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� Sulfonated graphene oxide (SGO) was
synthesized successfully.

� The SGO had high sorption capacity of
U(VI) at ultralow pH.

� The interaction of U(VI) with SGO was
characterized by XPS, EXAFS and DFT.

� The sulfonyl groups contributed U(VI)
interaction at low pH.

� U(VI) sorption was attributed to
oxygen-containing functional groups
at high pH.
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a b s t r a c t

The interaction mechanism of high effective enrichment of U(VI) on sulfonated graphene oxide (GO) at
ultralow pH still remains unclear. The batch characteristic results showed that sulfonated GO presented
a variety of functional groups such as hydroxyl (AOH), carboxyl (ACOOH) and sulfonyl (AOSO3H) groups.
The macroscopic results indicated that the sorption of U(VI) on sulfonated GO was independent of ionic
strength, and the maximum sorption capacity calculated from Langmuir model was 45.05 mg/g at pH 2.0.
The change of relative intensities for S 2p spectra was significantly higher than that of O 1s spectra by XPS
analysis. According to EXAFS analysis, the significant splitting of equatorial oxygen (U-Oeq) shell at pH 2.0
was attributed to the electron scattering of the elemental sulfur. The energy of uranyl-sulfonyl
(�3198.511 hartree/particle) at pH 2.0 calculated based on theoretical calculations was lower than that
of uranyl-carboxyl (�3198.498 hartree/particle), indicating that uranyl-sulfonyl was more stable at ultra-
low pH. These observations indicated that the sulfonyl of GO was responsible for high effective removal of
U(VI) at ultralow pH, which is vital to the application of functionalized GO in the preconcentration of U
(VI) in nuclear waste management and the removal of U(VI) from wastewater at low pH values.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The safe processing and handling of radionuclides is crucial for
the rapid and peaceful use of nuclear energy. In last several dec-
ades, numerous studies have been conducted to remove radionu-
clides using various natural materials such as metal (hydr)oxides
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[1–4] and clay minerals [5–8]. These ubiquitous minerals in the
subsurface play a crucial role in the retardation and immobiliza-
tion of radionuclides from aqueous solutions. However, the slow
sorption rate and low sorption capacity limit its application. Our
previous studies demonstrated that graphene oxide (GO) pre-
sented fast sorption rate and high sorption capacity for radionu-
clides [9–15]. For example, Sun et al. reported that the sorption
U(VI) on GO could reach equilibrium within an hour [16]. In addi-
tion, the high sorption capacity of GO for U(VI) was 86.2 mg/g at
pH 3.0 and 298 K [12]. However, the corroborated interpretation
of such high sorption performance of GO for radionuclides at ultra-
low pH conditions was still scarce [17].

Extended X- ray absorption fine structure (EXAFS) and theoret-
ical calculations (e.g., density functional theory-DFT) have been
extensively employed to explore the interaction mechanism
between radionuclides and GO [9,16,18–21]. A variety of oxy-
genated functional groups (e.g., carboxyl, epoxy and hydroxyl
groups) are believed to be crucial for the highly effective sorption
of radionuclides on GO [22]. The type and amount of functional
groups on GO varies with the GO preparation method and experi-
mental conditions. Moreover the variation in GO morphology and
particle size (i.e., single or multi layers, nano or micro size) may
also affect its sorption performance. Recently, Sun et al. [16] used
EXAFS and DFT calculations to determine the interaction of U(VI)
with GO and found that the carboxyl and hydroxyl groups were
responsible to the high sorption of U(VI) on GO, however, the
chemical affinities of carboxyl groups with U(VI) were significantly
higher than that of hydroxyl groups. Currently, previous studies
had demonstrated that sulfur-containing functional groups (e.g.,
sulfonyl groups (AOSO3H)) could be introduced on the surface of
GO due to the abundant of concentrated H2SO4 used in the Hum-
mers method [17,23–25]. However, the study regarding the influ-
ence of AOSO3H groups on the high effective removal of U(VI) by
GO using EXAFS and DFT calculations was not available, especially
at low pH values, which is crucial for possible application in
radioactive wastewater treatment.

The objectives of this study are (1) to characterize the type and
amount of oxygenated and sulfonyl groups by SEM, AFM, FT-IR and
XPS analysis; (2) to elucidate the effect of sulfonyl groups on U(VI)
sorption onto sulfonated GO at different environmental conditions
(such as pH, ionic strength and temperature) by batch technique;
and (3) to determine the sorption mechanism between sulfonated
GO and U(VI) at ultralow pH conditions by XPS, EXAFS and DFT
calculations.
2. Experimental

2.1. Materials

Flake graphite (�74 lm, 99.99% purity) was purchased from
Qingdao Tianhe Graphite Co., Ltd. The other reagents with analyt-
ical reagents (i.e., 98 wt% of H2SO4, K2S2O8, P2O5, KMnO4 and 37 wt
% of H2O2) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. The stock U(VI) solution (1.0 � 10�3 mol/L) was prepared by
dissolving uranium nitrate (UO2(NO3)2�6H2O, spectral purity,
Sigma-Aldrich) into deionized water in N2 conditions. Milli-Q
water (18.25 MX�cm�1) was used in all the experiments.
2.2. Synthesis and characterization of sulfonated GO

Sulfonated GO was synthesized by the modified Hummers
method [26]. Briefly, the preoxidized graphite was first synthesized
by oxidation of graphite using concentrated H2SO4, K2S2O8 and
P2O5. Sequentially, the preoxidized graphite was further oxidized
by using concentrated H2SO4 and KMnO4 [23,27]. Details on the
synthesis of GO is described in Supporting Information (SI). The
morphology and nanostructures of GO were characterized by using
SEM (JSM-6490LV) and AFM (Agilent 5500 atomic force micro-
scope). The surface functional groups were characterized by XPS
(Thermo ESCALAB 250 electron spectrometer) and FTIR (PerkinEl-
mer Spectrum 100 system spectrometer). The samples for XPS
analysis were performed at 5.0 mA and 10 kV under 10�7 Pa resid-
ual pressure. The peak energy was calibrated by C 1s peak at
284.5 eV as a standard. The high resolutions of O 1s, C 1s, U 4f
and S 2p were simulated with an aid of XPSPEAK41 mode. The
BET surface area and zeta potentials of these samples were mea-
sured by Quantachrome NOVA 4200e instrument and Malvern Zeta
sizer NanoZS, respectively.

2.3. Batch adsorption studies

The batch sorption of U(VI) on sulfonated GO (m/v = 0.25 g/L)
was carried out using 10.0 mL centrifuge tubes under N2 conditions
in glovebox. The sorption isotherms were conducted at pH 2.0 to
investigate the sorption capacities at ultralow pH conditions.
Briefly, the bulk suspensions of sulfonated GO with NaCl (as elec-
trolyte) were pre-equilibrated for 24 h, then U(VI) stock solution
was spiked into bulk suspension gradually. Subsequently, the sus-
pensions were shaken at pH 2.0 for 48 h. The pH of suspension was
adjusted by adding negligible volume of HCl solution (0.01–
1.0 mol/L). The blank experiments of U(VI) without sulfonated
GO was also conducted under the abovementioned experimental
conditions to exclude the effect of U(VI) sorption on walls of poly-
carbonate tube. The concentration of U(VI) was measured by
Inductively Coupled Plasma-Mass Spectrometry (ICS-MS, ELAN
5000, Perkin-Elmer). The sorption percentage (%) and sorption
capacity (Qe, mg/g) were expressed as:

Sorption ð%Þ ¼ ðC0 � CeÞ � 100
C0

ð1Þ

Qe ¼
ðC0 � CeÞ � V

m
ð2Þ

where C0 and Ce (mg/L) are initial and equilibrated concentration
after sorption, respectively. m (g) is the mass of adsorbent and v
(L) is the volume of the suspension.

2.4. EXAFS analysis

Uranium LIII-edge EXAFS spectra were recorded at Shanghai
Synchrotron Radiation Facility (BL14W1) with Si(1 1 1) double-
crystal monochromator. The samples were prepared as wet pastes
and sealed into Teflon tape. Each sample was measured at room
temperature in fluorescence mode using a 16-element Ge solid-
state detector. The analysis of the EXAFS data were carried out
by the Athena and Artemis interfaces of the IFFEFIT 7.0 software
[28]. The more detailed preparation and analysis of EXAFS spectra
are given in SI.

2.5. Computational details

As shown in Fig. S1, the dominant penta-coordinated UO2
2+ spe-

cies (i.e., [UO2(H2O)5]2+) in aqueous solution was used in this study
[20]. In order to mimic the real system, adducts of sulfonated GO
with ACOOH/ACOO� groups at the edge and AOSO3H/AOSO3

�

groups on the basal plane were taken into consideration (Fig. S2).
The geometric optimizations of sulfonated GO was conducted by
using the PBE1PBE functional of DFT method [29–31]. All calcula-
tions were carried out with the Gaussian 09 software package
[32]. The basis set by the Stuttgart-Dresden-Bonn group and effec-
tive core potentials were used for U atom, whereas the cc-pVDZ
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was used for C, O, S, and H atoms [33]. The solvation effects were
simulated by using a conductor polarizable continuum model
(CPCM) [34]. The nature of local minima was determined by ana-
lytical calculation of the Hessian with frequency calculations,
which was conducted at the same level of theory as in the
optimizations.
3. Results and discussion

3.1. Characterization

The morphologies and nanostructures of the samples were
characterized by SEM and AFM. As shown by SEM images in
Fig. 1A, the multilayer nanosheets of sulfonated GO were aggre-
gated randomly [10,16]. The inset of energy dispersive X-ray spec-
trum (EDX) in Fig. 1A showed the high sulfur content of sulfonated
GO (�12.5 wt%), whereas the sulfur content was not detected in
GO in our previous studies [10,12,16]. In this study, the graphite
was primarily pre-oxidized by the concentrated H2SO4, K2S2O8

and P2O5, resulting in the abundant sulfur-containing functional
groups as a graphite intercalation compounds incorporated into
the graphite layer. These evidences indicated that abundant –
OSO3H groups were grafted on the surface of GO under concen-
trated H2SO4 conditions. According to the AFM images (Fig. 1B),
the thickness of sulfonated GO was �2.0 nm, which were charac-
teristic of a fully exfoliated GO sheet [35]. Fig. 1C shows the high
resolution C 1s XPS spectra of sulfonated GO by the deconvolution
method. It should be noted that the C 1s XPS spectrum of GO
included CAC of sp2-hybridized carbons at 284.5 eV, CAO at
286.5 eV and OAC@O groups at 289.0 eV [36–38]. As shown by
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Fig. 1. Characterization of sulfonated GO. A: SEM imag
FTIR spectrum in Fig. 1D, sulfonated GO displayed stretching vibra-
tion of AOH, ACOOH and AOA groups at �3450 cm�1, 1750 cm�1

and 1050 cm�1, respectively [39–41]. The peaks at 1600 and
1400 cm�1 were ascribed to the stretching vibrations of graphitic
domains and AOH deformation vibrations, respectively [42–44].
The peaks of sulfonated GO at 1175, 1126 and 1090 cm�1 were
associated to the stretching vibration of SAO, S-phenyl and S@O
bond, respectively, confirming the presence of sulfonyl groups
[45]. As summarized in Table S1, the specific surface area of
sulfonated GO was 128.9 m2/g by the multipoint BET method,
which were dramatically lower than their theoretical values
(2700 m2/g) due to the collapse of the nanosheets into relatively
large and dense aggregates upon drying [12]. As shown in
Fig. S3A, the excellent dispersity of sulfonated GO was attributed
to the presence of abundant hydrophilic groups such as hydroxyl,
carboxyl and sulfonyl groups [36,46,47]. The characteristic results
indicated that sulfonated GO displayed a variety of functional
groups such as hydroxyl, epoxy, carboxyl and sulfonyl groups.
3.2. pH and ionic strength effect

The effect of pH on the sorption of U(VI) onto sulfonated GOwas
shown in Fig. 2A. The U(VI) sorption significantly increased with
increasing pH from 1.0 to 5.0, and then high-level sorption was
observed at pH 5.0–6.0. Fig. S3B revealed the negative values of f
potentials of sulfonated GO at pH >2.0. As indicated in Fig. S4
and Table S2, the positive-charged U(VI) species (i.e., UO2

2+, UO2OH+

species) were observed at pH <6.0. Therefore, the enhanced
sorption of U(VI) on sulfonated GO at pH 1.0–6.0 was ascribed to
electrostatic attractions of negative charge sulfonated GO with
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Fig. 2. A: Effect of pH and ionic strength on U(VI) sorption onto GO, CU(VI) = 10.0 mg/
L, m/v = 0.25 g/L, T = 293 K; B: Sorption isotherms of U(VI) on GO, pH = 2.0,
I = 0.01 mol/L NaCl, m/v = 0.25 g/L.
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positively charged U(VI) species [48,49]. In addition, sulfonated GO
displayed the fast sorption rate for U(VI), which was demonstrated
by sorption kinetics. As shown in Fig. S5, approximate 100% of U
(VI) was absorbed by sulfonated GO within 3 h. The sorption kinet-
ics of U(VI) on sulfonated GO can be satisfactorily fitted by pseudo-
second-order kinetic models with high correlation coefficient
(R2 > 0.999, Table S3). Fig. 2A shows the effect of ionic strength
on U(VI) sorption onto sulfonated GO. No effect of ionic strength
on the sorption of U(VI) onto sulfonated GO was observed over
the wide pH range from 1.0 to 6.0. The previous studies determined
that outer-sphere and inner-sphere surface complexation was rel-
ative and irrelative to ionic strength, respectively [50–52]. Thus,
inner-sphere surface complexation dominated the sorption of U
(VI) on sulfonated GO over a wide range of pH 2.0–12.0.

3.3. Sorption isotherms

Fig. 2B shows the sorption isotherms of U(VI) on sulfonated GO
at pH 2.0 under the different temperatures. U(VI) sorption on sul-
0
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Fig. 3. The XPS analyses of sulfonated GO after sorption (GO2-sorption) and desorption
scans; B: O 1s; C: S 2p and D: U 4 f.
fonated GO was dramatically enhanced as the increases of temper-
ature, indicating that the interaction of U(VI) on sulfonated GO was
promoted at higher temperature. The sorption isotherms of U(VI)
on sulfonated GO were fitted by Langmuir and Freundlich models,
respectively. The detailed description of Langmuir and Freundlich
equations and their corresponding parameters was provided in SI
and in Table S4. According to the calculation of Langmuir model,
the maximum sorption capacity of sulfonated GO at pH 2.0 and
293 K was 45.05 mg/g. More details of thermodynamic parameters
(DG0-standard Gibbs free energy change, DH0-standard enthalpy
change, DS0-standard entropy change) were shown in Table S5.
As shown in Table S5, the negative DG0 values (�20.32 and
�25.34 kJ/mol at 293 and 333 K, respectively) indicated that the
sorption of U(VI) on sulfonated GO was a spontaneous process.
However, the positive DH0 value (16.09 kJ/mol) revealed the
endothermic process of the sorption of U(VI) on sulfonated GO.
Therefore, the sorption process of U(VI) on sulfonated GO was a
spontaneous and endothermic.
3.4. XPS analysis

Fig. 3 shows the XPS spectra of sulfonated GO after sorption
(GO-sorption) and after desorption (GO-desorption) at pH 2.0. As
shown in Fig. 3A, sulfonated GO presented signals mainly associ-
ated with C 1s, O 1s and S 2p, confirming the presence of a sulfur
element in sulfonated GO, in good agreement with the SEM and
FTIR results. As shown by the high-resolution O 1s and S 2p spectra
in Fig. 3B and C, the change of relative intensities for S 2p spectra
before and after U(VI) desorption at pH 2.0 was significantly higher
than that of O 1s spectra, indicating that ASO3H groups were
mainly responsible for the high effective sorption of U(VI) on sul-
fonated GO at ultralow pH conditions [53]. As shown in Table S6,
the relative binding energies of S 2p for GO-sorption (168.4 eV)
was slightly lower than that of GO-desorption (168.8 eV), which
could be explained by the electron transfer from graphene sheets
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Table 1
EXAFS results of reference samples and U(VI)-reacted sulfonated GO at LIII-edge,
I = 0.01 mol/L NaCl, T = 293 K.

Samples Shell R(Å)a CNb r2 (Å2)c

UO2
2+ U-Oax 1.826(0) 2.0(0) 0.0018

U-Oeq 2.514(6) 5.2(7) 0.0051
GO-U U-Oax 1.825(2) 2.0(0) 0.003
pH 2.0 U-Oeq 2.577(1) 4.9(9) 0.0083
GO-U U-Oax 1.826(4) 2.0(0) 0.0039
pH 6.0 U-Oeq 2.535(2) 5.0(0) 0.0032

U-C 3.023(1) 1.7(6) 0.0054

a R is the bond distance.
b CN is coordination numbers.
c r2 is the Debye-Waller factor.

Fig. 5. Optimized models of GO complexes with uranyl species at pH 2
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to theAOSO3H groups [54,55]. Xie et al. also demonstrated that the
sulfonate site of GO was responsible for the Eu(III) and U(VI) sorp-
tion at low pH based on XPS and surface complexation modeling
[17].

3.5. EXAFS analysis

Recently, EXAFS techniques has extensively been used to deter-
mine the local structure of adsorbate [56,57]. The k2-weighted U
LIII-edge EXAFS spectra and the uncorrected phase shift Fourier
transforms (FT) of UO2

2+ and U(VI)-containing sulfonated GO at
pH 2.0 and 6.0 were showed in Fig. 4. The fitted parameters were
summarized in Table 1. Fig. 4A indicated the EXAFS spectra with
significant oscillation at j > 6 Å�1 due to the low U(VI) concentra-
tion. As shown by FT features in Fig. 4B, EXAFS spectra features of
.0 (A and B) and at pH 6.0 (C and D) conditions, bond lengths in Å.
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Table 2
The calculated energies for the optimized GO complexes models with uranyl species
at pH 2.0 and pH 6.0.

Energy (hartree/particle)

[GOAOHACOOHAOSO3� � �UO2]+ pH 2.0 �3198.5
[GOAOHAOSO3HACOO� � �UO2]+ pH 2.0 �3198.5
[GOAOHACOOAOSO3� � �UO2] pH 6.0 �3198
[GOAOHAOSO3ACOO� � �UO2] pH 6.0 �3198.1
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sulfonated GO after U(VI) sorption at pH 2.0 and 6.0 were similar to
that of UO2

2+ species at R < 2 Å, whereas slight change was observed
at R > 2 Å. As shown in Table 1, the FT features of all samples at 1.4
and 1.9 Å can be satisfactorily fitted by 2 axial oxygen (Oax) at
�1.82 Å and �5 equatorial oxygen (Oeq) at 2.545 ± 0.03 Å, respec-
tively [58–60]. Compared to UO2

2+ (RU-Oeq = 2.514 Å), the signifi-
cantly splitting of U-Oeq shell of sulfonated GO after U(VI)
sorption (RU-Oeq = 2.577 Å) at pH 2.0 could be attributed to the
electron scattering of the elemental sulfur [61]. This phenomenon
indicated thatAOSO3H groups played an important role in the high
efficient sorption of U(VI) at low pH conditions. For sulfonated GO
after U(VI) sorption at pH 6.0, the FT peak at �2.3 Å (Fig. 4B) can be
satisfactorily simulated by a U-C shell at 2.9 Å (Table 1) [62,63], but
the attempt of fitting of sulfonated GO after U(VI) sorption at pH
2.0 by a U-C shell at �2.9 Å was not observed. The analysis of
EXAFS spectra showed that the AOSO3H and ACOOH/AOH groups
were responsible for the highly efficient sorption of U(VI) at pH 2.0
and 6.0, respectively.
Fig. 7. The total density of state (DOS) of GO complexes with uranyl species (blue line);
line) after adsorption for corresponding structures in Fig. 5, A: [GOsAOHACOOHAOSO3

[GOsAOHAOSO3ACOO� � �UO2].
3.6. DFT calculations

As described in the aforementioned results, the AOSO3H and
ACOOH/AOH groups were responsible for the high efficient
sorption of U(VI) at pH 2.0 and 6.0, respectively. Therefore,
adducts of [GOAOHACOOHAOSO3� � �UO2]+ and [GOAOHAOSO3-
HACOO� � �UO2]+ were considered at pH 2.0, whereas adducts of
[GOAOHACOOAOSO3� � �UO2] and [GOAOHAOSO3ACOO� � �UO2]
were used as the deprotonated phase at pH 6.0. Fig. 5 shows
DFT-optimized geometries of sulfonyl and carboxyl groups with
uranyl complexes at pH 2.0 (Fig. 5A and B) and pH 6.0
(Fig. 5C and D). As shown in Table 2, the calculated energy of ura-
nyl and sulfonyl groups ([GOAOHACOOHAOSO3� � �UO2]+ adduct,
�3198.511 hartree/particle) at pH 2.0 was slightly lower than that
of uranyl and carboxyl groups ([GOAOHAOSO3HACOO� � �UO2]+,
�3198.498 hartree/particle), indicating that uranyl-sulfonyl was
more stable than uranyl-carboxyl at low pH conditions.

As shown in Fig. 6, the proton of carboxyl groups could be trans-
ferred to sulfonyl group at low pH values, indicating that the sul-
fonated groups of GO were reactive compared to carboxyl group
at low pH values. Therefore, the high effective enrichment of U
(VI) at low pH was attributed to the sulfonated groups rather other
oxygenated groups such as carboxyl and hydroxyl groups. The
corresponding reaction energies of reactants and products were
calculated based on the models (Fig. S6). As shown in Table S7,
the positive DE value (�20.91 kcal/mol) of the reaction showed
that it was an endothermal reaction at the low pH values. Thus the
proton was more likely to be with the carboxyl group than the
sulfonated group. The results further demonstrated that
the [GOsAOHACOOHAOSO3� � �UO2]+ complex at low pH was more
stable compared to [GOsAOHAOSO3HACOO� � �UO2]+ complex.

However, the calculated energy of uranyl and carboxyl groups
([GOAOHAOSO3ACOO� � �UO2] adduct, �3198.061 hartree/particle)
at pH 6.0 was lower than that of uranyl and sulfonyl
groups ([GOAOHACOOAOSO3� � �UO2],�3198.041 hartree/particle),
revealing that the uranyl-carboxyl complexes wasmore stable than
uranyl-sulfonyl complexes at pH 6.0 [64]. The results of DFT calcu-
lations indicated that U(VI) tended to form the stable complexes
[UO2(H2O)5]2+ (green line), and partial density of states (PDOS) of uranyl group (red
� � �UO2]+; B: [GOsAOHAOSO3HACOO� � �UO2]+; C: [GOsAOHACOOAOSO3� � �UO2]; D:
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with sulfonyl groups at pH 2.0, whereas the stable complexes of U
(VI) with the deprotonated carboxyl groups was observed at pH
6.0. These observations indicated that the sulfonyl groups of sul-
fonated GO was responsible for high effective sorption of U(VI) on
sulfonated GO at ultralow pH conditions, which was crucial for
applying functioned GO in the pre-concentration of U(VI) in nuclear
waste management and the removal of U(VI) from wastewater at
low pH values.

Fig. 7 shows the total and partial density of state (DOS) of differ-
ent structures. The partial DOS of uranyl group (red line) displayed
a translation (black and yellow arrows) compared to the indepen-
dent [UO2(H2O)5]2+ (green lines). As shown in Fig. 7A and B,
[GOAOHACOOHAOSO3� � �UO2]+ adduct presented the stronger
hybridization compared to [GOAOHAOSO3HACOO� � �UO2]+ adduct.
After adsorption, the P1 peak in Fig. 7A was split into two peaks
with larger peak spacing compared to P1 peak in Fig. 7B. Mean-
while, the shape of P2 peak in Fig. 7A was larger changed than that
of Fig. 7B. In addition, the P3 peak in Fig. 7A was split into two
peaks while it remained single peak in Fig. 7B. These findings
demonstrated that the interaction of uranyl with sulfonyl group
of GO complex was much stronger than that of carboxyl at low
pH conditions, which was in good agreement with energy calcula-
tions (Table 2).

The similar trends were also observed in Fig. 7C and D. It was
noted that the P4 peak in Fig. 7D was missing while a new P5 peak
was observed. Such unique P5 peak in [GOAOHAOSO3-
ACOO� � �UO2] adduct could be due to the formation of OAC bond
of 1.442 Å of [GOAOHAOSO3ACOO� � �UO2] adduct as shown in
Fig. 5. Such strong chemical bond stabilized complex to a great
extent.
4. Conclusions

The sulfonated GO was satisfactorily synthesized and character-
ized by SEM, FT-IR and XPS. The characteristic results indicated
that the sulfonated GO displayed a variety of functional groups
such as hydroxyl, epoxy, carboxyl and sulfonyl groups. The ionic
strength-dependent experiments showed that inner-sphere sur-
face complexation dominated the sorption of U(VI) on the sul-
fonated GO over a wide range of pH. The maximum sorption
capacity of sulfonated GO calculated from Langmuir model at pH
2.0 and 293 K was 45.05 mg/g, which was significantly higher than
any adsorbents reported nowadays at such low pH conditions. The
results of XPS and EXAFS analysis indicated the sulfonyl groups
were responsible for the high effective adsorption of U(VI) on sul-
fonated GO at low pH conditions, whereas the U(VI) adsorption at
high pH conditions was attributed to the oxygen-containing func-
tional groups (i.e., hydroxyl and carboxyl groups). These findings
were a crucial for applying functionalized GO in the preconcentra-
tion of U(VI) in nuclear waste management and the removal of U
(VI) from wastewater at low pH values.
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