
   
  

TECHNOLOGY FOR ENHANCED OIL RECOVERY BASED IN WATER 

INJECTION IMPROVED WITH NANOPARTICLES-POLYMER ABSTRACT  

Polymer injection is one of the most used enhanced oil recovery (EOR) techniques to 

improve sweep efficiency in the oil & gas industry. However, this method has some 

limitations mainly due to the polymer degradation by the effects of temperature, salinity, 

stress, or the presence of an oxidative atmosphere, among others. Therefore, the primary 

objective of this study is to develop a nanofluid suitable for application as an EOR 

solution based on the interaction between SiO2 nanoparticles and a Hydrolyzed 

PolyAcrylamide (HPAM). The nanofluid was designed according to the assessment of 

the SiO2-HPAM interaction based on Polymer adsorption onto nanoparticles, rheological 

studies, and evaluation of thermal stability in presence and absence of oxygen. SiO2 

nanoparticles and HPAM were characterized trough thermogravimetric analyses (TGA), 

Fourier transform infrared spectroscopy (FTIR) and dynamic light scattering (DLS). The 

nanofluids were prepared by adding a fixed concentration of nanoparticles to an 

HPAMcontaining aqueous solution. The adsorption isotherms of HPAM over the SiO2 

nanoparticles were obtained through batch-mode experiments. Results of adsorption 

experiments showed that obtained isotherms followed a Type III behavior. The adsorption 

isotherms were modeled using Langmuir, Freundlich and SLE model. The best fitting was 

obtained using the SLE model based on the RSME%, which was lower than 9.5. 

Rheological tests were performed at 25 and 70ºC and showed a non-Newtonian behavior 

for all the SiO2-HPAM combinations tested. The Herschel-Bulkley and Carreau models 

were used for describing the rheological behavior of the prepared nanofluids with 

RSME% < 0.3. The thermal stability of polymeric solutions in the absence and presence 

of nanoparticles was evaluated under inert and oxidative atmospheres at 70°C for 14 days. 

It was observed that a lower degree of degradation was obtained for polymer solutions in 

the presence of, indicating that SiO2 nanoparticles can inhibit the HPAM degradation 

trough the adsorption phenomena.  
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Enhanced Oil Recovery (EOR).  

1. INTRODUCTION  

Nowadays, the global energy demand continuously increases at the same time that the 

energy sources are depleted. In particular, the oil & gas industry has been affected by the 

shortage of discoveries of new deposits, which has led the producing countries to seek for 

cost-effective alternatives that allow them to increase the oil recovery and the supplement 

of the energy demand [1]. Currently, primary and secondary oil recovery methods permit 

the production of around of 15 – 30% of the original oil in place (OOIP), depending on 

the reservoir temperature and pressure, petrophysical properties of the porous media and 

the type of fluids [2]. A higher oil recovery of 30 to 60% of OOIP can be obtained through 

enhanced oil recovery (EOR) processes, which can be divided into thermal and 

nonthermal methods [3-5]. Moreover, non-thermal processes can be classified on miscible 

displacement [6, 7] and chemical invasions [8, 9] both aiming at improving the sweep 

conditions in the reservoir.   



   
  

Among the different types of non-thermal processes, polymer flooding is one of the most 

used EOR methods for increasing the sweep efficiency in the porous media [10-12]. 

Polymer flooding has been widely applied in mature fields using Partially Hydrolyzed 

Polyacrylamide (HPAM) as viscosifying agent [13], leading to an increase of the oil 

recovery up to 60% in comparison to the traditional water flooding [9]. However, the 

efficiency of the polymer flooding process can be affected by different circumstances 

such as i) blockage of the pore throats due to the large aggregate size of the polymer 

composite [4, 14], ii) adsorption of the polymer over the porous media surface which in 

turn lead to higher economic expenses and [15], iii) the degradation of the polymeric 

compounds due to thermal, chemical, biological and/or mechanical processes which 

translates into the reduction of the viscosity of the injection water [16-22].  

Hence, new technologies that permit the inhibition of the issues above for increasing the 

efficiency of the polymer flooding trough the reservoir need to be developed. 

Nanotechnology has arisen in the last decade as an important alternative for improving 

different processes in the oil & gas industry. Technology in the form of nanoparticles and 

nanofluids offers exceptional properties that allow the application at reservoir conditions 

without risk of additional damage [23-25]. Zhu et al. [26] and Yousefvand and Jafari [27] 

studied the improvement of the rheological behavior of a nanoparticles/water/polymer 

suspensions under laboratory conditions. Authors showed that the resultant suspensions 

have a nanofluid-like behavior and that increasing the viscosity of the system can be 

mainly attributed to cross-linking properties of the nanoparticles [28]. Maghzi et al. [29] 

developed a nanofluid for EOR by mixing 0.5 g of silica nanoparticles in 500 mL of an 

aqueous solution containing 0.5 g of polyacrylamide. The authors evaluated the inhibition 

of the polymer degradation and the decrease of the viscosity of the solution caused by 

high shear stress obtained at reservoir conditions. The authors studied the rheological 

behavior of the suspensions at different shear rates by experimental tests and modeling. 

The results obtained showed an increase of 10% in oil recovery in comparison with the 

polymeric solution in the absence of nanoparticles.  

The adsorption process can give a better landscape about the interaction between the 

polymer and the nanoparticles as well as about the mechanism of inhibition of polymer 

degradation and improvement the sweep efficiency in the reservoir. To the best of our 

knowledge, there are no research works reported in the specialized literature oriented to 

the interaction of the polymer – nanoparticle system for inhibiting the degradation of the 

polymer in the nanofluid. Hence, the primary objective of this work is to inhibit the 

degradation of the polymer solution trough the study of the interactions between HPAM 

and SiO2 nanoparticles. The interaction of polymer and silica nanoparticles was evaluated 

through adsorption studies of HPAM over the SiO2 nanoparticles and its effect on the 

rheological properties and thermal stability in the presence and absence of an oxidative 

atmosphere.  

  

  

  

  



   
  

2. EXPERIMENTAL SECTION  

2.1. Materials  

A commercial sample of partially hydrolyzed polyacrylamide (polymer sample) and 

deionized water were used for preparing the solution. The polymer sample Flopaan 3230S 

was obtained from Nalco (Colombia S.A.). The molar mass and the hydrolysis degree of 

the polymer sample are around of 16 to 22 million Daltons and 30%, respectively. The 

SiO2 nanoparticles employed in this work were purchased from Sigma-Aldrich (St. 

Louis, MO). The nanoparticles were characterized by N2 physisorption at 77 K, X-ray 

diffraction (XRD) to determine the surface area (SBET) and particle size (dp), 

respectively. The estimated values of the Brunnauer, Emmett and Teller (BET) surface 

area are 389 m2/g and the mean particle size of the silica nanoparticles of 7 nm. Details 

of the equipment’s and experimental procedure used for characterizing of the 

nanoparticles can be found in our previous studies [30, 31].  

2.2. Methods  

2.2.1. Preparation of polymeric solutions/dispersion  

All the solutions were prepared following the API 63 Standard “Practices for evaluation 

of polymers used in enhanced oil recovery operations” [32], considering the 

recommendations regarding agitation speed, and total time of solubility. The dispersion 

of SiO2 nanoparticles in the polymer solution was performed after guarantying the 

stability of the polymer.  

2.2.2. Polymer Characterization  

The polymer sample was characterized through of the following properties: density, pH, 

infrared spectroscopy and thermogravimetric analysis. Dynamic light scattering (DLS) 

measurements for the polymeric solutions at different concentrations were performed 

using a nanoplus-3 equipped with a 0.9 ml glass cell and the mean aggregate diameter 

was obtained from Stokes-Einstein equation.  

2.2.3. Polymer Adsorption Test  

The adsorption tests were performed trough batch – mode experiments by fixing the 

amount of adsorbate and varying the dosage of the adsorbent according to the procedure 

described by Guzmán et al. [33]. In this case, an initial polymer concentration of 500 

mg/L was employed according to typical polymer dosages in the oil and gas industry [34]. 

It is worth to mention that the used polymer has self-associative properties and its 

aggregate size in solution depends on different variables such as temperature, pressure, 

shear rate, pH, among others. The amount adsorbed is determined by mass balance using 

TGA under an air atmosphere. For this purpose, first the nanoparticles containing 

adsorbed polymer were separated from the mixture by centrifugation. It was verified that 

there was no polymer degradation after the centrifugation process. Results of adsorption 

test were modeling using Langmuir [35], Freundlich [36] and SLE (Solid Liquid 

Equilibrium) [37, 38] models.  

  



   
  

  

2.2.4. Rheological Behavior  

Rheological measurements and polymer thermal stability were performed with the 

concentric cylinders geometry. For measuring the stability of the polymer solutions in the 

absence and presence of nanoparticles, samples were submitted to oxidative and inert 

atmospheres by dry air and N2 injection. Samples were submitted at 70°C for 14 days. 

Degradation was followed through changes in the rheology of the samples. Each 

experimental condition set was repeated three times. Rheological behavior was modeled 

using the Herschel-Bullkley and Carreau models [39-41].  

3. RESULTS AND DISCUSSIONS  

Results are divided in some sections: Polymer characterization, adsorption isotherms 

measurements, rheology measurements and evaluation of the degradation of the polymer.  

3.1. Polymer Characterization  

Polymer solutions were characterized trough density, pH, FTIR and TGA. The density of 

polymer solutions was estimated in 1.163 ± 0.003 g/mL for the range of concentrations 

evaluated. Similarly, the values of pH for polymeric solutions oscillated between 7.16 and 

7.41. Polymer degradation was evaluated by thermogravimetric analyses under oxidative 

and inert atmospheres, and results show that polymer sample undergoes degradation in 

both scenarios with mass loss around 60 and 40% for the region between 25 and 400°C 

due to oxidation process and to the thermal decomposition, respectively and after 400°C 

due to the decomposition of the C–C bonds from the polymer backbone [42]. The mean 

particle size of polymer in solution was determined by DLS measurements at different 

concentrations. Results showed an increasing of the mean particle size of the polymer 

aggregate in solution as concentration increases. This behavior is commonly described by 

the auto-associative molecules with a polar group and backbone non-polar like the HPAM 

used in this study [33].  

3.2. Adsorption Processes  

Figure 1 shows the experimental isotherms of HPAM onto SiO2 nanoparticles together 

with the SLE model at 25°C obtained at fixed initial concentration of polymer of 500 

mg/L. From Figure 1 it can be seen that isotherm obtained follow a Type III behavior 

according to the International Union of Pure and Applied Chemistry (IUPAC) [43]. This 

isotherm type commonly is described for the low affinity between the adsorbate – 

adsorbent at low concentrations of HPAM. At high concentrations, the interaction of 

multiple layers of HPAM over SiO2 nanoparticles is favored [43].  



   
  

  

Figure 1. Adsorption and desorption isotherms for a fixed initial polymer concentration 

of 500 mg/L and 25°C.  

The shape of this adsorption isotherm can be attributed to the reduction of the nanoparticle 

available active sites for adsorption by mass unit, caused by increasing the dosage of 

nanoparticle impacting the interactions between the available nanoparticles and polymer. 

Desorption isotherms are also showed in Figure 1. It can be observed that the amount of 

polymer desorbed is little in all cases, indicating an irreversible adsorption process over 

the SiO2 nanoparticles surface. The loops of adsorption and desorption are different, 

showing a clear case of hysteresis.  

3.3. Rheology of Polymer solutions in absence of SiO2 Nanoparticles  

In polymer flooding operations, to determine the behavior of the fluid subjected to 

temperature and high agitation by the continuous injection of fluids into the formation is 

a critical parameter for the success of the EOR processes. The rheological behavior of 

HPAM in solution is shown in Figure 7a,b for different concentrations from 50 to 1500 

mg/L at a) 25 and b) 70°C, respectively, together with the Herschell-Buckley model 

fitting. As expected, the viscosity of polymer solutions increase as the concentration 

increases and is explained due to the self-associative nature of the HPAM molecules [44]. 

The decrease in viscosity can be also associated to changes in polymer backbone due to 

increased hydrolysis with heating [45]. Acrylamide groups of polymer undergo 

hydrolysis process to form acrylate groups increasing the ionic character of polymer for 

temperatures greater than 60ºC [18].  

3.4. Polymer degradation in the absence and presence of nanoparticles  

3.4.1. Polymer degradation under an oxidative atmosphere  

The polymer degradation was evaluated with different dosages of nanoparticles in a 500 

mg/L polymer solution in the presence of dry air at a constant temperature of 70°C and 

for a 14 days period. In Figure 3 it can be observed that the pseudoplastic behavior 

remains after degradation and that the viscosity of the HPAM at a concentration of 500 

mg/L in the presence of oxygen varies according to the concentration of the nanoparticles 

in the system.  

  

  



   
  

  

  

Figure 2. Rheological behavior of 500 mg/L polymer solutions in the presence of 

different dosages of SiO2 nanoparticles after degradation at 70°C under an oxidative 

atmosphere for a) 7 and b) 14 days.  

These results indicate that the degree of polymer solution degradation can be significative 

reduced by the addition of nanoparticles. The degree of polymer solution degradation 

(DPD%) under an oxidative atmosphere show that by including nanoparticles to the 

polymer solution the DPD% is reduced. The enhancement of the polymer solutions by the 

inclusion of nanoparticles can be explained by the adsorption process. The interaction of 

the polymer with the SiO2 nanoparticles surface lead to the hindering of some polymer 

functional groups that will be disabled for reacting with the oxygen in the dry air. Figure 

4 present the DPD% direct relationship with the amount of HPAM adsorbed. After seven 

days of exposure of the polymer solutions, it can be seen that a linear trend between the 

amount adsorbed and the DPD% is found. However, after 14 days the of the correlation 

deviates from linearity.  

 
  

Figure 3. Correlation of the amount adsorbed and the degree of polymer solution 

degradation at 70°C under an oxidative atmosphere after a) 7 and b) 14 days.  

  

  

  

     



   
  

4. Conclusions  

The inclusion of nanoparticles into the polymer system allowed the reduction of the 

polymer degradation by temperature and shear effects. Accordingly, from the results 

obtained the recommendation is that polymer solutions including nanoparticles should be 

prepared by dispersing the nanomaterial in and homogenized polymer solution to enhance 

the nanoparticle-polymer interaction. Also, desorption experiments showed that the 

polymer adsorption over the SiO2 nanoparticles is an irreversible process, which would 

avoid expensive and time-consuming polymer synthesis procedures. The rheological tests 

of the polymer and the polymer – nanoparticles systems showed a non-Newtonian 

behavior that was well described by the Herschel-Bulkley and Carreau models. It was 

observed that the polymer dosage could be reduced by the addition of nanoparticles. 

Degradation tests were conducted for polymer solutions in the presence and absence of 

nanoparticles, showing that the degree of degradation of the polymer solutions can be 

significantly reduced by the inclusion of the nanomaterials. The degradation of the 

polymer solutions was observed to be dependent on the amount fo polymer adsorbed on 

the nanoparticles surface. Functional groups on the polymer structure could be hindered 

due to the interaction with the nanoparticles, leading to the reduction of specific 

interactions that result in degradation. This study shows a wider landscape about the role 

of nanoparticles in increasing the efficiency of EOR processes as a cost-effective 

alternative.  
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