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Efﬁcient containment and capture of uranium (U(VI)) from aqueous solution is an essential component to
ensure socially and environmentally sustainable development. Herein, the three-dimensional graphene/
titanium dioxide composite (3D GA/TiO2) was synthesized and applied as an effective adsorbent to
remove U(VI) from wastewater as a function of contact time, temperature, pH and ion strength. The 3D
GA/TiO2 material was characterized by X-ray diffraction, Raman spectroscopy, Fourier-transform infrared
spectroscopy, and X-ray photoelectron spectroscopy. The batch experiments results indicated that the
adsorption of U(VI) on materials were ﬁtted with the pseudo-second order kinetics and Langmuir
models. More speciﬁcally, 3D GA/TiO2 (441.3 mg/g) was observed to outperform the GO (280.0 mg/g),
rGO (140.9 mg/g) and TiO2 (98.5 mg/g) at pH 5.0, which was attributable to the excellent cooperative
effects. Furthermore, XPS analyses and DFT calculations conﬁrmed the formation of surface complexes
between oxygen-containing group and U(VI) with the UeO bonds length of 2.348 Å (UeO1) and 2.638 Å
(UeO2). Meanwhile, the adsorption energy was calculated to be 1.60 eV, which showed a very strong
chemisorption during the interaction process. It is believed that the 3D GA/TiO2 revealed good removal
performance for uranyl ions, which showed a great potential application to control the nuclear industrial
pollution.
© 2019 Published by Elsevier Ltd.
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1. Introduction
The development of nuclear technologies has brought about
many cases of intentional and accidental release of radionuclides,
which contribute to the accumulation of great amount of uranium
in the environment (Harvey et al., 2018; Wang et al., 2018a). The
elimination and preconcentration of uranium are vital important
for public health and ecological environmental due to uranium's
toxicity and long half-life (4.47  109 years for 238U) (Sadergaski
et al., 2018). At the same time, mobility and removal are related
to oxidation state. In freshwater sources, hexavalent uranium dissolves easily, forming the uranyl ion UO2þ
2 , which is the most stable
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and soluble species in aqueous solutions (Yu et al., 2018a; Wang
et al., 2017a). As such, the elimination of UO2þ
2 from radioactive
wastewater is of great scientiﬁc and practical signiﬁcance.
Adsorption, as one of the most promising techniques for capturing
pollutants, has gained extensive interest due to its comparably low
cost, easy handling, wide adaptability, and the availability of
different adsorbents (Gu et al., 2018; Hsu et al., 2019; Yu et al.,
2018b).
Graphene-based nanomaterials have exhibited remarkable
performance in the elimination and preconcentration of environmental pollutants, including that of heavy metal ions (Weng et al.,
2019; Saleh, 2016; Zhao et al., 2019), radionuclides (Hu et al., 2019;
Zhu et al., 2019) and organic pollutants (Huang et al., 2019; Saleh,
2018; Tian et al., 2019). The wide practicability of graphene-based
nanomaterials and their high efﬁciency in the removal of various
pollutants are as a result of their abundant surface functional
groups, large surface area, as well as fast electron transfer, which
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make graphene-based nanomaterials to be excellent adsorbents
(Wang et al., 2017b, 2018b; 2018c). Due to its special twodimensional (2D) honeycomb structure, graphene can be wrapped up into 0D fullerenes, rolled into 1D nanotubes or stacked into
3D graphite (Shen et al., 2015). Among them, the 3D graphene
nanomaterials exhibit a quite high removal property towards radionuclides for the following performances (Liu et al., 2016): (I) 3D
hydrogels retain the speciﬁc nature succeeded from the pristine
graphene blocks; (II) the characteristic 3D porous network structure facilitates the free diffusion of pollutants and completely exposes binding sites which improve the chances for pollutants to be
in contact with the materials (Liang et al., 2019); (III) the massive
morphology of the 3D graphene nanomaterials facilitates the
recycling of water after treatment and reduces the environmental
danger brought about by the discharge of graphene nanosheets
(Shen et al., 2015). Besides, the 3D porous structures can serve as
ideal frameworks for other active materials, such as MnO2 (Liu
et al., 2016), Fe3O4 (Tian et al., 2017), and TiO2 (Zhang et al.,
2018a) anchored on it.
More speciﬁcally, titanium dioxide (TiO2) receives more attention in environmental protection ﬁelds due to its high chemical
stability, non-toxicity and excellent availability (Saleh, 2017; Saleh
and Gupta, 2016). Furthermore, Chen et al. (2018) synthesized
polypyrrole/TiO2 composites for highly selective enrichment of
heavy metal ions from waste water, in which Zn2þ exhibited the
highest selective adsorption capability, followed by Pb2þ and Cu2þ
in a ternary ion system. Meanwhile, Bian et al. (2019) realized that
UO2þ
2 was irreversibly and horizontally adsorbed in the interface of
MFe2O4(311)/(111)-TiO2(101), and the optimum removal capacity
was reached up to 66.78 mg/g. In particular, the graphene/TiO2
nanocomposites are currently considered to be highly effective
adsorbents and catalysts in water treatment ﬁelds. At the same
time, Li et al. (2016) fabricated a novel 3D TiO2-graphene hydrogel
and used it to eliminate Cr(VI). The material revealed excellent
adsorption-photocatalysis performance. In essence, 100% Cr(VI)
was removed from a solution containing 5 mg/L under UV irradiation within a period of 30 min. Zhang et al. (2013) reported that the
multifunctional TiO2-graphene nanocomposite hydrogel showed
enhanced adsorption capacities, improving photocatalytic activities, and increasing electrochemical capacitive performance as
compared with pristine TiO2 and graphene hydrogel. As such, it is
meaningful to fabricate novel multifunctional adsorbents on the
strength of the synthetic properties of 3D graphene and TiO2 for
reliable and efﬁcient decontamination, in which the bulk and surface adsorption are perfectly integrated and a signiﬁcant
improvement in the elimination efﬁciency is equally expected.
However, to the best of our knowledge, no literature is available to
investigate the interaction mechanism between 3D graphene/TiO2
composite (3D GA/TiO2) and U(VI) in aqueous solutions, which is
important to the potential application of graphene-based material
in the elimination of radionuclides in nuclear waste cleanup.
Because of the excellent performances of 3D GA/TiO2, the
application of 3D GA/TiO2 as adsorbent to remove heavy metal ions
from wastewater have been investigated extensively, and the results indicated that the heavy metal ions can be preconcentrated
efﬁciently by 3D GA/TiO2 composite. Most of the published papers
reported the elimination of heavy metal ions by 3D GA/TiO2 composite, no work was focused on the removal of radionuclides by 3D
GA/TiO2 composite from experimental, spectroscopy analyses and
theoretical calculations. Herein, the 3D GA/TiO2 were prepared and
performed the removing ability of radionuclide U(VI) from aqueous
solutions. The objectives of this study were: (I) to investigate the
structural characteristics of the prepared nanocomposites using
different techniques; (II) to study the adsorption performance of 3D
GA/TiO2 towards U(VI); and (III) to demonstrate the interaction

mechanisms between 3D GA/TiO2 and U(VI) through spectroscopy
analyses and DFT calculations. This paper highlighted the application of 3D GA/TiO2 as an outstanding candidate for U(VI) elimination and preconcentration, which supplied a novel adsorbent for
removing radionuclides from wastewater and lightened the stress
of environmental pollution.

2. Experimental
2.1. Preparation of materials
GO was ﬁrst prepared based on the modiﬁed Hummers’ method
(Hummers and Offeman, 1958). 3D GA/TiO2 was then synthesized
through the one-step hydrothermal process (Yin et al., 2013).
Typically, 60 mg GO was dissolved in 30 mL water to obtain a solution of 2 g/L GO. Then, 1 mL TiCl3 (20 wt% aqueous solution) was
added to the GO solution. After that, 1 mL NH3$H2O (28 wt%) was
added to the suspension solution followed by ultrasonic treatment.
Subsequently, the mixture solution was subjected to hydrothermal
treatment in a 50 mL Teﬂon-lined autoclave at 180  C for 12 h to
form GA/TiO2 hydrogel. Ultimately, 3D GA/TiO2 hybrid was generated using freeze drying of as-prepared hydrogel.

2.2. Characterization
Scanning electron microscope (SEM) was recorded on a Hitachi
S4800 microscope while the surface microstructure was observed
under a FEI Tecnai G2 F20 electron microscope. Similarly, X-ray
diffraction (XRD) patterns were performed on a Panaltical X'Pertpro MPD X-ray power diffract meter using Cu Ka radiation
(l ¼ 1.54056 Å). After that, fourier-transform infrared spectroscopy
(FTIR) was recorded on a Bruker Tensor 27 FTIR spectrophotometer
in the range of 4000e400 cm1 by use of the KBr disc technique.
Meanwhile, X-ray photon spectroscopy (XPS) spectra were obtained using an ESCALAB 250 Xi XPS system of Thermo Scientiﬁc.
Then, Raman spectra were performed by Renishaw in microscope.
A HeeNe laser (633 nm) was utilized as the source of light for
excitation.

2.3. Batch adsorption experiments
Batch adsorption experiments were carried out by addition of
some amount of the U(VI) stock solution (c0 ¼ 20 mg/L) into suspensions containing 0.1 g/L adsorbent and 0.01 M NaNO3 background solution. The pH range researched was between 2.0 and
11.0, which was regulated by the addition of insigniﬁcant amounts
of 0.1 or 0.01 M NaOH or HNO3 solutions on a digital pH meter
(PHSe3C). HNO3 and NaOH would not affect the stability of adsorbents at varied pH. In addition, the changes of pH were kept
below 0.1 before and after reaction. To achieve reaction equilibration, the mixed suspension was shaken 12 h before the solid material was obtained by centrifugation (12,000 rpm for 30 min).
Meanwhile, the removal percentage of U(VI) was calculated by the
difference between the U(VI) concentrations pre- and post-uptake,
with U(VI) concentrations measured by ultraviolet spectrophotometry (UV-2550, Japan) at the 650 nm wavelength. Each experimental data was determined by the average of triple parallel
measurements and the relative error was about 5%. Also, the
adsorption capacity (qe) was determined using qe ¼ (c0-ce)  V/m.
c0 and ce represented the initial and ultima U(VI) concentration
(mg/L), while m was the mass (g) of material and V was the volume
(L) of the solution.
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2.4. Computational details
The Vienna ab initio simulation package (VASP) was then
applied as the simulation platform for structural optimization and
energy calculations of the studied systems (Gonze et al., 2009;
Zheng et al., 2019). Plane-wave-based density functional theory
(DFT) calculations were conducted using projector augmented
wave (PAW) method with Perdew-Burke-Ernzerhof (PBE) of the
generalized gradient approximation (GGA) (Kresse and Joubert,
1999; Perdew et al., 1996). A kinetic energy cutoff was set as
400 eV while the self-consistent ﬁled iterations were considered to
be converged until the change of total energy was less than 105 eV.
Meanwhile, the convergence threshold of the maximum force of
ionic relaxation was set to be < 0.02 eV/Å. For geometric optimizations, the Brillouin zone was sampled with a Monkhorst-Pack
scheme of 3  3  1 k-point grid. Then, the GGA þ U method was
used to achieve a better description of the 3d and 5f electrons in
titanium and uranium (Dudarev et al., 1997). Here, an “on-site”
potential was utilized to introduce intra-atomic interactions between the strongly correlated electrons (Lutfalla et al., 2011). The
additional Ueff terms, which were the characteristic of GGA þ U
approximation, were then chosen equal to 2.3 eV (Lutfalla et al.,
2011) and 4.0 eV (Dorado et al., 2009) for titanium and uranium,
respectively.
The 3D GA model was built on the basis of the crystal structure
of graphite with the lattice parameters of a ¼ b ¼ 2.460 Å,
c ¼ 6.800 Å; a ¼ b ¼ 90 , and g ¼ 120 . Meanwhile, the unit cell of
the anatase TiO2 was constructed with parameters of
a ¼ b ¼ 3.776 Å, c ¼ 9.486 Å; a ¼ b ¼ g ¼ 90 . Furthermore, a fourlayer slab was arranged with the atoms in the bottom and two
layers were ﬁxed to their bulk positions with a vacuum layer of
2.5 nm. To model the 3D GA@TiO2 complex, a rectangular supercell
of graphene (a’ ¼ 5b - 5a, b’ ¼ 3a þ 3b) was built to ﬁt the 2  2
supercell of TiO2 (101) surface. As a result, the ﬁnal lattice parameters of the graphene supercell were a’ ¼ 21.304, and b’ ¼ 7.38 Å.
Subsequently, the 3D GA was constructed randomly by oxygen
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atoms at the bridge site with a C: O ration of 5: 1. The adsorption
energy (DE) was calculated via the system with isolated basal
adsorbent and uranium molecule minus the fully relaxed system
with uranium adsorbed on the 3D GA@TiO2.

3. Results and discussion
3.1. Characterization
The surface topography of prepared 3D GA/TiO2 was investigated and compared with GO, rGO, and TiO2 by use of SEM image
(Fig. 1). Ripples and wrinkles were observed on the graphene
skeleton of GO (Fig. 1A) and rGO (Fig. 1B), which were considerably
of beneﬁt to depositing other active materials. Meanwhile, monomer TiO2 (Fig. 1D) exhibited short rod-like structure with uniform
sizes (about 0.5 mm long and 0.2 mm wide) as well as large molecular cluster. For the 3D GA/TiO2 material (Fig. 1C), the Ti rod was
uniformly and entirely deposited in graphene framework. Due to
the introduction of nano-structured TiO2, numerous lamellar graphene was aggregated, forming the 3D hierarchical structure. This
was beneﬁcial in providing abundant active functional groups and
large speciﬁc surface area, thus leading to an increase in the
elimination performance of radionuclides.
The XRD pattern was used in the study of the structural features
of various materials. As shown in Fig. 2A, the peaks at 25.5 , 38.0 ,
48.2 , 54.1 and 55.3 were indexed to the (101), (004), (200), (105)
and (211) reﬂections, respectively, indicated that the TiO2 was
anatase phase (JCPDS No. 21e1272) (Yu et al., 2016a). Meanwhile,
GO and rGO showed the typical (002) diffraction peak at 12.2 and
23.9 (JCPDS No. 75e1621), respectively (Heng et al., 2019). In the
XRD pattern of 3D GA/TiO2, the representative (002) reﬂection of
GO was disappeared and the diffraction peaks of TiO2 shifted
slightly, implied that small crystal sized TiO2 was formed on the
surface of 3D GA, which was consistent with the results of SEM.
Raman spectroscopy is considered the most effective, direct and
nondestructive method to identify the quality and structure of

Fig. 1. SEM images of the prepared GO (A), rGO (B), 3D GA/TiO2 (C) and TiO2 (D).
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Fig. 2. Characterization of the prepared GO, rGO, 3D GA/TiO2, and TiO2. (A) XRD patterns; (B) Raman spectra; (C) FTIR spectra and (D) Zeta potential.

carbon-based materials, mostly in characterizing defects and ordered/disordered structures (Yu et al., 2016b). The Raman spectra of
GO, rGO, and 3D GA/TiO2 exhibited the characteristic peaks at about
1350 and 1590 cm1 (Fig. 2B), which could be attributed to the
signiﬁcant D and G bands of graphene. The D band and G band were
related to disordered sp3 carbon atoms and order sp2 carbon atoms,
respectively (Alansi et al., 2018; Saleh et al., 2018). Besides, GO and
3D GA/TiO2 also showed the 2D (2685 eV) and G’ band (2919 eV).
Interestingly, the peculiar Raman vibrational modes (displayed as
the inset of Fig. 2B) situating at 150.1 cm1 (Eg), 408.8 cm1 (B1g)
and 625.7 cm1 (Eg) further illustrated that the attached TiO2 was
anatase phase (Yin et al., 2013). Meanwhile, the ID/IG value of GO,
rGO, and 3D GA/TiO2 were 0.90, 0.95, and 1.02, respectively, implied
the reduction of GO to graphene after hydrothermal treatment. At
the same time, the ID/IG value of 3D GA/TiO2 was highest among the
three graphene-based materials, indicated that the newly created
sp2 domains 3D GA/TiO2 were smaller but more prevalent than
those in GO and rGO (Yu et al., 2017b). As such, more defects and
edges were formed in 3D GA/TiO2.
Fig. 2C displayed the FTIR spectra of 3D GA/TiO2, GO, rGO, and
TiO2. The FTIR spectrum of GO showed the typical eOH
(3440 cm1), sharp C]O (1728 cm1), aromatic C]C (1624 cm1),
epoxy CeO (1432 cm1), and alkoxy CeO (1045 cm1) stretching
vibrations (Yu et al., 2017a). However, for 3D GA/TiO2, the benzene
ring C]C stretching vibration was evidenced at 1574 cm1. Besides,
the carboxyl C]O (1712 cm1) and alkoxy CeO (1056 cm1)
stretching vibrations remained in the 3D GA/TiO2 material. In
particular, the stretching vibrations of TieO and TieOeTi bonds
(400-900 cm1) were illustrated in the 3D GA/TiO2 material, indicated that the TiO2 was ﬁxed in graphene nanosheets as a result of
the strong chemical reaction between GO and TiO2. Moreover, the
FTIR spectra conﬁrmed that 3D GA/TiO2 had some oxygen

containing functional groups and defect sites on the surfaces due to
the synergistic effect between GO and TiO2.
The zeta potential of materials was measured and displayed in
Fig. 2D, in which the point of zero charge (pHpzc) of GO, TiO2, and 3D
GA/TiO2 were 1.5, 6.0, and 5.4, respectively. The results showed that
the material surface was mainly positively charged at pH < pHpzc
owing to the protonation reaction, while the material surface was
negatively charged at pH > pHpzc due to the deprotonation reaction.
3.2. Adsorption kinetics
3D GA/TiO2 was tested for its U(VI) elimination performance.
U(VI) was removed quickly at the ﬁrst 1 h and reached equilibrium
after 3 h (Fig. 3A). For comparative analysis, the removal of U(VI) by
GO, rGO, and TiO2 were investigated. At 1 h, the removal efﬁciency
of 3D GA/TiO2, GO, rGO, and TiO2 were found to be about 45%, 55%,
25%, and 10%, respectively. However, the maximum removal capacity of 3D GA/TiO2, GO, rGO, and TiO2 were discovered to be
about 60%, 55%, 40%, and 20%, respectively. Compared with GO, the
3D GA/TiO2 exhibited a slower reaction rate but higher adsorption
capacity, which was attributed to the fact that U(VI) ﬁrstly attached
to the surface of 3D GA/TiO2 and then diffused into the internal
binding site. At the same time, it was notable that the performance
for 3D GA/TiO2 was higher than the other materials, indicated that
the 3D GA/TiO2 was effective to remove radionuclides.
The pseudo-ﬁrst-order (Equation (1)) and pseudo-second-order
(Equation (2)) models (Wu et al., 2019a; Yu et al., 2019) were
further applied to describe the U(VI) adsorption kinetic data and
the models were expressed as follows:

Inðqe  qt Þ ¼ In qe  k1 t

(1)
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Fig. 3. (A) Kinetics adsorption curves and (B) adsorption isotherms of U(VI) on TiO2, rGO, GO, and 3D GA/TiO2. U(VI)initial ¼ 20 mg/L, m/V ¼ 0.1 g/L, I ¼ 0.01 M NaNO3, T ¼ 298 K.

t
1
t
¼
þ
qt k2  q2e qe

(2)

where qe (mg/g) and qt (mg/g) were the U(VI) adsorbed at equilibrium and at time t (min), correspondingly; k1 (1/min) and k2 (g/
(mg$min)) were the pseudo-ﬁrst-order model rate constant and
pseudo-second-order model rate constant, respectively. The kinetic
parameters were simulated and received by means of non-linear
regression of kinetic data (Table 1). As illustrated, the kinetic data
of U(VI) adsorption was well ﬁtted with pseudo-second-order
model compared with the pseudo-ﬁrst-order kinetic model. At
the same time, the U(VI) ions adsorption to 3D GA/TiO2 was a twostep process. The ﬁrst step was related to the faster adsorption of
radionuclides through the surface adsorption and macropores of
3D GA/TiO2, while the second step was attributed to the diffusion of
radionuclides from mesopores of 3D GA/TiO2. As such, both intraparticle diffusion and external mass transfer were crucial in the
elimination of radionuclides.
3.3. Adsorption isotherms
Adsorption investigations were performed using different U(VI)
concentrations to obtain the maximum elimination capacity at
room temperature. From the investigations, the quality of U(VI)
adsorbed was raised with the increase of the initial concentrations
(Fig. 3B). In addition, the adsorption data of U(VI) on various materials were ﬁtted with Langmuir (Equation (3)) and Freundlich
(Equation (4)) models (Wu et al., 2018; Pang et al., 2019):

ce
1
ce
þ
¼
qe qmax b qmax

(3)

1
Inqe ¼ InKf  Ince
n

(4)

Table 1
Kinetic parameters of U(VI) adsorption on TiO2, rGO, GO, and 3D GA/TiO2 at
T ¼ 298 K and pH ¼ 5.0 ± 0.1.
Adsorbents

TiO2
rGO
GO
3D GA/TiO2

Pseudo-ﬁrst-order

where qe (mg/g) showed the mass of U(VI) adsorbed on materials,
qmax (mg/g) was the topmost amount of U(VI) adsorbed on adsorbents, ce (mg/L) was the equilibrium concentration of U(VI) in solutions, b was the Langmuir constant, n and Kf were Freundlich
parameters. The Langmuir isotherm model was found to better
describe the equilibrium data of U(VI) adsorption compared with
Freundlich, indicated that the monolayer reaction of radionuclides
was the dominant reaction (Huang et al., 2018; Pang et al., 2018a;
Wu et al., 2019b). Besides, the qmax values of U(VI) on different
materials were compared (see Table 2). The qmax of 3D GA/TiO2, GO,
rGO, and TiO2 were 441.3, 280.0, 140.9, and 98.5 mg/g, respectively.
In addition, the qmax of 3D GA/TiO2 was higher than Fe3O4@MnOx
(106.7 mg/g) (Song et al., 2019), activated carbon/Fe (115.3 mg/g)
(Saleh et al., 2017), AgOH-NPseMWCNTs (140.0 mg/g) (Zare et al.,
2015), polyethyleneimine modiﬁed mesoporous carbonaceous
materials (294.0 mg/g) (Zhang et al., 2018b), GO-chitosan aerogel
(319.9 mg/g) (Huang et al., 2017) and Dictyophora indusiate-derived
biochar supported sulfde NZVI (427.9 mg/g) (Pang et al., 2018b).
This illustrated that the 3D GA/TiO2 nanocomposites had much
higher removal performance than other materials, conﬁrming that
the 3D GA/TiO2 could be used to eliminate radionuclides from the
wastewater effectively. The superior property could be attributed to
two reasons: First, the synergistic effect between oxygenfunctional groups of GO and free-metal groups of TiO2, which
resulted in an increase in the active sites, thus facilitating adsorption of the radionuclides. Secondly, the unique structures of 3D GA/
TiO2 permitted better pollutants diffusion from surface to internal
channel, supplying more defects to react with radionuclides, and
consequently enhancing the pollutants' adsorption capacity. To
further understand the interaction mechanism, pH and ionic
strength effect, spectral analyses and DFT calculations were used in
the analysis of the microscopic interaction between U(VI) and 3D
GA/TiO2.

Table 2
The parameters for the Langmuir and Freundlich models of U(VI) adsorption on TiO2,
rGO, GO, and 3D GA/TiO2.
Model

Parameters

Materials
TiO2

rGO

GO

3D GA/TiO2

Langmuir

qmax (mg/g)
b (L/mg)
R2
Kf (mg1n$Ln/g)
1/n
R2

98.5
0.03
0.891
5.8
0.60
0.853

140.9
0.07
0.773
19.3
0.46
0.705

280.0
0.06
0.803
29.9
0.53
0.725

441.3
0.05
0.863
30.5
0.63
0.807

Pseudo-second-order
2

q1 (mg/g)

k1 (1/h)

R

44.5
96.5
105.5
109.0

0.38
0.62
2.11
0.97

0.952
0.965
0.996
0.977

2

q2 (mg/g)

k2 mg/(g$h)

R

47.5
87.0
114.3
125.3

0.01
0.01
0.08
0.02

0.983
0.988
0.999
0.999

Freundlich
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Fig. 4. (A) Effect of pH value on U(VI) adsorption to 3D GA/TiO2 at various NaNO3 concentrations at m/V ¼ 0.1 g/L. (B) The distribution of various species of U(VI) as a function of pH.
U(VI)initial ¼ 20 mg/L, m/V ¼ 0.1 g/L, T ¼ 298 K.

3.4. Effect of pH and ionic strength
The solution pH had observable inﬂuence on the speciation of
radionuclides and the binding-sites of the adsorbents. As a result,
the acidity of the aqueous solutions is a key element of radionuclide
preconcentration in terms of selectivity and sensitivity. At the same
time, the inﬂuence of pH value on the U(VI) elimination by 3D GA/
TiO2 was thoroughly investigated within a range of pH 2.0e11.0.
From the investigation, the removal efﬁciency raised with the
increasing pH values, and the maximum removal was obtained at
pH 7.2 (Fig. 4A). The distribution of U(VI) species was calculated by
software Visual Minteq 3.0, and the result was shown in Fig. 4B. It
þ
was notable that the U(VI) ions were exited as UO2þ
2 , (UO2)3(OH)5 ,
UO2OHþ, and (UO2)2(OH)2þ
2 soluble cationic species up to pH 6.0. At

pH > 6.0, the U(VI) ions started to form insoluble schoepite species
and after pH of 10.0, the UO2(OH)-3, UO2(OH)2
4 , and (UO2)3(OH)7
were the dominant species. At the highly acidic region, a small
amount of the U(VI) ions were adsorbed due to the strong electrostatic repulsion between the protonated surface groups and
U(VI) cationic species (Han et al., 2018). Similarly, the high concentration of Hþ ions might be competed with U(VI) ions for the
limited binding active of material. With increasing pH values, the
protonation reaction became weak while the U(VI) ions reaction
with the surface groups of the 3D GA/TiO2 adsorbent became more
dominant. Subsequently, the U(VI) ions elimination was enhanced.
Under the strong alkaline conditions, the afﬁnities of U(VI)
decreased slightly because of the electrostatic repulsion. However,
the removal rate was still high at pH > 7.0, which was related to the

Fig. 5. (A) XPS spectra of 3D GA/TiO2 before and after U(VI) adsorption. High-resolution XPS spectra of (B) U 4f, (C) C 1s, and (D) O 1s for the prepared 3D GA/TiO2 before and after
U(VI) adsorption.
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Fig. 6. The theoretical analysis on the adsorption process of U(VI) by 3D GA@TiO2.

formation of precipitates (schoepite) (Yao et al., 2018). In particular,
the ionic strength independence of U(VI) elimination conﬁrmed the
adsorption edge trends characteristic of inner-sphere adsorption
complexes (Wang et al., 2016, 2017c).
3.5. Spectral analyses
According to a large number of existing works of literature, the
interaction mechanism of U(VI) by 3D GA/TiO2 might be associated
with the surface functional groups of adsorbents (Niu et al., 2019).
In the XPS measurements (Fig. 5A), the peaks at 283 eV, 457 eV and
532 eV attributed to C 1s, Ti 2p and O 1s photoelectrons, respectively, provided active sites for the adsorption of U(VI). It is notable
that new peaks which appeared at 382.2 eV and 393.0 eV (Fig. 5B)
were attributed to U 4f7/2 and U 4f5/2 photoelectrons, correspondingly, indicated the successful adsorption of U(VI) on 3D GA/TiO2
(Chen et al., 2017). Also, Fig. 5C exhibited high-resolution C 1s XPS
spectra; the peaks at 284.3, 285.5 and 288.1 eV were assigned to
C]C, CeO and O]CeO groups. After the U(VI) adsorption, these
three peaks were all shifted for 3D GA/TiO2. At the same time, the
proportion of O]CeO changed from 15.7% to 14.8% whereas that of
CeO increased from 41.5% to 60.7%, which were primarily due to
the surface complexation between oxygen-containing groups and
U(VI) during the adsorption process. Similarly, the binding energy
and proportion of O 1s (-OH and CeO/UeO) XPS spectra (Fig. 5D)
for 3D GA/TiO2 were all changed after U(VI) adsorption. It further
conﬁrmed the formation of surface complexes between oxygencontaining group and U(VI).

summarized in Fig. 6. For the 3D GA/TiO2 adsorbent, a TieO3 bond
of 1.972 Å existed between 3D GA and TiO2 surface. Meanwhile, the
adsorption energy of U(VI) onto 3D GA/TiO2 was calculated to be
1.60 eV, which indicated a very strong chemisorption during the
adsorption process. Such strong interactions were further shown by
new chemical UeO bonds with the length of 2.348 Å (UeO1) while
2.638 Å (UeO2) appeared as displayed in Fig. 6. Further illustration
on the adsorption mechanism was gained by calculating the differential charge density. Meanwhile, the blue and purple bubbles
represented the positive and negative charges, respectively. It was
clear that charge transfer occurred between the uranium atom and
the oxygen atom on the 3D GA/TiO2, which further demonstrated
the existence of electrostatic interaction in removing uranium.
4. Conclusions
In this study, we successfully prepared the 3D GA/TiO2 composite and assessed its U(VI) elimination performance from
wastewater. The batch experiments data were better ﬁtted to
pseudo-second-order kinetics and the Langmuir adsorption model,
and the maximum elimination capacities of 3D GA/TiO2, GO, rGO,
and TiO2 were calculated as 441.3, 280.0, 140.9, and 98.5 mg/g,
respectively at pH 5.0. Also, the microscopic interaction mechanisms between U(VI) and 3D GA/TiO2 were electrostatic interaction
and inner-sphere surface complexation, which were demonstrated
by pH and ionic strength effect, XPS spectral analyses as well as DFT
calculations. The outstanding adsorption performance conﬁrmed
that 3D GA/TiO2 had a great potential for removal of radionuclides
from the actual wastewater.

3.6. DFT calculations
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