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Graphite oxide sheet, now referred to as graphene oxide (GO), is the product of chemical exfoliation of graphite and has been
known for more than a century. A GO sheet is characterized by two abruptly different length scales; the apparent thickness of the
functionalized carbon sheet is approximately 1 nm, but the lateral dimensions can range from a few nanometers to micrometers.
In this paper, an improved method for the preparation of graphene oxide within a mild condition is described. We have found
that cancelling the high-temperature stage and prolonging the reaction time of mid-temperature can improve the efficiency of
oxidation process. We utilized FTIR, XRD, Ultraviolet-visible, TGA, Raman spectrum, and XPS measurements to characterize
the successfully synthesized GO. SEM images were employed to reveal the interior microstructure of as-prepared GO dispersion.
We also wondrously found that the GO dispersion could be used as profile control agent in the oilfield water-flooding. Flooding
experiments showed that the GO dispersion has an ability to adjust water injection profile, reduce permeability ratio, and improve
conformance factor. So the GO dispersion would have potential applications in oilfield exploitation.

1. Introduction

Recently characterized as “the thinnest material in our uni-
verse” [1], graphene, a new class of two-dimensional carbon
nanostructure, has stimulated wide interests in both the
experimental and theoretical scientific communities due to its
extraordinary material properties. In 2004, it was isolated by
mechanical exfoliation from graphite crystal and visualized
under an optical microscope by Novoselov et al. [2–5]. This
has triggered the explosive growth of interest in this new
material across many disciplines, which has led to the discov-
ery of many extraordinary properties. For example, graphene
was found to have high optical transparency of 97.7%,
high electron mobility of up to 200000 cm2 ⋅V−1⋅s−1, high
thermal conductivity of up to 5000W⋅m−1⋅k−1, high nom-
inal surface area of 2630m2/g, and high breaking strength
of 42N/m. Therefore, many exciting applications have
been envisioned and demonstrated [6]. Graphene can be pro-
duced by several methods: micromechanical cleavage of

nature graphite, chemical vapor deposition (CVD), plasma
enhanced CVD, electric arc discharge, epitaxial growth on
electrically insulating surface such as SiC, unzipping of car-
bon nanotubes, and the oxidation-dispersion-reduction
[7–9]. Among these methods, the oxidation-dispersion-
reduction process is widely used for it possesses great pot-
ential for large-scale synthesis of graphene. Recently, a num-
ber of research groups have devoted themselves to apply-
ing graphene in a variety of technological applications includ-
ing methanol oxidation, lithium-ion battery, solar cell, and
transparent conducting film.

Among the family of derivatized graphene sheets, gra-
phite oxide sheets, now called graphene oxide (GO), have
actually been made for over a century [10, 11]. Many
graphene-based materials can be conveniently synthesized
from graphene oxide, which can be prepared in bulk quan-
tities from graphite with strong oxidizing conditions [12–14].
GO is a layered material featuring a variety of oxygen-
containing functionalities with epoxy and hydroxyl groups

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2014, Article ID 582089, 9 pages
http://dx.doi.org/10.1155/2014/582089



2 Journal of Nanomaterials

(a)

O OH

HO

O O O

OH

OH

OH

O
OO

OH

O

OH

O

O

HO OHO O

HO

O

HO

O

OH

OHOH

(b)

Figure 1: Chemical structuralmodels of graphene-based sheets. (a) Graphene consists of a single atomic layer of sp2-hybridized carbon atoms
which stack together to form graphite. (b) GO consists of a graphene sheet derivitized by phenyl epoxide and hydroxyl groups on the basal
plane and carboxylic acid groups on the edges. The edge-COOH groups can ionize resulting in an electrostatic repulsion between the sheets,
allowing single layers to form an aqueous colloidal dispersion [6].

on the basal plane and carbonyl and carboxyl groups along
the edges [15, 16], which provides a platform for rich chem-
istry to occur both within the intersheet gallery and along
sheet edges [17–19] (Figure 1). These oxygen functionali-
ties render graphene oxide layers hydrophilic and water
molecules can readily intercalate into the interlayer galleries.
Therefore, GO can be also thought of as a graphite-type
intercalation compound with both covalently bound oxygen
and non-covalently bound water between the carbon layers.
GO is hydrophilic and can readily disperse in water to form
colloidal suspensions that are stable for at least months at
concentrations of 1mg/mL [20].

As shown in the previous reports [21], a GO sheet is
characterized by two abruptly different length scales. The
thickness is of typical molecular dimensions, measured to
be about 1 nm by atomic force microscopy (AFM). But its
lateral dimensions are of common colloidal particles ranging
from nanometers up to microns. Therefore, GO sheets can
be characterized as either molecules or particles, depending
on which length scale/dimension is of greater interest. This
molecule-particle duality should naturally make GO a par-
ticularly interesting system for both chemists and material
scientists.

With the oilfield development, many oil fields have been
in medium or high water cut period development stage,
comprehensive water cut reached more than 80%, injected
water channeling along high permeability layer phenomenon
is serious, having the problem of lower water flooding recov-
ery, contradiction of water flooding development is more
andmore obvious. In order to improve sweep efficiency of oil
displacement agent and recovery efficiency, we should adjust

profile of fluid absorption. In this paper, we wondrously
found that the GO dispersion could be used as profile
control agent in the oilfield water-flooding. We successfully
synthesized the GO dispersion with the modified Hummer’s
method and evaluated the performance of the GO dispersion
as profile control agent. With regard to the properties of
profile control, the GO dispersion would find potential
applications in oilfield exploitation.

2. Materials and Method

2.1. Materials. Natural graphite powder (purity ≥ 99.85%)
was supplied by Shanghai Huayi Group Huayuan chemical
CO. Ltd., China. Potassium persulfate, phosphorus pentox-
ide, concentrated sulfuric acid, sodium nitrate, potassium
permanganate, hydrogen peroxide, and hydrochloric acid
were purchased from Chengdu Kelong Chemical Reagent
Factory, China.

2.2. Preparation of Graphene Oxide (GO) Colloid Dispersion.
Graphene oxide (GO) was synthesized by the modified
Hummer’s method. The details were described as follows.

In the pretreatment step to ensure oxidation completely,
10 g of potassiumpersulfate and 10 g of phosphorus pentoxide
were added in 30mLof concentrated sulfuric acid at 80∘Cand
stirred slowly until the mixture was dissolved to prepare the
oxidation solution. 10 g of purified natural graphite powder
was added to the aforementioned oxidation solution and
stirred at 80∘C for 6 hours. Naturally cooling to room
temperature, the solution was diluted with 2.5 L of deionized
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(DI) water; then, the mixture was filtered and washed with
plentiful DIwater to remove the residual oxidizing agents and
dried in a vacuum oven.

1 g of preoxidation graphite powder was dispersed in
23mL of concentrated sulfuric acid under stirring at room
temperature; then, 0.5 g of sodium nitrate was added, and
the mixture was placed in an ice bath, 3 g of potassium
permanganate was added gradually into the graphite slurry
to keep the temperature of the slurry lower than 5∘C for 2
hours. Successively, the reaction systemwas heated to 35∘C in
the water bath and kept at the temperature for 2 hours until
the slurry became thick, pasty, and brownish. Next, 46mL of
DI water was added dropwise to the mixture solution, and
the temperature was maintained at 35∘C in the water bath for
another 2 hours. Finally, the mixture was diluted with 92mL
of DI water and treated with 5% (wt.) hydrogen peroxide
solution slowly to terminate the reaction until the mixture
changed to brilliant yellow which indicated fully oxidized
graphite. Afterward, the mixture was filtered and washed
with 5% (wt.) hydrochloric acid aqueous solution to remove
metal ions followed by repeated washing with DI water until
a neutral pH was obtained to remove the excessive acid and
inorganic salt. The resulting GO was dried overnight at 60∘C
to produceGOpowder.The as-prepared solid graphene oxide
was dispersed again inwater (1mg/mL) by ultrasonication for
2 hours and centrifuged at 8000 rpm for 30min to remove
aggregates.

2.3. Characterization. TheFourier transform infrared (FTIR)
spectra of graphite and GO were recorded using Ther-
moFisher Scientific Nicolet 6700 over range from 670 to
4000 cm−1. X-ray diffraction (XRD) measurements were
performed directly on the powder sample of graphite and
GO using PANalytical XPERT-PRO diffractometer (40 kV,
40mA) with Cu (𝜆 = 1.54 Å) irradiation at a scanning of 2∘/s
in the 2𝜃 range of 5–70∘. The Ultraviolet-visible absorption
spectra of GO aqueous dispersion were recorded on a TU-
1901 double-beam spectrophotometer. Thermogravimetric
analysis (TGA) was carried out with NETZSCH STA 449F3.
The heating rate was 10∘C/min. Each time, ∼5mg sample
was measured in an aluminum crucible under inert gas
atmosphere from 40 to 800∘C. Scanning electron microcopy
(SEM) measurements were carried out on a field emission
scanning electron microanalyzer (FEI Quanta 450) at an
accelerating voltage of 20 kV. Raman spectroscopy was per-
formed at room temperature using a HR800 Raman spec-
trometer at 532.2 nm wavelength incident laser light. X-ray
photoelectron spectroscopy (XPS) analysis was performed
with Kratos AXIS Ultra DLD using a monochromic Al K𝛼
radiation (h] = 1486.6 eV) at 15 kV and 10mA.

2.4. Evaluation of Core Flooding Experiment. Schematic dia-
grams of experimental set-up were showed in Figure 2. For
the flooding experiment of single core, the size of the core
was 𝜑2.5 × 7 cm, the permeability was 110 × 10−3 𝜇m2, and
the pore volume was 9.9 cm3. The fixed rate of injection
was 0.5mL/min and the concentration of GO was 500mg/L.

We evaluated the flooding property of GO via the pressure of
the total injection process.

For the flooding experiment of two cores in parallel, the
size of the cores was also 𝜑2.5 × 7 cm and the permeability
was 58 × 10−3 𝜇m2 and 232 × 10−3 𝜇m2, respectively. The
permeability ratio of the cores was 1 : 4. The pore volumes
of the cores were 9.5 cm3 and 10.5 cm3, respectively. The
fixed rate of injection was 3mL/min and the concentration
of GO was 500mg/L. We evaluated the shunt rate of low
permeability layer and the pressure of the total injection
process.

3. Results and Discussion

GO was synthesized by the traditional Hummer’s method
including three steps which were low-temperature (0∘C),
mid-temperature (35∘C), and high-temperature (98∘C) with
concentrated sulfuric acid and potassium permanganate as
oxidant. In this paper, we called off the step of high-
temperature, which was replaced with prolonging the reac-
tion time of mid-temperature to improve the extent of
oxidation of graphite and avoid the damage of eruption in the
high-temperature reaction. We could manufacture the GO
with a secure and stable condition. The mechanism of the
preparation of graphene oxide was described as follows.

In the stage of low-temperature, the mixture presented
the color of black because that the oxidizability of concen-
trated sulfuric acid could not provide the condition of inter-
calation. Adding potassium permanganate, the edge of
graphite begun to be oxidized, which resulted in sulfate ion
and strong-polarity vitriol were adsorbed in the edge of
graphite with electrostatic attraction. The carbon grid plane
of graphite was transformed to positively charged macro-
molecule plane gradually along with adding of strong oxi-
dation and proceeding of oxidation reaction; thus, nega-
tive changed bisulfate ion and strong-polarity vitriol were
adsorbed and intercalated into interlayer of graphite to
form vitriol-graphite intercalated compound with attractive
interaction between charges and electrostatic attraction of
strong-polarity vitriol (reaction equation (1)) [22]:

6𝑛H
2
SO
4
+ 2𝑛 graphite + 𝑛 [O]

= 𝑛H
2
O + 2𝑛 [graphite+ ⋅HSO

4

−
⋅ 2H
2
SO
4
]

𝑛

(1)

In the stage of mid-temperature, the vitriol-graphite interca-
lated compoundwas oxidized deeplywith strong oxidizability
of potassium permanganate, while the oxygen atom and the
carbon atom were combined with covalent bond; the partial
C=C of six-member ring were fractured to form the structure
similar with alcohol (reaction equation (2)) [22]:

MnO
4

−
+ 2H+ + SO

4

2−
+ [graphite+ ⋅HSO

4

−
⋅ 2H
2
SO
4
]

→ MnO
2
↓ + SO

𝑥
+H
2
O + GO

𝑦

(2)

Themixturewas dilutedwithwater after themid-temperature
stage, the vitriol-graphite intercalated compound was hydro-
lyzed and while vitriol was pushed aside with plenty of water,



4 Journal of Nanomaterials

Pump

Deionized water
GO solution

Core
Pressure sensor

Pressure collection Confining pressure

Liquid collection

Conditioning oven

container

system pump

(a)

Deionized water
GO solution

Core

Pump

Pressure sensor

Pressure collection Confining pressure

Liquid collection
Conditioning oven

Core

container

system pump

(b)

Figure 2: Schematic diagrams of experimental set-up: flooding of single core (a) and flooding of two cores in parallel (b).
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Figure 3: The GO synthesized by the modified Hummer’s method (a) and the traditional Hummer’s method (b).
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Figure 4: FTIR spectra of graphite and GO.
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Figure 5: XRD patterns of graphite and GO.

hydrogen sulfate ions were exchanged with the hydroxide in
the water. In this process, if the temperature was excessive,
the vitriol-graphite intercalated compound will be thermally
decomposed, and the structure of graphite will be restored
rapidly, resulting in that GO could not be formed on account
of that the hydroxide andwater could not enter into interlam-
ination of graphite. Thus, during the above-mentioned stage,
the thermal decomposition reaction would reduce the oxida-
tion degree of graphite because of the excessive temperature.
The GO synthesized by the traditional Hummer’s method
(T-GO) and the modified Hummer’s method (M-GO) were
shown in Figure 3.M-GOwas oxidizedmore adequately than
T-GO with a brighter color. So in our study, we canceled the
high-temperature reaction and maintained 35∘C to carry out
the last step reaction after adding the water dropwise to the
mixture solution.

FTIR spectra of pristine graphite and GO were presented
in Figure 4. For the graphite spectrum, no vibration peak was
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Figure 6: UV-Vis absorption spectra recorded in aqueous disper-
sion at 0.05mg/mL of GO.

observed. The FTIR spectra of GO was tested for confirming
the successful synthesis of GO.The intense band at 3365 cm−1
and the broad band at 3200 cm−1 to 3700 cm−1were attributed
to stretching of the O–H bond of CO–H and residual
water molecules, which confirmed that the GO could not be
dried thoroughly. The band at 1729 cm−1 was associated with
stretching of the C=O bond of carbonyl or carboxyl groups.
The bands present at 1623 and 1223 cm−1 were attributed to
deformations of the O–H bond in water and CO–H groups,
respectively. Deformation of the C–O bond was observed as
the intense band present at 1047 cm−1. The bands at 874 and
826 cm−1 were attributed to characteristic absorption band of
the C–O–C.

XRD provided a conclusive proof for the degree of
oxidation as the layer distances of pristine graphite and GO
was highly different which was showed in Figure 5. For
the pristine graphite, the (002) diffraction peak appears
at 2𝜃 = 26.5∘, indicating an interlayer spacing of 0.34 nm
between graphene platelets, obtained by Bragg’s equation.
After oxidization-induced expansion, the (002) diffraction
peak shifted to 2𝜃 = 10.6∘, with no reflections at 26.5∘,
suggesting that the interlayer distance increased to 0.834 nm
due to oxidation and completely eliminated the 0.34 nm
graphite interlayer spacing. This suggested that the graphite
was efficiently oxidized. Increase in the interlayer spacing was
attributed to the introduction of oxygenic functional groups
and the presence of water molecules between the graphite
layers or other structural defects [23].

TheUltraviolet-visible absorption spectra of GO aqueous
dispersion were showed in Figure 6. The absorption peak
at 230 nm of GO corresponded to 𝜋 → 𝜋∗ transitions of
aromatic C=C bonds and the absorption peak at 300 nm
corresponded to transitions of C=O bonds.

The thermal stability of the GO in comparison with
pristine graphite, characterized by TGA, was showed in
Figure 7. The TGA curve of GO displayed two prominent
mass losses at about 100∘C and 200∘C. The TGA curve of
GO showed about 11 wt% mass loss at 100∘C, which could
be attributed to the evaporation of water trapped between
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Figure 8: Raman spectra of graphite and GO excited at 532.2 nm.

hydrophilic GO sheet. It further demonstrated that GO could
not be dried thoroughly in accordance with the result of
FTIR. And the main mass loss occurred from 150∘C to 250∘C
due to the thermal decomposition of oxygen-containing
functional groups from the graphene oxide surface such as
hydroxyl, epoxy, and carbonyl groups which verified that the
graphite had been oxidized successfully. The GO loss was
approximately 62wt% at 800∘C. However, the TGA curve
of the pristine graphite indicated approximately 3 wt% mass
loss at 800∘C and nearly no mass loss under 100∘C which
testified that the graphite was super-hydrophobic and had a
thermodynamic stability.

Raman spectroscopy was a powerful approach to char-
acterize the graphite degree of carbon-based materials. The
significant structural changes occurred during the chemical
processing from pristine graphite to GO, was also reflected
in their Raman spectra. Figure 8 showed the Raman spectra
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Figure 9: XPS spectra of GO (a) and high resolution scans of C 1s
region of GO (b).

of natural graphite and GO. It was well recognized that the
D band resulted from a breathing mode of 𝜅-point photons
of A
1g symmetry, while the G band was due to the first order

scattering of the E
2g phonon of sp2 C atoms [24].The D band

of natural graphite was located at 1355 cm−1. The G band of
natural graphite was located at 1583 cm−1 and resulted from
the in-phase vibration of the graphite lattice. After oxidizing,
the intensity of the D band was increased, and the D band
of GO was located at 1347 cm−1, which resulted from the
decrease in the size of the in-phase sp2 domains due to the
extensive oxidation.TheGband ofGObecamemuch broader
and shifted to 1596 cm−1 owing to the present of isolated
double bonds that resonated at the higher frequencies than
the G band of graphite [25].

XPSmeasurement was applied to investigate the chemical
bonds formed on the surface of GO. The survey XPS data
was showed in Figure 9(a). There were two obvious peaks
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Figure 10: SEM images with different magnifications of graphite (a–d) and GO dispersion (e–h) interior microstructures.

which attributable to carbon and oxygen, respectively. The
C1s XPS spectra of GO were depicted in Figure 9(b). It was
clear that four different types of carbon with chemical envi-
ronments were obvious in GO: carbon sp2 (C=C, 284.6 eV),
epoxy/hydroxyl (C–O, 286.5 eV), carbonyl (C=O, 287.8 eV),
and carboxyl (O–C=O, 288.7 eV), respectively. This could be
attributed to the fact that a large amount of surface oxide
groups were chemically attached to the defect or edge sites
of the basal planes [26].

The microstructure of graphite was composed of numer-
ous graphite sheets which were clearly showed in Figures
10(a)–10(d). The interior microstructure of as-prepared GO
dispersion was imaged by SEM of its lyophiled samples.
According to SEM images (Figures 10(e)–10(h)), the GO
aqueous dispersion had an obvious 3D porous network

structure. The pore diameters ranged from submicrometer
to several micrometers and the pore walls consisted of very
thin layers of stacked GO sheets [27]. Therefore, it was
reasonable to conclude that a loose dynamic GO network
existed in the original dispersion of GO sheets owing to a
force balance between electrostatic repulsion and binding
interactions (hydrogen bonding, 𝜋-stacking, hydrophobic
effect, etc.) [28].

The core flooding experiments were carried out to evalu-
ate the ability of profile control of GO dispersion. Resistance
factor and residual resistance factor were the important
indicators that characterize abilities of liquid fluidity control
and the permeability descent. Resistance factorwas ameasure
of the relative mobility of profile control system, the greater
resistance factor was the stronger the profile control system
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Figure 13: Profile image of the core before and after flooding.

reduced the flow ability of fluid in porousmedia. And residual
resistance factor was a measurement of the permeability
reduction of profile control system permanently. The GO
dispersion would produce two important effects after being
injected into core: one is that it would increase the aqueous
phase injection pressure; the other one is thatGO’s adsorption
retention would cause the reduction of reservoir perme-
ability. Those two effects led to the significant reduction of
displacing phase fluidity in the oil reservoir. Therefore, the
GO dispersion injection would reduce total fluidity of water
in flooding layer with high permeability, lessen the gap of
waterline advancement speed between the layers with higher
and lower permeability, adjust water injection profile, and
improve conformance factor. The pressure curve of single
core flooding was showed in Figure 11. According to the
results of injection pressure, resistance factor, and residual
resistance factor of GO dispersion were calculated with

𝐹R =
Δ𝑃

𝑝

Δ𝑃wi
,

𝐹RR =
Δ𝑃wa
Δ𝑃wi
,

(3)

where 𝐹R was resistance factor, 𝐹RR was residual resistance
factor, Δ𝑃wi was stable pressure of precious water flooding
(MPa), Δ𝑃

𝑝
was stable pressure of GO dispersion flooding

(MPa),Δ𝑃wa was stable pressure of subsequent water flooding
(MPa). The resistance factor of GO dispersion was 4.6 and
the residual resistance factor was 14.3, respectively, which
indicated that GO dispersion had an ability to adjust the
profile of fluid absorption.

The result of flooding experiment of two cores in parallel
was showed in Figure 12 and the shunt rate of low permeabil-
ity was 20% approximately in water flooding stage, which was
in accord with the permeability ratio of the cores (1 : 4). In
GO dispersion flooding stage, the GO dispersion, which had
an obvious 3D porous network structure (according to SEM
images), flowed into high permeability layer preferentially.
Graphene oxide nanosheets could absorb on surface of the
core (Figure 13) and cause a certain extent physical plugging
effect. GO dispersion plugged the high permeability layer
and caused an increase of injection pressure, but the high
permeability layer was not been plugged completely, the
penetrability of high permeability layer was reduced but the
reservoir had a certain extent connectivity because of the
porous structure of GO dispersion. The shunt rate of low
permeability increased from 20% to 40% around in the
subsequent water flooding. So we demonstrated that the GO
dispersion has an ability to adjust water injection profile,
reduce permeability ratio, and improve conformance factor.

4. Conclusions

In conclusion, a simple chemical route has been developed
for the preparation of water dispersed nanosized graphene
oxide,which cancelled high-temperature stage andprolonged
the reaction time of mid-temperature to improve the extent
of oxidation of graphite and avoid the damage of erup-
tion in high-temperature reaction. The method developed
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here is simple, scalable, and environmental friendly. FTIR,
XRD, Ultraviolet-visible, TGA, Raman spectrum, and XPS
measurements indicate that the GO has been synthesized
successfully. GO is essentially a single atomic sheet, while its
lateral dimension extends to the size of colloidal particles.
SEM images have showed the microcosmic structure of the
GO dispersion that GO sheets with lateral dimensions of
several micrometers are able to contact with each other to
form a loose network in solution. Flooding experiments show
that the GO dispersion has an ability to adjust water injection
profile, reduce permeability ratio, and improve conformance
factor, and could be used as profile control agent in the oilfield
water-flooding. Our work may lay a foundation for further
industrial applications of GO in oilfield exploitation.
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