
Journal of Environmental Chemical Engineering 9 (2021) 104760

Available online 11 November 2020
2213-3437/© 2020 Elsevier Ltd. All rights reserved.

Optimization the removal of lead ions by fungi: Explanation of the 
mycosorption mechanism 
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A B S T R A C T   

The potential utilization of fungal biomass (Rhizopus arrhizus) as a biosorbent for the efficient removal of lead 
(Pb2+) ions from aqueous solutions was optimized in the current work. The maximum Pb2+ biosorption capacity 
of fungal biosorbent was 0.501 mol kg− 1 at pH 4.0 and 25 ◦C. The biosorption process follows the intra-particle 
diffusion and pseudo-second-order rate kinetics. Thermodynamic studies showed that Pb2+ biosorption by this 
fungal biosorbent is spontaneous and endothermic. The fungus has good biosorption/desorption performance for 
Pb2+ ions according to desorption studies. The biosorption free energy calculated from the Dubinin- 
Radushkevich isotherm showed that the biosorption process was accomplished chemically. Moreover, the 
mechanism of the Pb2+ biosorption on to the fungal biosorbent was evaluated by infrared spectral analysis 
coupled with pattern recognition techniques using Attenuated Total Reflectance-Fourier Transform Infrared 
Spectroscopy (ATR-FTIR). The ATR-FTIR spectral analysis of the fungal biosorbent revealed changes in particular 
spectral bands emerging from functional groups of biomolecules. Possibly, these functional groups of bio
molecules are active fungal biosorbent sites involved in the interaction with Pb2+ ions. Thus, the surface of the 
fungal biosorbent is attractive for the sorption of metal ions making the fungal biomass as an effective and 
efficient biosorbent for the removal of Pb2+ ions.   

1. Introduction 

The industrial development resulted in an increase in the heavy 
metal contamination in the environment due to their metal containing 
effluents. The wastewater of metal plating, mining, battery, and paper 
industries contains a large number of heavy metals [1,2]. The industrial 
wastewater containing heavy metals is discharged into the water re
sources and these toxic heavy metals are accumulated by the living or
ganisms. For example, lead caused health problems in the nervous and 
reproductive system of humans [3]. Heavy metals are the most priority 
pollutants in the environment as they cannot biodegraded naturally. 
Therefore, it is very important to remove high concentrations of these 
pollutants from the water resources. Accordingly, new technologies are 
suggested for the decontamination of heavy metal-containing waste
water [4]. However, the vast majority of these methods are 
time-consuming, expensive, and non-eco-friendly [5]. 

Among wastewater treatment methods, biological ones are suggested 

as low-cost and environment-friendly [6]. Biosorption is a term that 
results from the use of biological or biological originated materials as an 
adsorbent in the adsorption method and the adsorbents used in bio
sorption are called biosorbent. Effective interactions occur between the 
biosorbent and adsorbate in biosorption, just like in adsorption, and 
these interactions occur physically or chemically during the adsorption 
process. The characterization of these chemical and physical in
teractions is also important to explain the biosorption mechanisms. 

Fungal biomass is commonly used as a biosorbent in biological 
wastewater treatment [7]. Recent studies defined fungal biosorption as 
mycosorption [8]. Cell wall structures play an important role in the 
functioning of fungi as successful biosorbents [9]. The interaction of the 
components that make up the cell wall structure with the pollutants such 
as dyes and heavy metals in aqueous environments is the main element 
of the biosorption mechanism. 

In general, it is known that the fungal cell wall contains glucans, 
mannoproteins, and chitin in the chemical composition [10]. The 
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glucans provide the strength of the cell wall and these are shaped in 
microfibrillar structure. The major component in the wall structure is β - 
glucan and these β glucans are available as β 1,3 glucan or β 1,6 glucan 
or both [11]. The cell wall layer is in the form of β 1,3 glucans and chitin. 
Chitin is a polymer of N-acetylglucosamine and forms up to the second 
majority component of the fungal cell walls [12, 13]. In the fungal cell 
wall structure, the chitin is believed to occur in the form of linear chains. 
Cell wall proteins are bound to the β 1,3 glucan - chitin network either 
indirectly with a β 1,6 glucan moiety or directly by covalent bonds. The 
mechanical strength and durability of the cell wall depend on the β 1,3 
glucans present in its structures. β 1,3 glucan is included in the so-called 
hollow helix family. In other words, β 1,3 glucan chains resemble a 
flexible spring wire that can expand. This feature explains the elasticity 
of the cell wall. Mannoproteins are attached to the outer surface of the β 
1,3 glucan - chitin layer and 90 % of these proteins are glycosylated by 
carbohydrate fractions. Mannoproteins are important in cell perme
ability, but they can act as structural proteins by acting as agglutinins. 
The mannoprotein layer that forms the outer layer is less permeable than 
the fibrillar layer inside. The low permeability property occurs due to 
asparagine roots and the presence of disulfide bridges, highly branched, 
and long carbohydrate side chains. The fungal cell surface contains a 
large number of negative charges, due to the phosphodiester bridges in 
the N- and O- linked mannose side chains [8,14]. Polysaccharides play a 
central role in cell wall organization. In possible synthesis mechanisms, 
proteins are attached to polysaccharides in the cell wall, and bonds of 
physiological importance are established [15]. There are two main 
classes of proteins that are covalently linked to cell wall polysaccharides 
and are GPI-dependent cell wall proteins and Pir proteins (Pir-CWPs). 
GPI - dependent cell wall proteins are proteins that indirectly bind to 1,3 
glucans. These proteins are first bound to 1,6 glucan and then to 1,3 
glucans. They also need GPI for this attachment. Pir proteins can be 
directly attached to 1,3 glucans. Cell wall proteins have various func
tions such as cell wall permeability, water retention, and adhesion. They 
are also cell wall proteins that coordinate metabolism events such as the 
uptake of various metals such as iron into the cell [11]. It is also thought 
that these proteins can interact with various heavy metals that are used 
as adsorbate and cause water pollution and thus may play a role in the 
biosorption mechanism. 

From past to present fungal biosorbents have been investigated to 
remove heavy metal ions. Especially in recent studies, it is pointed out 
that chitin or chitosan (an important component of the fungal cell wall) 
based adsorbents are successful agents in removing cations such as 
heavy metals [16]. Previously, many biosorption studies have been 
performed with fungal biomass, especially the biomass of fungi 
belonging to the Rhizopus genus [17–21]. The results of these studies 
showed that the biomass of Rhizopus genera was a successful candidate 
for mycosorption of heavy metals. However, the mechanism involved in 
the realization of mycosorption by the fungus has not been explained in 
these previous studies. This study aims to optimize the potential of 
fungal biosorbent obtained from Rhizopus arrhizus for lead biosorption 
and to explain the biosorption mechanism. In the explanation of the 
biosorption mechanism, Attenuated Total Reflectance-Fourier Trans
form Infrared (ATR-FTIR) Spectroscopy coupled with pattern recogni
tion methods were utilized due to the accuracy, versatility, and high 
analytical capacity of this fingerprinting technique [22]. To the best of 
our present knowledge, this is the first study reporting ATR-FTIR spec
troscopic analyses to explain the molecular interactions happening 
during the fungal biosorption process in terms of lead removal. 
ATR-FTIR spectroscopy is a high-throughput vibrational spectroscopic 
technique in the identification of molecule-specific spectral bands and 
provides direct molecular information about the biochemical composi
tion of any biological material including bacteria and fungi [23]. Since 
the FTIR spectra contain complex biochemical information, pattern 
recognition methods are necessary for the proper analysis and inter
pretation of data. These data mining approaches simplify the complexity 
of big data, in which meaningful information can be gathered rapidly 

and systematically [24]. Taking all together, infrared spectroscopy 
coupled with pattern recognition methods is important to track diverse 
biological processes in both scientific studies and the biotech industry. 
Therefore, it is expected that the findings presented herein will 
contribute to the mycosorption literature. Furthermore, the fungal bio
sorbent was cultivated in a medium composed of molasses, which is a 
secondary waste of sugar refinery to obtain inexpensive biosorbent 
material and thereby reduce the cost of the lead-biosorption process. 

2. Materials and methods 

2.1. Preparation of biosorbent 

The fungal strain (Rhizopus arrhizus) was provided by the US 
Department of Agriculture Culture Collection. The preparation of a 
molasses medium was previously given in [6]. The molasses, obtained 
for free from the sugar refinery factory manufacturing sugarcane, and 
used as a low-cost carbon source for fungal growth [6]. Miljkovic et al. 
2016 stated that molasses obtained from sugarcane was an inexpensive 
carbon source having rich sucrose ingredients for the preparation of 
medium [25]. Similarly, Xie et al. 2017 emphasized that they preferred 
sugarcane molasses to reduce the cost of fungal cultivation as a rich 
nutritional source [26]. In addition to this, Gül (2013) showed that 
molasses was a promising alternative carbon source for the growth of 
R. arrhizus [6]. Thus, the freely-available sugar factory waste molasses as 
a low-cost alternative method was used in this study to obtain fungal 
biomass. The fungus was inoculated into a molasses medium at pH 4.5 
and 30 ◦C which were optimal conditions for fungal cultivation [6]. 
After ten days of the incubation period, the biomass of the fungus was 
harvested, washed, and treated with distilled water and a 1% formal
dehyde solution, respectively. Then the biomass dried at 60 ◦C for 24 h 
and smashed for usage in experiments, respectively. 

2.2. Chemicals 

Pb(NO3)2 in the adsorption study of Pb2+ ion, 4- (2-pyridyl azo) 
resorcinol (PAR), and other chemicals were achieved from Merck 
(Germany). All experiments were studied in duplicate. Ultrapure water 
was used in all experiments. 

2.3. Methods of analysis 

The concentration of Pb2+ ions was determined by measuring the 
UV–vis spectrophotometric method of the complex formed by PAR [27]. 
PAR was used as a complex-forming reagent for the determination of 
Pb2+ in the supernatants. A solution of 3.5 × 10− 3 mol L-1 of PAR in 0.7 
mol L-1 of Tris/HCl at pH 8.0–9.0 was prepared. A 50 μL fraction of 
supernatant was added onto 3 mL of the reagent and the absorbance of 
the formed metal complex was measured at λ =518.5 nm for Pb2+. 

2.4. Characterization techniques 

2.4.1. SEM-EDX analysis 
Scanning Electron Microscopy (SEM) with Energy Dispersive X-Ray 

Analysis (EDX) is commonly used for characterization of biosorbent 
before and after the biosorption process. The surfaces of unloaded and 
Pb2+ loaded fungal biosorbent were characterized by SEM-EDX ana
lyses. SEM images and EDX compositional data of unloaded and Pb2+

loaded fungal biosorbent were obtained with a Leo 440 Computer 
Controlled Digital System. The dried fungal biomass was prepared for 
the SEM-EDX analysis [28] after treatment with the operational condi
tions (V = 10 mL) of 300 mg L¡1 Pb2+ ion concentration with 30 mg 
biosorbent dosage at pH 4.0 and 25 ◦C. 

2.4.2. Infrared spectral analysis 
FTIR spectrometer (Frontier FTIR with ATR Miracle attachment/ 
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PerkinElmer, US) was used for sampling the spectra of unloaded (UL 
group) and Pb2+ loaded (PL group) fungal biomasses. The reference 
spectrum was obtained by sampling air at room temperature. The 
powdered and dried samples were positioned on a Zn-Se crystal of ATR 
accessory in equivalent amounts. The experiment was conducted in the 
4000− 650 cm− 1 spectral interval with 64 scan numbers at 4 cm− 1 res
olution [23]. 

2.4.3. Pattern recognition technique: Principal component analysis 
Principal component analysis (PCA) was applied to the mean- 

centered raw absorbance spectra in the fingerprint (1800− 650 cm− 1) 
and C–H (3000− 2800 cm− 1) regions via The Unscrambler X 10.4 (Camo, 
NO) software. Full Cross Validation method, Singular Value Decompo
sition (SVD) algorithm, and Hotelling’s T2 statistics were used in the 
model, and results were presented as scores and loadings plots. 

2.4.4. Pattern recognition technique: Hierarchical cluster analysis 
Hierarchical cluster analysis (HCA) was applied to the raw absor

bance spectra in the fingerprint (1800− 650 cm− 1) and C–H 
(3000− 2800 cm− 1) regions via The Unscrambler X 10.4 (Camo, NO) 
software. Ward’s method using Squared Euclidean distance (1800− 650 
cm− 1) and Average linkage clustering using Chebyshev distance 
(3000− 2800 cm− 1) was applied in the model. Clustering was based on 
either the magnitude of similarities or distance between the spectra and 
the result was presented as a dendrogram. 

2.4.5. Point of zero charges for Rhizopus arrhizus 
The solution pH at which the surface charge of the biosorbent be

comes zero is defined as the point of zero charges (PZC). To determine 
the PZC values of the Rhizopus arrhizus, 0.1 mol L− 1 KNO3 solutions were 
prepared and their initial pHs were adjusted in the range of 1.0–12.0 by 
NaOH and HCl. Then 10 mL of KNO3 and 100 mg biosorbent was 
incubated for 24 h in pH solutions ranging from 2.0- to 12.0. The sam
ples were kept at 25 ◦C for 24 h and the final pHs of solutions were 
measured by using a pH meter (Selecta, Spain). The graph was plotted 
using initial versus final pHs, and the PZC was determined by the ob
tained experimental results. 

2.5. Biosorption experiments 

Biosorption experiments were investigated by using the batch 
method. Stock Pb2+ solution (1000 mg L− 1) was prepared using double 
distilled water. For the adsorption experiments, 30 mg of fungal bio
sorbent was put into 10 mL of Pb2+ solution (300 mg L− 1). The 
adsorption was carried out at 25 ◦C and both fungal biosorbent and Pb2+

in polypropylene tubes of 10 mL were kept in a thermostatic water bath 
with constant agitation speed (140 rpm) for 24 h. The pH was adjusted 
with dilute HCl and NaOH solutions (each one, 0.1 and/or 1.0 mol L− 1). 
The influences of pH (1.0–5.0), biosorbent dosage (0.1–20 g L− 1), Pb2+

concentration (10–600 mg L− 1), time (2–1440 minutes), and tempera
ture (5, 25, and 40 ◦C) on biosorption were examined at batch level 
experiments to determine optimal conditions for maximal biosorption 
performance. Desorption experiments were carried out at optimal con
ditions determined at biosorption assays. Pb2+ ion concentration was 
determined by the absorbance measurement. % Biosorption and Q (mol 
kg− 1) were calculated with Eqs. 1 and 2. 

%Biosorption =
[
Ci − Cf
Ci

]

x100 (1)  

Q =

[
Ci − Cf
m

]

xV (2) 

In these equations; Cf is the equilibrium concentration (mg L− 1), Ci is 
the initial concentration of the biosorbent (mg L− 1), m refers to the 
biosorbent mass (g), V is the solution volume (L) and Q is the adsorption 
capacity (mol kg− 1). 

2.6. Desorption experiments 

Desorption studies were performed for biosorbent recovery and re- 
use in biosorption processes. In this study, dilute 1 M HCl, 1 M NaOH, 
1 M HNO3, and 1 M Ethyl alcohol solutions (each one, 0.1 mol L− 1) were 
used for desorption of the Pb2+ ions from the surface of the fungal 
biosorbent. To determine the recovery property of the biosorbent, the 
experiments were repeated three times with the same biosorbent for the 
biosorbent/desorption cycle. At the end of each experiment, the solu
tions were centrifuged at 5000 rpm for 10 min to ensure liquid-solid 
separation and the amount of Pb2+ ions in the equilibrium solution 
was determined by UV–vis spectrophotometric method. % Desorption 
was calculated with Eq. 3. 

Desorption% =
Qdes
Qads

x100 (3) 

In this equation; Qdes; the amount of desorption capacity (mol kg− 1), 
Qads; the adsorbed amount of adsorption capacity (mol kg− 1). 

2.7. The calculation of biosorption isotherms, kinetics, and 
thermodynamics 

The adsorption of Pb2+ ions onto fungal biosorbent was modeled 
using the Langmuir, Freundlich, and Dubinin-Radushkevich (D–R) 
isotherm models. The Langmuir isotherm theory assumes that adsorp
tion takes place at specific homogeneous sites within the adsorbent and 
that adsorption is a monolayer. The Freundlich isotherm theory assumes 
that adsorption occurs on heterogeneous surfaces. The D–R isotherm 
model examines adsorption energetically. The Langmuir, Freundlich, 
and D–R isotherm equations are expressed by the following Eqs. 4–6, 
respectively. 

Q =
XLKLCe

1 + KLCe
(4)  

Q = KFCβe (5)  

Qe = QDRe− KDRε
2 (6)  

where Q (mol kg− 1) is the amount of adsorption capacity, XL (mol kg− 1) 
is the maximum adsorption capacity, KL (L mol− 1) is the parameter for 
Langmuir isotherm and Ce is the equilibrium concentration (mol L− 1), 
and KF: Freundlich constant, β: adsorbent surface heterogeneity. XDR 
(mol kg− 1) is a measure of adsorption capacity, ε (mol2 K J2) is the 
Polanyi potential coefficient and KDR (mol2 K J− 2) is the activity, R is the 
ideal gas constant (8.314 J mol-1 K− 1) and T (K) is the absolute tem
perature. The Polanyi potential (ε) is expressed by the following Eq. 7. 

ε = RTln
(

1 +
1
Ce

)

(7) 

The adsorption energy (E) is expressed by the following Eq. 8. 

EDR = (2KDR)− 0.5 (8) 

If the adsorption energy is 8 < EDR<16 kJ mol− 1, the adsorption is 
chemically controlled and EDR<8 kJ mol− 1 indicates that the adsorption 
proceeds physically [22]. 

The kinetic study is very important in batch experiments to find the 
optimum interaction time of metal ions with biosorbent. The three most 
commonly kinetic models were used to evaluate the contact time 
dependence of the adsorption process. The adsorption kinetics of Pb2+

ions onto fungal biosorbent was described by pseudo-first-order (PFO), 
pseudo-second-order (PSO), and intraparticle diffusion (IPD) kinetic 
model equations are given as Eqs. 9–11, respectively [27]. 

Qt = Qe
[
1 − e− k1 t

]
(9)  

Z.M. Şenol et al.                                                                                                                                                                                                                                



Journal of Environmental Chemical Engineering 9 (2021) 104760

4

Qt =
t

[
1

k2Q2
e

]

+

[
t
Qe

] (10)  

Qt = kit0.5 (11)  

where Qt (mol kg− 1) is the adsorption capacity at time t (min), Qe (mol 
kg− 1) is the adsorption capacity at equilibrium, k1, k2, and ki is the rate 
constant of the PFO (min− 1), the PSO model (mol− 1 kg min− 1) and the 
intra IPD (mol− 1 kg min-0.5) model, respectively. 

In this study, the mass transfer factor (MTF) models developed by 
Fulazzaky [28] was used to assess the biosorption behavior of Pb2+ ions 
onto fungal biosorbent accompanied aiming at a good understanding of 
the wide applicability of the models. Therefore, the use of the following 
equations [28,29] would be able to describe the biosorption kinetics of 
Pb2+ ions onto fungus biosorbent, such that; 

ln
(
C0

Cs

)

= [kLa]gxe
− βxqxt (12)  

q =
1
β
xln(t) + B (13)  

B =

ln([kLa] ) − ln
{

ln
(
C0
Cs

)}

β
(14)  

where [kLa]g is the global mass transfer factor (min− 1), β is the 
biosorbate-biosorbent affinity parameter (kg min mol− 1), and t is 
accumulation time (min). B and β are obtained from ln(t) against q the 
graph. The slope (β) and y-intercept (B) have been verified from a 
straight line of plotting q versus ln(t). And then a curve of plotting [kLa]g 
versus Cs/C0 can be proposed to get an insight on global mass transfer 
(GMT) for the biosorption of Pb2+ ions onto fungal biosorbent. The 
mathematical equation to express the relation of external to global mass 
transfer is as follows [28]; 

[kLa]f = [kLa]gxe
− βxq (15) 

[kLa]f is the external mass transfer factor or film mass transfer factor 
or volumetric film mass transfer coefficient (min− 1). And then a curve of 
plotting [kLa]f versus Cs/C0 can be proposed to get an insight on external 
mass transfer (EMT) for the biosorption of Pb2+ ions onto fungal bio
sorbent. The internal mass transfer (IMT) factor can be calculated with 
the following equation [28]; 

[kLa]d = [kLa]g − [kLa]f (16)  

where [kLa]d is an internal mass transfer factor (min− 1). Using Eq. 16 
permits us to compute the values for variable [kLa]d following the Cs/C0 
ratio since the values for both variables [kLa]g and [kLa]f have been 
verified [28]. 

Thermodynamic parameters are necessary to explain whether the 
biosorption process is spontaneous or not. Enthalpy and entropy (ΔH◦

and ΔS◦) are obtained from lnKD against 1/T the graph. The slope 
(-ΔH◦/R) and y-intercept (ΔS◦/R) of the data plotted as lnKD against 1/T 
the graph. The KD is calculated from Eq. 17. ΔH◦, ΔS◦, and the Gibbs free 
energy (ΔG◦) are calculated using the following equations (Eqs. 18–20, 
respectively); 

KD =
Q
Ce

(17)  

ΔG = − RTlnKD (18)  

lnKD =
ΔS0

R
−

ΔH0

RT
(19)  

ΔG0 = ΔH0 − TΔS0 (20)  

where R is the ideal gas constant (8.314 Jmol-1 K-1), T is the absolute 
temperature (K). 

3. Results and discussion 

3.1. Effect of pH on biosorption and point of zero charges (PZC) 

Interactions between functional groups on the surface of the bio
sorbent and metal ions were known to be influenced by the pH of the 
medium. The pH of the solution medium is directly interested in the 
competitiveness of the metal ions with hydrogen ions to the active 
centers on the biosorbent surface. At highly acidic pHs, metal cations 
and hydrogen ions compete for binding to active sites, resulting in less 
biosorption of the metal. At high alkali pHs, soluble hydroxide com
plexes of metal ions are formed which reduces biosorption. The zeta 
potential is used to characterize the surface charge of the adsorbents 
[27] and the surface charge is affected by the solution pH in adsorption 
experiments. The pHpzc is used to determine the zeta potential and the 
surface charge is negative at the pH values above the pHpzc [27]. The 
pHpzc value of the R. arrhizus was found 4.67 (Supplementary File 1) 
indicated that the surface charge of the fungus was negative at pH 4. 

The results related to the effect of pH on the biosorption of Pb2+ ions 
by fungus are presented in Fig. 1. According to the results, the per
centage of the biosorption rate increased from 17 % to 79 % with 
increasing pH value from 1 to 4, respectively. Similarly, Javanbakht 
et al. 2011 stated that increasing pH values up to around pH 5 caused 
higher Pb2+ biosorption by another fungal biosorbent called Mucor 
indicus [30]. It was reported that the biosorbent surface became 
deprotonated due to the increasing negatively charged groups on the 
biosorbent surface at higher pH values and tent to interact with metal 
cations, therefore the metal biosorption by the fungus was enhanced 
[31]. Manzoor et al. 2012 showed that the biosorbent obtained from 
R. arrhizus performed both Cu2+ and Ni2+ ions at higher pH values up to 
around 5 [32]. In the results of the current study, the maximum Pb2+

biosorption rate was found as 79 % at pH 4, which was the natural pH of 
300 mg L− 1 (1.5 × 10-3 M) Pb2+ solution. Therefore, all biosorption 
experiments were carried out at the natural pH of the Pb2+ ion. The pH 
of the solution at pH 5 and above were not studied due to the precipi
tation of Pb2+ions as hydroxides. 

3.2. The effect of biosorbent dosage 

The effect of the biosorbent dosage on the biosorption of Pb2+ ions 
was studied in the range of 0.1− 20 g L− 1. The results given in Supple
mentary File 2 showed that the biosorption yield increased with the 
amount of fungal biosorbent increased due to the increase in active sites 

Fig. 1. The effect of pH on biosorption of Pb2+ by fungal biosorbent ([Pb2+]0 =

300 mg L− 1, biosorbent dosage = 30 mg, V = 10 mL, pH = 1.0-5.0, contact 
time:24 h, temperature: 25 ◦C). 
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on the biosorbent surface. Thus, metal ions penetrated more easily into 
the biosorption sites [31]. The maximum biosorption was found to be 
approximately 90 % in the amount of 20 g L-1 biosorbent. As the number 
of active sites for biosorption increases due to the increase in biosorbent 
dosage, the biosorption of Pb2+ ions onto the fungal biosorbent has 
increased with the increased amount of biosorbent. Similarly, Kiliç et al., 
2014 reported that increasing biosorbent dosage caused an increment of 
biosorption rate due to the increased surface area for adsorption of metal 
ions [33]. 

3.3. Effects of initial Pb2+ concentration and contact time 

The changes of % biosorption and Q (mol kg− 1) values with the 
initial Pb2+ concentration is given in Supplementary File 3. The number 
of adsorbed ions increased with increasing ion concentration and the 
percentage of biosorption was decreased. The initial concentration has 
an important effect in overcoming the mass transfer resistance formed 
between the ion in the solution and the solid surface. Supplementary File 
3 shows that there is a higher % biosorption rate at low Pb2+ ion con
centrations, and with the increase of initial Pb2+ ion concentration, 
active biosorption sites on the fungal biosorbent decreased over time 
and reached saturation. It was observed that % biosorption value has 
decreased from 98 % to 51 % at 25 and 600 mg L-1 Pb2+ ion concen
trations, respectively. This reduction was due to an effective mass 
transfer between the initial Pb2+ ion concentration and the biosorbent 
surface. 

3.4. Biosorption isotherms 

The harmony to the Langmuir, Freundlich, and Dubinin- 
Radushkevich isotherm models was presented in Fig. 2. Table 1 shows 
the parameters used in the isotherms. The maximum biosorption ca
pacity was calculated to be 0.501 mol kg− 1 and the KL value was 4976 L 
mol− 1 from the Langmuir isotherm model. Pb2+ biosorption onto fungal 
biosorbent fitted well with the Langmuir model. The Freundlich 
isotherm model, Kf 4.87 is a measure of the biosorption capacity. β 
surface heterogeneity was found to be 0.340. The D–R isotherm model, 
EDR 12.4 kJ mol− 1 is a measure of the biosorption energy. Freundlich 
parameter indicates the degree of heterogeneity of the surface, and the 
EDR value found in the D–R model indicates that the biosorption process 
is chemical. 

In adsorption studies, the adsorption amounts and working concen
trations of the solutions with the adsorbents of different initial 

concentrations allow isotherms to be compatible with widely used 
adsorption models, Langmuir, Freundlich, and DR models, and find 
adsorption parameters. The Langmuir model is a model used to define 
isotherms that exhibit hyperbola behavior, that is, reach equilibrium 
with the filling of the adsorption centers as the concentration increases 
and there is no change in the adsorption although the concentration 
increases. By investigating the compatibility of the model with the 
experimental results, the parameter called maximum adsorption layer or 
monolayer adsorption layer is observed. In addition to this, the K value 
found from the Langmuir model is a parameter related to adsorption and 
is considered as a measure of the adsorbent’s affinity to the adsorbent. 
The Freundlich model is related to the heterogeneity of the adsorption 
surface, and the value in the range of 0–1 indicates that the adsorption of 
the lead ion by the fungus is favorable under the conditions studied. 

3.5. Biosorption kinetics 

The biosorption kinetics of Pb2+ onto fungal biosorbent was pre
sented in Table 2 and the graphs were given in Supplementary File 4. 
According to the Supplementary File 4, the adsorption is completed in 
about 4 h and reaches equilibrium. Therefore, 24 h was considered 
sufficient time for adsorption. 

One of the factors affecting adsorption is the adsorption time. The 
transfer of the adsorbate to the adsorbent surface and the surface film 
formation, diffusion to surface pores, diffusion into the particle, and 
adsorption on the active centers on the pore surfaces determine the ki
netics of the entire adsorption process. Some of these events are rapid, 
such as adsorption of active centers, but some events occur quite slowly 
and this is effective in determining the adsorption rate and the order of 
adsorption kinetics. The most widely used models for determining 
adsorption kinetics are Lagergren (pseudo-first-order, PFO), pseudo- 
second-order (PSO), and intraparticle diffusion (IPD) models. Since it 
is difficult to explain the kinetics of the adsorption process, in which 
more than one event takes place simultaneously or sequentially, with a 
single model, the adsorption kinetics are generally explained by its 
compatibility with more than one kinetic model. Although the co
efficients of adaptation to real values, that is regression coefficients of 
the models, are mostly used in the evaluation of these models, the 
proximity of the adsorption value found when the adsorption reaches 
equilibrium and the adsorption value found from the model is consid
ered as a reason for the use of the model in defining the adsorption 
kinetics. 

While the PFO model only explains the adsorption kinetics in which 
desorption is neglected and has a high initial concentration and has little 
change in initial concentration or surface coating change, the PSO model 
is significant in adsorption with a lower initial concentration and 
reaction-controlled adsorption. The amount of adsorbate due to 
desorption does not change significantly during the adsorption period. 

One of the other adsorption mechanisms that affect kinetics is 
diffusion into the particle. According to this model, the fact that the 
relevant graph passes through its origin and is multi-linear indicates that 
the diffusion rate into the particle also affects the adsorption kinetics. 
The adsorption chart presented in the study is multilinear, although it 
does not pass through its origin. This result shows that the adsorption 
kinetics of lead ions to the fungal biosorbent is one of the stages that 
determine the speed of diffusion into the particle in adsorption kinetics. 

Correlation coefficients, which are a measurement of the fitness of 
biosorption to kinetic models, are used to determine the appropriate 
model. When the correlation coefficients of the PFO and PSO kinetic 
models were compared, it was seen that the biosorption kinetics were 
more suitable for the PSO kinetic model. Because when the experi
mentally calculated Qt values the theoretically calculated Qe values 
were examined (Table 2), it was seen that the PSO kinetic model results 
were closer to each other. In this case, it has shown that the biosorption 
process is better adapted to PSO kinetics. The PSO model predicts the 
rate of biosorption by mass transfer with low initial concentrations. 

Fig. 2. The variation of Pb2+ concentration on biosorption by fungal biosorbent 
and its adaptation to Langmuir, Freundlich and D-R models ([Pb2+]0 = 10-600 
mg L− 1, biosorbent dosage = 30 mg, V = 10 mL, pH = 4.0, contact time:24 h, 
temperature: 25 ◦C). 
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However, diffusion into the particle also plays an active role in the 
biosorption process. The IPD model assumes that diffusion is the deci
sive step to control the biosorption rate. In addition, IPD has two linear 
components; The adsorption process takes place primarily at active 
centers on the surface of the fungal biomass, and then diffusion into the 
pores of the fungal biomass occurs gradually.When the two models (PSO 
and IPD) are evaluated together, the kinetics of Pb2+ biosorption into 
fungal biomass can be explained by the rapid diffusion of the surface and 
the relatively slow diffusion of particles. A similar result to this situation 
has already been seen in the previous study about the Pb2+ adsorption 
on the lichen surface [27]. 

3.5.1. Mass transfer kinetics 

3.5.1.1. Linear regression. MT is the transport of mass from the high to 
low concentration [29]. In this work, the mass transfer kinetics were 
modeled according to the MTF equations [30]. According to Supple
mentary File 5, a very good fit to the experimental data was verified by 
the graph of the straight line R2 > 0.946, Table 3). Therefore, the use of 
the parameters B and β could be useful to describe the different kinetic 
mechanisms of Pb2+ ion biosorption onto fungal biosorbent. Biosorption 
of Pb2+ onto fungal biosorbent depends on the behavior of Pb2+ ions 
passing through three successive points of extracellular precipitation 
located outside of the biomass, cell surface biosorption located at 
interfacial water-biomass, and intracellular accumulation located 
within the biomass [31]. Therefore, the starting point for the analysis of 
the biosorption mechanisms involved in the transport of Pb2+ ions from 
the bulk solution to the surface of fungal biosorbent has been suggested 
to be dependent on GMT, EMT, and IMT [29]. 

3.5.1.2. Kinetics of GMT, EMT, and IMT. The determination of mass 
transfer resistance for the biosorption of Pb2+ ions onto fungal bio
sorbent is important in the analysis of the biosorption mechanisms [29]. 
Therefore, graphs of plotting [kLa] versus the Cs/C0 ratio can be used to 
predict the rates of GMT, EMT, and IMT. According to Supplementary 
File 6, the potential mass transfer as represented by the curve of [kLa]g is 
forceful at the beginning of depositing the Pb2+ ions and decreases 
exponentially with the increase of the solute accumulated onto the 
fungal biosorbent. This describes that the rate of mass transfer is still 
rapid for the amount of the Pb2+ ions accumulated onto fungal bio
sorbent. The attractive capability of the fungal biosorbent decreases 

with the increase of the Pb2+ ions accumulated. The resistance of mass 
transfer is therefore dependent on both the porous diffusion and film 
mass transfer. Because the attractive capability for the fungal biosorbent 
to adsorption Pb2+ ions in aqueous solution decreases with an increasing 
amount of the Pb2+ ions accumulated so the variations of [kLa]d or [kLa]f 
after passing an outflow decrease progressively. 

3.6. Biosorption thermodynamics 

The thermodynamic behavior of Pb2+ ions biosorption onto fungal 
biosorbent was studied at temperatures of 5 ◦C, 25 ◦C, and 40 ◦C. In 
Supplementary File 7 (ln KD-1/ T) the values of ΔH◦ and ΔS◦ were 
calculated from the slope of the graph and the cut-off, respectively. 
Adsorption enthalpy was found positive. ΔH◦ was calculated as 32.1 kJ 
mol− 1 indicated that the adsorption process was endothermic. ΔS◦ was 
calculated as 191 Jmol− 1 K− 1. The Gibbs free energy value was found as 
-21.1 kJ mol− 1 at 25 ◦C. The negative Gibbs free energy value indicated 
the possibility of spontaneous adsorption. 

Adsorption enthalpy was found positive. This shows that it is a heat 
consuming event during adsorption. The result is compatible with most 
metal adsorption studies. Adsorption entropy showed a positive increase 
in the disorder parameter. The entropy value found in adsorption from 
aqueous solution is not only applicable to the adsorption of the ion but 
also for the whole process. This positivity is due to the secondary in
teractions associated with adsorption, for example, dehydration, ion 
exchange, hydrolysis. Adsorption free enthalpy was found negative as 
expected. This result indicates that adsorption occurs spontaneously. 

3.7. Biosorption-desorption performance 

The re-use of biosorbent is very important to make the biosorption 
process cost-effective. Reusability of the desorption ability of Pb2+ ions 
onto fungal biosorbent was investigated. The fungal biosorbent was 
regenerated using HCl, NaOH, HNO3, and ethyl alcohol, and the results 
were given in Fig. 3. The maximum recovery percentage for Pb2+ ions 
onto fungal biosorbent was achieved with HCl (61 %). The minimum 
recovery percentage for Pb2+ ions onto fungal biosorbent was achieved 
with ethyl alcohol (3.7 %). 

Table 1 
Langmuir, Freundlich and Dubinin-Radushkevich isotherm models parameters.  

Langmuir Freundlich Dubinin-Radushkevich 

XL KL R2 Kf β R2 XDR -KDRx109 EDR R2 

0.501 4976 0.991 4.87 0.340 0.967 1.21 3.25 12.4 0.984 

*XL (mol kg− 1), KL (L mol− 1), XDR (molkg− 1), -KDRx109 (mol2KJ− 2), EDR (kJ mol− 1). 

Table 2 
Parameters derived from adherence to pseudo-first-order, pseudo-second-order, 
and intraparticle diffusion kinetic models.  

Kinetic 
models 

Qe/mol 
kg− 1 

Qt/mol 
kg− 1 

Hx103/mol kg− 1 

min− 1 
*(k1, k2, ki) 
x103 

R2 

PFO 0.412 0.481 14.7 35.8 0.881 
PSO 0.459 0.481 34.1 92.6 0.930 
IPD – – – 237 0.948  

* k1: dk− 1, k2: mol− 1kgmin− 1, ki: molkg− 1 min-0.5. 

Table 3 
Values of β and B, obtained from plotting q versus ln(t).  

C0 (mg L− 1) B (kg mol− 1 min) B (mol kg− 1) R2 

300 0.0797 − 0.021 0.946  

Fig. 3. The percentage of the recovery in various solvents for desorption of 
Pb2+ ions ([Pb2+]0 = 300 mg L− 1, biosorbent dosage = 30 mg, V = 10 mL, pH =
4.0, contact time:24 h, temperature: 25 ◦C). 
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3.8. Infrared spectroscopy coupled with pattern recognition techniques 

Infrared spectra of samples (UL and PL groups) indicated obvious 
changes in both the fingerprint (1800− 650 cm− 1) and CH (3000− 2800 
cm− 1) spectral regions (Supplementary File 8). However, the interaction 
of functional groups of fungal biosorbent with Pb2+ ions during the 
biosorption process was specifically determined by pattern recognition 
techniques developed on the big infrared spectral datasets, for better and 
reliable resolution of the prominent changes. The analyses ensured to 
identify the molecular modifications on the surface of unloaded (UL) 
and Pb2+ loaded (PL) fungal biosorbent. 

PCA and HCA models which were developed on a dataset of finger
print spectral region (1800− 650 cm− 1) have been provided in Fig. 4 for 
UL and PL groups. As can be seen from the scores plot, the UL group was 
clustered as negative scores, however, the PL group was found as posi
tive scores along the PC1 (49 %) (Fig. 4a). The loadings plot revealed 1 
positive and 5 negative discriminators (Fig. 4b). Biologically, each of 
these discriminators represents the specific molecular modulation. In 
the interpretation of these modulations, we considered the link between 
scores (either negative or positive) and negative and/or positive dis
criminators. In other words, the scores (samples) values are bigger than 
the mean of all samples for a particular discriminator, provided that the 
signs (positive or negative) of scores and discriminator’s loading value 
are identical on an examined PC. If these signs are opposite, the values of 
scores are lesser than the average values for a particular discriminator. 
The big values on both scores and loadings plots indicate a powerful 
correlation and vice-versa. 

To interpret the correlated data, the negative discriminators at 1670 
cm− 1 (band 2) and 1600 cm− 1 (band 3) represent the amide spectral 
region of proteins [34]. The other negative discriminators were assigned 
to various molecular alterations such as C––O vibrations of ester groups 
in triacylglycerols (band 1/ 1745 cm− 1), CH2 bending vibrations in 
lipids (band 4/ 1455 cm− 1), and C–O vibrations in polysaccharides 
(band 5/ 1105 cm− 1). The vibrational states of all these bands were 
negatively correlated with the scores of the PL group. In other words, 
these variables were found lower in the PL group compared with their 
average values, indicating the specific modulations in the represented 
biomolecules, as a result of Pb2+ loading. The positive discriminator at 
966 cm-1 (band 6) assigned to C–C vibrational stretching of the DNA 
backbone [35] was found greater in the PL group concerning its average 
value (positive correlation), indicating alterations in DNA backbone. 
The PCA result was also confirmed by HCA ran on the same fingerprint 
region, as clear-cut discriminatory dendrogram was obtained between 
the UL and PL groups (Fig. 4c). 

Fig. 5a and b represent scores and loadings plots of the PCA model, 
while the dendrogram of the HCA model is given in Fig. 5c in the CH 
region (3000− 2800 cm− 1) for UL and PL groups. The CH region is 
generally considered to be associated with vibrational stretches in NH 
and CH functional groups of proteins and fatty acids, respectively 
[36–38]. According to the scores plot (Fig. 5a), the UL group was 
segregated in the negative side (negative scores), whereas the PL group 
was clustered in the positive side (positive scores) along the PC1. In all 
data analysis, we considered PC1 because it represents the largest (93 %) 
proportion of data standing behind the discrimination. A PC1 loadings 

Fig. 4. Interaction of Pb2+ ions with functional groups of fungal biosorbent as revealed by pattern recognition techniques at fingerprint (1800-650 cm− 1) spectral 
region. (a) Scores plot and (b) Loadings plot of principal component analysis for UL and Pb groups. (c) The dendrogram of hierarchical cluster analysis for UL and 
Pb groups. 
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plot indicates that the discrimination seen in the scores plot emerges 
from variations in negative discriminators (bands 1, 2, and 3) (Fig. 5b). 
The negative discriminators at 2958 cm− 1 (band 1), 2928 cm− 1 (band 
2), and 2858 cm− 1 (band 3) correspond to vibrational stretching of CH 
groups in acyl chains of fatty acids [34; 37]. The UL group was found as 
negative scores (same sign with discriminators of loadings plot), how
ever, the correlation of scores and loadings plots demonstrate the 
opposite signs between the PL group (positive) and discriminators on the 
loadings plot (negative). Therefore, the correlated data mean that 
vibrational stretches of CH of acyl chains in the PL group are less than 
their corresponding average values. In other words, Pb2+ loading led to 
changes in fatty acid molecules. The distinct discrimination in the 
dendrogram obtained by HCA in the CH region was also supportive 
(Fig. 5c). The results of both PCA and HCA models obtained for the CH 
region are complementary with the results obtained in the fingerprint 
region (Fig. 4). 

The results indicated that the surface of the fungal biosorbent pre
pared from R. arrhizus biomass has diverse functional groups interacting 
with metal ions (Figs. 4 and 5). It was known that the major site for 
metal biosorption on the fungal surface was the fungal wall [21]. Feo
filova, 2010 reported that the composition of the fungal cell wall was 
dominantly polysaccharides (80 %) and also proteins (3–20 %) [39]. 
The analyses of the fungal biosorbent revealed the characteristic spectral 
bands originating from divergent functional groups of biological mole
cules interacting with Pb2+ ions. Presumably, the changes in the 
stretching of various functional groups are associated with the interac
tion of Pb2+ ions with active sites of fungal biosorbent. Previous studies 
showed that electrostatic interactions are important in the chemical 
attraction of Pb2+ ions by active sites of fungal biosorbent [40, 41]. 

3.9. SEM analysis 

The surface morphology and bulk structure of the unloaded and 
metal ion loaded fungal biosorbent was investigated by the scanning 
electron micrographs and were given in Fig. 6. The scanning electron 
micrograph showing the sporangium of R. arrhizus composed with a 
mass of spores of the fungus (Fig. 6a). The surface morphology of the 
fungal sample (Fig. 6a) was conspicuously different from that of the 
metal loaded one (Fig. 6b). The smooth surface of the sporangium and 
mycelia of the fungus (Fig. 6c), turned rough and irregular after the 
biosorption of metal ions (Fig. 6d). Highly magnified images showed 
that the surface of unloaded samples (Fig. 6e) was rigid but the surface 
of metal loaded samples (Fig. 6f) was roughly indicating the adsorption 
of Pb2+ ions on the sporangium surface. 

Fig. 7a and 7b show the EDX spectra before/after Pb2+ biosorption 
onto fungal biosorbent. According to the results in Fig. 7a, the fungal 
biosorbent contained elements C, O, Ca, Cl, and K. On the other hand, 
the presence of Pb2+ ions, as well as all elements of the fungal biosorbent 
in Figure 7b, was the evidence for Pb2+ biosorption onto the fungal 
biosorbent. The results of EDX mapping analysis also supported the Pb2+

biosorption onto the surface of fungal biosorbent (Supplementary File 
9). The biosorption process involves different mechanisms for binding 
metal ions. These can be divided into metabolism-dependent and 
metabolism-independent processes according to the dependence of the 
biosorption mechanism on cell metabolism. According to the location 
where metal ions are removed from the solution, the biosorption process 
can be classified as i) cell-surface biosorption ii) intracellular accumu
lation and iii) precipitation/extracellular accumulation. Biosorption of 
metal ions to the cell surface occurs between functional groups on the 

Fig. 5. Interaction of Pb2+ ions with functional groups of fungal biosorbent as revealed by pattern recognition techniques at CH (3000-2800 cm− 1) spectral region. 
(a) Scores plot and (b) Loadings plot of principal component analysis for UL and PL groups. (c) The dendrogram of hierarchical cluster analysis for UL and Pb groups. 
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Fig. 6. SEM photographs of fungal biosorbent before (a, c, e) and after (b, d, f) biosorption of Pb2+([Pb2+]0 = 300 mg L− 1, biosorbent dosage = 30 mg, V = 10 mL, 
pH = 4.0, contact time:24 h, temperature: 25 ◦C). 
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cell surface and metal ions, and this is based on physical biosorption. 
This type of biosorption is not dependent on metabolism, it is relatively 
fast and reversible. Intracellular accumulation occurs only in living cells. 
In the case of precipitation/extracellular accumulation, the biosorption 
process can occur both in solution and at the cell surface. Each of these 
three mechanisms is a process that occurs independently, and the bio
sorption process is considered to be a combination of several of these 
mechanisms [42]. 

According to the results of this study, the binding mechanism of Pb2+

ions to the fungal biosorbent involves at least a two-step process. The 
first step is the interaction between Pb2 + ions with functional groups in 
the cell wall (glucans, polysaccharides, mannoproteins, and chitin). The 

second stage is the inorganic accumulation of Pb2+ ions. FT-IR analysis 
results also revealed characteristic spectral bands originating from 
functional groups of fungal biosorbent interacting with Pb2+ ions. 
Changes in the stretching of functional groups of fungal biosorbent after 
Pb2+ biosorption are related to the interaction of Pb2+ ions with active 
centers in functional groups in the fungal biosorbent. Besides, changes in 
SEM images after Pb2+ biosorption and EDX analysis results also support 
Pb2+ biosorption into active centers in the fungal biosorbent. 

The reported studies about the metal biosorption properties of the 
genus Rhizopus were presented in Table 4. According to Table 4, Sağ 
et al. (2000) showed that the Pb2+ ion biosorption capacity of R. arrhizus 
was 12.31 mg g− 1 with a 200 mL working solution including 20 mL 

Fig. 7. EDX spectrum of fungal biosorbent before (a) and after (b) biosorption of Pb2+. ([Pb2+]0 = 300 mg L− 1, biosorbent dosage = 30 mg, V = 10 mL, pH = 4.0, 
contact time:24 h, temperature: 25 ◦C). 
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fungal suspension dosage at pH 4 and 25 ◦C [18]. In the current work, 
the optimal biosorbent dosage was found 3 mg g− 1, which was higher 
than Sağ et al. (2000) used [18]. Although other parameters such as pH, 
agitation rate, and temperature were the same, biosorbent dosage was 
different and the biosorption capacity was found higher in the current 
work. Besides, the results of the current work showed that the bio
sorption rate was diminished by decreasing the biosorbent dosage. 
Similarly, Uslu et al. (2003) studied the Pb2+ removal rate of R. arrhizus 
and reported that the fungus performed 50.42 mg g− 1 Pb2+ biosorption 
capacity at 200 mg L− 1 Pb2+ ion concentration and 25 ◦C with 1 g L− 1 

biosorbent dosage [19]. Although the biosorbent dosage, agitation rate, 
and temperature were the same as the current work, the initial Pb2+ ion 
concentration was lower than the results of the current study. The 
optimal ion concentration was determined as 300 mg L− 1 and it has also 
been proven that the biosorption capacity was enhanced by increasing 
the initial Pb2+ concentration. Among the heavy metal biosorption ca
pacity of the fungal species reported by the previous studies, the 
R. arrhizus fungus used in this study performed the most successful Pb2+

removal capacity from aqueous solutions under the determined optimal 
conditions. 

The results of this study also show that the total amount of bio
sorbent removes 103.70 mg of Pb2+ ions per gram. This efficient metal 
removal was carried out at room temperature using 3 g of biosorbent per 
liter. Approximately 500 mL of molasses medium was used to obtain 1 g 
of dried biosorbent during the study. The molasses medium contained 
molasses provided free of charge from the factory as a carbon source, 
and relatively inexpensive ammonium sulfate as a nitrogen source for 
microbial growth [43]. In this case, it reduces the cost of the whole 
process. Besides, the use of room temperature also reduces the produc
tion and especially energy costs in large-scale fermenters. In light of this 
information, this study optimized the mycosorption of Pb2+ by 
R. arrhizus and revealed the optimal conditions to obtain the best 
removal performance. Many studies previously published in the litera
ture support the view that fungal biomass can be an economical bio
sorbent [6–8,17–21,31,41,42,44]. Some studies have even shown that 
the fungal biomass used in production for different purposes is an 
economical and cheap biosorbent [44]. It has also been reported in the 
literature that R. arrhizus, the fungus used in this study, can be used in 
the production of lactic acid, which is an important biotechnological 
product [45]. In another study conducted in recent years, it has been 
reported that R. arrhizus can be used successfully in the commercial 
production of Fumaric acid, a biotechnological product [46]. In this 
context, it is thought that the waste R. arrhizus biomass generated as a 
result of the production of other commercial products can be used as a 
cheap and efficient biosorbent as shown in this study. 

The detailed examination of Table 4 revealed that both Pb2+ and 
other metals such as Cu2+ and/or Cd2+ removals of R. arrhizus species 
were already investigated. For example, Uslu et al. (2003) studied the 
optimization of R. arrhizus’s Cd2+, Pb2+, and Cu2+ removals, and 
showed that this fungus achieved the best Pb2+ removal among others 
[19]. Also, Sağ et al. (2000) [18] examined the biosorption of Pb2+ and 

Cu2+ by the R. arrhizus and achieved higher removal capacity than Uslu 
et al. (2003) [19] showed. In this case, the literature supports the pos
sibility of obtaining different results because of the change of optimal 
conditions and this current study was conducted due to the necessity of 
re-examination of this situation. Besides, both Sağ et al. (2000) [18], as 
well as Uslu et al. (2003) [19], showed that the fungus performed the 
best Pb2+ removal compared to other metals, which indicates that the 
fungus has a greater affinity for Pb2+. Therefore, only Pb2+ was inves
tigated as a metal in this study. In this study, the parameters for Pb2+

removal were kept in a wide range and the optimal conditions were tried 
to be determined clearly. On the other hand, the previous studies re
ported that the fungus can successfully remove metals such as Cu2+ and 
Cd2+, albeit less than Pb2+ (Table 4). 

This study determined that there is a chemical interaction between 
the fungal surface and Pb2+ ions in the mycosorption mechanism. In this 
case, the mycosorption mechanism of Pb2+ prevails other metals such as 
Cu2+, Cd2+, which have similar chemical properties with Pb2+. 

4. Conclusions 

This study aims to optimize the Pb2+ removal potential of fungal 
biomass obtained from R. arrhizus and also to explain the mechanism of 
mycosorption. The optimal conditions for maximum removal capacity 
were pH 4, 25 ◦C, and 150 rpm agitation rate with 300 mg L− 1 initial ion 
concentration and 3 g L− 1 biosorbent dosage. The maximum myco
sorption capacity was found 103.70 mg g− 1 at the determined optimal 
conditions. Under optimal conditions, the monolayer adsorption ca
pacity was calculated as 0.501 mol kg− 1 from the Langmuir isotherm 
model. The biosorption free energy was found to be EDR (16.2 kJ 
mol− 1), showing that the adsorption proceeds chemically. The bio
sorption kinetic of Pb2+ions onto fungal biosorbent was suitable with the 
PSO kinetic model. The use of the MTF models to simulate the experi
mental data was able to provide a more complete understanding of the 
biosorption kinetic mechanisms of Pb2+ ions onto fungal biosorbent. The 
resistance of mass transfer for the biosorption of Pb2+ ions onto fungal 
biosorbent from aqueous solution may be mainly dependent on EMT. 
Thermodynamic parameters showed that Pb2+ biosorption by the fun
gus was spontaneous and endothermic. The results of the characteriza
tion analysis supported that the compounds forming the structure of the 
fungal cell wall and its chemical structure allow metal ions such as Pb2+

to be chemically adsorbed. On the other hand, it was revealed that the 
desorption of Pb2+ ions is maximally achieved in acidic conditions. 
According to the results of this study, the most important factor for 
R. arrhizus being a successful biosorbent in heavy metal removal is the 
chemical structure of the cell wall. 

To sum up, fungal biosorbent has very good properties such as high 
biosorption capacity for lead ions, easy and economic preparation, 
environmentally friendly, thermodynamically favorable, high bio
sorption, effective, and cheap biosorbent, compatible with the green 
chemistry concepts. 

Table 4 
The comparison of heavy metal removal capacity of fungal species belonging to the Rhizopus genus (Hm: heavy metal; Co: Initial metal concentration; T: Temperature; 
Bd: Biosorbent dosage; Ar: Agitation rate; Qm: Adsorbed capacity).  

Fungal species Hm Co pH T (◦C) Bd Ar (rpm) Qm (mg g− 1) Refs. 

R. arrhizus Cd2+ 50 mg dm− 3 3.5 30 20 mL 150 11.17 [19] 
R. arrhizus Pb2+ 50 mg dm− 3 4 25 20 mL 150 12.31 [19] 
R. arrhizus Cu2+ 50 mg dm− 3 4.5 30 20 mL 150 7.32 [19] 
R. arrhizus Pb2+ 2.80 mg L− 1 4.5 30 1 g L− 1 120 2.64 [20] 
R. oryzae Pb2+ 200 mg L− 1 4 25 2 g L− 1 100 69.73 [21] 
R. oryzae Co2+ 200 mg L− 1 7 25 2 g L− 1 100 13.56 [21] 
R. oligosporus Pb2+ 200 mg L− 1 5 30 0.5 g L− 1 200 126.00 [17] 
R. arrhizus Pb2+ 200 mg L− 1 5 25 1 g L− 1 150 50.42 [18] 
R. arrhizus Cu2+ 200 mg L− 1 4 25 1 g L− 1 150 31.23 [18] 
R. arrhizus Pb2+ 300 mg L− 1 4 25 3 g L− 1 150 103.70 This Study  
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