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Abstract: This work studies the influence of the concentration and oxidation degree on the rheological
behavior of graphene oxide (GO) nanosheets dispersed on polyethylene glycol (PEG). The rheological
characterization was fulfilled in shear flow through rotational rheometry measurements, in steady,
transient and oscillatory regimes. Graphene oxide was prepared by chemical exfoliation of graphite
using the modified Hummers method. The morphological and structural characteristics originating
from the synthesis were analyzed by X-ray diffraction, Raman spectroscopy, thermogravimetric
analysis, Fourier transform infrared spectroscopy, and atomic force microscopy. It is shown that higher
oxidation times increase the functional groups, which leads to a higher dispersion and exfoliation of
GO sheets in the PEG. Moreover, the addition of GO in a PEG solution results in significant growth of
the suspension viscosity, and a change of the fluid behavior from Newtonian to pseudoplastic. This
effect is related to the concentration and oxidation level of the obtained GO particles. The results
obtained aim to contribute towards the understanding of the interactions between the GO and the
polymeric liquid matrix, and their influence on the suspension rheological behavior.
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1. Introduction

Graphene was first obtained and characterized in 2004 by two Russian researchers that used the
mechanical exfoliation technique to peel a graphite plate and obtain fine graphene flakes [1]. Later, the
study of different syntheses of graphene was expanded [2]. Graphene is made up of a two-dimensional
network of carbon atoms with sp2 hybridized, with a very high surface area, and the same hexagonal
arrangement as graphite [3–6]. However, it consists of a single flat layer of carbon atoms, while graphite
represents stacks of graphene sheets.

Due to its excellent electronic, mechanical, thermal, and optical properties, many studies
about graphene have been developed, and its applicability has been increasing in several industrial
sectors [7–9]. Although it has excellent properties and numerous applications, there are still some
challenges to obtain large quantities of graphene with lower costs and higher structural quality (high
purity). This fact has led to the necessity to study and analyze different processes of synthesis [10].

In this work, the synthesis was made by chemical exfoliation. This method is based on the
oxidation of graphite, with the addition of oxygenated groups that increase the interplanar distance
among the layers, which turns the sp2 carbons of the lamellae into sp3, forming the graphite oxide

Fluids 2020, 5, 41; doi:10.3390/fluids5020041 www.mdpi.com/journal/fluids

http://www.mdpi.com/journal/fluids
http://www.mdpi.com
https://orcid.org/0000-0002-5867-5436
https://orcid.org/0000-0002-6902-8269
http://dx.doi.org/10.3390/fluids5020041
http://www.mdpi.com/journal/fluids
https://www.mdpi.com/2311-5521/5/2/41?type=check_update&version=3


Fluids 2020, 5, 41 2 of 20

(GrO) [11]. These oxygenated portions introduce a hydrophilic character to the material, making
it easier to disperse in water [12]. Using an ultrasound bath, GrO’s three-dimensional structure
exfoliate into graphene oxide (GO) sheets. Figure 1 shows the schematic model of a graphene oxide
sheet formation.

Fluids 2020, 5, x 2 of 21 

easier to disperse in water [12]. Using an ultrasound bath, GrO’s three-dimensional structure exfoliate 
into graphene oxide (GO) sheets. Figure 1 shows the schematic model of a graphene oxide sheet 
formation. 

 

Figure 1. Schematic model of the synthesis to obtain GO by oxidation of graphite. 

Graphene oxide has some advantages over graphene, such as better solubility, stability and 
better dispersion in water and other organic solvents, due to oxidation that turns hydrophobic 
particles into hydrophilic ones. On the other hand, its electrical conductivity is lower because the 
functional groups that are inserted contain oxygen, which deactivate double bonds and reduce the 
conductivity [13–15]. The oxidation process is very important in the exfoliation and dispersion of GO 
in polymeric matrices. The degree of oxidation is directly connected to the spacing between layers 
and to the presence of the functional groups developed on the GO sheets [16]. In turn, exfoliation 
depends on the level of attraction between layers and on the strength of the reaction that occurs 
between the layers and the solvent.  

Since graphene oxide was first obtained, many researches on its thermal and electric properties 
have been conducted [17]. However, few studies have been carried out on the rheological properties 
of graphene oxide suspensions. The complete study of the mechanical behavior of these suspensions 
is necessary to determine their applications and to optimize industrial processes. The addition of 
nanoparticles to the base fluid, apart from increasing thermal conductivity, may change the 
rheological, tribological and mechanical properties of the fluid [18–21]. Rudyak (2013) showed that 
nanofluids may not follow the classical Einstein’s relation for viscosity. He observed that the viscosity 
changes with the particles size [22,23]. Thus, it was possible to conclude that the viscosity of 
nanofluids depends not only on the surface chemistry, shape or volume concentration of the 
nanoparticles, but also on their size and concentration [24]. These factors strongly affect the 
morphology of a suspension of nanoparticles changing the interaction between particles/aggregates 
due to attractive Van der Waals force [25]. The nanoparticles, as is the case of graphene oxide, can 
also form clusters with the polymeric chains, which can lead to further increase of the viscosity of the 
suspension [26]. 

Naficy et al. (2014) studied the viscoelastic behavior of GO dispersions in water, and concluded 
that at extremely low concentrations, GO sheets are randomly dispersed in the fluid. As concentration 
increases, some nematic orders begin to appear, and the storage modulus (G’) increases and exceeds 
the loss modulus (G’’), while the loss modulus remains almost constant with frequency. This can be 
attributed to the increase in the volumetric fraction of colloidal particles that gives elasticity to the 
system. An additional increase in concentration results in greater packaging of the nematic phase 
[27]. Giudice and Shen (2017) also performed the shear rheological characterization of graphene oxide 
aqueous dispersions. They concluded that a critical concentration exists, below which GO sheets are 
dispersed, and above which they self-organize. To analyze the responses obtained, the Peclet number 
(Pe) was evaluated to determine whether the dominant mechanism is Brownian diffusion or 
convection. In steady-state tests above the critical concentration and at low Pe, GO sheets self-

Figure 1. Schematic model of the synthesis to obtain GO by oxidation of graphite.

Graphene oxide has some advantages over graphene, such as better solubility, stability and better
dispersion in water and other organic solvents, due to oxidation that turns hydrophobic particles into
hydrophilic ones. On the other hand, its electrical conductivity is lower because the functional groups
that are inserted contain oxygen, which deactivate double bonds and reduce the conductivity [13–15].
The oxidation process is very important in the exfoliation and dispersion of GO in polymeric matrices.
The degree of oxidation is directly connected to the spacing between layers and to the presence of
the functional groups developed on the GO sheets [16]. In turn, exfoliation depends on the level
of attraction between layers and on the strength of the reaction that occurs between the layers and
the solvent.

Since graphene oxide was first obtained, many researches on its thermal and electric properties
have been conducted [17]. However, few studies have been carried out on the rheological properties of
graphene oxide suspensions. The complete study of the mechanical behavior of these suspensions
is necessary to determine their applications and to optimize industrial processes. The addition of
nanoparticles to the base fluid, apart from increasing thermal conductivity, may change the rheological,
tribological and mechanical properties of the fluid [18–21]. Rudyak (2013) showed that nanofluids may
not follow the classical Einstein’s relation for viscosity. He observed that the viscosity changes with the
particles size [22,23]. Thus, it was possible to conclude that the viscosity of nanofluids depends not
only on the surface chemistry, shape or volume concentration of the nanoparticles, but also on their size
and concentration [24]. These factors strongly affect the morphology of a suspension of nanoparticles
changing the interaction between particles/aggregates due to attractive Van der Waals force [25]. The
nanoparticles, as is the case of graphene oxide, can also form clusters with the polymeric chains, which
can lead to further increase of the viscosity of the suspension [26].

Naficy et al. (2014) studied the viscoelastic behavior of GO dispersions in water, and concluded
that at extremely low concentrations, GO sheets are randomly dispersed in the fluid. As concentration
increases, some nematic orders begin to appear, and the storage modulus (G′) increases and exceeds
the loss modulus (G”), while the loss modulus remains almost constant with frequency. This can be
attributed to the increase in the volumetric fraction of colloidal particles that gives elasticity to the
system. An additional increase in concentration results in greater packaging of the nematic phase [27].
Giudice and Shen (2017) also performed the shear rheological characterization of graphene oxide
aqueous dispersions. They concluded that a critical concentration exists, below which GO sheets are
dispersed, and above which they self-organize. To analyze the responses obtained, the Peclet number
(Pe) was evaluated to determine whether the dominant mechanism is Brownian diffusion or convection.
In steady-state tests above the critical concentration and at low Pe, GO sheets self-aggregate, while at
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high Pe, such aggregates dissociate. Moreover, the transient results showed that GO dispersions act as
thixotropic fluids [28].

Shu et al. (2015) investigated the effects of graphene oxide and PEG concentrations in pure water
on the shear rheological behavior of GO/PEG aqueous dispersion. They concluded that GO aqueous
dispersions changed from Newtonian behavior to pseudoplastic as GO concentration increases, and
that the critical concentration of isotropic-nematic phase transition was around 6 mg/mL. For the
GO/PEG aqueous dispersions, they stated that for all concentrations tested, the viscosity of dispersions
decreases with increasing shear rate, and as long as the PEG concentration increases, the viscosity value
firstly decreases, and then increases again. This can be explained by the fact that the pure concentrated
aqueous GO dispersion is in the liquid crystal phase and, when adding PEG, its chains are adsorbed
into the GO sheets, decreasing the viscosity of the aqueous dispersions of GO/PEG. This phenomenon
suggests that there is an attractive interaction in the GO/PEG dispersion. Increasing the concentration
of PEG increases the strength of the attraction interaction, thereby increasing viscosity [29].

This work aims to study the rheological behavior of a suspension of graphene oxide nanoparticles in
a polymeric matrix. Most studies in the literature present the rheological behavior of graphene/polymer
nanocomposites focusing on graphene processed from graphene oxide (GO) dispersed in some common
solvents such as water. However, there are few reports that aimed the study of obtaining graphene
oxide dispersed directly in a liquid polymeric matrix, as will be the focus of this work. It is important
to refer as well that some works have analyzed GO suspended in water and GO aqueous suspension
in polyethylene glycol (PEG). However, to the best of authors knowledge, none of them addressed the
rheological behavior of GO suspended with different degrees of oxidation. Taking that into account,
this work intends to analyze the shear rheological behavior of GO suspended in PEG with different
concentrations and levels of oxidation.

2. Materials and Methods

2.1. Materials

The products and reagents used for the graphene oxide production were: Graphite powder <

45 µm > 99.99%, Sulfuric Acid (H2SO4) 99%, Potassium Permanganate (KMnO4) and Polyethylene
Glycol Mw 400 g/mol (all provided by Sigma-Aldrich); Ethanol (C2H5OH), hydrochloric Acid (HCl,
ACS reagent 37%) and hydrogen peroxide (H2O2, 30% m/m) (provided by Synth). The deionized water
was supplied by PUC-Rio.

2.2. Preparation of Graphene Oxide Suspensions

The graphene oxide used in this work was synthesized by the modified Hummers method [30].
Several samples with different concentrations of GO were prepared. In a 500 mL round bottom flask,
1.0 g of graphite (Gr) powder and 60mL of concentrated sulfuric acid were added. This reaction is
performed under low temperature (emerged in an ice bath) and under stirring at a frequency of 500 Hz
for 15 min by a medium goldfish magnetic stirrer. Then, 3.5 mg of potassium permanganate (KMnO4)
was slowly added for 15 min, since this reaction is extremely exothermic with a very high kinetic
velocity. The purpose of adding these reagents is to expand the structure and oxidize the surface of
the graphite sheet due to the presence of oxygenated functional groups. In the end, the system was
removed from the ice bath and stirred until the desired oxidation time. The oxidation times used in
this work were equal to 2 h and 96 h.

After graphite oxidation, 200 mL of deionized water was slowly added, and the system returned
to the ice bath. Then, to stop the reaction, aqueous hydrogen peroxide solution was gradually added
until the reaction stopped bubbling so that the flask could be removed from the ice bath and allowed
to stand for 12 h.

After decantation the supernatant was discarded and, using a vacuum pump to accelerate the
filtration process, the product obtained was washed with deionized water to remove the salts that
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were still present; aqueous hydrochloric acid solution was used to remove the metal ions; and ethanol
to remove the organic residues. To obtain the graphite oxide (GrO) with 2 h of oxidation, the washing
process took on average one day, while for obtaining the GrO with 96 h of oxidation, this process took
an average of 3 weeks.

Before the product was macerated, it was placed in the vacuum oven for a period of 12 h to
remove any remaining humidity. With the intention of preparing the colloidal graphene oxide (GO)
suspensions with concentrations ranging from 0.1 mg/mL to 80 mg/mL, as shown in Table 1, the
macerated graphite oxide was first dispersed in polyethylene glycol and then exfoliated in ultrasonic
bath for a period of 4 h, for both levels of oxidation.

Table 1. Concentration of the PEG-GO suspensions used for the rheological studies.

Concentration mg/mL Concentration wt.%

0.1 0.01

1 0.1

10 1

20 2

40 4

80 8

2.3. Characterization of Graphite, Graphite Oxide (GrO) and Graphene Oxide (GO)

Several tests were performed to obtain the characterization of graphite, GrO, and GO. The Rigaku
MiniFlex II diffractometer determined the material diffraction by the X-ray diffraction (XRD) technique,
with the samples powdered at room temperature, using λCuKα and monochromator radiation, varying
the scanning at angles of 5◦ to 50◦, with a rate of 2◦ per minute and fixed slots with 30 kV, 15 mA.

The Alpha 300 R Raman spectrometer (Witec) was used to evaluate the hybridization state of
carbon. It was calibrated with a silicon (Si) waffer, integration time of 0.25 s, 50× objective lens and
532 nm laser, and with a grating refraction index of 600 g/mm (grades per millimeters). The sample
was obtained by diluting 1 mg of GO in 1 mL of deionized H2O dropping one drop of the solution
onto the silicon oxide substrate.

The SDT-Q600 (TA Instrument) was used for the thermogravimetric analysis of graphite oxide
powder. The loss of mass is measured as a function of temperature, while the sample is heated from
25 ◦C to 1000 ◦C, with a rate of 10 ◦C per minute under O2 atmosphere.

The Bruker Vertex 70 Fourier Transform Infrared Spectrometer was used to obtain the absorption
spectrum (FTIR), recorded in the wavenumber range of 750–3500 cm−1. The sample was obtained
from dilute solutions of graphene oxides prepared with a concentration of 1 mg/mL in deionized H2O,
and pH > 5. The solution was dripped on a silicon oxide (SiO2) wafer and after dried the samples
were analyzed.

The sheets dimensions and thickness of the GO were obtained by Atomic Force Microscopy,
AFM, using the Bruker Model Icon Dimension Microscope with probe, with the tip covered with Si.
A resolution of 512 lines with 512 points was captured with Scan Asyst mode in the areas of each
image. The samples were prepared from the dilution of 1mg/mL to 0.005 mg/mL of deionized H2O
and previously sonicated for 4 h. It was not possible to perform the AFM for the graphite, because its
particles are in the order of 45 micrometers, which is above the upper limit of the microscope, equal to
3 micrometers.

2.4. Rheological Measurements

The rotational rheometer Physica MCR501 (Anton-Paar) with cone-plate geometry was used to
analyze the rheological behavior of the suspensions with different GO concentrations. The cone-plate
geometry consists of a conical shaped body and a planar circular plate (60 mm diameter and 0.057 mm
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gap). The angle of the conical body is equal to 6◦. The double-gap geometry was also used to
obtain comparative data, but in the Physica MCR301 rotational rheometer (Anton-Paar). MCR501 and
MCR301 are stress-controlled rheometer. A protective cap is used above the geometry during the tests
to avoid solvent evaporation. Each test was repeated at least three times to confirm its reproducibility.

For fluid homogenization, the suspensions were kept under stirring on a magnetic stirrer for 15
min with a constant frequency of 1000 Hz before starting any rheological measurement.

Prior to the measurement, the temperature equilibrium of the samples was set up at 20 ◦C for 5
min. The flow curves of the PEG suspensions were performed by ranging the shear rate from 1000 s−1

to 0.1 s−1. The flow curve was evaluated decreasing the shear rates from the highest to the lowest,
since the time to reach the steady state is lower [31]. In order to verify the hysteresis of the curves, tests
were also performed, starting from the lowest to the highest rates.

The stability of the suspensions was evaluated as follows: first the flow curve was obtained for all
concentrations without shaking them, and then the samples were agitated, and new flow curves were
generated and compared to the previous ones.

Dynamic strain sweeps were performed at a fixed frequency of 1 Hz ranging the strain from
10% to 10,000%, to determine the linear viscoelastic region (LVR) of the suspension and to verify the
predominance of viscous or elastic effects. Moreover, dynamic frequency sweeps were conducted
from 0.1 Hz to 100 Hz, to investigate the structure of the suspensions at a constant shear stress value
obtained at LVR.

3. Results and Discussion

3.1. Structural Characterization of Graphene Oxide

Figure 2 shows the XRD patterns of primitive graphite and graphite oxide (GrO) of 2 h and 96 h
of oxidation. The pristine graphite presents characteristic peaks at the 2θ = 26.2◦ relative to the (002)
plane. Upon its oxidation, the XRD pattern for GrO displays a new shifted peak at 2θ = 9.90◦ and 2θ =

9.756◦ for GrO 2 h and GrO 96 h, respectively, indicating an increase in the d-spacing. The values of 2θ
and d-spacing for graphite and graphite oxide layers were achieved by fitting the curves according
to Bragg’s Law [32]. It can be observed that the d-spacing increase from 0.312 nm (Gr) to 0.895 nm
(GrO 2 h) and 0.907 nm (GrO 96 h) due to the presence of oxygen functional groups, such as −OH and
−COOH, obtained from the oxidation process [33]. The higher d-spacing obtained for the GrO 96 h
is due to the higher oxidation time, which led to an increase in functional groups developed in the
material structure [34].

As shown in Figure 3, the Raman spectrum can provide several bands, but the most important
ones for carrying out the study and characterization of the load are the D, G, and 2D bands. The
2D band can only be observed in the graphite spectrum between the range of 2500–2750 cm−1. It is
related to the two-dimensional structure of the material, providing information about the existence of
multilayers that form the graphite [35]. For GO 2 h and 96 h, the Raman spectrum shows no peaks in
the 2D region, since it is a defective structure consisting of functional groups intercalated between the
graphitic layers. With respect to the band D that is in the range between 1300 cm−1 and 1500 cm−1, it is
possible to observe a growth in the band D relative to the oxidation process that led to the existence of
incomplete bonds, heteroatoms attached to the plane structure and changing the sp2 to sp3 bond type
on carbon atoms, thus with defects on the edges and layers of the graphite [36]. Comparing the spectra
of the samples with respect to the G band, which is between 1500 and 1750 cm−1, there is a widening of
the G band, indicating greater disorder in the graphitic structure and greater heterogeneity due to the
oxidation process [37]. The ID/IG intensity ratio of the D and G bands allows a quantitively estimation
of the proportion of defect concentration, depending on the GO oxidation. For the graphite, ID/IG =

0.573, the GO 2 h oxidation, ID/IG = 1.066 and GO 96 h, ID/IG = 1.109, indicating a shift to higher of the
ration with the increase of oxidation time. This suggests the size reduction of the in-plane sp2 domains
as the oxidation time increases, and consequently, there was an increase of the structural defects in
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the carbonaceous structure due to the oxygenated groups and edges on GO 96 h. This observation
corroborates the previous XRD results.
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Figure 4 shows the thermogravimetric curves of graphite, GrO 2 h and GrO 96 h under O2

atmosphere. For graphite it can be observed that there is thermal stability until 731 ◦C, when a typical
thermal decomposition process of the graphitic material begins to occur and continues until 893 ◦C.
GrO 2 h presents a small loss of mass up to the temperature around 100 ◦C, resulting from the loss of
residual moisture absorbed by the material during the exfoliation process. Between 155 and 300 ◦C,
a further sharp drop corresponding to a loss of 26.74% of the material mass is observed and can be
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related to the loss of groups that were introduced into the material during oxidation. Finally, the
sample has a gradual loss of mass between 500 and 600 ◦C, related to the process of degradation of
the graphite structure. Regarding the results for the GrO 96 h, first a loss of mass resulting from the
loss of residual moisture absorbed by the material can be observed and then, between 155 and 300 ◦C
there is 33.38% of mass loss, related to the loss of oxygenated groups that were introduced into the
material during oxidation. The remainder shows the mass loss of the graphite material. These values
indicate that the GrO’s are thermally unstable and the system with the highest oxidation time has the
largest number of functional groups introduced in the graphite structure. It is worth mentioning that
Jiang et al. (2000) showed that graphite, regardless of its size, is thermally stable because of its high
structural stability [38].
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Figure 5a,b shows the FTIR spectra of the oxidized GO with 2 h and 96 h. Both results show
vibrations regarding the oxygenated functional groups developed by oxidation of the GrO. The peaks
at 1055 and 1102 cm−1 for the GO 2 h and GO 96 h spectra, respectively, establish the existence of C–O
stretching, which can be related to alcohols. The peaks at 1233 and 1277 cm−1 also indicate the presence
of stretching C–O bonds and can be related to carboxylic acids, esters and ethers (epoxy) [39,40]. The
peaks that manifest at frequencies 1422 cm−1 for GO 2 h and 1409 cm−1 for GO 96 h establish the
presence of O–H deformation vibrations. The peaks for the frequencies of 1593 and 1610 cm−1 are
associated with the C=C stretch. The bands at 1715 and 1711 cm−1 determine the stretching of C=O
bonds, which may be related to the presence of carboxylic acids and ketones. The broad bands present
between the frequencies of 3500 and 2500 cm−1 in both spectra are associated with OH in the samples.
The peaks at 3340 cm−1 for the GO 2 h spectrum and 3211 and 3066 cm−1 for the GO 96 h arise from
the −OH stretch from carboxylic acids and hydrogen bonds derived from moisture in the samples.
However, the peaks that appear at the frequencies of 2920 and 2872 cm−1 in the GO 96 h spectrum
suggests symmetrical and asymmetric C–H stretching that can be related to the appearance of local
defects in the GO nanosheets [41]. The appearance of peaks associated with C–H agree with the results
of Raman spectroscopy, which presented a higher ID/IG ratio for GO 96 h.
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Atomic force microscopy (AFM) was used to analyze the morphology of the GO obtained, and
results are depicted in Figures 6 and 7. Figure 6a presents the results of GO 2 h, and it shows that
the particles size range from 60 nm to 294 nm, with more than 50% concentrated between 60 nm and
100 nm, and with an average number of 104 layers, indicating that most of the particles are graphite
oxide. Figure 6b shows instead that the GO 96 h has particles ranging from 0 nm to 60 nm, with more
than 50% concentrated between 0 nm and 20 nm, and with an average number of 10 layers, in which
the GO particles can be classified as multilayer-GO. Figure 7a,b shows a representative image of the
GO 2 h and GO 96 h particles respectively, obtained by the AFM in Gwyddion of the exfoliated GO
of the aqueous suspension. It is possible to observe, that GO particle 2 h has width between 0.5 µm
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and 2 µm and a maximum height of 0.11 µm, and for GO 96 h it is seen that the width is between
0.3 µm and 0.8 µm and maximum height of 13 nm. These values are within the results analyzed in
Figure 6 and indicates that with the increase of the oxidation degree, it is possible to obtain lower
number of layers. However, due to the increase number of defects on the basal plane of the GO 96 h,
the layers tend to breakdown more during the sonication process, as indicated by the decrease of the
lateral size. These observations are in line with the above characterizations, indicating that with higher
oxidation time/degree it was possible to obtain more functional groups in the GO particles, which led
to an increase of the exfoliation process.
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The results obtained with these characterization techniques present similar properties to the GO as
in other studies in the literature, showing that the graphene oxide obtained by the modified Hummers
method was satisfactory [33]. It was also possible to notice that the GO obtained with the highest
oxidation time (96 h) presented fewer layers due to a larger insertion of oxygenated groups between
them. This may be justified by the fact that these functional groups further improve the interplanar
distance between these sheets and facilitate their separation during the exfoliation process. These
oxidized nanoparticles present a hydrophilic behavior, which allows to exfoliate in water.

To evaluate the effect of oxidation level and concentration on the suspension rheology, steady
state and oscillatory measurements were performed using rotational rheometry.

3.2. Shear Rheology of Graphene Oxide Suspensions

The difficulty to achieve a stable suspension with no chemical changes such as pH change or
surfactant addition, has been a major challenge [42]. To deal with this issue, homogenization of the
suspension is carried out by stirring techniques, such as the ultrasonic bath, magnetic stirrer, and
high-pressure homogenizer. Factors such as intensity and time of stirring can also influence the
suspension behavior.

In order to analyze the stability of the suspensions and to evaluate if the samples have undergone
any change due to sedimentation or agglomeration, steady state tests were performed with and without
agitation. The stirring was done on a magnetic stirrer for 15 min with a constant frequency of 1000
Hz. Figure 8 shows the flow curves obtained for the graphene oxide suspensions of 2 h of oxidation
in PEG with concentrations of 0.1 and 80 mg/mL. It was possible to observe that, at low shear rates,
the samples did not demonstrate well-defined rheological behavior while at high rates, when the
sample is being stirred more vigorously, the behavior of the suspensions is consistent, mostly due to
the orientation/suspension of the GO layers. This demonstrates the fact that these samples need to be
agitated before being placed on the rheometer in order to avoid sedimentation.
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Steady state measurements were obtained for each sample applying a shear rate range from 10 s−1

to 1000 s−1 (without pre-shearing the sample) and then from 1000 s−1 to 10 s−1. Figure 9 shows that
there was no hysteresis in the flow curves generated for 0.1 and 80 mg/mL concentrations made with
the GO obtained with 2 h of oxidation. These tests also showed that the execution times of the curves
obtained from the highest to the lowest shear rates were lower because the steady state for each point
is obtained faster, as expected [31].
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(open symbols) for suspensions of GO 2 h with concentrations of (a) 0.1 and (b) 80 mg/mL.

GO concentration and oxidation degree may influence the rheological properties of graphene
oxide suspensions. These effects were investigated for shear rates ranging from 1000 s−1 to 0.1 s−1 to
cover a large variety of possible applications. The steady state curves were obtained for concentrations
of GO from 0.1 mg/mL to 80 mg/mL, for oxidation times of 2 h and 96 h. It is important to mention that
the low shear rate limit in the flow curves was defined by the low torque limit of the rheometer.
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Figure 10 shows the flow curve for suspensions with GO concentration of 40 mg/mL, obtained
with oxidation times of 2 h and 96 h. It can be observed that the viscosity of the GO 2 h has a Newtonian
behavior, while the GO 96 h presents a slight shear thinning behavior. This suggests the influence of
the oxidation level of GO, which also is responsible for the larger viscosity of GO 96 h.
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The GO particles have an extremely large specific surface and can interact with a large amount of
polymer in suspension. Thangavel and Venugopal (2014) evaluated different levels of GO oxidation
in aqueous solution and concluded that the more oxidized GO has higher interaction capacity than
the less oxidized GO. They argued that the oxidation level of GO increases due to the increase of
negatively charged molecules in hydrophilic functional groups [26]. Wang et al. (2004) used the
tubeless siphon technique and silica nanoparticles to confirm that one factor that can lead to increasing
shear viscosity of a polymer solution is the addition of nanoparticles to the solution, since the extension
of polymer bridges between the particles increases the flow resistance [43]. The basic mechanism of
this interesting rheological behavior is the Bridging effect [44], which implies that due to the size effect,
multiple particles are connected by the intra-chain bridge of a polymer, as it is shown in Figure 11.
Therefore, the larger viscosity observed with increasing oxidation time for GO, can be explained by the
fact that the longer the oxidation time, higher percentage of oxygenated groups are inserted into the
graphite structure, which helps the layers to exfoliated easier, as observed in the AFM and Raman
results. This process presents a more dispersed morphology, developing a better interaction between
the nanoparticles and the polymer (interaction made by hydrogen bonds), where the PEG chains are
connected on the GO sheets forming larger aggregates in the shaped of a network that restricts the
suspension mobility and leads to an increase in viscosity. Thus, since the GO obtained with 96h of
oxidation was more oxidized as evidenced by the characterization techniques, the viscosity of the
suspensions made with this GO is higher than that of the GO obtained with 2 h of oxidation.

Figure 12 shows that for both oxidation times there is an increase in viscosity as the concentration
is increased. According to Kamibayashi et al. (2008), increasing particle concentration slowly generates
an increase in the suspension viscosity [44]. Einstein’s theory of suspension rheology says that the
distortion of the velocity field in the surroundings of each particle induces an increase in viscosity [45].
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Figure 12. Shear viscosity of suspensions of GO as a function of different GO concentrations at shear
rate 10 s−1.

The rheological behavior of these observed suspensions can be discussed in terms of the networks
formed between GO nanoparticles and the polymer. As it can be seen from Figure 13, at rest, these
networks are kept structured. As a shear rate begins to apply, the network structure is broken, and the
particles are oriented along the flow direction. This effect, together with the slip/orientation of the
shear GO layers is responsible by the shear thinning behavior that is observed in the more concentrated
suspensions [46]. In the lower concentration suspensions, the network is already less structured and
therefore no shear thinning is observed. This behavior is shown in Figure 14, which also shows that
in the flow curve of the GO 96 h the change of the Newtonian behavior to a pseudoplastic behavior
begins to be observed at suspensions with concentration of 40 mg/mL, whereas in the tests made for
concentrations of 0.1 to 80 mg/mL of GO 2 h all samples presented a Newtonian behavior in the shear
rate range analyzed.
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purple—1 mg/mL, H grey—0.1 mg/mL and • yellow—0 mg/mL.
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According to Shu et al. (2016), in suspensions with very low concentrations of GO, as the
sheets of GO are individually dispersed in the polymer with weak interaction among them, the
rheological behavior of the GO suspensions is Newtonian. When the GO concentration is above
a critical concentration, the molecules have a certain orientational order, exhibiting a characteristic
shear-thinning behavior under constant shear flow [29].

Small amplitude oscillatory shear (SAOS) can detect the dynamic mechanical response of complex
fluids near equilibrium state. Typical curves of dynamic storage (G′) and loss modulus (G”) as a function
of angular frequency (ω) for the GO suspensions with different concentrations were determined for the
GO suspensions. Strain sweep tests were performed in order to obtain the linear viscoelastic region that
serves as input data for the frequency sweep tests. The strain used was within the linear viscoelastic
range for all tests and the frequency sweep measurement was performed in the range of 0.1–100 Hz for
all samples. The low frequency module mainly provides information about the aggregate network
and the high frequency response is dominated by the contributions of the polymer matrix [47]. Values
below 0.1 Hz have been discarded since they presented a very low torque value, below the equipment
limit, and values above 100 Hz are also discarded since the phase angle is not between 0◦ and 90◦, and
the material structure might be under irreversible elastic recovery [48].

Figure 15 shows the storage (G′) and loss (G”) moduli as a function of frequency. For GO 2 h tests,
from pure polymer to 40 mg/mL suspension, the loss modulus does not differ significantly, presenting
values very close to all concentrations. The storage modulus is practically negligible compared to
the loss modulus values, meaning that the material does not present significant elasticity, suggesting
poor interaction of GO with PEG. However, the 80 mg/mL suspension began to show slight signs
of elasticity. This may be justified by the fact that at low concentrations, GO sheets are randomly
dispersed in the polymer matrix and the increase in concentration was too small to cause significant
effects on the loss modulus, as the dominant part was still the polymer. For the GO 96 h tests, it can be
observed that the suspension with 80 mg/mL GO concentration started to show loss modulus values
slightly higher than the suspensions with other concentrations, and the storage modulus started to
increase significantly. This may lead to the conclusion that the suspension of GO 96 h with 80 mg/mL
concentration is close to the critical concentration, for the present system. These results can suggest
that the suspensions presented similar values of the loss modulus, however the higher oxidation time
suspension shows a higher storage modulus response, or higher elastic behavior. This observation
is another indication that the more oxidized GO, the more exfoliated the layers are, as it was shown
above, and consequently a greater interaction with the PEG compared to the less oxidized GO.Fluids 2020, 5, 41 17 of 20
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Figure 15. Frequency Sweep of the loss (open symbols) and storage (filled symbols) modulus for
suspensions of (a) GO of 2 h (b) GO of 96 h of oxidation with different concentrations: • red—80
mg/mL, � dark blue—40 mg/mL, � green—20 mg/mL, N orange—10 mg/mL, I light blue—1 mg/mL, H
grey—0.1 mg/mL and � pink—0 mg/mL.

4. Conclusions

This work presented a rheological characterization of suspensions of graphene oxide (GO)
nanosheets in polyethylene glycol (PEG). The effect of oxidation time and concentration were
investigated. The GO characterization techniques showed that the oxidation occurred and that
the longer the oxidation time, the greater the number of functional groups introduced in the graphite
structure, increasing interplanar distances. This improves the process of exfoliation, resulting in lower
particles size and larger interaction with the polymer chains, due to the bridge effect, which restricts
the mobility of the suspension and increases flow resistance. Therefore, larger oxidation times lead to
higher suspension viscosity. Regarding the concentration, it was also possible to notice an increase in
viscosity with the increase of nanoparticles concentration in the suspensions.

The rheological tests also allowed to investigate the dependence of the suspension viscosity
with the shear rate, where it was possible to observe the change from Newtonian to pseudoplastic
behavior as the concentration increases, for the GO suspensions prepared with 96 h of oxidation.
Moreover, through the oscillatory tests, it was possible to verify that only the most concentrated 96 h
GO suspensions showed elasticity.

The results obtained from steady state shear tests and SAOS frequency sweep measurements
serve to understand the interaction between nanostructure and the mechanical response of GO/PEG
and introduce information about GO/other polymers suspensions. These mechanisms and behavior
can provide useful guidelines for nanofluids production.

Since we have demonstrated that the compatibility between PEG and GO has been improved
with the degree of oxidation of graphene oxide, this system can be used as well as a model system
for studies on electrorheological (ER) suspensions. Such suspensions are important on the field of
smart materials, since ER fluids usually consist of semi-conducting or polarizable materials suspended,
and their rheological properties can be tuned by electrical field stimuli. Therefore, the introduction of
polar functional groups on the surface of the GO, combined with the compatibility with PEG, allow
the system to be polarized by an external electric field and subsequently analyzed as a model ER
suspension for fundamental studies.

As a suggestion for future work, with the aim to improve the knowledge regarding the properties
of graphene oxide suspensions, studies on extensional rheological characterization should be further
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explored. This type of flow has great importance in industrial processes with large variations in areas,
such as flows in extrusion, spray coating, ink jet, among others. In addition, measurements with PEG
of other molecular weights in order to evaluate how the bridge effect may interfere with the viscosity
of these suspensions are also important.
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