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Abstract: Melanin as a natural polymer is found in all living organisms, and plays an important
role in protecting the body from harmful UV rays from the sun. The efficiency of fungal biomass
(Aureobasidium pullulans) and its extracellular melanin as Cr(VI) biosorbents was comparatively
considered. The efficiency of Cr(VI) biosorption by the two sorbents used was augmented up to
240 min. The maximum sorption capacities were 485.747 (fungus biomass) and 595.974 (melanin)
mg/g. The practical data were merely fitted to both Langmuir and Freundlich isotherms. The kinetics
of the biosorption process obeyed the pseudo-first-order. Melanin was superior in Cr(VI) sorption
than fungal biomass. Furthermore, four independent variables (contact time, initial concentration of
Cr(VI), biosorbent dosage, and pH,) were modeled by the two decision trees (DTs). Conversely, to
equilibrium isotherms and kinetic studies, DT of fungal biomass had lower errors compared to DT
of melanin. Lately, the DTs improved the efficacy of the Cr(VI) removal process, thus introducing
complementary and alternative solutions to equilibrium isotherms and kinetic studies. The Cr(VI)
biosorption onto the biosorbents was confirmed and elucidated through FTIR, SEM, and EDX
investigations. Conclusively, this is the first report study attaining the biosorption of Cr(VI) by
biomass of A. pullulans and its extracellular melanin among equilibrium isotherms, kinetic study, and
algorithmic decision tree modeling.

Keywords: artificial intelligence; biosorption; fungal biomass; water treatment; heavy metals

1. Introduction

Admission to hygienic and secure water is crucial for healthy living organisms; how-
ever, this reality could not be achieved worldwide owing to the increase in human activity
e.g., agricultural practices, and industrialization [1]. Heavy metals are a major environ-
mental anxiety owing to their toxicity, ability to bioaccumulate, and persistence in the food
series [2]. Chromium is produced in the environment as a byproduct of several activities
such as mining, energy production, steel, and iron industries. However, chromium ions at
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permissible limits could possess a vital function in the biosynthesis of nucleic acids, and the
metabolism of fat, proteins, and carbohydrates. The toxicity of Cr ions was found to arise
from oxidation status [3]. The high oxidative form (hexavalent Cr6+) is more toxigenic, and
carcinogenic in biological systems compared to the trivalent Cr3+ ions, which are less toxic,
more soluble, and have stable oxidation status [4].

A variety of water bioremediation processes (e.g., ion exchange, and coagulation-
flocculation), are utilized to remove heavy metals. However, these procedures have many
disadvantages i.e., expensive, energy-intensive requirements, time-consuming, and un-
dergo drawbacks correlated to recyclability. Therefore, the biotechnological-based treat-
ments, e.g., bacteria, fungi, plants, and algae, are, currently, being documented on leaching
heavy metals from contaminated effluents [5,6], since the biological methods are cost-
effective and eco-friendly [7].

Melanin is a black or dark brown high molecular polymer, which is biosynthesized
by oxidation and polymerization of phenolic compounds [8]. It is associated with some
melanized fungal strains, situated in the cell wall or remains extracellularly [9]. Melanin
also has many other biological properties, including antimicrobial [10], photoprotective [11],
and antioxidant effects. Melanin has been shown to inhibit the growth of bacteria, fungi,
and viruses. This is thought to be due to their ability to chelate metal ions and disrupt the
cell membranes of microorganisms [12]. Melanin absorbs ultraviolet radiation, which can
damage DNA leading to skin cancer [13]. They also help to prevent premature aging of the
skin [14].

Both melanized fungi and their melanin are new renewable potential biosorbents for
removing heavy metals [15]. Fungal melanin contains a diversity of functional groups,
including phenolic, carboxylic, amine, and hydroxyl groups that can bind to metal ions [16].
For instance, copper binds mainly to the carboxyl group in catechol melanin at pH < 5,
but at pH > 6, copper binds primarily to the phenolic hydroxyl group [17]. Another study
reported that the proteinaceous fraction containing nitrogen groups can bind iron and
copper [18].

Additionally, the biosorbent potential of melanin depends upon the physicochemical
features of functional groups [19,20]. Moreover, melanin polymers could also interact
with metal ions through their free radical species, forming complexation [21,22]. Another,
the thermal tolerance of melanin and insolubility in organic solvents and aqueous solu-
tions ensure the constancy of melanin as an adsorbent to industrial effluents containing
metals [23].

Numerous reports discussed the ability of filamentous fungi to bind metals, where
fungal mycelium involves an interconnected network of millimeter-to-centimeter-long
hyphae [24]. Moreover, fungal biomass can produce massive growth on a large scale, where
the biosorption of metal ions by filamentous fungi can occur at a minimal cost [25].

Decision trees (DTs) are a kind of artificial intelligence classified as supervised machine
learning and data mining algorithms. DTs are used to solve both classification and regres-
sion tasks, determine the relative importance of the independent variable on a response
target, clustering analysis, and understand and interpret a wide variety of data types.
DTs work by recursively partitioning a data set into minor subsets until each subset is
homogeneous concerning the target variable. The decision rules at each node of the tree are
learned from the training data and can be used to predict the target variable for new data
points [26]. To obtain optimum prediction by DT for new conditions, it is crucial to have an
applicable assortment of data. Anyhow, the training and optimization process should be
followed by authentication, as the certainty tree can be influenced by overfitting and other
affairs thus several roles are recommended to avoid such problems [9,27].

No information is available about the combination of DT with equilibrium isotherms
and kinetic studies for the determination of relative variable importance and modeling the
biosorption process. Combining equilibrium isotherms and kinetic studies with DTs can
provide a holistic understanding of the sorption process. Where equilibrium isotherms
describe the system relationship between the amount of solute adsorbed onto a sorbent,
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kinetics focus on how quickly the sorption process occurs and how the concentration of
the solute changes over time, DT, on the other side, can predict the outcome or behavior of
all sorption system based on various input parameters, as well as determining the relative
importance of the independent variables. As a case study, Aureobasidium pullulans and
its extracellular melanin were used during the current work in a trial to understand the
mechanism by which pollutants are adsorbed onto fungal biomass and melanin. In general,
the exhaustion of fungal biomass or melanin in the eradication of heavy metal ions from
wastewater is an urgent demand from the environmental arguments of view.

Biomass-based sorbents are a sustainable and cost-effective way to remove Cr(VI) from
water and wastewater [28]. These sorbents can be made from a variety of biomass materials,
such as agricultural waste, wood waste, and food waste. They can be functionalized
with various chemical groups, such as carboxylates, amines, and phosphates, to improve
their Cr(VI) sorption capacity. The sorption of Cr(VI) onto biomass-based sorbents is a
complex process that is influenced by several factors, including the sorbent material, the
functionalization chemistry, the Cr(VI) concentration, the pH, and the temperature. In
general, Cr(VI) sorption is favored by low pH values and high temperatures [29]. Biomass-
based sorbents are effective in removing Cr(VI) from water and wastewater with high
sorption capacities and low regeneration costs [30]. They are promising technologies
for the removal of this toxic heavy metal from the environment. The benefits of using
functionalized biomass-based sorbents for Cr(VI) removal included [31]: (1) They are
renewable and biodegradable, making them ecofriendly. (2) They are low-cost and easy to
produce. (3) They can be tailored to specific Cr(VI) removal applications. Functionalized
biomass-based sorbents are a promising new technology for the removal of Cr(VI) from
water and wastewater. They offer many advantages over traditional sorbents, making them
a more sustainable and cost-effective option for environmental remediation [32].

Herein, our investigated study focused on Cr(VI) biosorption through (i) compar-
ing the biomass of A. pullulans and its extracellular melanin during isotherm models
i.e., Langmuir, Freundlich, and Temkin, (ii) investigating the kinetic behavior by applying
pseudo-first-order and pseudo-second-order (iii) modeling the overall biosorption process
by DT for both fungal biomass and melanin. Additionally, it confirmed the biosorption
process of Cr(VI) ions on fungal biomass and melanin particles by SEM, EDX, and FT-IR
analyses. The current study provides complementary information on modeling biosorption
using different modeling procedures. Moreover, developing efficient and environmentally
friendly methods for heavy metals removal from industrial wastewater. Cr(VI) was chosen
as a case study. As fungal biomass and melanin are renewable, and ecofriendly resources
that are readily available, it is important to compare the sorption capacity of both biomate-
rials using two complementary models to determine the most efficient biosorption process
for a particular application.

2. Materials and Methods
2.1. Materials

All the used chemicals in the current study were purchased from Sigma Co., St. Louis,
USA. HCl (0.1 N), and NaOH (0.1 N) solutions were prepared and utilized to adjust the pH
of the solution.

2.2. Preparation of Hexavalent Chromium Solution

Potassium dichromate (Cr(VI), ≥99%) solution was prepared at 1000 mg/L in deion-
ized water and used to prepare a concentration range of 5 to 200 mg/L. The working
solution pH was adjusted to the respective level by HCl or NaOH using a pH meter
(HI98130, Hanna Instruments, Romania). Trials were performed in a 100 mL working
solution in a 250 mL conical flask. The remaining Cr(VI) after the biosorption process was
determined [33] using an Atomic Absorption Spectrophotometer (Buck Scientific Accusys
211 series, Norwalk, Connecticut, USA) by an air/acetylene flame system.
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2.3. Preparation of Biosorbants
2.3.1. Fungus and Melanin

Aureobasidium pullulans AKW (GenBank accession number OP924554) was obtained in
an earlier study [9]. The medium of melanin biosynthesis [34] consisted of potato sucrose
broth. The medium was prepared by mixing potato infusion (200 g of sliced, and unpeeled
potatoes were boiled in 1 L of distilled water for 30 min, then filtered to remove debris
of potato) and sucrose (50 g/L of potato infusion). The medium was adjusted to pH 6.0.
Flasks containing 100 sterilized medium (15 min at 121 ◦C) were inoculated by fungal seeds
(3 × 107 cells/mL) in a proportion of 5%. The culture was incubated at 30 ◦C for 10 days
with a rotation speed of 200 rpm.

2.3.2. Separation and Purification of Melanin

The separation and purification of melanin was carried out following The protocol
of El-Gamal et al. [35] and Müjdeci [36] with minor modifications. Briefly, melanin was
separated from the microbial cell pellets by centrifugation (15 min, 3000× g). Melanin in
the cell-free filtrate was precipitated by reducing the pH down to 2.0 by HCl (6 M) and kept
for 4 h under cooling. The precipitate was separated at 7000× g for 15 min. The recovered
melanin was washed with distilled water. The melanin purification process was repeated
four times followed by lyophilization, then stored (at −20 ◦C).

2.4. Cr(VI) Ions Biosorption Process

The batch adsorption unit contained 0.01 g of the dried fungal biomass or the biosyn-
thesized melanin and 10 mg/L Cr(VI). 100 mL solution was then agitated (200 rpm at
room temperature) in an orbital shaker. Solutions were gathered at a definite time and then
centrifuged (12,000 rpm, 10 min). Cr(VI) residual concentrations were analyzed using ICP-
OES [37] and the amount of metal ions biosorbed onto the used biosorbents was estimated
(Equation (1)).

qe =
(C 0 − C e)v

w
(1)

where qe is the quantity of Cr(VI) ions absorbed at a specific period per unit mass of the
used materials (mg/g), C0 is the initial Cr(VI) level (mg/L), Ce is the residual Cr(VI) in
solution at equilibrium (mg L−1), V is the volume (L) and W is the amount of the used
biosorbent particles (g). The Cr(VI) ions removal percentage was estimated by Equation (2):

% of Cr(VI) ions removal =
C0 − Ce

C0
× 100 (2)

where Co and Ce (mg/L) are the initial and equilibrium levels of Cr(VI) ions in the solution.
The impacts of numerous processing factors, i.e., initial Cr(VI) ions concentration,

interaction time, solution pH, and weight of biosorbed material on the Cr(VI) biosorption
process were optimized and studied.

2.4.1. Influence of Contact Time

A weighing 0.01 g of the fungal biomass or the biosynthesized melanin particles was
added to a 100 mL volume of Cr(VI) solution (10 ppm). Then, the solutions were shaken
for diverse intervals of time (10, 20, 30, 60, 120, 180, 240, 280, and 300 min).

2.4.2. Effect of Initial Cr(VI) Concentration

A weight of 0.01 g of the used fungal biomass or the biosynthesized melanin particles
was added to a series of initial Cr(VI) solution concentrations (5, 10, 25, 50, 100, and
200 mg/L), and the tests were accomplished for the equilibrium.
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2.4.3. Effect of Thresholds of Fungal Biomass and Its Melanin

Different amounts of the used fungal biomass and the biosynthesized melanin particles
(0.005, 0.01, 0.05, 0.1, and 0.2 g) were added to each 100 mL of Cr(VI) aqueous solution and
shaken for a constant biosorption time.

2.4.4. Solution pH vis. Cr(VI) Sorbtion

The pH effect of the Cr(VI) solution was inspected at diverse pH values (2, 4, 5, 7, 9,
and 11) using a pH meter (ADWA, AD1000, Romania), and it was controlled by adding
(1 N) NaOH or HCl solutions. The bio-sorbent particles (0.01 g) were added to each 100 mL
of Cr(VI) solution using 10 ppm as an initial concentration and were shaken for a constant
bio-sorption time.

2.5. Biosorption Isotherm Determination

To study the biosorption isotherms (equilibrium modeling), the impact of the initial
Cr(VI) ions level on the biosorption practicability was conducted through batch mode
studies by contacting 0.01 g of the used bio-sorbents within a range from 5 to 200 mg/L
Cr(VI).

Equilibrium isotherm models defined the adsorbent and adsorbate interactions. The
shape of isotherms is determined by many factors such as Cr(VI) level in the solution,
their biosorbent capabilities, and the grade of rivalry between Cr(VI) ions to bind to the
active sites of biosorbent. The biosorption behavior of Cr(VI) ions onto the used bio-
sorbent particles and the optimal terms of biosorption attitude can be appraised from
the equilibrium isothermal factors. The Langmuir, Freundlich, and Temkin adsorption
isotherm models were applied to explain the equilibrium discrimination of Cr(VI) ions
onto the biosorbents [38]. Langmuir isotherm assumes the homogeneity of the biosorption
process, for instance, biosorption uniform energy with no transmigration of Cr(VI) ions in
the plane of the used bio-sorbent particles surface, with a monolayer coverage, and uniform
biosorption energies. The linear isotherm form of Langmuir is presented in Table 1.

Table 1. Equations of Langmuir, Freundlich, and Temkin models for biosorption of Cr(VI) onto the
used fungal biomass and the biosynthesized melanin [39].

Adsorption
Models Equation Parameter

Langmuir Ce
qe

= 1
qmK + Ce

qm

qe is the amount of Cr(VI) ions biosorbent at equilibrium (mg/g),
qm is the supreme monolayer coverage aptitudes (mg/g), K is the
Langmuir constant (L/mg), and Ce is the equilibrium concentration

of Cr(VI) ions (mg/L).

Freundlich ln qe = ln K f +
1

n f
ln Ce

qe is the Cr (VI) ions amount biosorbent at equilibrium (mg/g); Ce
is the Cr (VI) ions equilibrium concentration (mg/L); and KF and nf

are Freundlich constants related to the biosorption aptitude and
biosorption intensity, respectively

Temkin qe = B ln KT + B ln Ce

KT is the Temkin constant referring to equilibrium maximum
binding energy and B is the Temkin constant interrelated to

bio-sorption heat.

The model of Freundlich biosorption isotherm suggested that the Cr(VI) ions uptake
takes place on a heterogeneous surface by multilayer biosorption with the lateral interaction
between biosorbent Cr(VI) ions on the surface of used biosorbent particles surface. The
linear form of Freundlich isotherm is publicized in Table 1. The Temkin isotherm transacts
with the indirect impacts of interactions between the biosorbent and biosorbent Table 1.
The heat of biosorption of all molecule layers decreases linearly with coverage owing to the
interactions between bio-sorbent, and biosorbate [40].
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2.6. Biosorption Kinetic Studies

The biosorption kinetic study is a crucial step in highlighting the biosorption process’s
mechanism. An amount of 0.01 g of the used fungal biomass and the biosynthesized
melanin particles were mixed with 10 ppm Cr(VI) metal ions at 200 rpm for diverse intervals
of time (10–300 min). The final Cr(VI) concentration was measured after each interval
time and the amount of biosorbent metal ion (qt, mg/g) was plotted versus time (t, min)
for kinetic modeling. Four prevalent kinetic models (pseudo-first-order, pseudo-second-
order, intra-particle Diffusion, and Elovich) were searched to find out the biosorption of
Cr(VI) onto the used biosorbent particles. Lagergren’s pseudo-first-order supposes that
the biosorption process relies merely upon the level of Cr(VI) ions in the aqueous phase
and the biosorbent’s accessible binding sites at any time [41]. The pseudo-first-order model
Equation is presented in Table 2.

The pseudo-second-order kinetic model proposed that chemical biosorption is the
rate-controlling step of a biosorption process (Table 2). An intra-particle diffusion model
is a mechanistic sequence used to clarify biosorption kinetics. Generally, the biosorption
process is controlled by either external, pores, or surface diffusion adsorption on the surface
of the pore or a mixture of them. It is a function of adsorption aptitude and time that is
calculated by the Equation given in Table 2 as reported by Weber and Morris [42].

Table 2. Pseudo-first-order, Pseudo-second-order, Elovich, and Intra-particle diffusion kinetics
models equations for biosorption of Cr(VI) ions onto the used fungal biomass and the biosynthesized
melanin at 25 ◦C [38,43].

Adsorption Kinetic
Models Equation Parameter

Pseudo-first-order ln (qe − qt) = ln qe − K1t
qt and qe are the biosorbent Cr(VI) ions amount at time t and
equilibrium (mg/g), respectively. k1 (min−1) is the first-order

reaction rate constant

Pseudo-second-order t
qt

= 1
(K2qe)

2

qt and qe are the biosorbent Cr(VI) ions amount at time t and
equilibrium (mg/g), respectively, and k2 is the second-order

reaction rate equilibrium constant (g/mg/min).

Elovich qt = à +ß ln t à is the initial sorption rate (mg/g/min) and ß is the extent of
surface coverage and activation energy for chemisorption (g/mg)

Intra-particle diffusion qt = kit0.5 + ci
ki is the intra-particle diffusion rate constant, and ci gives a

prediction about the boundary layer thickness

2.7. Decision Tree Learning Algorithm

Two parametric machine learning regression and classification trees were constructed [9]
to find out the probable answers for maximizing Cr(VI) removal using the 4 tested variables
that were used during equilibrium isotherms and kinetic studies, i.e., contact time, initial
Cr(VI) concentration, pH, and fungal biomass or melanin doses. The relative importance
of the 4 input continuous predictor variables that mitigate the noise resulting from the
experiential procedures was tested. The target response variable was Cr(VI) removal. The
4 continuous predictors in the data were used to generate DT based on the least squared
errors rule as a node-splitting process.

The DT statistics for training and testing to select and evaluate the optimal tree, where
the maximum correlation coefficients (R2) and lowest model error (root mean squared error
(RMSE), mean squared error (MSE), mean absolute deviation (MAD), and mean percent
error (MAPE), and standard deviation, were used judgment statistics.

For both fungal biomass and melanin, validation was carried out at a random fraction
of 0.3, where 30% of data were used for testing and 70% for training. A total of 75 data
values, representing three repeated experiments of the equilibrium isotherms and kinetic
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studies, were used. This procedure was performed to evaluate the prediction precision and
avoid overfitting.

During the learning process of DT, the nodes continuously split till the terminal
nodes could not be further split. Although deeper trees have more precise predictions, the
deepness of the DT was stopped when further modifications did not decrease MSE.

2.7.1. Model Validation of DTs

The predicted conditions at various nodes for both DT models were experimentally val-
idated using three different combinations of the 4 parameters. The predicted and observed
values were emulated to judge the model’s precision in maximizing Cr(VI) removal.

2.7.2. Software and Statistical Procedure

The data retrieved from the equilibrium isotherms and kinetic data were used as
historical data for machine learning. Experiments of Cr(VI) removal percentage by fungal
biomass or melanin were repeated thrice, and presented as the average with standard
deviation (±SD). The algorithm of DT and the statistical calculations were implemented
using Minitab software (version 21, Minitab Inc., State College, PA, USA).

2.8. Characterization of the Biosorption Process

Information about the surface morphology and topography of the used fungal biomass
and its extracellular melanin particles, as well as their surface chemical composition, were
established [44] by scanning electron microscopy (SEM), and energy dispersive x-ray (EDX)
on JSM6380, JEOL, Japan. The samples were covered with a thin layer of gold to avoid
charging during imaging.

The basic functional groups, and surface chemistry of the fungal biomass, and melanin
were scrutinized by Fourier-transform infrared spectroscopy (FT-IR), in which the spectral
analysis was run at Thermo-Fisher Nicolet IS10, USA Spectrophotometer at a resolution
of four cm−1 in the wavenumber ranges of 500–4000 cm−1 in transmission approach to
identify the influence of the functional groups in the adsorption of Cr(VI) ions on the
surface of fungi and melanin. In this route, 20 mL of 1000 mg/L of Cr(VI) solution was
mixed with 0.1 g of each solid melanin and fungi biomass at 45 ◦C. Centrifugation at
200 rpm of the solution was achieved after incubation for 24 h to separate the melanin
particles and powdered fungi. The separated pellets were washed with ethanol and dried
in air. The solid melanin and fungi biomass were immersed in distilled water, separated
following the matching aforementioned conditions, and used as a control.

3. Results and Discussion

Melanin was produced extracellularly by A. pullulans. The resulting melanin after fer-
mentation was harvested, purified, dried, and ground before being used in the biosorption
process (Figure 1).

The technological significance of heavy metals has been recognized, since the outbreaks
of metals in a lot of industrial processes, such as electrical equipment, paints, treated
wood, and lead-acid batteries. Subsequently, a massive quantity of heavy metals has been
discharged into the ecosystem [45]. As the metals are discharged at doses beyond accepted
concentration, human life is threatened [46].

The biosorption process has several advantages compared to other ones e.g., less
sludge, cheap running, and installation cost, and flexible design process [46,47]. Likewise,
fungal cells play a major role in the biosorption process of heavy metals, because of their
content of functional groups that attract and sequester metals on their surface [5]. Wherein,
the fungal biomass of A. pullulans and its extracellular melanin were comparatively studied
as biosorbent agents for Cr(VI) eradication from aqueous solution.
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3.1. Effect of Contact Time

The estimation and design of a biosorbent for the adsorption of Cr(VI) from an aque-
ous solution depend heavily on the reduction rate. The impact of contact time between
Cr(VI) ions, and fungal biomass, or extracellular melanin particles was investigated during
reaction intervals up to 300 min) (Figure 2A). The figured data showed that the removal
percentage (R%) of Cr(VI) ions increased instantaneously with the augmenting of contact
time in the first few minutes, then a slow rate of biosorption was perceived with no no-
table biosorption rate beyond 240 min (equilibrium time). The biosorption of Cr(VI) ions
(R%) increased from 13.46 up to 71.80% and from 9.83 up to 90.06% with increasing the
contact time from 10–300 min, by fungal biomass and its extracellular melanin particles,
respectively. The biosorption process of Cr(VI) ions is accomplished in two steps. The first
step was a fast approach that persisted for a short time. The second stage involved a more
gradual procedure that persisted until equilibrium was established. Further increases in
contact time after the equilibrium time did not result in any additional removal percentage.
The difficulties that Cr(VI) ions encounter in occupying the residual free active surface sites
might be the cause of the reduced biosorption rate in the later stage. This is attributed to
the forces between the Cr(VI) ions in the solid and bulk phases. The decline in Cr(VI) ions
R% with increasing contact time could be a result of the biosorption progression being
dominated by the intraparticle diffusion process [48].

Furthermore, metal biosorption is a biphasic process that involves the prompt metal
ions sorption on the active groups located on the surface of biomass in the first phase,
accompanied by the diffusion of metal throughout the biomass’ interior binding sites in
the second phase [49]. Moreover, biosynthesized melanin was found to have a higher
affinity for adsorbing Cr(VI) than the native fungal biomass. The difference in removal
percentage between the two was up to 10%. The literature has reported a similar tendency
of chromium adsorption utilizing diverse biomasses as a function of contact time, for
example, Spirulina sp. biomass [50], Chlorella species biomass [51], and dead fungal biomass
of Phanerochaete chrysosporium [52].



Polymers 2023, 15, 3754 9 of 33

(A) 
100 

90 
80 

g_ 
Q 

70 - 60 e,: ... 50 0 
5 40 
~ 

iZ 30 
20 
10 

0 
0 

(C) 
100 

80 
Q 

Q' 

60 '?. ... 
0 = 40 
~ 

20 

0 
0 

(B)90 
-9-R% Fungi 

80 
---R% Melanin 

70 

-:?. 60 
0 

- -o 1; :, 

: ~o 
i 

i:i:; 30 

20 
10 

0 
50 100 150 200 250 300 350 

Time (min) 

, , 
, , , 
..s- -----------

-8-R O/o Fungi 

- R O/o Melanin -----q Fungi 
- -G - ·q Melm1in 

600 

500 

400 

100 

0 

,__ _____________ __._ -100 

0 10 20 30 40 50 60 70 80 90 100 110 

hlitial. Cr (VI) ions Conmtnition (mg/I) 

(D) 

-8- R % Fungi 

70 

60 

-+- R% Melm1in 

50 

40 ~ 
'-
OfJ 

- ---· q Fungi 
- -13 - · q Melnnin 

' ~---· ~--- ~==~ •• • ··--
0.1 0.2 

Mate1fal Dosage (g) 

30 _§, 
r::' 

20 

10 

0 
0.3 

120 

100 

g_ 
Q 80 -e,: ... 60 0 

5 
~ 40 

-9- R% Fungi 
20 

---R% Melanin 

0 
0 2 4 6 8 10 12 

pH 

Figure 2. Effect of batch biosorption parameters (A) contact time (min), (B) initial Cr(VI) metal ions
concentration (ppm), (C) material dosage (g), and (D) pH on the Cr(VI) biosorption onto the used
fungal biomass or the biosynthesized melanin.

3.2. Effect of Initial Concentration

The impact of the initial concentration of Cr(VI) ions on its R % by the fungal biomass
and its extracellular melanin was investigated (Figure 2B). As depicted by the data, there is
a reduction in R (%) of Cr(VI) ions correlated with increasing initial concentration and vice
versa with the biosorption aptitude. The increase in the concentration of Cr(VI) ions from 5
up to 200 ppm led to a notable decrease in the R (%) of Cr(VI) ions from 69.493 to 20.000%,
and 70.373 to 25.000%, by fungal biomass and its extracellular melanin, respectively.

While the biosorption aptitude of Cr(VI) ions increased from 34.747 to 400.000 mg/g,
and from 35.187 to 500.000 mg/g onto fungal biomass and extracellular melanin, respec-
tively. This phenomenon might be due to the fast depletion of the biosorption sites [53].
Moreover, the increase in the biosorption aptitude might be ascribed to the presence of
Cr(VI) molecules in the aqueous phase, which causes the rapid movement of the molecules
to the used bio-sorbent particle surface at higher concentrations, leading to an elevation in
the coefficient of mass transfer [54]. This result is consistent with other reported studies [55].
The results signify that the biosynthesized melanin has a great potential for reducing Cr(VI)
at higher initial concentrations than the used fungal biomass (~100 mg/g).

Concerning the obtained results, it could be deduced that the used fungal biomass and
the extracellular melanin could eliminate a higher Cr(VI) amount per gram of biosorbent.
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3.3. Dosage of Biosobants Virsus Cr(VI) Ions Biosorption

The biosorption of Cr(VI) ions was profoundly influenced by the biomass dosage
during the process. Figure 2C depicted that the removal percentage (R%) of Cr(VI) ions
increased with increasing the biosorbents’ dosage. However, the biosorption talent (q)
decreased with increasing the biosorbents’ dosage. The removal percentage of Cr(VI) ions
increased from 33.033% to 85.557% and from 30.550% to 89.763% when the dosage of the
fungal biomass and the extracellular melanin increased from 0.005 g to 0.2 g, respectively.
However, the biosorption capability decreased from 66.067 mg/g to 4.278 mg/g and from
61.100 mg/g to 4.488 mg/g, respectively, with increasing dosages of fungal biomass and
extracellular melanin. Thus, the accessible increase in the active sites on the surface of the
biosorbent is a result of the increased amount of the biosorbent in the aqueous phase [56].

Accordingly, a direct relationship between the maximum concentration of the biosor-
bent capacity and the loaded biomass, for instance, the lowest amount of the used biosor-
bent particles was already higher than the maximum amount. This inverse relationship
is attributed to the agglomeration or coagulation of biomass particles at high biomass
loadings. This aggregation of particles reduces the number of accessible sites for metal
ion biosorption which could be attributed to the decrease in the metal-to-biosorbent ra-
tio as the dosage was increased [57]. Similar findings have been reported in the recent
literature [58–60].

3.4. Effect of Solution pH on the Cr(VI) Biosorption

The adsorption of metallic ions from aqueous solutions could be affected by pH-values,
(2–11), where the Cr(VI) ions biosorption by the two used biosorbents has been investigated.
The maximum removal percentage of Cr(VI)ions by the fungal biomass and the extracellular
melanin 98.147% and 98.880%, respectively, was observed at pH 2 (Figure 2D). Obtained
results revealed that the increasing pH up to 5 resulted in a Cr(VI) removal percentage of
only 79.120% and 77.800% for fungal biomass and the extracellular melanin, respectively.
The increase in Cr(VI) removal could be attributed to the pronated surface hydroxyl groups
(–OH2

+) from melanin. Subsequently, these protonated hydroxyl groups enable the used
biosorbent particles to electrostatically interact with negatively charged Cr2O7

2− [61,62].
Similar findings of decreased Cr(VI) biosorption percentage and biosorption capacity with
increasing pH have been reported in other reports for a variety of biosorbents such as
Sinorhizobium sp. [63], and Pleurotus ostreatus [64]. On the other hand, it could be observed
that melanin particles have a higher removal percentage and biosorption capacity than
native A. pullulans biomass even at higher pH values. This could be explained by the
fact that melanin is a polymer of amino acids that contains indole rings, which are highly
electronegative. Additionally, melanin has a strong affinity for positively charged Cr(VI)
metal ions [65].

The results presented above clearly demonstrate that extracellular melanin has a higher
adsorption capacity than fungus biomass. Sometimes the difference in removal percentage
was approximately 20%, and the difference in biosorption capacity was 100 mg/g, due to its
unique chemical structure. Melanin is a polymer of amino acids that contains indole rings,
which give it its dark color. These indole rings are highly electronegative, which means that
they have a strong affinity for positively charged metal ions. Fungus biomass, on the other
hand, is composed of a variety of organic compounds, including carbohydrates, proteins,
and lipids. These compounds do not have the same strong affinity for positively charged
metal ions as indole rings. In addition, melanin is a very porous material, which means
that it has a large surface area. This large surface area allows melanin to interact with more
metal ions, which results in a higher adsorption capacity.

3.5. Biosorption Isotherms

Adsorption isotherms are mathematical equations that demonstrate how the concen-
tration of a metal in a solution at equilibrium relates to how much metal is adsorbed onto
a biosorbent. They are used to determine the spreading and interface of metals in the
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biphasic system at equilibrium. Adsorption isotherms are defined by several parameters,
including the initial level of the adsorbate in the aqueous phase, the amount of biosorbent,
the relative capabilities of the metal’s adsorption, and competition among the solutes.
These parameters are also identified by specific values that reflect the surface properties
and ability of a biosorbent for the adsorption of heavy metal ions [65,66].

In this study, the linear Langmuir, Freundlich, and Temkin models were applied to
the experimental data to find the best-fitted model. The linear graphs of the three applied
models are illustrated in Figure 3, and their corresponding parameters are tabulated in
Table 3.
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The relevance of the isotherm equations is evaluated by R2. The Langmuir isotherm
was further documented by analyzing the Langmuir equilibrium parameter (RL), as out-
lined in Equation (3).

RL =
1

1 + KL C0

(3)

The calculated RL value was found to be 0.749 and 0.706 for the used fungal biomass
and the extracellular melanin, respectively. The biosorption process’s nature is distin-
guished by the RL value, e.g., unfavorable RL > 1); linear (RL = 1); favorable (0 < RL < 1);
irreversible (RL = 0) [67,68].
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Table 3. The biosorption of Cr(VI) onto the used fungal biomass or the biosynthesized melanin at
25 ◦C based on Langmuir, Freundlich, and Temkin parameters.

Isotherm Parameters Fungal Biomass Melanin

Langmuir
qm (mg g−1) calculated 485.747 595.974

KL (mg L−1) 0.034 0.042
R2 0.976 0.986

Freundlich
KF (mgL−1/n L1/n g−1) 24.395 1.907

Nf 1.64 1.55
R2 0.956 0.959

Temkin
B (mg L−1) 90.189 117.017

KT (KJ mol−1) 0.637 0.693
R2 0.967 0.969

The obtained RL value indicated that the Cr(VI) biosorption onto the used fungal
biomass or the extracellular melanin was a favorable process. The value of 1/n of the
Freundlich isotherm model illustrates the probability of the isotherm, e.g., irreversible
(1/n = 0); favorable (0 < 1/n < 1); and unfavorable (1/n > 1). The calculated 1/n value
(0.608 and 0.646) favored the Freundlich isotherm model. The value of R2 was applied to
evaluate the fit of both isotherm models. The values were attained to be above 0.90 for both
models, identifying that the data of isotherm interpretations fit well for both models. How-
ever, the fit was more favorable to the Langmuir model than the Freundlich model [69]. The
Temkin isotherm model (Table 3) takes into account the influence of adsorbent-adsorbate in-
teractions on the adsorption process. In accordance with the R2 value, the Temkin isotherm
model is well-fitted with the investigational data specifying the energetic homogeneity
of the biosorption sites and chemisorption process (RT/b lnKT = 0.637 and 0.693 while
B = 90.189 and 117.017 mg L−1 for the used fungal biomass and the biosynthesized melanin,
respectively). The melanin particles have given the best biosorption rate of Cr(VI) metal
ion removal.

3.6. Biosorption Kinetics

It is important to characterize metal ion biosorption in kinetic terms to understand
the behavior involved in biosorption, such as mass transfer and chemical interactions,
where, the greatest amount of metal is absorbed in the first minutes to hours owing to the
accessibility of free active sites of the biosorbent surface [70–73]. In this work, four of the
most extensively benefitted kinetic models were applied to define the mechanism of Cr(VI)
ions onto the treated fungal biomass and the biosynthesized melanin particles pseudo-
first-order, pseudo-second-order, Elovich model, and intraparticle diffusion model. The
graphical demonstrations of these models and the kinetic data are publicized in Figure 4
and Table 4.

The first-order Lagergren model assumes that the adsorption rate is positively related
to the amount of vacant adsorption sites [74]. Previous studies [75,76] have shown that
the first-order Lagergren model is not always relevant to all practical data across the
biosorption process. Herein, the model is appropriate for depicting the kinetic data of the
Cr(VI) ions biosorption, although the correlation coefficient (R2 = 0.774 and 0.707 for the
used fungal biomass and the biosynthesized melanin, respectively) which is lower than
0.845. Nevertheless, the considered uptake capacity values are respectably matched with
the experimental values, also suggesting the suitability of a pseudo-first-order model for
describing the kinetics of Cr(VI) ions biosorption onto the used fungal biomass and the
biosynthesized melanin, which indicates the physical nature of the adsorption process.
These findings are consistent with the previous literature [74].
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Table 4. Kinetic models for biosorption of Cr(VI) ions onto the used fungal biomass and the biosyn-
thesized melanin particles.

Kinetic Model Fungal Biomass Melanin

Pseudo-first-order

qe (mg/g) Calculated 69.4148 163.531

qe (mg/g) Experimental 62.9 86.400

k1 (min−1) −0.015 0.015

R2 0.774 0.707

Pseudo-second-order

qe (mg/g) Calculated 85.825 107.704

qe (mg/g) Experimental 62.9 86.400

k2 (g/mg min) 0.01 0.0048

R2 0.678 0.235

Elovich

ß (g/mg) 15.137 21.853

à (mg/g min) −32.062 −60.041

R2 0.820 0.692

Intra-particle diffusion

K1, 3.888 5.748

C1 −5.933 −23.697

R2 0.900 0.844
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The pseudo-second-order model posits that the biosorption capacity is directly pro-
portional to the amount of occupied active sites on the biosorbent surface and that the
rate-limiting step in biosorption may involve valence forces through sharing or exchanging
electrons between the biosorbent and the adsorbate [76]. The low correlation coefficient
(R2) and the significant difference between the calculated biosorption capacity values
(qcalculated) and the experimental ones (qexperimental) specify that this model is not appropri-
ate to describe the kinetics of Cr(VI) ions biosorption onto the used biosorbent particles.
Elovich kinetic model can be used to identify heterogeneous adsorbents and their role in
the adsorption process, but it does not predict any specific adsorption mechanism [42]. The
Elovich kinetic model has low R2 values, which makes sense because the kinetic data were
well-fitted to the pseudo-first-order model. This indicates that the biosorption process is
physical, while the Elovich model is more suited to describe chemosorption processes.

The steps that control the biosorption rate were elucidated using the intraparticle
diffusion model. The three separate regions with varied slopes (Kid) and intercepts (Ci)
that did not pass through the origin (Figure 4) revealed that the biosorption process of
Cr(VI) ions onto the used biosorbent particles was not influenced by the intra-particle
diffusion alone but was also affected by more than one process. The intra-particle diffusion
model fits the data well, with a high correlation coefficient (0.900 and 0.844) for the used
fungal biomass and the biosynthesized melanin, respectively. Data from Table 5 display a
comparison of the biosorption capacity of Cr(VI) ions using fungal biomass and melanin.

Table 5. Comparison of the maximum biosorption capacity of Cr(VI) ions onto the used fungal
biomass and the extracellular melanin particles with those of previous studies.

Adsorbent qm (mg/g) Reference

Fungal biomass and melanin 485.747 and 595.974 Current study

Removal of Cr(VI) by polyethyleneimine-impregnated activated carbon 114 [77]

Biosorption of chromium metal ions onto
Ludwigia stolonifera 43.478 [39]

Biosorption of Cr(VI) by Bacillus megaterium and Rhodotorula sp. inactivated
biomass 34.80 [56]

Melanin-embedded materials effectively remove Cr(VI) 19.60 and 6.24 for IMB and CMB [78]

Melanin nano pigment from Pseudomonas stutzeri 126.9 [79]

Equilibrium and kinetic studies of copper(II) removal by fungal biomasses 7.74 and 12.08 [74]

3.7. Decision Tree Learning Algorithm

The data from the equilibrium isotherms and kinetic studies (Tables 6 and 7) for both
fungal biomass and melanin were used for constructing the DT. For each tree, the data were
split into two sets: 70% training and 30% testing. Upon performing the learning process,
the predicted and error values mutually with the terminal nodes, were determined for both
absorbents (fungal biomass and melanin).

DT begins with a root node and ends up with many branches and roots, i.e., many
solutions. The root node is the first node encountered when traversing the tree during
the prediction process. From the root node, the decision tree branches into internal nodes
(decision nodes) based on different attribute values, and eventually, the leaves (terminal
nodes) are reached, providing the final predictions or decisions.

DT creates classifications for the input variables (categorical and/or continuous). As
a result, the population can be divided into two or more homogeneous groups. These
homogeneous sets are built using the most substantial differentiator on the input vari-
ables [27,80]. No information is available about the combination of DT with equilibrium
isotherms and kinetic studies for the determination of relative variable importance and
modeling the biosorption process. Herein, DT was applied to handle our suggestion re-
garding identifying the most incredible biosorption parameters and predicting the optimal
range of these parameters.
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Table 6. The array equilibrium isotherms and kinetic data for maximization of Cr(VI) removal by the
biomass of A. pullulans, and the predicted and error values as well as terminal nodes of the DT at
each data point.

Isotherm or
Kinetic Test

Run

Tested Parameter
Cr(VI) Removal, %

Actual Decision Tree

Time, min Cr(VI),
mg/mL

Biomass
(g/100 mL) pH Value Mean Type Fitted Error Terminal Node

Contact time

1 10 10 0.010 5 13.44 13.46 ± 0.11 Test 14.64 −1.20 1

2 20 10 0.010 5 15.41 15.25 ± 0.14 Test 14.64 0.77 1

3 30 10 0.010 5 17.88 17.87 ± 0.07 Training 17.87 0.01 2

4 60 10 0.010 5 19.35 19.56 ± 0.19 Test 20.69 −1.34 3

5 120 10 0.010 5 21.11 21.24 ± 0.15 Training 20.69 0.42 3

6 180 10 0.010 5 29.23 30.35 ± 1.15 Test 30.31 −1.08 4

7 240 10 0.010 5 53.00 54.02 ± 1.01 Training 59.48 −6.48 9

8 280 10 0.010 5 62.50 62.99 ± 0.72 Test 62.65 −0.15 10

9 300 10 0.010 5 70.95 71.82 ± 1.03 Training 71.25 −0.30 13

Initial Cr(VI)

10 240 5 0.010 5 68.25 69.45 ± 1.05 Training 69.45 −1.19 8

11 240 10 0.010 5 53.34 54.08 ± 0.79 Training 59.48 −6.15 9

12 240 50 0.010 5 50.45 51.70 ± 1.21 Test 52.32 −1.86 11

13 240 100 0.010 5 35.96 36.87 ± 1.03 Test 25.24 10.72 16

14 240 200 0.010 5 19.43 20.03 ± 0.86 Training 25.24 −5.81 16

Melanin

15 240 10 0.005 5 33.04 33.05 ± 0.99 Training 33.05 −0.01 5

16 240 10 0.010 5 50.84 50.61 ± 0.65 Training 59.48 −8.64 9

17 240 10 0.050 5 59.54 60.26 ± 0.81 Training 59.48 0.06 9

18 240 10 0.100 5 71.59 72.33 ± 0.92 Training 72.33 −0.74 14

19 240 10 0.200 5 85.32 85.58 ± 0.86 Training 85.58 −0.26 15

pH

20 240 10 0.010 2 98.25 98.16 ± 0.94 Test 99.04 −0.78 6

21 240 10 0.010 4 82.88 83.67 ± 0.69 Training 83.67 −0.79 7

22 240 10 0.010 5 79.32 79.16 ± 1.06 Test 59.48 19.84 9

23 240 10 0.010 7 52.32 52.19 ± 0.89 Test 52.13 0.19 12

24 240 10 0.010 9 23.87 24.61 ± 0.73 Test 24.65 −0.78 17

25 240 10 0.010 11 6.53 6.65 ± 0.30 Training 6.65 −0.11 18

Contact time

1 10 10 0.010 5 13.36 Test 14.64 −1.28 1

2 20 10 0.010 5 15.15 Training 14.64 0.51 1

3 30 10 0.010 5 17.94 Training 17.87 0.07 2

4 60 10 0.010 5 19.73 Training 20.69 −0.96 3

5 120 10 0.010 5 21.22 Training 20.69 0.53 3

6 180 10 0.010 5 31.52 Test 30.31 1.21 4

7 240 10 0.010 5 54.04 Test 59.48 −5.44 9

8 280 10 0.010 5 62.65 Training 62.65 0.00 10

9 300 10 0.010 5 72.97 Test 71.25 1.71 13

Initial Cr(VI)

10 240 5 0.010 5 69.88 Training 69.45 0.43 8

11 240 10 0.010 5 54.92 Training 59.48 −4.56 9

12 240 50 0.010 5 51.77 Training 52.32 −0.55 11

13 240 100 0.010 5 37.99 Test 25.24 12.74 16

14 240 200 0.010 5 19.64 Training 25.24 −5.60 16

Melanin

15 240 10 0.005 5 32.07 Training 33.05 −0.99 5

16 240 10 0.010 5 49.88 Training 59.48 −9.61 9

17 240 10 0.050 5 60.09 Test 59.48 0.61 9

18 240 10 0.100 5 72.03 Training 72.33 −0.29 14

19 240 10 0.200 5 84.88 Training 85.58 −0.70 15
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Table 6. Cont.

Isotherm or
Kinetic Test

Run

Tested Parameter
Cr(VI) Removal, %

Actual Decision Tree

Time, min Cr(VI),
mg/mL

Biomass
(g/100 mL) pH Value Mean Type Fitted Error Terminal Node

pH

20 240 10 0.010 2 97.17 Test 99.04 −1.86 6

21 240 10 0.010 4 83.99 Training 83.67 0.32 7

22 240 10 0.010 5 78.03 Training 59.48 18.55 9

23 240 10 0.010 7 51.25 Training 52.13 −0.88 12

24 240 10 0.010 9 24.65 Training 24.65 0.00 17

25 240 10 0.010 11 6.42 Training 6.65 −0.22 18

Contact time

1 10 10 0.010 5 13.58 Training 14.64 −1.06 1

2 20 10 0.010 5 15.20 Training 14.64 0.56 1

3 30 10 0.010 5 17.79 Training 17.87 −0.07 2

4 60 10 0.010 5 19.60 Test 20.69 −1.09 3

5 120 10 0.010 5 21.40 Test 20.69 0.71 3

6 180 10 0.010 5 30.31 Training 30.31 0.00 4

7 240 10 0.010 5 55.02 Test 59.48 −4.46 9

8 280 10 0.010 5 63.81 Test 62.65 1.16 10

9 300 10 0.010 5 71.55 Training 71.25 0.30 13

Initial Cr(VI)

10 240 5 0.010 5 70.21 Training 69.45 0.77 8

11 240 10 0.010 5 54.00 Training 59.48 −5.48 9

12 240 50 0.010 5 52.86 Training 52.32 0.55 11

13 240 100 0.010 5 36.65 Training 25.24 11.41 16

14 240 200 0.010 5 21.02 Test 25.24 −4.22 16

Melanin

15 240 10 0.005 5 34.04 Training 33.05 0.99 5

16 240 10 0.010 5 51.12 Test 59.48 −8.36 9

17 240 10 0.050 5 61.13 Training 59.48 1.65 9

18 240 10 0.100 5 73.35 Training 72.33 1.03 14

19 240 10 0.200 5 86.54 Training 85.58 0.96 15

pH

20 240 10 0.010 2 99.04 Training 99.04 0.00 6

21 240 10 0.010 4 84.14 Training 83.67 0.47 7

22 240 10 0.010 5 80.13 Training 59.48 20.65 9

23 240 10 0.010 7 53.02 Training 52.13 0.88 12

24 240 10 0.010 9 25.32 Test 24.65 0.67 17

25 240 10 0.010 11 6.99 Training 6.65 0.34 18

Table 7. The array equilibrium isotherms and kinetic data for maximization of Cr(VI) removal by the
melanin of A. pullulans, and the predicted and error values, as well as terminal nodes of the DT at each
data point.

Isotherm or
Kinetic Test

Run Tested Parameters
Cr(VI) Removal, %

Actual Decision Tree

No. Time, min Cr(VI),
mg/mL

Melanin
(g/100 mL) pH Value Mean Type Fitted Error Terminal Node

Contact time

1 10 10 0.010 5 9.95 9.84 ± 0.14 Test 10.05 −0.10 1

2 20 10 0.010 5 9.32 9.46 ± 0.24 Test 10.05 −0.73 1

3 30 10 0.010 5 10.45 10.09 ± 0.45 Training 10.05 0.40 1

4 60 10 0.010 5 10.36 10.13 ± 0.49 Test 10.05 0.31 1

5 120 10 0.010 5 10.73 10.11 ± 0.59 Training 10.05 0.68 1

6 180 10 0.010 5 22.21 23.14 ± 0.93 Test 23.14 −0.92 2

7 240 10 0.010 5 68.23 69.40 ± 1.16 Training 64.91 3.32 5

8 280 10 0.010 5 84.55 86.41 ± 1.79 Test 89.07 −4.52 6

9 300 10 0.010 5 89.05 90.04 ± 0.99 Training 89.07 −0.02 6
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Table 7. Cont.

Isotherm or
Kinetic Test

Run Tested Parameters
Cr(VI) Removal, %

Actual Decision Tree

No. Time, min Cr(VI),
mg/mL

Melanin
(g/100 mL) pH Value Mean Type Fitted Error Terminal Node

Initial Cr(VI)

10 240 5 0.010 5 70.12 70.39 ± 0.95 Training 64.91 5.21 5

11 240 10 0.010 5 57.18 58.14 ± 0.97 Training 64.91 −7.73 5

12 240 50 0.010 5 61.49 61.72 ± 0.88 Test 64.91 −3.42 5

13 240 100 0.010 5 48.88 48.91 ± 0.94 Test 33.33 15.55 8

14 240 200 0.010 5 26.00 25.05 ± 0.95 Training 33.33 −7.33 8

Melanin

15 240 10 0.005 5 30.20 30.56 ± 1.21 Training 30.56 −0.36 3

16 240 10 0.010 5 52.22 52.28 ± 0.91 Training 64.91 −12.69 5

17 240 10 0.050 5 66.95 66.96 ± 1.00 Training 64.91 2.04 5

18 240 10 0.100 5 83.90 83.77 ± 0.95 Training 86.75 −2.85 7

19 240 10 0.200 5 89.65 89.73 ± 0.89 Training 86.75 2.90 7

pH

20 240 10 0.010 2 98.76 98.83 ± 0.98 Test 95.36 3.40 4

21 240 10 0.010 4 93.88 93.87 ± 0.90 Training 95.36 −1.49 4

22 240 10 0.010 5 77.69 77.82 ± 0.92 Test 64.91 12.78 5

23 240 10 0.010 7 65.12 65.59 ± 1.02 Test 64.91 0.21 5

24 240 10 0.010 9 40.25 40.21 ± 0.98 Test 41.18 −0.93 9

25 240 10 0.010 11 24.85 24.83 ± 1.06 Training 24.83 0.02 10

Contact time

1 10 10 0.010 5 9.68 Test 10.05 −0.37 1

2 20 10 0.010 5 9.73 Training 10.05 −0.32 1

3 30 10 0.010 5 10.23 Training 10.05 0.18 1

4 60 10 0.010 5 10.45 Training 10.05 0.40 1

5 120 10 0.010 5 10.06 Training 10.05 0.01 1

6 180 10 0.010 5 24.07 Test 23.14 0.94 2

7 240 10 0.010 5 69.42 Test 64.91 4.51 5

8 280 10 0.010 5 88.12 Training 89.07 −0.95 6

9 300 10 0.010 5 91.03 Test 89.07 1.96 6

Initial Cr(VI)

10 240 5 0.010 5 71.46 Training 64.91 6.55 5

11 240 10 0.010 5 58.13 Training 64.91 −6.78 5

12 240 50 0.010 5 60.98 Training 64.91 −3.93 5

13 240 100 0.010 5 47.99 Test 33.33 14.66 8

14 240 200 0.010 5 24.11 Training 33.33 −9.22 8

Melanin

15 240 10 0.005 5 31.91 Training 30.56 1.35 3

16 240 10 0.010 5 51.40 Training 64.91 −13.51 5

17 240 10 0.050 5 65.97 Test 64.91 1.06 5

18 240 10 0.100 5 82.77 Training 86.75 −3.98 7

19 240 10 0.200 5 88.88 Training 86.75 2.13 7

pH

20 240 10 0.010 2 97.89 Test 95.36 2.53 4

21 240 10 0.010 4 92.97 Training 95.36 −2.40 4

22 240 10 0.010 5 78.79 Training 64.91 13.88 5

23 240 10 0.010 7 66.77 Training 64.91 1.86 5

24 240 10 0.010 9 41.18 Training 41.18 0.00 9

25 240 10 0.010 11 25.88 Training 24.83 1.04 10
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Table 7. Cont.

Isotherm or
Kinetic Test

Run Tested Parameters
Cr(VI) Removal, %

Actual Decision Tree

No. Time, min Cr(VI),
mg/mL

Melanin
(g/100 mL) pH Value Mean Type Fitted Error Terminal Node

Contact time

1 10 10 0.010 5 9.88 Training 10.05 −0.18 1

2 20 10 0.010 5 9.33 Training 10.05 −0.72 1

3 30 10 0.010 5 9.58 Training 10.05 −0.47 1

4 60 10 0.010 5 9.57 Test 10.05 −0.49 1

5 120 10 0.010 5 9.54 Test 10.05 −0.51 1

6 180 10 0.010 5 23.14 Training 23.14 0.00 2

7 240 10 0.010 5 70.54 Test 64.91 5.63 5

8 280 10 0.010 5 86.54 Test 89.07 −2.53 6

9 300 10 0.010 5 90.05 Training 89.07 0.97 6

Initial Cr(VI)

10 240 5 0.010 5 69.61 Training 64.91 4.70 5

11 240 10 0.010 5 59.12 Training 64.91 −5.79 5

12 240 50 0.010 5 62.69 Training 64.91 −2.22 5

13 240 100 0.010 5 49.87 Training 33.33 16.55 8

14 240 200 0.010 5 25.04 Test 33.33 −8.29 8

Melanin

15 240 10 0.005 5 29.56 Training 30.56 −0.99 3

16 240 10 0.010 5 53.22 Test 64.91 −11.69 5

17 240 10 0.050 5 67.97 Training 64.91 3.06 5

18 240 10 0.100 5 84.65 Training 86.75 −2.10 7

19 240 10 0.200 5 90.65 Training 86.75 3.90 7

pH

20 240 10 0.010 2 99.84 Training 95.36 4.48 4

21 240 10 0.010 4 94.76 Training 95.36 −0.60 4

22 240 10 0.010 5 76.97 Training 64.91 12.06 5

23 240 10 0.010 7 64.89 Training 64.91 −0.02 5

24 240 10 0.010 9 39.22 Test 41.18 −1.96 9

25 240 10 0.010 11 23.77 Training 24.83 −1.07 10

3.7.1. Selection of DT

The terminal nodes were plotted versus R2 (Figure 5) for fungal biomass, and melanin,
to identify the smallest regression tree that maximizes the R2 value. Regarding Cr(VI)
removal by the fungal biomass, 18 terminal nodes represent 18 trees that were produced
from the validation samples, whereas for melanin as absorbent, there are 10 terminal nodes
and 10 trees. The R2 values of the validation samples for both adsorbents exemplary
level off as the tree grows. The maximized R2 values for the optimal regression tree were
96.26, and 96.70% (for training) and 94.60 and 95.90% (for testing), for fungal biomass and
melanin, respectively. These trees had a maximum R2 value.

Accordingly, the tree was built and the distinction of terminal nodes on the diagram
was explored. The DT diagrams for the two absorbents (Figures 6 and 7) depict all 75 cases
from the whole data set. The goal was to discover the greatest Cr(VI) removal means with
the fewest standard deviations.

For the fungal biomass, the terminal node No. 6 was the best node, achieving 99.07%
Cr(VI) removal, whereas, for melanin, the terminal node No. 4 achieved 95.36% Cr(VI)
removal, but this node was not selected because it had large standard deviation, being 2.66,
instead, the terminal node No. 6 (89.07% Cr(VI) removal) was selected as the best terminal
node of the DT. These nodes had a maximum R2 value with a standard deviation of less
than 1.

Regarding the absorption of Cr(VI) by fungal biomass, the first node started with
50 cases and split at two branches of contact time, i.e., ≤210 and >210 min. The latter was
the best, and split to pH > 8 and ≤ 8, the latter was also split based on initial Cr(VI) into the
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terminal node of Cr(VI) > 75 mg/mL, and node 6 Cr(VI) ≤ 75 mg/mL, which subdivided
into terminal node 4 of fungal biomass ≤ 0.0075 g, and node 7 of fungal biomass > 0.0075 g,
leading finally to optimum terminal node 5, the node rules were contacting time > 210 min,
initial Cr(VI) ≤ 75 mg/mL, fungal biomass > 0.0075 g, and pH ≤ 3 with the highest Cr(VI)
removal (99.04%, with lowest SD value = 0.5393), followed by the terminal node 15 (85.58%,
with SD value = 0.7046). The other terminal nodes did not show further improvements.
Alternatively, terminal node 1 has the smallest Cr(VI) removal (14.64%), suggesting that
the data in the terminal node are probably skewed.
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Regarding the absorption of Cr(VI) by melanin, such as fungal biomass DT, the first
node uses 50 cases and is split at two levels of contact time, i.e., ≤210 and >210 min.
The latter was split into pH > 8 and ≤8, and the latter was split into several nodes and
terminal nodes, where terminal node 4 was the best in Cr(VI) removal (95.36%) of the
entire DT. However, this point was not a suitable one since it recorded a high value of
SD (2.6643). Node 6 has been the second, recording (89.04%), with a SD value of 0.7856,
which is less than the overall SD. The role of the terminal node was contact time, min > 260,
Cr(VI) ≤ 75 mg/mL, 0.0075 < melanin (g) ≤ 0.075, 4.5 < pH <= 8. No further improvements
could be observed on the DT terminal nodes.

3.7.2. Evaluation of the DT Models

The error statistics of both DT models were calculated (Table 8). The accuracy of
the resulting two trees was specified with high R-squared, and low values of the error
measurements (RMSE, MSE, MAD, and MAPE) for training and testing processes. However,
it is obvious that the four tested parameters in the two DTs were important predictors,
furthermore, the DT of fungal biomass has a lower error rate in comparison to the DT
of melanin, this conclusion is conversely to that obtained by the equilibrium isotherms
and kinetics data, suggesting that DT can help improve the accuracy of Cr(VI) removal by
discovering the optimum overall situation sittings that maximize the biosorption process.

Table 8. Model summary structure and statistics of decision tree supervised machine learning
algorithm for Cr(VI) removal using fungal biomass, and melanin.

Fungal Biomass Melanin

Model Summary

Total predictor 4 4

Important predictor 4 4

Terminal node 18 10

Minimum terminal node
size 1 1

Statistics

Training Test Training Test

R2, % 96.26 94.60 96.70 95.90

Root mean squared error 5.0599 5.7665 5.4176 6.1535

Mean squared error 25.6025 33.2528 29.3509 37.8658

Mean absolute deviation 2.4584 3.3704 3.5080 3.9997

Mean absolute percent error 0.0557 0.0832 0.0700 0.0855

Standard deviation 26.4345 25.3274 30.1164 31.0030

Number of cases 50 25 50 25

3.7.3. Relative Importance of the Variable

The relative importance of the variables for both DTs was computed as the increasing
percentage relative to the leading variable. Figure 8 shows that the four predictors in both
DTs are important to the tree. Contact time was the leading predictor in both trees (fungal
biomass and melanin) since it has a relative importance of 100% contribution in Cr(VI)
removal. The other variables are standardized concerning the most important predictor. As
a result, the significance of each variable can be simply interpreted. The leading variable
is often identified as the one with the maximum improvement score (and hence regarded
as 100% critical), and the remaining variables are sorted consequently [9]. Surrogate or
primary splitters in the DT are considered crucial variables. The most essential variable is
always given 100% relative importance, while the non-important variable is not represented
in the tree. Regarding fungal biomass DT, relative importance in descending order was
contact time (100%) > pH (96.6%) > fungal biomass dose (43.4) > initial Cr(VI) concentration
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(39.6%), whereas for melanin DT was contact time (100%) > pH (31.4%) > melanin dose
(25.7%) > initial Cr(VI) concentration (20.3%).
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melanin as inferred by the DT.

Despite the positive importance of the four variables for both DTs, the relative impor-
tance discloses that contact time must be strongly considered to be accurately regulated and
kept tracked during the Cr(VI) removal process. The role of contact time was more obvious
in melanin DT than in fungal biomass DT. Determination of the relative importance values
can assist in deciding which variables should be regulated, monitored, or excluded. In this
assembly, the initial Cr(VI) concentration in melanin DT has the lowest relatively important
value (20.3%) concerning contact time. This conclusion comes in line with the goal of
the present work, in which the current DTs show efficient accuracy in the detection of
these kinds of hidden relationships among tested parameters compared to the equilibrium
isotherms and kinetic studies.

3.7.4. Validation of DT Models

Both DT models were experimentally validated. The forecast levels of each of the four
tested parameters were determined at various nodes (Table 9). The laboratory validation
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experiments were carried out in triplicate to validate the procedure conditions estimated
from both DT models. When compared to projected values, the experimental Cr(VI)
removal date corroborated and validated the fitness of both models. At various nodes,
the Cr(VI) removal by both models was confirmed. The speculative values of the ideal
levels that maximize Cr(VI) removal by the four variables were also validated. The only
exception was nodes number 4 (86.04%), and 7 (80.21%) in the DT model of melanin,
which showed shifting by −9, and −6.5% in comparison to the predicted levels (95.36
and 86.75%), respectively. This is expected and can be attributed to the high value of the
standard deviation of the node (Figure 7). Interestingly, DT modeling of fungal biomass
was found to be better than melanin in the Cr(VI) removal process. One other positive
outcome of the current validation is that both DTs effectively introduce more alternative
solutions for the Cr(VI) removal process, in comparison to the equilibrium isotherms and
kinetic data.

Table 9. The expected variables conditions that were projected based on the DT models for fungal
biomass, and melanin as well as the expected and actual values of Cr(VI) removal.

DT Model

Investigated Parameters Cr(VI) Removal, %
Terminal

NodeContact
Time, min

Initial Cr(VI),
mg/mL

Fungal
Biomass (g) Melanin (g) pH Predicted Actual

Fungal
biomass

220 70 0.100 - 3.0 99.04 98.28 ± 0.24 6

230 75 0.050 - 4.0 83.67 86.00 ± 0.56 7

240 75 0.120 - 5.0 85.33 84.35 ± 0.80 15

Melanin

240 75 - 0.100 4.5 95.36 86.04 ± 0.50 4

280 70 - 0.070 5.0 89.07 91.22 ± 0.29 6

220 70 - 0.100 5.0 86.75 80.21 ± 0.28 7

3.8. Surface Topology, and Chemistry of the Biosorbents
3.8.1. FT-IR Spectral Analysis

The FT-IR analysis was applied to explore the vibrations of the characteristic functional
groups of the fungi biomass, and melanin as well as chromium ions adsorbed on the surface
of fungi biomass, and melanin [79]. The results of FT-IR spectral analysis (Figure 9 and
Table S1) for the pure fungi powder (F) revealed the appearance of an absorption band
ascribed to a medium N-H or OH stretching group identified at ν = 3272.99 cm−1 with a
shift recorded in the value of the same group for chromium adsorbed on fungi biomass
(F-Cr) at ν = 3281.85 cm−1. The stretching absorption bands of OH or N-H stretching group
in the case of melanin (M) and chromium adsorbed on melanin (M-Cr) were specified at
wavenumbers (ν) 3289.57, and 3311.59 cm−1, respectively. A previous study supported
that this range of wavenumbers is related to OH groups [79].

The low to high shift in values of peak wavenumbers is ascribed to the binding of
chromium to the -OH and –NH functional groups [81]. The wavenumber value in the case of
M-Cr was shifted from the value of the same group in the analysis of melanin (M). The strong
broad absorption band due to C-H stretching appeared in the analysis of all samples with
a slight shift in the case of chromium ions adsorbed on fungi, and melanin surfaces within
ν = 2921.32–2923.82 cm−1. The shifted intensity of the C-H stretching peak specified the bind-
ing of Cr(VI) to the C-H group of melanin, and fungi biomass. The FT-IR data verified the dis-
tinctive absorption bands attributed to the sp3 C-H stretching group at ν = 2851.54 cm−1 (F),
attended by a slight shift for F-Cr at ν = 2853.71 cm−1, ν = 2853.50 cm−1 (M), and
ν = 2852.89 cm−1 (M-Cr). Specifically, a strong stretching absorption band was noticed
in the FT-IR analysis of melanin at ν = 2323.61 cm−1 is ascribed to the O=C=O group, and
disappeared in the analysis of M-Cr. This result supported the participation of the O=C=O
group in the adsorption process of chromium ions on the melanin surface.
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Similarly, absorption bands ascribed to the stretching C-H group appeared in the
analysis of melanin within ν = 2170.03–2011.0 cm−1 along with the disappearance of these
absorption bands in the analysis of M-Cr. The data of the melanin sample referred to the
presence of a stretching carbonyl ester group at ν = 1740.66 cm−1 with a slight shift in the
value of this band at ν = 1740.82 cm−1 in the analysis of M-Cr. The fact that the shifted values
of carbonyl groups reinforced the contribution of this group in the absorption of chromium
ions. Alternatively, a strong absorption band related to stretching amide carbonyl group was
noticed in all samples at ν = 1608.82 cm−1 (F), ν = 1632.11 cm−1 (F-Cr), ν = 1627.26 cm−1 (M),
and ν = 1624.12 cm−1 (M-Cr). Predominantly, the FT-IR data of fungi sample indicated the
presence of absorption bands at ν = 1589.78, and 1513.92 cm−1 owing to medium bending
N-H groups. The disappearance of absorption bands in these regions in the analysis of F-Cr
verified the adsorption of chromium ions on the fungi surface with the aid of N-H groups.
The FT-IR analyses of melanin, and Cr-adsorbed on melanin surface revealed the absence of
the characteristic absorption bands in the regions of N-H groups [78]. In addition, bending
O-H groups appeared in the analysis of fungi within ν = 1416.81–1330.35 cm−1, while these
values were intensively shifted in the analysis of F-Cr (ν = 1443.78–1315.49 cm−1). The
analysis of melanin revealed medium absorption bands at ν = 1413.49, and 1370.51 cm−1

attributed to the bending O-H group, although one of these bands disappeared, and the
other absorption band was shifted at ν = 1374.93 cm−1 in the analysis of M-Cr. The stretching
C-N groups were documented for all samples with a slightly shifted value at ν = 1244.81 (F),
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ν = 1248.68 (F-Cr), ν = 1232.96 (M), and ν = 1238.20 cm−1 (M-Cr). The shift of peak to higher
wavenumber values indicated the chemisorption of Cr(VI) to the functional groups. Our
results are in accordance with the previous report concerning the interpretation of the C-N
group, and the increased shift in intensity [79]. Correspondingly, stretching absorption
bands assigned for Cr=O groups appeared at ν = 1035.11 cm−1 (F-Cr), and for M-Cr at
ν = 1025.67 cm−1 indicating the adsorption of chromium as dichromate anions on the
surface of fungi biomass and melanin [82,83]. An absorption band at ν= 840.55 cm−1 was
established for strong bending vibration of the C-H group in the FT-IR analysis of melanin,
this absorption band disappeared in the analysis of F-Cr. The disappearance of the C-H
group is related to the involvement of this group in the adsorption of chromium ions on
the fungi biomass. The spectral of FT-IR revealed absorption bands at ν = 525.47, 471.52 (F),
ν = 486.78 (F-Cr), ν = 482.99, and 425.76 (M) owing to phenyl rings, while this band was
not recorded for the sample of M-Cr. Cr(VI) ions predominantly bind to fungi biomass,
and melanin as negatively charged HCrO4

−1 and Cr2O4
−2 groups to positively charged

sites or functional groups of fungi, and melanin. The introduction of oxygen and hydrogen
atoms in the adsorbed complex of Cr(VI) might be the cause for increased perceived %
transmittance [84]. The interpretations of the FT-IR verified that the adsorbent has active
sites for Cr(VI) adsorption.

3.8.2. SEM Investigation

The SEM image of biomass cells of A. pullulans AKW, and its melanin particles were
investigated against Cr(VI) ions using two different magnification powers. The Cr(VI)-
unloaded biomass cells of A. pullulans Akw, showed to be characterized by the regular
and homogenous shape of the cells (Figure 11(A1,A2)). In the treated fungal biomass with
Cr(VI), detectable alterations in morphology (cell shape, size, and surface features), and
also indentation in cells, clear deformation, shrinking of cells, flighting, and some distortion,
with enlargement, could be noticed (Figure 11(B1,B2)). Our results are in harmony with the
previous findings that pointed out that the uptake and accumulation of heavy metals by
fungal cells, caused morphological alteration, physiological damage, molecular disturbance,
ultrastructural changes, and inhibition of the antioxidant system [85,86]. Similarly, the SEM
images of extracellular melanin particles before and after the adsorption process of Cr(VI)
were investigated. The controlled sample of melanin particles (Figure 11(C1,C2)) appeared
to be more amorphic and opaque, while, the treated melanin (Figure 11(D1,D2)) showed
flourished amorphous particles as a result of Cr(VI) ions. The image showed also changes
in the aggregation pattern and the surface appearance of the melanin particles, including
texture, shape, and aggregation of the particles. Similar conclusions were reported during
the examination of the structure of natural and synthetic eumelanin using SEM [87].
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Figure 11. SEM photographs of the fungi biomass and melanin before and after Cr(VI) biosorption,
showing fungal biomass before (A1,A2) and after (B1,B2) adsorption, as well as melanin particles
before (C1,C2), after (D1,D2) adsorption.

Melanin and fungal biomass have better morphology to adsorb Cr(VI), and their
surfaces are rich with porous which acquire Cr(VI). This provides favorable conditions for
the bioadsorption process of organic pollutants [88]. The adsorbent surface of melanin and
fungal biomass profoundly adsorbed Cr(VI) ions in the inner walls.

3.8.3. EDX Analyses

The analysis of fungal biomass revealed the presence of carbon (75.97%), and oxygen
(23.32%) as the main elements, along with rare elements such as chlorine, potassium,
calcium, copper, and zinc. The analysis of Cr(VI) adsorbed on fungal biomass indicated the
adsorption of Cr(VI) with 1.39% of weight %, and 0.35% of atomic percentage. Hereafter, it
is established that the treatment of melanin, and fungal biomass with Cr(VI) solution does
not destroy any of the basic functional groups of the adsorbent [89].
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The images of the EDX analyses of melanin, fungal biomass, and Cr(VI) ions adsorbed
on their surfaces are shown in Figure 12. The results of melanin indicated the presence of
carbon (68.44%), and oxygen (30.24%) as the major elements with rare atomic percentages
for potassium, copper, and zinc. The melanin-adsorbed Cr(VI) displayed the presence of
Cr(VI) with 1.34% of the weight and 0.34% of atomic percentages. Similarly, the analyses
were applied for fungi biomass, and melanin as well as chromium ions adsorbed on their
surface to examine the possible adsorption of Cr(VI) ions on their surfaces [79]. Our results
are in line with the results obtained by [90].
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Based on the current studies, it is supposed that Cr(VI) may interact with the sur-
face of the biomass or melanin through a variety of mechanisms, including hydrophobic
interactions, electrostatic interactions, and hydrogen bonding.

3.9. Interaction Mechanism of Cr(VI) Ions onto the Biosorbent Particles

The biosorption of Cr(VI) is affected by the nature of the functional groups in the metal
ion, the textural and surface properties of the used biosorbent materials, the diffusion of
the metal ion molecules to the used biosorbent, and how the metal ion molecules interact
with the used material particles. The surface of the used biosorbent particles has pronated
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hydroxyl groups (–OH2
+) and (-NH2), which enable them to electrostatically interact with

negatively charged Cr2O7
2−. Moreover, the abundant hydroxyl groups are highly capable

of forming hydrogen bonds with CrO4
2−, and HCrO4

−. Taken collectively, the combination
of hydrogen bonding and electrostatic attraction could maximize the biosorption of Cr(VI)
onto the used biosorbent particles. The removal percentage of Cr(VI) ions increased under
acidic conditions, while decreasing under basic conditions, indicating that electrostatic
attraction plays a critical role in the biosorption of negative Cr(VI) ions onto the used
biosorbent particles surface (Figure 13).
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4. Conclusions

The comparative study involving fungus, A. pullulans AKW biomass and its extracel-
lular melanin particles as biosorbent agents for Cr(VI) ions was conducted. The parameters
of contact time, initial concentration of Cr(VI), biosorbent dosages (fungal biomass or
melanin), and pH with their influence on the biosorption process of Cr(VI) ions were inves-
tigated. Equilibrium isotherms were applied for experimental data. Langmuir model was
shown to be more favorite for the biosorption process compared to the Freundlich isotherm.
As well as, the Temkin isotherm fit well with the experimental data, indicating the energetic
homogeneity of the biosorption sites and chemisorption process for fungus biomass and
melanin. Regarding the kinetic studies, the biosorption process obeyed pseudo-first-order
rather than pseudo-second-order. The DTs of both fungal biomass and melanin were
constructed. The DT of fungal biomass was a lower error compared to melanin. Dts have
efficiency in optimizing Cr(VI)removal compared to equilibrium isotherms and kinetic
study. The FT-IR spectra of melanin, and fungal biomass verified the adsorption of Cr(VI)
on their surface as appeared from the obtained data with a notable shift in the values of
the stretching vibrations of most of the functional groups. The C-H stretching, stretching
of the N-H bond, and “O-H” hydroxyl groups produced the shifting of absorption bands
in the FT-IR spectra attributed to the biosorption of Cr(VI). The SEM and EDX analyses
supported the reality that melanin and fungal biomass can remove heavy metals leading to
detoxification. Summing up, the extracellular melanin was found to be more efficient in the
biosorption process of Cr(VI) ions compared to fungus biomass, it could be applicable on a
large scale since its feasibility of production by A. pullulans AKW, using a cheap medium.

Based on the data of the current work, further research can focus on applying the
DT algorithm modeling Cr(VI) ions removal using a combination of fungal biomass and
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melanin in biosorption strategies. Synergistic effects between different biosorbents may
enhance the overall efficiency and versatility of the process. Likewise, combining another
approach of machine learning such as artificial neural networks could lead to enhanced
efficiency and uptake capacity of the biosorbents, making them more attractive for practical
applications. Furthermore, the generalization of the modeling process in the current
study to include other sorbent/absorbate interactions. Moreover, the scenario of the
performance of fungal biomass and melanin under real-world conditions will provide
valuable information for their implementation. However, it is recommended to assess the
toxicity and potential environmental impact of using fungal biomass and/or melanin for
Cr(VI) removal during the biosorption process.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15183754/s1, Table S1. The adsorption of chromium ions
on the melanin surface was evidenced by Fourier Transform Infrared Spectroscopy (FT-IR).
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37. Şahin, Y.; Öztürk, A. Biosorption of chromium (VI) ions from aqueous solution by the bacterium Bacillus thuringiensis. Process
Biochem. 2005, 40, 1895–1901. [CrossRef]

38. Fakhry, H.; Hassan, H.M.; El-Aassar, M.; Alsohaimi, I.H.; Hussein, M.F.; ALQahtani, M.M.; El-Amier, Y.A. A treatment of
wastewater containing Safranin O using immobilized Myriophyllum spicatum L. onto polyacrylonitrile/polyvinylpyrrodlidone
biosorbent. J. Inorg. Organomet. Polym. Mater. 2022, 32, 3181–3195. [CrossRef]

https://doi.org/10.1016/j.radphyschem.2019.05.002
https://doi.org/10.1111/j.1751-1097.2007.00226.x
https://doi.org/10.3945/jn.113.180406
https://www.ncbi.nlm.nih.gov/pubmed/24174624
https://doi.org/10.1021/acs.jafc.8b05071
https://www.ncbi.nlm.nih.gov/pubmed/30541276
https://doi.org/10.1097/00010694-198308000-00001
https://doi.org/10.1016/0003-9861(80)90430-0
https://doi.org/10.1007/BF01577142
https://doi.org/10.1111/pcmr.12121
https://doi.org/10.1021/jp071439h
https://doi.org/10.1021/ja00480a044
https://doi.org/10.1016/j.scitotenv.2005.05.028
https://www.ncbi.nlm.nih.gov/pubmed/15993471
https://doi.org/10.1016/j.chemosphere.2021.129884
https://www.ncbi.nlm.nih.gov/pubmed/33582504
https://doi.org/10.3389/fbioe.2023.1106973
https://doi.org/10.3389/fmicb.2020.582016
https://doi.org/10.1093/cid/ciw425
https://doi.org/10.1038/s41598-019-43587-8
https://doi.org/10.3389/fmicb.2021.717848
https://doi.org/10.1007/s10570-020-03308-1
https://doi.org/10.3126/arj.v2i01.40736
https://doi.org/10.1186/s13065-022-00834-w
https://doi.org/10.3390/polym13172893
https://www.ncbi.nlm.nih.gov/pubmed/34502933
https://doi.org/10.1038/s41598-023-40549-z
https://doi.org/10.1002/ep.13919
https://doi.org/10.1016/j.procbio.2004.07.002
https://doi.org/10.1007/s10904-022-02354-5


Polymers 2023, 15, 3754 32 of 33

39. El-Amier, Y.A.; Elsayed, A.; El-Esawi, M.A.; Noureldeen, A.; Darwish, H.; Fakhry, H. Optimizing the biosorption behavior of
Ludwigia stolonifera in the removal of lead and chromium metal ions from synthetic wastewater. Sustainability 2021, 13, 6390.
[CrossRef]

40. Cheng, Q.; Fang, Z.; Yi, X.S.; An, X.; Tang, B.; Xu, Y. “Ex situ” concept for toughening the RTMable BMI matrix composites, Part I:
Improving the interlaminar fracture toughness. J. Appl. Polym. Sci. 2008, 109, 1625–1634. [CrossRef]

41. Ho, Y.-S.; McKay, G. Pseudo-second order model for sorption processes. Process Biochem. 1999, 34, 451–465. [CrossRef]
42. Priya, A.; Yogeshwaran, V.; Rajendran, S.; Hoang, T.K.; Soto-Moscoso, M.; Ghfar, A.A.; Bathula, C. Investigation of mechanism of

heavy metals (Cr6+, Pb2+ & Zn2+) adsorption from aqueous medium using rice husk ash: Kinetic and thermodynamic approach.
Chemosphere 2022, 286, 131796.

43. Fakhry, H.; El-Sonbati, M.; Omar, B.; El-Henawy, R.; Zhang, Y.; Marwa, E.-K. Novel fabricated low-cost hybrid polyacryloni-
trile/polyvinylpyrrolidone coated polyurethane foam (PAN/PVP@ PUF) membrane for the decolorization of cationic and anionic
dyes. J. Environ. Manag. 2022, 315, 115128. [CrossRef] [PubMed]

44. Sivashankar, R.; Sathya, A.; Kanimozhi, J.; Deepanraj, B. Characterization of the biosorption process. In Biosorption for Wastewater
Contaminants; Wiley: Hoboken, NJ, USA, 2022; pp. 102–116.

45. Wang, H.; Ren, Z.J. Bioelectrochemical metal recovery from wastewater: A review. Water Res. 2014, 66, 219–232. [CrossRef]
46. Bolisetty, S.; Peydayesh, M.; Mezzenga, R. Sustainable technologies for water purification from heavy metals: Review and analysis.

Chem. Soc. Rev. 2019, 48, 463–487. [CrossRef]
47. Hong, L.; Liu, Y.; Simon, J.D. Binding of metal ions to melanin and their effects on the aerobic reactivity. Photochem. Photobiol.

2004, 80, 477–481. [CrossRef] [PubMed]
48. Zubair, A.; Bhatti, H.N.; Hanif, M.A.; Shafqat, F. Kinetic and equilibrium modeling for Cr (III) and Cr (VI) removal from aqueous

solutions by Citrus reticulata waste biomass. Water Air Soil Pollut. 2008, 191, 305–318. [CrossRef]
49. Sibi, G. Biosorption of chromium from electroplating and galvanizing industrial effluents under extreme conditions using

Chlorella vulgaris. Green. Energy Environ. 2016, 1, 172–177. [CrossRef]
50. Rezaei, H. Biosorption of chromium by using Spirulina sp. Arab. J. Chem. 2016, 9, 846–853. [CrossRef]
51. Kanchana, S.; Jeyanthi, J.; Kumar, R.D. Equilibrium and kinetic studies on biosorption of chromium (VI) on to Chlorella species.

Eur. J. Sci. Res. 2011, 63, 255–262.
52. Marandi, R. Biosorption of hexavalent chromium from aqueous solution by dead fungal biomass of Phanerochaete crysosporium:

Batch and fixed bed studies. Can. J. Chem. Eng. Technol. 2011, 2, 8–22.
53. Suganya, E.; Saranya, N.; Patra, C.; Varghese, L.A.; Selvaraju, N. Biosorption potential of Gliricidia sepium leaf powder to

sequester hexavalent chromium from synthetic aqueous solution. J. Environ. Chem. Eng. 2019, 7, 103112.
54. Nakkeeran, E.; Patra, C.; Shahnaz, T.; Rangabhashiyam, S.; Selvaraju, N. Continuous biosorption assessment for the removal of

hexavalent chromium from aqueous solutions using Strychnos nux vomica fruit shell. Bioresour. Technol. Rep. 2018, 3, 256–260.
[CrossRef]

55. Mangwandi, C.; Kurniawan, T.A.; Albadarin, A.B. Comparative biosorption of chromium (VI) using chemically modified date
pits (CM-DP) and olive stone (CM-OS): Kinetics, isotherms and influence of co-existing ions. Chem. Eng. Res. Des. 2020, 156,
251–262. [CrossRef]

56. Ros, ca, M.; Silva, B.; Tavares, T.; Gavrilescu, M. Biosorption of Hexavalent Chromium by Bacillus megaterium and Rhodotorula sp.
Inact. Biomass. Process. 2023, 11, 179.

57. Bhatti, H.N.; Khalid, R.; Hanif, M.A. Dynamic biosorption of Zn (II) and Cu (II) using pretreated Rosa gruss an teplitz (red rose)
distillation sludge. Chem. Eng. J. 2009, 148, 434–443. [CrossRef]

58. Wang, G.; Zhang, S.; Yao, P.; Chen, Y.; Xu, X.; Li, T.; Gong, G. Removal of Pb (II) from aqueous solutions by Phytolacca americana L.
biomass as a low cost biosorbent. Arab. J. Chem. 2018, 11, 99–110.

59. Naseem, K.; Farooqi, Z.H.; Begum, R.; Rehman, M.Z.U.; Shahbaz, A.; Farooq, U.; Ali, M.; Rahman, H.M.A.U.; Irfan, A.; Al-Sehemi,
A.G. Removal of cadmium (II) from aqueous medium using vigna radiata leave biomass: Equilibrium isotherms, kinetics and
thermodynamics. Z. Für Phys. Chem. 2019, 233, 669–690. [CrossRef]

60. Ume, O.L.; Ekeoma, B.C.; Yusuf, M.; Al-Kahtani, A.A.; Ubaidullah, M.; Sillanpää, M. Batch studies of hexavalent chromium
biosorption from mining wastewater using Aspergillus niger. Results Chem. 2022, 4, 100490. [CrossRef]

61. Miretzky, P.; Cirelli, A.F. Cr(VI) and Cr(III) removal from aqueous solution by raw and modified lignocellulosic materials: A
review. J. Hazard. Mater. 2010, 180, 1–19. [CrossRef]

62. Krishna Kumar, A.S.; Warchol, J.; Matusik, J.; Tseng, W.-L.; Rajesh, N.; Bajda, T. Heavy metal and organic dye removal via a
hybrid porous hexagonal boron nitride-based magnetic aerogel. NPJ Clean. Water 2022, 5, 24. [CrossRef]

63. Jobby, R.; Jha, P.; Gupta, A.; Gupte, A.; Desai, N. Biotransformation of chromium by root nodule bacteria Sinorhizobium sp. SAR1.
PLoS ONE 2019, 14, e0219387. [CrossRef]

64. da Rocha Ferreira, G.L.; Vendruscolo, F.; Antoniosi Filho, N.R. Biosorption of hexavalent chromium by Pleurotus ostreatus. Heliyon
2019, 5, e01450. [CrossRef] [PubMed]

65. Pradhan, D.; Sukla, L.B.; Mishra, B.B.; Devi, N. Biosorption for removal of hexavalent chromium using microalgae Scenedesmus sp.
J. Clean. Prod. 2019, 209, 617–629. [CrossRef]

66. Manzoor, Q.; Nadeem, R.; Iqbal, M.; Saeed, R.; Ansari, T.M. Organic acids pretreatment effect on Rosa bourbonia phyto-biomass
for removal of Pb (II) and Cu (II) from aqueous media. Bioresour. Technol. 2013, 132, 446–452. [CrossRef] [PubMed]

https://doi.org/10.3390/su13116390
https://doi.org/10.1002/app.27868
https://doi.org/10.1016/S0032-9592(98)00112-5
https://doi.org/10.1016/j.jenvman.2022.115128
https://www.ncbi.nlm.nih.gov/pubmed/35483254
https://doi.org/10.1016/j.watres.2014.08.013
https://doi.org/10.1039/C8CS00493E
https://doi.org/10.1562/0031-8655(2004)080%3C0477:BOMITM%3E2.0.CO;2
https://www.ncbi.nlm.nih.gov/pubmed/15623333
https://doi.org/10.1007/s11270-008-9626-y
https://doi.org/10.1016/j.gee.2016.08.002
https://doi.org/10.1016/j.arabjc.2013.11.008
https://doi.org/10.1016/j.biteb.2018.09.001
https://doi.org/10.1016/j.cherd.2020.01.034
https://doi.org/10.1016/j.cej.2008.09.028
https://doi.org/10.1515/zpch-2018-1223
https://doi.org/10.1016/j.rechem.2022.100490
https://doi.org/10.1016/j.jhazmat.2010.04.060
https://doi.org/10.1038/s41545-022-00175-0
https://doi.org/10.1371/journal.pone.0219387
https://doi.org/10.1016/j.heliyon.2019.e01450
https://www.ncbi.nlm.nih.gov/pubmed/30976708
https://doi.org/10.1016/j.jclepro.2018.10.288
https://doi.org/10.1016/j.biortech.2013.01.156
https://www.ncbi.nlm.nih.gov/pubmed/23433975


Polymers 2023, 15, 3754 33 of 33

67. El-Aassar, M.; Ibrahim, O.M.; Omar, B.M.; El-Hamid, H.T.A.; Alsohaim, I.H.; Hassan, H.M.; Althobaiti, I.O.; El-Sayed, M.Y.; Goher,
M.E.; Fakhry, H. Hybrid Beads of Poly (Acrylonitrile-co-Styrene/Pyrrole)@ Poly Vinyl Pyrrolidone for Removing Carcinogenic
Methylene Blue Dye Water Pollutant. J. Polym. Environ. 2023, 31, 2912–2929. [CrossRef]

68. Omar, B.M.; Abdelgalil, S.A.; Fakhry, H.; Tamer, T.M.; El-Sonbati, M.A. Wheat husk-based sorbent as an economical solution for
removal of oil spills from sea water. Sci. Rep. 2023, 13, 2575. [CrossRef]

69. Gupta, V.; Rastogi, A. Biosorption of hexavalent chromium by raw and acid-treated green alga Oedogonium hatei from aqueous
solutions. J. Hazard. Mater. 2009, 163, 396–402. [CrossRef]

70. Bulgariu, L.; Bulgariu, D.; Rusu, C. Marine algae biomass for removal of heavy metal ions. In Springer Handbook of Marine
Biotechnology; Springer: Berlin/Heidelberg, Germany, 2015; pp. 611–648.

71. Shamim, S. Biosorption of heavy metals. Biosorption 2018, 2, 21–49.
72. Pagnanelli, F. Equilibrium, kinetic and dynamic modelling of biosorption processes. In Microbial Biosorption of Metals; Springer:

Dordrecht, The Netherlands, 2011; pp. 59–120.
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