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Abstract

Biosorption has been considered a promising technology for the treatment of industrial efflu-
ents containing heavy metals. However, the development of a cost-effective technique for
biomass immobilization is essential for successful application of biosorption in industrial pro-
cesses. In this study, a new method of reversible encapsulation of the highly pigmented bio-
mass from Aspergillus nidulans mutant using semipermeable cellulose membrane was
developed and the efficiency of the encapsulated biosorbent in the removal and recovery of
copper ions was evaluated. Data analysis showed that the pseudo-second-order model bet-
ter described copper adsorption by encapsulated biosorbent and a good correlation (r* >
0.96) to the Langmuir isotherm was obtained. The maximum biosorption capacities for the
encapsulated biosorbents were higher (333.5 and 116.1 mg g' for EB10 and EB30, respec-
tively) than that for free biomass (92.0 mg g'). SEM-EDXS and FT-IR analysis revealed
that several functional groups on fungal biomass were involved in copper adsorption through
ion-exchange mechanism. Sorption/desorption experiments showed that the metal recovery
efficiency by encapsulated biosorbent remained constant at approximately 70% during five
biosorption/desorption cycles. Therefore, this study demonstrated that the new encapsula-
tion method of the fungal biomass using a semipermeable cellulose membrane is efficient
for heavy metal ion removal and recovery from aqueous solutions in multiple adsorption-
desorption cycles. In addition, this reversible encapsulation method has great potential for
application in the treatment of heavy metal contaminated industrial effluents due to its low
cost, the possibility of recovering adsorbed ions and the reuse of biosorbent in consecutive
biosorption/desorption cycles with high efficiency of metal removal and recovery.

Introduction

Various anthropogenic and industrial activities generate bulk quantities of waste containing
considerable concentrations of heavy metals, which have detrimental effects on terrestrial and
aquatic environments for all living beings [1, 2]. Copper ion is one of the most common heavy
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metals in effluents from different industries and it can become toxic to cells when its concen-
trations surpass certain optimal levels, causing adverse human health effects [3, 4]. After intro-
ducing more restrictive laws for wastewater disposal contaminated with metals, economic,
effective and eco-friendly technology needed to be developed to remove toxic metals from
wastewater before disposing of it safely.

Compared to conventional methods (precipitation, flocculation, ion exchange and mem-
brane filtration), biosorption has been considered a promising alternative to treat large
amounts of industrial effluents containing heavy metals in low concentrations [3, 5, 6]. The
main advantages for biosorption applications in industrial processes are the low cost of biosor-
bents, their high efficiency for metal removal (especially in low-concentration solutions),
regeneration/reuse of biosorbents, potential metal recovery, and the non-generation of sec-
ondary residues [7-12].

Among the various types of biosorbents, fungal biomass has been considered as a cost-effec-
tive adsorbent for treating metal-contaminated wastewaters because it can be easily obtained
in large quantities from industrial processes or organisms of rapid growth using simple and
inexpensive cultivation techniques [2, 7, 13-16]. Several studies have reported fungal biomass
as a promising biosorbent for heavy metal removal from industrial wastewater [9, 11, 13, 17-
21].

As the biosorption consists of the adsorption of metals into the cellular surface of the bio-
mass, the metal binding capacity depends mainly on the components present on the cell sur-
face and the spatial structure of the cell wall [5, 6, 22, 23]. The fungal cell walls are complex
macromolecular structures predominantly consisting of chitin, glycans, mannans, which have
various functional groups (amine, imidazole, phosphate, sulfate, sulthydryl and hydroxyl) that
are potential metal-binding sites. Furthermore, some fungal species produce a dark-brown
pigment closely associated with chitin, known as melanin that contains many groups including
carboxyl, phenolic and alcoholic hydroxyl, carbonyl and methoxyl, which have a vital role in
metal adsorption, significantly increasing the efficiency of the biosorption process [18, 24-27].

Studies in our laboratory showed that the highly pigmented biomass produced by the
MEL1 mutant from Aspergillus nidulans has a higher biosorption capacity for neodymium
than the unpigmented biomass [28]. We characterize this pigment as 3,4-dihydroxyphenylala-
nine (DOPA)-melanin according to its physicochemical properties and tests with melanin bio-
synthesis inhibitors [29]. In the literature, other studies have also suggested that biomass from
fungi pigmented can be considered a promising biosorbent due to the fact that melanin acts as
a metal chelator, significantly enhancing the biomass-metal interaction and consequently its
biosorption capacity [18, 30-34].

For the application of fungi biomass in large-scale processes, immobilization of biosorbent
is a necessary step to increase the efficiency of metal adsorption on the surface of biomass, the
removal and recovery of metals, as well as to regenerate and reuse the biosorbent in subsequent
cycles. The free microbial cells are generally small particles that have low density, poor
mechanical strength and little rigidity, which may cause solid-liquid separation problems, pos-
sible biomass swelling, inability to regenerate/reuse, clogging of filter parts and a reduction in
high pressure required to generate suitable flow rates in a packed or fluidized column mode [5,
35, 36]. To address these issues, microbial biomass immobilization systems, including entrap-
ment, adsorption, cross-linking, covalent bonding to the carrier and encapsulation, have been
studied [5, 37-46]. In most studies, biomass is immobilized in polymeric matrices, such as
sodium alginate, polysulfone, polyacrylamide and polyurethane, with an appropriate mechani-
cal strength porosity and size [40]. Nevertheless, this type of immobilization has some disad-
vantages, including mass transfer limitations and high cost of these matrices, which may not
allow its application in large scale processes. Furthermore, these matrices may reduce the
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removal capacity, obstructing or damaging the metal-binding sites due to irreversible binding
between the biosorbent and the immobilizing matrix [40, 47].

In this context, the development of a cost-effective immobilization technique for metal
removal/recovery is essential to improve the competitiveness of industrial processes, decreas-
ing the process cost and dependence on a continuous supply of biosorbent [2, 11, 40, 47]. In
the present study, a new method of reversible encapsulation was developed using cheap, non-
toxic and readily available semipermeable membrane capsules, in which the fungal biomass
can freely float inside the capsule filled with deionized water, without blocking its binding sites
and also allowing the passage of copper ions from the solution into the capsule containing the
biosorvent immersed in the aqueous phase. Batch biosorption experiments were conducted to
evaluate copper ion removal by an encapsulated biosorbent. The biosorption mechanism was
investigated using kinetic and isothermal models, as well as scanning electron microscopy
with an energy dispersive X-ray analytical system (SEM-EDXS) and FT-IR spectroscopy. The
potential of our encapsulated biosorbent for a practical application in wastewater treatment
was evaluated in relation to the efficiency of metal recovery in several biosorption/desorption
cycles.

Materials and methods

Fungal cultivation

The biomass obtained after the growth of the MEL1 mutant of the fungus Aspergillus nidulans,
characterized as an overproducer of the DOPA-melanin pigment [29], was used as a biosor-
vent in this study. This microorganism belongs to the culture collection of the Filamentous
Fungi Laboratory at the Department of Biochemistry and Organic Chemistry, the Institute of
Chemistry, Sdo Paulo State University-UNESP in Araraquara, Brazil. Cultivation of the MEL 1
mutant was conducted as described by Sponchiado et al., 2018 [48]. After the growth period,
the biomass was harvested by filtration, washed with deionized water, dried at 55°C until con-
stant weight, crushed and sieved to obtain an adsorbent with a uniform particle size. The frac-
tion with a diameter less than 0.42 mm was selected to be used in the sorption experiments.

Biosorbent encapsulation

The fungal biomass was enclosed in a cellulose semipermeable membrane measuring 21 mm
wide and 33 mm in length containing deionized water and the system was sealed with a nylon
line, forming the encapsulated biosorbent (Fig 1).

Fig 1. Semipermeable cellulose membrane capsule containing 30 mg of biosorbent per mL of deionized water
(EB30).

https://doi.org/10.1371/journal.pone.0259315.g001
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The capsules were prepared using two biosorbent concentrations. The capsule referred to
as “EB10” contained 33.3 mg of biosorbent and one denominated as “EB30” contained 100 mg
of biosorbent, both containing 3.33 mL of deionized water inside the capsule, whose final con-
centrations were 10 mg mL™" and 30 mg mL, respectively.

Biosorption studies

Biosorption kinetic experiments were performed in capped plastic bottles containing one cap-
sule (EB10 or EB30) and 300 mL of aqueous copper solution at an initial concentration of
about 100 mg L™ with pH adjusted to 5.0 = 0.1. The bottles were incubated on a rotary shaker
under constant agitation of 150 rpm at room temperature (25 + 2°C). Afterwards, a bottle was
removed at each different time of incubation and the copper ion concentration in the solution
was determined by Atomic Absorption Spectroscopy (Agilent Technologies 200 Series AA).
Control biosorption assays were performed using a capsule containing only water (without the
biosorbent) to evaluate a possible adsorption of metals by the cellulose membrane.

Isothermal studies using free and encapsulated biosorbents (EB10 or EB30) were conducted
with a copper solution at different initial concentrations until the time required for the system
to reach equilibrium, as determined by biosorption kinetics. During this period, the pH of this
solution remained relatively constant at 5.0 + 0.1 by adding small amounts of NaOH ,q). After
the equilibrium time, the remaining copper concentration was measured by the method

below.

The biosorption capacity and the removal efficiency of metal ions were calculated according

to Eq 1 and 2:

(C,—C,).V
-1 f
. = 1
q(mg.g™") - (1)
C,—C

Removal efficiency (%) = — 100 (2)

0

where q (mg g™') is the biosorption capacity, m (g) is the mass of biosorbent, V (L) is the vol-
ume of the copper solution, C, (mg L) is the initial copper concentration in the solution and
C¢(mg L") is the copper concentration in the solution at the time of sampling.

From the experimental data, the pseudo-first-order and pseudo-second-order kinetic mod-
els were applied using their respective linear mathematical expressions [2, 49, 50].

lf’l (qeq - qt) = li’l qeq - klt (3)

t t 1

a B qeq quzq

(4)

where k; (min™) and k, (g mg™ min™") are the kinetic constants of pseudo first and pseudo
second order of adsorption, respectively, qeq and q; (mg g') represent the amounts of solute
adsorbed at equilibrium and time t (min), respectively.

The adsorption properties of encapsulated biosorbents at an equilibrium condition were
studied by the Langmuir and Freundlich isothermal models. The Langmuir model assumes a
homogeneous monolayer adsorption surface, in which the adsorption energy remains constant
and the maximum adsorption capacity occurs when only a saturated layer of solute is present
on the adsorbent surface [51]. The Freundlich model is widely used to describe heterogeneous
multilayer adsorption surfaces with different interaction energies leading to a logarithmic
decrease in affinity during surface coverage [52].
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The linearized mathematical expressions of the Langmuir and Freundlich isotherms are
represented in Eqs 5 and 6, respectively, as shown below:
C 1 C

1= =+ (5)
qeq qmaxKL qmax

1
Ingq,, =InK;+ ;ln C, (6)

where C,, (mg L™') is the metal concentration at equilibrium, q.q (mg g') is the biosorption
capacity, amount of metal adsorbed by the biosorbents at equilibrium, qumay (mgg™) is the
maximum biosorption capacity, K (L mg™) is the Langmuir constant related to the adsorp-

1-1/n Ll/n

tion energy, Kr (mg g’) is the Freundlich constant related to the adsorption capacity

and 1/n is the Freundlich constant related to the heterogeneity of the surface.

SEM-EDXS and FTIR analysis

The biosorbent morphology before and after copper ion sorption was analysed by scanning
electron microscopy (SEM, JEOL, JSM-7500F, Japan) using secondary electrons and elemen-
tary analysis of these samples was performed by dispersive X-ray spectroscopy (EDXS). Before
these analyses, biosorbent samples were washed with distilled water dried at 55°C for 24 h and
then coated with carbon using a vacuum system.

The functional groups present in the fungal biomass were investigated by Fourier-trans-
form infrared spectroscopy (FT-IR). FT-IR spectra of metal-free and copper-loaded biosor-
bents were obtained using a Nicolet iS5 FTIR Spectrometer (Thermo Scientific). The washed
and dried biomasses were mixed with KBr, pressed in a pastillator (6 tons) under vacuum for 1
min and analysed with a resolution of 2 cm™ in the range of 4000-400 cm ™.

Desorption studies

After the biosorption assay, the encapsulated biosorbent (EB30) was collected from the copper
solution (initial concentration of 750 mg L™* and pH 5) and the capsule containing the metal-
loaded biomass was washed with distilled water and treated with HCl solutions at different
concentrations (0.05, 0.1 and 0.2 mol L!). This mixture was allowed to stand at room tempera-
ture under constant agitation (150 rpm) for 30 to 360 min to determine the time required to
reach chemical equilibrium. The copper ion concentration was determined by Atomic
Absorption Spectroscopy.

To evaluate the biosorption/desorption cycles, the capsules containing the metal-free bio-
sorbent were exposed to copper solution (initial concentration of 750 mg L™"). After the time
required to reach biosorption equilibrium, the capsules were removed, washed with distilled
water and treated with HCl solution (0.05 mol L") for metal desorption. This sorption-desorp-
tion cycle was repeated five times to determine the reusability potential of the biosorbent.
From the second biosorption cycle, the pH of the copper solution containing regenerated
encapsulated biosorbent was corrected again at 5 using the 0.2 mol L™ NaOH solution and the
system was allowed to reach equilibrium once more. The cycles were performed using the
same batch of capsules. The desorption capacity and recovery efficiency of the metal ions were
calculated according to the following Eqs 7 and 8, respectively:

CVv

Daes = 7 (7)
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d = s 100 (8)
Mo

where qqes (mg g') is the desorption capacity expressed in milligrams of metal ions desorbed
per gram of biosorbent, C¢ (mg L") is the final copper ion concentration in solution, V (L) is
the volume of the solution, m (g) is the mass of the biosorbent, mg., (mg) is the mass of
desorbed metal ions, my;es (mg) is the mass of biosorbed metal ions and d (%) is the recovery
efficiency expressed as a percentage of recovered metal. The my,,s value was obtained from the
biosorption capacity calculation.

Statistical analysis

The results were presented as the mean + standard deviation (three independent experiments,
n = 3). Root-mean-square deviation (RMSD) and linear regression analysis were used as a
measure of the goodness-of-fit of the mathematical models. Small RMSE values and values of
R® close to 1.0 indicate better curve fitting. All kinetic and isotherm parameters of the models
were evaluated by linear regression analysis of the experimental data using the Microsoft Excel
2016, version 2102, software (S1 Appendix).

Results and discussion

For the application of biosorption in the removal of heavy metals from industrial wastewater,
it is important to use immobilized biosorbent to facilitate the collection of the metal-loaded
biosorbent for metal ion removal and recovery by desorption, as well as to regenerate and
reuse the metal-free biosorbent for the next biosorption-desorption cycle.

In this work, the capacity of the MEL1 mutant pigmented biomass from Aspergillus nidu-
lans encapsulated in a semipermeable cellulose membrane (as shown in Fig 1) for copper ion
removal in aqueous solution was evaluated.

Biosorption kinetics

The contact time between the biosorbent and metal ion has a considerable effect on the effi-
ciency of the process and kinetics studies are critical to predict the adsorbent behavior for suc-
cessful practical applications [2, 53]. To establish the biosorption equilibrium time, the copper
sorption capacities by EB30 and EB10 encapsulated biosorbents were evaluated as a function
of time. As Fig 2 shows, the amount of copper ions adsorbed increased proportional to metal-
biosorbent contact time and the system reached equilibrium at 240 min. Generally, the bio-
sorption is considered a multi-step process, comprising four consecutive elementary steps: 1-
the solute transfer from the bulk solution to the liquid film surrounding the biosorbent, 2- the
solute transport from the boundary liquid film to biosorbent surface (external diffusion), 3-
solute transfer from the surface to the internal active binding sites (intraparticle diffusion),
and 4- solute interaction with the active binding sites [40, 54].

Two kinetic models were applied to the experimental data to investigate the copper ion
adsorption mechanism (data in S1 Table), which are important to select the optimum operat-
ing conditions for industrial-scale processes. The pseudo-first-order model assumes that the
adsorption process is a rapid initial phase [55], while the pseudo-second-order model assumes
that the adsorption is a chemical rate-controlling step [40, 50, 56].

The kinetic parameters from the linearized pseudo-first and pseudo-second order models
are summarized in Table 1.
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Fig 2. Kinetic of copper biosorption by EB30 and EB10. Conditions: Initial copper concentration = 100 mg L'; pH; = 5 + 0.1; agitation speed = 150 rpm;
temperature = 25 + 2°C; biosorbent dosage for EB10 = 0.333 g " and for EB30 = 1.0 g L'".

https://doi.org/10.1371/journal.pone.0259315.9002

According to Table 1, both encapsulated biosorbents showed the highest r* and the lowest
RMSD values for the pseudo-second order kinetics compared to the pseudo-first order kinetic.
Therefore, the pseudo-second order kinetic model best describes the experimental data, indi-
cating that the rate limiting step in the adsorption of metals is chemisorption. Considering
that an extended equilibrium time was required by encapsulated biosorbents (240 min) com-
pared to the free biosorbent (60 min), the main rate-limiting step in copper biosorption by
EB30 and EB10 is the diffusion through the capsule membrane due to the concentration gradi-
ent followed most likely by a chemical process involving valence forces between sorbent and
sorbate within the capsule, such as complexation, coordination and chelation [50]. The
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Table 1. Kinetic parameters for copper biosorption by EB30 and EB10. Conditions: Initial copper concentra-
tion = 100 mg L''; pH; = 5 + 0.1; agitation speed = 150 rpm; temperature = 25 + 2°C; biosorbent dosage for
EB10=0.333gL" and for EB30=1.0gL™".

Kinetic Model Parameters EB30 EB10

Pseudo-first order Qeq (mgg™) 13.2 34.4
k; (min™) 0.0168 0.0169
r? 0.948 0.837
RMSD 0.592 5.12

Pseudo-second order Qeq (Mg g'l) 15.0 28.6
k, (g mg "' min™") 0.0013 0.0004
r’ 0.994 0.981
RMSD 0.531 1.13

https://doi.org/10.1371/journal.pone.0259315.t001

pseudo-second order model is considered more appropriate to represent the kinetic data in
several biosorption systems using fungal biomass, indicating that the rate limiting step in the
adsorption of metals is chemisorption [43, 50, 57-60].

Biosorption isotherms

The adsorption isotherm is important to understand how adsorbate interacts with the adsor-
bent and to estimate the maximum metal biosorption capacity. Fig 3 shows the experimental
results regarding the effect of different copper ion concentrations on the biosorption capacity
by free biosorbent, EB10 and EB30 at equilibrium.

As Fig 3 shows, in lower metal concentrations, the free biosorbent biosorptive capacity of
the free biosorbent is slightly higher than the encapsulated biosorbents, probably due to the
greater availability of metal to binding sites on the surface of the free biomass. The number of
metal ions that bind to the biomass was lower than those that bind when there is a higher cop-
per concentration. This phenomenon can be attributed to the thermodynamic driving force,
which is proportional to the ion concentration gradient. This force is required to overcome the
resistance to mass transfer of copper ions to the solid phase. Thus, in high metal ion concentra-
tions, a higher concentration gradient increases the thermodynamic driving force, resulting in
a greater probability of collision between the metal ions and the biosorbent binding sites,
increasing the biosorption capacity [14, 61].

Interestingly, it can also be seen in Fig 3 that the biosorption capacity of both encapsulated
biosorbents continued to increase at high copper concentrations, unlike the free biosorbent.
As reported in several studies, higher concentrations of metal can lead to a greater adsorption
capacity, but to a certain extent, where even with increasing metal concentration the biosorp-
tion capacity no longer increases, reaching a plateau, which indicates that the available biosor-
bent-binding sites are saturated [42, 60, 62-67].

The biosorption capacity by encapsulated biosorbents did not reach a plateau even as the
copper concentration increased, probably due to the presence of deionized water inside the
capsule, since no metal adsorption by cellulose membrane occurred (data in S1 Table). Unlike
the free biosorbent, which has a limited number of binding sites, deionized water inside the
capsules can also remove copper ions from the external solution because copper ions permeate
the membrane by passive diffusion until reaching equilibrium. Then, the total biosorption
capacity of the capsules can be considered as the sum of the copper ions that are adsorbed by
fungal biomass and the ions that are removed by the liquid phase inside the capsule. As shown
in the desorption experiments, these ions in this liquid phase can be removed and recovered
along with the ions adsorbed by the biosorbent.
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EB10=0.333¢g L, for EB30 = 1.0 g L and for free biomass = 1.0 g L

https://doi.org/10.1371/journal.pone.0259315.9003

In order to demonstrate the water contribution inside the capsule in removing copper ions
in the total biosorption capacity, the Eq 1 was reformulated to calculate the adsorption of cop-
per ions only by the biosorbent inside the capsule, as shown below (Eq 9):
(Clrvo) B (Cf'vf)

m

q(mg.g) = )
where m (g) is the mass of the biosorbent, V, (L) is the volume of the external solution to the
capsule, C, (mg L") is the initial solution copper concentration, V¢ (L) is the sum of the vol-
ume of the external and internal solution of the capsule and C¢ (mg L") is the solution copper
concentration at the time of sampling. The value of q (mg g™') is expressed in milligrams of
metal adsorbed per gram of biosorbent.
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In this equation, the amount of ions adsorbed on the biomass inside the capsule was
obtained by the difference between of the initial amount of metal ions (C,. V}) and the amount
of ions remaining in solution (inside and outside the capsule), which not adsorbed on the bio-
mass (Cr. V). With this equation was possible to calculate the adsorption capacity of the bio-
mass enclosed within the capsule, disregarding the removal of copper ions by aqueous phase
in the encapsulated biosorbents. Thus, EB10x and EB30x were used to designate copper
adsorption only by the biosobent inside the capsule.

The biosorption isotherms by EB10, EB30, EB10x and EB30x are shown in Fig 4:

As Fig 4 shows, when copper removal by the aqueous phase in the capsule is disregarded
(Eq9), it can be observed that the biosorption attained the equilibrium plateau, indicating that
all available sites of the encapsulated biosorbents have been saturated. In this plateau, the maxi-
mum experimental adsorption capacity of the EB30x and EB10x can be obtained, which are
42.1+25mgg ' and 46.2 + 3.1 mg g, respectively. These values are lower than the biosorption
capacities of the EB10 and EB30 that consider the removal of ions by the entire capsule (ions
removed by the aqueous phase and biomass inside the capsule), which are 63.3 + 2.3 mg g ™' for
EB30 and 115.9 + 3.0 mg g™ for EB10, thus at this point the contribution of the aqueous phase
inside the capsules in the biosorptive capacity corresponds to 21.3 mg g* (33.6%) and 69.6 mg
g (60.1%), respectively. In addition, even after all of the biomass active sites are saturated, as
indicated by the plateau obtained for EB10x and EB30x (Fig 4), the aqueous phase inside the
capsule can continue removing ions from the external environment. These results suggest an
important synergy between the liquid and solid phases inside the capsule resulting in increased
metal removal. This synergy can be explained not only by the difference in metal concentration
ions between the two aqueous phases separated by the semipermeable membrane, but also due
to the excess of negative charges of the organic biomass functions, which cannot cross the mem-
brane. The accumulation of negative charges inside the capsule, which cannot penetrate all the
phases of the system (biomass, internal liquid and external liquid phases), leads to a difference
in electrical potential between the internal and external phases of the capsule [68]. This differ-
ence in electrical potential can attract and concentrate metal ions, which are positively charged,
inside the capsule so that the electrochemical system can achieve electrochemical equilibrium.

In this study, Langmuir and Freundlich models were applied to the experimental biosorp-
tion data (data in S2 Table). These isotherms are important to describe the relationship
between the amount of ions removed per gram of biosorbent (q,), its equilibrium concentra-
tion (Ccq), as well as to determine essential parameters for practical adsorption operation,
which are summarized in Table 2.

As can be seen in Table 2, the EB30x and EB10x biosorption was better adjusted by the
Langmuir isotherm based on the values of r* and RMSD. According to the Langmuir adsorp-
tion model, we can assume that the copper ion adsorption by biomass inside the capsules pre-
dominantly occurs in monolayers with homogeneous binding sites and constant adsorption
energy [53, 69]. In contrast, copper adsorption data by EB10 and EB30 fitted well to the Freun-
dlich isotherm, as demonstrated by the 1 values (0.99) close to 1.0 and lower RMSD (1.12 and
1.53 to EB10 and EB30, respectively) compared to those of Langmuir (Table 2). Here, the cop-
per removal by encapsulated biosorbents considered both ions adsorbed by the biomass and
those that diffused through the membrane and remained in the aqueous phase inside the cap-
sules. The Freundlich model is widely used to describe the adsorption onto heterogeneous
sorption sites with non-uniform distribution of the heat of sorption and affinities [70]. In addi-
tion, this model describes the distribution of metal ions between solid and aqueous phases at
the point of saturation [53].

Despite the limitation of applying the Langmuir model for copper removal by EB10 and
EB30 capsules due to the contribution of the aqueous phase in its biosorption capacity, the

PLOS ONE | https://doi.org/10.1371/journal.pone.0259315 November 2, 2021 10/21


https://doi.org/10.1371/journal.pone.0259315

PLOS ONE Innovative method for encapsulating highly pigmented biomass from Aspergillus nidulans mutant for biosorption

L ———
1201 —
601 - ?
30 M

0+ : . | . | . | | | )
801 (B) -

60--— /4&/
40+ AT -
204 /Z%I )

Op : : : : : : : ]
0O 200 400 600 800 1000

Copper concentration at equilibrium (mg L™)

Biosorption capacity (mg 9'1)

—v— Biosorption capacity by EB10
Biosorption capacity by EB10x

—A— Biosorption capacity by EB30
------ Biosorption capacity by EB30x
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Table 2. Parameters of Langmuir and Freundlich isotherms for copper biosorption by EB30x, EB10x, EB30 and EB10. Conditions: Initial copper concentrations
ranging from about 50 to 1050 mg L''; contact time = 240 min; pH = 5.0 + 0.1; agitation speed = 150 rpm; temperature = 25 + 2°C; biosorbent dosage for EB10 = 0.333 g L’

"and for EB30=1.0g L™

Isothermal Models Parameters EB30x EB10x EB30 EB10

Freundlich kg (mg' P LY gty 2.60 1.63 1.41 0.751
n(Lgh 0.417 0.508 0.581 0.770
? 0.977 0.981 0.995 1.00
RMSD 1.84 1.81 1.53 1.12

Langmuir k (L mg™) 0.0039 0.0029 0.0018 0.0008
Qumax (Mg g™) 54.8 67.2 116.1 333.5
? 0.984 0.994 0.968 0.980
RMSD 1.70 0.804 2.11 1.47

https://doi.org/10.1371/journal.pone.0259315.t1002

experimental equilibrium biosorption data also showed a good fit to the Langmuir isotherms
(r* > 0.96). Thus, the maximum capacity for EB10 and EB30 could be estimated, whose values
were 333.5and 116.1 mg g™, respectively (Table 2).

According to the biosorption capacity values (Table 2), the EB10 and EB10x capsules pre-
sented a higher biosorption capacity than the EB30 and EB30x capsules. Based on these results,
it can be suggested that the higher the biosorbent concentrations, which were 30 g L™ for EB30
and EB30x and 10 g L' for EB10 and EB10x, the lower the biosorption capacity. This may
explain the fact that free biomass, with 1g L™ of biosorbent concentration, has shown greater
biosorption capacity than EB30x and EB10x. Indeed, it has been reported in other studies that
in higher biosorbent concentrations, there is a decrease in the surface area available for adsorp-
tion due to electrostatic interactions between the functional groups on the biosorbent surfaces,
which decrease the biosorption capacity [45, 69, 71].

Comparing the q,,.x data to other immobilized biosorbents described in the literature
(Table 3), the EB10 capsules displayed the highest maximum copper biosorption capacity,
indicating its potential for copper removal from the aqueous solution as industrial wastewater.

Biosorption mechanism

Since biosorption takes place essentially in the cell wall, the mechanism by which fungi adsorb
metal ions from aqueous solution depends on the surface properties of the biomass [14]. Dif-
ferent mechanisms, including electrostatic interactions, complexation/coordination,

Table 3. Comparison between the maximum biosorption capacities (quax) predicted by the Langmuir model for copper ions by encapsulated biosorbent (EB10 and
EB30) in relation to other immobilized fungal biosorbents.

Biosorbent Methods of immobilization Qmax (MG g'l) Equilibrium time (min.) pH T(°C) Ref.
Trametes versicolor Carboxymethyl cellulose 124.6 60 6 25 [72]
Phanerochaete chrysosporium Loofah Sponge 98.9 60 6 20 [73]
Penicillium simplicissimum Loofah Sponge 106.4 60 5 30 [74]
Pycnoporus sanguineus Sodium alginate 2.77 180 5 30 [71]
Aspergillus niger Polyvinyl alcohol 34.1 25 5.5 30 [46]
Penicillium simplicissimum Zeolite 30.7 180 3 - [57]
Trichoderma asperellum Sodium alginate 140.9 240 5 30 [75]
Penicillium janthinillum PVA with sodium alginate 13.6 100 - 32 [35]
Candida krusei Calcium alginate 153.7 60 52 30 [43]
Aspergillus nidulans Cellulose membrane capsule (EB30) 116.1 240 5 25 Present work
Aspergillus nidulans Cellulose membrane capsule (EB10) 333.5 240 5 25 Present work

https://doi.org/10.1371/journal.pone.0259315.t003
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Fig 5. FT-IR spectra of fungal biomass before and after copper biosorption.
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precipitation and ion exchange, are involved in biosorption phenomenon [3, 8]. Therefore, the
knowledge of the cell wall composition of the fungal biomass is of great importance for the effi-
ciency of biosorption process [76].

Fungal cell walls are composed mostly of polysaccharides (glucans, chitin and chitosan,
mannans and/or galactomannans) and glycoproteins, lipids, pigments are in lower propor-
tions. Various functional groups, including amine, carboxyl, phosphate, sulfate, sulthydryl and
hydroxyl, present in these polymers offer a large number of metal ion binding sites [54]. In
order to identify the functional groups present in the A. nidulans biomass surface and to eluci-
date the mechanism involved in copper binding, we performed the FT-IR analysis of metal-
free biomass (before biosorption) and those loaded with copper (after biosorption).

As shown in Fig 5, the FT-IR spectra before and after biosorption were more similar, but
some changes in the profile were observed due to the copper adsorption. Both spectra have a
strong and broad band in the region between 3650-3140 cm!, which can be attributed to the
axial stretching of the hydroxyl (-OH) or amine (-NH, and/or R,NH) groups. However, after
copper biosorption, there was a decrease in the intensity of these bands and a peak shift from
3400 to 3440 cm ', indicating possible chemical interactions between copper ions and the
hydroxyl or amine groups present on the biomass. For the peak at 2930 cm™, attributed to the
axial stretch of the C-H bond, as well as that at 1380 cm™, due to angular deformation of the
O-H bond, no change was observed after copper biosorption.

It is also possible to observe in Fig 5, the peaks at 1660 cm ', assigned to C = O stretching
vibration in carboxyl groups and at 1550 cm™, attributed to the-CN stretching vibration and/
or-NH bending vibration, were slightly reduced after biosorption, which may be indicative
that copper ions interact with these groups in the biomass by electrostatic attraction. Wan
et al. [77] also reported that the —CN stretching and C = O stretching groups were primary
sorption sites for copper binding.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259315 November 2, 2021 13/21


https://doi.org/10.1371/journal.pone.0259315.g005
https://doi.org/10.1371/journal.pone.0259315

PLOS ONE Innovative method for encapsulating highly pigmented biomass from Aspergillus nidulans mutant for biosorption

For peaks in the 1200-1000 cm " region, attributed to the C-O stretching, there was a
marked reduction in the intensity of the band after biosorption, indicating that alcohols, and
carboxylic acids from the biomass participate in the adsorption of copper ions. In addition, the
peaks observed at 700 and 533 cm”! was also reduced, which can be attributed to the stretching
vibration of the Cu-O bond in biomass (Fig 5). Based on these results, we can suggest that
the-NH,-CH,-OH, C = O and C-O groups on the biomass surface participate in the copper
biosorption process. The presence of these groups is due to the A. nidulans biomass used in
this study having the DOPA-melanin pigment containing several functional groups [29],
which may act as potential metal binding sites. These results are in agreement with our previ-
ous studies, which demonstrated that the pigmented biomass produced by the MEL1 mutant
from Aspergillus nidulans possesses the DOPA-melanin containing several functional groups,
e.g., carboxyl, phenolic and alcoholic hydroxyl [29], which may act as the main metal binding
sites, increasing the biomass adsorption capacity. The presence of these negatively charged
functional groups on the cell wall of the fungal biomass facilities the interaction with the posi-
tive charges of copper ions via electrostatic attraction. This interaction of metal with the sur-
face ligands of biomass provides the adsorption process, holding copper ions inside the pores
of the biomass [2, 18]. Similar results are described in others studies reported in the literature
[76-80].

Moreover, biosorption may also involve the formation of copper complexes on the biomass
surface, which increase the biosorption capacity [81]. The Eq 10 describes the possible coordi-
nation mechanism of copper with the oxygen present in the functional groups of A. nidulans
biomass:

SBS — OH + Cu®" = SBS — OCu* + H* (10)

where SBS represents the surface binding site.

As can be seen from Eq 10, the ion exchange between H* and Cu** leads to proton release,
which explains the decrease in pH observed during biosorption kinetics (when there was no
pH adjustment during the process), indicating that the ion exchange mechanism is also
involved in copper adsorption by fungal biomass.

In this study, the analysis of the changes on the surface fungal biomass, as well as its elemen-
tal composition, before and after the biosorption process, using Scanning Electron Microscopy
(SEM) equipped with Energy Dispersive X-ray Spectroscopy (EDXS) are shown in Fig 6.

No difference was observed in the morphology of the biomass surfaces before and after the
biosorption process (Fig 6A and 6C). However, the qualitative elementary analyses by EDXS
demonstrate the appearance of a strong copper signal in the biosorbent after biosorption (Fig
6D), confirming the binding copper in the fungal biomass. In addition, the Na, K and Mg sig-
nals disappeared after biosorption (Fig 6D), indicating possible binding sites for copper ions.
This result confirmed that the binding of copper to the biosorbent may be explained by the
ion-exchange mechanism between species previously bound in functional groups of the fungal
cell wall and the copper ions present in the solution. Yuncu, Sanin and Yetis [82] also observed
a concomitant Ca®* and Mg”* release with sorption and suggested that ion exchange plays an
important role in heavy metal biosorption but it was not the only mechanism involved during
the sorption process.

Thereby, based on FT-IR and SEM-EDXS analysis, it is possible to suggest that ion-
exchange, coordination and electrostatic attraction mechanisms seem to be involved in copper
adsorption by A. nidulans biomass, and these mechanisms were largely reversible, as shown by
desorption studies.
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Fig 6. SEM images and EDXS spectra of fungal biomass. Photomicrograph of the surface of biomass before (A) and after (C) copper
biosorption. Elementary analysis by EDXS of biomass before (B) and after (D) exposure to the metal.

https://doi.org/10.1371/journal.pone.0259315.g006

Desorption studies

The industrial biosorption application for heavy metal removal from aqueous solution
depends on the metal recovery efficiency [5]. The choice of the agent and concentration used
for metal desorption must consider minimal damage caused to the biosorbent physical proper-
ties, so that its metal bonding efficiency remains in its original state to ensure its maximum
efficiency for metal binding [40]. In this study, the desorption of copper of the EB30 capsule
performed using different desorbent concentrations showed that the copper recovery efficien-
cies were 80.4%, 77.1% and 76.4% for HCI concentrations of 0.05, 0.1 and 0.2 mol L', respec-
tively. Other studies also showed that the amount of copper ions desorbed gradually decreased
as the HCI concentration increased and metal recoveries may be higher at lower concentra-
tions of the desorbent agent [9, 83].

The copper desorption kinetics from EB30 using 0.05 mol L™ of HCI showed that copper
recovery increased more rapidly in the initial stages until reaching equilibrium in approxi-
mately 240 min with a recovery efficiency of approximately 70% (Fig 7A). This equilibrium
time is the same for the biosorption equilibrium (Fig 2), suggesting that the diffusion of ions
through the membrane is the rate-limiting step of the process.

In order to evaluate the biosorbent reusability for copper ion removal, five successive bio-
sorption-desorption cycles were performed using the same batch of encapsulated biosorbent
(EB30 capsule). As shown in Fig 7, there was no decrease in biosorption or desorption capaci-
ties during the cycles. The recovery efficiency after the five consecutive biosorption/desorption
cycles reached 71.6% (Fig 7). Compared to the literature data [72, 74, 75], the high recovery
efficiency displayed by the encapsulated biosorbent indicates its potential to remove and
recover copper ions in consecutive biosorption/desorption cycles from aqueous solution.
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Conclusions

According to the results obtained, the maximum biosorption capacities for the encapsulated
biosorbent were higher (333.5 and 116.1 mg g for capsules containing 10 and 30 mg of bio-
mass mL™ deionized water, respectively) compared to free biomass (92.0 mg g') and its metal
recovery efficiency remained constant at approximately 70% during five biosorption/desorp-
tion cycles. Therefore, this study demonstrated that the new encapsulation method of the
highly pigmented biomass from Aspergillus nidulans mutant using a semipermeable cellulose
membrane is efficient for metal removal and recovery in multiple adsorption-desorption
cycles. In addition, this reversible encapsulation method can be considered an attractive strat-
egy for large-scale metal removal and recovery from industrial wastewaters mainly due to its
low cost and the possibility of recovering adsorbed ions and the reuse of biosorbent in conse-
cutive biosorption/desorption cycles with high efficiency of metal recovery.
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