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ABSTRACT: The change in chemical properties of graphene oxides (GOs) can be
tuned by the sonochemical approach. The layers of GOs were significantly decreased
by the sonochemical approach from the high resolution transmission electron
microscopy and atomic force microscopy analysis. The abundant hydroxyl groups and
carboxyl groups were introduced with increasing ultrasonic time by the analysis of
Raman, FTIR, UV-vis absorbance spectroscopy and XPS techniques. The adsorption
of U(VI) on GOs significantly increased at pH 1.0 - 6.0, whereas decreased adsorption
was observed at pH > 8.0. The adsorption capacities of GOs increased with increasing

ultrasonic time. According to EXAFS analysis, the interaction mechanism between

* Corresponding author. Tel: +86 551 65592788; fax: +86 551 65591310. E-mail:
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radionuclides and GOs was inner-sphere surface complexation. Such an efficient
approach to control the chemical properties of GOs further promotes its applications
in environmental cleanup.

1. Introduction

Owing to the excellent water-solubility, large specific surface area, enriched
oxygenated functional groups, it is demonstrated that graphene oxides (GOs) presents
high efficient adsorption capacities for heavy metals and radionuclides [1-4]. Zhao et
al. [1] demonstrated that the few-layered GOs presented high adsorption performance
for heavy metals. Sun et al. [2] also found that the maximum adsorption capacity of
few-layered GOs at pH 4.5 and T = 298 K was 175 mg/g for Eu(III), which was much
higher than those of other today’s materials. It is demonstrated that such high
adsorption performance is attributed to a variety of hydrophilic oxygenated functional
groups such as massive hydroxyl and epoxy groups at the basal plane and the small
amounts of carboxyl and carbonyl groups at the sheet edges [5-9]. To the best of the
author’s knowledge, few studies on the effect of these oxygenated functional groups
on the adsorption properties of GOs by sonochemical approach were observed
[10-14].

Herein, we presented an efficient approach to control the amount of oxygenated
functional groups of GOs by using sonochemical approach at different time intervals.
The sonochemical approach has been extensively employed to functionalize the
various nanostructured materials [15-17]. The objectives of this study were (1) to

characterize the change in surface properties and nanostructures of GOs at different
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ultrasonic time via high resolution transmission electron microscopy (HRTEM),
atomic force microscopy (AFM), Raman spectroscopy, Fourier transformed infrared
spectroscopy (FTIR), UV-vis absorbance spectroscopy and X-ray photoelectron
spectroscopy (XPS); (2) to investigate the adsorption properties of GOs under
different ultrasonic time; (3) to determine adsorption mechanism between
radionuclides and GOs with a variety of oxygenated functional groups by extended X-
ray absorption fine structure (EXAFS) spectroscopy. The highlight of this paper is that
the adsorption capacity of GOs significantly increase with increasing ultrasound time
at low frequency conditions.

2. Experimental

2.1 Materials

Expandable graphite (< 20 pm) was provided from Qingdao Tianhe Graphite Co., Ltd
(Shandong, China). The expandable graphite was used as starting material instead of
flake graphite to ensure more uniform oxidization [12, 18]. Sulfuric acid (~ 98%),
sodium nitrate, potassium permanganate, sodium borohydride and hydrogen peroxide
(H20,, 37 %) were purchased from Sinopharm Chemical Reagent Co., Ltd. Milli-Q
water was used in this study. U(VI) stock solution (0.1 mol/L) was prepared from
uranium nitrate (UO,(NO3),-6H,0, 99.99 % purity, Sigma-Aldrich) after dissolution
and dilution with Milli-Q water.

2.2 Synthesis procedures

The GOs were synthesized by the chemical oxidation of expandable graphite in terms

of modified Hummers’ method [19]. Briefly, the expandable graphite (300 mesh, ~
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2.0 g) and NaNOj; (co-solvent, 1.5 g) was added into concentrated H,SO4 (150 mL)
under vigorous stirring and ice-water bath conditions, then KMnOy4 (9.0 g) was slowly
added over about 2 h. The suspension was continually stirred for 5 days at room
temperature. Then the suspension was heated to 98 °C, and 280 mL 5 wt% H,SO4
solution was added over about 2 h under vigorous stirring conditions. The residual
MnOy ions were removed by adding H,O; solution (12 mL, 30 wt %) at 60 °C. After
reactions, the mixture was centrifuged and washed with 10 % HCI solution to remove
residual metal ions. The precipitate was then washed with distilled water and
centrifuged repeatedly until pH neutral. The few layers of GOs were obtained in the
supernatant with an ultrasonic treatment (PS-1008HT dual-frequency ultrasonic
cleaner, Hefei climbed Ultrasonic Technology Co., Ltd.) at 40 kHz for 30 min and
followed by centrifugation at 13000 rpm for 60 min and then dialysis it over several
weeks [20]. The aforementioned GO suspensions were sonicated 0, 8, 16 and 24 h
(noted as GO0, GOl1, GO2 and GO3, respectively) by using PS-1008HT
dual-frequency ultrasonic cleaner operating at a low frequency of 20 KHz. All
ultrasonic experiments were conducted at ultrasonic power between 100 and 110
mW/mL measured by calorimetry. The oxygenated functional groups in GOs facilitate
the exfoliation into monolayers under the sonochemical approach. The advantage of
ultrasound is that it prevents aggregation of GOs by the introduction of OH carboxyl
and epoxy groups in between the layers of GOs, which may not be achieved by the
conventional chemical methods. Details on the synthesis of GOs were well-

documented in our published reports [1, 4].
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2.3 Characterization

The morphologies and nanostructures of GO0, GO1, GO2 and GO3 were investigated
by AFM (Digital instrumental Nanoscope III) and HRTEM (JEOL 2010 FEG
microscope). The samples for HRTEM and AFM analysis were prepared by
dispensing a small amount of suspension on 200 mesh copper grids and mica
substrate, respectively. A variety of oxygenated functional groups of GO0, GO1, GO2
and GO3 were analyzed using XPS with a monochromatic Mg XZ-ray radiation
(thermo ESCALAB 250 electron spectrometer) at 10 kV and 5 mA under 10® Pa
residual pressure. The peak energies of XPS spectra were corrected with C 1s peak at
284.6 eV as a reference. The deconvolution of C 1s and O 1s lines were performed
using XPSPEAK41 program after substraction of the background (Shirley baseline
correction). The FTIR spectra of the samples were recorded in pressed KBr pellets
(Aldrich, 99%, analytical reagent) by using a PerkinElmer Spectrum 100 system
spectrometer at room temperature. The Raman spectra were conducted using a
LabRam HR Raman spectrometer with excitation at 514.5 nm for 10 s by Ar' laser to
avoid overheating of the GOs. The absorbance of the GO0, GO1, GO2 and GO3 in
aqueous solution (~ 5 mg/L) was characterized using UV-vis spectroscopy (Varian,
Cary 5000). Uranium Lyjj-edge EXAFS of samples were conducted at Shanghai
Synchrotron Radiation Facility. The spectra of samples were collected in fluorescence
mode with Silicon (111) double-crystal monochromator. The analysis and fitting of
EXAFS data were performed using Athena and Artemis interfaces to IFFEFIT 7.0

software [21, 22].
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2.4 Batch adsorption experiments

The batch adsorptions of U(VI) onto GOO, GO1, GO2 and GO3 (0.25 g/L) were
conducted under pH 4.0 and 7= 293 K within the U(VI) concentration ranging from 1
to 100 mg/L. Briefly, the bulk suspensions of GO0, GO1, GO2 and GO3 with NaClO4
were pre-equilibrated for 24 hr, then U(VI) stock solutions were spiked into the bulk
suspension gradually to avoid the formation of schoepite precipitate. Subsequently,
the suspensions were shaken for 48 h to ensure that the adsorption reaction could
achieve adsorption equilibrium (preliminary experiments demonstrated that 6 h was
adequate for the suspension to obtain adsorption equilibrium). To eliminate the effect
of U(VI) adsorption on polycarbonate tube walls, the adsorption of U(VI) without
adsorbents was carried out under the same experimental conditions. The solid and
liquid phases were separated by centrifugation at 9000 rpm for 30 min. The
concentration of U(VI) was analyzed by kinetic phosphorescence analyzer (KPA-11,
Richland, USA). All experimental data were the average of triplicate determinations
and the error bars (5 %) were provided.

3. Results and Discussion

3.1 Characterization

The characterization of GO0, GO1, GO2 and GO3 were conducted via HRTEM, AFM,
Raman spectroscopy, FT-IR, UV-vis absorbance spectroscopy and XPS. The
morphology and nanostructure of GO0 and GO3 were visualized in terms of HRTEM
(Figure 1A and B). It can be clearly seen that the lattice lines decreased from several

tens of nanometers for GOO (~10 nm, Figure 1A) to around 1.0 nm for GO3 (~ 1.0 nm,
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Figure 1B), which could be correspond to multilayer and monolayer of GOs
respectively, which was consistent with the results of Stankovich et al. [23]. The
slightly higher thickness of monolayer GOs (~ 1.2 nm) could be due to the presence
of oxygenated functional groups [24]. Results from HRTEM images revealed that the
lateral dimensions of GOs decreased by the sonochemical approach.

Figure 1C and D showed the AFM images of GO0 and GO3, respectively. As shown
in Figure 1C, the thickness of GOO was ca. 1-2 nm, whereas approximately 1.0 nm
was observed for GO3 (Figure 1D). The results of AFM analysis indicated that the bi-
and mono-layer GO nanosheets can be obtained by the sonochemical approach. The
significant differences in the morphology of GO0, GO1, GO2 and GO3 were further
demonstrated in terms of SEM images in Figure S1 in Supporting Information (SI).
The BET specific surface area of GO0, GO1, GO2 and GO3 was measured to 124.7,
126.1, 132.5, and 144.8 m*/g, respectively. The larger specific surface area of GO3
could be due to the formation of smaller size at elevated ultrasonic time conditions,
which increases their adsorption capacity.

It is well-known that Raman spectroscopy is the nondestructive and most direct
technique to characterize the structure of carbon-based materials. As shown in Figure
2A, the Raman spectra of GO0, GO1, GO2 and GO3 displayed a D-band (disordered
sp>-hybridized carbon) at ~ 1360 cm™ and a broad G-band (graphitic sp*-hybridized
carbon) at ~ 1590 cm™. The significant blue shift of G band (e.g., 1594 and 1604 cm
for GOO and GOI, respectively) was observed, indicating the layers of GOs were

decreased by the sonochemical approach [25, 26]. It was demonstrated that the D band
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(sp’-hybridized carbons) was resulted from the structural defection created by the
attachment of hydroxyl and epoxy groups on the carbon basal plane [27]. Therefore,
the integrated intensity ratio of the D- and G-bands (I/p/l;) indicated the oxidation
degree of sp” ring clusters in a network of sp’ and sp” bonded carbon [28]. The slight
enhance of Ip/ls of GOO (0.920) and GO3 (0.926) suggested that the abundant

structural defection of GOs was observed due to the presence of massive oxygenated

functional groups. The 2D band at approximately 2700 cm’' was the inset in Figure3A.

The significant change of 2D band of GO3 (approximately 2760 cm™) was due to the
decrease of thickness of AB stacked flakes [31]. The change in oxygenated functional
groups can be demonstrated by FTIR spectra. As shown in Figure 2B, GO0, GOI1,
GO2 and GO3 presented the various oxygenated functional groups such as hydroxyl
(at 3450 - 3150 cm'l), carboxyl (at ~ 1725 cm'l), C=C (at ~1635 cm'l), ether or epoxy
group (at 1250-1050 cm™) [29, 30]. The sharp peaks centered at 1400 cm™ was
corresponded to the C-O vibration mode [32]. The relative intensities at ~ 1725, 1635,
1050 cm™ increased with increasing ultrasonic time, indicating that more carboxyl
and epoxy groups were generated by the sonochemical approach. It should be noted
that the relative intensities of GO3 at 3150 cm™ was decreased, whereas the relative
intensity of GO3 at 1725 cm™ was significantly increased. It was quite evident from
FTIR analysis that the amount of hydroxyl groups was decreased, whereas the amount
of carboxyl and epoxy groups was increased with increasing ultrasonic time.
According to the UV-vis absorbance spectra (Figure 2C), the relative intensities of

absorbance spectra of GOs were decreased by the sonochemical approach. The
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maximum peak at 224 nm (inset in Figure 2C) corresponded to n®7* transitions of
aromatic C-C bonds [33]. Figure 2D showed the deconvolution of C 1s XPS spectra
of GO0, GO1, GO2 and GO3. The spectra presented five different components,
including sp>-hybridized carbons in aromatic rings (C-C, 284.6 eV), hydroxyl (C-OH,
285.0 eV), epoxy (C-O-C, 286.5 eV), carbonyl (-C=0, 287.0 ¢V) and carboxyl groups
(COOH, 288.5 eV), which can be comparable to previous reports [34-36]. The
deconvolution of O 1s spectra (Figure S2 in SI) also exhibited four peaks around
531.08, 532.03, 533.43 and 534.7 eV, which can be assigned to oxygen doubly
bonded to aromatic carbon (C=0), oxygen singly bonded to aliphatic carbon (C-O-C),
oxygen singly bonded to aromatic carbon (C-OH) and chemisorbed/intercalated
adsorbed water molecules (adsorbed H,0O), respectively. It should be noted that the
relative peak intensities of C-C groups significantly decreased with increasing
ultrasonic time, whereas the enhanced relative peak intensities of C-O and O-C=0
groups were observed. The results form XPS analysis indicated that the abundant
hydroxyl groups and carboxyl groups were introduced by the sonochemical approach.

The change in the oxygenated functional groups of GOs under sonochemical
approach was further demonstrated by XRD patterns in Figure S3 in SI. According to
XRD patterns, the diffraction peak of GOs at 20 ~ 12.31° shifted to lower angle with
increasing ultrasonic time, indicating that the intersheet distance for GOs film slightly
increased with increasing of ultrasonic time. The slightly increase in distance was due
to the presence of massive oxygenated functional groups in GOs [37]. It was observed

that the full width at half maximum of GOs at 20 = 12.31° significantly increased with
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increasing ultrasonic times, which indicating that the smaller size of GOs was
observed [38]. On the basis of various characterization results, it was quite clear that
the fewer layers and the smaller size of GOs was obtained at elevated ultrasonic time,
and the abundant hydroxyl groups and carboxyl groups were introduced under the
sonochemical approach.

3.2 pH effect

Figure 3A showed the effect of pH on U(VI) on GO0, GO1, GO2 and GO3 in the
presence of 0.01 mol/L NaClO4 solution. One can see that the adsorption of U(VI)
significantly increased with increasing pH from 1.0 to 6.0, then high-level adsorption
was observed at pH 6.0 -7.0. The decreased adsorption of U(VI) on GO0, GO1, GO2
and GO3 at pH > 8.0 was due to the electrostatic repulsion between negatively
charged GOs and negatively charged U(VI) species at high basic conditions, which
was consistent with previous studies [22, 39, 40]. It was demonstrated the GOs
synthesized by Hummers method was negatively charged through the wide range of
pH from 2.0 to 9.0 [41, 42]. The distribution of U(VI) species in aqueous solutions
was calculated in our previous studies [4, 22]. One can see that the main U(VI)
species was UO,*" at pH < 4.0, whereas a variety of positively charged U(VI) species
(i.e., UOy(OH)", (UO,)3(OH)s" and (UO,)4(OH);" species) were observed at pH 5.0 —
7.0. Therefore, the increased adsorption of U(VI) on GOs at pH 2.0 — 7.0 was likely
due to the electrostatic attraction between negatively charged GOs and positively
charged U(VI) species.

3.3 Adsorption isotherms

Page 10 of 24



Page 11 of 24

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

RSC Advances

11/24

To investigate the application of GOs in the environmental cleanup, we conducted the
adsorption behaviors of U(VI) on GOs by batch techniques. As shown in Figure 3B,
the adsorption of U(VI) on GOs significantly increased with increasing initial
concentration. The adsorption behaviors of U(VI) on GO0, GO1, GO2 and GO3 can
be satisfactorily fitted by Langmuir model (R* > 0.997, Table SI in SI). As
summarized in Table S1, the maximum adsorption capacities of GO0, GO1, GO2 and
GO3 calculated from Langmuir model at pH 4.0 and 7 = 293 K were approximate
102.0, 126.6, 137.0 and 151.5 mg/g, respectively, which were significantly higher
than those of other today’s adsorbents reported currently. The increased adsorption
capacity of GO3 could be attributed to its high specific surface area (144.8 m?/g) as
compared to GOl (124.7 m%/g). However, the normalized maximum adsorption
capacities (Qs = Qe/Sger) of GO0, GO1, GO2 and GO3 were calculated to be 0.818,
0.999, 1.034 and 1.046 mg/m?’, respectively. Therefore the increased Qs values were
not only attributed to their specific surface area but also their chemical properties.
Sonochemical approach normally leaded to hydroxylation of GOs due to the
generation of OH radicals by acoustic cavitation. The hydroxyl and carboxyl groups
of GOs were responsible for the enhanced adsorption of U(VI) by following Eqn. (1)
and (2), respectively:

S-OH + UO,*" = S-0UO," + H' (1)

S-COOH + UO,*" = S-COOUO," + H' )

where S-OH and S-COOH referred to the hydroxyl and carboxyl groups of GOs. The

abundant hydroxyl groups and carboxyl groups were introduced, which increased the
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adsorption of U(VI) with increasing ultrasonic time. Therefore, the enhanced
adsorption capacity of GOs for radionuclides could be attributed to their large specific
surface area and massive oxygenated functional groups with increasing ultrasonic
time, which was consistent with the characteristic results.

3.4 Interaction mechanism

The interaction mechanism between GOs and U(VI) was elucidated by uranium
Li-edge EXAFS spectra (Figure 4A). As shown in Figure 4A, the EXAFS spectra of
GO0, GO1, GO2 and GO3 displayed the similar distinct cyclic evolution, whereas a
poor signal-to-noise ratio of GO0, GO1, GO2 and GO3 was observed at k > 8 A"
Figure 4B showed the Fourier transforms (FT, uncorrected phase shift) of EXAFS
spectra for U(VI)-reacted GOs. As shown in Figure 4B, the EXAFS spectra of GOO,
GOl1, GO2 and GO3 displayed the similar features. The corresponding fitted results
were also shown in Figure 4B (dash lines) and Table 1. The bond distance (R + AR) in
the FT feature at ~ 1.4 and 1.9 A can be satisfactorily fitted by two axial oxygen
(U-Oax at ~1.80 A) and 4-5 equatorial oxygen (U-Oeq, at ~ 2.42 A in Table 1),
respectively. We attempted to fit equatorial U-Oeq shell into two shells (U-Oeql and
U-Oeq?2) caused the convergence of two shells at the same bond distance. For samples
of GO0, GO1, GO2 and GO3, the FT peak at ~ 2.5 A (R +AR) can be fitted by U-C
shell very well [43], revealing the formation of inner-sphere surface complexes
between GOs and U(VI). The fitting results indicated that the adsorption mechanism

between U(VI) and GOs was inner-sphere surface complexation.
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4. Conclusions

Based on the characterization results, the abundant hydroxyl groups and carboxyl

groups were introduced by the sonochemical approach. The results indicated that the

increase of adsorption performance of GOs was observed by the sonochemical

approach. The adsorption mechanism between U(VI) and GOs was determined to be

inner-sphere surface complexation by the analysis of EXAFS spectra. This paper

gives the insights into the further development of GOs in environmental cleanup by

the selective decoration of oxygenated functional groups.
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Figure captions

Figure 1. HRTEM images (A and B) and AFM images (C and D) of GO0 and GO3.
Figure 2. Characterization of GO0, GO1, GO2 and GO3, A: Raman spectra; B: FT-IR
spectra; C: UV/vis absorbance spectra; D: XPS spectra.

Figure 3. A: The effect of pH on U(VI) adsorption onto GO0, GO1, GO2 and GO3, T
=293 K, I =0.01 mol/L NaClO4; B: Adsorption isotherms of U(VI) on GO0, GOI1,
GO2 and GO3, pH 4.0, T=293 K, 1= 0.01 mol/L NaClOy;

Figure 4. B: EXAFS spectra of U(VI)-reacted GO, pH 4.0, T=293 K, I =0.01 mol/L

NaClO,.

Table captions
Table 1. Fitting Results of U Lyj-edge EXAFS spectra for reference samples and

U(VI) —reacted GO0, GO1, GO2 and GO3, T=293 K, /=0.01 mol/L NaClO4
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Figure 4
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Table 1. Fitting Results of U Lij-edge EXAFS spectra for reference samples and
U(VI) —reacted GO0, GO1, GO2 and GO3, T=293 K, /=0.01 mol/L NaClO,

Samples Shell R(A)“ CN? o (A ¢
U0; U-0,, 1.740(8) 1.8(7) 0.00466
U-Ogq 2.253(9) 5.5(5) 0.0057
U-U 3.853(2) 0.2(3) 0.0167
U(VI)(aq) U-0,, 1.826(0) 1. 9(5) 0.0076
U-O¢q 2.577(1) 6.2(7) 0.0051
U-U 4.096(9) 1.9(5) 0.0053
GO0 U-0,, 1.8049(6) 2.0(0) 0.00309
U-O¢q 2.4277(0) 4.9(9) 0.00834
GOl U-0,, 1.7874(6) 2.0(0) 0.00381
U-O¢q 2.4099(0) 4.5(9) 0.00592
U-C 3.2308(1) 1.1(3) 0.01050
GO2 U-0,, 1.8088(0) 2.0(0) 0.00545
U-O¢q 2.4446(0) 4.2(3) 0.00627
U-C 3.3100(7) 1.7(8) 0.00180
GO3 U-0,, 1.8088(0) 2.0(0) 0.00545
U-O¢q 2.4304(0) 5.0(2) 0.00139
U-C 3.3115(6) 1.7(7) 0.00257

“R is the bond distance; ® CN is coordination numbers of neighbors; ¢ ° is the

Debye-Waller factor.
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Schematic 1. A schematic diagram of the synthesis protocol.



