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HIGHLIGHTS

» A novel magnetic CD/HNT/iron oxide composite was synthesized by using chemical method.

» The maximum sorption amount of U(VI) on CD/HNT/iron oxide was higher than that on many other materials.
» CD/HNT/iron oxide exhibited satisfying removal efficacy for simulated mixed wastewater.

» CD/HNT/iron oxide could be easily separated from aqueous solution with a permanent magnet.

» CD/HNT/iron oxide could be used for the purification of actual U(VI)-bearing effluents.
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ABSTRACT

In this study, B-cyclodextrin (B-CD) was chemically grafted onto halloysite nanotube/iron oxides (HNT/
iron oxides) to prepare a novel magnetic CD/HNT/iron oxide composite. The XRD pattern and FT-IR spec-
tra analysis provide evidence for the successful grafting of B-CD on HNT/iron oxide surfaces. Elemental
analysis indicates that the grafted 8-CD amount in CD/HNT/iron oxide composite is 112 mg/g. Batch tech-
nique was adopted to investigate the removal efficiency of U(VI) from aqueous solutions by CD/HNT/iron
oxide as a function of various environmental factors. The sorption reversibility and performance of CD/
HNT/iron oxide in simulated effluent disposal were also tested. The sorption kinetic data can be well fit-
ted by the pseudo-second-order model. The pH-dependent sorption suggests an optimal pH value of 7.0
for using CD/HNT/iron oxide in the decontamination of U(VI) from aqueous solutions. The sorption irre-
versibility at pH 5.5 was attributed to the inner-sphere binding of U(VI) on CD/HNT/iron oxide surface
sites. The maximum sorption capacity of U(VI) on CD/HNT/iron oxide is considerably higher than that
of some other reported materials. Related data show that CD/HNT/iron oxide exhibits satisfactory treat-
ment efficiency for the simulated wastewater. It is worth noting that CD/HNT/iron oxide could be easily
separated from aqueous solution by using a permanent magnet. By integrating the experimental results
presented in this study, it is clear that CD/HNT/iron oxide can be potentially used as a cost-effective mate-
rial for the purification of actual U(VI)-bearing effluents.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

actinides, is an irreplaceable material in nuclear fuel cycle. The
potential risk of uranium-containing water system is a significant

Water radioactive pollution has become a serious environmental
problem all over the world. A series of hazardous radionuclides (e.g.,
235y, 238y, 235Np, 239Pu and 247Cm, etc.) were discharged into aqua-
tic systems through various nuclear processes, such as mining oper-
ations, refining of nuclear fuel, aboveground/underground nuclear
tests, nuclear energy processing facilities and nuclear power plant
accidents [1,2]. Uranium(VI), a chemical homolog of hexavalent
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environmental concern due to its long half-life (t;, (*°U)=
7.04 x 10%a; t1> (*3®U)=4.47 x 10%a) [3]. Exposure to uranium
can result in serious biochemical and radioactive harms to biologi-
cal organization such as skin corrosion, toxic hepatitis, kidney dam-
age, histopathological system damage and even cancers. In view of
this point, a series of regulations have been proposed in the past
decades to limit U(VI) concentration in environmental mediums.
For instance, the guideline values for U(VI) concentration in drink-
ing water were set to be 15 pg/L and 30 pg/L by World Health Orga-
nization and US Environmental Protection Agency, respectively [4].
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Besides, many European Union countries used total indicative dose
(<0.1 mSv/y) as an additional guidance level for radionuclides in
drinking water [5]. Hence, advanced techniques and materials are
required to reduce U(VI) concentration in contaminated groundwa-
ter so as to meet the above-mentioned water quality standards.

Sorption technique is widely adopted in environmental protec-
tion field due to its convenient operation, low cost, high efficiency
and environmental friendliness. Many kinds of materials such as
clinoptilolite [6], activated carbon [7], coir pith [8] and tricho-
derma harzianum [9] are proved to be capable in the decontamina-
tion of U(VI)-bearing effluents. However, the difficulty in the
separation and recovery of these materials from solution limits
their further application. To compensate for this imperfection,
the preparation of magnetic materials with high separation conve-
nience has become a new research hotspot in recent years [10,11].
However, the introduced iron oxide on magnetic material surfaces
brings adverse defects such as lower sorption capacity and poor
dispersibility, which restrict their large-scale application in waste-
water treatment and contaminated environment remediation. For-
tunately, the two shortages mentioned above have been
successfully remedied via the selective modification of magnetic
materials with natural and synthetic polymers. As expected, the
obtained composites exhibit excellent utility in the decontamina-
tion of heavy metal ions and organic pollutants [12,13].

Halloysite nanotubes (HNTs) are a kind of two-layered alumino-
silicate clay with hollow nanotubular structure. Due to their novel
physicochemical properties, HNTs have been widely used in vari-
ous fields such as catalysis, electronics, biomedicine and functional
materials [14,15]. Cyclodextrins (CDs), produced from the bacteria
enzymatic degradation of starch, are torus-shaped cyclic oligosac-
charide with an internal hydrophobic cavity. Specifically, B-cyclo-
dextrin (B-CD) was proved to exhibit good performance in
wastewater disposal. Herein, magnetic HNT/iron oxides were
firstly synthesized by using co-precipitation method. Afterwards,
B-CD was chemically grafted onto HNT/iron oxides to prepare a no-
vel magnetic composite (denoted as CD/HNT/iron oxide). The ob-
tained CD/HNT/iron oxide composite were characterized by
transmission electron microscopy (TEM), X-ray powder diffraction
(XRD), Fourier transform infrared (FT-IR) spectroscopy and zeta po-
tential analysis. In addition, elemental analysis was conducted to
quantitatively determine the grafted amount of B-CD in CD/HNT/
iron oxide composite. Batch technique was adopted to investigate
the sorption performances of CD/HNT/iron oxide composite to-
wards U(VI) as affected by various environmental conditions. Fur-
ther experiment was conducted to test its application potential in
simulated wastewater disposal.

2. Experimental details
2.1. Materials and reagents

The sample of HNTs was obtained from Shinshi metallurgy chem-
ical Co., Ltd., (Guangzhou, China) as a gift. The HNT powder was
rinsed with Milli-Q water and then dried at 80 °C in an oven. The de-
rived sample was milled and passed through a 200-mesh screen to
gain small-sized solid particles with larger surface area and better
dispersion. The specific surface area of bare HNTs was measured to
be 48.2 m?/g by using N,-BET method. All the other chemicals were
purchased from Sinopharm Chemical Reagent Co., Ltd., (Shanghai,
China) in analytical purity and used directly without any further
purification. All the reagents were prepared with Milli-Q water.

2.2. Preparation of f-CD conjugated HNT/iron oxides

The HNT/iron oxide composite was prepared under N, condi-
tion via two sequential processes, i.e., a wet impregnation process

followed by a co-precipitation process. In brief, 1.5 g HNTs was
added into a 200 mL solution containing 2.98 g FeCl;-6H,0 and
1.53 g FeSO,4-7H,0. During the initial wet impregnation process
with continuous magnetic agitating, the positive Fe?" and Fe3* ions
were introduced on HNT surfaces through complexation reactions.
Afterwards, ~40 mL NaOH solution (0.5 mol/L) was dripped into
the mixture to precipitate the surface-immobilized Fe?* and Fe**
ions. The mixture pH was maintained at ~11 to ensure the com-
plete transformation of iron ions to iron oxides. The reaction was
conducted at 70 °C for 3 h under constant magnetic stirring. The
as-prepared HNT/iron oxide composite was repeatedly washed
with Milli-Q water and dried at 105 °C for 4 h. The CD/HNT/iron
oxide composite was prepared via the following procedures:
Firstly, 1.0 g HNT/iron oxides was added to 20 mL phosphate buffer
(0.005 mol/L, pH 6.5) and sonicated for 15 min. Afterwards, 5.0 mL
carbodiimide solution was added and the mixture was further son-
icated for 30 min. Finally, 0.3 g B-CD was added and the formed
mixture was continuously sonicated for 120 min. This addition
dosage is obtained from the effect of added B-CD content in
solution on the grafted B-CD amount on HNT/iron oxides (see
Supplementary Material Fig. S1). The as-prepared magnetic CD/
HNT/iron oxide composite was recovered from the mixture with
a permanent magnet and then dried in a vacuum oven.

2.3. Characterization

The microscopic morphology of bare HNTs and CD/HNT/iron
oxide composite were characterized by transmission electron
microscopy (TEM). Drops of bare HNT (or CD/HNT/iron oxide)
aqueous suspensions were delivered onto the copper grid and
dried in air. Afterwards, the TEM images were collected by using
JEOL-2010 microscope. The XRD patterns of bare HNTs, HNT/iron
oxides and CD/HNT/iron oxide were recorded on a MAC Science
Co., M18XHF diffractometer using Cu Ko radiation. The measure-
ments were carried out in the 20 range of 10°-70° with a scanning
step-length of 0.02°. The FTIR spectra of bare HNTs, HNT/iron oxi-
des, CD/HNT/iron oxide and pure B-CD were recorded with a FTIR
spectrometer (Perkin-Elmer spectrum 100, America) in the range
of 4000-400 cm™~! by using KBr pellets. The spectral resolution
was set to 1 cm~! and 150 scans were collected for each spectrum.
The magnetic measurements were performed in a MPMS-XL SQUID
magnetometer. For zeta potential measurements, a series of CD/
HNT/iron oxide suspensions (0.5 g/L) were prepared in 0.01 mol/L
NaNOs solution. The gained suspensions were adjusted to different
pH values with tiny amount of 0.01 mol/L HNO3/NaOH solutions
and sonicated for 10 min in an ultrasonic bath. The zeta potential
of each suspension was measured by using Zetasizer Nano ZS Ana-
lyzer. The zero point charge (pH,,c) was obtained by interpolating
the data to zero zeta potential.

2.4. Dispersion in aqueous solution

To establish the correlation between solid concentration and
the dispersion in aqueous solution, the UV-vis spectra of bare
HNTs and CD/HNT/iron oxide with different concentrations were
scanned by using SHIMADZU UV-vis 2550 spectrophotometer in
the wavelength range of 190-800 nm.

2.5. Experimental procedure

All the experiments were conducted in polyethylene centrifuge
tubes by using batch technique. Briefly, the suspensions of CD/
HNT/iron oxide and background electrolyte solution were pre-
equilibrated for 24 h, and then U(VI) stock solution and complexing
ligands were seriatim added to achieve the desired concentrations
of individual components. The pH was adjusted to desired values
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Fig. 1. TEM images of bare HNTs (A) and CD/HNT/iron oxide composite (B).

by adding negligible volumes of 0.1 or 0.01 mol/L HNO3; or NaOH
solutions. The centrifuge tubes were gently shaken on a rotating
oscillator for 24 h to achieve sorption equilibrium. Afterwards, the
samples were exposed to a permanent magnet to separate solid
and liquid phases. The concentrations of U(VI) in the supernatant
were measured by using U Arsenazo-IIl spectrophotometry at
650 nm. The sorption percent (sorption% =(Cy — C.)/Co x 100%)
and sorption amount (g, = (Co — C.)-V/m) were then calculated from
the initial U(VI) concentration (Cp), the final U(VI) concentration
(Ce), the CD/HNT/iron oxide mass (m) and the suspension volume

(V).
3. Results and discussion
3.1. Characterization
Fig. 1A and B shows the TEM images of bare HNTs and CD/HNT/
iron oxide, respectively. As can be seen from Fig. 1A, bare HNTs ex-

hibit straight tubular morphology with smooth external surface,
open ends and hollow cavity of ~20 nm in diameter. It is clear from

Fig. 1B that the HNT surfaces are coated with iron oxide clusters
(marked with white cycles), which are composed of smaller sub-
units of ~10 nm in diameter. Besides, some iron oxide particles
are found to adhere on the inner wall of HNT hollow cavities
(marked with red' circles). No detectable layer due to grafted
B-CD can be observed from the TEM image, which may be attrib-
uted to the overlap of B-CD by the surface-coated iron oxide parti-
cles. Herein, it is worth noting that the HNT substrate in CD/HNT/
iron oxide still possesses open-ended structure. The open ends, hy-
droxyl-containing surface and hollow cavities are conductive to
the attachment of heavy metal ions and radionuclides onto CD/
HNT/iron oxide.

Fig. 2 shows the XRD patterns of bare HNTs, HNT/iron oxides
and CD/HNT/iron oxide composite. For bare HNTs, the diffraction
peaks at 12.1°, 20.1°, 24.3°, 35.4°, 38.9°, 55.2° and 63.3° are corre-
sponded to the characteristic (001), (100), (002), (110), (003),
(210) and (300) planes of halloysite-7 A with hexagonal structure

! For interpretation of color in Fig. 1, the reader is referred to the web version of
this article.
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Fig. 2. XRD patterns of bare HNTs, HNT/iron oxides and CD/HNT/iron oxide
composite.

(JCPDS Card No. 29-1487). The diffraction angle of (001) plane
(herein, 12.1°) corresponds to the characteristic basal spacing of
halloysite-7 A mineral (i.e., 0.72 nm). Furthermore, the broad dif-
fraction peaks manifest that the bare HNTSs are in small crystal size
and poor crystallinity degree. Compared with bare HNTs, the XRD
pattern of HNT/iron oxides displays five new peaks at 30.1°, 35.6°,
43.3°,57.1° and 62.7°, which can be assigned to the characteristic
peaks of cubic magnetite phase (JCPD No. 89-3854). The other two
peaks at 41.3° and 59.2° may correspond to goethite phase formed
on HNT surfaces. In the XRD pattern of CD/MWCNT/iron oxide
composite, the appearance of two sharp peaks at 12.7° and 18.3°
manifests the introduction of B-CD on HNT/iron oxide surfaces
[16].

Fig. 3 illustrates the FTIR spectra of bare HNTs (curve A), HNT/
iron oxides (curve B), CD/HNT/iron oxide (curve C) and pure B-
CD (curve D). For bare HNTs (curve A), the double bands at 3699
and 3622 cm™! correspond to O-H stretching vibrations of inner-
surface hydroxyl groups and inner hydroxyl groups, respectively
[17]. The bands at 3453 and 1640 cm™! are assigned to O-H
stretching vibration of adsorbed water. The bands at 1097 and
1035 cm™! are attributed to apical Si-O and Si-O-Si stretching
vibrations, respectively. The band at 912 cm™! arises from O-H
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Fig. 3. FTIR spectra of bare HNTs (curve A), HNT/iron oxides (curve B), CD/HNT/iron
oxide composite (curve C) and pure B-CD (curve D).

deformation vibration of inner Al-O-H groups. The band at
793 cm! is assigned to Si-O symmetric stretching vibration. The
bands at 751 and 695cm™! derive from perpendicular Si-O
stretching vibration. The bands at 534 and 468 cm™! are attributed
to Si-O-Si and Al-O-Si deformation vibrations, respectively. The
FTIR spectrum of HNT/iron oxides (curve B) includes all the
above-mentioned peaks in bare HNTs (curve A). Specifically, the
slight broadened band at 3453 cm ™! is attributed to the stretching
vibrations of hydroxyl groups from iron oxides [18]. In addition,
the peak at 586 cm™! is corresponded to the characteristic Fe-O
stretching vibration of iron oxides. In the spectrum of pure B-CD
(curve D), the broad band at 3300-3500 cm™! is attributed to -
OH stretching vibration. The band at 2924 cm™' corresponds to
asymmetric C-H stretching vibration [19]. The bands at 1159 and
1032 cm™! derive from the coupled C-C/C-O stretch vibration
and antisymmetric glycosidic C-O-C vibration, respectively [20].
The band at 946 cm™! is assigned to the R-1, 4-bond skeleton
vibration. All these characteristic bands are present in the spec-
trum of CD/HNT/iron oxide (curve C), which provides direct evi-
dence for the successful grafting of B-CD on HNT/iron oxide
surfaces. Elemental analysis suggests that the grafted B-CD amount
in CD/HNT/iron oxide is 112 mg/g (i.e., 11.2% in w/w). The magne-
tization curves have been previously used to quantitatively deter-
mine the grafted amount of natural organic matter on solid
particles [21]. Herein, the saturation magnetization of HNT/iron
oxides and CD/HNT/iron oxide are measured to be 28.54 and
25.26 emu/g, respectively. The difference of 3.28 emu/g suggests
that the B-CD content in CD/HNT/iron oxide is 11.5% (w/w), which
is accordance with that calculated from elemental analysis (11.2%
in w/w). Meanwhile, the good magnetic property makes it easy
to separate CD/HNT/iron oxide from aqueous solutions with an
external magnet.

Fig. S2 illustrates the zeta potential of CD/HNT/iron oxide com-
posite in 0.01 mol/L NaNOs solution as a function of pH values. It is
clear that the zeta potential decreases from 18 eV to zero as pH in-
creases from 2.0 to 4.8, then decreases rapidly to —39 mV as pH
values rises up to 10.0. Thereby, the pH,,. of CD/HNT/iron oxide
composite is identified to be ~4.8. This variation trend in surface
charge with greatly influence the sorption affinity of CD/HNT/iron
oxide towards U(VI) at various pH values.

3.2. Dispersion in aqueous solution

Fig. 4 illustrates the UV-vis spectra of bare HNTs and CD/HNT/
iron oxide in aqueous solution at various concentrations
(0.4-4.2 g/L). The absorption peak at 210 nm can be assigned to
the characteristic absorption of HNTs. As shown in Fig. 4A, the
absorbance of bare HNT suspension at 210 nm increases from
0.38 to 4.67 as the relative concentration increases from 0.4 to
4.2 g/L. However, the absorbance reaches the maximum detection
value of 5.00 as the relative concentration increases to 5.0 g/L. This
phenomenon can be attributed to the complete absorption of UV
light by the deep-colored HNT suspension. Similarly, the absor-
bance of CD/HNT/iron oxide suspension at 210 nm increases from
0.96 to 4.93 as the relative concentration increases from 0.4 to
3.6 g/L, and then reaches the maximum absorbance as the relative
concentration increases to 4.2 g/L (Fig. 4B). Compared with bare
HNT suspension, the CD/HNT/iron oxide suspension reaches the
maximum absorbance at lower concentration due to its deeper col-
or. The straight lines inserted in Fig. 4A and B describe the rele-
vance between the absorbance and relative bare HNT (or CD/
HNT/iron oxide) concentrations. The correlation coefficient of CD/
HNT/iron oxide (R*=0.9991) is higher than that of bare HNTs
(R?>=0.9705). It is clear that CD/HNT/iron oxide suspension well
follows the Lambert-Beer’s law, which suggests that CD/HNT/iron
oxide exhibits good dispersion in aqueous solution. Besides,
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Fig. 4. UV-vis absorption spectra of bare HNTs (A) and CD/HNT/iron oxide
composite (B) in aqueous solutions. Inset: Lambert-Beer’s plots for the absorption
peak of bare HNTs (A) and CD/HNT/iron oxide composite (B) at 210 nm.

sonication of CD/HNT/iron oxide suspension exhibits no influence
on the absorption peak intensity. This phenomenon manifests that
B-CD has been grafted on HNT/iron oxide surfaces via chemical
interaction rather than physical sorption [13,22].

3.3. Effect of contact time

Fig. 5 shows the capture of U(VI) by CD/HNT/iron oxide as a
function of contact time and initial U(VI) concentration. It is clear
that the sorption amount of U(VI) increases with increasing contact
time and initial U(VI) concentration. The sorption of U(VI) in-
creases fast in the first 1 h, and then slowed down until the sorp-
tion process achieves equilibrium after 4 h. Herein, it is worth
noting that the instantaneous time for separating CD/HNT/iron
oxide composite from solution by external magnet can be ne-
glected when testing the total contact time. The fast removal rate
during the initial stage may be attributed to the rapid diffusion
of U(VI) from the solution to the external surfaces of CD/HNT/iron
oxide. As the sites being gradually occupied, the adsorbed U(VI)
tends to be transported from the bulk phase to the actual sorption
sites (i.e., inner-sphere pores of CD/HNT/iron oxide) [23]. Such
slow diffusion process will decrease the sorption rate of U(VI) at la-
ter stages. Overall, the removal process is quite fast and 4 h is
enough to reach equilibrium, indicating that CD/HNT/iron oxide
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Fig. 5. Sorption of U(VI) on CD/HNT/iron oxide composite as a function of contact
time and initial U(VI) concentrations. T=298 K, pH=5.5, m/V=0.5g/L, I=0.01
mol/L NaNOs.

can be potentially applied in continuous effluent disposal. The
equilibrium sorption amount increases from 1.52 x 107> to
2.42 x 107> mol/g as the initial U(VI) concentration increases from
1.0 x 107> to 3.5 x 107> mol/L. This upward trend is reasonable
due to the fact that the greater concentration gradient at higher
initial U(VI) concentration can provide stronger driving force for
U(VI) uptake [24]. According to the above results, the shaking time
is fixed at 48 h in the following experiments to ensure that the re-
moval process can achieve complete equilibrium.

The surface characteristics and diffusion resistance of solid par-
ticles play an important role in sorption rate and accordingly the
overall solute migration. Therefore, the application of appropriate
kinetic models can provide useful information for determining
the underlying mechanisms during the entire sorption process. In
view of this point, the experimental kinetic data are simulated by
the pseudo-first-order (In(g. — q¢)=1Inge — kit) and pseudo-sec-
ond-order (i:,;—qfr;—et) models [25,26]. Herein, g. and q, refer
to the sorption capacity of U(VI) (mol/g) at equilibrium time and
time t (h), respectively; k; (h~!) and k, (g/(mol h)) are the rate con-
stants of pseudo-first-order and pseudo-second-order equation,
respectively. The slope and intercept of the linear plot of In(q. —
q:) versus t are used to calculate k; and geca), respectively. The
slope and intercept of the plot of t/q; versus t are used to determine
Gecal and ko, respectively. The obtained kinetic parameters from
both model fits are listed in Table 1. The correlation coefficients
(R?) for pseudo-second-order model are higher than those for
pseudo-first-order model. In addition, the g. values (ge ca1) obtained
from pseudo-second-order model fitting are more close to the
experimental g. values (geexp). The fact that the kinetic data are
accordance with pseudo-second-order model suggests chemisorp-
tion may be the rate-controlling mechanism rather than physical
sorption [27].

3.4. Effect of pH and ionic strength

Solution pH has a significant influence on the migration and
transformation behaviors of environmental contaminants at so-
lid/water interfaces. In view of this point, the pH-dependent sorp-
tion of U(VI) on CD/HNT/iron oxide composite was investigated at
various electrolyte concentrations, i.e., 0.001, 0.005, 0.01, 0.05 and
0.1 mol/L NaNOs solutions, respectively. As shown in Fig. 6, the
sorption percentage of U(VI) in 0.01 mol/L NaNO; solution in-
creases gradually from ~10% to 40% as pH increases from 2.0 to
5.0 (Region I), and then sharply increases to ~92% as pH reaches
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Table 1
The kinetic parameters of U(VI) sorption on CD/HNT/iron oxide.
Correlation parameters Initial U(VI) concentration (mol/L)
1.0 x 107 20x107° 3.5x10°
Pseudo-first-order ki (h™1) 1.230 0.958 0.640
e.exp (MOI/g) 152 x 107° 212x107° 242 % 107°
Ge.cal (MoOI/g) 124 x 107 1.75 x 107> 2.01 x107°
R? 0.920 0.982 0.965
Pseudo-second-order ko (g/(mol h)) 1.31 x 10° 9.81 x 10* 6.24 x 10*
eexp (MO/g) 1.52 x 107° 212 x107° 2.42 x 107
ecal (MoOl/g) 1.56 x 107> 218 x 107° 247 x107°
R? 0.999 0.999 0.999

100
] —®—0.001 mol/L NaNO,
9() - —*—0.005 mollL NaNO, T
] = (.01 mol/L .\'a.\‘U!
g0 ] ™ 0.05 mol/L NaNO, i
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(=]
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Fig. 6. Effect of ionic strength on U(VI) sorption as a function of pH values.
T=298 K, m/V=0.5 g/L, Cyqviyinitiar = 2.0 x 107> mol/L.

to 7.0 (region II). Afterwards, the sorption percentage sharply de-
creases from ~92% to ~52% in the pH range of 7.0-11.0 (region
III). The presence of three sorption regions manifests the occur-
rence of multifarious sequestration approaches [28].

The observed sorption trends are related with the surface prop-
erties of CD/HNT/iron oxide and the distribution of U(VI) species in
solution. As mentioned above, the CD/HNT/iron oxide surfaces are
positively charged at pH < pH, (i.e., ~4.8). Fig. S3 illustrates the
relative proportion of U(VI) species computed by Visual MINTEQ
ver. 2.61 [29]. At pH < 5.0, the predominant U(VI) species is UO3",
which is difficult to be captured by positively-charged CD/HNT/iron
oxide due to electrostatic repulsion. As shown in Fig. S2, the surface
of CD/HNT/iron oxide becomes negatively charged at pH > 4.8 and
the surface electronegativity enhances with increasing pH values.
Besides, the surface sites become more dissociated at higher pH val-
ues. These two variation trends enhance the complexation ability of
CD/HNT/iron oxide towards hydrolyzed U(VI)-OH™ species (e.g.,
(UO;);(0OH); and (UO,),(OH); ) in the pH range of 5.0-7.0. As shown
in Fig. S3, the relative proportions of (UO,),(OH){ and (UO,),(OH);
decrease at pH > 7.0 and U(VI) species are mainly present as nega-
tively-charged UO,(OH); and (UO,),(OH);. These two species are
difficult to be immobilized on the negatively-charged surfaces of
CD/HNT/iron oxide due to electrostatic repulsion, which results in
the decreases of U(VI) immobilization in this pH range. Based on
the pH-dependent sorption curve, an optimal pH value of 7.0 should
be selected when using CD/HNT/iron oxide for the purification of
U(VI)-containing wastewater.

Evaluation of ionic strength effect on sequestration behavior is
helpful to verify the application potential of solid materials in
sewage purification. As shown in Fig. 6, the removal of U(VI) is

strongly influenced by ionic strength variation at pH < 5.0, suggest-
ing that electrostatic interaction or outer-sphere complexation is
the dominant mechanism in this pH range [30,31]. Specifically,
the removal percentage of U(VI) decreases with increasing NaNO;
solution concentration. The activity of U(VI) ions in solution is
greatly reduced at higher ionic strength, which accordingly limits
their migration to CD/HNT/iron oxide surfaces. Besides, higher io-
nic strength will reduce the electrostatic repulsion between CD/
HNT/iron oxide particles, which causes their aggregation and de-
creases the uptake of U(VI). The ionic strength-independence of
U(VI) uptake at pH > 5.0 is indicative of an inner-sphere complex-
ation mechanism.

3.5. Effect of solid content

Fig. 7 shows the sorption of U(VI) on iron oxides, bare HNTs,
HNT/iron oxides and CD/HNT/iron oxide at various solid content.
Despite the specific surface area of CD/HNT/iron oxide (34.3 m?/
g) is lower than that of HNT/iron oxides (38.6 m?/g) and bare HNTs
(48.2 m?[g), the sorption percentage of U(VI) on CD/HNT/iron oxide
composite is higher than that on HNT/iron oxides and bare HNTs
(Fig. 7A). This inconsistency manifests that the specific surface area
is not the decisive factor for U(VI) sorption. Alternatively, the
grafted B-CD is expected to enhance the sorption capacity of CD/
HNT/iron oxide composite. The truncated-cone structure of B-CD
contains an apolar cylindrical cavity with primary hydroxyl sites
lying on the external surface and secondary hydroxyl sites lying
on the internal surface [32]. It is clear that CD/HNT/iron oxide sur-
faces comprise two kinds of functional groups, i.e., the hydroxyl
sites that originally exist on HNT/iron oxide surfaces together with
those introduced by the grafted B-CD. The strong complexation
capacity of these hydroxyl sites towards U(VI) contribute to the en-
hanced removal capacity of CD/MWCNT/iron oxide composite. In
addition, the grafted B-CD greatly enhances the dispersion of CD/
HNT/iron oxide composite (UV-vis spectra in Fig. 4B), which im-
proves the availability of surface hydroxyl sites for binding U(VI).
This is another tentative interpretation for the higher removal
capacity of CD/HNT/iron oxide composite.

As can be seen from Fig. 7A, the sorption percentage of U(VI) in-
creases from ~30% to ~72% as the CD/HNT/iron oxide content (m/
V) increases from 0.1 to 1.0 g/L, and then its increase is negligible
at m/V > 1.0 g/L. The number of functional groups at CD/HNT/iron
oxide surfaces increases with increasing solid contents. As a result,
more binding sites are available to form complexes with U(VI).
From the aspect of reducing sewage treatment cost, the optimal
content for CD/HNT/iron oxide to decontaminate U(VI) at pH 5.5
is 1.0 g/L. One can see from Fig. 7B that the sorption amount of
U(VI) decreases gradually with increasing CD/HNT/iron oxide con-
tent. The interactions between solid particles may desorb some
weak-linked U(VI) ions from CD/HNT/iron oxide surfaces. In addi-
tion, higher solid content may increase the aggregation probability
of CD/HNT/iron oxide particles and thereby decrease the total sur-
face area, which leads to the decrease of U(VI) sorption amount.
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Fig. 7. Sorption percentage (A) and sorption amount (B) of U(VI) on iron oxides,
bare HNTs, HNT/iron oxides and CD/HNT/iron oxide composite as a function of solid
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Fig. 8. Influence of coexisted ligands on the sorption of U(VI) on CD/HNT/iron oxide
composite. T=298 K, m/V = 0.5 g/L, Cuiyinitia = 2.0 x 107> mol/L.

The introduction of iron oxide on HNT surfaces plays an impor-
tant role in improving the separation performance of HNTs. As
shown in Fig. 7A and B, the sorption percentage and sorption
amount of U(VI) on bare HNTs are slightly higher than those on

HNT/iron oxides. However, one should keep in mind that it is dis-
commodious to separate bare HNTs from aqueous solution. The
two commonly used methods, i.e., centrifugation and filtration are
unsatisfactory due to the fact that high speed centrifugation con-
sumes vast electric energy and filtration is prone to filter blockages.
This imperfection significantly limits their further application in
wastewater treatment and contaminated environment remedia-
tion. Although the introduction of iron oxide slightly decreases
the sorption performance of HNT/iron oxides towards U(VI), the
magnetic HNT/iron oxides can be easily separated from aqueous
solution by using an external magnet. The high separation conve-
nience is expected to reduce the cost of using HNT/iron oxides in
wastewater disposal. Besides, the slightly decreased sorption per-
formance of HNT/iron oxides can be compensated by the grafted
B-CD. As shown in Fig. 7A and B, the prepared CD/HNT/iron oxide
exhibits favorable sorption percentage and sorption amount to-
wards U(VI). Meanwhile, the high separation convenience of mag-
netic CD/HNT/iron oxide further ensures its actual applicability in
wastewater purification.

3.6. Effect of coexisted ligands

Multiple components are simultaneously present in natural
water and wastewater systems. Inorganic anions, with high chem-
ical reactivity and strong complexation ability towards both metal
ions and solid surfaces, can significantly affect the mobility and
bioavailability of pollutants in environmental mediums. In view
of this point, it is crucial to investigate the effect of coexisted li-
gands on the decontamination of U(VI)-polluted water systems.

Fig. 8 shows the effect of coexisted ligands on U(VI) immobiliza-
tion as a function of pH values. To help discriminate and analyze
the role of various inorganic anions, related experiments were pro-
cessed in NaX (X represents electrolyte anions) solutions. As shown
in Fig. 8, the sequestration of U(VI) on CD/HNT/iron oxide is greatly
influenced by inorganic anion ligands. Taking the sequestration of
U(VI) in NOj electrolyte solution as a point of reference, one can
see that Cl” has no obvious effect on U(VI) sorption over the whole
pH range. The presence of CO§’ has no distinct influence on U(VI)
sorption at pH < 7.0, while significantly reduces U(VI) sorption at
higher pH values. The presence of SOf{ greatly reduces U(VI)
immobilization at pH < 6.0, while no distinct influence is observed
at higher pH values. In contrast, the effect of PO}~ can be divided
into two parts, i.e., enhancing U(VI) sequestration at pH< 7.0,
while reducing U(VI) sequestration at pH > 7.0.

Briefly, electrolyte anions may influence metal ion sequestra-
tion via site competition, alteration of surface charge, and the for-
mation of solution complexes, ternary complexes and/or surface
precipitates [33,34]. Herein, the distinct effects of different inor-
ganic ligands on U(VI) immobilization may be attributed to their
complexation with U(VI) species. Specifically, the inconspicuous
effect of Cl~ is attributed to the similarity between U(VI) species
in 0.005 mol/L NaCl solution and that in 0.005 mol/L NaNOs solu-
tion (figure not shown). The similarity between the U(VI) immobi-
lization in CO% -containing system and in CO2 -free system at
pH < 7.0 is expected due to the presence of same U(VI) species such
as UO3", UO,0H" and (UO,),(OH)!) (Fig. S4A). The sharp decrease
of U(VI) immobilization at pH > 7.0 may arise from the formation
of strong U(VI)—CO2" complexes (e.g, UO0,(COs3);” and
UOZ(C03)§’) in solution (Fig. S4A). These results are in accordance
with the sorption of U(VI) on goethite and hematite [35,36]. The
negative effect of SOi’ at pH < 6.0 is a complex situation and needs
an in-depth discussion. From the aspect of electrostatic interaction,
the formation of negatively-charged U(VI) — SO;” complex (e.g.,
UO,(S04)>™ in Fig. S4B) would decrease the electropositivity of
U(VI) ions and reduce the electrostatic barrier that U(VI) must
overcome when immobilized on the positively-charged CD/HNT/
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iron oxide surfaces. This would increase the immobilization of
U(VI) on CD/HNT/iron oxide to some extent. It is reported that
SOf{ could be adsorbed on solid surfaces via outer-sphere/inner-
sphere complexation [37,38]. The adsorbed SO2~ would increase
the surface electronegativity of CD/HNT/iron oxide and create a
favorable electrostatic environment for U(VI) sequestration. Here-
in, the experimental phenomenon manifests that the competition
of SO2~ with U(VI) for CD/HNT/iron oxide surface sites is expected
to be the most reasonable explanation for the reduction of U(VI)
sequestration in SO containing system. At pH > 6.0, the U(VI)
species are dominated by hydrolyzed U(VI)-OH™ complexes instead
of U(VI) —SO2~ complexes (Fig. S4B), which leads to the similar
U(VI) sorption trend in SO -containing system to that in SO~ -free
system.

In contrast, the effect of PO}~ on U(VI) immobilization are dis-
tinct in two sequential pH ranges, which requires an in-depth dis-
cussion to infer the intrinsic mechanisms. Specifically, the positive
action of PO}~ at pH < 7.0 may arise from the formation of surface
precipitates and/or ternary surface complexes. To verify the spe-
cific binding mode, blank experiment was conducted in the system
containing U(VI) and PO>~ but no CD/HNT/iron oxide at various pH
values. The analysis results show no decrease in U(VI) equilibrium
concentration in the whole pH range, which rules out the forma-
tion of surface precipitates. Hence, one can conclude that the
enhancement of U(VI) immobilization in PO} -containing system
is attributed to the formation of ternary surface complexes. Previ-
ous literature reported that U(VI) was strongly immobilized on
heterogeneous subsurface media in the form of inner-sphere
U(VI) — PO~ complexes [39]. With the aid of surface complexation
model (SCM) simulation, Cheng et al. ascribed the increased U(VI)
uptake onto goethite-coated sand in PO>™-containing system to the
formation of “ligand-bridging” S-PO4-UO, ternary complexes (S
represents the surfaces sites) [40]. Similar structure was observed
for hydroxyapatite-U(VI) — PO?{ system by X-ray absorption spec-
troscopic analysis [41]. The formation of ternary surface complexes
will simultaneously decrease the mobility of U(VI) and PO in
aquatic systems and therefore reduce their potential ecological
hazards. Hence, the stoichiometry, microstructure and thermody-
namic stability of the proposed ternary complex herein need to
be confirmed so as to further evaluate the performance of CD/
HNT/iron oxide composite in U(VI)- and PO} -bearing effluent. As
shown in Fig. S4C, the U(VI) species in the presence of 0.005 mol/
L PO?{ are mainly present as negatively-charged UO,PO, and
UO,(OH); at pH > 7.0. These two species are difficult to be immo-
bilized on the negatively-charged surfaces of CD/HNT/iron oxide
due to electrostatic repulsion, which results in the decreases of
U(VI) immobilization in this pH range.

3.7. Sorption and desorption isotherms

To further verify the binding mode and corresponding sorption
reversibility of U(VI) on CD/HNT/iron oxide composite, the sorption
and desorption experiments were carried out at two different pH
values, i.e., pH 4.0 and pH 5.5. Specifically, the desorption isotherm
at pH 4.0 overlaps well with the sorption isotherm (Fig. 9), which
indicates that the sorption process under this condition is nearly
reversible. This phenomenon manifests that the capture of U(VI)
is mainly dominated by ion exchange with H/Na* at CD/HNT/iron
oxide surfaces, forming an outer-sphere complex [42]. This kind of
U(VI) species still maintains its hydrated sheath, which makes it
easy to be influenced by environmental conditions due to the ab-
sence of a surface bond. Hence, one can consider the recovery of
U(VI) and regeneration of CD/HNT/iron oxide by rinsing the
U(VI)-immobilized CD/HNT/iron oxide with acidic water. In con-
trast, an obvious hysteresis is observed in the forward-sorption
and backward-desorption process at pH 5.5, which may be attrib-
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Fig. 9. Sorption-desorption isotherms and related model fittings of U(VI) on CD/
HNT/iron oxide composite at pH 4.0 and 5.5. T=298 K, m/V=0.5 g/L, I = 0.01 mol/L
NaNOs. Symbols (W) and (OJ) denote the sorption and desorption data at pH 4.0,
symbols (O) and (@) denote the sorption and desorption data at pH 5.5, solid lines
represent the model fitting of Langmuir equation and dash lines represent the
model fitting of Freundlich equation.

uted to the inner-sphere binding of U(VI) on CD/HNT/iron oxide
surface sites [43]. Obviously, the formed complex is considered
to be thermodynamic stable due to the formation of a tight bond.
In view of this point, CD/HNT/iron oxide composite can be used
as an effective backfill material for high level radioactive waste
repository.

The sorption and desorption isotherms are simulated by Lang-
muir (q, = ”;’Q‘EXCC:) and Freundlich (q, = KrC;) equations (see
Fig. 9). Herein, C, is the equilibrium concentration of U(VI) re-
mained in the solution (mol/L); q. is the amount of U(VI) adsorbed
on per weight unit of CD/HNT/iron oxide after equilibrium (mol/g);
(Jmax. the maximum sorption capacity, is the amount of U(VI) at
complete monolayer coverage (mol/g) and b (L/mol) is a constant
that relates to the sorption heat. As shown in Table 2, Langmuir
model fits the sorption isotherms better than Freundlich model.
The g value is found to be smaller than gp.x, suggesting that CD/
HNT/iron oxide surfaces are not saturated and U(VI) is immobilized
by a monolayer type. The gmax and b values at pH 5.5 are higher
than those at pH 4.0, implying a stronger binding of U(VI) on CD/
HNT/iron oxide. A smaller n value indicates that the nonlinear
sorption process is more favorable at pH 5.5 relative to that at
pH 4.0.

The maximum sorption capacity (gmax) of CD/HNT/iron oxide
towards U(VI) at pH 5.5 was calculated to be 4.52 x 10~* mol/g
(Table 2). In order to verify the feasibility of using CD/HNT/iron
oxide composite as a sorbent for wastewater disposal, the maxi-
mum sorption capacity (i.e., gmax Obtained from Langmuir model
fitting) of CD/HNT/iron oxide composite towards U(VI) was care-
fully compared with those reported in previous literatures. As
can be seen from Table 3, the sorption capacity of CD/HNT/iron
oxide is higher than those of hematite [36], activated carbon [7],
oxidized MWCNTSs [44] and cross-linked chitosan [45], comparable
with MWCNT-g-CMC [46], but lower than that of HA-Zr-PILC [47]
and NIMCR [48]. The higher sorption capacity of CD/HNT/iron
oxide makes it a suitable material for the removal of U(VI) from
large volume solutions.

3.8. Simulated U(VI)-bearing wastewater treatment

In order to corroborate our experimental findings to heteroge-
neous aquatic systems, we tested the sorption performance of
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Table 2
The parameters for Langmuir and Freundlich models.
Conditions Langmuir Freundlich
Gmax (Mol/g) b (L/mol) R? Ke (mol' ".L"/g) n R?
pH 4.5 Sorption 331x107* 5.75 x 10° 0.995 0.055 0.641 0.982
Desorption 330 x 107* 5.76 x 10° 0.994 0.056 0.643 0.983
pH 5.5 Sorption 452 x 1074 1.37 x 10* 0.997 0.025 0.494 0.971
Desorption 591 x 1074 2.95 x 10* 0.993 0.021 0.441 0.989
Table 3 may arise from the combined influence of coexistent heavy metal
Comparison of U(VI) sorption capacities of CD/HNT/iron oxide with other sorbents. ions and organic matters in mixed effluent [49]. Further investiga-
Materials Experimental Gmax (Mol References tions are being considered to verify the application potential of CD/
conditions g) HNT/iron oxide composite as a promising material for actual efflu-
Hematite pH=5.5, T=298 K 235x 1075 [36] ent disposal.

1.03x 10 [7]
140 x 1074 [44]

Activated carbon
Oxidized MWCNTSs

pH=3.0, T=293 K
pH=5.0, T=298 K

Cross-linked pH =3.0, T=298 K 270 x 107%  [45]
chitosan
CD/HNT/iron oxide pH=5.5, T=298 K 452 x107*  Present
study
MWCNT-g-CMC pH=5.0, T=298 K 470 x 107 [46]
HA-Zr-PILC pH=6.0, T=303K 481 x 107  [47]
NIMCR pH=5.0, T=298 K 590 x 1074 [48]
110
o 5.5 BEZ3pH 7.0

Sorption (%)

Pb(1I)

1-naphthol

Cd(11) U(VI) phosphate MB

Fig. 10. Removal efficacy of CD/HNT/iron oxide composite towards simulated
U(VI)-bearing effluent.

CD/HNT/iron oxide composite towards a simulated wastewater
containing various environmental contaminates such as Pb(II)
(10 mg/L), Cd(II) (10 mg/L), U(VI) (2.0 x 107> mol/L), phosphate
(6 mg/L), methylene blue (MB) (50 mg/L) and 1-naphthol (50 mg/
L). These components are commonly present in the effluent dis-
charged from textile printing, electroplating, oil refining, fertilizer
processing, nuclear power production, etc. Typical experiment
was carried out by adding 500 mL mixed wastewater into a 1L
beaker containing 0.5 g/L CD/HNT/iron oxide. The following proce-
dures were conducted as that in batch experiments at two pH val-
ues, i.e., pH 5.5 for simulating acid wastewater and pH 7.0 for
natural water system. As can be seen from Fig. 10, the removal
percentages of CD/HNT/iron oxide towards Pb(II), Cd(Il), U(VI),
phosphate, MB and 1-naphthol are 82%, 26%, 50%, 81%, 90% and
40% at pH 5.5 and 97%, 41%, 92%, 72%, 94% and 65% at pH 7.0,
respectively. The results herein manifests that CD/HNT/iron oxide
exhibits satisfying removal efficacy for both inorganic and organic
contaminants. Specifically, the efficacy of CD/HNT/iron oxide for
the removal of U(VI) from the mixed wastewater is somewhat low-
er than that from the single-component system. This phenomenon

4. Conclusions

In this study, a novel magnetic composite was synthesized by
chemically grafting B-CD on HNT/iron oxides particles. The charac-
terization results suggest B-CD has been successfully grafted on
HNT/iron oxide surfaces with an amount of 112 mg/g. The obtained
CD/HNT/iron oxide composite was used for the removal of U(VI)
from aqueous solutions. The sorption performances were investi-
gated by batch technique under various environmental conditions.
The accordance of sorption kinetic data with the pseudo-second-
order model suggests that chemisorption is the rate-controlling
mechanism. The pH-dependent sorption suggests an optimal pH
value of 7.0 for using CD/HNT/iron oxide in the decontamination
of U(VI) from aqueous solutions. The sorption percentage of U(VI)
on CD/HNT/iron oxide was higher than that on bare HNTs and
HNT/iron oxides. This enhancement arises from the multiple hy-
droxyl sites of surface-grafted p-CD. The distinct effects of inor-
ganic/organic ligands on U(VI) immobilization arise from the
differences of their affinities to CD/HNT/iron oxide surface sites
and their complexation abilities with U(VI). Related data show that
the maximum sorption capacity of CD/HNT/iron oxide towards
U(VI) is higher than the majority of reported sorbents. Considering
the wide raw material sources, simple synthesis procedure, low
synthesizing cost, high removal efficiency, environmental friendli-
ness and easy separation of CD/HNT/iron oxide composite, one can
make a conclusion that this material may be widely used for the
cost-effective treatment of U(VI)-bearing wastewaters. Besides,
one can also consider using CD/HNT/iron oxide as a candidate
backfilling material for the deep geological disposal of high-level
radioactive waste.
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