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a b s t r a c t
Novel hierarchical core/shell structured polydopamine@MgAl-layered double hydroxides (PDA@MgAlLDHs) composites involving MgAl-layered double hydroxide shells and PDA cores were fabricated
thought one-pot coprecipitation assembly and methodically characterized by X-ray diffraction, Fourier
transformed infrared spectroscopy, scanning/transmission electron microscopy, selected area electron
diffraction, elemental mapping, thermogravimetric analysis and X-ray photoelectron spectroscopy technologies. U(VI) and Eu(III) sorption experiments showed that the PDA@MgAl-LDHs exhibited higher
sorption ability with a maximum sorption capacity of 142.86 and 76.02 mg/g at 298 K and pH 4.5, respectively. More importantly, according to XPS analyses, U(VI) and Eu(III) were sorbed on PDA@MgAl-LDHs
via oxygen-containing functional groups, and the chemical afﬁnity of U(VI) by oxygen-containing functional groups is higher than that of Eu(III). These observations show great expectations in the enrichment
of radionuclides from aquatic environments by PDA@MgAl-LDHs.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The quality of surface water and groundwater resources is
threatened by direct exposure to radionuclides (e.g., 60 Co, 154 Eu,
232 Th, 235 U, 235 Np, 239 Pu, 241 Am, 247 Cm, etc.) leaching from the
mining sites, and nuclear materials industries [1,2]. These radionuclides can be ingested by aquatic organisms and humans via
biological accumulation in the food chain. Their high and long-term
radioactivity as well as strong complexation afﬁnity for organic ligands can induce radiation and biochemical injuries to organs [3].
Thus, treatment of radioactive contamination is urgently needed
in aquatic environments. Among various methods for radionuclide
removal, sorption is regarded as one of the most popular methods owning to its cost-effective, versatile and simple to operate for
the removal of radionuclides on a variety of sorbents such as metal
(hydr)oxides [4], clay minerals [5], and activated carbon [6]. However, by comparison to nanomaterials with much higher efﬁciency
and faster rates on water treatment, most of the natural sorbents
inevitably involve low sorption capacities under acidic conditions,
making them unsuitable for practical applications. Therefore, it is
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highly desirable to explore novel nanomaterials with huge sorption
capacities.
Layered double hydroxides (LDHs) are a typical class of 2D
nanostructured anionic clays, and consist of positively charged
brucite-type layers and exchangeable anions situated in the interlayer space [7]. LDHs have cation-exchange ability of the brucite
layer, anion-exchange ability of the interlayer, effective dispersion,
high speciﬁc surface areas and surface sorption capacity, which
make them ideal sorbents for many cations and anions [8–10]. LDHs
as important clay minerals, which have been reported as secondary
minerals in mine areas where they can play a key role in geochemical cycling of pollutants. They can be easily produced using various
industrial wastes and hence could be cost-effective. Moreover, it is
highly expandable and as a result exhibits excellent ability to capture inorganic anionic contaminants in natural systems. To some
extent, however, the removal capacity of LDHs is still signiﬁcantly
limited by their relatively low amount of functional groups.
The self-polymerization of dopamine is an emerging bioinspired synthetic protocol for the creation of monodisperse
polymer spheres [11]. The polydopamine (PDA) spheres have surface functional groups (−OH, −NH2 ), exhibiting an extraordinary
versatile active nature. Presently, investigations on PDA spheres
used as templates for convenient synthesis of various nanostructures have attracted broad attention, e.g., MnO2 /C nanoboxes [12],
PDA/Fe3 O4 [13], PDA/Ag [14], Ag-PDA-HCMs core/shell nanostruc-
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tures [15]. The advantage of taking PDA as a template comes from
not only its facile and well-controlled synthetic scheme, but also its
native highly reactive surface groups (catechols) for metal anchoring, compared with the commonly adopted polystyrene or silica
templates.
Motivated
by
all
these,
hierarchical
core/shell
polydopamine@MgAl-layered double hydroxides (PDA@MgAlLDHs) composites were fabricated thought one-pot coprecipitation
method to direct assemble the performed anisotropic layered double hydroxides nanoplate on the surface of PDA spheres for
radionuclide removal from aqueous solution. By incorporation
of the high surface area of LDHs and high-level active sites of
PDA, new properties may come from the synergy of distinctively
different components, a high removal capacity and efﬁciency can
be anticipated.
Uranium (U(VI)) and europium (Eu(III)) were used as representatives of hexavalent actinides and trivalent lanthanides,
respectively. The objectives of the present investigation are the
following: (1) to fabricate and characterize the PDA@MgAl-LDHs
using by X-ray diffraction (XRD), Fourier transformed infrared spectroscopy (FTIR), scanning/transmission electron microscopy (SEM
and TEM), selected area electron diffraction, elemental mapping,
thermogravimetric analysis (TGA), Brunauer-Emmett-Teller (BET)
and X-ray photoelectron spectroscopy (XPS) and zeta-potential
techniques; (2) to investigate the effect of shaking time, pH,
and initial concentration on the sorption of U(VI) and Eu(III)
on the PDA@MgAl-LDHs using batch techniques; (3) to demonstrate the regeneration of the PDA@MgAl-LDHs through successive
adsorption-desorption cycles; and (4) to elucidate the interaction
mechanism of radionuclides on the PDA@MgAl-LDHs by elemental mapping and XPS spectroscopy. This paper highlights the
PDA@MgAl-LDHs as promising sorbents for the preconcentration
and removal of radionuclides in environmental pollution cleanup.
2. Experimental section
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Na2 CO3 (1.280 g) and NaOH (1.600 g) in 100 mL methanol/water
solution (Vmethanol/Vwater = 1/1) was added dropwise into the
suspension until pH 10. Then, another 100 mL methanol/water
solution (Vmethanol/Vwater = 1/1) containing Mg(NO3 )2 ·6H2 O
(2.310 g) and Al(NO3 )3 ·9H2 O (1.125 g) was added dropwise into
the above suspension under vigorous stirring at constant pH 10
maintained by simultaneous addition of alkaline solution. The
obtained slurry was aged at 60 ◦ C for 24 h. The resultant was
washed by deionized water for ﬁve times and then dried at 60 ◦ C
for 24 h obtaining the product PDA@MgAl-LDHs. For comparison,
pure MgAl-LDHs with a Mg/Al molar ratio of 2/1 was also synthetized via the similar process as PDA@MgAl-LDHs without PDA
for XRD patterns in the SI (Fig. S1). Besides, the PDA@MgAl-LDHs
sample with Mg(NO3 )2 ·6H2 O and Al(NO3 )3 ·9H2 O directly adding
into the PDA slurry also been prepared and showed in Fig. 1b.
2.3. Instrumentation
The morphology of the materials was observed by scanning
electron microscopy (SEM, JSM-6701F) and transmission electron
microscopy (TEM, JEOL-2100). Powder X-ray diffraction (XRD) data
were collected using a Rigaku/Max-3A X-ray diffractometer using
Cu K˛ radiation ( = 1.5418 A). The surface functional group information of the samples was measured by a Fourier transform
spectrophotometer (FT-IR, Avatar 370, Thermo Nicolet) using the
standard KBr disk method. The XPS spectrum was recorded using
a VG Scientiﬁc ESCALAB Mark II spectrometer. Thermal gravimetric analysis (TGA) was conducted on a Shimadzu TGA-50 thermal
analyzer with the heating rate was 10 ◦ C/min in a ﬂow of air. The
Brunauer-Emmett-Teller (BET) surface area of the catalysts was
determined by a multipoint BET method. The zeta potential of the
samples was measured as a function of the pH using a Zetasizer
Nano ZS instrument (Malvern Instrument Co., Worcestershire, UK)
at room temperature.

2.1. Chemicals

2.4. Batch sorption experiment

The chemicals used in this study including Mg(NO3 )2 ·6H2 O,
Al(NO3 )3 ·6H2 O, methanol, NH3 ·H2 O, Na2 CO3 , NaOH, NaNO3 , HNO3
were commercially available from Sinopharm Chemical Reagent
Co., Ltd. Dopamine hydrochloride was supplied by Sigma-Aldrich
Co., Ltd. The U(VI) and Eu(III) stock solutions were prepared by
dissolving UO2 (NO3 )2 ·6H2 O and Eu(NO3 )3 (99.99% purity, SigmaAldrich, MO, USA). All chemicals were of analytical grade and used
without further puriﬁcation.

Sorption experiments were conducted in 0.1 and 0.01 mol/L
NaNO3 solutions to investigate the sorption of U(VI) and Eu(III) on
PDA@MgAl-LDHs under ambient conditions. First, NaNO3 solutions
were mixed with PDA@MgAl-LDHs suspension in 10 mL polycarbonate tubes for 24 h to keep a constant ionic strength during
the experiment [17]. Then, the stock solution of U(VI) and Eu(III)
was added to the tubes with a ﬁnal concentration. The pH values were adjusted by adding a negligible volume of 0.01-1.0 mol/L
NaOH and HNO3 . Then, the suspension was shaken for 24 h, which
was sufﬁcient to achieve sorption equilibrium as determined by
sorption kinetics. The sorption kinetics and isotherms of U(VI) and
Eu(III) on the PDA@MgAl-LDHs were investigated at pH 4.5 and
I = 0.01 mol/L NaNO3 solution with shaking times from 0.25 to 8 h
and radionuclide concentrations from 2.0 to 60 mg/g, respectively.
After equilibrium, the suspension was centrifuged at 9000 rpm for
20 min. The U(VI) and Eu(III) concentrations in supernatant were
determined using a kinetic phosphorescence analyzer (KPA-11,
Richland, USA) and Packard 3100 TR/AB liquid scintillation analyzer (PerkinElmer) with the scintillation cocktail (ULTIMA GOLD
AB, Packard), respectively.
The regeneration of the sorbent was conducted using 0.05 M
NaOH solutions as eluent under ambient conditions with sorbents
dose of 1.2 g/L. The sorbent was ﬁrst ultrasoniﬁcated in NaOH solutions for 30 min and then shaken for 8 h, followed by centrifugal
separation and water rinsing for three times. Then the sorbent was
applied in the recycle sorption study. The recycle sorption experimental procedures and detection method were in accordance with
the ﬁrst sorption experiment.

2.2. Sample preparation
2.2.1. Synthesis of PDA microspheres
PDA microspheres with diameter of 520 nm were ﬁrst presynthesized according to previous report [16]. First, ammonia
aqueous solution (NH4 OH, 0.60 mL, 28–30%) was mixed with
ethanol (40 mL) and deionized water (90 mL) under mild stirring
at room temperature for 30 min. Dopamine hydrochloride (0.5 g)
was dissolved in deionized water (10 mL) and then injected into
the above mixture solution. The color of this solution immediately
turned to pale brown and gradually changed to dark brown. The
reaction was allowed to proceed for 30 h. The PDA microspheres
were obtained by centrifugation and washed with water for three
times.
2.2.2. Synthesis of PDA@MgAl-LDHs composites
PDA (0.120 g) microspheres was homogenously stirred
and ultrasonicated in 100 mL methanol/water solution
(Vmethanol/Vwater = 1/1). Then, an alkaline solution containing
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2.5. Modeling
U(VI) and Eu(III) sorbed on the PDA@MgAl-LDHs could be
expressed in terms of sorption percentage (%) and sorption capacity
(Cs , mg/g) [18,19], described by Eqs. (1) and (2).
Co − Ce
Sorption% =
× 100%
Co
Cs =

Co − Ce
×V
m

(1)
(2)

In Eqs. (2) and (3), C0 and Ce represent the initial and equilibrium
concentrations of the ions.
A pseudo-second-order rate equation is used to simulate the
kinetic sorption:
1
t
t
=
+
qt
qe
k q2e

(3)

where k (g/mg·h) is the pseudo-second-order rate constant of
sorption; qt (mg/g) is the amount of U(VI) and Eu(III) sorbed on
PDA@MgAl-LDHs at different time t (h), and qe (mg/g) is the sorption capacity in equilibrium.

The Langmuir and Freundlich equilibrium isotherm models are
used to ﬁt the sorption experimental data. The Langmuir isotherm
can be described by Eq. (4):
Cs =

bCsmax Ce
1 + bCe

(4)

where Csmax is the maximum cation adsorption capacity (mg/g), b
(L/mg) is a constant, related to the free energy of sorption reaction.
The Freundlich isotherm can be described by Eq. (6):
Cs = KF Cen

(5)

(mg1−n Ln /g) represents the sorption capacity when metal

where KF
ion equilibrium concentration equals to 1, and n represents the
degree of dependence of sorption with equilibrium concentration.
3. Results and discussion
3.1. Characterization

Fig. 1 shows the SEM/TEM images of the samples. The nearly
monodispersed PDA spherical particles (Fig. 1a and d) show a

Fig. 1. SEM image of PDA (a), PDA@MgAl-LDHs with directly adding (b) and PDA@MgAl-LDHs (c), TEM images of PDA (d) and PDA@MgAl-LDHs under different resolution(e
and f), HRTEM images (g) and SAED pattern (h) of PDA@MgAl-LDHs.
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Fig. 2. The elemental mapping images of PDA@MgAl-LDHs.

smooth surface and a mean diameter of ∼520 nm with a narrow size
distribution. After direct coating with MgAl-LDHs, the PDA@MgAlLDHs (Fig. 1b) has a very rough surface owing to tightly attached
unshaped platelet-like particles. Quite dissimilarly, the SEM/TEM
images of PDA@MgAl-LDHs (Fig. 1c, e and f) display a honeycomblike morphology with many holes. The MgAl-LDHs shell consist of
lumping and thin plate-like particles, which grow in a conspicuous
preferred orientation with the c-axis parallel to, and the ab-face
perpendicular to the PDA surface. This distinct morphology is originated by the particular synthetic process, that is, the preadjustment
of the pH of the PDA slurry to 10, the low metal ion concentration and an advisable solvent effect (Vmethanol /VH2O = 1/1), availably
inducing the vertically oriented growth of plate-like LDHs particles over the PDA core thought originate fast sorption of metal
ions on the completely negatively charged PDA surface followed
by interface-conﬁned nucleation of MgAl-LDHs crystallites and
succedent slow growth in a dilute reaction system, awfully consistent with the previous investigation on Fe3 O4 @MgAl-LDHs [20].
A HRTEM image (Fig. 1g) reveals that the resulting PDA@MgAlLDHs exhibits the lattice fringe with an interplannar spacing of
0.193 nm, corresponding to the (018) plane. The corresponding
selected area electron diffraction (SAED) pattern (Fig. 1h) displayed
diffuse powder rings. The d-spacing and intensities of ring electron diffraction pattern were matched well with (hkl) indices of
MgAl-LDHs crystallites such as (012), (015) and (110) planes. The
ring-pattern structures revealed the formation of poor crystallinity.
The elemental mapping images indicated that Mg, Al and C, N were
uniformly dispersed on the inner and outer shell, and this further
conﬁrmed successful synthesis of hierarchical core/shell structured
composites (Fig. 2).
In the XRD patterns of PDA and PDA@MgAl-LDHs (Fig. 3a), the
intense diffraction peaks indexed to (003), (006), (012), (015), (018),
(110) and (113) planes appearing at 2 = 11.3◦ , 22.7◦ , 34.6◦ , 39.0◦ ,
46.1◦ , 60.3◦ and 61.8◦ , respectively, show the typical 00 l serial peaks
of Mg/Al LDHs [21]. It can be clearly seen that the series (00l) reﬂec-

tions at low 2 angles are signiﬁcantly reduced compared with
pure MgAl-LDHs (Fig. S1), while the (110) peak at high 2 angle
is clearly distinguished with relatively less decrease, as revealed
by greatly reduced I(003)/I(110) of PDA@MgAl-LDHs than that of
MgAl-LDHs. This phenomenon is a good evidence for an extremely
well-oriented assembly of MgAl-LDHs platelet-like crystals consistent with the c-axis of the crystals being parallel to the surface
of PDA core. Therefore, compared with pure MgAl-LDHs, the crystallinity of MgAl-LDHs in the composites is poorer, consistent with
our SAED results.
Fig. 3b displays the FT-IR spectra of pristine MgAl-LDHs, PDA and
PDA@MgAl-LDHs before and after the sorption of U(VI) and Eu(III).
The strong and wide peaks at ∼3458 and 1634 cm−1 were assigned
to the stretching vibration of hydroxyl groups of the assembly and
the water bending vibration in the interlayer space of LDHs. The
strong absorption peaks appearing at ∼1370 cm−1 in the spectra of
PDA@MgAl-LDHs is involved in the stretching vibration of NO3 −
group in the interlayer space of LDHs. Thus, the peak at ∼1613
cm−1 is assigned to the stretching vibration of aromatic ring and
bending vibration of N H. The peaks at ∼1510 and ∼1120 cm−1
can be attributed to N H shearing vibration of the amide group
and stretching vibration of phenolic C O groups [22]. The band
characteristic to the Mg-O and Al-O lattice vibrations appeared at
700–400 cm−1 [9]. In the FT-IR spectra of PDA@MgAl-LDHs, the
characteristic peaks at 1613, 1510 and 1278 cm−1 related to the
aromatic ring stretch, N H vibration and stretching vibration of
phenolic C O groups of the PDA either lessen or disappear. This is
attributed to the reaction between PDA-groups and Mg(II), Al(III).
The FT-IR spectra of PDA@MgAl-LDHs-U(VI) and PDA@MgAl-LDHsEu(III) present similar characteristic peaks related to the aromatic
ring stretching vibration and N H bending vibration (∼1613 cm−1 ),
N H shearing vibration (∼1510 cm−1 ) and the Mg-O and Al-O
lattice vibrations(700–400 cm−1 ). Interestingly, the characteristic
band at ∼890 cm−1 corresponds to the vibration band of linear [O = U = O]2+ and N O vibration band [23]. It’s obviously that
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Fig. 3. (a) Typical XRD patterns of the samples: PDA and PDA@MgAl-LDHs; (b) FTIR spectra of pristine MgAl-LDHs, PDA, PDA@MgAl-LDHs before and after removal of U(VI)
and Eu(III); (c) TGA curves of PDA and PDA@MgAl-LDHs; (d) N2 adsorption–desorption isotherms of PDA, PDA@MgAl-LDHs.

the peak intensity is relatively strong in the FT-IR spectrum of
PDA@MgAl-LDHs-U(VI), indicating the vibrational band of linear
[O = U = O]2+ and N O vibration band synergistic effect. However,
that’s just N O vibration band in the FT-IR spectrum of PDA@MgAlLDHs-Eu(III). Moreover, the Mg-O lattice vibrations of LDHs appear
to the left, the characteristic peaks of Eu(III)-O (e.g., 400–600 cm−1 )
maybe overlap the Mg-O lattice vibrations of LDHs in the FT-IR
spectrum of PDA@MgAl-LDHs-Eu(III) [24].
Fig. 3c compares the TGA curves of the PDA@MgAl-LDHs and
bare PDA, and shows two stages of weight loss for PDA and
PDA@MgAl-LDHs, which could be ascribed to different phase
changes in air. For bare PDA, the ﬁrst weight loss stage range from
37 to 112 ◦ C corresponds to the removal of moisture in the sample.
Moreover, a huge weight loss was displayed from 112 to 782 ◦ C,
which can be mainly attributed to the decomposition and oxidative combustion of PDA. For PDA@MgAl-LDHs, The ﬁrst step from
room temperature to around 200 ◦ C can be assigned to the removal
of the surface adsorbed water and the interlayer water molecules in
LDHs. The second weight loss step in the temperature range from
200 to 800 ◦ C was due to the dehydroxylation of the brucite-like
layers accompanied by the decomposition of interlayer carbonate
anions in and PDA [10]. The weight loss until 800 ◦ C for bare PDA
and PDA@MgAl-LDHs is 90.92 wt. % and 37.58 wt. %, respectively.
The result above demonstrates that LDHs has been successfully
modiﬁed onto the PDA.

The BET surface areas of the PDA and PDA@MgAl-LDHs (Fig. 3d)
were calculated to be 11.61, 96.09 m2 /g, respectively. After modiﬁed with MgAl-LDHs, the surface areas of PDA@MgAl-LDHs were
greatly increased, which was beneﬁcial for the interaction of
radionuclides [25].

3.2. Sorption of U(VI) and Eu(III)
3.2.1. Kinetics
The effect of shaking time on the sorption of U(VI) and Eu(III)
onto PDA@MgAl-LDHs was shown in Fig. 4. The amounts of U(VI)
and Eu(III) sorbed on the PDA@MgAl-LDHs increased signiﬁcantly
with increasing shaking time, whereas the sorption rate of Eu(III)
on the PDA@MgAl-LDHs was signiﬁcantly lower than the sorption
rate of U(VI). The sorption equilibrium can be achieved at approximately 2 h (Fig. 4a), displaying the rapid and high efﬁciency of the
composites for the removal U(VI) and Eu(III) from aqueous solutions. The plot of t/qt versus t (h) is shown in Fig. 4b. The data for the
sorption kinetics were ﬁtted by pseudo-second-order kinetic models (Table S1). As shown in Table S1, the correlation coefﬁcient of
the pseudo-second-order rate equation for the linear plot is 0.999,
and the agreement of calculated and experimental qe values reveal
that the pseudo second-order model can well simulate the kinetic
data.
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I = 0.01 M NaNO3 , C[U(VI)]initial = 24 mg/L, C[Eu(III)]initial = 25 mg/L and T = 298 K.
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3.2.2. Effect of pH and ionic strength
The pH-dependent sorption of U(VI) and Eu(III) on PDA@MgAlLDHs was shown in Fig. 5. As shown in Fig. 5a, U(VI) sorption
increased sharply during pH 4.0-5.5, and then high-level sorption was observed at pH 5.5-8.0. At this level, more than 90% of
U(VI) was removed from aqueous solution. At pH > 8.0, the sorption decreased, and only 60% of U(VI) was removed at pH 10.0. The
sorption trends can be attribute to the relative distribution of U(VI)
species and the surface property of PDA@MgAl-LDHs by either
promoting or suppressing the U(VI) sorption on the adsorbent surfaces. As illustrated in Fig. S2, the estimated isoelectric point of
PDA@MgAl-LDHs was ∼8.2. Therefore, the surfaces of PDA@MgAlLDHs are negatively charged at pH > 8.2. The deprotonated ligands
on the PDA@MgAl-LDHs surface behave as Lewis base, the U(VI)
sorption on PDA@MgAl-LDHs can be interpreted by electrostatic
interaction. As illustrated in Fig. S3a and Table S2, relative to the
occurrence of dissolved inorganic carbon at high pH values, the
main U(VI) species in aqueous solution was predominated by positively UO2 2+ species at pH < 5.5, and then in the pH range from 5.5
to 8.0, more hydrated U(VI) species such as UO2 (OH)+ , UO2 (OH)2
were noticed [26]. Hence, the high sorption of U(VI) on PDA@MgAlLDHs at pH < 5.5 was attributed to the ion exchange between UO2 2+
and H+ on the surface ion exchange sites. The high-level sorption
was noticed at pH 5.5-8.0 and thus the removal of UO2 2+ is possibly
accomplished by simultaneous precipitation of UO2 CO3 , UO2 (OH)2
and sorption of UO2 (OH)+ . Moreover, the involvement of CO2 made
it exist mainly in the form of UO2 (CO3 )2 2− and UO2 (CO3 )3 4− which

was dissolvable at pH > 8.0, so it became more free due to the electrostatic repulsion and the decrease of sorption was noticed.
Sorption of Eu(III) onto the PDA@MgAl-LDHs was shown in
Fig. 5b. It’s obviously observed that a sharp increase of sorption,
from 40% to 90%, emerges in the pH range 4.0-6.0, whereas the
high-level sorption was observed for U(VI) at pH > 6.0. As shown in
Fig. S3b and Table S2, the distribution of Eu(III) in aqueous solutions was mainly as positively charged species (i.e., Eu3+ species) at
pH <6.0, and positive charged composites (Eu(OH)2 + and EuCO3 + )
forms at pH >6.0. The sharp increase of adsorption in the pH range
4.0-6.0 suggests a strong binding effect between the high valence
Eu3+ and the functional groups on the sorbent surface. Binding
strength between Eu(III) and functional groups on sorbent surface
decreases as the formation of Eu(OH)2 + and EuCO3 + at pH > 6.0,
consequently, the sorption tendency turns slow. For the adsorption kinetics and isotherm experiment, pH 4.5 was chosen to make
UO2 2+ and Eu3+ dominated species and to avoid the formation of
U(VII) and Eu(III) precipitation species acording to the distribution
of U(VII) and Eu(III) in aqueous solutions (Fig. S3).
As shown in Fig. 5a and 5b, ionic strength of the solution possesses a conspicuous impact on the sorption capacities. A low
NaNO3 concentration contributes to radionuclide sorption, while
a high NaNO3 concentration restricts the sorption. All the radionuclide sorption curves keep the same increasing tendency, which
could be regarded as an indication that no modiﬁcation of the sorption mechanism occurs at different ionic strength. Outer-sphere
surface complexation (i.e., electrostatic interaction) is intrinsically
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Table 1
Fitting parameters of sorption isotherms.
Species

Materials

T (K)

U(VI)

PDA
PDA@MgAl-LDHs

Eu(III)

PDA
PDA@MgAl-LDHs

Langmuir

298
298
313
328
298
298
313
328

Freundlich

Csmax (mg/g)

b (L/mg)

R2

KF (mg1−n Ln /g)

n

R2

54.06
142.86
171.83
205.95
33.13
76.02
105.54
126.70

0.224
0.538
1.243
2.302
1.903
0.663
0.773
1.939

0.997
0.994
0.998
0.999
0.999
0.999
0.994
0.995

8.32
45.92
89.95
129.72
22.70
38.19
54.45
79.62

0.598
0.391
0.273
0.216
0.118
0.198
0.200
0.158

0.894
0.941
0.963
0.912
0.864
0.917
0.945
0.938

Table 2
Comparison of the maximum adsorption capacity of U(VI) and Eu(III) on PDA and
PDA@MgAl-LDHs with other adsorbents.
Species

Adsorbents

Experimental
conditions

Csmax
(mg/g)

Ref.

U(VI)

PANI
PPY
MMT@C
GO nanosheets
PD/GO
GO/PPY
PANI/GO
PDA
PDA@MgAl-LDHs
PANI
GO nanosheets
GMZ bentonite
GtiP
PANI/GO
PDA
PDA@MgAl-LDHs

pH = 3.0, T = 298 K
pH = 5.0, T = 298 K
pH = 4.9, T = 298 K
pH = 5.0, T = 293 K
pH = 4.0, T = 293 K
pH = 5.0, T = 298 K
pH = 3.0, T = 298 K
pH = 4.5, T = 298 K
pH = 4.5, T = 298 K
pH = 3.0, T = 298 K
pH = 4.0, T = 303 K
pH = 3.05, T = 298 K
pH = 5.5, T = 298 K
pH = 3.0, T = 298 K
pH = 4.5, T = 298 K
pH = 4.5, T = 298 K

31.42
28.60
66.22
97.50
145.39
147.06
245.14
54.05
142.86
15.56
28.70
40.56
64.33
250.0
33.13
76.02

[30]
[31]
[29]
[32]
[33]
[31]
[34]
This work
This work
[30]
[35]
[36]
[37]
[34]
This work
This work

Eu(III)

The experimental data of U(VI) and Eu(III) sorption were regressively simulated with the Langmuir and Freundlich models and
the results are presented in Fig. S4. The relative values calculated from the two models are presented in Table 1. As tabulated
in Table 1, one can see that the sorption of U(VI) and Eu(III) on
the PDA@MgAl-LDHs can be better ﬁtted by the Langmuir model
than by the Freundlich model, which implies that the sorption of
U(VI) and Eu(III) on the PDA@MgAl-LDHs is monolayer sorption.
The maximum sorption capacities of the PDA@MgAl-LDHs calculated from the Langmuir model at pH 4.5 and 298 K were 142.86
and 76.02 mg/g for U(VI) and Eu(III), respectively, which is signiﬁcantly higher than the as-synthesized PDA microsphere. Moreover,
by comparison to the previously investigated sorbents (Table 2)
[30–37], PAD@LDHs show a superb sorption capacity toward U(VI)
and Eu(III). Therefore, the PDA@MgAl-LDHs are potential materials
for radionuclide wastewater cleanup.
The effect of temperature on U(VI) and Eu(III) on the PDA@MgAlLDHs at pH 4.5 was also shown in Fig. 6. As the sorption temperature
was elevated from 298 to 328 K, the sorption capacities were
clearly increasing. It’s obviously to demonstrated that U(VI) and
Eu(III) sorption was promoted by temperature. The thermodynamic
parameters (H0 , S0 and G0 ) were calculated according to the
following equations:

more sensitive to variations in ionic strength variations than innersphere surface complexation (i.e., covalent bonding) because the
diffuse layer tends to collapse with increasing electrolyte concentrations [27–29]. Hence, indicating that electrostatic outer-sphere
complexation might be the dominant mechanism for U(VI) and
Eu(III) sorption on the PDA@MgAl-LDHs.
3.2.3. Sorption isotherms, thermodynamic and regeneration
Sorption isotherms of U(VI) and Eu(III) on the PDA@MgAlLDHs were illustrated in Fig. 6. The U(VI) and Eu(III) sorbed on
the PDA@MgAl-LDHs increased observably with increasing initial
concentrations, and then the high-level removal permance was
observed at high U(VI) and Eu(III) loading conditions.

200

mCs
)
Ce V

(6)

G0 = H 0 − TS 0

(7)

G0 = −RT ln(

where R (8.314 J/(mol K)) is the molar gas constant and T (K) is
the absolute temperature in Kelvin. The values of H0 and S0
can be evaluated from the intercept and the slope, respectively, of
the linear plots of G0 (kJ/mol) versus T. The estimated parameters (Table 3) displayed negative G0 , positive H0 , and positive
S0 , implying spontaneous, endothermic sorption reaction at the

(a)

125

(b)

100
PDA 298 K
PDA@MgAl-LDHs 298 K
PDA@MgAl-LDHs 313 K
PDA@MgAl-LDHs 328 K

100
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75
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Fig. 6. The sorption isotherms on (a) U(VI) and (b) Eu(III) sorption onto PDA and PDA@MgAl-LDHs at different temperatures. pH = 4.5 ± 0.1, m/V = 0.2 g/L and I = 0.01 M NaNO3 .
Symbols denote experimental data, solid and dash lines represent the model ﬁtting of Langmuir and Freundlich equations, respectively.
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Table 3
Thermodynamic parameters at different temperature.
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180

T (K)

G0 (kJ/mol)

S0 (J/mol·K)

H0 (kJ/mol)

U(VI)

Eu(III)

U(VI)

Eu(III)

U(VI)

Eu(III)

298
313
328

−10.74
−12.70
−14.36

−5.19
−6.50
−7.91

121.05

90.37

25.29

21.76

U(VI)
Eu(III)

150

studied temperatures and increased randomness at the solid-liquid
interface during the sorption. Moreover, the value of G0 decreases
with increasing temperature, suggesting that the higher sorption is
observed at higher temperature. The G0 value of U(VI) is lower
than that of Eu(III) at different temperatures, imply the higher sorption of U(VI) than that of Eu(III), which is in accordance with the
previous study [38,39].
For the investigation of the reusability of the PDA@MgAl-LDHs
through ﬁve successive sorption-desorption cycles, the maximum
sorption capacity of the PDA@MgAl-LDHs decreased from 142.86
to 130.18 mg/g for U(VI) and from 76.02 to 60.84 mg/g for Eu(III)
after ﬁve sorption/desorption cycles, respectively (Fig. 7). The slight
decrease in sorption amount is ascribed to the incomplete sorbates’ desorption from the surface of sorbent. Thus, the excellent
regeneration capacity and reusability makes the PDA@MgAl-LDHs
promising candidates for the highly efﬁcient removal of U(VI) and
Eu(III) from radionuclide wastewater.
3.3. Sorption mechanisms
To investigate the element distribution of PDA@MgAl-LDHs
after the sorption of U(VI) and Eu(III), the elemental mapping of
Mg, Al, O, C, N, U and Eu was elaborated, as shown in Fig. 8a and
b. It‘s obvious that the distribution of U and Eu was similar to that
of Mg, Al and O in the PDA@MgAl-LDHs-U and PDA@MgAl-LDHsEu samples, which indicates the sorption of radionuclides by the
PDA@MgAl-LDHs is related to the oxygen-containing functional
groups [10].

Cs (mg/g)

120
90
60
30
0

1

2

3

4

5

Cycle number
Fig. 7. Recycling of PDA@MgAl-LDHs for the removal of U(VI) and Eu(III).
pH = 4.5 ± 0.1, m/V = 0.2 g/L,
C[U(VI)]initial = 24 mg/L, C[Eu(III)]initial = 25 mg/L,
I = 0.01 M NaNO3 and T = 298 K.

Fig. 9a shows XPS spectra of PDA@MgAl-LDHs before and after
the sorption of U(VI) and Eu(III). After sorption, the peaks of U 4f
and Eu 3d are observed, indicating that U and Eu were sorbed on
PDA@MgAl-LDHs. The high resolution of U 4f and Eu 3d peaks is
provided in Fig. 9b and 9c. The doublet peak characteristic of U
4f are observed at 392.28 and 381.48 eV (Table S3), which can be
assigned to U 4f5/2 and U 4f7/2 , respectively. Moreover, the high
resolution Eu 3d spectra was also characterized with two doublet
peaks such as Eu 3d5/2 (∼1135 eV) and Eu 3d3/2 (∼1165 eV) peaks
(Table S3), which is in accordance with the previous study [40].
The high resolution scans for O 1 s of PDA@MgAl-LDHs,
PDA@MgAl-LDHs-U and PDA@MgAl-LDHs-Eu samples are shown
in Fig. 9d. As illustrated in Fig. 9d, the high resolution scans
for O 1 s of PDA@MgAl-LDHs-U and PDA@MgAl-LDHs-Eu samples shifts signiﬁcantly to low binding energy compared to that
of PDA@MgAl-LDHs. As tabulated in Table S3, the binding ener-

Fig. 8. Elemental mapping of the sample: PDA@MgAl-LDHs after removal of U(VI) (A) and Eu(III) (B).
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Fig. 9. XPS analysis of PDA@MgAl-LDHs before and after U(VI) and Eu(III) removal: wide scan (a) and high resolution spectra of (b) U 4f, (c) Eu 3d and (d) O 1s.

gies of O 1 s for PDA@MgAl-LDHs-U and PDA@MgAl-LDHs-Eu
samples (at 531.59 eV for PDA@MgAl-LDHs-U and 531.79 eV for
PDA@MgAl-LDHs-Eu, respectively) are lower than that of O 1 s for
PDA@MgAl-LDHs (at 531.84 eV), indicating Eu(III) and U(VI) are
bound with oxygen-containing functional groups, consistent with
the current investigation of the element distribution of PDA@MgAlLDHs after the sorption of U(VI) and Eu(III).
Moreover, according to the analysis of the O 1 s XPS spectra,
the shift degree of the O 1 s peak for U(VI) (0.25 eV) was more
than the shift degree of O 1 s peak for Eu(III) (0.05 eV) (Table
S3). Incorporating the chemical properties of the radionuclides
such as electronegativity and ﬁrst hydrolysis constants (log KMOH )
[17,27,41]. The values of log KMOH were found to be ranked
in the sequence of U(VI) (−5.20) > Eu(III) (-7.64) (Table S2). Gu
et al. [42] demonstrated that higher log KMOH values exhibited
greater sorption ability. Thus, the chemical afﬁnity of U(VI) by
oxygen-containing functional groups is higher than that of Eu(III),
consistent with the consequence of the atomic percentage from
XPS analysis (Table S4).

PDA@MgAl-LDHs to treat nuclear waste management for their efﬁcient sorption ability, simple synthesis procedure, and excellent
regeneration performance.
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