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Fabrication of a phosphorylated graphene oxide–
chitosan composite for highly effective and
selective capture of UĲVI)†‡
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Uranium is not only a strategic resource for nuclear power but also a highly toxic contaminant in the
environment. Although a series of traditional capturing materials including zeolites, metal–organic frameworks, mesoporous silica, and carbon-based nanomaterials have been investigated and developed, the
combined advantages of decent stability, ultrafast removal kinetics, high sorption capacity, great selectivity,
and potential recyclability have yet to be integrated into a single material. Herein, a new synthesis strategy
was developed to synthesize a novel phosphorylated graphene oxide (GO)–chitosan (CS) composite (denoted as GO–CS–P) for UĲVI) removal. The crosslinking of GO with CS and the subsequent phosphorylation
of the GO–CS composite were demonstrated by scanning electron microscopy (SEM), powder X-ray diffraction

(PXRD),

Fourier

transform

infrared

spectroscopy

(FTIR),

zeta

potential

measurement,

thermogravimetric (TG) analysis, and scanning transmission electron microscopy (STEM). Batch experiments and spectroscopic analysis were performed to explore the removal performance and mechanism of
GO–CS–P towards UĲVI). The results showed that the uptake of UĲVI) was ultrafast as the sorption equilibrium
could be reached within 15 min. The maximum sorption capacity of UĲVI) at pH 5.0 and 293 K was calculated to be 779.44 mg g−1, one of the highest values among the currently reported adsorbents. GO–CS–P
also exhibited an excellent selectivity for capturing UĲVI) from a mixture containing multiple competing
Received 10th May 2017,
Accepted 25th July 2017
DOI: 10.1039/c7en00412e
rsc.li/es-nano

metal ions. According to the desorption experiments, FTIR, X-ray absorption spectroscopy (XAS) and X-ray
photoelectron spectroscopy (XPS) analysis, the highly efficient immobilization of UĲVI) in GO–CS–P was predominantly controlled by inner-sphere surface complexation with a minor contribution of surface reduction. The experimental findings demonstrated the feasibility of using GO–CS–P for used nuclear fuel partition and uranium-bearing wastewater remediation.

Environmental significance
Although a vast number of sorbent materials have been investigated and developed for capturing uranium as one of the critical heavy metal contaminants
in the environment, the combined advantages of decent stability, ultrafast removal kinetics, high sorption capacity, great selectivity, and potential
recyclability have yet to be integrated into a single material. This study highlights the rational design of a novel GO–CS–P composite exhibiting ultrafast
removal kinetics (uptake equilibrium is reached within 15 min), high sorption capacity (∼779 mg g−1 at pH 5.0 and 293 K, one of the highest values among
the currently reported adsorbents) and more importantly excellent selectivity towards UĲVI). The underlying capturing mechanism is elucidated by a
combination of multiple spectroscopic techniques, shedding light on strategies for uranium recycling from nuclear wastewater and contamination
remediation from natural water systems.
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1 Introduction
Uranium, a key strategic resource of the nuclear fuel cycle,
can be discharged into the aquatic environment via a variety
of nuclear-related processes such as used fuel reprocessing,
waste disposal, weapon testing, and nuclear accidents.1,2 The
two major radioisotopes of uranium, i.e., 235U and 238U, have
extremely long half-lives of 7.04 × 108 and 4.47 × 109 years, respectively.3 Under aerobic conditions, uranium is predominately present as the uranyl (UO22+) ion with high solubility
and mobility, which can be easily accumulated by various organisms via food chains. Excessive exposure to uranium may
induce serious diseases such as nephritis, DNA damage or
canceration.3,4 It is therefore urgent to develop advanced
technologies and materials to extract uranium from wastewater and contaminated natural water systems.
The sorption approach is widely used in wastewater disposal due to its multiple advantages such as easy operation,
high availability, low cost, and favorable removal performance.5 To date, a series of adsorbent materials have been
developed for the highly efficient capture of UĲVI), including
natural occurring polymers with low cost and good biocompatibility,6 mesoporous silica and metal–organic frameworks
(MOFs) with high porosities, excellent designability and
functionalizability,7,8 and carbon-based nanomaterials with
high stability, large specific surface area and abundant functional groups.9–11 In addition, amine, amidoxime, thiol, and
phosphonate groups were also introduced onto the surfaces
of these substrates to improve their sorption affinity and selectivity for UĲVI).12–14 Generally, an excellent adsorbent
should meet the prerequisites of combined decent stability,
ultrafast removal kinetics, high sorption capacity, great selec-
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tivity, and potential recyclability. In fact, very few of the
above-mentioned UĲVI)-capturing materials simultaneously
possess these advantageous features. Besides, the underlying
removal mechanisms of UĲVI) have not been fully explored, especially for materials with complicated structures and multiple types of functional groups. Therefore, more efforts are required to produce new adsorbents with enhanced removal
performance and an explicit structure–property relationship.
Based on the foregoing environmental requirement, a rational design strategy (as shown in Fig. 1) is developed to synthesize a new type of phosphorylated graphene oxide (GO)–
chitosan (CS) composite (denoted as GO–CS–P) for highly efficient and selective capture of UĲVI). GO nanosheets are selected as the base material owing to their large specific surface
area and rich functional groups (i.e., –OH and –COOH).15,16
The surfaces of GO can be easily modified with chitosan (CS)
molecules via amidation reaction between carboxyl and amino
groups. The covalent crosslinking and noncovalent interactions (e.g., hydrogen bonding and conjugation) between GO
and CS result in the formation of the GO–CS composite with a
three-dimensional structure.17,18 The plentiful hydroxyl sites
on the formed GO–CS composite can be further phosphorylated by the classical Arbuzov reaction.19 Owing to the high affinity between phosphonate sites and UĲVI), the GO–CS–P composite with reduced carboxyl and hydroxyl sites and sufficient
phosphate groups is expected to show high removal performance and excellent selectivity towards UĲVI).20 Apparently,
this strategy not only takes advantage of the high specific surface area of GO, the low cost and further functionalizability of
CS, and the great UĲVI) affinity of phosphonate ligands, but
also combines all these features into one integrated composite. Herein, a series of characterization approaches are

Fig. 1 Procedures and mechanisms for the synthesis of the GO–CS–P composite.
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adopted to determine the physicochemical properties of the
prepared GO–CS–P composite. Batch experiments are carried
out to explore the removal performance and selectivity of GO–
CS–P towards UĲVI) under various environmental conditions.
In addition, the underlying interaction mechanisms of UĲVI)
with GO–CS–P are clearly identified by combining the desorption experiment with PXRD, FTIR, XAS, and XPS techniques.

2 Materials and methods
2.1 Materials and reagents
Flake graphite (<600 μm, 99.95% purity) and triethyl phosphite were purchased from Aladdin Industry Co. Ltd., Shanghai, China. Chitosan of analytical grade was purchased from
Shanghai Yuanye Bio-Technology Co. Ltd. UO2ĲNO3)2·6H2O was
obtained from a commercial supplier. All other purchased
chemicals were analytically pure and directly used in the experiments. The UĲVI) stock solution was prepared by dissolving a specific amount of UO2ĲNO3)2·6H2O in deionized water.
2.2 Synthesis of GO, GO–CS and GO–CS–P
Few-layered GO nanosheets were synthesized by a modified
Hummers method with flake graphite as the raw material.21
Typically, 25 mL of concentrated H2SO4 solution, 0.75 g of
K2S2O8 and 0.75 g of P2O5 were used to pre-oxidize the graphite (1.0 g) at 80 °C for 4.5 h. Then, the pre-oxidized graphite
was collected and dried after dilution and filtration. The
obtained solid was mixed with 125 mL of concentrated H2SO4
solution and KMnO4 (1.0 g) was slowly added to it with stirring in an ice bath, then the reaction was transferred into a
water bath and kept at 35 °C for 24 h. Lastly, after dilution
with a certain amount of water, 30% H2O2 (25 mL) was added
to the reactant until the solution turned bright yellow. The
mixture was centrifuged and rinsed several times with 3.4%
HCl solution and acetone to remove the impurities. The residue was re-dispersed into Milli-Q water for the following centrifugation under different rotation speeds to exfoliate the
GO nanosheets from the graphite oxide aggregates. The
resulting product was dried under vacuum freeze conditions
for 2 days. Then, in order to prepare the GO–CS composite,
4.0 g chitosan and 0.2 g GO were separately dispersed in 250
mL deionized water. Then, the GO suspension was slowly
added into the chitosan solution and the resulting mixture
was refluxed at 60 °C with vigorous stirring for 24 h. The
GO–CS powder was collected through centrifugation and lyophilization for 2 days. The GO–CS–P composite was prepared via a typical Arbuzov reaction.19 Briefly, 0.2 g GO–CS
powder was dispersed in 400 mL triethyl phosphite and ultrasonically oscillated for 1.5 h. The mixture was then transferred into an oil bath and refluxed at 150 °C with continuous stirring and N2 purging for 36 h. The product was
centrifuged and the sludge was repeatedly washed with tetrahydrofuran (THF), H2O and N,N-dimethylformamide (DMF).
The resulting product was dried under vacuum freeze conditions for 2 days.
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2.3 Characterization
The PXRD patterns of the synthesized materials were collected on a Bruker D8 Advance diffractometer with Cu Kα (λ
= 1.54056 Å) radiation. The FTIR spectra in the range of
4000–400 cm−1 were recorded on a Thermo Nicolet 6700
spectrometer. The zeta potentials were measured with a
Zetasizer Nano ZS90 analyzer. The thermogravimetric (TG)
curves within 30–600 °C were collected on a NETZSCH STA
449F3 instrument under a nitrogen flow. To identify the specific form of surface-decorated P-containing groups, the asprepared GO–CS–P composite was annealed at 900 °C and
further characterized by FTIR. The TEM image and elemental
maps (i.e., C, N, O and P) of GO–CS–P were collected on a
Tecnai G2 spirit BioTwin transmission electron microscope.
2.4 Batch experiments
The experiments of UĲVI) uptake by GO, GO–CS and GO–CS–P
were conducted under ambient conditions. Briefly, the adsorbent suspension, NaNO3 and UĲVI) stock solution were simultaneously added into a series of polyethylene centrifuge tubes
to achieve the desired concentrations. Herein, NaNO3 was
adopted as the background electrolyte due to the wide presence of Na+ and NO3− ions in natural and polluted water systems. Specifically, a concentration of 0.01 mol L−1 was used
to simulate the average ionic strength in the aquatic
environment.22–24 The pH values were adjusted by adding a
small volume of HNO3 and/or NaOH solutions. It is worth
noting that the deviation from the solid/liquid ratio of the
used adsorbents is less than 1% due to the pH adjustment.
Then, the suspensions were gently oscillated for 24 h and
centrifuged to separate the solid from the liquid phase. The
supernatants were filtered with 0.22 μm filtration membranes
and the concentrations of UĲVI) in the resulting filtrates were
determined by inductively coupled plasma-atomic emission
spectrometry (ICP-AES) or inductively coupled plasma-mass
spectrometry (ICP-MS) depending on the specific concentration. The sorption percentage and sorption amount were calculated from the following equations:
(1)

(2)
where C0 (mg L−1) is the initial UĲVI) concentration, Ce (mg
L−1) is the residual UĲVI) concentration and m/V (g L−1) is the
solid-to-liquid ratio of the uptake systems.
2.5 Spectroscopic analysis
Samples for XPS and XAS analysis were prepared using a
method similar to that adopted for batch experiments. Specifically, the sorption experiments were conducted at pH 5.0
with a solid-to-liquid ratio of 0.05 g L−1 and an initial UĲVI)
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concentration of 5.0 × 10−4 mol L−1 by using 500 mL Erlenmeyer flasks. The UĲVI) stock solution was introduced in 10–
50 μL increments into the adsorbent suspensions under constant stirring to avoid the precipitation of UĲVI) ions. The pH
values of the mixtures were monitored and maintained at 5.0
during the addition of UĲVI) stock solution. The suspensions
were shaken on a rotating oscillator for 24 h and centrifuged
to separate the solid and the liquid phases. The residual wet
pastes were wrapped in a moist paper towel and then sealed
in a Ziploc bag. To inhibit further interactions between UĲVI)
and the adsorbents before the spectral collection, the Ziploc
bag was put in a sealed glass jar and kept in cold storage.
XPS spectra were acquired with a KratosAxis UltraDLD
spectrometer using a monochromatic Al Kα source (1486.6
eV). The analyzer uses hybrid magnification mode (both
electrostatic and magnetic) and the take-off angle is 90°. The
XAS data were collected less than 24 h after centrifugation.
The U LIII-edge XAS spectra were recorded at BL14W1 of
Shanghai Synchrotron Radiation Facility (SSRF, China) under
the transmission mode. The electron beam energy was 3.5
GeV and the X-ray energy was tuned using a Si (111) monochromator. XAS data analysis was processed by using the
Athena and Artemis software. The theoretical amplitude and
phase-shift functions were calculated with FEFF 7.0 by using
the crystal structure information of UO2ĲCH3COO)2·2H2O,
UO2ĲNH2)2OĲH2O)3, CaUĲPO4)2·H2O and HUO2PO4·4H2O.25–29

3 Results and discussion
3.1 Characterization
Modification and/or functionalization on the surfaces of the
substrate material would strongly affect its morphology and
intrinsic properties. Scanning electron microscopy reveals the
surface features and interfacial interactions of pure GO nanosheets, GO–CS, and the GO–CS–P composite. As shown in
Fig. 2A, the basal planes and surfaces of the GO material display a very smooth morphology and it is an almost transparent, thin, and crumpled sheet. However, after grafting with
CS, the surface of GO becomes rougher (Fig. 2B), indicating
the crosslinking or entanglement of GO with CS. A further increased roughness of the modified GO–CS composite surface
is achieved by the following phosphorylation (Fig. 2C), which
is beneficial for metal ion trapping applications.
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The PXRD pattern of GO exhibits a single diffraction peak
at 2θ = 10.0°, which is totally different from that of graphite
at 2θ = 26.5° (Fig. 3A). This phenomenon verifies the successfully oxidation of graphite to GO nanosheets.30,31 After being
coupled with CS, the intensity of the sharp diffraction peak
of pure GO is greatly weakened and a broad peak with an extremely weak intensity appears at 17.5°. The subsequent
phosphorylation procedure of the GO–CS composite leads to
the disappearance of its diffraction peaks (i.e., 10.0° and
17.5°) and the presence of a broad peak at 20.0°. These variation trends originate from the aggregation of GO nanosheets
in the presence of shear forces and van der Waals forces during the grafting reaction.32,33
To better understand the specific constituents of the synthesized materials, FTIR spectra were collected and the results are shown in Fig. 3B. For GO, the broad band at 3314
cm−1 is attributed to the stretching vibration of the –OH
bond. The absorption peaks at 1725 and 1616 cm−1 belong to
the CO and CC vibrations, respectively.34 The bands at
1172 and 1036 cm−1 represent the characteristic C–O vibrations. As for pristine CS, the broad band around 3314 cm−1
originates from the joint contribution of amino and hydroxyl
groups. The characteristic peaks at 1663 and 1582 cm−1 correspond to the vibrations of the –NH2 group. The strong peak
near 1016 cm−1 represents the anti-symmetric bridge
stretching of the C–O–C bond in the glycosidic linkage.35 The
crosslinking reaction between GO and CS results in some
changes in their FTIR spectra. Specifically, the vibration
intensity of CO bonds (1725 cm−1) in the GO structure becomes much weaker. Meanwhile, the absorption peak of
–NH2 sites in the side chains of CS disappears and the
stretching vibration of the amido bond appears at 1623
cm−1.36 This phenomenon indicates the formation of the
GO–CS composite due to the amidation reaction. The subsequent phosphorylation of the formed GO–CS composite leads
to a decrease in the vibration intensity of –OH bonds (3314
cm−1). In addition, the newly introduced phosphoruscontaining moieties exhibit characteristic P–O vibrations at
1153, 1029 and 969 cm−1.37
The surface decoration of CS and phosphonate groups can
be further demonstrated by zeta potential analysis (Fig. 3C).
Specifically, the zeta potential of GO is negatively charged at
pH 2.0–10.0, which results from the massive oxygencontaining sites on its surfaces.20 After CS coating, the zeta

Fig. 2 SEM images of (A) GO, (B) GO–CS and (C) GO–CS–P.
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Fig. 3 (A) PXRD patterns, (B) FTIR spectra, (C) zeta potentials and (D) TG curves of graphite, GO, CS, GO–CS and GO–CS–P. T = 293 K, m/V = 0.05
g L−1, I = 0.01 mol L−1 NaNO3.

potential of GO dramatically rises due to the introduction of
N-containing groups.38 In contrast, GO–CS–P exhibits a much
lower zeta potential than GO–CS within the whole pH range.
This variation trend suggests that the successful achievement
of surface phosphorylation.
TG analysis was adopted to reveal the thermostability of
the synthesized materials. As shown in Fig. 3D, the pristine
GO exhibits a sharp weight loss within 100–275 °C due to the
pyrolysis of labile oxygen-containing groups.17 In contrast,
GO–CS exhibits higher thermal stability than GO in this tem-

perature range due to the consumption of carboxyl sites and
the introduction of polysaccharides.39,40 The subsequent
phosphorylation further improves the heat-resistance performance of GO–CS due to the occurrence of displacement reaction between the exposed hydroxyl sites and phosphonate
groups. Generally, radioactive wastewater would possess an
elevated temperature due to the fission of radionuclides
therein. Herein, the favorable thermal stability of the asprepared GO–CS–P composite is conducive to its application
in the purification of radionuclide-bearing effluents.

Fig. 4 TEM image and elemental mapping of GO–CS–P.
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Fig. S1 (see in the ESI,‡ denoted as ESI‡ in the following
text) shows the FTIR spectra of the as-prepared and annealed
(under a N2 flow) GO–CS–P samples. Clearly, the absorption
band at ∼1000 cm−1 remains unchanged after the annealing
treatment. In view of this point, one can conclude that the
surface-coated P-containing moieties are mainly in the form
of phosphonate rather than phosphite.19 As shown in Fig. 4,
the P elements are uniformly distributed in the sheet of GO–
CS–P. Herein, the uniformly coated phosphonate groups
would make a tremendous contribution to the subsequent
enrichment of UĲVI).

3.2 Macroscopic uptake data
The removal performance of GO, GO–CS and GO–CS–P
towards UĲVI) was explored under a series of environmental
conditions such as contact time, pH and initial UĲVI) concentration, respectively. Specifically, the uptake of UĲVI) by the
three adsorbents are all ultrafast and the kinetic processes
can reach equilibrium within a very short contact time of 15
min (Fig. 5A). This result indicates that the dominant removal mechanism is chemisorption rather than physical interactions or mass diffusion.41,42 One can also see from
Fig. 5A that the sorption percentage of UĲVI) on GO–CS–P is
slightly higher than that on GO, while it is obviously greater
than that on GO–CS. Herein, the GO nanosheets can provide
abundant hydroxyl and carboxyl groups for binding the finite
amount of UĲVI) in the aqueous solution. Hence, the removal
performance of UĲVI) by GO is comparable to that by GO–CS–
P, which possesses plentiful phosphonate and hydroxyl sites

Paper

on its surfaces. However, the crosslinking of GO with CS via
amidation greatly consumes the active carboxyl sites. As a result, the formed GO–CS composite shows a much lower capacity for capturing UĲVI). The sorption behaviors of UĲVI) are
greatly dependent on the solution pH (Fig. 5B). For the GO–
CS–P/U system, the uptake percentage sharply rises from
∼10% to ∼93% as the pH value increases from 2.5 to 6.5,
and then decreases to ∼45% with pH increasing to 9.5. Similar phenomena can be also observed for the GO/U and GO–
CS/U systems. The results herein can be elucidated by the intrinsic properties of the adsorbents and the speciation of
UĲVI) in solution. The zeta potential analysis (Fig. 3C) shows
that the surfaces of GO, GO–CS and GO–CS–P are all negatively charged at pH > 2.5. According to the thermodynamic
calculation of Visual MINTEQ,43 UO22+ and (UO2)3ĲOH)5+ are
the predominant UĲVI) species in the pH range of 2.5–6.5
(Fig. 5C). These positively charged species can be easily captured by the active sites on the negatively charged surfaces of
GO, GO–CS or GO–CS–P. In contrast, the decreased uptake
trends at pH > 6.5 arise from the electronic repulsion between the negative charged UĲVI) species (UO2ĲCO3)22− and
UO2ĲCO3)34− in Fig. 5C) and the adsorbent surfaces.44
Additional equilibrium experiments were carried out at
293 K to further evaluate the sorption capacity of GO, GO–CS
and GO–CS–P for UĲVI). As shown in Fig. 5D, the sorption
curves are of the classical L-type with a visible plateau of
the UĲVI) sorption amount at higher equilibrium concentration. This phenomenon preliminarily rules out the precipitation of UĲVI) during the removal procedure, under which condition the sorption amount would increase exponentially

Fig. 5 (A) Time-dependent sorption behaviors of UĲVI) onto GO, GO–CS and GO–CS–P. T = 293 K, pH = 5.0, m/V = 0.05 g L−1, CUĲVI)initial = 5.0 ×
10−5 mol L−1, I = 0.01 mol L−1 NaNO3; (B) effect of solution pH on the removal of UĲVI) by GO, GO–CS and GO–CS–P. T = 293 K, m/V = 0.05 g L−1,
CUĲVI)initial = 5.0 × 10−5 mol L−1, I = 0.01 mol L−1 NaNO3; (C) pH-depended speciation of UĲVI) in solution. T = 293 K, CUĲVI)initial = 5.0 × 10−5 mol L−1, I =
0.01 mol L−1 NaNO3; (D) sorption isotherms, Langmuir and Freundlich model fits of UĲVI) on GO, GO–CS and GO–CS–P. T = 293 K, pH = 5.0, m/V =
0.05 g L−1, I = 0.01 mol L−1 NaNO3. Symbols represent the experimental data, solid lines represent Langmuir model fits and dash lines represent
Freundlich model fits.
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with the rise of UĲVI) concentration in solution. In addition,
the blank experiment without the addition of adsorbents (see
the detailed information in the ESI‡) further eliminates the
potential formation of U-containing solid phases. Hence, the
highly-efficient removal of UĲVI) is due to sorption rather than
precipitation. In the lower equilibrium concentration region,
the sorption amount of UĲVI) on GO–CS–P is comparable to
that on GO (Fig. 5D), which is consistent with the sorption
trends as a function of contact time (Fig. 5A) and solution
pH (Fig. 5B). However, within the higher equilibrium concentration range, the sorption amount of UĲVI) on GO–CS–P is apparently higher than those on GO and GO–CS. According to
the Langmuir model fits (see the detailed information in the
ESI‡), the maximum sorption capacity (qmax) values of UĲVI)
on the three adsorbents have the following sequence: GO–
CS–P (779.44 mg g−1) > GO (573.91 mg g−1) > GO–CS
(346.16 mg g−1) (Table S1‡). In addition, the maximum sorption capacity of GO–CS–P is higher than the majority of previously reported materials such as AMGO, MOF-76, COF-HBI,
FJSM-SnS, Ca-Mg-Al-LDO500 and so on (see Table S2‡). This
superiority greatly improves the application potential of GO–
CS–P in the purification of UĲVI)-bearing wastewater.

3.3 Sorption selectivity
In view of the heterogeneity and complexity of the real
aquatic environment, the sorption selectivity of GO–CS–P
towards UĲVI) was checked in a mixture solution containing
monovalent CsĲI), divalent heavy metal ions (herein, SrĲII),
CoĲII) and CdĲII)) and trivalent lanthanides (herein, LaĲIII),
EuĲIII), and YbĲIII)). The sorption data of UĲVI) and the seven
competing cations on GO, GO–CS, and GO–CS–P are described in terms of their distribution coefficients (Kd = qe/Ce,
mL g−1).45,46 As shown in Fig. 6, the Kd values of UĲVI) on the
three adsorbents has the sequence: GO–CS–P (∼3700 mL g−1)
> GO (∼2700 mL g−1) > GO–CS (∼1500 mL g−1). Specifically
for GO–CS–P, the Kd value of UĲVI) is much higher than those
of other competing metal ions, which suggests that this com-
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posite has preferential affinity for highly selective binding of
UĲVI).
Herein, an additional parameter named selectivity coefficient (KsU
M as described in eqn (1)) is introduced to further
compare the selectivity of GO, GO–CS, and GO–CS–P for
capturing UĲVI) from the mixed solution.47

(3)
where Kd,U (mL g−1) and Kd,M (mL g−1) are the distribution coefficients of UĲVI) and the competing metal ion, respectively.
The calculated KsU
M value represents the relative competitiveness of UĲVI) to other cations for binding on the adsorbent
surfaces. As shown in Table S3,‡ GO–CS–P presents significantly enhanced KsU
M values compared to those of GO and
GO–CS, suggesting its superior capability for the selective
preconcentration of UĲVI) from the multi-component system.48 In addition, this composite shows a selective sorption
order: UĲVI) > trivalent lanthanides > divalent metal ions >
monovalent metal ion on the basis of the KsU
M values (Table
S3‡). This phenomenon can be interpreted from the intrinsic
properties of different metal ions and their specific coordination affinities with the surface sites of GO–CS–P, as UĲVI) possesses a higher charge density and electronegativity than all
other competing cations.49–51 Previous extraction experiments
and density functional calculation have confirmed the high
stability of the uranyl–phosphonate bond.52,53 Hence, the
GO–CS–P composite with sufficient phosphonate sites possesses excellent sorption selectivity towards UĲVI).
3.4 Desorption experiments
In order to verify the removal mechanisms of UĲVI) by GO–
CS–P, desorption experiments were performed using excessive amounts of ammonium acetate (5.0 × 10−3 mol L−1) and
nitric acid (0.01 mol L−1) as the eluting agents. Ammonium
acetate is often adopted to measure the cation exchange capacity of solid materials because of its excellent ion exchange
property.54 Nitric acid can strip metal ions from solid surfaces via the strong competition of H+ ions for the binding
sites.55,56 More details about the desorption experiment are
specified in the ESI.‡ No measurable UĲVI) could be detected
in the solution after ammonium acetate extraction,
suggesting that the contribution of ion exchange to UĲVI) removal is minor. In contrast, ∼86% of the captured UĲVI) was
released when soaking the metal-loaded GO–CS–P in the
nitric acid solution. This result suggests that the majority of
immobilized UĲVI) is due to surface complexation, while the
residual portion of ∼14% may be the less-soluble uranium
species that are tightly fixed on GO–CS–P.57,58
3.5 Spectroscopic analysis

Fig. 6 Sorption selectivity of GO, GO–CS and GO–CS–P towards
multiple metal ions. T = 293 K, pH = 5.0, m/V = 0.05 g L−1, I = 0.01 mol
L−1 NaNO3, C0 = 5.0 × 10−4 mol L−1 for a single metal ion.
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Fig. 7 (A) PXRD patterns and (B) FTIR spectra of GO–CS–P before and after UĲVI) uptake. T = 293 K, pH = 5.0, m/V = 0.05 g L−1, CUĲVI)initial = 5.0 ×
10−4 mol L−1, I = 0.01 mol L−1 NaNO3.

CS–P before and after UĲVI) uptake (Fig. 7A), which excludes
the potential occurrence of phase transformation. In contrast, the uptake of UĲVI) induces some changes in the FTIR
spectrum of the GO–CS–P composite (Fig. 7B). Firstly, a sharp
absorption peak characteristic of uranyl appears at 927 cm−1.
In addition, the characteristic P–O vibration at 969 cm−1 vanishes and the absorption peak of P–O at 1029 cm−1 shifts to
the higher wavenumber region. Moreover, both the vibrations
of C–O at 1200 cm−1 and –OH at 3314 cm−1 exhibit obvious
blue shifts after uranyl uptake. These phenomena suggest the
participation of phosphonate groups and hydroxyl sites in
the seizing of UĲVI).
The XANES spectra of U-containing reference samples
(i.e., UO2Ĳs), UO2ĲNO3)2Ĳaq) and Na-autunite) and uptake
solids (i.e., GO/U, GO–CS/U and GO–CS–P/U at pH 5.0) are
carefully compared to identify the oxidation state of surfaceloaded uranium. As shown in Fig. S2,‡ the XANES spectra of
GO/U, GO–CS/U and GO–CS–P/U are similar to those of
UO2ĲNO3)2Ĳaq) and Na-autunite, while different from that of

UO2Ĳs). In addition, the near-edge adsorption peak of the
GO–CS–P/U solid slightly shifts to lower energy relative to
those of UO2ĲNO3)2Ĳaq) and Na-autunite. These two phenomena suggest that the retained uranium on the GO–CS–P surfaces is mainly present as UĲVI). However, the presence of tiny
amounts of UĲIV) cannot be fully excluded on the basis of
XANES analysis.
The k 3-weighted EXAFS spectra (Fig. 8A) are further analyzed to identify the binding modes of uranium. Specifically,
the spectra of GO/U and GO–CS/U are different from that of
UO2ĲNO3)2Ĳaq) within the k range of 6.0–11.0. Hence, the removal of UĲVI) by GO and GO–CS is not due to ion exchange
or outer-sphere complexation, under which condition the
retained UĲVI) would remain in its hydrated state. In addition,
the spectrum of GO–CS/U is slightly different from that of
GO/U. The appearance of a beat feature at ∼7.0 Å−1 (marked
by a dashed cycle) points to the potential occurrence of an
additional coordination mode. Moreover, an apparent difference between the spectra of GO–CS–P/U and Na-autunite can

Fig. 8 The k 3-weighted EXAFS spectra and the corresponding RSFs (uncorrected for phase shift) of U-containing reference (a: UO2ĲNO3)2Ĳaq); e:
Na-autunite) and uptake (b: GO/U; c: GO–CS/U; d: GO–CS–P/U) samples. (A) Solid lines represent the experimental k 3-weighted EXAFS spectra; (B)
solid lines represent the experimental RSF magnitudes and dash lines represent the spectral fits. T = 293 K, pH = 5.0, m/V = 0.05 g L−1, CUĲVI)initial =
5.0 × 10−4 mol L−1, I = 0.01 mol L−1 NaNO3.
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be observed within the k region of 6.0–13.0 Å−1, ruling out
the potential precipitation of the Na-autunite solid phase.
Furthermore, the spectral feature of GO–CS–P/U at k > 6.0
Å−1 (marked by blue shading) is significantly different from
those of GO/U and GO–CS/U, indicating the occurrence of
disparate binding modes in these uptake systems.
Fourier transformation is then performed to obtain the
corresponding radial structural functions (RSFs). One can see
from Fig. 8B that the RSFs for all the U-containing samples
exhibit two strong peaks at ∼1.35 Å and ∼1.86 Å (uncorrected
for the phase shift). Besides, the appearance of additional
peaks centered at ∼2.43 Å (for GO/U and GO–CS/U), ∼2.66 Å
(for GO/U, GO–CS/U and GO–CS–P/U), ∼3.00 Å (for GO–CS–P/
U and Na-autunite) and ∼4.97 Å (for Na-autunite) suggests
the presence of higher coordination shells (e.g., U–C, U–P
and/or U–U). The RSFs are seriatim fitted with the leastsquares approach and the obtained structural parameters are
listed in Table S4.‡ For GO/U, the central U atom is coordinated by ∼2.0 O atoms at an axial bond distance (RU–Oax) of
∼1.78 Å, ∼3.8 O atoms at an equatorial bond distance
(RU–Oeq) of ∼2.36 Å and ∼1.8 C atoms at RU–C ∼2.91 Å. The
appearance of U–C shell points to the coordination of UĲVI)
with the carboxyl or hydroxyl sites of the GO nanosheet, leading to the formation of inner-sphere surface complexes.59,60
For GO–CS/U, an overall good fit on the RSF is obtained by
combining ∼2.0 O at RU–Oax ∼1.78 Å, ∼3.7 O at RU–Oeq ∼2.32
Å, ∼0.9 N at RU–N ∼2.38 Å and ∼1.3 C at RU–C ∼2.91 Å.
Herein, the coexistence of U–N and U–C shells indicates that
the amino and hydroxyl groups of surface-linked CS molecules as well as the residual carboxyl sites of the GO substrate
after the amidation reaction are possibly involved in the capture of UĲVI).27,60 The RSF of GO–CS–P/U can be well fitted by
including five subshells, i.e., ∼2.0 O at RU–Oax ∼1.78 Å, ∼3.9
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O at RU–Oeq ∼2.32 Å, ∼1.0 C at RU–C ∼2.90 Å, ∼2.1 P at RU–P1
∼3.12 Å and ∼1.3 P at RU–P2 ∼3.61 Å. The absence of a U–U
shell eliminates the potential formation of uranium hydroxide or Na-autunite phases. Hence, the removal of UĲVI) by
GO–CS–P is controlled by sorption/reduction rather than precipitation. Specifically, the U–P1 shell with ∼2.1 P at ∼3.12 Å
corresponds to the bidentate UIV–phosphonate complexation
as predicted in the previous literature.61 Herein, the UĲIV)
may result from the reduction of UĲVI) by a smidgen of phosphite moieties that adsorbed on the GO–CS–P surfaces. The
U–P2 shell with ∼1.3 P at ∼3.61 Å corresponds to the monodentate inner-sphere complexation of UĲVI) with the active
phosphonate groups of the GO–CS–P composite.62–64
XPS analysis is further carried out to better understand
the uptake mechanisms of UĲVI). The wide scan XPS spectrum of GO–CS–P shows the O 1s, C 1s and P 2p peaks at
∼533, 285 and 134 eV, respectively (Fig. 9A). In addition, two
obvious peaks of U 4f appear at ∼382 and ∼392 eV after
UĲVI) uptake. To verify the interaction between UĲVI) and GO–
CS–P, the narrow scans for U 4f, P 2p and O 1s peaks are
recorded and analyzed in detail. Specifically, the spectra of U
4f can be characterized with four doublet peaks, including
UĲVI) 4f5/2 at 392.88 eV, UĲVI) 4f7/2 at 382.07 eV, UĲIV) 4f5/2 at
391.10 eV and UĲIV) 4f7/2 at 380.27 eV (Fig. 9B, Table S5‡).65
The spectral fitting shows that the adsorbed uranium contains ∼88% of UĲVI) and ∼12% of UĲIV). The foregoing EXAFS
analysis (Fig. 8B and Table S4‡) shows that the UĲIV) derived
from UĲVI) reduction is present in the form of UIV–
phosphonate species. According to previous studies,61,66–69
this phase is stable in 0.01 mol L−1 nitric acid solution without the presence of a strong oxidant. The XPS analysis result
herein is consistent with the above-mentioned desorption
experiment.

Fig. 9 (A) XPS survey scans of GO–CS–P before and after UĲVI) uptake; (B) high-resolution XPS spectra of U 4f for the UĲVI)-loaded GO–CS–P sample; high resolution scans of P 2p spectra before (C) and after (D) UĲVI) uptake; high resolution scans of O 1s spectra before (E) and after (F) UĲVI) uptake. T = 293 K, pH = 5.0, m/V = 0.05 g L−1, CUĲVI)initial = 5.0 × 10−4 mol L−1, I = 0.01 mol L−1 NaNO3.
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The specific functional groups that are involved in UĲVI)
capture could be inferred from the fitting of P 2p and O 1s
spectra. The P 2p spectra of GO–CS–P (Fig. 9C) apparently
shifts to a lower energy after UĲVI) uptake (Fig. 9D and Table
S5‡), indicating that the P-related functional groups play an
important role in the sequestration of UĲVI). As shown in
Fig. 9E and Table S5,‡ the O 1s spectrum of the as-prepared
GO–CS–P can be divided into four peaks, i.e., 531.33 eV for
O–CO, 532.36 eV for P–O, 533.21 eV for C–O–C and 533.95
eV for –OH.70–72 The uptake of UĲVI) induces some changes in
the position and/or relative proportion of the foregoing peaks
(Fig. 9F and Table S5‡). Specifically, the binding energies of
P–O and –OH bonds shift to lower values and the relative
peak areas are obviously decreased. In contrast, the peak position of O–CO remains unchanged after UĲVI) sequestration. These phenomena imply that the high sorption amount
of UĲVI) species on the GO–CS–P composite is predominantly
due to their coordination with the phosphonate groups
rather than the carboxyl sites.

4 Conclusions
Herein, the as prepared GO–CS–P composite was applied for
targeted removal of UĲVI). With the presence of this adsorbent, the concentration of UĲVI) in the aqueous solution can
be reduced to an extremely low level within a short time of
15 min. In addition, the maximum sorption capacity of UĲVI)
on GO–CS–P was higher than those on GO, GO–CS and a series of other adsorbents. Moreover, GO–CS–P also exhibited
high selectivity for capturing UĲVI) from a mixture containing
multiple competing metal ions. Based on the results of desorption experiments and spectroscopic (FTIR, XAS and XPS)
analysis, the highly efficient removal of UĲVI) was predominantly controlled by inner-sphere surface complexation with
a minor contribution of surface reduction. These observations indicate that the GO–CS–P composite can be used as a
potential adsorbent for the purification of uranium-bearing
wastewater. Considering the heterogeneity and complexity of
the real water environment, additional studies are ongoing in
our lab to further explore the performance of the GO–CS–P
composite towards actual radioactive waste management.
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