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a b s t r a c t

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 (441.3mg/g) was observed to outperform the GO (280.0 mg/g),
rGO (140.9mg/g) and TiO2 (98.5mg/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.
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 dis-
solves easily, forming the uranyl ion UO2

2þ, which is the most stable
esources and Environmental
nce and Engineering, North
hina.
@ncepu.edu.cn (X. Wang).
and soluble species in aqueous solutions (Yu et al., 2018a; Wang
et al., 2017a). As such, the elimination of UO2

2þ 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 environ-
mental 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 two-
dimensional (2D) honeycomb structure, graphene can be wrap-
ped 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 ra-
dionuclides 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 struc-
ture facilitates the free diffusion of pollutants and completely ex-
poses 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 atten-
tion 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
UO2

2þ was irreversibly and horizontally adsorbed in the interface of
MFe2O4(311)/(111)-TiO2(101), and the optimum removal capacity
was reached up to 66.78mg/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 5mg/L under UV irradia-
tionwithin a period of 30min. Zhang et al. (2013) reported that the
multifunctional TiO2-graphene nanocomposite hydrogel showed
enhanced adsorption capacities, improving photocatalytic activ-
ities, 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 sur-
face 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 re-
sults 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 com-
posite, 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 applica-
tion of 3D GA/TiO2 as an outstanding candidate for U(VI) elimina-
tion 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

GOwas 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, 60mg GO was dissolved in 30mL water to obtain a so-
lution of 2 g/L GO. Then, 1mL TiCl3 (20wt% aqueous solution) was
added to the GO solution. After that, 1mL NH3$H2O (28wt%) was
added to the suspension solution followed by ultrasonic treatment.
Subsequently, the mixture solution was subjected to hydrothermal
treatment in a 50mL Teflon-lined autoclave at 180 �C for 12 h to
form GA/TiO2 hydrogel. Ultimately, 3D GA/TiO2 hybrid was gener-
ated 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'Pert-
pro MPD X-ray power diffract meter using Cu Ka radiation
(l¼ 1.54056 Å). After that, fourier-transform infrared spectroscopy
(FTIR) was recorded on a Bruker Tensor 27 FTIR spectrophotometer
in the range of 4000e400 cm�1 by use of the KBr disc technique.
Meanwhile, X-ray photon spectroscopy (XPS) spectra were ob-
tained 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 (c0¼ 20mg/L) into sus-
pensions containing 0.1 g/L adsorbent and 0.01M NaNO3 back-
ground 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 0.01M NaOH or HNO3 solutions on a digital pH meter
(PHSe3C). HNO3 and NaOH would not affect the stability of ad-
sorbents at varied pH. In addition, the changes of pH were kept
below 0.1 before and after reaction. To achieve reaction equilibra-
tion, the mixed suspension was shaken 12 h before the solid ma-
terial was obtained by centrifugation (12,000 rpm for 30min).
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 spectropho-
tometry (UV-2550, Japan) at the 650 nm wavelength. Each experi-
mental 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), whilemwas 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 energywas less than 10�5 eV.
Meanwhile, the convergence threshold of the maximum force of
ionic relaxation was set to be< 0.02 eV/Å. For geometric optimi-
zations, 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 be-
tween 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 a¼ b¼ 2.460 Å,
c¼ 6.800 Å; a¼ b¼ 90�, and g¼ 120�. Meanwhile, the unit cell of
the anatase TiO2 was constructed with parameters of
a¼ b¼ 3.776 Å, c¼ 9.486 Å; a¼ b¼ g¼ 90�. Furthermore, a four-
layer 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 param-
eters of the graphene supercell were a’¼ 21.304, and b’¼ 7.38 Å.
Subsequently, the 3D GA was constructed randomly by oxygen
Fig. 1. SEM images of the prepared GO (A),
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 investi-
gated 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, mono-
mer 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 molec-
ular 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 gra-
phene 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 patternwas 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
rGO (B), 3D GA/TiO2 (C) and TiO2 (D).



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.
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carbon-based materials, mostly in characterizing defects and or-
dered/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 cm�1 (Fig. 2B), which could be attributed to the
significant D and G bands of graphene. The D band and G bandwere
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 cm�1 (Eg), 408.8 cm�1 (B1g)
and 625.7 cm�1 (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 cm�1), sharp C]O (1728 cm�1), aromatic C]C (1624 cm�1),
epoxy CeO (1432 cm�1), and alkoxy CeO (1045 cm�1) stretching
vibrations (Yu et al., 2017a). However, for 3D GA/TiO2, the benzene
ring C]C stretching vibrationwas evidenced at 1574 cm�1. Besides,
the carboxyl C]O (1712 cm�1) and alkoxy CeO (1056 cm�1)
stretching vibrations remained in the 3D GA/TiO2 material. In
particular, the stretching vibrations of TieO and TieOeTi bonds
(400-900 cm�1) were illustrated in the 3D GA/TiO2 material, indi-
cated 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, inwhich 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 ca-
pacity 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 � qtÞ¼ In qe � k1t (1)



Fig. 3. (A) Kinetics adsorption curves and (B) adsorption isotherms of U(VI) on TiO2, rGO, GO, and 3D GA/TiO2. U(VI)initial¼ 20mg/L, m/V¼ 0.1 g/L, I¼ 0.01M NaNO3, T¼ 298 K.
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t
qt

¼ 1
k2 � q2e

þ t
qe

(2)

where qe (mg/g) and qt (mg/g) were the U(VI) adsorbed at equi-
librium 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 two-
step 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 stepwas attributed to the diffusion of
radionuclides from mesopores of 3D GA/TiO2. As such, both intra-
particle 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 ma-
terials were fitted with Langmuir (Equation (3)) and Freundlich
(Equation (4)) models (Wu et al., 2018; Pang et al., 2019):

ce
qe

¼ 1
qmaxb

þ ce
qmax

(3)

Inqe ¼ InKf �
1
n
Ince (4)
Table 1
Kinetic parameters of U(VI) adsorption on TiO2, rGO, GO, and 3D GA/TiO2 at
T¼ 298 K and pH¼ 5.0± 0.1.

Adsorbents Pseudo-first-order Pseudo-second-order

q1 (mg/g) k1 (1/h) R2 q2 (mg/g) k2 mg/(g$h) R2

TiO2 44.5 0.38 0.952 47.5 0.01 0.983
rGO 96.5 0.62 0.965 87.0 0.01 0.988
GO 105.5 2.11 0.996 114.3 0.08 0.999
3D GA/TiO2 109.0 0.97 0.977 125.3 0.02 0.999
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 adsor-
bents, ce (mg/L) was the equilibrium concentration of U(VI) in so-
lutions, 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 98.5mg/g, respectively.
In addition, the qmax of 3D GA/TiO2 was higher than Fe3O4@MnOx
(106.7mg/g) (Song et al., 2019), activated carbon/Fe (115.3mg/g)
(Saleh et al., 2017), AgOH-NPseMWCNTs (140.0mg/g) (Zare et al.,
2015), polyethyleneimine modified mesoporous carbonaceous
materials (294.0mg/g) (Zhang et al., 2018b), GO-chitosan aerogel
(319.9mg/g) (Huang et al., 2017) and Dictyophora indusiate-derived
biochar supported sulfde NZVI (427.9mg/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 oxygen-
functional groups of GO and free-metal groups of TiO2, which
resulted in an increase in the active sites, thus facilitating adsorp-
tion 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 Freundlichmodels 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) 98.5 140.9 280.0 441.3
b (L/mg) 0.03 0.07 0.06 0.05
R2 0.891 0.773 0.803 0.863

Freundlich Kf (mg1�n$Ln/g) 5.8 19.3 29.9 30.5
1/n 0.60 0.46 0.53 0.63
R2 0.853 0.705 0.725 0.807



Fig. 4. (A) Effect of pH value on U(VI) adsorption to 3D GA/TiO2 at various NaNO3 concentrations at m/V¼ 0.1 g/L. (B) The distribution of various species of U(VI) as a function of pH.
U(VI)initial¼ 20mg/L, m/V¼ 0.1 g/L, T¼ 298 K.
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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
was notable that the U(VI) ions were exited as UO2

2þ, (UO2)3(OH)5þ,
UO2OHþ, and (UO2)2(OH)22þ soluble cationic species up to pH 6.0. At
Fig. 5. (A) XPS spectra of 3D GA/TiO2 before and after U(VI) adsorption. High-resolution XPS
U(VI) adsorption.
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)42�, 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 elec-
trostatic repulsion between the protonated surface groups and
U(VI) cationic species (Han et al., 2018). Similarly, the high con-
centration 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
spectra of (B) U 4f, (C) C 1s, and (D) O 1s for the prepared 3D GA/TiO2 before and after



Fig. 6. The theoretical analysis on the adsorption process of U(VI) by 3D GA@TiO2.
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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, respec-
tively, 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, correspond-
ingly, 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 oxygen-
containing group and U(VI).

3.6. DFT calculations

The adsorption mechanism of U(VI) onto 3D GA/TiO2 was
further investigated via DFT calculations and the results
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 dif-
ferential 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 com-
posite 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 98.5mg/g,
respectively at pH 5.0. Also, the microscopic interaction mecha-
nisms 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.

Acknowledgments

This work was supported by National Key Research and



S. Yu et al. / Environmental Pollution 251 (2019) 975e983982
Development Program of China (2017YFA0207002), the National
Natural Science Foundation of China (21876048, 21836001,
21607042), the Fundamental Research Funds for the Cenltral Uni-
versities (2018ZD11, 2018MS114), and the Guangdong Provincial
Key Laboratory of Environmental Pollution and Health (No.
GZKLEPH201815).
References

Alansi, A.M., Al-Qunaibit, M., Alade, I.O., Qahtan, T.F., Saleh, T.A., 2018. Visible-light
responsive BiOBr nanoparticles loaded on reduced graphene oxide for photo-
catalytic degradation of dye. J. Mol. Liq. 253, 297e304.

Bian, L., Nie, J., Jiang, X., Song, M., Dong, F., Shang, L., Deng, H., He, H., Belzile, N.,
Chen, Y., Xu, B., Liu, X., 2019. Selective adsorption of uranyl and potentially toxic
metal ions at the core-shell MFe2O4-TiO2 (M¼Mn, Fe, Zn, Co, or Ni) nano-
particles. J. Hazard Mater. 365, 835e845.

Chen, J., Yu, M., Wang, C., Feng, J., Yan, W., 2018. Insight into the synergistic effect on
selective adsorption for heavy metal ions by a polypyrrole/TiO2 composite.
Langmuir 34, 10187e10196.

Chen, Z., Wang, J., Pu, Z., Zhao, Y., Jia, D., Chen, H., Wen, T., Hu, B., Alsaedi, A.,
Hayat, T., Wang, X., 2017. Synthesis of magnetic Fe3O4/CFA composites for the
efficient removal of U (VI) from wastewater. Chem. Eng. J. 320, 448e457.

Dorado, B., Freyss, M., Martin, G., 2009. GGAþU study of the incorporation of iodine
in uranium dioxide. Eur. Phys. J. B 69, 203e209.

Dudarev, S.L., Botton, G.A., Savrasov, S.Y., Humphreys, C.J., Sutton, A.P., 1997. Elec-
tron-energy-loss spectra and the structural stability of nickel oxide: an LSDAþU
study. Phys. Rev. B 57, 1505e1509.

Gonze, X., Amadon, B., Anglade, P.M., Beuken, J.M., Bottin, F., Boulanger, P.,
Bruneval, F., Caliste, D., Caracas, R., Côt�e, M., Deutsch, T., Genovese, L., Ghosez, P.,
Giantomassi, M., Goedecker, S., Hamann, D.R., Hermet, P., Jollet, F., Jomard, G.,
Leroux, S., Mancini, M., Mazevet, S., Oliveira, M.J.T., Onida, G., Pouillon, Y.,
Rangel, T., Rignanese, G.M., Sangalli, D., Shaltaf, R., Torrent, M., Verstraete, M.J.,
Zerah, G., Zwanziger, J.W., 2009. ABINIT: first-principles approach to material
and nanosystem properties. Comput. Phys. Commun. 180, 2582e2615.

Gu, P., Zhang, S., Li, X., Wang, X., Wen, T., Jehan, R., Alsaedi, A., Hayat, T., Wang, X.,
2018. Recent advances in layered double hydroxide-based nanomaterials for
the removal of radionuclides from aqueous solution. Environ. Pollut. 240,
493e505.

Han, B., Zhang, E., Cheng, G., Zhang, L., Wang, D., Wang, X., 2018. Hydrothermal
carbon superstructures enriched with carboxyl groups for highly efficient
uranium removal. Chem. Eng. J. 338, 734e744.

Harvey, P., Nonat, A., Platas-Iglesias, C., Natrajan, L.S., Charbonniere, L.J., 2018.
Sensing uranyl(VI) ions by coordination and energy transfer to a luminescent
Europium(III) complex. Angew Chem. Int. Ed. Engl. 57, 9921e9924.

Heng, S., Shi, Q., Wang, Y., Qu, Q., Zhang, J., Zhu, G., Zheng, H., 2019. In-situ devel-
opment of elastic solid electrolyte interphase via nano-regulation and self-
polymerization of sodium itaconate on graphite surface. ACS Appl. Energy
Mater. 2, 1336e1347.

Hsu, L.C., Tzou, Y.M., Chiang, P.N., Fu, W.M., Wang, M.K., Teah, H.Y., Liu, Y.T., 2019.
Adsorption mechanisms of chromate and phosphate on hydrotalcite: a com-
bination of macroscopic and spectroscopic studies. Environ. Pollut. 247,
180e187.

Hu, B., Guo, X., Zheng, C., Song, G., Chen, D., Zhu, Y., Song, X., Sun, Y., 2019. Plasma-
enhanced amidoxime/magnetic graphene oxide for efficient enrichment of
U(VI) investigated by EXAFS and modeling techniques. Chem. Eng. J. 357,
66e74.

Huang, D., Wu, J., Wang, L., Liu, X., Meng, J., Tang, X., Tang, C., Xu, J., 2019. Novel
insight into adsorption and co-adsorption of heavy metal ions and an organic
pollutant by magnetic graphene nanomaterials in water. Chem. Eng. J. 358,
1399e1409.

Huang, Z.W., Li, Z.J., Wu, Q.Y., Zheng, L.R., Zhou, L.M., Chai, Z.F., Wang, X.L., Shi, W.Q.,
2018. Simultaneous elimination of cationic uranium (VI) and anionic rhenium
(VII) by graphene oxideepoly (ethyleneimine) macrostructures: a batch, XPS,
EXAFS, and DFT combined study. Environ. Sci. Nano 5, 2077e2087.

Huang, Z.W., Li, Z.J., Zheng, L.R., Zhou, L.M., Chai, Z.F., Wang, X.L., Shi, W.Q., 2017.
Interaction mechanism of uranium (VI) with three-dimensional graphene
oxide-chitosan composite: insights from batch experiments, IR, XPS, and EXAFS
spectroscopy. Chem. Eng. J. 328, 1066e1074.

Hummers, W.S., Offeman, R.E., 1958. Preparation of graphitic oxide. J. Am. Chem.
Soc. 80, 1339-1339.

Kresse, G., Joubert, D., 1999. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758e1775.

Li, Y., Cui, W., Liu, L., Zong, R., Yao, W., Liang, Y., Zhu, Y., 2016. Removal of Cr(VI) by
3D TiO2-graphene hydrogel via adsorption enriched with photocatalytic
reduction. Appl. Catal. B Environ. 199, 412e423.

Liang, J., He, B., Li, P., Yu, J., Zhao, X., Wua, H., Li, J., Sun, Y., Fan, Q., 2019. Facile
construction of 3D magnetic graphene oxide hydrogel via incorporating as-
sembly and chemical bubble and its application in arsenic remediation. Chem.
Eng. J. 358, 552e563.

Liu, J., Ge, X., Ye, X., Wang, G., Zhang, H., Zhou, H., Zhang, Y., Zhao, H., 2016. 3D
graphene/d-MnO2 aerogels for highly efficient and reversible removal of heavy
metal ions. J. Mater. Chem. 4, 1970e1979.
Lutfalla, S., Shapovalov, V., Bell, A.T., 2011. Calibration of the DFT/GGAþUmethod for
determination of reduction energies for transition and rare earth metal oxides
of Ti, V, Mo, and Ce. J. Chem. Theory Comput. 7, 2218e2223.

Niu, Z., Wei, X., Qiang, S., Wu, H., Pan, D., Wu, W., Fan, Q., 2019. Spectroscopic
studies on U(VI) incorporation into CaCO3: effects of aging time and U(VI)
concentration. Chemosphere 220, 1100e1107.

Perdew, J.P., Burke, K., Ernzerhof, M., 1996. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865.

Pang, H., Diao, Z., Wang, X., Ma, Y., Yu, S., Zhu, H., Chen, Z., Hu, B., Chen, J., Wang, X.,
2019. Adsorptive and reductive removal of U(VI) by Dictyophora indusiate-
derived biochar supported sulfde NZVI from wastewater. Chem. Eng. J. 366,
368e377.

Pang, H., Huang, S., Wu, Y., Yang, D., Wang, X., Yu, S., Chen, Z., Alsaedi, A., Hayat, T.,
Wang, X., 2018a. Efficient elimination of U(VI) by polyethyleneimine decorated
fly ash. Inorg. Chem. Front. 5, 2399e2407.

Pang, H., Wu, Y., Huang, S., Ding, C., Li, S., Wang, X., Yu, S., Chen, Z., Song, G.,
Wang, X., 2018b. Macroscopic and microscopic investigation of uranium elim-
ination by CaeMgeAl-layered double hydroxide supported nanoscale zero
valent iron. Inorg. Chem. Front. 5, 2657e2665.

Sadergaski, L.R., Stoxen, W., Hixon, A.E., 2018. Uranyl peroxide nanocluster (U60)
persistence and sorption in the presence of hematite. Environ. Sci. Technol. 52,
3304e3311.

Saleh, T.A., 2018. Simultaneous adsorptive desulfurization of diesel fuel over
bimetallic nanoparticles loaded on activated carbon. J. Clean. Prod. 172,
2123e2132.

Saleh, T.A., 2017. Advanced Nanomaterials for Water Engineering, Treatment, and
Hydraulics. IGI Global, United States of America, pp. 84e127.

Saleh, T.A., 2016. Nanocomposite of carbon nanotubes/silica nanoparticles and their
use for adsorption of Pb(II): from surface properties to sorption mechanism.
Desalin. Water Treat. 57, 10730e10744.

Saleh, T.A., Al-Shalalfeh, M.M., Al-Saadi, A.A., 2018. Silver loaded graphene as a
substrate for sensing 2-thiouracil using surface-enhanced Raman scattering.
Sensor. Actuator. B Chem. 254, 1110e1117.

Saleh, T.A., Gupta, V.K., 2016. Nanomaterial and Polymer Membranes: Synthesis,
Characterization, and Applications. Elsevier, Netherlands, pp. 83e126.

Saleh, T.A., Tuzen, M., Sarı, A., 2017. Polyethylenimine modified activated carbon as
novel magnetic adsorbent for the removal of uranium from aqueous solution.
Chem. Eng. Res. Des. 117, 218e227.

Shen, Y., Fang, Q., Chen, B., 2015. Environmental applications of three-dimensional
graphene-based macrostructures: adsorption, transformation, and detection.
Environ. Sci. Technol. 49, 67e84.

Song, S., Zhang, S., Huang, S., Zhang, R., Yin, L., Hu, Y., Wen, T., Zhuang, L., Hu, B.,
Wang, X., 2019. A novel multi-shelled Fe3O4@MnOx hollow microspheres for
immobilizing U(VI) and Eu(III). Chem. Eng. J. 355, 697e709.

Tian, C., Zhao, J., Zhang, J., Chu, S., Dang, Z., Lin, Z., Xing, B., 2017. Enhanced removal
of roxarsone by Fe3O4@3D graphene nanocomposites synergistic adsorption
and mechanism. Environ. Sci.: Nano 4, 2134e2143.

Tian, J., Wei, J., Zhang, H., Kong, Z., Zhu, Y., Qin, Z., 2019. Graphene oxide-
functionalized dual-scale channels architecture for high-throughput removal
of organic pollutants from water. Chem. Eng. J. 359, 852e862.

Wang, L., Song, H., Yuan, L.Y., Li, Z.J., Zhang, Y.J., Gibson, J.K., Zeng, L.R., Chai, Z.F.,
Shi, W.Q., 2018a. Efficient U(VI) reduction and sequestration by Ti2CTx MXene.
Environ. Sci. Technol. 52, 10748e10756.

Wang, L., Tao, W.Q., Yuan, L.Y., Liu, Z.R., Huang, Q., Chai, Z.F., Gibson, J.K., Shi, W.Q.,
2017a. Rational control of the interlayer space inside two-dimensional titanium
carbides for highly efficient uranium removal and imprisonment. Chem. Com-
mun. 53, 12084e12087.

Wang, X., Yu, S., Chen, Z., Song, W., Chen, Y., Hayat, T., Alsaedi, A., Guo, W., Hu, J.,
Wang, X., 2017b. Complexation of radionuclide 152þ154Eu(III) with alumina-
bound fulvic acid studied by batch and time-resolved laser fluorescence spec-
troscopy. Sci. China Chem. 60, 107e114.

Wang, X., Yu, S., Chen, Z., Zhao, Y., Jin, J., Wang, X., 2017c. Microstructures and
speciation of radionuclides in natural environment studied by advanced spec-
troscopy and theoretical calculation. Sci. China Chem. 60, 1149e1152.

Wang, X., Yu, S., Jin, J., Wang, H., Alharbi, N.S., Alsaedi, A., Hayat, T., Wang, X., 2016.
Application of graphene oxides and graphene oxide-based nanomaterials in
radionuclide removal from aqueous solutions. Sci. Bull. 61, 1583e1593.

Wang, X., Liu, Y., Pang, H., Yu, S., Ai, Y., Ma, X., Song, G., Hayat, T., Alsaedi, A.,
Wang, X., 2018b. Effect of graphene oxide surface modification on the elimi-
nation of Co(II) from aqueous solutions. Chem. Eng. J. 344, 380e390.

Wang, X., Yu, S., Wu, Y., Pang, H., Yu, S., Chen, Z., Hou, J., Alsaedi, A., Hayat, T.,
Wang, S., 2018c. The synergistic elimination of uranium (VI) species from
aqueous solution using bi-functional nanocomposite of carbon sphere and
layered double hydroxide. Chem. Eng. J. 342, 321e330.

Weng, X., Wu, J., Ma, L., Owens, G., Chen, Z., 2019. Impact of synthesis conditions on
Pb(II) removal efficiency from aqueous solution by green tea extract reduced
graphene oxide. Chem. Eng. J. 359, 976e981.

Wu, Y., Li, B., Wang, X., Yu, S., Liu, Y., Pang, H., Wang, H., Chen, J., Wang, X., 2019a.
Determination of practical application potential of highly stable UiO-66-AO in
Eu(III) elimination investigated by macroscopic and spectroscopic techniques.
Chem. Eng. J. 365, 249e258.

Wu, Y., Pang, H., Liu, Y., Wang, X., Yu, S., Fu, D., Chen, J., Wang, X., 2019b. Envi-
ronmental remediation of heavy metal ions by novel-nanomaterials: a review.
Environ. Pollut. 246, 608e620.

Wu, Y., Pang, H., Yao, W., Wang, X., Yu, S., Yu, Z., Wang, X., 2018. Synthesis of novel

http://refhub.elsevier.com/S0269-7491(19)30464-6/sref1
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref1
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref1
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref1
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref2
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref2
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref2
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref2
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref2
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref2
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref2
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref2
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref2
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref3
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref3
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref3
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref3
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref3
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref4
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref4
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref4
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref4
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref4
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref4
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref5
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref5
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref5
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref5
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref6
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref6
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref6
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref6
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref6
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref7
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref7
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref7
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref7
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref7
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref7
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref7
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref7
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref7
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref7
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref8
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref8
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref8
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref8
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref8
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref9
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref9
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref9
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref9
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref10
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref10
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref10
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref10
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref11
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref11
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref11
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref11
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref11
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref12
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref12
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref12
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref12
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref12
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref13
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref13
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref13
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref13
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref13
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref14
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref14
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref14
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref14
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref14
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref15
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref15
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref15
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref15
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref15
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref15
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref16
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref16
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref16
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref16
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref16
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref17
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref17
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref18
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref18
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref18
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref19
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref19
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref19
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref19
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref19
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref20
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref20
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref20
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref20
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref20
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref21
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref21
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref21
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref21
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref21
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref22
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref22
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref22
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref22
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref22
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref23
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref23
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref23
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref23
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref23
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref24
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref24
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref25
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref25
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref25
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref25
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref25
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref26
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref26
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref26
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref26
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref27
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref27
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref27
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref27
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref27
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref27
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref27
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref28
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref28
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref28
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref28
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref29
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref29
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref29
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref29
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref30
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref30
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref30
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref31
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref31
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref31
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref31
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref32
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref32
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref32
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref32
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref33
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref33
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref33
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref34
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref34
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref34
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref34
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref34
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref35
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref35
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref35
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref35
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref36
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref36
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref36
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref36
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref36
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref36
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref36
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref37
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref37
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref37
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref37
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref37
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref37
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref38
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref38
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref38
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref38
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref39
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref39
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref39
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref39
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref39
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref39
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref40
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref40
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref40
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref40
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref40
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref41
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref41
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref41
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref41
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref41
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref41
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref41
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref42
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref42
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref42
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref42
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref43
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref43
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref43
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref43
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref44
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref44
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref44
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref44
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref45
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref45
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref45
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref45
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref45
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref46
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref46
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref46
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref46
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref47
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref47
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref47
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref47
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref47
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref48
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref48
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref48
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref48
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref49


S. Yu et al. / Environmental Pollution 251 (2019) 975e983 983
rod-like metal-organic framework (MOF-5) nanomaterial for efficient removal
of U(VI): batch experiments and spectroscopy study. Sci. Bull. 63, 831e839.

Yao, W., Wu, Y., Pang, H., Wang, X., Yu, S., Wang, X., 2018. In-situ reduction synthesis
of manganese dioxide@polypyrrole core/shell nanomaterial for highly efficient
enrichment of U(VI) and Eu(III). Sci. China Chem. 61, 812e823.

Yin, H., Zhao, S., Wan, J., Tang, H., Chang, L., He, L., Zhao, H., Gao, Y., Tang, Z., 2013.
Three-dimensional graphene/metal oxide nanoparticle hybrids for high-
performance capacitive deionization of saline water. Adv. Mater. 25,
6270e6276.

Yu, S., Liu, Y., Ai, Y., Wang, X., Zhang, R., Chen, Z., Chen, Z., Zhao, G., Wang, X., 2018a.
Rational design of carbonaceous nanofiber/Ni-Al layered double hydroxide
nanocomposites for high-efficiency removal of heavy metals from aqueous
solutions. Environ. Pollut. 242, 1e11.

Yu, S., Wang, J., Song, S., Sun, K., Li, J., Wang, X., Chen, Z., Wang, X., 2017a. One-pot
synthesis of graphene oxide and Ni-Al layered double hydroxides nano-
composites for the efficient removal of U(VI) fromwastewater. Sci. China Chem.
60, 415e422.

Yu, S., Wang, X., Ai, Y., Liang, Y., Ji, Y., Li, J., Hayat, T., Alsaedi, A., Wang, X., 2016a.
Spectroscopic and theoretical study on the counterion effect of Cu(II) ions and
graphene oxide interaction with titanium dioxide. Environ. Sci.: Nano 3,
1361e1368.

Yu, S., Wang, X., Ai, Y., Tan, X., Hayat, T., Wang, X., 2016b. Experimental and theo-
retical study on competitive adsorption of aromatic compounds on reduced
graphene oxides. J. Mater. Chem. 4, 5654e5662.

Yu, S., Wang, X., Liu, Y., Chen, Z., Wu, Y., Liu, Y., Pang, H., Song, G., Chen, J., Wang, X.,
2019. Efficient removal of uranium(VI) by layered double hydroxides supported
nanoscale zero-valent iron: a combined experimental and spectroscopic
studies. Chem. Eng. J. 365, 51e59.

Yu, S., Wang, X., Yao, W., Wang, J., Ji, Y., Ai, Y., Alsaedi, A., Hayat, T., Wang, X., 2017b.
Macroscopic, spectroscopic and theoretical investigation for the interaction of
phenol and naphthol on reduced graphene oxide. Environ. Sci. Technol. 51,
3278e3286.

Yu, S., Yin, L., Pang, H., Wu, Y., Wang, X., Zhang, P., Hu, B., Chen, Z., Wang, X., 2018b.
Constructing sphere-like cobalt-molybdenum-nickel ternary hydroxide and
calcined ternary oxide nanocomposites for efficient removal of U(VI) from
aqueous solutions. Chem. Eng. J. 352, 360e370.

Zare, F., Ghaedi, M., Daneshfar, A., Agarwal, S., Tyagi, I., Saleh, T.A., Gupta, V.K., 2015.
Efficient removal of radioactive uranium from solvent phase using AgOH-
MWCNTs nanoparticles: kinetic and thermodynamic study. Chem. Eng. J. 273,
296e306.

Zhang, Y., Cui, W., An, W., Liu, L., Liang, Y., Zhu, Y., 2018a. Combination of photo-
electrocatalysis and adsorption for removal of bisphenol A over TiO2-graphene
hydrogel with 3D network structure. Appl. Catal. B Environ. 221, 36e46.

Zhang, C., Li, X., Chen, Z., Wen, T., Huang, S., Hayat, T., Alsaedi, A., Wang, X., 2018b.
Synthesis of ordered mesoporous carbonaceous materials and its highly effi-
cient capture of uranium from solutions. Sci. China Chem. 61, 281e293.

Zhang, Z., Xiao, F., Guo, Y., Wang, S., Liu, Y., 2013. One-pot self-assembled three-
dimensional TiO2-graphene hydrogel with improved adsorption capacities and
photocatalytic and electrochemical activities. ACS Appl. Mater. Interfaces 5,
2227e2233.

Zhao, S., Zhu, H., Wang, H., Rassu, P., Wang, Z., Song, P., Rao, D., 2019. Free-standing
graphene oxide membrane with tunable channels for efficient water pollution
control. J. Hazard Mater. 366, 659e668.

Zheng, S., Yang, Y., Zhou, H., 2019. The effect of different HITRAN databases on the
accuracy of the SNB and SNBCK calculations. Int. J. Heat Mass Transf. 129,
1232e1241.

Zhu, W., Lei, J., Li, Y., Dai, L., Chen, T., Bai, X., Zhou, J., Wang, L., Duan, T., 2019.
Procedural growth of fungal hyphae/Fe3O4/graphene oxide as ordered-
structure composites for water purification. Chem. Eng. J. 355, 777e783.

http://refhub.elsevier.com/S0269-7491(19)30464-6/sref49
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref49
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref49
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref50
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref50
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref50
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref50
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref51
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref51
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref51
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref51
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref51
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref52
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref52
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref52
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref52
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref52
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref53
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref53
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref53
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref53
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref53
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref54
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref54
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref54
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref54
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref54
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref55
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref55
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref55
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref55
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref56
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref56
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref56
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref56
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref56
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref57
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref57
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref57
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref57
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref57
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref58
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref58
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref58
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref58
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref58
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref59
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref59
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref59
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref59
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref59
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref60
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref60
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref60
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref60
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref60
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref61
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref61
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref61
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref61
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref62
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref62
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref62
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref62
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref62
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref62
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref63
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref63
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref63
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref63
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref64
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref64
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref64
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref64
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref65
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref65
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref65
http://refhub.elsevier.com/S0269-7491(19)30464-6/sref65

	Three-dimensional graphene/titanium dioxide composite for enhanced U(VI) capture: Insights from batch experiments, XPS spec ...
	1. Introduction
	2. Experimental
	2.1. Preparation of materials
	2.2. Characterization
	2.3. Batch adsorption experiments
	2.4. Computational details

	3. Results and discussion
	3.1. Characterization
	3.2. Adsorption kinetics
	3.3. Adsorption isotherms
	3.4. Effect of pH and ionic strength
	3.5. Spectral analyses
	3.6. DFT calculations

	4. Conclusions
	Acknowledgments
	References


