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Abstract  

Hydrolysed polyacrylamide is a polymer that extensively used in chemical industry and hydrocarbon 

extraction and refinery processes, but suffers a common problem of high-temperature instability. This 

study improved high-temperature rheological characteristics of hydrolysed polyacrylamide (HPAM) by 

using novel graphene oxide (GO) nanosheets. Stable GO dispersions in aqueous HPAM were 

formulated, and their dynamic and viscoelastic behaviours were studied. The results showed that the 

addition of GO significantly increased the viscosities and high-temperature stability of the base 

polymer fluid, as well as the elastic properties of the dispersion. Spectral data indicated the formation 

of covalent linkages and electrostatic hydrogen bonding between the GO and the HPAM functional 

groups, leading to enhanced stability and viscosity that is beneficial for high-temperature oil recovery. 
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1. INTRODUCTION  

Enhanced Oil Recovery (EOR) is a popular technique for increasing the amount of extracted crude oil 

from the oilfield. Polymer flooding (PF) is the most common technique for EOR application. This 

method operates by reducing the mobility of the aqueous phase, thereby enhancing the sweep 

effectiveness [1-2]. Among the many different types of water-compatible polymers that are commonly 

used in polymer EOR, hydrolysed polyacrylamide (HPAM) is the most frequently used in field 

applications [1]. In addition to its relevance for this application, HPAM has found to be used in many 

other fields, including in wastewater treatment from oil extraction [2] as well as in a low-grade oil sand 

[3]. The rheological properties of water can be altered significantly by the addition of HPAM. This can 

lead to repulsion between the extremely high molecular weight of polymers and the negative charges 

along the polymer chain [4]. HPAM has featured in a considerable number of related polymer tests 

[5].  

Although PF EOR techniques are widely considered for EOR application, harsh reservoir conditions 

such as high temperature, high pressure and/or high salinity can cause degradation of the polymer [6]. 

It is observed that HPAM would undergo a significant reduction in viscosity and a decrease in the 

percentage of oil recovery in most of the high-temperature reservoirs [7]. The viscosity reduction 

could arise because of the effect of hydrophobic impairment due to an increase in the polymer 

mobility and the eventual damage of inter-chain linkages [8, 9]. When reservoir temperatures go 

above 60 °C, it is most likely that the acrylamide functionality would undergo hydrolysis to form 

acrylate derivatives [6] or carboxylic acid [10] groups, which have high affinity to salts in the reservoir. 

Also, the presence of any sodium ions can neutralise the negative charges, which can cause the 

shrinkage of the polymer chains and a consequent decrease of the hydrodynamic radius. The addition 

of NaCl solution can enhance the ionic strength of the system, leading to the compression of the 

double electrical layers (EDL) on HPAM molecular chains. The electrostatic repulsion among the anions 

would be also altered. The addition of CaCl2 was reported to significantly decrease the viscosity of the 

HPAM as well as it pseudo plasticity due to the presence of the doubly charged cations [11]. Increasing 

the degree of hydrolysis causes the HPAM to precipitate from the bulk phase due to the formation of 

the complexes between the divalent cations and the polymer [12]. 

Moreover, prevention of the mutual repulsion that can exist between carboxylic groups on the 

backbone of the HPAM would lead to a shrinkage of the hydrodynamic volume, and subsequently 

more viscosity reduction [11, 13]. From another point of view, the many challenges that HPAM 

solutions could encounter in EOR applications could range from thermal challenges, leading to low 

thermal stability to tolerate severe reservoir conditions, leading to early degradation, or mechanical 

challenges, leading to inadequate durability and toughness. Other challenges could be related to 
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swelling, leading to deficient swelling ability or elasticity challenges, leading to insufficient, required 

viscoelasticity properties. 

When attempting to address the multiple problems of polymer EOR, polymeric nanocomposites with 

highly dispersed inorganic particles have recently featured in the literature. [14-20]. In these processes, 

the addition of nanoparticles can directly affect the melt [21, 22], as well as the solution [18, 23] 

viscosities and rheological behaviours of the polymeric matrices. Different nanoparticles such as silica 

[24-26], carbon nanotubes [27], layered double hydroxide [28-30], nanoclay [18, 31], and metal oxides 

have all been investigated with regards to enhancing the rheological characteristics of polymers used 

in EOR applications.  

In this work, attention was given to the use of graphene oxide (GO) as a reinforcing nanofiller in 

polyacrylamide. GO, is recognised for its distinguished mechanical, thermal and electrical characters 

[32]. Recently, Liu et al. have assembled GO/PAM nanocomposites by binding the surface of GO with 

the PAM chains via hydrogen bonding [33]. A chemically cross-linked composite of GO/PAM with 

enhanced mechanical strength was constructed by Shen et al. [34]. The characteristic nature of GO to 

generate self-assembled network when combined with the physical cross-linker species have led to 

their application in various systems [35, 36]. GO and reduced graphene oxide (RGO) i.e. deoxygenated 

graphene sheets have been also applied as physical cross-linkers, in such a way of eradicating the high 

demand of chemical cross-linking materials [33, 34]. Graphene flakes have been used by Fan et al. in 

enhancing the mechanical properties of chemically cross-linked polyacrylic acid (PAA) [37]. In 

advanced drilling fluid GO is also used as an additive for fluid-loss control [38], as a viscosity modifier 

for EOR [39] or as a crude oil/water emulsion systems stabiliser. Although previous research [33, 34] 

proclaimed the use of GO as a reinforcing nanofiller of PAM, but PAM itself has less tolerance to high 

salinity and high temperature (HSHT) compared to the HPAM. However, some pioneered work [24] 

reported that SiO2 nanoparticles can improve the HPAM stability at (HSHT) condition, and no work 

reported using HPAM with GO under HSHT condition. Also large amount of SiO2 is required (around 1 

wt. %) to achieve a higher viscosity of HPAM [24]. Similarly, SiO2 particles tend to agglomerate or even 

precipitate if they are not dispersed very well [40], and it may take longer time to get a well-dispersed 

mixture of SiO2 and HPAM, which greatly decrease nanoparticles potential for field application [41].[2]. 

However, due to its two dimensional (2D) geometry, GO can provide a significant increase in viscosity 

and thermal stability of polymer matrix [42, 43]. This reduced the amount of nanoparticles required 

to reach a target viscosity for polymer flooding EOR and hence lower down the cost, and at the same 

time reduces the pore blockage causes by particle aggregation.  

In this work, we propose a novel idea where GO nanosheet can be used as filler to form non-covalent 

bonds with HPAM. This assembly enhances the rheological properties of HPAM, by increasing their 
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overall EOR performance at high temperature and in high salinity reservoirs. For this purpose, a 

modified Hummers' method was used to synthesise a stable GO nanosheet from graphite powder. 

The rheological properties of formed nanocomposite were investigated under different temperatures 

and different salinity conditions. The long-term stability of the composites has been evaluated. A 

mechanistic view of the reinforced rheology is proposed based on elemental analysis.  

2. MATERIAL AND METHODS 

Hydrolysed polyacrylamide (HPAM) was provided by SNF FLOERGER, France, having a molecular 

weight of 10 mDa and a density of 0.9 g/cm3. Sodium chloride with the purity of around 99.0% was 

purchased from Sigma-Aldrich.  

2.1.  Synthesis and characterisation of graphene oxide  

MﾗSｷaｷWS H┌ﾏﾏWヴゲげ ﾏWデｴﾗS ┘;ゲ ┌ゲWS デﾗ ゲ┞ﾐデｴWゲｷゲW ; stable graphene oxide [44]. Graphite powder, 

hydrogen peroxide (H2O2, 36%) and potassium permanganate (KMnO4, 99%) were purchased from 

Sigma-Aldrich. Nitric acid (HNO3, 69%) and sulphuric acid (H2SO4, 95%) were obtained from VWR 

Chemicals. Gヴ;ヮｴｷデW ヮﾗ┘SWヴ ふﾉWゲゲ デｴ;ﾐ ヲヰ ´ﾏ ｷﾐ ゲｷ┣Wぶ ┘;ゲ ┌ゲWS ;ゲ デｴW ゲデ;ヴデｷﾐｪ ﾏ;デWヴｷ;ﾉく A ﾏｷ┝デ┌ヴW ﾗa 

sulfuric acid and nitric acid was used for oxidation of graphite powder in water-based solution. In a 

typical synthesis, 12 grams of graphite powder was prepared in a mixture of 100 ml H2SO4 and 50 mL 

HNO3 and stirred for 24 hours at room temperature. 100 ml of DI water was subsequently added to 

the mixture and then stirred continuously for another day. KMnO4 (12 grams) was added slowly in the 

solution keeping the temperature of the mixture low. This was followed by stirring for five hours. 60 

ml of 36% H2O2 was added in an ice bath to keep the temperature low, and this suspension was stirred 

overnight. The resultant suspension was filtered using a Whatman filter paper. The filtrate was then 

washed three times with 10% HCl, centrifuged (13000 rpm for 1 hour) and the supernatant was 

discarded. Morphologies of the fabricated GO nanosheets were determined by transmission electron 

microscopy and scanning electron microscope (TEM, FEI Tecnai TF20, and SEM, Hitachi SU8230 FESAM, 

Leeds LEMAS centre, Leeds, UK, respectively). UV-Vis spectrophotometer (UV-1800, Shimadzu, Kyoto, 

Japan) was used to determine the particle concentration based on Beers-Lambert law. Zeta potential 

was measured following dilution of the GO solution at にの 罰 ど┻のソ系 using a Malvern nanosizer based 

on dynamic light scattering (DLS) methods. 
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2.2. Composites preparation  

To prepare the GO/HPAM IﾗﾏヮﾗゲｷデWゲが SｷdWヴWﾐデ IﾗﾐIWﾐデヴ;デｷﾗﾐゲ ふヰくヰ1, 0.02, 0.0.4, 0.06, 0.08 and 0.1 

wt. %) of the GO sheets suspension were separately added dropwise into the designed HPAM solution 

under gentle stirring at room temperature, for example the ratio of HPAM/GO/water is 1:2:100 when 

0.05 wt.% of HPAM and 0.1 wt.% of GO were dispersed in water. The GO/HPAM suspension was 

continually mixed by gentle stirring using a magnetic stirrer (SB 162-3, Stuart) for 24 hours to allow 

sufficient time for the GO to form a network with the graft polymer to achieve a stable composite 

material. Different brine concentrations were then added to the individual solutions followed by a 

further 24 h stirring at room temperature to investigate the effect of electrolytes. Table 1 shows the 

elemental compositions for HPAM, GO and HPAM/GO samples analysed by SEM-EDS.  

 

Table 1. Summary of elemental compositions for dried HPAM, GO and HPAM/GO samples 

 

 Elemental composition (%) 

Samples C (%) O (%) N (%) S (%) 

HPAM 64.54 23.25 10.42 1.79 

GO 59.47 40.25 0.00 0.28 

HPAM_GO mixture 40.10 46.54 9.84 3.52 

 

2.3.  Characterization and stability test 

The stability of the composites samples was investigated using a vertical scan analyser Turbiscan MA 

2000 (Formulation, Toulouse, France), following the procedure explained by Hebishy et al. [45]. In 

each case, a cylindrical glass tube containing the suspension was used. The FTIR spectra of vacuum-

dried HPAM, GO, and HPAM/GO composites samples was analysed using Fourier transform infrared 

(FTIR, PerkinElmer) spectrometer. The data were collected at a spectral resolution of 4 cmЪ1 within the 

ゲI;ﾐﾐｷﾐｪ ヴ;ﾐｪW ﾗa ヴヰヰヰЪヴヰヰ IﾏЪ1. The XRD analysis was carried out on dried samples to evaluate the 

degree of polyacrylamide intercalation between the GO layers, using a Bruker D8 X-ray diffraction, 

gデデWS ┘ｷデｴ ; C┌ Kü ヴ;Sｷ;デｷﾗﾐ ふヱくヵヴ Aこが ヴヰ ﾆVが ヴヰ ﾏAぶく D;デ; ┘;ゲ IﾗﾉﾉWIデWS aヴﾗﾏ ヲș angle ranging of 10 

に 70° with step size of 0.0495鋲 at 35 s per step. pH of the dispersion was measured on a METTLER 

TOLEDO pH meter (seven Compact S210).  

 

 



6 

 

2.3.1. Rheological measurements 

A TA discovery hybrid rheometer (DHR-2) from TA Instruments was used with a cone-and-plate 

geometry for both shear and dynamic rheological measurements. The gap was pre-set to the standard 

0.052 millimetres. Steady and dynamic measurement observed to analyse the rheological behaviours 

of the suspensions which were of different concentrations. Advanced Peltier system was used to 

control the temperature. To minimise water evaporation while measurements, a plastic ring solvent 

trap was used to cover around the measuring geometry. The steady shear sweep was used to 

ｷﾐ┗Wゲデｷｪ;デW デｴW ｡ﾗ┘ ヮヴﾗヮWヴデ┞ ﾗa デｴW ﾏ;デWヴｷ;ﾉ H┞ ヴWIﾗヴSｷﾐｪ デｴW ┗ｷゲIﾗゲｷデ┞ (。) versus shear rates (á) from 

100 to 1000 sЪ1. The dynamic frequency sweep was measured in the linear viscoelastic regions of the 

materials under shear-rate-controlled mode デﾗ gﾐS デｴW ┗ｷゲIﾗWﾉ;ゲデｷI behaviour of the composites in 

┘ｴｷIｴ デｴW ゲデﾗヴ;ｪW ﾏﾗS┌ﾉ┌ゲ ふGげぶ ;ﾐS デｴW ﾉﾗゲゲ ﾏﾗS┌ﾉ┌ゲ ふGざぶ were measured at a range of angular 

frequency.  

2.3.2. Long-term thermal stability  

Pure HPAM and HPAM/GO nanocomposites samples were aged in an oven at 80 °C for the long-term 

thermal stability analysis. At different time intervals spanning 30 days, the viscosity of the samples 

was measured at 85 °C. 

 

3. RESULTS AND DISCUSSIONS 

3.1.  Characterization and stability 

The TEM images show typical wrinkles and a crumble-like structure of GO (Fig. 1a), the selected area 

of electron diffraction (SEAD), as shown in Fig. 1b indicates that a clear diffraction brightness and 

spotty rings that indexed to a hexagonal crystal structure of graphite. The SEM images show that the 

surface of GO is smooth, indicating that the GO nanosheet is attached (Fig. 1c). Fig. 1d shows that the 

GO exhibit strong ultra-violet light absorption and a clear absorption at 280 nm. Fig. 2a depicts the X-

ray diffraction (XRD) pattern of the HPAM, GO and the dried HPAM/GO composites. The XRD spectra 

were measured in a range from 5 to 70° (Fig. 2a). The XRD spectrum of HPAM shows the amorphous 

structure, while the XRD pattern of GO show (002) diffraction peak at 26.3° and another one at 43.2, 

indicating the distance between graphene layers. A H┌ﾏヮ HWデ┘WWﾐ ヲ． ┗;ﾉ┌Wゲ ﾗa ヲヴに28 suggests the 

presence of a few layered graphene. It is believed that these two peaks may have resulted from the 

restacking of graphene sheets [46-48]. The main peak at around 10.5° shows the formation of GO 

structure. Also, at around 26 and 43, two distinct diffraction peak was shown for the GO samples 
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diffractograms, representing (002) and (001) planes of GO respectively [49-51]. The results reveal the 

degree of exfoliation observed from XRD is coordinated by the functional group's interactions in the 

neighbouring GO sheets even though side interactions along the carboxyl terminal groups are also 

possible, revealing the formation of GO [51]. Contrarily, the nanocomposites of GO/HPAM exhibit several 

diffraction peaks at 30.5, 39.8, 56.5 and 65.25°, which confirmed the formation of stable GO/HPAM 

composites. These peaks correspond to the (220), (111), (511) and (440) planes of centred cubic lattice, 

revealing the existence of hexagonal and cubic phases in the composites. Considering the fact that 

HPAM is amorphous material, the appearance of sharp, strong peaks in the composites confirmed the 

product were crystallized. The Raman spectrum of HPAM, GO, and HPAM/GO composites are shown 

in Fig. 2c, GO spectrum demonstrated a D-band at 1357 cm-1 and a G-band at 1591 cm-1 respectively. 

The D-band is linked with the structural deformity relevant to the partly disorganised network of 

graphitic domains or generated by the functional group's attachments on the carbon basal plane. 

While the G-band is referred to the E2g mode first order scattering. The HPAM showed a tiny 

symmetrical band centred at around 481 cm-1 due to skeletal deformation [52] and a wide sloppy band 

at 1667 cm-1 due to the amide 1 vibration. 

Similarly, there is a change in the frequency of amide II (primarily -NH2 bending) from 1600 cm-1 to 

1625 cm-l. The changed of the amide I frequency indicates the formation of hydrogen bonding 

between two polymer chains [52]. However, the GO D-band and G-band become broadened in the 

HPAM/GO composite becoming more prominent and wide, indicating a considerable interaction 

between HPAM and GO. 

 

Figure 1. (a) TEM images (b) SAED (c) SEM images (d) the UV-vis spectrum of Go nanosheets 
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The essence of the chemical bonding structure between the HPAM and GO was evaluated using FT-IR 

spectroscopy to understand the formation mechanisms of GO/HPAM composite as shown in Fig. 2b. 

For HPAM spectrum, 1117, 1449, and 2953 cm-1 correspond to ring structure vibration of C-O-C 

stretching, methyl C-H bend, and C-H stretching vibration respectively. The peaks observed at 3321 

and 2923 cm-1 can be attributed to the carbonyl and the amino group of the HPAM amides chain. The 

peaks at 1700 cm-1.is attributed to the C=O (carbonyl functional group) stretching vibration while peak 

at 3424 cm-1 is related to the N-H stretching vibration. The amide I and amide II vibrational bands 

appear at 1650 and 1548 cmЪ1 [53]. The GO sheets FT-IR spectrum shows bands at 3420, 1395.5 and 

1069.7 cmЪ1 which are referred to the symmetric and asymmetric stretching vibration of O-H, the 

bending vibration of O-H and the stretching vibration of the C-O bond in epoxide group, respectively 

[54, 55]. For HPAM/GO composites, the formation new peak at 1660 cmЪ1 demonstrated that the GO 

-COOH was transformed into -COOЪ with -NH3
+ of HPAM as the counter-ions. Other than electrostatic 

interaction, hydrogen bonds also formed between the epoxy groups and OH of GO, and ЪNH2 and C-

O of HPAM presence in the composite material. In GO the epoxide group CЪO stretching (1069.7 cmЪ1) 

became weaker gradually and the GO OH bending peaks (1395.5 cmЪ1) shifted to the higher 

wavenumber, confirming the existence of hydrogen bonds. The same peaks observed at 3321, and 

2923 cm-1 in the HPAM spectrum were also shown in the HPAM/GO spectrum but was shifted to lower 

wavenumber (3302 and 2859 cm-1), indicating stable dispersion of GO/HPAM nanocomposites. New 

peaks appear in HPAM/GO at 1081 and 1451 cm-1 which were not observed concerning the pure HPAM 

are due to the formation of C-O-C stretching ring structure vibration and methyl C-H bending vibration, 

respectively. These might be due to the of hydrolysable covalent cross-links formation between HPAM 

and GO [24, 56]. Besides, in GO/HPAM hybrid spectrum another peak appears at 2953 cm-1, which 

indicates the formation of C-H stretching vibration, confirming the formation of covalent bond 

between carbon present in the GO backbone and hydrogen from the amide group of HPAM. 

Moreover, the formation of N-H group at 3228 cm-1 in the composites spectrum is as a result of 

electrostatic interaction between the polar hydrogen in the GO and highly electronegative nitrogen 

atom present in the HPAM amide, which covalently bound to form hydrogen bond and further 

increases the hybrid suspension stability. Also, the absorption band formed at 1741 cm-1 is ascribed 

to carbonyl stretching vibration, the bands at 1568 cm-1 are responsible for にCO-NH2 bonds and a band 

at 1376 cm-1 represent the C-N stretching vibration. Accordingly, the にCO-N-H mode contributes for 

the C-N stretching vibration and N-H bending vibration, which emerges from bonding between the 

amide group of HPAM chains and carboxylic group of the GO.   
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NMR spectroscopy was also employed aiming to present the confirmation that HPAM molecules were 

incorporated into GO sheets using Advanced 500 nuclear magnetic resonance spectrometer (Bruker 

Company, Ettlingen, Germany) in deuterium oxide (D2O). Fig. 3a and 3b show 1H-NMR of HPAM and 

HPAM/GO respectively. For pure HPAM, the absorption peaks at 1.407, 2.113 and 3.321 ppm represent -

CH2 protons. C-H and R-CO-NH2 where denoted in the absorption peaks of 6.868 and 7.609 ppm, 

respectively. All of these indicated that the major polyacrylamide functional groups are found in the 

spectrum [57-59]. Compared to HPAM/GO spectrum, the -NH2 and -CH2 peaks in HPAM become broader 

and wide indicating modification in HPAM backbone after interacting with GO sheet, however, there are 

existence of new peaks marks with the different shapes and symbols at 6.873 ppm for Ar-OH and 3.639 ppm 

representing R-CO-NH2 which certainly indicated how oxygen atom in GO interact with -NH2 of HPAM to 

form hydrogen bond. The emergence of this new characteristic attraction peaks proves the successful 

grafting of HPAM chains onto the GO sheets. 

 

Scheme 1. Schematic representation of the network structure of GO/HPAM composites.  
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Considering the FT-IR, Raman and XRD observations, a proposed mechanistic illustration of GO/HPAM 

nanocomposite is shown in scheme 1. The numerous functional groups containing oxygen (carboxyl, 

hydroxyl, and epoxide groups and so on) were on the edges and basal planes of GO nanosheet. After 

interacting with the HPAM, the -COOH group presence in the GO can protonate HPAM ЪNH2 group to 

generate the pairs of -NH3
+···ЪOOC- ion. Similarly, three sort of hydrogen bonds were also observed in 

the composites in addition to the electrostatic interaction, viz: among the HPAM carboxyl groups and 

GO hydroxyl groups, and the remaining two prevailed midway around the protonated -NH3
+ of HPAM 

together with the GO epoxy groups and carboxyl groups, respectively, as proved by FTにIR analysis. 

Remarkably, the results suggested the evolution of chemical ligation between HPAM segments and 

GO in the nanocomposites. However, the composites were observed and considered as stable enough 

to circumvent the possible phase separation that can easily happen in the fabrication of the 

nanocomposites via physical mixing of the polymer and GO.  

Table 2: Zeta potential of HPAM, GO and HPAM/GO nanocomposites at 70 °C for different pH 

Concentrations Zeta Potential (mV) 

Pure HPAM -45.1 

Pure GO -24.2 

0.02 wt. % GO/HPAM -50.5 

0.04 wt. % GO/HPAM -50.2 

0.08 wt. % GO/HPAM -47.1 

 

The static position method is the most generally used method to decide the stability of nano 

composition. It allows the sample to stand in a container for a particular period, and the distance or 

colour difference in sedimentation was observed by the naked eye [60-62]. However, this method 

cannot evaluate the true stability of our composite suspensions. As shown in Fig. 2d, the 

sedimentation behaviour was monitored and recorded every 5 minutes for 2 hours using turbiscan 

analyser, backscattering intensity/transmission intensity profiles versus the sample height. The 

backscattering profiles interpretation explained the changes in the backscattering light caused by the 

particle sedimentation within the sample cell. Over the period, the change in backscattering varies 

with the sample height when sedimentation occurs. However, if the particle dispersion is stable, over 

the entire sample cell no noticeable change in the backscattering profiles is observed. The suspensions 

containing 0.01, 0.02, 0.04 and 0.08 wt. % GO respectively in HPAM/GO composites shows a 

representative example of a highly stable suspension (Fig. 2d). The results indicate that since there is 

no particle precipitation throughout the height of the container, no sedimentation takes place in all 
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range of GO concentrations. This improved stability is associated with the change of the particles 

surface charge. Therefore zeta potential was used to investigate the incorporated amount of GO state 

of the surface charge in the HPAM/GO composites and pure samples at 70 °C. The results in Table 2 

indicate negative zeta potential for all the measured samples showing improved stability. The zeta 

potential of the composites shows stronger intercalation between the HPAM and GO nanosheet, 

indicating that improved dispersion stabilisation has been achieved [57, 63].  
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Figure 2. (a) XRD patterns for HPAM, GO and HPAM/GO composites (b) FTIR spectra for HPAM, 

GO and HPAM/GO composites (c) Raman Spectroscopy for HPAM, GO and HPAM/GO composites (b) 
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Turbiscan stabilization test for 2 hours duration with scan every 5 minute for HPAM, GO and HPAM 

with different loadings of the GO at 60 °C. 

 

 

 

Figure. 3. 1H-NMR for (a) HPAM and (b) HPAM/GO composites in D2O 
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3.2. Rheological results 

3.2.1. Critical association concentration  

Polymer molecules can develop concentration-dependent association, which can occur mostly when 

mixing with other substances like surfactants and nanoparticles [24, 64]. This association can be 

apparent at the concentration of the first break, often termed the critical association concentration 

(CAC), where polymer molecules and other substances begin to associate. It is significant to know the 

CAC value to achieve required morphological features or specific modification of the polymer solution 

such as in a polymer/nanoparticle hybrid. However, the CAC value can be obtained using other 

approaches such as light scattering determination, variable view cell apparatus [64], and the changes 

in fluorescence characters when micellisation occurs [65]. 

Notwithstanding, HPAM solution rheological investigation at 25 °C was used, in this work, to 

determine the CAC. Fig. 4 illustrates the 1000 shear viscosity versus HPAM concentration, and it can 

be observed that the curve is split into two parts, below 0.06 wt. % HPAM concentration, the viscosity 

patterns show slight differences with the increase in polymer concentration. For the concentration 

equal to and above 0.06 wt. %, the viscosity was sharply increased as HPAM concentration increases. 

This trend suggests that 0.06 wt. % is the HPAM CAC used in this study. As the polymer concentration 

increased, the number of molecules increased within the solution resulting in more significant 

interaction between the polymer chains, leading to greater frictional effect and subsequently alter the 

composites stability.  

 

Figure 4. Viscosity as a function of HPAM concentration (25 °C and shear rate 1000 s-1) 
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3.2.2. Effect of nanoparticle concentration  

As mention earlier, the intramolecular hydrophobic association can play a significant role when 

making polymer-nanoparticle hybrids because of the CAC of the polymer In this section, 0.05 wt. %, 

which was immediately below the CAC level, was used for investigating the impact of GO nanoparticle 

on the rheological properties of HPAM. Different GO concentration 0.01, 0.02, 0.04, 0.06, 0.08 and 0.1 

wt. % were added into the solution containing 0.05 wt. % HPAM and their rheological behaviour were 

studied. Fig. 5a and 5b illustrate the dependence of the solution viscosity on the shear rate for the 

HPAM/GO hybrids at 25 and 85 °C, respectively. It can be seen from the graphs, the apparent viscosity 

decreases sharply with increasing shear rate from 100 to 1000 s-1 indicating a shear thinning behaviour 

for the entire system. Compared to the pure HPAM and low GO loading, solution with the high GO 

concentration shows better resistance to sear rate with less viscosity reduction as shear rate increases. 

The decrease in viscosity with shear rate may result from the slippage of HPAM chain on to the GO 

sheets platelets. The results show that the low viscosity of the solution at a high shear rate is due to 

the extension of the average distance from end to end, and as a result of disentanglement process of 

the polymeric chain when shearing. It can be viewed that, the shear thinning behaviour of the hybrids 

depends on the viscoelastic characteristics of the polymer matrix, which may emerge from the 

disintegration of HPAM/GO bridged at shear fields.  
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Figure 5. The dependence of viscosity for HPAM/GO nanocomposites on the shear rate with 

different GO loading ((a) T= 25 °C (b) T= 85 °C. and shear rate 100-1000 s-1). 

 

On the other hand, Fig. 6 shows viscosity as a function of GO concentration for both 25 °C and 85 0C 

respectively. It is evident that the thickness of the hybrid increases with the increase in GO 

concentration. This result behaves the same trends with adding HPAM concentration, which shows 

the rapid growth in the viscosity as the concentration was increased. It can be observed that with the 

addition of 0.01 wt. % GO at 85 °C, the apparent viscosity of the HPAM increases by 13 % and 

correspondingly increases by 47% with the addition of 0.1 wt. % GO. While at 25 °C, the HPAM viscosity 

increases by 5% after adding 0.01 wt. % GO and then a 36 % increases were observed following the 

addition of 0.1 wt. % GO. The same concentration of GO  was also dispersed in water, after measuring 

the viscosity, it was seen that with the addition of GO suspension in the water there are slight changes 

in the viscosity at both 25 and 85 °C respectively. These may be interpreted by the high water polarity 

such that when the GO nanoparticles are dispersed in water, the molecules of water covered the 

surface of the particles, and thus cause the suspension to retain most of it viscosity. The higher 

viscosity of HPAM/GO composites could arise as a result of the strengthened the polymer molecular 

weight, ductility, and embrittlement due to the formation of covalent linkages and electrostatic 

hydrogen bonding between the GO and the HPAM functional groups, leading to enhanced material 

stability and hence more viscosity enhancement as demonstrated by the FT-IR results. This increase 

in viscosity of HPAM with GO loading could be attributed to the large surface area of two-dimensional 

(2D) layer of the GO particle, this peculiarity lead to significant improvements of different properties 
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such as thermal stability of the polymer matrix following the insertion of very small content of the GO. 

Similar results were reported [42] for graphene-based poly(vinyl alcohol) composite and [43] for 

PAM/GO composites with the enhanced mechanical strength. Moreover, Hu et al., [24].observed 

similar viscosity increase with addition of SiO2 nanoparticle in HPAM but with lower viscosity increase 

at an equivalent particle concentration. 

 

 

Figure 6. Viscosities of 0.05 wt. % HPAM with different GO loadings (T= 85 °C and 25 °C, and shear 

rate 1000 s-1). Under the same experimental conditions, the viscosity for the neat 0.05 wt% HPAM 

was measured as 1.90759 mPa·s at 85 °C and 3.67055 mPa·s at 25 °C. 

3.2.4. Effect of temperature on viscosity of HPAM/GO composites 

Water-soluble polymers are susceptible to temperature. As heat is applied, the polymer chains can 

undergo chemical or physical changes, which can result in unwanted changes to the significant 

properties of the polymer, leading to polymer degradation. In many cases, molecular degradation 

often called thermal degradation occurs due to overheating, especially when the polymer is subjected 

to high temperature. The long chain molecular component of the polymer backbone begins to 

separate at high temperature which can eventually cause molecular scission. Typically at a specific 

temperature, the strength of the bonds deteriorates and causes the attached elements on the 

polymer to be detached. Because of this, we investigate how GO nanoparticle will influence the 

polymer stability at a different temperature, ranging from 25 to 85 °C. Fig. 7 describes the apparent 
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viscosity as a function of temperature for the composites containing 0.05 wt. % HPAM/0.02 wt. % GO, 

the corresponding concentration of both pure HPAM and GO were also investigated. It shows that the 

viscosity of all the three samples decreased drastically with increasing temperature. This effect can 

also be seen when the viscosity curves of the pure HPAM and that of the HPAM/GO are compared 

such that a sharper in viscosity decrease is observed as the temperature rises indicating less tolerance 

to temperature. For a pure HPAM, the higher temperature would necessarily continue to break down 

intermolecular hydrophobic associations changing the HPAM backbone and then hydrolyse its 

acrylamide group into acrylate groups. Hence more viscosity reduction for HPAM solutions. It can also 

be seen in Fig. 7 that, in the case of the pure GO, increasing the temperature the decrease in viscosity 

is not as much as pure that HPAM. This could be the reason why HPAM/GO composites acquired more 

viscosity than sole HPAM because of the strong thermal stability of GO, and probably due to the 

coupling of the network linkage between GO to HPAM. 

 

 

Figure 7. Comparison of the temperature effect on effective viscosities at a different temperature.  

 

3.2.5. Long-term thermal stability of HPAM/GO composites 

In industrial PF processes, the polymer is required to undergo long-term treatment under harsh 

conditions in the reservoir. Persistent ageing of the polymer under severe circumstances would cause 

viscosity reduction and hence drawbacks to the oil recovery [66]. The only available viscosity will serve 

as a primary benchmark for the injected polymer to reach the oil in the unfavourable environment. 
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Here, the influence of GO on ageing time is investigated. 0.05 wt. % HPAM and 0.0 5wt. % HPAM/0.1 

wt. %GO Composites were examined at 80 °C, as illustrated in Fig. 8. The results indicate that the pure 

HPAM solution displayed less tolerance to ageing under harsh condition, while the composites 

containing HPAM/GO exhibited strong affinity to stay longer at the reservoir-like condition. It can be 

seen that the HPAM drop sharply after the five days showing less strength to withstand high 

temperature. Unlike pure HPAM, the viscosity of HPAM/GO composites dropped by only 4 % after the 

five days of ageing, and 6% after 30 days, whereas, HPAM viscosity reduction were up to 35 % after 

five days and almost 60% decrease was observed after 30 days. Such results are quite different to 

what was reported in the literature [13, 41], but similar to what we observed previously by using 

SiO2/HPAM hybrid [24]. Both works shows that the nanocomposites have a strong ability to work 

under the harsh environmental condition, and could improve the HPAM stability while ageing. It is still 

unclear on the exact mechanism of stability reinforcement, which could be a result of inter-place 

among strengthened polymer molecular weight, ductility, and embrittlement due to the formation of 

covalent linkages and electrostatic hydrogen bonding between the GO and the HPAM functional 

groups, leading to enhanced material stability and hence more viscosity enhancement.  

 

 

Figure 8. Long-term thermal stability to investigating the effect of ageing time (T=85 °C and shear 

rate 1000 s-1) for 30 days. 
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3.2.6. Effect of electrolyte on the viscosity of HPAM/GO composites 

Salinity tolerance is a significant factor in deteriorating the application of polymers in EOR processes. 

Since HPAM is regarded as a polyelectrolyte, its viscosity and hydrodynamic size are responsive to 

electrolyte concentration. In this study, the effect of electrolyte on the apparent viscosity of HPAM 

and the composite of HPAM/GO was investigated at 85 °C. It was observed from Fig. 9 that for both 

HPAM and HPAM/GO composites, the addition of the NaCl from 1 to 8 wt. % decreases the viscosity, 

which is opposite to what was found in the literature [24, 67]. This is because when salt is added to 

the solution, the Na+ can neutralise the negative charges of HPAM -COO- groups, reducing the polymer 

chains electrostatic repulsion, and therefore causing a conformational transition of the polymer to 

change from stretch to coiled or shrinkable state. Consequently, these lead to a reduction in the 

hydraulic radius and degree of entanglement of the polymer chain, which eventually decreases the 

viscosity. Furthermore, when HPAM is dissolved in water, the -COO- groups in the polymer chain repel 

each other causing its structure to remain extended, leading to high hydrodynamic volume to the 

molecular chain which increases the solution viscosity. It is, however, in a good agreement with the 

literature [41, 68] where a decrease in viscosity was observed at high salinities. For HPAM solution, it 

can also be seen that the viscosity continued to decrease until it reached a critical salinity threshold 

(CST) (i.e., above which the salinity has less or no effects on the viscosity). On the other hand, the 

HPAM/GO composites viscosities start to increase after it reaches CST. This is because the number of 

molecules to be shielded by the NaCl cations were limited. In this study, the critical salinity was found 

to be approximately 4 wt. % as shown in Fig. 9. This observation agrees with reports by Levitt et al. 

which indicated that above 3 wt. % NaCl concentration any variations in the HPAM viscosity is 

insignificant [69]. Additionally, the minor change at high salt concentration results due to the 

corresponding increase in the polarity of the solvents, which reinforced the intermolecular association 

of the hydrophobic groups, making the viscosity to remain stable. Also, in the presence of GO the 

insignificant influence of salt at high concentration can arise because most molecules of NaCl are 

already shrunk by the high proton concentration at a low NaCl content, therefore, after interacting 

with GO, the change in CST value is observed. It can be concluded that addition of the salt 

concentration into the polymer affects the viscosity of. HPAM significantly, HPAM/GO hybrid shows 

better capability of changing the CST, which could make the composites to be considered useful at 

high salt content compared to neat HPAM although the exact mechanism remains unclear.  
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Figure 9. Influence of ionic strength on the average viscosity of HPAM and HPAM/GO composites 

(T=85 °C, shear rate 1000 s-1). 

 

3.2.7. Viscoelastic properties of HPAM/GO composites 

The viscoelastic properties are mostly used to achieve a better perception of the deformation and 

molecular structure of the polymer(s), as their role in the EOR process is imperative [70-73]. Oscillatory 

tests were conducted in this work for pure HPAM and HPAM/GO composites. The results obtained for 
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the outcomes of dependency of loss factor on frequency (tan ~ = GげげっGげぶ aﾗヴ both plain HPAM and the 

GO/HPAM nanocomposites. Precisely, with the addition of GO loading, a diminishing trend of tan ~ 

was observed in the nanocomposite dispersions, indicating that when GO is incorporated into HPAM, 

it enhances elastic properties. Moreover, at highest GO content (0.1 wt. %) the value of tan ~ ┘;ゲ 

further decrease, and also shows a Newtonian character at lower angular frequency of 1に10 (rads-1) 

and displaying behaviour relatively independent of frequency. The results in Fig. 10b shows a gradual 

increase in both elastic and loss modulus with the increasing angular frequency with the addition of 

GO, and continue to become more elastically dominant at highest GO concentration. Such trends are 

similar to what was reported in the literature [74]; some work also showed that GO improved the 

elasticity of polyacrylamide for dye adsorption capacity [75, 76]. At low frequency region, the plateau 
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results indicate that compared to the pure HPAM, the composites solutions possesses long-term 

relaxing time as a result of sufficient links and network structure between macromolecules. It can be 

concluded that the hybrids of HPAM/GO exhibit better viscoelastic strength. These indicate that the 

hybrid could have more ability to improve oil recovery under harsh reservoir conditions. The samples 

showed less frequency dependence behaviour in Hﾗデｴ Gげ ;ﾐS Gげげ indicating more solid-like than liquid-

like viscoelastic nature particularly at high GO concentration. Therefore, the material with high GO 

loading displayed good behaviour, suggesting that the GO reduced the relaxation of the HPAM 

macromolecular chain, and hence the effect of liberation of the solution became less obvious, for 

example, at 0.1 wt. % GO, the G' increases by 59% and G'' increases by 63% respectively as compared 

to that of neat HPAM. This viscoelastic behaviour is similar to what was found in the studies about 

LDH/PAM and clay/polymer nanocomposites [74, 80].  
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Figure 101. (a) Damping factor and (b) Storage modulus (G') and loss modulus (G'') for HPAM and 

HPAM with different GO concentrations ;ゲ ; a┌ﾐIデｷﾗﾐ ﾗa ;ﾐｪ┌ﾉ;ヴ aヴWケ┌WﾐI┞ ふ＼ぶく 

 

4. CONCLUSION  

The idea for the use of GO nanosheet to reinforce the high-temperature rheology and stability of 

HPAM was successfully demonstrated. The rheological behaviour of aqueous HAPM/GO composites 

was investigated. The composites show a rapid increase in viscosity and viscoelasticity compared to 

pure HPAM solution. The following outcomes can be drawn based on the results obtained: 

➢ The FT-IR spectral data confirmed the formation of the hydrogen bonding between GO 

and HPAM functional groups, which helps to strengthen the hybrid stability. 

➢ For pure HPAM, there is a critical association concentration (CAC) of 0.06 %ˈbeyond 

which the viscosity increased significantly.  

➢ The addition of different GO concentrations significantly increase the viscosity of the 

suspensions, and the effect is more significant at high temperatures. Addition of 0.1 wt. % 

of GO increased the viscosity by 47 % and 36 %, respectively, at 85oC and 25 °C.  

➢ The addition of GO increased long-term thermal stability significantly due to the formation 

of electrostatic hydrogen bonding between the GO and the HPAM functional groups. After 

ageing for 30 days at 80 °C, the viscosity of the composites solution decreases very slightly 

while a 59 % reduction was observed for pure HPAM solution.  

1 10 100
10

100

1000

G
', 

G
'' 

(P
a)

Angular frequency (rad/s)

 G' 0.0 wt. % GO
 G'' 0.0 wt. % GO
 G' 0.01 wt. % GO
 G'' 0.01 wt.% GO
 G' 0.04 wt. % GO
 G'' 0.04 wt.% GO
 G' 0.1 wt.% GO
 G'' 0.1 wt.% GO

b



24 

 

➢ Increasing the GO content increases both storage and loss modulus the HPAM solution, 

making them favourable for EOR applications  

➢ Though the solution viscosity decreased with an increase in NaCl concentration for both 

HPAM and HPAM/GO composites, but the later improve the CST value showing promising 

performance at high salt content. 
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