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Abstract

A new type of magnetic bioadsorbent (CDAB) was synthesized by reaction of amidoxime modified calix[6]arene
derivative with the Aspergillus niger-Fe;0,4 bio-nanocomposite, the bioadsorbent have been well characterized with FT-IR,
SEM-EDS, XPS and VSM. The effects of various experimental parameters include pH, contact time, initial uranium(VI)
concentration, adsorbent dosage and temperature on the bioadsorption of uranium(VI) were investigated in detail.
Adsorption experimental results showed the adsorption process of CDAB was pseudo-second order kinetic model and

Langmuir adsorption isotherm model. The maximum adsorption capacities of CDAB were calculated to be 77.04 mg g~

1

for uranium(VI). The adsorption efficiency of CDAB towards U(VI) could reach at 83.6% with a considerable selectivity.
In addition, the thermodynamic parameters indicated that the adsorption process was spontaneous and endothermic.
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Introduction

Uranium is the main source of nuclear fuel and has been
widely used in the nuclear industry. However, large
amount of uranium-containing wastewater poses a serious
threat to the organism and environment due to the
radioactive and toxic of uranium [1, 2]. Therefore, devel-
oping effective techniques for the segregation of ura-
nium(VI) from uranium-containing wastewater is an
important issue for the environmental remediation.

In the past decades, many methods for removal of ura-
nium(VI) from low concentration uranium waster waste
have been proposed, such as liquid-liquid extraction,
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chemical precipitation, evaporation concentration, ion
exchange and adsorption [3-6]. As a potential low-con-
centration uranium wastewater treatment method, a lot of
adsorbents have been developed to adsorb uranium(VI)
from uranium-containing wastewaters, such as carbon
nanotubes, graphene oxides, magnetic materials, biomass
and so on [7-17]. However, there are a number of draw-
backs among this adsorbents, such as low adsorption
capacity and selectivity, slow kinetics and poor
water/chemical stability. Thus, it is still a need to develop
new adsorbent materials for efficient adsorb uranium(VI)
from uranium-containing wastewaters.

Biological adsorbents have got a wide range of appli-
cations due to the advantages of low cost, effective mass
transfer and no secondary pollution. In addition, magnetic
nanoparticles have attracted considerable attention due to
their magnetic properties and nanoscale features. There-
fore, the magnetic biosorbent as high performance adsor-
bents for the removal of uranium(VI) have attracted
considerable attention. For example, Han et al. [I8]
reported a fungus-Fe;0,4 bio-nanocomposite which showed
the saturated sorption capacity up to 171 mg g~ for ura-
nium(VI) within only 4 h; Wang et al. [19] reported a
novel fungus-Fe;O, bio-nanocomposite which exhibited
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excellent regeneration performance for the pre-concentra-
tion of radionuclides.

Recently, calixarene derivatives are also used for
adsorption of uranium(VI) because of their simple prepa-
rations, easy modifications, low toxicity, and unique
extraction properties of metal ions. For example, Zhang
et al. [20] reported an amidoxime group modified
calix[8]arene (C8A-AO) which exhibited excellent selec-
tive adsorption capacity for the uranium(VI).

Based on the above mentioned advantages of magnetic
biosorbent and calixarene derivative, in this work, we
synthesized a novel magnetic bioadsorbent (CDAB) by
reaction of amidoxime modified calix[6]arene derivative
with the Aspergillus niger-Fe;O, bio-nanocomposite
(ANBN). The calix[6]arene derivative modified Aspergil-
lus niger-Fe;0, bio-nanocomposite was characterized by
FT-IR, SEM-EDS, XPS and VSM, and the adsorption
behavior of uranium(VI) was also investigated in detail.
The results show that the CDAB is expected to have
potential application for the adsorption of uranium(VI)
from aqueous solutions.

Experimental
Characterizations

Fourier-transform infrared (FT-IR) spectra of the samples
were measured by IR Prestige-21 using standard KBr
pellets. The morphology of synthetic products was char-
acterized using scanning electron microscope (SEM, Zeiss
Merlin microscope). The MPMS SQUID VSM (vibrating
sample magnetometer) was applied to test magnetic prop-
erties through measuring the function between magnetiza-
tion and applied-field from — 10 to 10 kOe at 300 K. X-ray
photoelectron spectroscopy (XPS) of samples was mea-
sured by ESCALAB 250Xi.

Preparation of HHHC-AN

NaH (03 g) and 37,38,39,40,41,42-Hexahydroxyl-
1,8,13,19,25,31-hexacarboxy calix[6]arene (HHHC, 0.9 g)
were stirred at room temperature in DMF (40 mL). Bro-
moacetonitrile (1.1 g) was added, and the mixture was
stirred at 75 °C for 24 h. H,O (80 mL) was added, and the
suspension was cooled to room temperature and filtrated.
The residue solid was taken up in CH,Cl, (100 mL);
washed with 1 N HCI (2 x 50 mL), saturated NH,4Cl
(3 x 50 mL), and brine (50 mL); and dried with MgSO,.
After filtration, CH,Cl, was evaporated, and the residue
was treated with methanol yielding a pure white solid.
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Preparation of HHHC-AO

200 mg HHHC-AN and 1 mL NH,OH were dispersed into
40 mL methanol-water (V. /V,, = 1/1) solution. The
mixed suspension was kept being stirred at 80 °C for 12 h.
After cooling to room temperature, the solid was isolated
by applying external magnetic field and washed with
ethanol and deionized water for several times. The product
was kept being dried in vacuum at 50 °C for 24 h.

Preparation of CDAB

HHHC-AO (1.0 g) stirred at room temperature in CHCl3
(50 mL), SOCIl, (5.0 mL) was dropwise added. The mix-
ture was heated to reflux for 4 h. The suspension was
cooled to room temperature. CHCl; and SOCl, was evap-
orated to obtain the intermediate product, then a solution of
the intermediate product (1 g) and trimethylamine (2 mL)
in 20 mL of CHCl; was added to a solution of ANBN (1 g)
in 40 mL of DMF/H,0O (DMF/H,0 = 4:1). The mixture
was stirred at 75 °C overnight, then cooled to room tem-
perature, and evaporated under reduced pressure. The
product was washed with CHCl; and H,O. Finally, the
obtained product was dried in a vacuum at 60 °C for 24 h.

Adsorption experimental

The effects of pH, contact time, initial uranium concen-
trations, coexisting ions and temperature on the U(VI)
adsorption by CDAB were investigated in detail. Typically,
30 mg adsorbent was added to a U(VI) solution (100 mL)
with appropriate concentration and appropriate pH value in
a 250 mL beakerflask shaken in air bath oscillator at
180 rpm and appropriate temperature. The pH was adjusted
by a negligible volume of dilute HNO3; or NaOH. After the
beaker flask was shaken for predetermined time, the solid—
liquid separation was conducted using a magnet. The
concentration of U(VI) in the solution was analyzed by the
Br-PADAP method with a Visible Spectrophotometer at
578 nm (National Standard of the People’s Republic of
China, EJ 267.4-1984). All the experiments were per-
formed in duplicates and a blank sample was set at the
same time to minimize experimental error.

The removal efficiency [E (%)], amount of U(VI)
adsorbed on the adsorbent (g.) and distribution coefficient
K4 (mL/g) were calculated using the following formulas:

(Co = C)

(Co—Ce)V

go =" @

E(%) = x 100, (1)
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where ¢, is the equilibrium adsorption capacity (mg/g), C,
and C, are the concentrations of U(VI) before and after
adsorption (mg/L), respectively, V is the liquid phase vol-
ume (L), and m is the amount of adsorbent (g).

Results and discussion
Characterization of materials

The calix[6]arene derivative modified Aspergillus niger-
Fe;O, bio-nanocomposite (CDAB) was synthesized
according to the Scheme 1. HHHC and ANBN were syn-
thesized according to the reported procedures [19, 21].
Figure 1 shows the FT-IR spectra of HHHC, HHHC-AN
and HHHC-AO. After modifying the nitrile group on the
HHHC, the peak of —OH at 3227 cm ™' was disappear in
the spectrum of HHHC-AN, and a new characteristic peak
of C=N at 2240 cm™" was observed in the spectrum of
HHHC-AO. After hydroxylamine treatment, the peak at
2240 cm ™! disappear and the new characteristic peaks for
—NH, (or —OH), C=N and N-O appear at 3188, 1666 and
918 cm ™!, respectively, which indicated that the nitrile
groups in HHHC-AN were completely converted into the
amidoxime group. As shown in Fig. 2, for CDAB, the
peaks of 3373, 2927, 1659 and 625 cm~! were related to
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Fig. 1 FT-IR spectra of HHHC, HHHC-AN and HHHC-AO

the amino (or hydroxyl), benzene ring, C=N and Fe-O,
respectively, which indicated that the CDAB bioadsorbent
was successfully prepared.

The microstructure of ANBN and CDAB were studied
by SEM. The SEM images of ANBN and CDAB were
shown in Fig. 3. Obviously, the surface of CDAB became
rougher and uneven, which was related to the modification
by calix[6]arene derivative (HHHC-AO).

The magnetization curves of ANBN and CDAB were
shown in Fig. 4. It was clearly seen that the saturation
magnetization of ANBN (6.63 emu/g) more highly than
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Scheme 1 Procedure for synthesizing the calix[6]arene derivative modified Aspergillus niger-Fe;O4 bio-nanocomposite (CDAB)
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Fig. 2 FT-IR spectra of ANBN, HHHC-AO and CDAB

CDAB (3.32 emu/g), which may be due to the HHHC-AO
modification. There were no hysteresis loops and the
remanence was negligible, which indicated that CDAB was
still superparamagnetic.

The EDX spectra of CDAB and CDAB-U (uranium-
loaded CDAB after adsorption) were shown in Fig. 5.
Obviously, the presence of U elements in the CDAB
material after adsorption of uranium (CDAB-U), indicating
that uranium existed in the CDAB-U sample after
adsorption. As shown in Fig. 6, a strong double U4f peak
appeared in the XPS spectrum of CDAB-U, and the cor-
responding high-resolution U4fs, and U4f;, peaks at
392.48 and 381.68 eV, respectively, which further indi-
cated that uranium(VI) existed in the CDAB-U sample
after adsorption.

Effect of pH on uranium adsorption
Due to the significant impact on the adsorption property of

adsorbent, the effect of pH on uranium adsorption by
CDAB was firstly tested at different pH values ranging
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Fig. 3 SEM images of ANBN (left) and CDAB (right)
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Fig. 4 Magnetization curves of ANBN and CDAB

from 3 to 8. The result as shown in Fig. 7, the maximum
removal efficiency of U(VI) from solution was obtained at
pH 7. Therefore, as the optimum pH value, pH 7 was
selected for the further adsorption experiments.

Effect of adsorbent dose on uranium adsorption

The effect of adsorbent dose on uranium adsorption by
CDAB was investigated by changing the adsorbent dose
from 5 mg to 50 mg. The results were shown in Fig. 8. It
was clearly observed that the removal efficiency was
increased with the increasing of adsorbent dose. Never-
theless, the adsorption capacity of uranium(VI) was
decreased with the increasing of adsorbent dose. It was
noted that the removal efficiency of uranium(VI) by CDAB
increased slowly when the amount of adsorbent dose was
greater than 30 mg. Therefore, 30 mg was selected as the
appropriate adsorbent dose for the following adsorption
experiments.
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Fig. 7 Effect of pH on the U(VI) adsorption by CDAB (m = 15 mg,
V=100 mL, C, = 10 mg/L, T = 298.15 K, t = 20 h)

Fig. 8 Effect of adsorbent dose on the U(VI) adsorption by CDAB
(pPH7,V=100mL, C, = 10 mg/L, T = 298.15 K, t = 20 h)
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Effect of contact time on uranium adsorption

Figure 9 showed the change of removal efficiency with
contact time. In the first 3 h, the removal efficiency of
uranium(VI) by CDAB was increased quickly, and reached
equilibrium (83.6%) after 8 h. Thus, 8 h was selected as
the contact time for the following adsorption experiments.

Effect of initial uranium concentrations
on uranium adsorption

The effect of initial uranium concentrations on the U(VI)
adsorption of CDAB was investigated by changing the
concentrations from 10 to 100 mg/L. As shown in Fig. 10,
it was clearly observed that the adsorption capacity of
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Fig. 9 Effect of contact time on the U(VI) adsorption by CDAB

(m =30mg, pH7, V=100 mL, C, = 10 mg/L, T = 298.15 K)
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uranium was increased with the increasing initial uranium
concentrations.

Effect of temperature on uranium adsorption

The effect of temperature on the U(VI) adsorption of
CDAB was investigated for temperature ranging from
298.15 to 318.15 K. The results showed that the adsorption
capacity of uranium(VI) was increased with the increasing
temperature as shown in Fig. 11. It may be due to the
velocity of molecular movement was increased with the
increasing temperature.

Effect of coexisting ions on uranium adsorption

The effect of coexisting metal ions, including Ca(Il),
Mn(II), Mg(I), Cd(II) and Zn(II), on the U(VI) adsorption
of CDAB was investigated. The results were shown in
Fig. 12 and listed in Table 1. Obviously, the g, and K4 of
CDAB for uranium(VI) were remarkably larger than other
coexisting ions, which indicated that the bioadsorbent
possessed a considerable selectivity for U(VI).

Adsorption kinetics

The adsorption kinetics often used to study the kinetic
mechanism of the adsorption process. The adsorption
experimental data were simulated with the pseudo-first-
order and pseudo-second-order models.

The pseudo-first-order equation is as follows:

In(ge — q1) = Inge — kyt. 4)

The pseudo-second-order equation is as follows:

= %
31—< /
o,

27

9, (mg/g)

C, (mg/L)

Fig. 10 Effect of initial uranium concentrations on the U(VI)
adsorption by CDAB (m=30mg, pH 7, V=100mL,
T=29815K,t=28h)
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Fig. 11 Effect of temperature on the U(VI) adsorption by CDAB
(m=30mg,pH7, V=100 mL, C, = 10 mg/L, t = 8 h)
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where k; is the pseudo-first order adsorption rate constant,
h_l; k, is the second order adsorption rate constant,
gmg ' h™'; ¢g. and ¢, are the equilibrium adsorption
capacity and the adsorption capacity at time t, mg g~ .
The results was listed in Table 2. It was clearly seen that
the pseudo-second-order model more suitable for described
the U(VI) adsorption process of CDAB, because of the
correlation coefficient (R*) value (0.999) for the pseudo-

second-order model greater than the correlation coefficient

value (0.869) for the pseudo-first-order models. This result
proved the adsorption process of CDAB was the chemical
adsorption [22].

Adsorption isotherm

The Langmuir and Freundlich isotherm models were used
to simulate the adsorption experimental data at different
initial uranium concentrations. These two adsorption iso-
therm were given below:

Langmuir model:

c. 1 1
- Ce (6)

= + _
qe ‘ZmbL qm

Freundlich model:
1

Ing. =InKg +—1InC, (7)
ng

Where C, is the equilibrium concentration of U(VI) (mg/
L). g. is the amount of U(VI) adsorbed at equilibrium (mg/
g). gm and by are Langmuir constants related to maximum
adsorption capacity and adsorption energy, respectively. Kg
and ng are Freundlich constants related to adsorption
capacity and adsorption intensity, respectively.

The results was listed in Table 3. It was clearly seen that
the Langmuir model more suitable for described the U(VI)
adsorption process of CDAB, because of the correlation
coefficient (R%) value (0.9952) for the Langmuir model
greater than the correlation coefficient value (0.9859) for
the Freundlich model. This illustrated the adsorption pro-
cess of CDAB was mainly a monolayer process [23]. In
addition, the maximum adsorption capacities (g,) of
CDAB were calculated to be 77.04mgg~' for
uranium(VI).

Adsorption thermodynamics

The mechanism of adsorption process was explored by
adsorption thermodynamics. The adsorption experimental
data at different temperature were simulated with the Van’t
Hoff equation as following:

Table 2 Kinetic parameters of

—1 —1
U(VI) adsorption on CDAB Co (mg L™") Pseudo-first-order pseudo-second-order qg. [mg g~ (exp)]
ki (™) g (mgg™) R ks g. mgg™) R
10 0.2348 7.7898 0.8699 0.11997 28.4333 0.999  27.6667
Table 3 Parameters of the . - - -
Langmuir and Freundlich T (K) Langmuir equation Freundlich equation
isotherms G (mg g1 by (L mg™h R? ng Kg R?
298.15 77.0416 0.1545 0.9952 3.7896 23.6288 0.9859
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Table 4 Thermodynamic

parameters for adsorption of AS® (¥/mol K)

AH® (kJ/mol)

AG® (kJ/mol)

U(VI) onto CDAB 298.15 (K)  303.15 (K) 308.15(K) 313.15(K) 318.15 (K)
48.88 186.20 — 661 — 754 — 847 — 940 ~ 1033
AS®  AH® References
InKg = — — = (8)
R  RT

Where Kj is the distribution coefficient (mL/g), AS° is the
standard entropy (J mol™' K™'"), AH® is the standard
enthalpy (kJ mol ™), T is the reaction temperature (K), and
R is the gas constant (8.314 J mol~' K™).

The standard Gibbs free energy (AG°) values were
calculated as follow:

AG® = AH — TAS°. 9)

The calculated thermodynamic parameters were listed in
Table 4. The value of AH? is 48.88 kJ/mol, which indicates
that the adsorption process was endothermic, and the pos-
itive value of AS° (AS® = 186.20 J/mol K) reveals that the
adsorption was spontaneous and the randomness increased
during the adsorption process. The values of AG® was
decreased with increasing temperature of solution from
298.15 to 318.15 K, which indicates the adsorption process
of uranium(VI) by CDAB was spontaneous and high
temperature conducive to the adsorption process.

Conclusions

In summary, a calix[6]arene derivative modified Asper-
gillus niger-Fe;04 bio-nanocomposite (CDAB) was suc-
cessfully synthesized and used for removal of uranium (VI)
from aqueous solutions. The adsorption experiment results
showed that the adsorption efficiency of CDAB towards
U(VI) could reach at 83.6% and had a considerable
selectivity. The results of adsorption kinetic and isotherm
indicate that the adsorption process were in accordance
with pseudo-second order kinetic model and Langmuir
adsorption isotherm model, which indicated that the
adsorption process of CDAB was the chemical adsorption
and mainly a monolayer process, respectively. In addition,
based on the values of thermodynamic parameters, it could
be found that the adsorption process was endothermic and
spontaneous.
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