, and the value of ΔG° 
was negative showing how feasible the biosorption process 
is and its spontaneity.

The use of different kinetic models served to illustrate 
the dye biosorption with MagMC computed qe values with 
pseudo-second-order model highly agreed with data from 
the experiments and also regression value indicated (Table 4).

3.4. Characterization of biosorption

3.4.1. FTIR analysis

The FT-IR spectra of magnetic biomass and loaded fun-
gal biomass were used to detect biosorption sites as shown 
in Fig. 5. Magnetic fungal biomass has specific bands which 
are at 3,433.23; 3,006.97; 2,925.96; 2,584.59; 1,743.62; 1,633.68; 
1,080.12; 1,035.75; and 403.11 cm–1. The absorption bands 
of the O–H stretching, N–H stretching, C=O stretching, 
C=C stretching, N–O stretching, C–H group, S=O stretch-
ing, and C–O group were varieties for dyestuff loaded 
magnetic fungal biomass.

The band at 1,163.05 cm–1 within the FTIR spectrum of 
dyestuff loaded magnetic fungal biomass was shown that 
the presence of S=O stretching; but this group band was 
observed at 1,157.72 cm–1 in the magnetic fungal biomass. 
C–H methylene group was observed at 1,462.01 cm–1 in the 
dyestuff loaded magnetic fungal biomass, however, this 
band was disappeared in the magnetic fungal biomass. 
The bands at 898–651 cm–1 observed after biosorption were 
emphasized to biosorption characteristics for aromatic skel-
etal groups. Furthermore, the band at 651.93 cm–1 was only 
indicated in the dyestuff loaded magnetic fungal biomass.

3.4.2. Raman analysis

Structural analysis of magnetic biosorbent was also 
performed by Raman spectroscopy. The Raman analy-
ses of FeCl3 and FeSO4 compounds in the literature and in 
our study are similar to each other. In the Raman analysis 
of FeCl3, characteristically 500 cm–1 vibration, Cl2 vibra-
tion, isotopic vibrations between 300 and 400 cm–1 and 

Table 4
Isotherm model constants, correlation coefficients, thermodynamic, and kinetic parameters of RO13 biosorption by magnetic fungal 
biosorbent

Isotherm model constants and correlation coefficients of RO13 biosorption by magnetic fungal biosorbent

T (°C) Langmuir isotherm model Freundlich isotherm model

q (mg/g) b R2 RL(10–200) KF n R2

25 196.08 0.064 0.995 0.280–0.034 77.980 526.32 0.469
30 204.08 0.079 0.999 0.239–0.027 81.433 500.00 0.473
35 212.77 0.116 0.994 0.177–0.019 84.295 454.55 0.517

Thermodynamic parameters of RO13 biosorption by magnetic fungal biosorbent

T (°C) ΔG° (kJ mol–1) ΔH° (kJ mol–1) ΔS° (kJ mol–1 K–1)

25 –6.878
45.309 128.9630 –6.234

35 –5.589

Kinetic parameters of RO13 biosorption by magnetic fungal biosorbent

T (°C) Pseudo-first-order Pseudo-second-order

k1 (min–1) qe (mg/g) R1
2 qex (mg/g) k2 (g mg–1 min–1) qe (mg/g) R2

2 qex (mg/g)

25 0.0235 117.30 0.994 179.52 2.673 × 10–4 204.08 0.993 179.526
30 0.0242 111.97 0.980 184.11 3.138 × 10–4 204.08 0.996 184.110
35 0.0244 113.42 0.984 186.40 3.092 × 10–4 208.33 0.996 186.401
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depolarized hexagonal vibration after 1,500 cm–1, are accor-
dant with the literature. In the Raman analysis of FeSO4, 
observation the characteristic SO4 vibration at 1,018 cm–1, 
the determination of the deuteration vibration at 973 cm–1 
(normally at between 950 and 1,000 cm–1), and the presence 
of symmetrical binding vibrations at 420–500 cm–1 con-
firm the magnetism [30–33]. After the biosorbent has been 
magnetized, the characteristic vibrations observed in FeCl3 
and FeSO4 were previously characterized and observed 
again in the specified spectrum range. As a result, it has 
been determined that biosorbent becomes magnetic (Fig. 6).

In the Raman analysis obtained after adsorption pro-
cess, a change in the structure of the biosorbents was 
observed. These findings are consistent with the literature. 
After the applied biosorption process, vibrations between 
1,200 and 1,600 cm–1 related to magnetism was observed. 
Similar studies are included in the literature [34–37] (Fig. 6).

3.4.3. Zeta potential analysis

At low pH, the fungal biomass was more interested 
in binding to protonated binding sites, so it was observed 
that the capacity of biosorption of RO13 anionic dye-
stuff by #4 fungal biomass decreased with increasing pH 
(from pH 2 to 7) (Table 1). The binding affinity of the dye-
stuff molecule decreases because of the deprotonization 
of the functional groups (in which case the surface loads 
of the biosorbents are negative) with increasing pH value 
for both before and after magnetization of the fungal bio-
mass studied. This is consistent with the zeta potential 
values of the magnetic fungal biosorbent given in Fig. 7. 
When the surface load results of magnetic fungal biomass 
are examined, isoelectronic point is observed around pH 3 
according to zeta potential values taken in water. The binding 
sites and dye anions showed electrostatic interactions which 
was understood from the measurements of the zeta potential.

3.4.4. XRD analysis

The crystal phases of the magnetic fungal biosor-
bent were determined by XRD analyses before and after 
dye biosorption (Figs. 8a and b). The XRD patterns of the 
magnetic fungal biomass before and after the biosorption 
were determined by the six characteristic peaks of Fe3O4 
(2θ = 30.45°, 35.75°, 43.39°, 53.99°, 57.29°, and 62.94°; before 
biosorption) and (2θ = 30.38°, 35.63°, 43.39°, 53.70°, 57.32°, 
and 63.10°; after biosorption). These peaks were also con-
sistent with the database included in the MDI Jade 5.0X 
analysis program and showed that Fe3O4 particles were 
precipitated to the biosorbent surface. Similar results have 
been observed in the literature. In a study conducted by, 
Yu et al., cationic dye adsorption with magnetically mod-
ified beer yeast biomass was carried out and six peculiar 
peaks (2θ = 30.1°, 35.5°, 43.3°, 53.4°, 57.2°, and 62.9°) indices 
[(220), (311), (400), (422), (511), and (440)] of XRD analy-
sis of magnetic biomass were observed [38]. The results 
are consistent with other studies in the literature [39,40].

3.4.5. Surface area analysis

The surface areas of the untreated and dye loaded mag-
netic biosorbents were 7.88 and 23.25 m2/g, respectively. 
On introduction of dye and MagMC surface, the specific 
surface area increased. Similar results have been observed 
by others [41]. This result suggests that the surface area 
increased as a result of a porous framework created from 
intercalation. Average pore radiuses were determined as 
91.2 and 19.2 Å for untreated and after treated with dye, 
respectively. Average pore radius decreased with dye loading.

Fig. 9 shows the surface area analyses of untreated 
and dye loaded magnetic biosorbents. It appears fifth type 
isotherm line and it represents mesoporous structure of 
biosorbent. This type also indicates the initial capillary 
condensation after the surface is coated as monolayer [42].

3.4.6. SEM-EDX analysis

When EDX spectra of magnetic fungal biosorbent before 
(Fig. 10a) and after biosorption (Fig. 10b) were examined; 
high concentrations of iron peaks were observed. These results 

 

(a)

(b)

Fig. 5. FTIR profiles of untreated (a) and dye loaded (b) magnetic 
biosorbent.
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Fig. 6. Raman spectrum profiles (a) FeSO4, (b) FeCl3, (c) magnetic biosorbent, (d) dyestuff loaded magnetic biosorbent.
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Fig. 7. Zeta potential measurement of the magnetic biosorbent.

(a)

(b)

Fig. 8. XRD analyses of untreated (a) and dye loaded (b) magnetic biosorbents.
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are other indication that the magnetic property of the bio-
sorbent has been successfully introduced. Furthermore, 
magnetized fungal biosorbent contacted the RO13 dyestuff; 
a mechanism relating to iron ions on dye biosorption had no 
significant impact (Figs. 10a and b). However, the decrease 
of carbon amount of the dye loaded magnetic biosorbent 
was notable. This can be assumed to the formation of a 
complex between dye and carbon. This finding is consistent 
with the literature [43].

3.5. Biosorbent characterization

M. circinelloides (accession number: MN503306) was 
identified as the biosorbent that achieved dyestuff biosorp-
tion. Other studies have been reported about studying on 
bioremediation of heavy metals and biosorption of dye-
stuff [36,44,45], in which this microorganism previously 
was isolated from acid mine drainage, contaminated soil, 
and wastewater. However, microorganism was isolated 

 
(a) (b)

Fig. 9. Surface area analyses of untreated (a) and dye loaded (b) magnetic biosorbents.

 
Fig. 10. SEM-EDS analysis of untreated (a) and dye loaded (b) magnetic biosorbents.
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from mill scale being rich in iron(III) oxide in this study 
and M. circinelloides was successfully grown in malt broth 
with 5% of mill scale, water with 5% of mill scale, and only 
malt broth without pH adjustment.

The fungus from which the biosorbent used in this 
study was isolated from the mill scale containing 52% 
Fe2O3 and 29.46% C in terms of inorganic and organic con-
tents, respectively. Due to the high iron concentration, this 
habitat can also be described as an extreme field. No infor-
mation about microorganism isolation from mill scale has 
been found in the literature.

4. Conclusions

RO13 reactive textile dye efficiently removed from 
its aqueous solution with using magnetic biosorbent 
M. circinelloides (accession number: MN503306). Effect 
of various parameters on to biosorption efficiency was 
investigated and maximum biosorption capacity was 
obtained as 400 mg/g at 30°C, 240 ppm of initial dye 
concentration, 0.1 g/L of biosorbent dosage in reaction 
medium within 60 min. CCD method were used to opti-
mize reaction conditions and ın optimum conditions, dye 
removal yield was found to be 95.765%. According to the 
kinetic and thermodynamic studies pseudo-second-order 
kinetic model and Langmuir isotherm model was found 
the best fitted, respectively, according to regression coef-
ficients. Thermodynamic parameters have revealed that 
the adsorption process is spontaneous and endothermic  
in nature.

As a conclusion, the biomass of M. circinelloides has a 
great potential for application in biological treatment of 
industrial effluents from dye industry. This report is the 
first that demonstrates the efficient adsorption of reac-
tive dyestuffs by a fungus isolated from iron-rich oily mill 
scale. Further studies will focus on the removal of other 
hazardous materials to treat biologically.
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Supplementary information

The mill scale primarily consists of iron oxides (about 
up to 70%–75%). Furthermore, this mill scale with high level 
of oil has negative environmental impacts and industrial 
disadvantages when the waste is recycled in the ironmak-
ing and steelmaking process [18]. Minor element analysis 
and organic elemental (C/H/N/S) analysis of mill scale used 
in this study were performed by using X-ray fluorescence 
spectrometer (Panalytical ZETIUM) and C/H/N/S analyser 
(Perkin Elmer 2400 Series II), respectively and the results 
were presented in Table S1.

Table S1
Minor element and organic elemental analyses of mill scale industrial waste from which fungus isolation made

Minor elemental analysis (%)

Loss of ignition Fe2O3 Co3O4 Cr2O3 PbO ZnO TiO2 NiO CuO

35.370 52.053 0.106 0.066 0.056 0.658 0.070 0.104 0.061
SiO2 P2O5 MnO Al2O3 CaO Na2O SO3 K2O
3.349 0.550 1.122 1.868 3.709 0.410 0.386 0.063

Organic elemental analysis (%)

Carbon Hydrogen Nitrogen Sulfur

29.46 4.49 0.32 0.62


