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The development of efficient materials for high extraction of uranium (UO,**) from seawater is critical for nuclear energy.
Poly(amidoxime)-reduced graphene oxide (PAO/rGO) composites with excellent adsorption capability for UO,>* were
synthesized by in situ polymerization of acrylonitrile monomers on GO surfaces, followed by amidoximation treatment with
hydroxylamine. The adsorption capacities of PAO/rGO composites for UO,** reached as high as 872 mg/g at pH 4.0. The ex-
cellent tolerance of these composites for high salinity and their regeneration-reuse properties can be applied in the nuclear-fuel

industry by high extraction of trace UO,*" ions from seawater.
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1 Introduction

Nuclear energy is regarded as a sustainable solution to the
increasing problem of global energy, and uranium is one of
the most essential and fundamental materials in the nuclear
energy industry [1]. The long-term dependence on a suffi-
cient uranium supply is a crucial and urgent issue. However,
the known extractable reserves of uranium are limited and
restricted to a few land places in the world. Furthermore,
> 99% of global uranium exists primarily as UO,>* with an
average concentration of ~3.0 pg/L in seawater [1].
Adsorption techniques are widely used as feasible and
economic ways to achieve radionuclides preconcentration
and extraction from aqueous solutions [2-9]. The high ex-
traction of UO,*" from aqueous solution by adsorbents, such
as oxide materials [10], carbon materials [2], and inorganic-
organic composites [11] have been widely investigated.
However, to our best knowledge, most reported natural and
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synthesized materials present the maximum adsorption
capacities for UO,** of 10-100 mg/g under general opera-
tion conditions. Furthermore, adsorption of U022+ from
seawater is restrained by the competitive adsorption of other
coexisting cations [12]. Therefore, the development of ad-
sorbents with high adsorption capacity for trace UO,** in
seawater is critical for the development of nuclear energy,
and is currengly one of the most important challenges for
nuclear science and technology.

Graphene oxide (GO) has attracted significant interest in
various fields due to its physicochemical properties. The
high surface area (theoretically, ~2600 mz/g) [13] and
abundant oxygen-containing functional groups provide GO
with potential adsorption capability for UO,**. However,
due to the lack of special binding sites for UO,** on GO
surfaces and its self-accumulation in aqueous solution, the
maximum adsorption capacity of GO (27.6 mg/g, pH 5.0)
[14] for UO,*" is even lower than that of carbon nanotubes
(112 mg/g, pH 5.0) [2] and resins (120.3 mg/g, pH 5.5) [13]
under similar operation conditions.

The adsorption process is controlled by the functional
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groups on the adsorbent surface. The surface modification
of GO with suitable functional groups would significantly
enhance its adsorption capability for UO,**. Therefore, the
introduction of proper functional groups onto GO surfaces
is crucial for its real application in the high extraction of
UO,™ from seawater. Owing to its excellent affinity with
UO,*, amidoxime (AO) was widely accepted as one of the
most promising binding sites for UO,** due to its specific
binding affinity with UO,** [15-18]. For this reason, modi-
fication of the GO surface with AO would thought to result
in the high extraction of UO,** from seawater. As far as we
know, GO’s physicochemical properties and adsorption
capability for UO,* have not previously been studied.

We synthesized poly(amidoxime) on a GO surface by in
situ polymerization of acrylonitrile monomers and followed
by amidoximation treatment with hydroxylamine to convert
acrylonitrile into poly(amidoxime) (denoted as PAO/rGO),
and conducted a study to explore the adsorption capability
of PAO/rGO composites for UO,™ under a variety of oper-
ation conditions. The results showed that PAO/rGO compo-
sites present exceptional performance in the high extraction
of pg/L level UO,™ ions from seawater, which is crucial in
nuclear fuel achievement.

2 Experimental
2.1 Synthesis of PAO/rGO composities

PAO/rfGO composites with different PAO contents were
prepared with in situ polymerization of acrylonitrile mono-
mer on the GO surface in the presence of (NH4),S,05. We
used NH,OH for amidoximation and reduction [19, 20].
Briefly, acrylonitrile monomer (0.5-8.0 g/L) and GO (2
g/L), suspended in aqueous solutions (100 mL), were heated
to 50 °C with stirring [17]. Equal molars of (NH,4),S,0g/
aqueous solution (0.1 mol/L) and the proper amount of Milli-
Q water were added to achieve a total volume of 400 mL.
The polymerizations of acrylonitrile monomer on GO sur-
faces were carried at 50 °C for 3 h. The suspensions were
centrifuged and rinsed with a combination solution of 5:1
methanol-water and Milli-Q water to remove (NH,4),S,0g,
acrylonitrile monomer, and poly(acrylonitrile) homopoly-
mer. The derived poly(acrylonitrile)/GO materials were
dispersed in 100 mL 66.5 g/L NH,OH solution and ami-
doximated at 70 °C for 3 h [17]. After the centrifugation of
the 5:1 methanol-water and Milli-Q water solutions, the
derived products were oven dried at 50 °C for one week to
obtain PAO/rGO composites. All acrylonitrile monomers
were assumed to have been polymerized on GO surface;
these were denoted as 0.25PAO/rGO, 0.5PAO/rGO, 1.0PAO/
rGO, 2.0PAO/rGO, and 4.0PAO/rGO with respective
weight ratios of PAO to rGO of 0.25:1, 0.5:1, 1:1, 2:1 and
4:1. The actual weight ratio of PAO to rGO in the PAO/rGO
composites was measured by thermogravimetric analysis
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(TGA). We also prepared PAO and rGO by the same method
to compare their adsorption capacities with the PAO/rGO
composites.

2.2 Characterization of PAO/rGO composites

The physiochemical properties of PAO/GO composites
were studied and evaluated by scanning electron microsco-
py (SEM), Raman spectroscopy, X-ray photoelectron spec-
troscopy (XPS), and thermogravimetric analysis (TGA).
Raman spectroscopy analyses of GO and PAO/rGO compo-
sites were mounted by using a LabRam HR Raman spec-
trometer (Horiba Jobin Yvon, France) at the excitation of
514.5 nm by Ar" laser. The XPS spectroscopy measure-
ments were performed with an ESCALab220i-XL surface
microanalysis system (VG Scientific, USA) equipped with
an Al Ka (hv = 1486.6 eV) source at a chamber pressure of
3 x 10™ mbar. The surface-charging effects were corrected
with C 1s peak at 284.4 eV as a reference. The TGA curves
were examined with a Shimadzu TGA-50 thermogravimet-
ric analyzer (Shimadzu, Japan) from room temperature to
800 °C at the heating rate of 10 °C/min with a nitrogen rate
of 50 mL/min.

2.3 Adsorption of UO,** on PAO/rGO composites and
rGO

The adsorption property of UO,** on PAO/rGO composites,
PAO and rGO were studied at 20 + 1 °C by batch adsorp-
tion technique. The suspensions of adsorbents and salinity
solutions (e.g., NaCl) were mixed and shaken for 24 h to
achieve the desired ionic strength and to guarantee the
pre-equilibrium of salt with solid. Then UO,* stock solu-
tion was added, and the pH of the suspensions were adjust-
ed to the desired value by adding negligible amounts of 0.1
or 0.01 mol/L corresponding acid and basic solutions (e.g.,
HCI and NaOH). After the suspensions were shaken for
48 h, the adsorbents were separated from the liquid phase
by centrifugation at 18000 r/min for 30 min (BECKMAN
COULTER 64R, USA) at the same controlled temperature
as the sorption experiments; next, the supernatants were
filtered through 0.45 pm membrane filters. The residual
UO,™ concentration in the supernatants was determined by
inductively coupled plasma-atomic emission spectrometry
(ICP-AES, Thermo Elemental, USA). All of the experi-
mental data were the average of triplicate measurements;
the average uncertainties were < 5%.

For the accurate determination of extremely low UO,*
(< 0.1 mg/L), UO,* was extracted by tributyl phosphate
(TBP) from its supernatant after filtration. Briefly, the pH of
solution after filtration was adjusted to 2 with 6 mol/L
HNO;. Then UO,** was extracted from the acidic solution
by using 30% TBP in kerosene. Last, the UO,** was back-
extracted with water from the organic phase.
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2.4 Regeneration-reuse of PAO/rGO composites

We selected HCI solution as eluent for the regeneration of
the PAO/fGO composites. After adsorption with UO,™,
~100 mg of 2.0PAO/rGO was shaken in different HCI solu-
tions at 20 °C for 2 h to screen the concentration of HCI
solutions.

Next, ~100 mg of PAO/rGO composites after UO,** ad-
sorption were thoroughly washed with the selected HCl
solution and Milli-Q water until UO,** was not detected in
the aqueous solution. After that, the PAO/rfGO composites
were oven dried at 50 °C for one week to obtain the regen-
erated PAO/rGO composites, which were reused in the fol-
lowing experiments.

3 Results and discussion
3.1 Adsorbent characterization

The prepared PAO/rGO composites were characterized by
Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), thermogravimetric analysis (TGA), and scanning
electron microscopy (SEM).

Raman spectroscopy technique, which can provide qual-
itative information about the surface functionalization of
carbon-based materials, was employed to study the disorder
degree of PAO/rGO composite surfaces. As can be seen
from Figure 1, the Raman spectra of tGO and PAO/rfGO
composites are composed of two major characteristic peaks
at ~1347 (D band) and ~1582 cm™' (G band), which corre-
spond to the vibration of disordered structure (e.g., the de-
fects in the curved graphite sheet, sp> carbon, and/or other
impurities) and the vibration of sp>-hybridized carbon atoms,
respectively. Comparing to the G band of GO at ~1612 cm ™,
a ~30 cm™' significant decrease can be found in the G band
of 1GO and PAO/AGO composites at ~1584 cm™. This
phenomenon can be assigned to the reduction of GO by
NH,OH. Zhao et al. [21] reported that NH,OH can reduce
GO to graphene and found that the G band decreased from
~1600 to ~1586 cm™". The peak-intensity ratio of D band to
G band (Ip/Ig) is usually used to evaluate the degree of edge
roughness and structural defect of carbon-based materials.
Compared to the Ip/lg value of GO (~1.00), the Ip/Ig value
of rGO was increased to ~1.42 after NH,OH treatment. This
results means that the NH,OH can successfully reduce GO
to rGO. However, compared to the Ip/lg value of rGO
(~1.42), the Ip/lg values of PAO/rGO composites were de-
creased to 1.04-1.16, which suggests that the formed PAO
on PAO/rGO composite surfaces mainly existed in the form
of amorphous carbon materials. We have previously found
that the modification of multiwalled carbon nanotubes
(MWCNTs) with special functional groups, such as
poly(aniline) [22], poly(methylmethacrylate) [23], and B-
cyclodextrin [24], increased the disorder degree of
MWCNTs.
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Figure 1 Raman spectra of GO, rGO, and PAO/rGO composites.

In XPS, the reduction of GO to rGO and the introduction
PAO on rGO surface was observed as a lower energy shift
of the C 1s spectrum between GO and PAO/rGO compo-
sites (Figure 2(a)), which was further confirmed by the de-
convolution results (Table 1). The XPS C 1s spectra of GO
and PAO/tGO composites can be deconvoluted into five
components. The peaks at 284.6 + 0.2 and 285.8 + 0.2 eV
corresponded to the sp” hybridized graphite-like carbon at-
oms (C=C) and sp3—hybridized carbon atoms (C-C), respec-
tively. The peaks at 286.7 = 0.2, 287.4 + 0.2, and 288.8 +
0.2 eV were assigned, to the C-O single bonds, ethers, or
alcohols; C=0 double bonds such as aldehyde or ketone;
and C(=0)OR as ester or carboxylic, respectively. In addi-
tion, abundant oxygen-containing carbon species in GO
were reduced to C=C in PAO/rGO composites, which indi-
cated the success reduction of GO to rGO under the ami-
doximation condition.

The XPS N 1s spectra intensities of PAO/rfGO compo-
sites were proportional to the content of PAO (Figure 2(b)),
and can be deconvoluted into three components (Table 2).
The two typical peaks of PAO were found at 399.4 + 0.2
and 400.2 + 0.2 eV, which were assigned to N=C-CH/
NH,-C=N-OH and H,N-C=NOH, respectively [25]. The
new peak at 401.5 + 0.2 eV may be attributed to the posi-
tively charged nitrogen atoms [25, 26]. The amidoximation
degree of PAO/rGO composites can be semi-quantita- tively
determined by the integration area of oxime N 1s signal at
400.2 + 0.2 eV to the area of N 1s signal at 399.4 + 0.2 eV
[25]. The calculated results gave similar amidoximation
degrees of PAO/rGO composites, indicating the effectively
conversion of poly(acrylonitrile) to PAO.

Surface topology is one of the important factors that af-
fect the adsorption capacities of PAO/rGO composites. We
investigated the reaction condition-surface topology rela-
tionships for PAO/rGO composites by SEM (Figure 3). The
synthesized rGO nanosheets presented a smooth surface
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Figure 2 XPS C Is spectra (a) and N 1s spectra (b) of GO and PAO/rGO composites.

Table 1 Curve-fitting results of XPS C 1s spectra

Peak BE? (eV) FWHM ? (eV) Relative fraction (%)
Cc=C 284.61 1.45 40.0
c-C 285.90 0.75 2.05
GO —-C-OH 286.64 1.18 31.0
>C=0 287.36 2.00 20.2
-COO™ 288.80 1.46 6.78
Cc=C 284.61 1.19 69.1
Cc-C 285.84 0.92 9.25
0.25PAO/rGO —-C-OH 286.60 0.90 5.14
>C=0 287.38 1.77 6.76
-COO™ 288.72 1.93 9.76
Cc=C 284.62 1.16 67.6
c-C 285.80 1.00 9.21
0.5PAO/rGO —-C-OH 286.60 1.11 7.04
>C=0 287.50 2.15 8.34
-COO™ 288.79 2.20 7.86
Cc=C 284.59 1.20 63.0
c-C 285.71 1.26 16.3
1.0PAO/rGO —-C-OH 286.60 0.82 3.50
>C=0 287.50 2.13 11.9
-COO~ 288.70 1.49 5.28
Cc=C 284.56 1.20 63.0
c-C 285.70 1.21 14.6
2.0PAO/rGO —-C-OH 286.60 0.79 3.57
>C=0 287.50 2.05 12.3
-COO™ 288.70 1.74 6.54
c=C 284.58 1.29 62.7
c-C 285.90 1.29 16.0
4.0PAO/rGO -C-OH 286.60 0.70 3.13
>C=0 287.50 2.13 18.0
-COO~ 288.70 1.00 0.19

a) Binding energy; b) full width at half-maximum.

morphology, like that of GO sheets, with a size of several structures. After being decorated with PAO, the surface of
micrometers (Figure 3(a)). Due to the decrease of hydro- the rGO nanosheets became rough and shaggy, and showed
philic property [27], the rGO sheets were agglomerated and hierarchical morphologies (Figure 3(b—f)), which indicated
accumulated, and presented layer-by-layer stacking micro- the nucleation and growth of PAO. Moreover, a continuous
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Table 2 Curve-fitting results of XPS N 1s spectra
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Peak BE (eV) FWHM (eV) Relative fraction (%) R (H,N-C=NOH/N=C)

N=C 399.35 2.13 36.7

0.25PAO/rGO H,N-C=NOH 400.15 1.48 36.3 0.99
N* 401.51 1.59 27.0
N=C 399.40 1.37 43.7

0.5PAO/rGO H,N-C=NOH 400.20 1.37 423 0.97
N* 401.53 1.30 14.0
N=C 399.40 1.37 43.7

1.0PAO/rGO H,N-C=NOH 400.20 1.37 423 0.97
N* 401.53 1.30 14.0
N=C 399.40 1.50 43.1

2.0PAO/rGO H,N-C=NOH 400.10 1.34 41.2 0.96
N* 401.43 1.47 15.7
N=C 399.44 1.47 47.9

4.0PAO/rGO H,N-C=NOH 400.16 1.76 47.0 0.98
N* 401.56 0.96 5.09

Figure 3 SEM images of (a) rGO, (b) 0.25PAO/rGO, (c) 0.5PAO/rGO,
(d) 1.0PAO/1GO, (e) 2.0PAO/rGO, and (f) 4.0PAO/rGO.

increasing intensity of the wrinkle and entanglement was
observed, with a high intensity at 2.0PAO/rfGO and
4.0PAO/rGO.

We believed that acrylonitrile monomers would bind on
the surfaces of the dispersed GO before polymerization.
Once initiated by (NH,4),S,0s, acrylonitrile monomers be-
gan to polymerize and form many tiny and irregular protu-
berances on GO surfaces, which give a good dispersion sta-
tus of PAO on GO surfaces. The polymerized poly(acrylo-
nitrile) could function as new “active centers” for a further
polymerization process to form porous microstructures,

which provided convenient diffusion channels for metal
ions (such as UO,?") into the interior of adsorbent [27-29]
and also improved its adsorption capacity. However, too
much poly(acrylonitrile) in the formed pore and hole can
reduce the pore size and/or even fill the pores of adsorbents
(such as 4.0PAO/rGO), which would have an adverse effect
on the interior diffusion of UO,* in PAO/rGO composites
and would reduce its adsorption capability.

TGA characterization is also carried out to detect the
weight percent of PAO in PAO/rfGO composites and to
study the thermal stability of PAO/rGO composites. As can
be seen from Figure 4, the weight losses of PAO/rGO com-
posites increased with the increasing amounts of PAO. The
notable weight loss of PAO/tGO composites from room
temperature up to ~130 °C is related to the loss of moisture,
which indicated the hydrophilicity of PAO/rGO composites.
As depicted in Figure 4, the rGO prepared by NH,OH of
GO presents excellent thermal properties, such as pristine
graphite [30, 31], and the significant weight loss of PAO/
rGO composites in the temperature range of 130-800 °C are
mainly attributed to the thermal decomposition and pyroly-
sis of PAO. After the decomposition temperature was in-
creased to 700 °C, ~94.7% rGO [31] and only ~46.8% PAO
[32] were retained in nitrogen condition. Therefore, the real
weight ratio of PAO to rGO in PAO/rGO composites can be
calculated as 0.25:1, 0.47:1, 1.00:1, 1.47:1, and 3.18:1 for
0.25PAO/rGO, 0.5PAO/rGO, 1.0PAO/rGO, 2.0PAO/rGO,
and 4.0PAO/rGO, respectively. These results coincide well
with the ratio of acrylonitrile monomer to GO at low acrylo-
nitrile concentration, and lower than the ratio of acrylonitrile
monomer to GO at high acrylonitrile concentration used in
our experiment. This ratio is acceptable because high con-
centration of acrylonitrile monomer would be beneficial to
the homogeneous nucleation of an acrylonitrile monomer,
which would form random connections of acrylonitrile
monomer in solution. Low concentrations of acrylonitrile
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Figure 4 TGA curves of PAO/rGO composites.

monomer favor the heterogeneous nucleation of acryloni-
trile monomer on GO nanosheets, which would form regu-
larly aligned poly(acrylonitrile) on GO nanosheets. Our
TGA results indicate that the amount of PAO in PAO/rGO
composites could be adjusted simply by changing the mass
ratio of acrylonitrile monomer to GO during the fabrication
processes.

3.2 Adsorption of UO,* on PAO/rGO composites

A comparison of the adsorption abilities of rGO, PAO, and
different PAO/rGO composites as a function of UO,** con-
centration, salinity, pH, and adsorbent content were carried
out and studied with a batch adsorption technique. The ad-
sorption isotherms were collected with a contact time of 48 h,
m/V =0.05 g/L, pH 4.0 £ 0.1, C[NaCl] = 0.1 mol/L, and T =
20 = 1 °C (Figure 5(a)). The adsorption capacities of PAO/
rGO composites for UO,™ reached as high as 872 mg/g at
pH 4.0. The adsorption data were simulated by the Langmuir
and Freundlich models; the relative parameters calculated
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from the two models are listed in Table 3. The Langmuir
model gave better correlation coefficients and matched the
experimental data much better than the Freundlich model
did. The applicability of the Langmuir model suggested that
PAO/rGO composite surfaces were uniform and homoge-
neous for UO,** adsorption, and that the adsorbed UO,**
ions would form a monolayer on the surface of PAO/rGO
composites. The Cyna values of UO,* on rGO, PAO, and
2.0PAO/rGO composites at pH 4.0 were calculated to be
~33, ~188, and ~896 mg/g, respectively, based on the
Langmuir model. Although rGO demonstrated minimal
adsorption ability for UO,*, PAO gave very low adsorption
ability, however, the adsorption ability of PAO/rfGO com-
posites for UO,™ increased rapidly with a maximum value
at 2.0PAO/rGO. A further increment of PAO would dra-
matically decrease its adsorption ability, which can be in-
terpreted as the steric hindrance effect (morphology) as
shown in SEM images. The adsorption process usually in-
cludes three stages: (1) external diffusion of contaminants
from aqueous solutions to the external surface of the adsor-
bent; (2) interior diffusion of contaminants into the interior
surface of the adsorbent; and (3) intrinsic complexation of
contaminants with the active sites of the adsorbent [33, 34].
Considering that 2.0PAO/rGO presents a maximum inten-
sity of the wrinkle and entanglement (Figure 3), the steric
hindrance (morphologies) of PAO/rGO composites would
affect the diffusion of U022+. This means that the accumu-
lated, thick PAO layer (such as in 4.0PAO/rGO) would re-
sult in poor adsorption capability, as confirmed in our ad-
sorption study. Similar effects were observed in our previ-
ous work on multiwalled carbon nanotubes, for example
metal ions (Pb”*) [35] and organic contaminants (polychlo-
rinated biphenyls) [24].

Similar adsorption conditions were also applied to syn-
thesized nanomaterials and traditional adsorbents. None
gave adsorption abilities comparable to PAO/rGO for UO,™,

1000

800

600

400

200

0 10 20 30 40
C,, (mg/L)

Figure 5 Adsorption isotherms of UO,* ions from aqueous solutions on PAO/rGO composites. Contact time = 48 h, m/V = 0.05 g/L, pH 4.0 + 0.1, C[NaCl]

=0.1mol/L. (a) T=20+ 1 °C; (b) 2.0PAO/GO.
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which indicated the strong selectivity for PAO/rGO compo-
sites. Under optimized adsorption conditions, 2.0PAO/rGO
composite was selected as the representive material for our
study of the effect of environmental salinity on UO,** ad-
sorption.

Three different temperatures, 0, 20 and 40 °C, were se-
lected to evaluate the impaction of environmental tempera-
ture for UO,™ extraction upon the adsorption isotherms
(Figure 5). It can be seen that the adsorption ability in-
creased at higher temperatures. The related thermodynamic
parameters calculated from the temperature-dependent iso-
therms are listed in Table 4. The positive values of standard
enthalpy changes (AH’) indicated an endothermic process
for the adsorption of UO,** on 2.0PAO/rGO composite that
was consistent with our observed results and the literature
[15, 16, 36]. The negative values of Gibbs free energy
change (AG®) indicated that UO,** adsorption on 2.0PAO/
rGO was a spontaneous process [37]. The positive values of
the entropy change (AS”) reflected the strong affinity of
2.0PAO/rGO with UO,™.

Salinity is also a critical environmental factor that affects
the extraction of UO,*" from seawater because of the possi-
ble competitive adsorptions of other coexisting cations.
However, PAO can highly adsorb UO,** from other metal
ions. Bilba et al. [38] reported that PAO had no affinity for
most common cations in aqueous solutions, such as Na*, K*,
Ca®, and Mg®. Rivas et al. [39] prepared PAO-chelating
resin that exhibited excellent affinity for UO,*" in the pres-
ence of other metal ions. The salinity of wastewater is usu-
ally > 0.4 g/kg; for seawater the usual salinity is 36-38 g/kg.
We selected cations as well as Na*, K*, Ca** and Mg** as
the coexisting cations to investigate the adsorption efficien-
cies of 2.0PAO/rGO composites. The concentration of the
coexisting cations ranged within 0.001-0.75 mol/L, which
is about 5-3570 times higher than for UO,**. As depicted in

Sci China Chem

November (2014) Vol.57 No.11 1455
Figure 6, the 2.0PAO/rGO composite presented excellent
tolerance to Na™ and K*, whereas, slightly reduced adsorp-
tion efficiency was observed for Ca*" and Mg2+; the latter
was attributed to the ternary complexes formed by UO,**
and CO,* with Mg** and Ca®* [40, 41]. It is also notewor-
thy that the salinity we studied included most real salinities
in aqueous solutions, which reveals that PAO/rGO compo-
sites can be used as promising adsorbents to extract large
amounts of trace UO,*" ions from seawater.

We know that pH value is one of the most important en-
vironmental factors that controls the preconcentration and
separation of UO,** from aqueous solutions. As can be seen
from Figure 6(b), the adsorption of UO,** on PAO/AGO
composites was strongly pH-dependent and rapidly in-
creased with increasing pH values from ~2.0 to ~6.5. This
result suggests that the adsorption of UO,** on PAO/rGO
composites is affected by the hydrolysis of UO,**ions and
the protonation-deprotonation of PAO in aqueous solutions.
Barber et al. [18] and Zhang et al. [28, 29] reported that
PAO is normally protonated in acidic solution, and that the
protonation-deprotonation of PAO and the hydrolysis of
UO,™ ions in aqueous solution are important factors that
affect the adsorption of UO,**on PAO-containing materials.

3.3 Regeneration-reuse of PAO/rGO composites

The regeneration-reuse property of PAO/rGO composites
was also investigated for potential commercial applications.
The regeneration was usually processed by eluting with
different acidic or basic solutions, such as HCI [42], HNO;
[42, 43], H,SO,4 [39, 42], and Na,CO; [39]. Herein, HCI
was selected to regenerate 2.0PAO/rGO due to its quantita-
tive efficiency to elute U022+ [42]. The desorption efficien-
cy compared to Cyc is shown in Figure 7(a), which clearly
illustrates that 0.1 mol/L HCI can remove UO,* in nearly

Table 3 Experimental saturated adsorption capacity (Sat. C,), Langmuir parameters and Freundlich model for UO,**adsorption on rGO, PAO, and PAO/

rGO composites at 20 + 1 °C

Langmuir model

Freundlich model

Adsorbents Sat. C; (mg/g) > >
Comax (mg/g) b (L/mg) R K(mg/g) 1/n R
0.25PAO/rGO 206 229 0.167 0.996 61.8 3.00 0.948
0.5PAO/rGO 227 249 0.211 0.984 76.4 3.24 0.917
1.0PAO/rGO 253 274 0.223 0.990 86.0 3.26 0.907
2.0PAO/rfGO 872 896 0.709 0.994 374 3.21 0.900
4.0PAO/rGO 439 464 0.341 0.996 172 3.64 0.920
rGO 29 33 0.120 0.989 7.83 2.83 0.958
PAO 161 188 0.0926 0.993 32.0 2.32 0.946
Table 4 Thermodynamic parameters for UO,>* adsorption on 2.0PAO/rGO
T (°C) InK’ (mL/g) AG® (kI/mol) AH® (kI/mol) AS° (J/(mol K))
0 12.2 -27.7
20 12.7 -31.0 142 154
40 13.0 -33.8
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quantitative yield. The adsorption efficiencies of the regen-
erated PAO/rGO composites for UO,**, which stayed nearly
the same even after 8 recycles (Figure 7(b)), are also prom-
ising. This easy adsorption-desorption cycle showed prom-
ising potential applications of PAO/rGO composites for the
high extraction of trace UO,” ions from large volumes of
aqueous solutions.

3.4 Real application of PAO/rGO composites to extract
ng/L level UO,* from seawater

The real application of PAO/rGO composites in the extrac-
tion of naturally occurring UO,** from seawater is shown in
Table 5. A contaminated mg/L level UO,™ water from the
Yangtze River (5-0 mg/L UO,**, m/V = 0.050 g/L, pH
7.5-4.0) was adsorbed by 2.0PAO/rGO with high adsorp-
tion efficiencies of 77%—99%. With this promising result,
lower pg/L-level-contaminated (10-1000 pg/L U022+, mlV
=0.050 g/L, pH 8.2) UO,** water from East China Sea was
collected for further investigation. A slightly lower effi-
ciency was obtained for 2.0PAO/rGO in the range of 67%—

86%. Finally, this adsorption method was applied to natu-
rally occurring UO,** (3.2 pg/L UO,™, m/V = 0.050 g/L, pH
8.2) seawater (East China Sea). An amazing result was
achieved with an efficiency of 65%, which strongly en-
courages the direct applications of the PAO/rGO compo-
sites in U022+ extraction from seawater.

4 Conclusions

PAO was successfully introduced onto an rGO surface by
using in situ polymerization of acrylonitrile monomer and
subsequent amidoximation with hydroxylamine. The results
of batch adsorption experiments revealed that the PAO/rGO
composites can highly adsorb trace level UO,** ions from
aqueous solution in the presence of other cations. The ad-
sorption abilities to UO,* ions were pH-dependent and the
adsorption process was found to be endothermic and spon-
taneous. These results make PAO/rGO a potential adsorbent
for U022+ extraction from seawater.
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Table 5 Selected extraction results of UO,>* from aqueous solutions with 2.0PAO/rGO

C[UO,™] (ng/L)

Sample Salinity pH mlV (g/L) — - Adsorption (%)
Initial Final
7.5 0.050 50000 152 99.7
6.4 0.050 50000 353 99.3
5.5 0.050 50000 2952 94.1
Yangtze River water 21:1a+ (8.7 mg/L), }(* (2.0 mg/L), Ca™* (32;2 mg/L), 4.4 0.050 50000 8870 82.3
Mg~ (9.7 mg/L), CI" (12.1 mg/L), and SO4~ (32.2 mg/L) 4.0 0.050 50000 11500 77.0
4.0 0.050 25000 1370 94.5
4.0 0.050 10000 452 95.5
4.0 0.050 5000 226 95.5
8.2 0.050 1000 138 86.2
9 Na* (11.0 g/L), K* (0.364 g/L), Ca*™ (0.419 g/L), 52 0.050 200 24 758
Seawater * Mg?* (1.33 g/L), CI (19.8 /L), and SO (2.7 g/L.) 8.2 0.050 50 10.9 78.2
8.2 0.050 10 3.27 67.3
8.2 0.050 3.2 1.13 64.8
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