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Abstract

In this study, the native and 2,5-diaminobenzene sulfonic acid (DABSA) attached Lentinus concinnus biomasses were
utilized for removal of U(VI) ions from solutions. At 25 °C, the maximum uranium ion adsorption capacity of the native
and DABSA attached fungal biomasses were found to be 118.6 and 539.2 mg/g, respectively, at pH 6.0. The negative AG°
values of U(VI) removal showed that the adsorption procedure were spontaneous. ATR-FTIR data showed that U(VI) ions
adsorption the adsorbents was mainly attributed by amine, carboxyl and sulfate groups.
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Introduction

One of the common radionuclide pollutants, especially ura-
nium (U), arises from the production of nuclear fuel released
into the ecological environment [1—4]. For the safe develop-
ment of the nuclear industry, the disposal of nuclear waste
is very important due to the long half-life of uranium. Ura-
nium is also considered to be dangerous radioactive con-
taminant [5-9]. It should be noted that the normal activity
of the kidney, brain, liver, heart, and reproductive system
could be destroyed by uranium exposure. The storage and
collection of a waste radioactive substance in a large amount
in the environment can menace human health and conse-
quently cause to various diseases and carcinogenesis [10,
11]. Until today, for U(VI) removal from aqueous media,
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many physical, chemical and biological treatment processes
have been investigated [12—16]. These researches have been
placed in scientific publications with all advantages and dis-
advantages [17-19]. It is known that, these earlier reports
will help the solution of further ecological problems with
each passing day developing and innovating technologies.
Many methods have been developed removal of radionu-
clides from the aqueous medium such as adsorption, coag-
ulation, reverse osmosis and solvent extraction [20-25].
The adsorption method is low rate and environmentally
applicable technique, and various adsorbents have used
such as activated carbon, clay mineral, ion-exchange resins
and biosorbents applied to remove radionuclides [26-30].
Besides, many natural microbial biomass and their deriva-
tives, and natural polymers (such as alginate, agarose, and
cellulose) have been utilized for removal of various metals
and radioactive elements from the environment [27]. Living
or nonliving microbial and plant biomasses can be favorable
adsorbents for the removal of metals from aqueous medium
[31-35]. Moreover, the alteration of the adsorbent surface
with useful groups could improve the adsorbent performance
and adsorption capacity. Different microbial biomasses such
as fungi, algae, and bacteria have been functionalized with
ion-exchange ligands for the development of a more effective
sorbent [28, 32]. Fungal biomasses have been demonstrated
to be cost-effective materials, as fungi plentifully cultivated
in natural environments [28, 36]. Furthermore, fungal bio-
masses have a high metal ion adsorption performance due
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to the presence of high quantities of polysaccharides, pro-
teins, and many kinds of organic acids (such as teichoic and
teichuronic acid on the fungal cell walls. The surfaces of
fungal cells have numerous amounts of useful groups (such
as -NH,, -OH, -COOH, -HPO,, and —HSO;) those can
show as adsorptive sites for metals [28]. Especially, white-
rot fungi have large surface areas due their mycelial struc-
tures [28].

In this work, Lentinus concinnus (L. concinnus) biomass
was modified with DABSA ligand. It has two pKa values,
and one is acidic and the other one is basic, therefore, it is a
Zwitterionic ligand. Adsorption of uranium (VI) from aque-
ous solution was studied using the native and the DABSA
attached L. concinnus biomass. The properties of fungal
preparations were investigated by Fourier transformed
infrared spectroscopy (FTIR), scanning electron micro-
scope (SEM), Brunauer—-Emmett—Teller (BET) method
and zeta seizer. The surface zeta potentials could provide
information about the ionization of adsorptive groups upon
changes in the pH. L. concinnus is a white rot fungus and
possesses good pollutants removal ability due to the pres-
ence of numerous functional groups on its hyphae surfaces,
and has not been used previously for U(VI) ion adsorption.
This is the first report to control the adsorption efficacy of
DABSA ligand-attached L. concinnus biomasses.

Experimental
Materials

U(VI) solution was prepared by dissolving uranyl acetate
(UO,(CH;C00),-2H,0; acetate salt of uranium) in puri-
fied water and obtained from Honeywell Riedel-de-Haén
AG (Germany). Chloroacetic acid, NaOH, arsenazo(III)
(1,8-dihydroxynaphthalene-3,6-disulfonic acid-2,7-bis[(azo-
2)-phenylarsonic acid), HCI, glutaraldehyde, glycerol, diio-
damethane and 2,5-Diaminobenzenesulfonic acid (DABSA)
were obtained from Sigma-Aldrich. The color developing
reagent was prepared by dissolving of arsenazo(III) (0.5 g/L)
in purified water. The sodium chloroacetic acid—sodium
acetate buffer was prepared by dissolving of chloroacetic
acid (200 g) and sodium hydroxide (40 g) in purified water
(300 mL). Then, the mixture was added in a volumetric flask
(1.0 L) and completed to 1.0 L with purified water.

Cultivation and Modification of L. concinnus biomass
with DABSA ligand

The white rot fungus L. concinnus strain MAFF 430,305
was obtained from the National Institute of Agrobiological
Sciences (NIAS), Tsukuba, Ibaraki, Japan. The fungus was
cultivated in Sabouraud Dextrose Broth medium using the
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shake flask method as described previously [28]. The bio-
mass of L. concinnus (approximately 2.0 g) was transferred
in Tris—HCI buffer (100 mL, 50 mM, pH 8.0) and glutar-
aldehyde (GA) solution (50 mL, 1.0%) and the surface of
the fungal biomass was functionalized at 45 °C for 6.0 h
while continuously shaking in a water bath. Subsequently,
the GA activated L. concinnus biomasses (approximately
2.0 g) were added ethanol/water mixture (70:30, v/v ratio,
200 mL) containing DABSA ligand (20 mg/mL), and the
modification reaction was carried out at 25 °C for 8.0 h.
The DABSA ligand attached fungal biomass was washed
with Tris—HCI buffer (50 mM, pH 7.0). They were dried
under reduced pressure at 40 °C for 12 h. The modifica-
tion protocol of the L. concinnus biomass with DABSA
ligand is presented in Fig. 1. The weight gain (WG) was
calculated by using percent increase in weight of the fun-
gal biomass:

WG(%) = (W, — W;) /W, x 100 (D)

where W, and W, are the weights of the fungal bio-
mass before and after modifications with DAPSA ligand,
respectively.

Adsorption studies of uranium (VI)

The removal of U(VI) ions using the native and DABSA
attached L. concinnus biomasses was studied using a
batch system. Uranium solutions with different amounts
were prepared from a stock solution (1000 mg/L in puri-
fied water). Adsorption studies were carried out using
fungal biomass (10 mg) in 25 mL of uranyl ions solution
(200 mg U(VI)/L) at 25 °C for 2.0 h. The effect of pH and
ionic strength on the U(VI) adsorption was realized in the
pH range 2.0 to 8.0 and at different NaCl concentration
between 0.1 and 1.0 mol L™, respectively. The effect of
adsorbent dosage on the adsorption performance was per-
formed by varying fungal biomass in the medium between
(0.1 and 1.0 g/L) in the medium. The effect of tempera-
ture was realized at varying temperatures (i.e., 15, 25 and
35 °C). The effect of initial concentration of uranium on
the adsorption efficacy was evaluated by changing the con-
centration of U(VI) ions between 25 and 500 mg/L. The
arsenazo(IIl) method was used for determination of U(VI)
samples in the medium as described earlier [37]. The
U(VI) concentration in the medium was determined using
a double beam UV/vis spectrophotometer (PG Instrument
Ltd., Model T80+ ; PRC) at 651 nm. A calibration curve
for U(VI) was obtained by plotting absorbance (A651) ver-
sus U(VI) ions. The amount of U(VI) ion adsorbed per unit
of fungal biomass sample (mg U(VI)) ions per gram dry
fungal biomass) was calculated as reported earlier [28].
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Fig. 1 Modification protocol and chemistry of the DABSA modified fungal biomass

Reusability studies of the adsorbents

Reusability of adsorbents were tested five times using the
same fungal biomass samples. Desorption of U(VI) ions was
studied by using HNO; solution (10 mmol/L). The uranium
adsorbed fungal biomass was added in desorption medium
and magnetically stirred at 100 rpm for 2.0 h at room tem-
perature. After adsorption—desorption sequence, the fungal
biomass sample was washed with NaCl (0.1 mol/L) solu-
tion. Then, it was transferred into a new medium containing
uranyl ion for the next round.

Characterization of the native and DABSA-ligand
attached fungal biomasses

ATR-FTIR spectra of the native and DAPSA ligand attached
fungal biomasses were obtained by using an attenuated total
reflectance Fourier-transform infrared (ATR-FTIR) spec-
trometer (Nicolet IS 5, Thermo Electron Scientific Instru-
ments, WI, USA). The surface areas and pore volume of
the fungal biomass preparations were obtained by using the
Brunauer, Emmett and Teller (BET) method. The contact
angle values of the native and DAPSA ligand attached fun-
gal biomass were studied using three test liquids namely
water, glycerol and diiodomethane). Digital optical contact
angle meter were used for determination of contact angle
values of the materials (Phoenix 150, Surface Electro Optics,
Korea). The amounts of total sulfate groups of the DAPSA

ligand attached fungal biomass samples were determined
by a method as described previously [38]. Briefly, the sul-
fate groups of the DABSA modified fungal biomass were
determined by potensiometric titration. The sulfate modi-
fied biomass (about 0.1 g) were added into NaOH solution
(0.2 mol/L, 10.0 mL) and the solution was incubated in a
shaking water-bath at 35 °C for 4.0 h. Then, the final concen-
tration of NaOH in the solution was determined with titra-
tion of 0.05 mol/L HCI solution. The zeta potential meas-
urement was studied with a Zeta-sizer (NanoZS, Malvern
Instruments Ltd., Malvern, UK) as described earlier [32].

Results and discussion
Properties of the L. concinnus biomass preparations

In this study, native and DABSA ligand attached L. concin-
nus biomasses were prepared and used for removal of U(VI)
ions from aqueous solutions. L. concinnus is a wood-decay-
ing fungus and cultivates on the abundant carbon source
“cellulose”. The main components of the cell walls of fungi
are glucans, lipids and proteins. The fungal cell wall pro-
teins have several pendant amino acids residues, such as
amine, thiol and carboxyl groups. The lysine and arginine
residues of proteins donate pendant amine groups for reac-
tion of bifunctional aldehyde linker. Thus, these functional
groups of the fungal biomass can be easily reacted with
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glutaraldehyde for further modification. The addition of
DABSA ligand on L. concinnus biomasses supplied addi-
tional binding sites for adsorption of U(VI) ions (Fig. 1).
The BET studies showed that of the native and DAPSA
ligand attached L. concinnus biomasses have moderately low
specific surface area. The specific surface area was obtained
as 0.524 and 0.476 m? for the native and DAPSA ligand
attached biomasses, respectively. The modification process
did not significantly affected of the surface properties of
the fungal biomass. The specific surface areas of the fun-
gal preparations were in the same order of magnitude. This
result showed that the fungal biomasses preparations could
not be considered very porous adsorbent, and additionally,
the surface area of the DAPSA ligand attached fungal bio-
mass was reduced about 10.5% compared to native biomass.
After modification with DAPSA ligand, the increase in the
weight of the fungal biomass was found to be 71.6%.

To determine the presence of functional adsorption
groups (i.e., hydroxyl, amine, carboxyl and sulfate) on both
the native and DAPSA ligand attached fungal biomasses,
The ATR-FTIR spectra of the native and DAPSA ligand
attached L. concinnus were obtained. The results are pre-
sented in Fig. 2. Generally, the native fungal biomass has
peaks at 3274 and 1540 cm™' representing amino groups
stretching vibrations (Fig. 2A). The hydroxyl groups of water
and polysaccharides stretching vibrations peaks of the fungal
biomass preparations should be superimposed on the amine
groups peaks at 3274 cm™!. The band at 2920 cm™' can be
recognized as C-H broadening. The peaks at 1629, 1375
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Fig.2 FTIR spectra: the native (a) and DABSA modified (b) fungal
biomass preparations
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and 1201 cm™! are due to the carbon double bond oxygen
stretching peaks of carbonyl groups. The peak at 1032 cm™!
exhibits of the characteristic C-O stretching vibrations in
amine and alcohol groups on the native fungal biomasses.
After modification of fungal biomass with DABSA ligand,
the spectrum of the DAPSA ligand attached fungal biomass
displayed some variations (Fig. 2B). The peaks at around
3300 cm™! are broadened, it could be due to the incorpo-
ration of a large number of amine groups via the DABSA
ligand. Moreover, the peak at 2920 cm™' is shifted to
2855 cm™!. The FTIR spectrum for DAPSA ligand attached
fungal biomass displays that the peaks produced by C-C
and C-N stretching vibrations moved to higher wave num-
ber values of 1573 and 1484 cm™', respectively, afterward
attachment of DABSA ligands. Additionally, the new bands
at 1413 and 929 cm™! are representative of the S=0 stretch-
ing vibrations of sulfonic acid group on the DABSA ligand.
The observed other new bands at 1151 and 1025 cm™! can
characterize as asymmetric and symmetric S=O stretching
vibrations, respectively, from the sulfonate group on the
DABSA ligand. This observation indicated that the attach-
ment of DABSA ligand was successful on the fungal bio-
mass using glutaraldehyde bifunctional agent. Additionally,
in the ATR-FTIR spectrum of the DAPSA ligand attached
fungal biomass the peaks at 1545and 1719 cm™! were not
observable, whereas additional peaks were observed as indi-
cated above.

The contact angle data of the native and DABSA ligand
attached and their U(VI) contacted counterpart’s samples
were obtained by using three different test liquids (i.e., water,
glycerol, and diiodomethane). All the tested L. concinnus
biomasses showed dissimilar contact angle values accord-
ing to the surface properties (Table 1). The water contact
angle value of the native fungal biomass was 106.8 +2.3.
Thus, it has a hydrophobic surface. Whereas the water con-
tact angle value of the DAPSA ligand attached fungal bio-
mass was decreased, this could be due to the incorporation
of a secondary, primary and sulfate group via attachment
of DABSA ligand. Thus, the hydrophilicity of the DAPSA
ligand attached fungal biomass was considerably enhanced

Table 1 Contact angle data for water, glycerol and diiodamethane for
the native, and DABSA modified fungal biomass preparations

Fungal biomass ‘Water, Glycerol, DIM, 0 (°) (y
0 & 0« erg=50.8)
erg=71.3) erg=64.0)

Native 106.8+2.3 93.7+2.1 54.1+1.8

Native-U(VI) 69.8+2.5 79.1+23 41.1x1.5

DABSA-modified 58.1+13 51.3+22 323+1.1

DABSA-Modified- 63.7+3.2 75.8+2.7 363+1.2

UvD

y erg: surface tension of test liquid
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compared to native one. These functional groups are notably
important for adsorption of U(VI) ions. The wettability of
a newly designed sorbent could be estimated by comparing
the contact angle data of water and diiodomethane. Since,
these two liquids are frequently used for reference fluids in
investigation of the hydrophilic or hydrophobic properties
of the adsorbent. After U(VI) adsorption the contact angle
values of both adsorbents were significantly altered due to
the interaction of uranyl ions with the fungal biomass prepa-
rations. This could be prepotency of hydrophobic entities of
U(V]) ions on the fungal biomass surfaces.

The SEM micrograph of the native L. concinus mycelia is
presented in Fig. 3. As observed from the SEM images, that
there are several hyphae on the rough surface of the fungal
biomass (Fig. 3A). Thus, these hyphae structures enhance
the surface area of the fungal biomass and promising the
removal performance for the uranium ions. It should be
noted that the observed alteration of surface morphology of
L. concinus mycelia is unimportant after modification with
DABSA ligand (Fig. 3B).

Effect of adsorbent dosage on the U(VI) removal
efficacy

The adsorbent dosage is one of the significant parameter
that controls the removal process of U(VI) ions from the
solution. The native and DAPSA ligand attached fungal
biomasses were tested for their U(VI) removal efficiency
from aqueous solution. Figure 4 displays the relationship
between the U(VI) removal efficiency of and the amount
of algal biomass preparation in the adsorption medium.
As can be seen from the figure, by increasing both fungal
biomass dosage from 0.1 to 0.4 g/L, the U(VI) removal

Fig.3 SEM micrograph of the fungal biomass preparations: the
native (A) and DABSA modified (B) fungal biomass preparations
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Fig.4 Effect of the native (a), and DABSA modified (b) fungal bio-
mass preparations dosage on the adsorption performance of U(VI)

percentage of both the native and DAPSA ligand attached
fungal biomasses increased. This could be due to increase
the available adsorptive sites on both fungal biomass prep-
arations which could interact to U(VI) ions in the medium
[39-41]. Whereas the fungal biomasses dosage increases
from 0.5 g to 1.0 g/L, the adsorption capacities of both the
tested biomasses continue to reduce. This could be due to
the available adsorptive site of the tested fungal biomasses
had not reached to full saturation when adsorption pro-
cess became equilibrium. For this reason, the removal effi-
ciencies of both adsorbents continuously increased as the
amount of adsorbent increased in the adsorption medium.
As presented in Fig. 4, after each the fungal biomass dose
reaching to 0.4 g/L, there was no substantial change of
adsorbent on U(VI) adsorption rate. Therefore, 0.4 g/L of
fungal biomass was designated for the remaining adsorp-
tion experiment.
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Effect of pH on U(VI) adsorption and Zeta potential
measurements

The effects of the medium pH on the adsorption capacities
of the native and DABSA ligand attached fungal biomasses
were examined in the pH range 2.0-8.0 at 25 °C. For the
adsorption of U(VI) ions on adsorbents, the most important
factor is the ionization state of the functional groups of the
used materials, and the pH of the medium is an essential
parameter for the functional chemical groups on the sur-
face of adsorbent. Therefore, the adsorption capacities of
the native and DABSA ligand attached fungal biomasses
are determined by the ionization state of the surface func-
tional groups and the speciation of U(VI) ions in the aqueous
medium. The attached DABSA ligand has a steady negative
charge due to presence of strong acidic sulfonate groups in
the studied pH range, and it is not hardly influence by the
change in the pH of the medium. Therefore, the DABSA
ligand attached fungal biomass could have an adsorption
capacity at the tested pH ranges due to the present of the
strong sulfonic acid groups. As observed from Fig. 5, the
maximum amounts of U(VI) adsorption on the native and
DABSA ligand attached fungal biomasses were found to be
at pH 6.0 and 5.0, respectively. Further increase or decrease
in these pH values was found to be decrease the adsorption
capacities of both the tested adsorbents. The higher U(VI)
removal efficiencies at between pH 5.0 and 6.0 for the fun-
gal biomass preparation could be ascribed to the surface
properties of the native and DABSA ligand attached fungal
biomass preparations. Thus, the effect of pH on the fungal
biomasses could be described in terms of the electrostatic
interactions introduced by the functional groups of the tested
adsorbents [45—47]. The detected lesser adsorption perfor-
mance at low pH values could be due to the existence of
high H+ions concentrations. From Fig. 5, the adsorption

600 - —A—Native fungal biomass

—0-DABSA-Modified fungal biomass
500 4

400

U(VI) removal (mg/g biomass)
§

200
100 4 A/A/S/r\\é
0 T T T T 1
0 2 4 6 8 10
pH

Fig.5 Effect of pH on U(VI) ions adsorption on the native, and
DABSA modified fungal biomass preparations
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capacities of native and DABSA ligand attached fungal bio-
masses to U(VI) ions steeply improved with the increase of
the solution pH from 2.0 to 6.0 and 2.0 to 5.0, and reduced
with more increasing of the medium pH from 6.0 to 8.0 for
both tested adsorbents, respectively. Thus, the maximum
adsorption capacities of native and DABSA ligand attached
fungal biomasses were found to be 113.8 mg/g at pH 6.0 and
485.4 mg/g at pH 5.0 for 200 mg L~! U(VI) concentration,
respectively. The observed high removal efficacy for DABSA
ligand attached fungal biomass should be due to the presence
of two amino groups and a sulfate groups due to the attach-
ment of DABSA ligand. At low pH values, the opposition
is larger between H* from the solution and the U(VI) ions
and they compete with each other for the functional binding
sites. At between pH 5.0 and 6.0, the major uranium species
occur in the solution as [(UO,),(OH),dI)], [(UO,),(OH)
(VID], [(UO,)4(OH)¢(D], and [(UO,),(OH),(VD]. Thus, the
maximum capacities could be increased due to the reducing
of the amount of protonation. When the solution pH above
6.0, U(VI) ions can be easily hydrolyzed into carbonate spe-
cies (i.e., (UO,),(CO;3)(OH); from pH 6.0 to 8.0 [28, 42-44].
This can cause reduction in the adsorption capacities of the
adsorbents. These results show that the native and DABSA
ligand attached fungal biomasses had the maximum adsorp-
tion capacity at pH 6.0 and 5.0, respectively. Thus, these pH
values were used in the remaining studies.

Zeta potential measurement can give evidence about the
surface charge properties of the materials. The zeta poten-
tial value of a material relies on the density of its negative
or positive charges, and the solution pH. The pH values at
the point of zero charge for the native and DAPSA ligand
attached fungal biomasses were obtained as approximately
3.8 and 4.5, respectively, from the plot of zeta potential
(mV) against pH (Fig. 6). As can be seen from the figure, the
DAPSA ligand attached fungal biomass had more negatively
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s 20
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-30 —aA— Navefungal biomass

—0— DAPSA-Modfied fungal biomas
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Fig.6 pH versus zeta potential plots for the native and DABSA modi-
fied fungal biomass preparations
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charged than the native counterpart. The charge densities in
the studied pH ranges have altered from —23.9 to 12.6 mV
for the native fungal biomass and —31.9 and 8.1 mV for the
DAPSA ligand attached fungal biomass. The native fungal
biomass has the highest positive zeta potential value (12.6)
compared to DAPSA ligand attached biomass (8.1). It should
be noted that the native fungal biomass surface composed of
the various functional groups (such as hydroxyl, carboxyl,
sulthydryl, imidazole, phosphate, amine and amide). On
the other hand, DAPSA ligand attached fungal biomass has
additional an aromatic ring with two amine and sulfonate
groups. As observed from the figure, the shape of the zeta
potential curves of both the adsorbents surfaces had ampho-
teric characteristic. These functional groups on the fungal
based adsorbents surfaces are protonated or deprotonated
according to the medium pH, and the overall surface net
charge densities are zero at the point of zero charge. The
DAPSA ligand attached fungal biomass has a good adsorp-
tion capacity approximately 485.4 mg/g at pH 5.0 which
is higher most of the recognized ion-exchange adsorbents.
It should be noted that the sulfonate groups of the DAPSA
ligand attached fungal biomass have adequately low pKa
values to persist completely charged over the working pH
range. The modification of fungal biomass with zwitterion
ligand (i.e., DABSA) could elucidate the preparation of high
capacity adsorbent with application in the removal of metals
from aqueous medium.

Effect of ionic strength on adsorption performance
of the adsorbents

The effect of ionic strength was realized by varying ionic
strengths (NaCl concentrations from O to 1.0 mol/L). As
observed from Fig. 7, the effect of NaCl concentration on
the adsorption of U(VI) ions on both adsorbents was not
substantial when the concentration of NaCl was low. As the
NaCl concentration was enlarged, the U(VI) ions adsorp-
tion decreased progressively for both tested adsorbents.
This reduction of the adsorption capacity of the adsorbent
upon increasing NaCl concentration could be probably due
to a higher interaction of binding sites with the electrolytes.
The adsorption capacities of the adsorbents in the NaCl
free U(VI) solution were found to be 113.8 and 485.4 mg/g,
respectively. At 1.0 mol/L NaCl concentration, the adsorp-
tion capacities were obtained as 37.3 and 169.1 mg/g for
native and DAPSA ligand attached fungal biomasses, respec-
tively. The negative and positive charges on the adsorbents
are screened by the opposite charges of the electrolytes (i.e.
Na*t and CI7). Thus, the thickness of the double layer could
determine the binding performance of the target metal ions
on the functional groups of the adsorbents. An addition,
the increase in medium ionic strength can have managed
to the construction of ions pairs between uranyl ions and
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Fig.7 Effect of ionic strength on U(VI) ions adsorption on the on the
native, and DABSA modified fungal biomass preparations

anions (C17) present in the solution and thus, reduced the
activity of the free uranyl ions in the solution for binding
sites. Moreover, obtained results affirmed that the native
and DAPSA modified fungal biomass can be influenced by
varying the ionic strength of the solutions which affect the
electrostatic forces of the fixed charges of the adsorbents
(i.e., -NH;* and —-SO5"). The DAPSA modified fungal bio-
mass was more sensitive to ionic strength compared to native
fungal biomass. At 0.1 mol/L salt concentration, the native
and DAPSA modified fungal biomass were not responsive
to Na* and CI~ ions while at 1.0 mol/L, a high binding inhi-
bition effect was observed for both Na*™ and CI~ ions pairs
in the system. This was more pronounced for the DAPSA
modified biomass than that of the native counterpart. This is
due to presence of net positive (-NH;") and negative charges
(=SO;57) on the modified fungal biomass.

Effect of initial U(VI) ions concentration
and isotherm studies

The effect of the initial concentration of U(VI) ions on
the removal efficiency of the native and DAPSA ligand
attached fungal biomasses was realized at concentrations
between 25 and 500 mg/L, and at three different tempera-
tures. As observed from Fig. 8, the adsorption capacities
of both native and DAPSA attached fungal biomasses
increased with increase in the initial U(VI) concentration
in the medium. At low uranyl ions concentrations, the
adsorption capacity rapidly enhanced and then reached
plateau values of 118.6 and 539.2 mg/g at an initial con-
centration of 400 mg/L. This could be due to the generated
concentration gradient is small, thus, the diffusion coef-
ficient or mass transfer coefficient is reduced consequently
causes a slower transport of ions from bulk to adsorbent
surfaces. When the initial concentration of metal ions in
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Fig. 8 Effect of initial concentration of U(VI) ions on adsorption of
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the solution is enlarged, the dynamic force for mass trans-
fer from bulk to adsorbent also increases [48—50]. To eval-
uate U(VI) ions adsorption mechanism and to analyze the
experimental adsorption data, the Langmuir and Freun-
dlich models are tested to fit the experimental equilibrium
adsorption data. These isotherm models equations are:

q = (QmaxPCeq) /(1 +bCq) )

q=KF(C,)'"" 3)

The Langmuir and Freundlich isotherm parameters were
calculated from the intercept and slope of the plots of iso-
therm models. The isotherm plots and parameters are pre-
sented in presented in Fig. 8 and Table 2. From the table,
the theoretical adsorption capacities were over approxi-
mately 14% for native fungal biomass and 1.8% for DAPSA
ligand attached fungal biomass at 25 °C. As can be seen
from Fig. 8, the Langmuir model fitted the experimental data
for both fungal biomass preparations. The Langmuir model
gave high correlation coefficients (R?) for both adsorbents,
which confirmed that the Langmuir model could appropri-
ately define the experimental adsorption data. The values of
RL show the shape of the Langmuir isotherm model: unfa-
vorable adsorption (RL > 1), linear adsorption (RL=1),
promising adsorption (0 <RL < 1), or irreversible adsorp-
tion (RL=0) [28, 32]. The obtained RL values for both
tested adsorbents are presented in Table 2. The RL values
were between 0 and 1, which showed that the adsorption of
U(VI) ion from aqueous medium by fungal biomass prepara-
tions was favorable. For the Freundlich isotherm models, the
degree of KF and n values of Freundlich model displayed
easy removal of U(VI) ions from solutions. Values of n are
greater than 1.0 for removal of U(VI) ions on both adsor-
bents indicate positive cooperativity in binding and hetero-
geneous nature of adsorption (Table 2).

Effect of temperature and the thermodynamic
parameters

The effect of temperature on the adsorption of U(VI) ions
was realized at three different temperatures (Table 2). There
was an increase in the adsorption capacities of both the fun-
gal preparations as the temperature increases from 288 to

Table 2 Langmuir and Freundlich isotherm model constants and correlation coefficients determined in the adsorption process of U(VI) ions to

native and DABSA-modified fungal biomass

Adsorbent T (K) Langmuir constant Freundlich constant
Ge, exp (ME/Q) q, (mglg) bx10~* (L/mol) R? Ry * n Kr R?
288 99.2 121.0 0.247 0.987 0.140 1.92 5.19 0912
Native Fungal Biomass 298 118.6 138.5 0.334 0.989 0.108 2.07 8.06 0.884
308 132.7 147.1 0.498 0.996 0.075 2.46 13.8 0.889
288 486.9 515.6 1.26 0.997 0.029 2.52 66.70  0.891
DABSA-Modified 298 539.2 549.5 4.60 0.999 0.008 5.07 181.9 0.714
Fungal Biomass 308 583.7 584.4 10.1 0.998 0.004 5.61 234.4 0.783
*Cy=500 mg/L
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308 K for all U(VI) ions signifying that the adsorption was
endothermic in nature. This could be due to the increasing
number of binding sites that may have generated by expand-
ing of pore mounts, and also increase in collision efficiency
among the adsorbent and U(VI) ions in the bulk. Since the
influences of energy consumption and adsorption capacity,
the temperature of 298 K was selected as the optimum tem-
perature for the removal of uranyl ions by the fungal biomass
preparations.

The Gibbs free energy change (AG®) of adsorption pro-
cess was calculated by using the following equations:

AG = -RTInK, 4)

where K, (L/mol) is the dependency of the equilibrium asso-
ciation constant (K, =b, from Langmuir constant). R and T
are the universal gas constant (8.314 J/K/mol) and solution
temperature (K), respectively.

Standard enthalpy (AH) and entropy change (AS) values
of adsorption can be calculated from van’t Hoff equation
given as:

InK, = —-AH/RT + AS/R )

The K, or b (L/mol) was used in the van’t Hoff equation,
in order to estimate the thermodynamic parameters [19, 51].

The values of AG, AH, and AS were calculated and pre-
sented in Table 2. The negative values of AG suggested that
the adsorption of U(VI) ions on the fungal biomass prepa-
rations were spontaneous (Table 3). The AG values were
amplified with the increasing of the solution temperature
and displayed that the adsorption process was more rea-
sonable at higher temperatures for the both adsorbents. In
general, the AG values for physical, combined physical/
chemical, and chemical adsorption are in the range of 0
to—20 kJ mol~!, — 20 to — 80 kJ/mol, and — 80 to — 400 kJ/
mol, respectively [28]. In the presented study, as given in
Table 2, the AG values were found to be in the range —18.7
and —21.8 kJ/mol and — 22.6 and — 29.5 kJ/mol for the native
and DAPSA ligand attached fungal biomasses. These results
illuminated that the adsorption process for both tested adsor-
bents was spontaneous physical and chemical adsorption
functioned together. The positive values of AS indicated
that the U(VI) ions had high affinity to the tested adsorbents

which could be described the increasing randomness at
medium/sorbent boundary during adsorption. The positive
value of AH® (25.9 for the native and 77.3 kJ mol~! for
the DAPSA ligand attached) proposed that the adsorption
process of U(VI) on the adsorbents were endothermic and
spontaneous (Table 3).

Effect of contact time and evaluation of adsorption
kinetics

The effect of contact time on U(VI) adsorption of the native
and DAPSA ligand attached fungal biomass preparation is
presented in Fig. 9. As observed from the figure, the adsorp-
tion capacity of the DAPSA ligand attached fungal biomass
was rapidly increased and reached the equilibrium adsorp-
tion time within the first 20 min, whereas the adsorption
capacity of the native fungal biomass was slowly increased
and reached equilibrium about within 40 min. The cer-
tain strong-ion exchange properties of the DAPSA ligand
attached fungal biomass may be the key explanations for
the high adsorption rate. To evaluate the mechanism of the
adsorption process, the experimental results were analyzed
using pseudo-first-order and second order kinetic mod-
els. The kinetic models can be described by the following
equations:

10g (qeq — q,) = logq.q — (k, - )/2.303 ©)

(Va) = (1/k2,) + (1/a)t (7

The kinetic parameters of the tested models are presented
in Table 4. Compared with the first-order kinetic models,
the value of R? was found to be very high (0.997-0.999) for
the pseudo-second-order kinetic. Additionally, the calculated
adsorption capacities were also very near to the experimental
adsorption capacities of the tested adsorbents. As observed
from Fig. 9, the second order model fitted best the experi-
mental data. In addition, the calculated experimental adsorp-
tion capacities of the native and DAPSA ligand attached fun-
gal biomasses were found to be 118.6 and 539.2 mg/g, and
the theoretical adsorption capacities were obtained from the

Table 3 Thermodynamic
parameters for adsorption

of U(VI) ions to native and
DABSA-modified fungal
biomass

Adsorbent T () AG(kJ/mol) AS (kJ/mol) AH (kl/molK) E, (kJ/mol)
Native Fungal Biomass 288 —18.7 0.156 259 -9.25
298 -20.1
308 -21.8
DABSA-Modified Fungal Biomass 288 -22.6 0.349 77.3 -16.3
298 -26.6
308 -29.5
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Fig.9 Effect of contact time on adsorption of U(VI) ions on the
native and DABSA modified fungal biomass preparations. Condi-
tions: adsorbent dose, 0.4 g/L; U(VI) concentration, 200 mg/L; tem-
perature, 25 °C; medium pH, 6.0 for the native and 5.0 for DABSA
modified fungal biomass preparations; time, 2.0 h; stirring rate,
150 rpm)

pseudo-second-order equations were close to the experiment
adsorption capacities (121.9 and 550.9 mg/g, respectively).
These results showed that the adsorption of U(VI) ions on
the tested adsorbents follow the pseudo-second-order model,
which proposed that the rate-controlling step of the uranium
removal process could be physical adsorption.

Effect of co-existing cations

In natural water sources, several metals ions are present,
therefore, the effect of existing other cations in medium,
such as Na(I), K(I), Ca(Il), Ba(Il), Cu(II) and Fe(II), on
U(V]) ions adsorption capacities of tested was also exam-
ined. The concentration of these ions in each binary mix-
ture was 50 mmol/L. The experimental data are presented in
Fig. 10, as can be seen from the figure, the U(VI) adsorption
capacity of the DAPSA ligand attached fungal biomass prep-
arations were not significantly changed in the presence of
Na(I), and K(I), ions in the adsorption medium. Whereas the
presence of Ba(Il), Ca(Il), Cu(I), and Fe(II) in the adsorp-
tion medium, the adsorption capacity of the adsorbent was
reduced. As observed from Fig. 10, Cu(II) and Fe(II) ions
were expressively reduced U(VI) adsorption capacity of the
adsorbent, and these metals ions intensely competed with the
binding sites of U(VI) ions [50]. As reported earlier, strong
cation-exchange adsorbent shows high affinity to metal ions
with high valance charge and the adsorption is determined
mostly by the valence of the metal cation [51]. When the
metal cations with the same charge, the affinity of the strong-
cation exchange adsorbent is towards the cation with the
bigger ionic radii [50, 51]. As stated above, the obtained
results are supported by the literature.

Desorption and reusability

For practical applications, the investigation of the reusability
and desorption efficiency is essential. Therefore, the U(VI)
laden fungal biomass preparations were subjected to des-
orption process to regenerate adsorbents with elution agent.
Low concentration of HNO; (i.e., 20 mmol/L HNO;) was
found to be a highest desorption rate for both native and
DAPSA modified fungal biomass preparations (Fig. 11,
partly A and B, respectively). Thus, it was selected as the
eluent for the regeneration of U(VI) laden fungal biomass
preparations. The regenerated adsorbents were reused for
adsorption U(VI). The fungal biomass preparations were
washed with phosphate buffer solution (20 mmol/L, pH

Table 4 First and second order kinetic parameters for the adsorption of U(VI) ions to native and DABSA-modified fungal biomass

Adsorbent T (K) First-order Second-order
Qexp (ME/E) Qg (Mglg)  k;x10° (min™") R’ Qeq (Mglg)  kyx10° 2/ R? h (mg/g min)
mg/min)

288 99.2 30.7 6.69 0.953 1023 3.43 0999 359
Native Fungal 298 118.6 65.0 8.48 0.999 1219 291 0.999 432
Biomass 308 132.7 79.4 9.54 0.989  136.8 2.67 0.998 499

288 486.9 303.8 1.17 0973 4973 1.01 0.997 2497
DABSA-Modified 298 539.2 244.6 1.14 0.991 5509 0.91 0.998 2762
Fungal Biomass 308 583.7 407.3 1.32 0.997  598.8 0.65 0.999  233.0
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Fig. 11 The reusability and desorption efficiency of the native (A)
and DABSA modified fungal biomass (B) preparation for adsorption—
desorption cycles of U(VI) ions

6.5), and dried under reduced pressure at 45 °C for 6.0 h
for the reuse in the subsequent adsorption—desorption cycle.
The adsorption and desorption experiments were repeated
five times by using the same fungal biomass preparations.
As presented in Fig. 11 (partly A and B), after 5 repeated
use, the adsorption capacities of native and DAPSA ligand
attached fungal biomasses were still 11.9 and 77.9% of their
initial adsorption capacities, respectively. These high regen-
eration capability of the fungal biomass preparations showed
that they could be used as economic and environmentally
friendly adsorbents for removing radionuclides from aque-
ous solutions.

The comparison of adsorption capacities of selected
sorbents

For the purpose of the predictions of possible applications,
the efficacy of the 2,5-diaminobenzenesulfonic acid ligand
modified biomass of Lentinus concinnus was compared
with the other modified sorbents in Table 5, the adsorption
capacity of modified fungal biomass is comparable to that
of the reported studied [52-58]. The results confirmed that
the 2,5-diaminobenzenesulfonic acid ligand modified fungal
biomass had a great potential for large scale applications.

Conclusion

Lentinus concinnus biomass was effectively utilized after
modification with DABSA ligand. As prepared adsorbent
is an environmental friendly and also has high adsorp-
tion capacity for U(VI) ions. The removal of uranyl ions
was examined under different experimental conditions and
the maximum U(VI) adsorption values were found to be
35 »C and about pH 6.0 for native fungal biomass, and
about 5.0 for DAPSA ligand attached counterpart. The
contact time studies presented that equilibrium adsorp-
tion of U(VI) ions was realized within 20 min for DABSA
ligand attached fungal biomass. The maximum adsorption
capacities of the native and DABSA ligand attached fungal
biomasses were found to be 118.3 and 539.2 mg/g, respec-
tively. The experimental adsorption equilibrium data was
defined by the Langmuir model with high R? values. The
pseudo-second order model was appropriate to describe
the adsorption kinetic of the native and DABSA func-
tionalized biomasses. FTIR and zeta-sizer analysis estab-
lished that large quantity of primary and secondary amine,
hydroxyl, carboxyl and sulfate groups were accountable
functional groups for adsorption of U(VI) ions on both the
tested fungal biomasses. Among above functional groups,
the amine and sulfate groups could be most important for
adsorption of U(VI) from aqueous medium. The adsorp-
tion capacity of the DABSA functionalized fungal biomass
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Table 5 The comparison of adsorption capacities of selected sorbents

Adsorbents Native/modified Initial U(VI) concen- Adsorption capacity References
tration (mg/L) (mg/g) Native/Modified
Chitosan-chitosan-PO, 50 162.5/384.6 [6]
Polymer-NH,/Amidoxime 600 86.2/760.3 [11]
Bangia atropurpurea/nitrilotriacetate 300 190.2/328.8 [18]
Sugar beet pulp (SBP) /SBP-chemically modified 60 19.8/20.5 [41]
Trametes trogii/amidoxime 1000 238.2/447 .4 [53]
Orange peel/amidoxime 300.0 155.4/382.9 [54]
Marine fungus/tri-amidoxime 40 15.46/584.6 [55]
Magnetic chitosan/amidoxime 44.5 —/357.0 [56]
Grapheneoxide (GO)/GO-diethylenetriaminepentaacetic phenylenediamine 50 97.3/485.0 [57]
Amidoxime modified calix[6]arene derivative with A. niger-Fe;O, 10 -/74.0 [58]
Sun flower straw 20 -/6.9 [59]
Lentinus concinnus/2,5-diaminobenzenesulfonic acid ligand 500 118.6/539.2 In this work
was widely increased compared to native biomass due to References

the presence strong interaction of primary amino and sul-
fate groups with U(VI) ions [45, 46]. Finally, the U(VI)
adsorption process on both the fungal biomass prepara-
tions was spontaneous and increased randomness. Further-
more, the DAPSA ligand attached fungal biomass showed
a high adsorption capacity with an excellent reusability,
and it could be a good candidate for removal of metals
from solution.
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