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ranium adsorption by
salicylaldoxime/polydopamine graphene oxide
nanocomposites†

Yongxin Qian,a Yihui Yuan,a Heliang Wang,a Hu Liu, bc Jiaoxia Zhang,bd Se Shi,*a
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Uranium is the main element for nuclear energy production and is one

of the most hazardous radionuclides; its effective enrichment plays

a key role in energy strategy and environmental safety. Oxime-func-

tionalized nanostructures are the most promising candidates for

uranium adsorption. However, current methods for their preparation

mainly focus on multistep grafting and oximation processes, and the

nanostructures usually show low efficiency. Here, we report a rapid

one-step process to synthesize salicylaldoxime/polydopamine modi-

fied reduced graphene oxide (RGO-PDA/oxime) via the polymerization

of dopamine (DA) and simultaneous deposition of oxime with an

obviously decreased total synthesis time of 2 h. The obtained

maximum uranium adsorption capacity of up to 1049 mg g�1 was 3–

16 times larger than those of the reported single PDA or oxime

modified nanostructures. The RGO-PDA/oxime followed the pseudo-

second-order kinetics model and Langmuir isotherm equation with

much higher adsorption selectivity and recyclability. The outstanding

sorption performance is attributed to the electrostatic repulsion

between GO and salicylaldoxime and the effective combination

between PDA and oxime molecules. Finally, given the adhesion

capability of DA to diverse surfaces, this rapid one-step method was

used to prepare five other oxime/PDA modified materials, which also

showed improved uranium adsorption efficiency. These findings

provide a way to obtain oxime-functionalized nanostructures with

promising uranium adsorption efficiency.
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1 Introduction

Nuclear power is well known as a clean and highly efficient
energy source and is regarded as a key component of energy
systems.1 Uranium, as a strategic source of nuclear power, has
attracted extensive attention. However, uranium-containing
wastes, discharged from the nuclear fuel cycle or nuclear acci-
dents, have radioactivity and chemical toxicity.2 Meanwhile,
vast uranium reserves are necessary for energy security and the
reduction of greenhouse gas emission. Therefore, it is vital to
develop efficient techniques to remove and recover uranium
from nuclear waste solutions or other solutions for environ-
mental safety and creation of nuclear energy reserves. Various
techniques, including adsorption,3 membrane ltration,4

chemical precipitation,5 ion exchange,6 and solvent extraction7

were used to enrich uranium or other heavy metals. Among
them, adsorption is a very popular approach to remove heavy
metals and other pollutants due to its high efficiency, conve-
nient operation, low cost, etc.8,9 Combining the structure char-
acter of nanomaterials and the coordination capability of
functional molecules to synthesize functionalized nano-
structure materials for uranium adsorption has attracted
increasing attention.10–12 Among nanomaterials, the nano-
structures with larger surface area, low weight, dense binding
sites and rapid mass transfer are usually applied as the
adsorption substrates.13,14 For functional molecules, amidoxime
and oxime are veried to be the most promising groups for
uranium adsorption owing to their high coordination affinity
and selectivity towards the uranyl ion.15,16

The immobilization of oxime-containing molecules on
nanostructure surfaces plays a key role in uranium adsorption.
A more effective immobilized oxime group normally has
a higher uranium adsorption capability. Connecting nitrile onto
the nanostructures through amino–carboxyl reactions, siloxane
coupling reactions, radiation-induced gra polymerization
(RIGP) and atom-transfer radical polymerization (ATRP), and
then converting the nitrile into an oxime product via treatment
with hydroxylamine, is the most common approach to prepare
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic illustration of the synthesis of the RGO-PDA/oxime
(a) and the adsorption of uranium by the prepared RGO-PDA/oxime
(b). The RGO-PDA/oxime was formed by a one-step process via
simple mixing of GO, DA and salicylaldoxime. Oxime preferred to be
distributed on the upper surface of the samples due to the electro-
static repulsion between GO and salicylaldoxime. The prepared
samples exhibited excellent adsorption capability to uranyl ions and
can be recycled over four times.
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oxime-containing materials.17–20 However, two major defects
exist in thesemethods. On one hand, themulti-step process and
difficult gra reactions result in inferior immobilization effi-
ciency of the nitrile. On the other hand, treatment with
hydroxylamine is demanding, time-consuming (even needs
many days) and complicated.21,22 It is crucial to develop conve-
nient and rapid methods to prepare oxime-functionalized
nanostructured materials for highly efficient uranium
adsorption.

Dopamine (DA) can adhere to the surfaces of almost all
substrates via self-polymerization.23 The polymerization is very
rapid; specically, 10 min is sufficient for the substrates to
achieve a relatively successful polydopamine (PDA) functional
layer.24 Although the polymerization mechanism is unclear,
plentiful functional groups (such as amino and imino groups,
indole units, and catechol and quinone functions) and strong
noncovalent interactions (including electrostatic interactions,
hydrogen bonding, p–p stacking, coordination or chelation,
and charge transfer) exist in PDA. These groups and interac-
tions supply PDA with superior adhesion and secondary reac-
tion activities.25–30 Due to the versatility of PDA, it has been
applied to uranium adsorption via simple polymerization of DA
on different substrate surfaces (including mesoporous silica
nanospheres, mesoporous molecular sieves, magnetic nano-
particles, and glass ber carpets) based on the chelation and
coordination of the catechol and amino in PDA to ura-
nium(VI).2,31,32 However, their adsorption capabilities were very
low; the main reason for the inferior adsorption behavior may
be that PDA is suitable for surface modication rather than for
adsorption.

The aims of this project are to address the time-
consumption, complexity, and inferior oximation efficiency of
the current methods for the preparation of oxime-function-
alized nanostructured materials and to combine the versatile
surface modication property of PDA with the excellent
coordination ability of oxime groups to uranyl ions. Herein,
we report a one-step process for the convenient and rapid
synthesis of oxime/PDA modied reduced graphene oxide
(RGO-PDA/oxime) composites with highly efficient uranium
adsorption capability. The schematic illustration is shown in
Fig. 1. Compared with the reported methods, at least two
breakthroughs were reached in this work. On one hand, unlike
the multistep graing and oximation reactions, this process
was realized via a simple one-step mixing of DA, oxime and
GO. The fabrication time decreased to 2 h, which was only 1–
19% of those of the reported oxime-functionalized nano-
structures. On the other hand, instead of the traditional
surface modication reagents, PDA was used as a functional
material to immobilize salicylaldoxime as much as possible
on the sample surface via electrostatic interaction, hydrogen
bonding and p–p stacking. Meanwhile, oxime preferred to
distribute on the upper surface of the samples due to the
electrostatic repulsion between GO and salicylaldoxime.
These two features endowed the RGO-PDA/oxime with excel-
lent properties with a maximum uranium adsorption amount
of 1049 mg g�1. Furthermore, the prepared adsorbent was still
stable aer four cycles of uranium adsorption–desorption; the
This journal is © The Royal Society of Chemistry 2018
sorption process was in good agreement with the second-order
kinetics equation and Langmuir model. Finally, other
substrates were studied to explore their potential application
in the preparation of oxime-functionalized nanostructure
materials for highly efficient uranium adsorption.

2 Experimental
2.1 Synthesis of RGO-PDA and RGO-PDA/oxime composites

RGO-PDA/oxime. 40 mg GO (prepared via the typically
modied Hummers' method) was dispersed in 20 mL tris(hy-
droxymethyl)aminomethane (Tris) buffer (10 mM). Then, 40 mg
DA (purchased from Sigma-Aldrich) and 80 mg salicylaldoxime
(purchased from Energy Chemical Co., Ltd.) were added to the
GO dispersion at the same time. Aer adjusting the pH to 8.5,
the mixture was stirred vigorously for 2 h at room temperature.
The product was centrifuged, repeatedly washed with deionized
water, and lyophilized overnight. Finally, the oxime/PDA-func-
tionalized GO was obtained.

RGO-PDA. As a comparative experiment, the RGO-PDA
was prepared via the same method as that of RGO-PDA/
oxime, except that salicylaldoxime was not added in the
reaction.

2.2 Characterization

Zeta potential values were measured using a Zetasizer Nano
S90 (Malvern Instruments Ltd.). The microstructures and
energy dispersive spectrometry (EDS) images were observed
using a Hitachi S-4800 scanning electron microscope (SEM)
and on a Bruker Multimode 8 system. Fourier transform
infrared (FT-IR) data were obtained using a PerkinElmer FT-
IR spectrometer under normal conditions. UV-vis spectra and
the concentration of uranium were measured using an
UV1800PC UV-visible spectrophotometer. X-ray photoelectron
spectroscopy (XPS) data were measured on a Kratos Axis Supra
spectrophotometer. Thermogravimetric analysis (TGA) was
J. Mater. Chem. A, 2018, 6, 24676–24685 | 24677
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performed by using a TA Instruments SDT-Q600 system.
Nitrogen adsorption–desorption isotherms were obtained on
a Micromeritics ASAP 2460 instrument, and the specic
surface area and intra porosity data were determined by the
Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda
(BJH) methods, respectively.
2.3 Adsorption experiments

For the adsorption experiment, uranium solutions of 8, 16, 32,
50, 80 and 100 mg L�1 were prepared by dissolving UO2(-
NO3)2$6H2O in deionized water, respectively. Then, 5 mg GO,
RGO-PDA and RGO-PDA/oxime composites were added to the
prepared uranium solutions (500 mL), respectively, and the
mixtures were placed in a shaker at 300 rpm at room tempera-
ture. Aer the adsorption process, the samples were separated
by centrifugation, and the uranium concentration in the
supernatant was measured by spectrometry based on the
chromogenic reaction between arsenazo-III and U(VI). At this
stage, the pH of the uranium solutions was adjusted by adding
0.3 M NaOH and HNO3. The adsorption capacity for uranium
was calculated according to eqn (1).

qe ¼ (Co � Ce)V/m (1)

where qe (mg g�1) represents the sorption amount of the
adsorbent, Co (mg L�1) and Ce (mg L�1) are the uranium
concentrations at the initial and equilibrium states, respec-
tively, V (L) is the solution volume and m (g) is the adsorbent
weight.
2.4 Adsorption tests in simulated seawater

Simulated seawater was prepared by dissolving 33 g sea salt in 1
L deionized water. In the adsorption experiment, 5 mg RGO-
PDA/oxime was added to 500mL simulated seawater and stirred
at 300 rpm at room temperature. Aer the adsorption process,
the adsorbents were separated using a centrifuge. Finally, the
uranium content in the supernatant was analyzed by
spectrometry.
2.5 Elution of uranium and regeneration of the RGO-PDA/
oxime adsorbent

The uranium-loaded RGO-PDA/oxime (10 mg) was immersed in
50 mL eluant (1 M Na2CO3 and 0.1 M H2O2) at room tempera-
ture and stirred for 30 min. Equal amounts of eluent were
collected aer 2.5, 5, 7.5, 10, 15, 20, 25, and 30min, respectively,
and then the uranium concentration in the eluent was analysed
by the arsenazo-III spectrophotometric method.

Aer elution, the RGO-PDA/oxime was collected by centri-
fugation, washed with deionized water, lyophilized overnight,
and then used for the next adsorption experiment via the same
method as described above. The adsorption capability of the
recycled adsorbents was determined by the same arsenazo
spectrophotometric strategy. The recyclability of the RGO-PDA/
oxime was evaluated by these continuous adsorption–desorp-
tion cycle experiments.
24678 | J. Mater. Chem. A, 2018, 6, 24676–24685
2.6 Oxime/PDA functionalization and adsorption
experiments for other nanostructured substrates

In this section, ve nanostructured materials, including
graphite, Fe2O3 nanoparticles (NPs), polystyrene spheres (PS),
carbon nanotubes (CNTs) and metal–organic frameworks
(MOFs) were used as the model substrates. The synthesis and
adsorption experiments of the oxime/PDA modied substrates
were performed via the samemethod as those for the RGO-PDA/
oxime, respectively. Meanwhile, as a comparison, the uranium
adsorption amounts were determined for these bare (before
oxime modication) substrates, and the results were compared
with the data of the oxime/PDA-modied substrates.
3 Results and discussion
3.1 Synthesis and characterization of RGO-PDA/oxime

RGO-PDA/oxime was produced via a simple one-step process by
mixing GO with DA and salicylaldoxime in Tris buffer. Aer
shaking for 2 hours at room temperature, the brown yellow GO
suspension turned into a dark black solution. During this stage,
DA was polymerized onto GO and the oxime was deposited on
the sample surface simultaneously. Meanwhile, GO was
reduced to reduced GO (RGO) due to the oxidative polymeriza-
tion of DA.33 In addition, oxime was exposed on the surface of
the RGO-PDA/oxime owing to the electrostatic repulsion
between the negatively charged GO and salicylaldoxime. The
UV-vis spectrum of the RGO-PDA/oxime solution demonstrated
that PDA and oxime remained stable. A new peak at 281 nm (the
characteristic absorption of PDA owing to the presence of
catechol34) was detected for RGO-PDA. The peaks at 257 nm and
304 nm (the characteristic absorption of salicylaldoxime) were
present for the RGO-PDA/oxime (Fig. 2a). The surface func-
tionalization of the prepared samples was further characterized
by FT-IR spectroscopy. As shown in Fig. 2b, a feature at 1510
cm�1 (assigned to the N–H bending vibration) was detected in
the RGO-PDA and RGO-PDA/oxime, indicating the presence of
PDA in the formed products. Compared with RGO-PDA, an
additional peak at 1610 cm�1 (assigned to the C]N stretching
vibration) was detected in the RGO-PDA/oxime, demonstrating
the presence of the oxime groups in the prepared GO-PDA/
oxime. In addition, the decrease of the peak at 1727 cm�1 was
an indication of the reduction of GO for the RGO-PDA and RGO-
PDA/oxime.

The surface morphology and thickness of the synthesized
RGO-PDA/oxime were evaluated by the SEM and AFM tech-
niques. As shown in Fig. 3a, the twisted RGO sheets were cross-
linked randomly, forming a porous 3D structure. The self-
assembly of GO sheets can result from the partial overlapping
and coalescence of exible RGO through noncovalent interac-
tions (such as hydrogen bonding and p–p interactions).35 The
high-magnication SEM image (Fig. 3b) showed hardly any
large PDA particles (resulting from the self-polymerization of
DA) on the GO surface due to the high affinity between the PDA
aromatic rings and GO. AFM analysis (Fig. 3c) showed that the
samples had a relatively smooth surface, which further
demonstrated that DA and oxime were deposited uniformly on
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 UV-vis (a) and FT-IR (b) spectra of GO, RGO-PDA and RGO-PDA/oxime.

Fig. 3 SEM (a), high-magnification SEM (b) and AFM (c) images
showing the cross-linking, microstructure, and thickness of the
prepared RGO-PDA/oxime, respectively. The EDS mapping (d) image
showing the elemental distribution of the prepared RGO-PDA/oxime
after uranium adsorption for 12 h with an initial uranium concentration
of 32 mg L�1.

Communication Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
6 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 2

/2
7/

20
19

 7
:4

6:
15

 P
M

. 
View Article Online
the GO surface. Moreover, aer the deposition, the samples still
maintained a thin layer with an average thickness of 1.88 nm (in
contrast, the average thickness of GO was 0.93 nm, as shown in
Fig. S1a, ESI†).

The static water contact angle of the RGO-PDA/oxime was
28.91� (as shown in Fig. S2, ESI†), this excellent hydrophilicity
indicated a perfect adsorption capacity of the adsorbents. TGA
was performed to quantify the PDA/oxime content in the RGO-
PDA/oxime composites. The content of PDA/oxime in the RGO-
PDA/oxime composites was determined by the weight loss at
200 �C to 400 �C, which was about 20 wt% (Fig. S3, ESI†). The
BET and BJH results indicated that the surface area and pore
volume of the RGO-PDA/oxime composites were 127.28 cm2 g�1

and 0.56 cm3 g�1 (Fig. S4, ESI†), respectively, which could
promote the adsorption of uranium. The elemental distribution
of the RGO-PDA/oxime aer the adsorption of uranium was
estimated by EDS mapping. Fig. 3d shows that a signicant
This journal is © The Royal Society of Chemistry 2018
amount and homogeneous distribution of the captured
uranium was present on the samples.
3.2 Effects of pH on uranium adsorption

pH has a remarkable inuence on uranium adsorption since it
affects the speciation distribution of uranium in solution and
the surface charges of the binding sites of the adsorbent. The
effects of pH on uranium adsorption by RGO-PDA/oxime were
investigated in an initial pH range of 3–8. The results indicated
that pH had a strong inuence on uranium adsorption on the
RGO-PDA/oxime surface. As shown in Fig. 4a (red line), the
adsorption capacities of the samples increased dramatically at
pH 3–5, then remained relatively constant at pH 5–6, and nally
decreased with a further increase in pH. The optimal pH value
was 5 for uranium adsorption on the RGO-PDA/oxime surface.

The species distribution of uranium and surface charges of
the samples affect the interaction between uranium(VI) and
RGO-PDA/oxime, which results in diverse adsorption behaviors
at different pH values. At pH # 5, uranium(VI) existed in the
solution with the positively charged species. As the pH
increased, the electrostatic interactions between these cations
and RGO-PDA/oxime increased due to the enhancement of the
deprotonation of salicylaldoxime and PDA (the zeta potential
values of RGO-PDA/oxime in different pH solutions are shown
by the blue line of Fig. 4a), thereby strengthening the adsorp-
tion capability. When the pH > 5, the neutrally charged ura-
nium(VI) species increased (the negatively charged uranium(VI)
species even became the dominating form when the pH > 8);31

the electrostatic repulsion increased between these anions and
highly negatively charged RGO-PDA/oxime, thus weakening the
adsorption capability.
3.3 Sorption kinetics

Sorption rate is a key parameter used to estimate the perfor-
mance of the absorbent. In order to evaluate the sorption
kinetics, the inuence of the contact time on uranium adsorp-
tion on the RGO-PDA/oxime surface was performed with an
initial uranium concentration of 8 mg L�1. As shown in Fig. 4b
(blue line), the sorption capacity of the RGO-PDA/oxime
exhibited a signicant increase at rst, then increased slowly,
J. Mater. Chem. A, 2018, 6, 24676–24685 | 24679
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Fig. 4 Effects of pH on uranium adsorption ((a) red line) and zeta potential values of the RGO-PDA/oxime in different pH solutions ((a) blue line).
Co ¼ 8 mg L�1, t ¼ 6 h and T ¼ 298 K. Kinetics ((b) blue line) and pseudo-second-order kinetics model ((b) inset) of uranium adsorption on the
RGO-PDA/oxime surface. Co ¼ 8 mg L�1, pH ¼ 5.0 � 0.1 and T ¼ 298 K. Sorption isotherms of uranium (c) and plots of the Langmuir adsorption
model (d) for RGO-PDA/oxime, RGO-PDA and GO, respectively. pH ¼ 5.0 � 0.1, t ¼ 6 h and T ¼ 298 K.
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and remained virtually unchanged aer a contact time of 6 h,
demonstrating that the adsorption of uranium(VI) on the RGO-
PDA/oxime was accomplished. The maximum adsorption
capability of uranium was 605 mg g�1 (Co ¼ 8 mg L�1) when the
adsorption achieved an equilibrium at a contact time of 6 h.

To further evaluate the adsorption behaviors of the samples,
pseudo-rst-order and pseudo-second-order kinetics models (as
shown in eqn (2) and (3), respectively36) were applied to analyze
the dynamic processes.

ln(qe � qt) ¼ ln qe � k1t (2)

t

qt
¼ 1

k2qe2
þ t

qe
(3)

where qe (mg g�1) and qt (mg g�1) represent the adsorption
capabilities at equilibrium and a certain time, respectively. k1
(min�1) and k2 (g (mg min)�1) are the rate constants of the
corresponding kinetics models, respectively. The values of qe, k1
and k2 were calculated according to the slopes and intercepts of
the plots (red line of the inset in Fig. 4b and S7, ESI†), which are
shown in Table S1 (ESI).† The coefficient of determination (R2)
of the second-order kinetics equation was 0.9998, which was
higher than that (0.9085) of the rst-order kinetics equation. In
addition, the value of the calculated equilibrium adsorption
amount for the second-order kinetics equation was 625 mg g�1,
which was closer to the obtained experimental result (qe ¼ 605
24680 | J. Mater. Chem. A, 2018, 6, 24676–24685
mg g�1) than that (257 mg g�1) of the rst-order adsorption
kinetics equation. These results indicated that the pseudo-
second-order kinetics expression was more appropriate for the
adsorption mechanism and the adsorption of uranium(VI) on
the RGO-PDA/oxime surface was a chemisorption process.
3.4 Sorption isotherms

Coordination of ]N–O– groups with UO2
2+ endows the oxime-

modied materials with adsorption capability to uranium(VI).
The more effective the oxime group immobilization is, the more
uranium will be adsorbed. This work combined the excellent
adhesion ability of PDA with the outstanding coordination
capability of oxime groups to uranium(VI) and developed a rapid
one-step method to synthesize oxime-functionalized nano-
structured materials, i.e. RGO-PDA/oxime. To evaluate its
maximum sorption capacity, the sorption isotherm of the RGO-
PDA/oxime was determined by increasing the initial concen-
tration of uranyl ions from 8 mg L�1 to 100 mg L�1 at pH 5 and
298 K. The comparative experiments were done by measuring
the equilibrium adsorption amounts for RGO-PDA and GO,
respectively, at the same initial uranium(VI) concentrations as
those for the RGO-PDA/oxime. As shown in Fig. 4c, the
adsorption capacity of these three samples increased in the
uranyl ion concentration at adsorption equilibrium. Further-
more, it is apparent that the adsorption capacity of the RGO-
PDA/oxime was much larger than those of RGO-PDA and GO.
This journal is © The Royal Society of Chemistry 2018
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The experimental values of the maximum sorption capacities of
RGO-PDA/oxime, RGO-PDA and GO were 1021 mg g�1, 650 mg
g�1 and 575 mg g�1, respectively.

To further investigate the adsorption behavior of the
samples, the Langmuir and Freundlich equations were applied
to describe the adsorption isotherms. Generally speaking, the
Langmuir model hypothesizes that all binding sites possess the
same adsorption intensity and the adsorption is localized in
a monolayer; the Freundlich equation supposes that the
adsorption takes place on the heterogeneous surfaces. The two
models are expressed by eqn (4) and (5), respectively.37

Ce

qe
¼ 1

qmKL

þ 1

qm
Ce (4)

log qe ¼ log KF + n log Ce (5)

where Ce (mg L�1) represents the uranyl ion concentration at
equilibrium. qe (mg g�1) and qm are the equilibrium sorption
capability and maximum sorption amount, respectively. KL, KF

and n are the Langmuir and Freundlich parameters related to
the adsorption energy, adsorption capacity and the adsorption
intensity, respectively. The values of qm, KL, KF and n were
calculated according to the intercepts and slopes of the plots
(Fig. 4d and S8, ESI†), which are listed in Table S2 (ESI).† The
results demonstrated that the isotherms t closer to the Lang-
muir model (RRGO-PDA/oxime

2 ¼ 0.9835, RRGO-PDA
2 ¼ 0.9948 and

RGO
2 ¼ 0.9785) than to the Freundlich model (RRGO-PDA/oxime

2 ¼
0.9420, RRGO-PDA

2 ¼ 0.9736 and RGO
2 ¼ 0.9388), which demon-

strated that the adsorption of uranium(VI) on these three sample
surfaces occurred at homogeneous binding sites and a mono-
layer was formed. In addition, according to the Langmuir
adsorption expression, the calculated maximum sorption
amount (1049 mg g�1) for RGO-PDA/oxime was much larger
than those (675 mg g�1 and 613 mg g�1, respectively) for RGO-
PDA and GO, and these results were close to the corresponding
experimental data. Furthermore, the maximum adsorption
capacity of the RGO-PDA/oxime was 3.16–16.09 times larger
than those of the reported single PDA or oxime modied
nanostructured materials for uranium(VI) adsorption, and the
fabrication time of the RGO-PDA/oxime was only 1–19% of
Table 1 Comparison of the maximum adsorption amount (of
uranium) and fabrication time of the prepared RGO-PDA/oxime with
those of other reported single PDA or oxime functionalized sorbents

Samples qm
a (mg g�1)

Fabrication
time (h) References

mSiO2/PDA 332.3 24 31
SBA-15/PDA 196 3 32
Oxime-CMK-5 65.18 10.5 38
Fe3O4@SiO2–AO 104.96 34 19
AO-g-MWCNTs 176 16 39
PAF-1-CH2AO 304 192 40
RGO-PDA/oxime 1049 2 This work

a qm: maximum adsorption amount calculated from the Langmuir
isotherm model.

This journal is © The Royal Society of Chemistry 2018
those of the reported oxime-functionalized uranium adsorption
materials (Table 1).19,31,32,38–40 In addition, the uranium adsorp-
tion capability of this reported RGO-PDA/oxime was much
higher than those (47 mg g�1 for RGO, 134 mg g�1 for RGO
hydrogel, and 278 mg g�1 for layered double hydroxide/RGO) of
other reported RGO-based adsorbents.41–43 These results indi-
cate that the immobilization of oxime on the nanostructure
surface via the interfacial polymerization of DA is a rapid
method to synthesize uranium adsorption materials, and the
synthesized samples exhibit highly efficient uranium adsorp-
tion capability.

There are some reasons for the high uranium adsorption
efficiency of the prepared RGO-PDA/oxime. Firstly, the large
specic surface area of GO promotes the adsorption ability of
GO-based materials. Secondly, the excellent surface modica-
tion of PDA caused more oxime molecules to be immobilized
onto the surface of the samples. Furthermore, oxime was
considered to be the most promising functional group for the
chelation of uranium owing to its high affinity to uranyl ions.
Previous studies have conrmed that ]N–OH groups can be
deprotonated and then chelate UO2

2+.44,45 In this work, we
proved that]N–OH groups successfully conjugated with UO2

2+

by XPS spectroscopy. XPS measurement was performed in order
to investigate the chemical composition before and aer
uranium adsorption. In contrast to the survey spectrum of RGO-
PDA/oxime, a new strong U 4f peak can be observed unambig-
uously in the spectrum of RGO-PDA/oxime-U (Fig. 5b). As shown
in the corresponding high resolution spectrum of the peaks
around U 4f, the binding energy regions at 392.20 eV and 381.72
eV are the U 4f5/2 and U 4f7/2 (Fig. 5c),46 respectively, which
indicated the presence of uranium in RGO-PDA/oxime-U. In
addition, the O 1s spectrum of RGO-PDA/oxime before uranium
adsorption can be tted to two peaks, which are attributed to C–
O and N–O (in the]N–OH groups), respectively. Aer uranium
adsorption, a new peak centered at 531.55 eV, which can be
ascribed to the O]U]O group, indicates the loading of
uranium on the RGO-PDA/oxime surface. Moreover, the posi-
tion of N–O was shied to a lower binding energy from 532.60
eV to 532.30 eV (Fig. 5d), which could be attributed to the
chelation of UO2

2+ with the oxime groups of the RGO-PDA/
oxime.
3.5 Effects of co-existing ions and the simulated seawater
testing

To evaluate the adsorption selectivity of the RGO-PDA/oxime,
adsorption experiments were performed in simulated seawater
at pH 5 and initial uranium concentrations of 8 mg L�1, 16 mg
L�1 and 32 mg L�1, respectively. The simulated seawater was
prepared by dissolving 33 g sea salt in 1 L deionized water, i.e.
K+, Na+, Mg2+, Ca2+, Sr2+, Cl�, Br�, SO4

2�, HCO3
�, CO3

2� and F�

co-existed in the test solution and their concentrations were
thousand times higher than that of uranium. As shown in
Fig. 5e, the adsorption amounts of uranium in the simulated
seawater were 503.16 mg g�1 (Co ¼ 8 mg L�1), 627.76 mg g�1 (Co

¼ 16 mg L�1) and 721.24 mg g�1 (Co ¼ 32 mg L�1), respectively,
and these data were close to those (549.48 mg g�1, 658.25 mg
J. Mater. Chem. A, 2018, 6, 24676–24685 | 24681
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Fig. 5 (a) The bonding mechanism between UO2
2+ and the oxime group of RGO-PDA/oxime. (b) The XPS spectra before and after uranium

loading on the RGO-PDA/oxime. (c) High resolution XPS spectra of U 4f of RGO-PDA/oxime-U. (d) High resolution XPS spectra of O 1s of RGO-
PDA/oxime and RGO-PDA/oxime-U, respectively. (e) Adsorption selectivity bymeasuring the sorption capacities for uranium(VI) at different initial
uranium(VI) concentrations (8 mg L�1, 16 mg L�1 and 32 mg L�1, respectively) in aqueous solution (solid bars) and simulated seawater (hatched
bars). pH ¼ 5.0 � 0.1, t ¼ 6 h and T ¼ 298 K. (f) Adsorption capability of the RGO-PDA/oxime in simulated seawater for uranium(VI) with different
initial uranium(VI) concentrations (8 mg L�1, 16 mg L�1 and 32 mg L�1, respectively). pH ¼ 8.0 � 0.1, t ¼ 6 h and T ¼ 298 K.
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g�1 and 750.35 mg g�1 at the corresponding initial uranium
concentration, respectively) in the aqueous solution. These
results indicated that the RGO-PDA/oxime possessed an excel-
lent binding capability for the selective separation of ura-
nium(VI) in complex aqueous solutions.

Based on the high adsorption capacity and adsorption
selectivity of the RGO-PDA/oxime in aqueous solutions, its
adsorption capacity was investigated under simulated seawater
conditions. The simulated seawater was prepared by dissolving
33 g sea salt in 1 L deionized water. The results (Fig. 5f) showed
that the adsorption amounts of uranium in simulated seawater
(pH ¼ 8.0) were 201.62, 267.70 and 348.62 mg g�1 for the initial
uranium concentrations of 8, 16 and 32 mg L�1, respectively,
further demonstrating that the RGO-PDA/oxime composites can
be used for uranium removal and uranium enrichment in real
seawater.
3.6 Elution of uranium and regeneration of the RGO-PDA/
oxime adsorbent

For practical applications, an excellent adsorbent should have
not only high adsorption capacity but also good reutilization
ability to reduce its overall cost. In this work, 1 M Na2CO3

containing 0.1 M H2O2 was used as the eluant, and the uranium
concentration in the eluent was measured to evaluate the
elution efficiency. As shown in Fig. S9a (ESI),†�73% of uranium
was released from the RGO-PDA/oxime within 10 min, and the
elution efficiency reached �97% when the elution was
continued for 30 min. In contrast, when deionized water was
24682 | J. Mater. Chem. A, 2018, 6, 24676–24685
used as the eluent, only 3% of uranium could be released from
the adsorbent. The high efficiency elution may be attributed to
the formation of an extremely stable uranyl-peroxo-carbonato
complex.47 The regeneration ability of the prepared adsorbents
was estimated by the continuous adsorption–desorption cycle
experiments. Fig. S9b (ESI)† shows that the adsorption effi-
ciency of the RGO-PDA/oxime remained at least 90% aer it was
recycled four times. This high regeneration efficiency of RGO-
PDA/oxime composites indicates their potential application in
extracting U(VI) from solutions.
3.7 Immobilization of oxime on other nanostructured
substrates and their adsorption capabilities

Considering that PDA can adhere to various surfaces, the
immobilization of the oxime onto other nanostructures via this
reported one-step process and whether these fabricated oxime-
functionalized materials possessed a progressive uranium
adsorption property were tested. Five different substrates,
including graphite, Fe2O3 NPs, PS, CNTs and MOFs, were
chosen as the model substrates. Salicylaldoxime was immobi-
lized onto these surfaces via the same process as that used for
GO. The UV-vis spectra and uranium adsorption capacities were
measured to evaluate the functionalization and uranium
adsorption efficiency of the samples, respectively. As shown in
Fig. 6a, the peaks at 257 and 304 nm (the characteristic
absorption of salicylaldoxime) appeared for all the oxime/PDA-
modied substrates (solid lines). However, these two peaks were
absent for all the substrates before modication (dashed lines).
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) UV-vis spectra of oxime/PDA-modified graphite (I), Fe2O3 NPs (II), PS (III), CNTs (IV) and MOFs (V) prepared by this reported one-step
process, respectively. The dashed lines (from I' to V') were the UV-vis spectra of the corresponding particles before oxime/PDA functionalization.
(b) Uranium adsorption capacities of the graphite, Fe2O3 NPs, PS, CNTs and MOFs before (solid bars) and after (hatched bars) oxime/PDA
modification. Co ¼ 8 mg L�1, pH ¼ 5.0 � 0.1 and T ¼ 298 K.
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These results demonstrated that the oxime/PDA functionalized
samples were prepared successfully. As shown in Fig. 6b, the
adsorption amounts for the graphite, Fe2O3 NPs, PS, CNTs and
MOFs (before oxime functionalization) were only 41.23, 61.13,
46.91, 49.76 and 157.80 mg g�1, respectively. The adsorption
amounts for the oxime/PDA modied substrates were 96.67,
157.80, 108.04, 152.11 and 278.73 mg g�1, respectively, which
were much larger than those for the bare substrates. These
results indicated that improved adsorption capacities were ob-
tained for these model substrates aer oxime functionalization
via this reported one-step process.
4 Conclusions

In this study, RGO-PDA/oxime was synthesized via a rapid one-
step process based on the polymerization of DA and simulta-
neous deposition of salicylaldoxime. The maximum adsorption
amount of uranium for the prepared RGO-PDA/oxime was 1049
mg g�1, but the corresponding value for the RGO-PDA was only
675 mg g�1 originating from the introduced oxime groups on
the surface of RGO-PDA/oxime. Meanwhile, this maximum
adsorption amount was 3–16 times larger than those of the re-
ported single PDA or oxime modied nanostructures, and the
fabrication time (2 h) was only 1–19% of those of the reported
oxime functionalized materials. Furthermore, this reported
absorbent presented excellent selectivity (co-existing ions with
high concentrations had a slight inuence on the uranium
sorption) and regeneration ability (the absorbent remained
stable aer four cycles of adsorption–desorption). Meanwhile, it
was the homogeneous monolayer chemisorption, and the
adsorption process agreed well with the second-order kinetics
equation and Langmuir isotherm model. Finally, this one-step
process was used to synthesize other oxime/PDA modied
nanostructured materials, and the prepared samples exhibited
an improved uranium adsorption capability. In conclusion, this
developed method has great potential for use in the fabrication
of uranium adsorbents on various surfaces, which can greatly
contribute to resource sustainability and environmental safety.
This journal is © The Royal Society of Chemistry 2018
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Renewable Energy, 2011, 36, 2067–2077.

2 F. Wu, P. Ning, G. Ye, T. Sun, Z. Wang, S. Yang, W. Wang,
X. Huo, Y. Lu and J. Chen, Environ. Sci. Technol., 2017, 51,
4606–4614.

3 (a) P. Yang, Q. Liu, J. Liu, H. Zhang, Z. Li, R. Li, L. Liu and
J. Wang, J. Mater. Chem. A, 2017, 5, 17933–17942; (b)
X. Xiang, F. Pan and Y. Li, Eng. Sci., 2018, 3, 77–83, DOI:
10.30919/es8d736; (c) M. C. Kimling, N. Scales, T. L. Hanley
and R. A. Caruso, Environ. Sci. Technol., 2012, 46, 7913–
7920; (d) A. Zhang, X. Yin, X. Shen and Y. Liu, ES Energy &
Environment, 2018, 1, 89–98.

4 A. J. C. Semião, H. M. A. Rossiter and A. I. Schäfer, J. Membr.
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