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The chemical composition, oxidation degree, and sheet size strongly affect the properties of graphene oxide (GO).
Therefore, much effort has been directed to improve the synthesis of GO and control its structure. Herein, we
report the reoxidation of GO using milder conditions of a modified Hummers’ method, including shorter reaction
times and a reduced proportion of chemicals to obtain the reoxidized GO (Ox-GO). The reoxidation impact was
evaluated by studying the materials’ adsorption performance towards methylene blue (MB) and rhodamine B
(RB). Compared to GO, Ox-GO presents a similar C/O ratio, increased interlayer spacing, smaller sheets with
holes, a higher exfoliation degree, and slight differences in each oxygenated functional group. Our measurements
evidence that Ox-GO has an MB adsorption capacity more than 30% higher than GO under different conditions of
dye concentration and pH. Moreover, Ox-GO also shows a notable improvement in the RB removal for a high dye
concentration, where the removal capacity is almost 40% higher than that of GO. The enhancements in the dyes’
removal are attributed to the increased accessible surface area of Ox-GO, which provides more sites for dyes’

adsorption.

1. Introduction

Graphene oxide (GO) consists of a few layers of carbon atoms with
oxygen-containing functional groups [1,2]. The preparation of GO can
be carried out by the chemical oxidation of graphite, which results in
graphite oxide that is further exfoliated under ultrasonication into a
reduced number of layers, then obtaining GO [3]. The production of GO
is attractive due to its simplicity, low cost, and high yield [4,5]. Hence, it
also provides an economical alternative to obtaining similar properties
of graphene by using a subsequent chemical/thermal reduction of GO
[6].

The chemical oxidation method introduces several oxygenated
functionalities in the structure of graphite that enable the dispersion of
GO in water and several solvents [7,8], and allow for surface modifi-
cation and functionalization [6,9,10]. In this sense, GO is not only
widely applied in catalysis [11], sensors [12], fabrication of energy-
storage devices [13], and production of composites [14], but it also
plays an important role in water treatment. The use of carbon-based
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materials, in general, has been widely reported for wastewater purifi-
cation [15,16], and GO can be applied for the sorption and removal of
several contaminants, including dyes [10,17], metal ions [18], radio-
nuclides [19], and aromatic organic compounds [20].

The adsorption ability of GO is closely related to its chemical struc-
ture and oxidation degree [21-23]. Depending on the oxidation degree
of GO, different affinity and interactions of GO with adsorbates occur,
including the preferential zone of interaction [24]. The oxidized zones
have an affinity to hydrophilic species, whereas the unoxidized graphitic
zones interact with hydrophobic compounds [20,25]. Besides the
chemical composition, the GO sheet size also has a tremendous influence
on the adsorption properties, mainly due to the specific surface area and
active sites for adsorption [23,26]. Therefore, the control of the oxygen
content and size of GO sheets can lead to a high adsorption capacity
according to the chemical nature of the adsorbates.

In general, much effort has been directed to improve the method to
synthesize GO and control its chemical structure and stoichiometry
[27-29], leading to new physicochemical properties [30]. An interesting
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Fig. 1. Schematic illustration for the preparation of Ox-GO via the reoxidation of GO, which is first prepared by a modification of Hummers’ method.

approach to obtain unique properties of GO is the reoxidation [31,32].
The reoxidation method drastically increases the overall quantity of
oxygen and the concentration of carboxylic acid groups in GO [31-33].
Such enhancement in carboxyl groups can lead to a new graphene de-
rivative material termed graphene acid [32]. The materials resulting
from the reoxidation method have better dispersibility and stability in
several solvents [32], improved sorption abilities toward metallic ions
and gases [31,32], and potential application to produce better mem-
branes for the desalination process [33]. Nevertheless, the reoxidation
method is recent and still barely explored in the literature.

Herein, we report the production of reoxidized GO (0x-GO) by
oxidizing pristine GO using milder conditions of a modified Hummers’
method that includes shorter reaction times and a reduced amount of
chemicals. Our results suggest that rather than introducing more
oxygen-containing groups in GO, the reoxidation step reduces the size
and stacking of the sheets, increases the interlayer spacing, improves the
dispersibility and exfoliation of Ox-GO, and causes only small changes
on the type of oxygenated functionalities. As an example of application,
we demonstrate the impact of the reoxidation of GO on the adsorption
properties towards methylene blue (MB) and rhodamine B (RB), where
Ox-GO presents an enhanced adsorption performance compared to GO.

2. Experimental
2.1. Chemicals

Graphite powder (98.0% purity) and NaNOs (>99.0% purity) were
supplied by Synth. KMnO4 (>99.0% purity), HySO4 (95.0-98.0%), and
methylene blue (>82% purity) were distributed by Sigma-Aldrich. HyO2
(30%) and rhodamine B (>99.8% purity) were supplied by Vetec, and
HCl (37%) by Fluka Analytical. The chemicals were used as received
without additional purification. All experiments were carried out using
high purity water with a resistivity of 18.2 MQ-cm at 25 °C obtained
from a Millipore Direct-Q® 3 UV Water Purification System.

2.2. Synthesis of graphite oxide

GO was prepared by a modification of Hummers’ method [34] pre-
viously reported by our group [35]. According to Hummer’s protocol,
graphite is treated with oxidants (NaNO3 and KMnOy) in fuming H>SO4
medium. Briefly, 1.00 g of graphite and 1.00 g of NaNOs (1:1 wt ratio)
were added to HySO4 (46 mL) and stirred for 30 min in an ice bath at <
5 °C. Subsequently, 6.00 g of KMnOy4 (6 times the weight of graphite)
was slowly added, and the mixture was stirred for additional 2 h at a

temperature below 5 °C. The mixture was then heated at ~ 35 °C for 2 h
under continuous magnetic stirring. After this period, deionized water
(46 mL) was added to the mixture, which was heated at 98 °C for 15 min.
Finally, more deionized water (100 mL) and H20, (20 mL) were added
to the mixture to stop the reaction. The product was collected using a
centrifuge, washed two times with 1:10 HCl aqueous solution and
several times with deionized water, and purified using dialysis for one
week. Then, the product was collected and dried at approximately 90 °C
overnight. For simplicity, the acronym GO is used for both graphite
oxide and graphene oxide throughout the text. Graphene oxide is only
obtained after the ultrasonication step; therefore, it is pointed out when
the sample is exfoliated using an ultrasonic bath.

2.3. Reoxidation of graphite oxide

The reoxidation of GO was conducted by using milder conditions of
the modified Hummers’ method. The weights of oxidants and reaction
times in each step were reduced by one-third of those in the original
conditions. The volumes of deionized water and Hy0> in the final stage
of the reaction were also decreased by one-third, but the volumes of
H50, added for the first time in the mixture, and H>SO4 were kept the
same.

Thus, 1.00 g of GO and 0.3332 g of NaNOj3 (1:0.33 wt ratio) were
added to HySO4 (46 mL), and the mixture was stirred for 10 min at <
5 °C. In the sequence, 2.00 g of KMnOy4 (two times the GO weight) was
gradually added into the mixture, which was stirred for 40 min at < 5°C.
After this period, the mixture was heated at about 35 °C for 40 min.
Then, deionized water (46 mL) was inserted, and the mixture was heated
at 98 °C for 5 min. Finally, deionized water (33 mL) and HO5 (6.66 mL)
were included. The product was collected, washed 2 times with 1:10 HCI
aqueous solution and several times with deionized water, and purified
using dialysis. The sample was dried at ~ 90 °C overnight. The sample is
labeled Ox-GO. The schematic illustration for the preparation of Ox-GO
is depicted in Fig. 1.

2.4. Characterization

Powder X-ray diffraction (PXRD) was performed on a Rigaku Mini-
Flex 300 powder diffractometer applying Cu Ka radiation (A = 1.5418
A), which was operated at 30 kV and 10 mA. The samples were scanned
in steps of 0.1° at a scan rate of 1° min~!. Attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectra were collected using a
PerkinElmer Spectrum Two™ spectrometer with a resolution of 2 cm ™.

Raman spectroscopy was carried out on a HORIBA T64000 triple grating
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spectrometer applying a laser excitation of 633 nm. Field-emission
scanning electron microscopy (FESEM) images were taken on a Tescan
Mira 3 XMU microscope operated at 10 kV. Atomic force microscopy
(AFM) imaging was conducted on a Nanosurf Easyscan 2 microscope.
The samples were dispersed on isopropanol, ultrasonicated for 15 min,
and dropped on Si substrate for both FESEM and AFM analyses. X-ray
photoelectron spectroscopy (XPS) was performed on a Thermo Scientific
K-Alpha Spectrometer with an Al Ka X-ray radiation source (1486.6
keV). The binding energies were calibrated with reference to the C1 s
peak at 284.8 eV. Elemental analysis was conducted on a PerkinElmer®
2400 Series II CHNS/O Elemental Analyzer, which was operated in the
CHN mode. The analysis was conducted three times for each sample
using ~ 2.2-2.6 mg. UV/visible spectra were recorded on a Biochrom
Libra S60 UV/Vis Spectrophotometer. To perform the analyses, the
samples were dispersed in deionized water at a concentration of 0.05
mg mL ™! by using an ultrasonic bath for 30 min. To study the dispersion
behavior of the samples in different solvents, ~2 mg of the powders
were dispersed in 4 mL of the solvent using ultrasonication (37 kHz,
Elmasonic S30H) for 1 h.

Total X-ray scattering data were collected at beamline P07 at PETRA
III at Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany.
The 2D diffraction patterns were recorded for 5 min at an energy of 98.2
keV (A = 0.1263 10\) using a PerkinElmer XRD1621 detector (2048 x
2048 pixels) at a sample-to-detector distance of 0.437 m. The powders of
the samples were packed into Kapton capillaries (inner diameter 1.024
mm) and placed inside a chamber filled with He for the measurements.
The calibration for the integration parameters (using the measurements
of a LaBg standard) and the azimuthal integration of the diffraction
patterns were conducted in the pyFAI software [36]. The integrated
patterns were background-subtracted employing the data of an empty
Kapton capillary, and Fourier transformed to obtain the pair distribution
functions (PDFs), G(r), using the PDFgetx3 software [37]. The Qmax
parameter, the finite data range applied in the Fourier transform stage,
was set to 16.5 A1,

2.5. Dye adsorption tests

All dye adsorption tests were performed at ambient conditions. The
concentration of GO or Ox-GO in the experiments was 0.275 + 0.010 mg
mL ™}, whereas the dye concentrations were 200 and 400 mg L™ for both
MB and RB. For the tests, the powder of GO/0x-GO was first dispersed in
deionized water using an ultrasonic bath for 30 min, then mixed with the
dye solution. The appropriate volume of each component was adjusted
according to the required dye concentration in the reaction, and the final
volume of all reactions was 11 mL. The reaction was kept under constant
magnetic stirring for 30 min. Finally, the adsorbents were separated
from the remaining dye by using centrifugation at 8500 RPM for 4 min.
The absorbance of the supernatant was measured and used to determine
the dye concentration by using a Biochrom Libra S60 UV/Vis Spectro-
photometer. The dye concentrations were determined using the wave-
length of 664 nm and 554 nm for MB and RB, respectively. The pH
adjustment was performed with HCl or NaOH solutions to study the
effect of pH on the adsorption properties. All dye adsorption experi-
ments were conducted two times. The amount of dye adsorbed after 30
min (Q, in mg g~ 1) was calculated using Eq. (1), and the removal effi-
ciency was calculated by using Eq. (2).

(Co— OV

0= (@)

Removal efficiency (%) = (@) x 100 2)
0

where Cp and C (mg L' are the concentrations of dye in solution before
and after adsorption tests, respectively, V (L) is the volume of the so-
lution, and m is the mass of adsorbent (g).
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Table 1
Chemical composition of GO and Ox-GO obtained by elemental CHN analysis.
Sample C (wt%) O (Wt%) H (wt%)
GO 45.03 + 0.67 53.45 £+ 0.61 1.52 + 0.07
0x-GO 46.17 +£1.18 52.25 +£1.11 1.58 + 0.07
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Fig. 2. Structural characterizations of GO, obtained by a modified Hummers’
method, and Ox-GO, synthesized via the reoxidation of GO (a) Conventional
PXRD patterns. (b) Intensity data I(Q) from total X-ray scattering measure-
ments. The Miller indices are indicated above the reflections, where gr stands
for graphite. The (001) reflection corresponds to the interlayer spacing in (a,b).

3. Results and discussion
3.1. Characterization

The reoxidized graphene oxide (Ox-GO) was prepared via the reox-
idation of GO using milder conditions of a modified Hummers’ method,
as shown in Fig. 1. The amounts of oxidants and reaction times were
reduced three times compared to those in the original protocol to obtain
GO. In the final steps of the synthesis of Ox-GO, the addition of deionized
water in the reaction mixture caused the elimination of gas bubbles
along with the decrease of the amount of the suspended material in the
mixture. This process can be assigned to the partial oxidation of GO in
CO,. Consequently, the resulting mixture at the end of the reaction of
Ox-GO is composed of a less dense slurry compared to that of GO
(Fig. Sla,b).
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Similarly, we tried different milder conditions of the Hummers’
method to reoxidize GO by changing some experimental parameters.
The scheme of all routes for reoxidation of GO is depicted in Fig. S2. We
first reduced by one-third only the reaction times in each synthesis step
but the amount of all the chemicals were kept the same. Nevertheless,
the synthesis led to a complete transformation of GO into CO5 and no
material remained in the suspension. Afterward, we reduced the reac-
tion times and oxidizing chemicals by half compared to those in the
original synthesis of GO. Under such conditions, GO was almost
completely oxidized to CO;, and only a small amount of the material
could be collected from the mixture. The final reaction mixture is shown
in Fig. Slc, where no material is visible in suspension. Although these
two approaches are also milder than the original protocol of Hummers’
method, they are unsuccessful and limited due to the decomposition of
GO to CO,. Therefore, the following characterizations were performed
only for Ox-GO to be compared to GO.

The chemical compositions of GO and Ox-GO are provided by using
elemental CHN analysis, as shown in Table 1. The oxygen (O) concen-
tration is determined by subtracting carbon (C) and hydrogen (H) con-
centrations from 100%. The results suggest that the chemical
composition, i.e., the C/O ratios of both materials are similar. The C/O
ratios are about 0.84 and 0.88 for GO and Ox-GO, respectively, indi-
cating that the reoxidation of GO did not introduce more oxygenated
functional groups. In fact, the C/O ratio of our pristine GO is already
much lower than those for other GOs synthesized via the Hummers’
method previously reported [31,38,39], which indicates a high oxida-
tion degree. Consequently, the first oxidation to transform graphite in
GO is an effective process. We hypothesize that the high degree of
oxidation of our pristine GO allows its easy decomposition in CO, during
the unsuccessful routes of reoxidation of GO.

PXRD analysis is performed to obtain crystallographic information of
the materials (Fig. 2a). GO shows the main diffraction peak at 11.75°
that corresponds to the interlayer spacing, (001) reflection. Ox-GO
presents the same interlayer-related peak but broader and shifted to a
lower 20 value of 11.14°. The interlayer distance is calculated as 7.53 A
for GO and 7.94 A for Ox-GO, showing that the repeated oxidation in-
creases the interlayer spacing.

Conventional laboratory PXRD techniques can provide structural
information from crystalline materials but not from disordered mate-
rials. On the other hand, the total X-ray scattering method takes into
account the diffuse scattering in addition to the Bragg reflections [40]. It
is challenging to obtain high-quality data from disordered materials
composed of light elements (Z < 10) due to their low X-ray scattering
cross-section. However, total X-ray scattering combined with PDF has
shown efficiency to characterize such materials [41,42]. So far, limited
reports have described GO using total X-ray scattering and PDF analysis.
Johnson and co-workers determined the structure of GO by neutron
diffraction along with its PDF [43].

The experimental total X-ray scattering data I(Q) for GO and Ox-GO
are shown in Fig. 2b. Both samples present similar patterns; neverthe-
less, the overall intensities of the Ox-GO reflections are lower than those
observed in GO. An intense peak at low Q is observed, corresponding to
the interlayer spacing (00 1) reflection that is also observed in the PXRD
patterns. The GO peak has its maximum at 0.80 A~ that corresponds to
the distance of 7.85 A, whereas Ox-GO shows the broader peak centered
at0.72 A~1, representing the interlayer spacing of 8.73 A. The difference
from the values obtained from conventional PXRD can result from the
low angular resolution at low angles in total X-ray scattering experi-
ments; however, the results from both techniques confirm the increased
interlayer spacing for Ox-GO. Furthermore, the broadening of the
interlayer reflection in the I(Q) data of Ox-GO, which is also clear in the
PXRD pattern, suggests the presence of different interlayer distances in
the material. It has been demonstrated that fluctuations in interlayer
spacing in disordered carbons cause a broadening [44,45].

The total X-ray scattering data for both materials also present Bragg
peaks related to graphite. The graphite-related reflections are observed
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Fig. 3. Experimental PDFs for GO and Ox-GO in the (a) long-range and (b)
short-range compared to the simulated PDF of graphite using the crystallo-
graphic data from ref. [46], and Quayx of 16.5 A~L. (¢) Bond distances between
carbon atoms in the aromatic ring of graphite for comparison purposes.

at Q values of 1.88, 2.96, and 5.12 A}, assigned respectively to the
(002), (100), and (2-10) planes of graphite (gr) (hexagonal structure
with P63/mmc (194) space group (ICSD: 76767)) [46]. A similar
behavior was observed in the neutron diffraction experiments [43]. The
graphite-related reflections probably arise from the unoxidized domains
(aromatic regions) that remain in the structure of graphite oxide [47],
showing that even with the reoxidation step, Ox-GO still presents
unoxidized regions in the same way of GO.

The PDF analysis yields the real-space interatomic distances. The
experimental PDFs of GO and Ox-GO are shown in Fig. 3a. The PDFs for
both materials are similar, where strong correlations are observed at the
low r region, and a reduction of correlations occurs beyond 25 A, sug-
gesting the lack of long-range order beyond this range. Fig. 3b depicts
the zoom in the short-range order of the PDFs compared to the simulated
PDF of graphite. The peaks seen at 1.44, 2.47 and 2.94 A correspond to
the shortest distances in the ring, whereas the peaks at 3.76, 4.33 and
5.05 A correspond to the distances to the atoms in the neighboring rings,
as depicted in Fig. 3c. Such peaks are shifted and show different relative
intensities in GO and Ox-GO compared to the peaks in the simulation of
graphite that are observed at 1.41, 2.45, 2.87, 3.67, 4.30, and 5.02 A.on
the one hand, graphite has an ordered structure composed of only car-
bon atoms in the aromatic rings, whereas GO and Ox-GO contain oxygen
functionalities due to the oxidation process that also introduces defects
and disorder in the materials’ structure. Thus, the shifted peaks might
result from the different types of bonds, including C-O bonds and sp®
carbons (defects) [48]. Both GO and Ox-GO present a small correlation
at around 3.33 A that is not represented in the simulation of graphite,
indicating that it is consistent with non-hexagonally bonded carbon
distances. This peak suggests a seven-membered ring, as previously
shown in PDF studies on different carbon-based materials [42,49]. The
value of 3.33 A is in line with the average value of the C-C distance on
opposite sides of a seven-membered ring [49,50]. Moreover, it is not
straightforward to match the position of the broad peaks beyond 5 A in
the PDFs of GO and Ox-GO with the peaks in the simulated PDF of
graphite, confirming that the oxidation of graphite reduces the ordering
in the structure of GO and Ox-GO.
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Fig. 4. ATR-FTIR spectra of GO and Ox-GO.

To verify the defects, order, and disorder in the structure of the
materials, we perform Raman spectroscopy. As shown in Fig. S3, the
Raman spectra of both GO and Ox-GO present two main peaks at 1352
em ! and 1595 em ™, corresponding to the D and G bands, respectively.
The D band is related to structural defects in the hexagonal framework
[51], which can be vacancies, implanted atoms, presence of sp3 hy-
bridized carbons, and so on [52]. The G band results from the Ejg
symmetry vibration mode (longitudinal optical (LO) and in-plane
transverse optical (TO)) [53] of sp2 carbons and is related to the
graphitic structure. The intensity ratios of the D to G band (Ip/Ig) for GO
and Ox-GO are 0.97 and 0.88, respectively. Such a reduction in the Ip/Ig
ratio for Ox-GO can be related to the increase in the sp?-hybridized
domains.

According to the elemental analysis, both GO and Ox-GO have
similar C/O ratios; thus, ATR-FTIR spectroscopy is employed to inves-
tigate possible changes in their functional groups. The ATR-FTIR spectra
in Fig. 4 reveal that both GO and Ox-GO present common features, such
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Table 2
Relative quantification in at% of each component in C 1s acquired by high-
resolution XPS.

Sample C—C/C=C c—0 0—C=0 n-*
GO 46.0 43.8 8.6 1.6
0x-GO 49.4 36.6 12.2 1.8

as the broad band in the range of 3690-2920 cm ™}, corresponding to the
O—H stretching vibrations from hydroxyl groups and adsorbed water,
the peak at around 1047 cm ! (shifted to 1055 cm ™ for 0x-GO), which
is attributed to the C—O stretching vibration in hydroxyls [31,54], and
two features from the C—O stretching vibrations of epoxide groups at
1219 and 980 cm ! [54,55]. However, some differences are also noticed
in the spectra after the reoxidation of GO. Both materials show vibration
bands at 1720 cm ™! and 1620 cm™?, respectively assigned to C=0 from
carboxyl groups [56] and C—C from the aromatic skeletal [57], but the
relative intensities of those peaks change. Ox-GO shows an increase in
the intensity of the C=C peak, which agrees well with Raman results.
The reoxidation should provide a more oxidized sample, and a more
intense peak related to C—=O would be expected instead of a peak
associated with C=C. Nevertheless, the reoxidation might decompose
carboxyl groups and leave more sp? carbons in Ox-GO. The decompo-
sition of carboxylic acid has been previously shown in the literature, for
instance, when using an excessive amount of H,O5 [28]. Finally, Ox-GO
presents a more intense peak than GO at 1370 cm ™! assigned to tertiary
C—OH groups [54,58]. These results suggest that the reoxidation of GO
only causes slight changes in the functional groups.

To further differentiate the materials, the surfaces of GO and Ox-GO
are characterized by XPS analysis. The survey XPS spectra (Fig. S4)
provides a relative quantification of 61.3 at% C and 38.7 at% O for GO,
whereas Ox-GO has 62.7 at% C and 37.3 at% O. The C/O ratios are
respectively 1.58 and 1.68 for GO and Ox-GO. Thus, the surface
composition of both samples is similar, in line with the results of the bulk
composition from elemental CHN analysis, confirming that the reox-
idation step does not provide a higher content of oxygenated functional
groups.

The high-resolution XPS helps to identify the distinct oxygenated
functional groups on the surface of both materials. In Fig. 5a, the fitting

——C-OH
—0-C=0
—C-0-C

O 1s

b)

GO

——C-OH
— 0-C=0
—C-0-C

Intensity (a.u.)

Ox-GO
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Fig. 5. High-resolution XPS spectra of GO and Ox-GO. Spectra measured at the (a) C 1s energy, and (b) O 1s energy.
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Fig. 6. FESEM images of (a,b) GO, and (c,d) Ox-GO at different magnifications.

of C 1s spectra indicates four components: C=C/C—C (sp%/sp°, 284.8
eV) [13], C—O (287.0 eV) [28,51], O—C—=0 (288.7 eV for GO, and
288.8 eV for Ox-GO) [51], and n-n* interaction (290.1 and 290.6 eV for
GO and Ox-GO, respectively) [32]. The relative amounts of the contri-
butions change slightly after the reoxidation of GO, as depicted in
Table 2. It is worth mentioning that XPS provides information to a depth
of only a few nanometers in the sample and does not represent the whole
sample, resulting in different results from those obtained from ATR-FTIR
spectroscopy.

The high-resolution O 1s spectra are shown in Fig. 5b. The O 1s
spectrum for GO can be resolved into three components O—C—O0O at
531.3eV (12.6%), C—OH at 532.8 eV (83.3%), and C—O—C at 534.8 eV
(4.1%) [59-61]. Ox-GO also presents three contributions: O—C—0 at
531.7 €V (19.7%), C—OH at 532.9 eV (74.1%) and C—O—C at 534.6 eV
(6.2%). Therefore, the XPS results suggest that the additional oxidation
step does not increase the amount of oxygen on the surface, but the
individual contribution of each functional group is slightly different for
both materials, as also indicated in ATR-FTIR. Moreover, the higher
amount of C—C/C=C in Ox-GO is in line with the decrease in the Ip/Ig
ratio observed in the Raman spectra, which suggests an increase in the
sp? structure.

The UV/Vis spectroscopy confirms the structural differences be-
tween GO and Ox-GO, as depicted in Fig. S5. The UV/Vis spectrum of GO
shows an absorption peak at 232.8 nm and a shoulder peak at 306.4 nm
that correspond respectively to the 1 — n* transitions (conjugation) of
aromatic C—=C bonds and n — &* transitions of carbonyl groups (C=0)
[8,29]. On the other hand, the spectrum of Ox-GO presents a blue shift to
224.3 nm for the main absorption peak, and no shoulder is observed.
The longer Apax for the 1 — z* transitions of GO indicates that GO is

more conjugated than Ox-GO [62], possibly due to the larger sheets of
GO as discussed below.

Complementary to the structural and chemical characterizations,
FESEM analysis provides the morphological information of the samples,
as shown in Fig. 6. The FESEM images of GO (Fig. 6a,b and Fig. S6a)
elucidate the micrometer-sized sheet that shows a wrinkled surface. Ox-
GO also presents micrometer-sized particles with wrinkles (Fig. 6¢,d).
Nevertheless, there are several holes in the Ox-GO structure, which can
provide a higher porosity than GO sheets, and individual smaller par-
ticles are also observed, as shown in Fig. S6b. The presence of holes and
reduced particle size can result from the removal of functional groups
and decomposition of GO in the form of CO; during the reoxidation to
synthesize Ox-GO.

To further understand the morphological differences between GO
and Ox-GO particles, AFM is conducted to obtain information on the
thickness of the samples (Fig. S7). AFM analyses suggest that GO has a
higher degree of stacking sheets than Ox-GO. On the one hand, the
thickness of GO is 4-5 nm, whereas the Ox-GO height is below 3 nm,
indicating the more exfoliated sheets. The reduced stacking behavior of
0x-GO can be attributed to the higher interlayer distance that reduces
the interactions between the sheets and facilitates exfoliation.

The dispersion behavior of GO and Ox-GO is investigated in different
solvents, including protic (water, methanol, ethanol, isopropanol, and
ethylene glycol (EG)), aprotic polar (acetone, N,N-dimethylformamide
(DMF), and dimethyl sulfoxide (DMSO)) and non-polar (chloroform and
toluene), as shown in the photographs in Fig. 7. Inmediately after the
ultrasonication, GO was well dispersed in most of the solvents except
chloroform and toluene, and to a lesser extent, acetone. Ox-GO exhibited
a similar dispersibility behavior as GO after sonication, although the
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Fig. 7. Photographs of 0.5 mg mL~! dispersions of GO and Ox-GO in different
solvents. Immediately after ultrasonication, after 24 h and after one week.

dispersions of Ox-GO presented a slightly lighter brown color compared
with those of GO.

The stability of the dispersions was studied after 24 h and one week.
The dispersions of GO in water, EG, DMSO, and DMF remained stable
after 24 h and an initial precipitation of GO was observed in acetone,
methanol, and ethanol, whereas GO was precipitated entirely in iso-
propanol. The dispersibility of GO remained constant after one week,
except in methanol that showed a high degree of precipitation. On the
other hand, Ox-GO formed much more long-term stable suspensions
than GO. There is no significant difference between the colloidal sus-
pensions after 24 h and one week. Also, less precipitation could be seen,
especially in the alcohols. Therefore, Ox-GO not only shows the same
dispersibility behavior to GO but has improved long-term stability in
more protic solvents, which can be attributed to the smaller particle size
and less stacking. Such behavior should enable further manipulation,
modifications, and more applications of Ox-GO.

3.2. Dye adsorption performance

To further illustrate the differences between GO and Ox-GO, the
materials are applied as adsorbents towards two different dyes, MB and
RB. First, the dye adsorption capacities for GO and Ox-GO are evaluated
by changing the initial dye concentration. Fig. 8a reveals that the
adsorption capacities of Ox-GO for both initial MB concentrations are
higher than those of GO. Using an initial MB concentration of 200 mg L
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! the amount of dye adsorbed on Ox-GO is 695.36 mg g~ ', which is
nearly 32% higher than that of GO (527.07 mg g_l). Thus, Ox-GO can
adsorb more than 90% of MB, whereas GO adsorbs only 72.2%
(Fig. S8a).

When the initial MB concentration increases to 400 mg L, the
adsorption capacities increase and reach values of 765.54 and 559.47
mg g~ ! for Ox-GO and GO, respectively. The enhancement of the
adsorption capacities might occur due to the facilitation of MB mole-
cules to access the adsorbents’ pores when increasing the MB concen-
tration. As shown in FESEM images, Ox-GO has holes in its structures
which provides a higher porosity than GO, enabling the improved
adsorption of MB. As depicted in Fig. S8a, such adsorption capacities
correspond to a removal efficiency equivalent of 53.7% and 39.5% for
0x-GO and GO, respectively, confirming that even for higher concen-
trations of MB, Ox-GO presents a relatively high adsorption perfor-
mance. Previous studies used the adsorption of MB to estimate the
surface area of graphitic materials, where each 1 mg of adsorbed MB
corresponds to an area of 2.54 m? [22]. This method can be used as a
tool to assume that Ox-GO has a higher surface area than GO.

The behavior of RB adsorption on the materials differs from that of
MB. As depicted in Fig. 8b, the amount of dye absorbed on both mate-
rials are remarkably similar when the initial RB concentration is 200 mg
L'}, reaching values of 544.90 and 536.96 mg g~! for GO and Ox-GO,
respectively. Hence, the removal efficiency of RB of 74.8% for GO and
72.4% for Ox-GO confirms the similarity in the adsorption properties
towards RB (Fig. S8b). On the other hand, the difference between the
adsorption capacities of GO and Ox-GO increases using an initial RB
concentration of 400 mg L!. For such a high RB concentration, Ox-GO
can adsorb 877.75 mg g~ ! of RB with a removal efficiency of 56.9%,
whereas GO adsorbs 636.21 mg g’1 (43.0% of removal) that is ca. 38%
lower.

It is clear that the adsorption mechanisms towards MB and RB are
different, which can be related to the molecular structure of the dyes.
The UV/Vis spectra of MB and RB before and after the adsorption tests
using GO and Ox-GO, shown in Fig. S9, illustrate the removal efficiency
of the adsorbents.

The adsorption mechanism of MB and RB on GO-based materials are
mainly based on electrostatic interactions, which causes a charge
transfer between adsorbents and adsorbates. The electrostatic in-
teractions with RB may occur in a lower extent than with MB due to the
molecular structure of RB that can cause steric hindrance [17]. Previous
studies demonstrated a strong and preferential interaction of MB, RB,
and other cationic dyes with GO through carboxyl groups [63-65]. Thus,
a higher oxidation degree of GO provides a stronger interaction with MB
or RB molecules and, consequently, enhanced adsorption since the
electrostatic interactions play the main role in the adsorption of these
dyes.

Nevertheless, both GO and Ox-GO have nearly the same composition,
and Ox-GO even has a lower concentration of carboxylic acid groups
than GO, suggesting that the improved adsorption of MB on Ox-GO
might not be related to a higher concentration of oxygenated func-
tional groups. The better MB adsorption properties might result from the
smaller particles containing holes, the higher degree of exfoliation, and
the increased interlayer spacing of Ox-GO. All these factors contribute to
increasing the accessible surface area of Ox-GO, providing more active
sites for electrostatic interactions with MB molecules. Moreover, the
adsorption can also occur via 1-r interactions of the sp? carbons in the
adsorbents with the aromatic rings of the dyes [64], but on a smaller
scale due to the existence of several oxygenated functional groups in GO
derivates. Consequently, the higher concentration of C=C bonds in Ox-
GO might also contribute to its improved MB removal performance.

On the other hand, such characteristics of Ox-GO did not aid in
enhancing the RB adsorption compared to GO for the low dye concen-
tration. At low RB concentration, the access of the RB molecules into the
pores of both GO and Ox-GO occurs similarly. However, when the RB
concentration increases, the higher accessibility to the pores in Ox-GO
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Fig. 8. Adsorption performance of GO ad Ox-GO towards MB and RB. (a,b) Adsorption capacities of GO and Ox-GO towards (a) MB, and (b) RB, changing the initial
concentration of the dyes (200 and 400 mg L™). The pH of the solution is 6, and the contact time for adsorption is 30 min. (c) Effect of initial solution pH on the
removal efficiency towards MB, using an initial MB concentration of 200 mg L'!. (d) Comparison of the UV/Vis spectra of the reference MB solution at 200 mg L* and
the supernatant after adsorption experiment using Ox-GO with an initial MB concentration of 200 mg L’. Both spectra were measured at pH 10, and the solutions
were diluted 26 times before recording both spectra. The photograph in the inset shows from left to right the MB reference solution, the supernatant of GO
experiment, and the supernatant of Ox-GO experiment. All three solutions were also diluted 26 times. (e) Effect of initial solution pH on the removal efficiency

towards RB, using an initial RB concentration of 200 mg L.

results in the notably enhanced adsorption performance.

The adsorption process depends on the pH of the solution due to the
changes in the charge/species of the dye and the surface charge of the
adsorbent. The role of the solution pH on the MB adsorption behavior is
studied, as depicted in Fig. 8c. The reduction in the solution pH from the
natural value of 6 to 2 causes a decrease in the removal efficiency for
both GO and Ox-GO. The lower removal abilities at pH 2 can be a result
of the decrease in the electrostatic interactions between the adsorbents
and MB. Nevertheless, Ox-GO still presents a superior adsorption per-
formance, removing ca. 79.5% of MB from the solution that corresponds
to a 47% improved efficiency compared to that of GO.

The removal efficiency of GO reaches almost 100% with increasing
the pH to 10. The increase in the adsorption capacities with increasing
the pH can be attributed to the enhancement in the negative charges in
GO due to the deprotonation of anionic groups at higher pH values [24].
Consequently, GO presents a higher affinity to cationic dyes like MB
with increasing pH and higher adsorption performance [17].

However, Ox-GO shows a completely distinct behavior compared to
GO at pH 10. The UV/Vis spectrum of the supernatant after the
adsorption tests using Ox-GO as adsorbent shows a shift in the maximum
absorption wavelength to ~ 573 nm (versus 664 nm of MB), as well as
different intensities of the peaks in the region of 200-340 nm compared
to MB (Fig. 8d). As depicted in the inset of Fig. 8d, the blue solution of
MB turns into a violet supernatant after the adsorption experiments

using Ox-GO, whereas the supernatant from GO tests is colorless. Pre-
vious studies demonstrated the transformation of MB under alkaline
conditions into other related dye substances, such as methylene violet
that has a maximum absorbance at 580 nm [66,67]. The MB reference
solution at pH 10 still shows the characteristic spectrum of MB without
any changes, while GO removes almost all MB from the solution, but the
small remaining dye in the solution has the characteristic spectrum of
MB (Fig. S10). Thus, we can assume that Ox-GO not only adsorbs a
certain amount of dye (either in modified or original form) but also aids
in transforming MB into other species in such a short time of 30 min. The
precise mechanism of the role of Ox-GO under alkali conditions in
removing and transforming MB exceeds the scope of this contribution,
but it confirms how GO and Ox-GO present distinct properties. It is
worth noting that the value of the removal efficiency of MB for Ox-GO at
pH 10 is not accurate due to the dye transformation.

The removal efficiency for RB at different pH is shown in Fig. 8e. The
removal efficiencies for GO and Ox-GO are very similar at all pH range,
but Ox-GO shows a slightly improved performance at pH 2 and 10. The
adsorption performances of both adsorbents decrease ~ 20-27% when
reducing the pH to 2. This behavior can be explained by the lower extent
of deprotonation of functional groups in the adsorbents at such a low pH,
reducing the interactions with RB, which is in a cationic form. The
removal efficiencies are further reduced at pH 10 and reach values of
only ~ 14%. RB has a carboxylic acid that dissociates at higher pH and
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provides a negative charge on the dye [17], resulting in electrostatic
repulsions with GO/Ox-GO (negatively charged at pH 10). Therefore,
the optimized pH for RB removal is 6. The adsorption capacities in
removing MB and RB are depicted in Fig. S11.

To summarize, our studies show that the adsorption properties
depend not only on the structure of the adsorbent materials but also on
the dye properties. On the one hand, Ox-GO shows an improved MB
removal performance under different conditions such as low and high
dye concentrations and acid pH, whereas the enhanced removal of RB
only occurs for high concentrations of the dye. The improved adsorption
capacity is usually attributed to the higher oxidation degree of the GO
[24]. However, here, we show that the degree of oxidation of GO ad Ox-
GO are similar, suggesting that the improved performance of Ox-GO is
related to the improved accessible surface area for interactions due to
the higher exfoliation degree, larger interlayer spacing, reduced sheet
sizes, active sites, and porosity.

4. Conclusions

In summary, we present the reoxidation of GO by using milder
conditions of a modified Hummers’ method to obtain Ox-GO. We show
that the reoxidation step does not lead to an increased content of
oxygenated groups but instead, it causes only a small change in the
concentration of each functionality, increases the interlayer spacing,
reduces the sheet size, introduces holes in the sheets, facilitates the
exfoliation, and improves the long-term stability of the dispersions in
protic solvents.

As a possible application of the materials, we investigate their dye
removal efficiency. Our measurements evidence that Ox-GO has an MB
adsorption capacity more than 30% higher than GO under different
conditions of dye concentration and pH. Moreover, unlike pristine GO,
Ox-GO can play a role in converting MB into different species under
alkaline conditions. The experiments on the removal of RB show that
both GO and Ox-GO present similar efficiency, except for a high RB
concentration, where Ox-GO shows an almost 40% improved removal
capacity due to the presence of holes in is structure. Thus, the reox-
idation step of GO is an efficient approach to produce a material with
enhanced dye adsorption properties, enabling the application in water
treatment. Moreover, Ox-GO can also be used for the adsorption of gases
or metallic ions, has potential application in synthetic transformations
[68,69], and can be used to produce composites.
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