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Abstract
TA series of Graphene Oxide/ Polyacrylamide (GO/PAM) super-elastic nanocomposites with different 
amounts of Graphene Oxide Nanosheets (GONSs) (0.5, 1, 1.5, and 2 wt. %) were synthesized using an in-
situ polymerization in an aqueous medium in this paper. To this end, we proposed a method for obtaining 
super-elastic nanocomposites with a high dispersion of GONSs in the PAM chains as well as in a rapid 
synthesis. Fine adaptability, powerful inner interaction between embedded GONSs into the PAM chains, 
and remarkable enhancement of mechanical and thermal properties of synthesized GO/PAM super-elastic 
nanocomposites can be considered as the unique characteristics of this synthesis method in a short time. 
In this study, GONSs were prepared by a modified Hummer’s procedure at ambient temperature. Fourier 
Transform Infrared (FT-IR) spectroscopy, X-Ray Diffraction (XRD), Field Emission Scanning Electron 
Microscopy (FESEM), thermo-Gravimetric Analysis (TGA) and Differential Thermal Analysis (DTA) were 
employed to characterize the internal network structure of GONSs, PAM, and GO/PAM nanocomposites. 
XRD investigation indicated the increase of the interlayer spacing of GONSs. The exfoliation and dispersion 
of GONSs in the PAM matrix were studied by XRD and FESEM. The formation of oxygen-including groups 
on the surface of GONSs and hydrogen linking between GONSs and PAM was confirmed by FT-IR spectra 
and DTA. Atomic Force Microscopy (AFM) was used to evaluate the thickness of the synthesized GONSs that 
was measured to be about 6.85 nm. Ultraviolet-Visible (UV/vis) spectroscopy illustrated the high percent of 
oxidation with more oxygen-including groups on the GONSs basal surface. Raman spectroscopy was also 
utilized to determine the induced disorder degree in the synthesized graphene oxide and distinguish the 
number of its layers. Thermal properties curves of GO/PAM nanocomposites represented an improvement 
trend in degradation temperature and a remaining amount up to GO-loaded (1.5 wt. %). The addition of 
GONSs also showed the significant improvement of viscoelastic behavior in PAM chains. The highest storage 
modulus (G’; 6.42 MPa) and loss modulus (G”; 0.98 MPa) are related to GO/PAM nanocomposite with 
1.5 wt. % GO-loading. Based on the empirical result, the GONSs could remarkably enhance the thermal 
conductivity of PAM which was measured to be about 0.49 W.m-1.K-1. Thermal conductivity of GO1.5/PAM 
nanocomposite was about 0.9 W.m-1.K-1 that showed 84 % increase compared to the PAM.

Keywords: GONSs; GO/PAM Nanocomposite; Rheological Property; Solution Polymerization; Thermal 
Conductivity.
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INTRODUCTION
The graphene is a flat single layer formed 

of sp2-bonded carbon atoms ordered in a 
two-dimensional honeycomb structure. It has 
interested many researchers due to its special 
electrical, thermal, mechanical properties, and 
low density [1-5]. Graphene Oxide Nanosheets 
(GONSs) have excited major interest as additives 
to incorporate with other polymers [6-8] due to 
their great surface area [9-11]. GONSs have a sheet 
structure and are wealthy in oxygen-including 
groups, such as epoxy, carbonyl, and hydroxyl 
groups [12, 13]. It should be noted that the 
oxygen-including groups on the GONSs plane are 
very important for the synthesis of GO/polymer 
[14]. They simplify the dispersion of GONSs in 
aqueous solutions and provide reactive sites 
for the polymer growth through manufacturing 
hydrogen bonding with the polymer chain. For 
example, the oxygen-containing groups of the 
GONSs manufacture hydrogen bonding with the 
N-H bond of polyacrylamide (PAM). 

GO was prepared in 1859 by Brodie via adding 
KCl (potassium chlorate) to a dispersed graphite 
in concentrated HNO3 (nitric acid) [15]. It was also 
generated using different methods in which the 
Staudenmaier [16] or Hammer [17] procedures 
were improved to minimize the risk of explosion. 
In these methods, graphite was oxidized using 
powerful oxidants, such as KMnO4 (Potassium 
permanganate), KCl, and NaNO3 (sodium nitrate) 
in H2SO4 (sulfuric acid) or its mixture with HNO3 
or mixture of H2SO4 and H3PO4 (phosphoric acid) 
[18, 19]. This process, which generates oxygen-
containing groups on the surface of graphite 
layers, has a significant effect on reducing van 
der Waals interaction between layers as well as 
increasing interlayer distances [20]. Actually, the 
irregularity of the graphite network is reflected in 
an increment of layers’ distance to 0.335 nm for 
graphite and more than 0.825 nm for GO.

Several techniques have been employed to 
prepare polymer grafted GONSs, such as melt 
blending [21-24], solution mixing [25-27], and in-
situ radical polymerization [28-34]. However, other 
methods have been also employed to disperse 
the GONSs in a polymer base, such as Atom 
Transfer Radical Polymerization (ATRP) [35-37], 
Reversible Addition Fragmentation chain Transfer 
process (RAFT) [38-40], Nitroxide Mediated 
Polymerization (NMP) [41, 42], and in-situ Free 
Radical Polymerization (FRP) [43, 44]. Among 

these methods, in-situ radical polymerization 
in aqueous is the simplest due to the fact that 
the other methods all require special reaction 
conditions. One of the advantages of this method 
is that it does not use any additional surfactant 
because GONSs can stabilize the emulsion 
or microemulsion polymerization of various 
monomers, like styrene and methyl methacrylate 
[45-47]. 

The presence of GONSs in the structure of 
polymers has made a remarkable enhancement in 
the mechanical, thermal, rheological, and electrical 
properties of polymer-based nanocomposites at 
very low filler content compared to the polymer-
based composites synthesized with micron-scale 
fillers [48]. The GONSs content has not only 
significantly influenced the rheological behaviors 
but also improved the mechanical strength in 
GO/ polyacrylamide/ carboxymethyl cellulose 
sodium (GO/ PAM/ CMC) [49]. The intermolecular 
instructions between the components of GO/ 
poly (acrylic acid-g-acrylamide) (GO/poly (AA-g-
AM)) have been effectively enhanced with lower 
content of GONSs that  was dispersed in the 
polymer matrix [50]. P. Liu et al. demonstrated that 
the addition of GONSs enhanced the thermal and 
mechanical properties of polyimide [51]. Habib 
et al. indicated that the electrical and thermal 
properties of GO/ nitrile butadiene rubber (GO/
NBR) nanocomposite were enhanced compared to 
NBR without GO [52]. The addition of only a small 
amount of GONSs in the structure of polyethylene 
tetrasulfide (PSP) has also enhanced the thermal 
properties and the melting point [53]. Thomassin 
et al. prepared the GO/polymethylmethacrylate 
(GO/PMMA) nanocomposite and founded that 
the GONSs content in polymer structures led to 
an improvement in rheological properties [48]. 
Zhang et al. prepared GO/polyethyleneglycol as 
a reinforcing nanofiller of polylactic acid (GO/
PEG/PLA) and showed that both GO and GO/PEG 
enhanced the thermal properties of PLA, while 
GO/PEG was still more effective [54].

The current study investigates the synthesis 
of super-elastic nanocomposites with a high 
dispersion of GONSs in the PAM chains by solution 
polymerization in a short time. The influence of 
GONSs content on the expanse of its dispersion, 
thermal conductivity, rheological, and thermal 
properties of derived GO/PAM nanocomposites 
was also explored. GONSs were synthesized using 
an improved method which is not only extracted 
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using Hammer’s method, Staudeumaier’s method, 
and Brodie’s method but also is hassle-free of these 
methods. In this procedure, GONSs are simplified 
fabricated by increasing graphite flake and 
KMnO4 into concentrated H2SO4 and H3PO4 under 
constant stirring. PAM is a water-soluble polymer 
with a large number of acetylamine functional 
groups on its chains that can interact with oxygen-
activated groups of GONSs by chemical or physical 
adsorption, such as hydrogen bond interaction. 
Ren et al. demonstrated that PAM can be used 
as a stabilizer in preparing a graphene dispersion 
[55]. According to these reasons, it can be said 
that using PAM as the base polymer will reduce 
the agglomeration of GONSs and produce the GO/
PAM nanocomposites with the fine dispersion 
of nanoparticle. GO/PAM nanocomposites with 

changing weight ratio (0.5, 1, 1.5, and 2 wt. %) 
of GONSs to the constant amount of acrylamide 
monomer (20 g) were prepared by a solution 
polymerization method. The flowchart including 
the experimental steps is indicated in Fig.1.

FT-IR spectra were applied to determine 
the oxygen-including groups in the produced 
prepared nanomaterial. The thickness of the 
GONSs was specified by AFM. To determine the 
oxidation degree in the synthesized GONSs, a UV/
vis spectroscopy measurement was used. The 
expansion of GO layers and dispersion of GONSs 
in the structure of GO/PAM nanocomposites were 
determined using XRD. The induced disorder 
degree during the oxidation process of graphite 
and the GONSs’ number of layers was determined 
by Raman spectroscopy. Structural properties 

 

 

 

 
Fig. 1. Experimental procedure flowchart. 

 

 

 

Fig. 1. Experimental procedure flowchart.
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and morphological of GONSs and synthesis of 
nanocomposites were characterized by FESEM. 
Thermal properties of the prepared nanomaterial 
were evaluated using Simultaneous Thermal 
Analysis (STA) that investigated both TGA and DTA. 
Thermal conductivity analyzer (Heat Conduction 
Unit) was used to measure the thermal conductivity 
of the synthesized nanomaterials. Rheological 
properties of the prepared nanomaterials were 
measured using an Anton Paar strain-controlled 
rheometer (MCR301).

EXPERIMENTAL SECTION
Materials

Natural flake graphite (90%), H2SO4 (>98%), 
H3PO4 (85%), KMnO4 (>99%), H2O2 (>30%), HCl 
(37%), anhydrous ethanol, and anhydrous ethyl 
ether (99%) were purchased from Merck Chemical 
Company. Acrylamide (AM, >98%), ammonium 
peroxodisulfate (APS) were supplied by Fluka.

GONSs Preparation
GONSs were synthesized using a procedure in 

which graphite flake was oxidized by a mixture of 
H2SO4:H3PO4 (4:1) and KMnO4. The graphite flake 
(3 g), H2SO4 (320 ml), and H3PO4 (80 ml) were 
increased to a 1 L round-bottom flask at room 
temperature. While the mixture was stirring, 
KMnO4 (18 g) was gradually increased to flask 
contents and mixed for 72 h without temperature 
control. After 3 days, the dark purplish green-
mixture color changed to dark brown, indicating 
the oxidation was completed and the reaction 
was stopped by increasing H2O2. After 24 h, the 
suspension of oxidized graphite was separated 
and washed with 1 M of HCl in three steps. The 
precipitate was re-suspended by shaking with 
deionized water (1 L in any time) into a 2 L beaker 
until a pH of 4-5 was achieved. Purifying and 
washing steps were performed via a centrifugation 
technique at 4500 rpm for an hour. After obtaining 
the desired pH, sedimentation and re-suspension 
were performed again with a mixture of anhydrous 
ethanol and water (2 : 1) and the product was 
finally washed with anhydrous ethyl ether and 
dried under vacuum at 50˚C for 4 h. The washing 
process not only purified the product but also 
exfoliated the graphene oxide [56].

GO/ PAM Nanocomposite Preparation 
Solution polymerization in aqueous 

medium was employed to synthesize GO/PAM 

nanocomposites. Prior polymerization process, 
GONSs (0.5 wt. %) were suspended in deionized 
water (40 ml) by a powerful magnetic stirrer for 
30 min. GONSs were completely dispersed in 
water by ultrasonic technique (140 watts, 20 kHz) 
for 30 min at 25˚C. Then, the dispersed GONSs 
were increased to the dissolved AM (20 g) in 
fresh water (80 ml) at ambient temperature. The 
suspension of the mixture was transferred into 
a three-neck round bottom flask in a water bath 
under a continuous flow of nitrogen. An electrical 
mixer and a condenser were provided for the 
reaction container. For the removal of dissolved 
oxygen of the mixture (before the beginning of 
polymerization), the nitrogen bubbling was used 
for 15 min. The polymerization was carried out 
by adding 5 cc APS (0.05 wt. % in water) to the 
reaction flask via a needle and increasing the bath 
temperature up to 67˚C and of 300 rpm (stirring 
rate) all over the reaction time. The polymerization 
was performed in 20 minutes and the obtained 
nanocomposites were cut into pieces, and the 
unreacted monomers were removed from the 
product via washing it three times by a mixture 
of ethanol and water (80:20 v/v). They were then 
spread on the smooth surface and dried at 65˚C. 
In order to synthesize other samples (pure PAM 
and GO/PAM nanocomposites with GONSs (1, 1.5, 
2 wt. % )), the reaction was performed again. The 
schematic of this process is shown in Fig.2a.

Characterization
FT-IR spectra were used to determine the 

internal network structure of the synthesized 
nanomaterial by a Bruker Spectrometer in a range 
of 400-4000 cm-1. XRD spectra were employed to 
measure the interlayer spacing of GONSs as well 
as exfoliation and dispersion of GONSs in the PAM 
matrix by a Bruker D8 with the scattering angles 
between 10˚ and 80˚ with the increase of 0.05˚. 
The determination of GONSs thickness was carried 
out by AFM (Agilent 5500) in a tapping mode. The 
definition of the oxidation level in the synthesized 
GONSs was performed by UV/vis spectroscopy. 
Raman spectrum of GONSs was obtained using 
microspectrometer (Takram P50C0R10) at the 
laser wavenumber of 532 nm, between 1000 and 
3500 cm−1. The determination of thermal stability 
of the synthesized nanomaterial was obtained by 
STA (B-HR) that investigated both TGA and DTA 
from ambient temperature up 700˚C and 10˚C/ 
min. FESEM (MIRA 3 Tescan-XMU) was utilized 
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to determine the morphology of the synthesized 
nanomaterial. 

Rheological measurements of the prepared 
nanomaterials were performed by Anton Paar 
strain-controlled Rheometer (MCR302). To 
determine the linear viscoelastic properties, 
storage, and loss modulus were evaluated at a 
constant strain of 0.1%. The frequency sweep 
was performed from ω =0.1 to 100 /rad s  on 
each synthesized nanomaterial. To investigate the 
viscoelastic properties of GONSs, the hydrogel 
which was prepared by mixing a certain volume 
GONSs with the solution of hydrochloride acid 
with pH=0.6 was used [57]. The powdered form 
of PAM and GO/PAM nanocomposites was poured 
on the measuring plate of a device for studying 
their viscoelastic properties. The evaluations were 
performed at 25 ˚C. 

Thermal conductivity analyzer (heat conduction 
unit, H940) was used to measure the thermal 
conductivity of the synthesized nanocomposites 
and PAM. The heat conduction unit is presented 
in Fig. 2b. The unit is isolated and its temperature 
is controlled by several thermocouples at specified 
locations. As can be seen in Fig. 2b, the unit 
contains a hot end which was supplied from one 
of the brass terminals through a heater and a 
cold end which was cooled by circulating water 
at 400 ml/min in contact with the brass terminal 
and test samples. This system can determine the 
thermal conductivity of a sample by measuring 
the temperature difference between hot and 
cool sources and solving Eq.1 on the principle of 

Fourier’s Law.

Q=-kA dT
dx

                (1)  

Where Q is the heat flow rate (W), k is 
the thermal conductivity constant (W.m-1.K-1), 

/dT dx  is the temperature gradient (K·m-1), and 
A shows the area of the sample (dimension of 
samples was about 25 mm in diameter and 4 mm 
in thickness).

RESULTS AND DISCUSSION
Preparation and characterization of GO

Simplified Hummer’s procedure was 
performed to synthesize GONSs. This method, 
unlike the generally practical technique that is 
involved in controlling the temperature during the 
process of graphite oxidation, such as keeping the 
temperature low during while KMnO4 is increased 
as well as keeping the temperature high along 
the oxidation step, is not difficult and tedious. 
This procedure is relatively secure and the danger 
of outbursts has been extremely decreased. 
moreover, washing and purgation steps are easy 
and yield to a high transformation of GONSs [58]. 
The washing and purification process of GONSs, 
which was carried out by washing using fresh 
water, involves the lamination into single or a few 
layers GONSs. It can be said that the hydration of 
GONSs layers is performed by hydrogen bonding 
and the interactions between oxygen-containing 
groups of GONSs layers and water which affords 

 
Fig. 2. A schematic of GO/PAM nanocomposites synthesis process (a), and (b) a photograph of Heat 

Conduction Unit.  

  

Fig. 2. A schematic of GO/PAM nanocomposites synthesis process (a), and (b) a photograph of Heat Conduction Unit.
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the exfoliation of GO layers [56].
FT-IR spectrum of the GONSs was used to 

analyze the oxygen-containing groups on the 
surface of GONSs. As can be seen in the spectrum 
pattern of graphite (Fig. 3a), there were no peaks 
in the resulted vibrations. Fig. 3b indicates the 
adsorption bands of GONSs at 1730 cm-1, 1623 cm-

1, 1366 cm-1, 1225 cm-1, and a wide peak at 3368 
cm-1 that are respectively related to C=O stretching 
vibration, vibration of unoxidized C=C bonds,  
C-OH stretching vibration, C-O-C stretching, 
and O-H stretching vibration. C-O stretching of 
carboxylic acid was observed at 1053 cm-1 [59, 

60]. The existence of these adsorption bands (Fig. 
3) confirmed the formation of oxygen-including 
groups on the surface of GONSs. Depending on 
the location and intensity of the absorption peaks 
of GONSs, it can be said that although epoxy and 
hydroxyl groups are grafted on both edges and 
surfaces, carboxyl groups are mostly connected on 
the edges of GONSs [61].

For evaluation of GONSs exfoliation 
and dispersion of GONSs in the synthesized 
nanocomposites structure, XRD was employed. 
The XRD spectra of graphite flake and GONSs are 
represented in Fig. 4. Based on this figure, a sharp 

 

 

 

Fig. 3. FT-IR spectra of graphite flake (a), and synthesized GONSs (b). 

 

  

 

 

 
  

Fig. 3. FT-IR spectra of graphite flake (a), and synthesized GONSs (b). 

 

 

Fig. 4. XRD of graphite flake (a), and synthesized GONSs (b). 

 

 

  

Fig. 4. XRD of graphite flake (a), and synthesized GONSs (b).
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peak at 2θ = 26.48 is observed in the pattern of 
graphite XRD spectrum which is related to the 
entity of graphite flake (Fig. 4a) while the distance 
of layers was measured to be about 0.336 nm using 
Brag’s Law. The lack of any remaining phase and 
the existence of a sharp peak in the XRD spectrum 
of graphite indicate that it has excellent purity. As 
can be seen in Fig. 4b, a peak is observed at 2θ 
= 11.32 which is associated with the existence of 
GONSs while the distance of layers was measured 
to be about 0.781 nm. Increasing layer distances 
of GONSs presented that the oxidation process 
of graphite has been exactly performed via 
the weakening of the interlayer van der walls 
instructions [58, 62].

UV/vis spectroscopy evaluation was performed 

to specify the oxidation level of GONSs. Fig. 
5 demonstrates the UV/vis spectrum of the 
prepared GONSs with a peak at 228 nm. This peak 
is related to the π → π* transition (conjugation) 
for the C=C bonding [18]. The peak location of 
GONSs represented that it has a lower content 
of residual conjugation and higher energy for the 
electronic transition which resulted in a higher 
level of oxidation with more oxygen-containing 
groups on the surface of GONSs [58].  

AFM image was employed to define the GONSs 
thickness and the number of layers. Fig. 6a, and 
b shows an AFM image and the height profile of 
GONSs which is obtained under tapping mode. 
According to the obtained results, the thickness 
of the prepared GONSs was around 6.85 nm. 

 

Fig. 5. UV/vis spectrum of synthesized GONSs. 

 

 

  

Fig. 5. UV/vis spectrum of synthesized GONSs. 

 

Fig. 6. AFM measurement of synthesized GONSs. AFM image (a), and height profiles of synthesized GONSs 

(b). 

  

Fig. 6. AFM measurement of synthesized GONSs. AFM image (a), and height profiles of synthesized GONSs (b).
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It illustrates that the synthesized GONSs have 
few-layers. The AFM image (Fig 2a) presents 
the uniform sheets of synthesized GONSs with a 
dimension range of 1.358 µm.  

Raman spectroscopy is employed to evaluate 
the nature of defects and the extent of chemical 
modification, as well as distinguishing single or 
multilayer graphene [63, 64]. The Raman spectrum 
of the synthesized GONSs (Fig. 7) exhibited three 
main characteristic peaks: 1) The peak at 1585 
cm-1 (G band) which is related to phonon mode 
(E2g symmetry) and originated from in-plane 
vibration of sp2 carbon atom in a 2D hexagonal 
lattice. 2) The peak at 1350 cm-1 (D band) which 
is corresponded to the breathing mode of j-point 
phonons (A1g symmetry) and arisen from the 
double resonance of induced disorder in graphite 
structure. 3) The peak at 2900 cm-1 which is related 
to the symmetry-allowed 2D overtone mode. 
Raman spectrum pattern of synthesized GONSs 
is in accordance with the reported spectrum for 
graphene oxide by Claramunt et al. and Lopez-Díaz 
et al. [65, 66]. Ferreira et al. showed that the 2D 
band intensity reduces when the disorder degree 
of graphene increases and it is replaced by a bulge 
[67]. The Raman spectrum of synthesized GONSs 
is completely in accordance with these findings.

Generally, the shape of the 2D band is related 
to the number of graphene layers and utilized to 
determine the number of its layers [68]. The 2D 
band for a single layer of graphene was interpreted 
as a single peak with a full width at half maximum 
(fwhm) of about 30 cm-1 [69]. By increasing the 
number of GONSs layers to two, three layers, or 

few-layers, the 2D band is decomposed into a 
wider and asymmetric peak [66]. As can be seen 
in Fig. 7, the 2D band was not a single peak. Based 
on these reasons, it can be concluded that the 
number of stacked layers of GONSs is few-layers.

The surface morphology of the graphite and 
GONSs was investigated by FESEM. As can be 
seen in Fig. 8a, the graphite flake is flat and has 
very sharp sides. Moreover, layers of graphite 
are closely attached to each other. Fig. 8b shows 
that the GONSs layers are extensively expanded. 
The process of oxidation included many oxygen-
containing groups which formed a great number of 
disordered wrinkles and shrinkage on the surface 
of synthesized GONSs. The FESEM image of the 
GONSs indicated clear variations, particularly 
the smother edges of GONSs compared with the 
graphite.

Preparation and characterization of Go/PAM 
nanocomposites

GO/PAM nanocomposites synthesis was 
performed by in-situ polymerization in an aqueous 
medium. In a glass reactor, a definite amount of 
AM monomer was dissolved in deionized water 
and GONSs which were suspended in water via cell 
ultrasonic and mixed using a mechanical stirrer. 
The polymerization process and synthesis of GO/ 
PAM nanocomposite were performed using the 
APS as an initiator and at a constant temperature 
of 67˚C. Steps of nanocomposites synthesis are 
schematically presented in Fig. 9. The GONSs 
have a high dispersion in aqueous due to the 
plentiful oxygen functional groups that are found 

 

 

Fig. 7. Raman spectrum of synthesized GONSs. 

 

 

 

 

 

 

 

 

  

Fig. 7. Raman spectrum of synthesized GONSs.
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Fig. 8. FESEM images of graphite flake (a) and synthesized GONSs (b). 

 

 
Fig. 9. A schematic of synthesis steps of nanocomposites. 

 

 

 

 

 

 

 

 

 

Fig. 8. FESEM images of graphite flake (a) and synthesized GONSs (b).

Fig. 9. A schematic of synthesis steps of nanocomposites.
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on GONSs surfaces. On the other hand, there is an 
instruction between GONSs and PAM networks 
via the formation of bonding between oxygen-
containing groups of GONSs and N-H or C=O bonds 
of PAM that resulted in the formation of a strong 
and interconnected network.

Verification of the chemical structures and 
successful preparation of PAM and GO/PAM 
nanocomposites were performed using FT-IR 
spectroscopy. Fig. 10 shows the FT-IR spectra 
of synthesized nanomaterial. By comparing the 
spectrum of GONSs (Fig. 10a) and other spectra, it 
was observed that intensive peaks of GONSs were 
not revealed in PAM and nanocomposites spectra 
that illustrated GONSs were tightly inscribed by 
PAM chains. In Fig. 10b, stretching vibration of 
N-H are seen at absorption peaks of 3327, and 
3182 cm-1. The wavelengths of 1602 and 1650 
cm-1 are also attributed to N-H deformation and 
C=O stretching vibration. Special absorption 
bands at 1419 and 1120 cm-1 are respectively 
corresponded to CH2 and NH2 in-plane vibration 
and rocking of PAM. By adding GONSs (0.5 wt. %) 
to PAM structure, N-H absorption peaks of GO0.5/
PAM nanocomposite (3313, and 3168 cm-1) shifted 
to smaller wavelengths (Fig 10c). Moreover, a 
powerful peak at 1638 cm-1 is attributed to the 
C=O vibration of the amide groups. Shifting in a 
location of absorption peaks is due to the creation 
of a bond between oxygen-activated groups on the 
surface and edges of GONSs and amide or carbonyl 

of PAM [70]. Shifting absorption peaks to smaller 
wavelengths is also observed in the other GO/PAM 
nanocomposites (Fig. 10 d-f) in comparison to 
the PAM which caused an increment in hydrogen 
bonding formation.

In order to have more investigation in the 
synthesis of GO/PAM nanocomposites and the 
dispersion degree of GONSs in nanocomposite 
structure, the XRD technique was carried out. This 
is an important technique for determining the 
existence or the absence of GONSs aggregation 
in the polymer matrix [71]. Fig. 11 demonstrates 
the XRD of synthesized nanomaterial. It is clear 
that the vigorous peak of GONSs at 11.3º (Fig 
11a) is not revealed in all of the XRD curves of 
nanocomposites which illustrates that GONSs 
were sorely dispersed in the matrix [72]. In the 
XRD patterns of the synthesized PAM and GO/PAM 
nanocomposites (Fig. 11b-e), a broad peak from 6º 
to 32º is observed which is related to the scattering 
of PAM and their formless nature. Furthermore, 
the XRD curves of the synthesized nanocomposites 
indicated that there were no clear changes at the 
profile of diffraction peaks compared to that of 
PAM, implying that the GO/PAM nanocomposites 
had the same amorphous feature as that cross-
linked PAM. Actually, the suitable distribution 
of GONSs in the PAM does not imply their good 
dispersion and interface in the composites which 
will be confirmed in the FESEM images [72].

FESEM images (Fig. 12) provide morphological 

Fig. 10. FTIR spectrum of GONSs (a), pure PAM (b), GO0.5/PAM nanocomposite (c), GO1.0/PAM 

nanocomposite (d), GO1.5/PAM nanocomposite (e), and GO2.0/PAM nanocomposite (f). 

  

Fig. 10. FTIR spectrum of GONSs (a), pure PAM (b), GO0.5/PAM nanocomposite (c), GO1.0/PAM nanocomposite (d), GO1.5/PAM nano-
composite (e), and GO2.0/PAM nanocomposite (f).
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information of the synthesized PAM and 
nanocomposites and confirm their successful 
fabrication. Fig. 12a indicates the relatively 
compact and smooth surface of pure PAM. It 
can be due to the interconnection of PAM chains 
[50]. Figs. 12b-d shows the FESEM picture of 
homogeneous nanocomposites. As it can be seen, 

the surfaces compactness is increased that can be 
related to the affirmative influence of GONSs in 
the enhancement of PAM chain interactions and 
improvement of network strength. By increasing 
GONSs content (Fig. 12e), the surface density of 
the synthesized GO2.0/PAM nanocomposite is 
decreased in comparison to other synthesized 

 

 
Fig. 11. XRD of GONSs (a), pure PAM (b), GO0.5/PAM nanocomposite (c), GO1.0/PAM nanocomposite (d), 

GO1.5/PAM nanocomposite (e), and GO2.0/PAM nanocomposite (f). 
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(e), and GO2.0/PAM nanocomposite (f).

 

 

 

Fig. 12. FESEM images of surface of pure PAM (a), GO0.5/PAM nanocomposite (b), GO1.0/PAM 

nanocomposite (c), GO1.5/PAM nanocomposite (d), and GO2.0/PAM nanocomposite (e). 
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composite (d), and GO2.0/PAM nanocomposite (e).
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nanocomposites which is appeared because of 
the agglomeration of a dispersed phase in the 
polymer matrix. Fig. 13a-c confirms the presence 
of GONSs in the fractured surface structure of 
nanocomposites. Generally, it can be said that the 
GONSs are firmly embedded into the PAM chains 
demonstrating fine adaptability and powerful 
interconnection between GONSs and PAM [73].

Fig. 14 shows the DTA and TGA curves which 
were employed to characterize the thermal 
properties of the synthesized nanocomposites in 
comparison to the polymer base. Mass losing of 
GONSs was begun at below 100˚C and 15% of the 
weight was approximately lost at around 250˚C. It 
can be attributed to the thermal degradation of 
the unstable oxygen-activated groups that were 
converted to carbon monoxide, carbon dioxide, 
and steam [74]. Mass losing from 250 to 700 °C  
became slower than lower temperatures that 
can be related to the elimination of more stable 

oxygen-containing groups [75]. Weight losing of 
the synthesized GONSs is totally around 34% at 
700 °C. As can be seen, the addition of GONSs 
as filler to PAM as a matrix has improved the 
thermal stability of GO/PAM nanocomposites 
while the most stable thermally of the synthesized 
nanocomposites occurred in 1.5 % of GONSs 
content. Fig. 14a shows a similar trend of the 
synthesized nanocomposites at TGA and two main 
points of weight loss that yielded to the degradation 
of oxygen-activated groups and carbonization of  
PAM [76]. The maximum residual content was 
observed in the synthesized nanocomposite with 
1.5 wt. % of GONSs content which was about 
34.25% at 700 °C compared with pure PAM 
(23.3%). Decomposition point and residual content 
enhancement are related to mobility limitation of 
GO/PAM nanocomposites which is resulted from 
powerful instructions that are created due to the 
presence of GONSs in nanocomposites [49]. The 

 

 

 

 

Fig. 13. FESEM images of fractured surfaces of GO1.0/PAM nanocomposite (a), GO1.5/PAM nanocomposite 

(b), and GO2.0/PAM nanocomposite (c). 

 

  

 

 

Fig. 14. TGA (a) and DTA (b) diagram of synthesized samples. 

  

Fig. 13. FESEM images of fractured surfaces of GO1.0/PAM nanocomposite (a), GO1.5/PAM nanocomposite (b), and GO2.0/PAM nano-
composite (c).

Fig. 14. TGA (a) and DTA (b) diagram of synthesized samples.
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thermal properties and residual content of GO2.0/
PAM nanocomposite were reduced compared 
with GO1.5/PAM nanocomposite which can be due 
to the aggregation of GONSs in nanocomposite 
network and the evidences of agglomeration that 
are observed in its FESEM image. Fig. 14b shows 
the glass transition temperature (Tg ) of the 
synthesized samples. As it is clear,  Tg of GO1.5/
PAM nanocomposites (74.6 °C) are enhanced 
compared with pure PAM (83 °C). This result can 
be related to the formation of bonding because 
of the internal interaction between the oxygen-
activated groups and amide or carbonyl of GONSs 
and PAM, respectively [77]. Improvement of  Tg  
and enhancement of melting point from PAM 
(283.9˚C) to GO1.5/PAM nanocomposites (299.8˚C) 
illustrated that the addition of GONSs content led 
to an increment in nanocomposites crystallinity 
and improvement in the thermal properties in 
comparison to the PAM [78]. 

The improvement trend of the thermal 
properties of synthesized nanocomposites was 
similar to the most recent studies. Alpaslan et 
al. showed that the addition of Citric Acid (CA) 
Red Apple peel Extract (RApE) to the hydrogel 
(N, N dimethyl acrylamide (DMAAm)-co-gelatin) 
improved the thermal stabilities of the synthesized 
hydrogels [79]. The results of Patole et al. research 
demonstrated that the addition of graphene 
at different amounts to polystyrene enhanced 
the thermal properties and increased gT  of 
synthesized nanocomposites [80].

Rheology is the science that investigates 
the behavior of deformation and flow of all 
kinds of material [81]. Rheological property 
of polymer nanocomposites provides a deep 
understanding of the internal structure of these 

materials which can be investigated by evaluating 
viscoelasticity. Oscillation frequency was used to 
specify the viscoelasticity of the synthesized GO/
PAM nanocomposites. Fig. 15 shows the storage 
modulus (G’) and loss modulus (G”) with frequency 
for GO, PAM, and GO/PAM nanocomposites. G’ is 
attributed with the capability of the material to the 
storage (stored) energy that is the elastic response 
and G” is associated with the capability to the 
lose (loss) energy that is the vicious response 
when an oscillatory force is applied [82]. Actually, 
G’ demonstrates elastic portion and G” indicates 
the viscous portion of viscoelastic behavior. As 
can be seen in Fig. 15, G’ is much higher than 
G” in the investigated frequency region implying 
that elastic property is higher. Fig. 15a, b shows 
that at the constant concentration of PAM and 
different GONSs content (0.5, 1, 1.5, and 2 wt. %), 
the values of G’ and G” of nanocomposites are 
increased in comparison to the PAM. For example, 
in PAM, G’ and G” values were respectively about 
21.6 KPa and 3.63 KPa while loading GONSs (0.5 
wt. %) to PAM led to a remarkable increment 
in values of G’ and G” to 909 KPa and 88.5 KPa 
respectively, implying synergistic effect of the 
GONSs. Also, this significant increase shows that 
the GONSs has good dispersion in the polymer 
structure[48]. Increasing trend of G’ and G” 
continued in other nanocomposites with GONSs 
content (1 and 1.5 wt. %), while in nanocomposite 
with 2 wt. % of GONSs content was inverted (G’ 
and G” was 456 KPa and 48.4 KPa, respectively). 
These results confirmed that agglomeration in 
GO2.0/PAM is partly occurred. The remarkable 
enhancement in G’ and G” with the loading of 
GONSs in PAM represents that there are strong 
instructions between the GONSs and PAM chains. 

 

 

Fig. 15. Oscillation frequency scanning: The elastic modulus (G') (a), and the viscous modulus (G") (b) of 

synthesized samples. 

 

 

Fig. 15. Oscillation frequency scanning: The elastic modulus (G’) (a), and the viscous modulus (G”) (b) of synthesized samples.
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These instructions compact the network structure 
of PAM and increase the G’ and G” of synthesized 
nanocomposites.

Comparing rheological properties of 
synthesized nanocomposites in this study with the 
results of recent researches showed a remarkable 
improvement [83, 84]. Yang et al. showed that G’ 
and G” of hydrogel composite (graphene oxide/ 
polyacrylamide) at the constant concentration of 
polyacrylamide (2 mg ml-1) and graphene oxide (5 
mg ml-1) improved to about 15000 and 1130 Pa, 
respectively [84]. The increase of G’ and G” in their 
study was obtained by a high value of graphene 
oxide while in our research was used a very little 
value of it. 

As previously mentioned, the basis for the 
calculation of the thermal conductivity is the liner 
conduction in the axial direction and the use of 
Fourier’s law. Since the temperature gradient is 
measured in an axial direction, it is necessary to 
transfer and measure the heat flux in the axial 
direction. For this purpose, the hot end, cool 
end, and sample place are isolated in a radial 
direction. It should be noted that the synthesized 
nanocomposite has a low thermal conductivity 
and as a result, the heat transferred in the radial 
direction cannot be ignored compared with the 
axial direction. Therefore, two values of heat flux 
are used to calculate the thermal conductivity, and 
the average of the measured thermal conductivities 
was reported as the thermal conductivity. Table 1 
shows the thermal conductivity of the synthesized 
nanocomposites and pure PAM. As can be seen 
in Table 1, the synthesized nanocomposites have 
greater values of thermal conductivity than that 
of PAM which illustrated the outstanding effect of 
GONSs on thermal conductivity of nanocomposites. 
GO0.5/PAM nanocomposite showed 0.68 W.m-1.K-1 
which increased about 39% compared to pure 
PAM with 0.49 W.m-1.K-1 in thermal conductivity 
(Table 1). Increasing the thermal conductivity of 
nanocomposites with GONSs as a filler is related 
to the interfacial instruction between the polymer 
and GONSs [85]. The oxygen-activated groups on 
the surface of GONSs can react with N-H and C═O 
of PAM in formation of the in-situ polymerization, 
which connect the PAM chain with GONSs by 
hydrogen bonding. Notably, these bondings have 
increased interfacial interactions and decrease 
interfacial thermal resistance. Fig. d9 shows 
the schematic of the interfacial interaction 
between the GONSs and the PAM chains. The 

nanocomposite with 1.5 wt. % of GONSs content 
increased the thermal conductivity to 0.9 W.m-

1.K-1 while GO2.0/PAM nanocomposite decreased 
the thermal conductivity to 0.74 W. m-1. K-1. This 
variation of trend is attributed to the occurrence 
of the agglomeration of GONSs in the structure of 
the synthesized nanocomposite while interfacial 
instruction between PAM and GONSs was 
decreased.

The resultant thermal conductivity of PAM 
and synthesized nanocomposites in this study 
comparing with Tseng et al. research showed 
the same trend [86]. They studied the effect 
of addition graphene oxide (GO) and glycidyl 
methacrylate-grafted graphene oxide (g-GO) in 
the Polyimide (PU). They found that the thermal 
conductivity of GO /PU nanocomposites was 
increased by addition of GO from 0.3 to 10 wt. % 
[86]. It is clear that the added amounts of GO in 
our study are much less. 

CONCLUSION
Solution polymerization in aqueous medium 

was employed to synthesize the polymer 
nanocomposites in which PAM as a base phase 
and GONSs as a filler were used to fabricate the 
GO/PAM nanocomposite with different GONSs 
content (0.5, 1, 1.5, and 2 wt. %). Improved 
Hummer’s method was used to synthesize the 
required GONSs which, unlike other general 
technique, is hassle-free. The internal chemical 
structure of the synthesized nanomaterial was 
evaluated by XRD, FT-IR, FESEM, TGA, and DTA. 
AFM was used to evaluate the thickness of GONSs. 
The oxidation level of GONSs was determined by 
UV/vis spectroscopy measurement. The Raman 
spectrum of the synthesized GONSs showed three 
peaks at 1350, 1585, and 2900 that are related 
to the D, G, and 2D bands. Evaluation of Raman 
spectroscopy of GONSs represented that the 
disorder degree of graphene was increased while 
the number of GONSs layers was few-layers. The 
result showed that the fine compatibility between 
PAM and GONSs was created in a synthesized 

Table. 1. Thermal conductivity of pure PAM, and GO/PAM 
nanocomposites.

Table. 1. Thermal conductivity of pure PAM, and GO/PAM nanocomposites. 
 

Sample Thermal conductivity, W. m-1. K-1 
PAM 0.49 

GO0.5/PAM 0.68 
GO1.0/PAM 0.81 
GO1.5/PAM 0.90 
GO2.0/PAM 0.74 
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nanocomposite structure that not only made the 
structure stronger and more interconnected, but 
also significantly improved rheological properties 
and thermal conductivity compared with the 
pure PAM. These results were confirmed by the 
obtained evidences from FESEM images and 
thermal property analyses. This research provides 
a convenient and fast way to synthesize inorganic/ 
organic nanocomposites with superior elastic 
properties by solution polymerization in aqueous 
disperse systems. The significant improvement 
of viscoelastic behavior and thermal conductivity 
suggest the potential application of GO/PAM 
nanocomposite in the field of water-based drilling 
fluid for enhancing the rheology and thermal 
conductivity properties of drilling mud. 
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