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Abstract
Recently, nanoparticle additives have been used to improve stability and hence efficiency of chemicals during enhanced oil 
recovery. Herein, a comparative analysis of the application of nanoparticle-stabilized xanthan gum for oil recovery applica-
tions was investigated. The nanoparticles used as additives are silicon oxide  (SiO2), metallic aluminium oxide  (Al2O3), and 
titanium oxide  (TiO2). Rheological measurements were carried out to examine the shear viscosity of the polymeric nano-
fluids under a range of salinity typical of reservoir conditions. Interfacial tension (IFT) experiment was conducted using 
Kruss tensiometer. Oil displacement studies were carried out to examine the incremental recovery factor of the polymeric 
nanofluids. The polymeric nanofluids exhibited better rheological behaviour compared to bare xanthan gum (XG) polymer. 
At 0.5 wt.% nanoparticle concentration, 0.5 wt.% polymer concentration, shearing rate of 10  s−1, and 3 wt.% NaCl concen-
tration, rheology result shows that the shear viscosity of  SiO2-XG,  Al2O3-XG, and  TiO2-XG is 423 mPa.s, 299 mPa.s, and 
293 mPa.s, respectively. Moreover, the polymeric nanofluids lowered the IFT of the oil/brine interface due to adsorption 
at the nanoparticles at the interface. Finally, oil displacement result confirms that the incremental oil recovery after water 
flooding by  Al2O3-XG,  TiO2-XG, and  SiO2-XG is 28.4%, 27.6%, and 25.2%, respectively.
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Abbreviations
SiO2  Silicon oxide
Al2O3  Aluminium oxide
TiO2  Titanium oxide
IFT  Interfacial tension
XG  Xanthan gum
SiO2-XG  Silica xanthan gum suspension
Al2O3-XG  Alumina xanthan gum suspension
TiO2-XG  Titanium xanthan gum suspension
EOR  Enhanced oil recovery
CO2  Carbon dioxide
Fe(OH)3  Iron hydroxide

NaCl  Sodium chloride
cP  Centipoise
OOIP  Original oil in place

Introduction

The contribution of oil to globalization and modern-day 
economy cannot be over emphasized (Afolabi et al. 2017). 
Meanwhile, literature suggests only one-third of the oil 
deposit is produced after primary and secondary recovery 
(Abbas et al. 2018; Yekeen et al. 2018). This implies that 
vast amount of oil is bypassed and left behind in the res-
ervoir. Hence, the implementation of new technologies is 
desired to produce the remaining oil deposits. Recently, 
numerous enhanced oil recovery (EOR) methods have been 
proposed to recover bypassed and residual oil in the reser-
voir. These EOR methods are broadly classified into thermal 
and non-thermal EOR (Gbadamosi et al. 2019a, 2019b; Agi 
et al. 2020a).

Thermal EOR methods are unsuitable for reservoirs with 
huge depth and deep pay zones. Besides, this EOR method 
requires huge energy consumption and generates large  CO2 
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emissions which are a major source of concern for the envi-
ronment due to issues associated with global warming and 
climate change (Guo et al. 2016). Hence, non-thermal EOR 
methods such as gas EOR, microbial EOR, and chemical 
EOR have continued to receive prodigious attention to pro-
duce oil from hydrocarbon reservoirs.

Due to its ease of applicability, and ability to effectively 
recover oil of varying viscosities (light, intermediate and 
heavy oil), field application of chemical EOR has been 
reported (Saboorian-Jooybari et al. 2016). This method of 
oil recovery involves tuning the efficiency of injected water 
flood to alter the fluid/fluid and rock/fluid properties of 
reservoir rock, thereby aiding pore scale displacement and 
macroscopic sweep efficiencies (Olajire 2014). Conventional 
chemical EOR methods for oil recovery include alkaline 
flooding, surfactant flooding, foam flooding, and polymer 
flooding (Elhag et al. 2020; Kamal et al. 2015).

Alkaline and surfactant flooding lowers the IFT of the oil/
brine interface and causes wettability alteration of the res-
ervoir rock. On the other hand, polymer floods increase the 
viscosity of the injectant and cause disproportionate perme-
ability reduction phenomenon (Kamal et al. 2015). Xanthan 
gum is a natural polysaccharide with good viscous property 
required to improve mobility ratio and improve conformance 
control in the reservoir (Olajire 2014). Despite its efficiency, 
conventional chemicals degrade in reservoir conditions 
which inhibits their optimal efficiency for flooding opera-
tions. The degradation of polymer molecules also occurs at 
high temperature and salinity conditions. The viscosity of 
the polymeric solution reduces with increase in reservoir 
temperature and salinity; hence, the efficiency of the poly-
mer floods decreases (Bera et al. 2020; Agi et al. 2020b).

Recently, nanofluid flooding, the addition of nanoparti-
cles to base fluid as injectant, has been investigated (Agi 
et al. 2020c). The presence of nanoparticles enhances the 
fluids property due to their small surface area and function-
ality. With ability to be transported in small pores, nano-
fluid flooding has demonstrated sufficient ability to increase 
oil production (Ngouangna et al. 2020). Nonetheless, the 
instability of the nanoparticles at reservoir conditions due 
to aggregation and agglomeration is the source of concern 
for pore throat blockage. More recently, the synergy of nano-
particles and conventional chemicals have been courted to 
overcome their limitations (Agi et al. 2020a, 2020b, 2020c, 
2020d). The nanoparticles improve the efficiency of the con-
ventional chemicals. On the other hand, the surfactant and 
polymer improve the stability of the nanoparticles.

Nanoparticle-assisted polymer flooding, also referred to 
as polymeric nanofluid, has received prodigious attention of 
researchers in the field of chemical EOR (Agi et al. 2020b). 
Maurya and Maurya and Mandal (2016) studied the rheo-
logical application of silica  (SiO2) nanoparticles-assisted 
polymer flooding for high-temperature and high-salinity 

conditions. The polymeric nanofluid exhibited high viscos-
ity and temperature tolerance compared to bare polymer. 
Haruna et al. (2017) observed improved rheological and 
thermal stability of HPAM with the addition of silica  (SiO2) 
nanoparticles. Gbadamosi et al. (2019a, 2019b) also reported 
an improved rheological property of hydrolysed polyacryla-
mide with the addition of aluminium oxide nanoparticles.

Additionally, Haruna et al. (2019 formulated stable gra-
phene oxide dispersions and investigated their impact on 
the dynamic and viscoelastic properties of HPAM. They 
noted that the addition of graphene oxide nanoparticles to 
the polymeric solution increased the elastic properties, high-
temperature stability and viscosity of the polymer. Moreo-
ver, Aliabadian et al. (2020) investigated the oil displace-
ment properties of graphene oxide nanosheets dispersed 
in HPAM. It was observed that the addition of functional-
ized graphene oxide improves the rheological properties of 
HPAM. Consequently, the oil displacement of the polymeric 
nanofluid improved by 7.8% over HPAM flooding.

Corredor et al. (2019) investigated nanoparticle-assisted 
xanthan gum rheological and flooding behaviour. They 
reported that the addition of nanoparticles to xanthan 
gum improved their viscosity properties at all conditions. 
Moreover, application of Fe(OH)3 and  TiO2 nanopolymer 
sols caused 2% and 3% incremental oil recovery. Bera et al. 
(2020) reported improved rheological and oil displacement 
properties of guar gum polymer with the addition of nano-
particles. Besides, Keykhosravi et al. (20,121) examined the 
impact of  TiO2 nanoparticles on xanthan gum polymer and 
its mechanism in oil-wet carbonate reservoir. The formulated 
polymeric nanofluid demonstrated an extra oil recovery of 
25% original-oil-in-place (OOIP).

From the review of literature, the commonly used nano-
particles for improving rheological and oil displacement 
efficiency of polymers are the non-metallic and metallic 
nanoparticles. Despite the numerous research on nanoparti-
cle application as additives in polymer flooding, a compara-
tive study of the efficiency of metal oxide and non-metal-
lic oxide nanoparticle on polymer flood remains obscure. 
Herein, a comparative analysis of the impact of metal oxide 
nanoparticles and non-metallic oxide nanoparticles on the 
rheological and oil displacement properties of xanthan gum 
was investigated. The metal oxide nanoparticles used are 
aluminium oxide  (Al2O3) and titanium oxide  (TiO2) nano-
particles. Meanwhile, silicon dioxide  (SiO2) was utilized as 
the non-metallic oxide nanoparticle. The rheological prop-
erty of the polymeric nanofluids was investigated in the pres-
ence of brine. Finally, oil displacement test was carried out 
to estimate incremental oil recovery.
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Experimental

Materials

Xanthan gum (XG) polymer was purchased from Sigma-
Aldrich, Malaysia, and used to prepare the polymer solu-
tions. Non-porous aluminium oxide  (Al2O3), titanium oxide 
 (TiO2) nanoparticles and silicon dioxide  (SiO2) with size 
range of 15–20 nm were purchased from Sky Spring Nano-
material Inc., Houston, Texas, USA. The specific surface 
area (SSA) of  Al2O3,  TiO2, and  SiO2 nanoparticles is 100 
 m2/g, 80  m2/g, and 160  m2/g, respectively. Sodium chloride 
(NaCl) was acquired from Merck Group to prepare the brine 
solution. Mineral oil with viscosity of 61 cP @ 27 °C was 
used as a representative of intermediate oil.

Sample preparation

The polymer solution was prepared by dissolving xanthan 
polymer powder in deionised water and stirred gently with 
the aid of a magnetic stirrer for 12 h. The polymer concen-
tration used in this study is 0.5 wt.%. To prepare polymer in 
brine solution, 3 g of NaCl was added to obtain the desired 
salinity. Meanwhile, to prepare polymeric nanofluid suspen-
sion, the nanoparticle powder was first dissolved in water 
and subsequently ultrasonicated for 20 min in an ultrasonic 
bath (Crest Ultrasonics, USA) to form a stable homogenized 
dispersion. Thereafter, appropriate quantity of xanthan pow-
der was added to make the nanopolymer sol.

Rheological measurement

Rheological measurement provides insight into the flow 
behaviour of injectant under stress and deformation. The 
rheology of the xanthan polymer solution and nanopoly-
mer suspensions is measured using Brookfield rheometer. 
The rheometer is equipped with a water-bath to adjust the 
temperature of the system to desired temperature condi-
tion. Rheological measurements were taken to determine 
the steady shear between 1 and 1000  s−1. The experiment 
was carried out at high temperature condition of 80 °C to 
depict typical reservoir condition. To ensure and ascertain 
reproducibility, the experiment was repeated thrice and the 
average values reported.

IFT experiment

The IFT of oil/brine interface was measured using Kruss 
tensiometer. Besides, the behaviour of the xanthan gum 
polymer and polymeric nanofluids at the oleic interface was 
measured. The tensiometer is equipped with a water bath to 

adjust the temperature of the system to a desired range. The 
brine has a concentration of 3.0 wt.%, while the temperature 
used is 80 ◦C . The measurement procedure involves the prior 
burning of the ring to remove impurities. Thereafter, the 
aqueous media is first placed in the glass up followed by 
appropriate quantity of the oleic phase without disturbing 
the surface of the dense phase (Fig. 1). 

Oil displacement test

To estimate and compare the incremental oil recovery factor 
by various injectant, oil displacement test was carried out 
in high-pressure high-temperature core flooding equipment 
using a sandstone core. The experiment was carried out at 
2500 psi and temperature of 80 °C. Four cores from the 
same outcrop were used to perform the experiment, and their 
properties are listed in Table 1. Prior to the experiment, each 
core sample is properly cleaned to remove impurities using 
toluene and acetone in a Soxhlet extractor. Thereafter, the 
cores are dried in an oven at 100 °C for 24 h. The procedure 
for the oil displacement test involves saturating the core with 
brine (3.0 wt.%) injected using the ISCO syringe pump. 
Thereafter, oil (61 cP @ 27 °C) is injected until connate 
water saturation is established. The oil saturated core is then 
aged for 24 h to ensure uniformity and establish equilibrium. 
Subsequently, water flooding was carried out at 0.5 ml/min 
until water breakthrough. Finally, xanthan gum solution and 
polymeric nanofluid flooding were injected to recover the 
bypassed oil and establish tertiary recovery. The same flow 
condition was used for water flooding and chemical flooding. 

Fig. 1  Oil displacement test

Table 1  Properties of sandstone core

Cores 1 2 3 4

Diameter (cm) 3.7 3.7 3.7 3.7
Length (cm) 7.7 7.8 7.7 7.8
Porosity (%) 15.20 15.12 15.17 15.28
Permeability (mD) 168.2 166.1 165.8 169.1
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Low flow rate was used to decrease the possibility of shear-
ing and viscosity loss of the polymer/polymeric nanofluid 
encountered at high injection rates.

Results and discussion

Rheological measurement

Figure 2 shows the shear stress versus shear rate measure-
ment of the xanthan gum polymer in deionised water. The 
polymer demonstrated a pseudoplastic behaviour as the 
shear stress increases with shear rate. Figure 3 depicts the 
polymer viscosity as a function of shear rate for each poly-
mer concentration of 1000 ppm, 2000 ppm, and 5000 ppm. 
The polymer viscosity decreases with an increase in the 
shear rate, thereby exhibiting shear thinning behaviour. 
Low viscosity observed at high shear rate is due to the 
disentanglement and realignment of the xanthan polymer 
chains in the direction of flow (Jang et al. 2015). Although 
xanthan polymeric solution demonstrates shear thinning 
behaviour, they recover their initial viscosity when the 
shear rate is removed. Nonetheless, higher polymer con-
centration exhibits better rheological performance. For 
polymer flooding applications, the increase in viscosity 

minimises viscous fingering phenomenon by increasing 
the residual resistance factor and consequently improves 
the sweep efficiency.

Effect of brine on polymer rheology

The impact of brine on the rheology of xanthan polymer 
is illustrated in Fig. 4. The brine concentrations investi-
gated were 1 wt.%, 2 wt.% and 3 wt.% which depict typical 
reservoir salinity condition. At 0.5 wt.% xanthan polymer 
concentration, the viscosity of the polymer reduces as the 
brine concentration increases. At 10  s−1, the viscosity of 
the polymer suffers a 20%, 26.7%, and 41% reduction in 
1 wt.%, 2 wt.%, and 3 wt.% brine concentrations, respec-
tively. The addition of the brine to the polymer solution 
causes the cations of the brine to neutralize the ionic 
charge of the polymer macromolecular structure. Hence, 
the elongated molecules of xanthan gum are transformed 
into a helix molecular conformation which occupy smaller 
hydrodynamic volume (Zhong et al. 2013), resulting in 
viscosity loss. During field applications, this will impact 
negatively on the efficiency of the polymer flooding 
operation.
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Effect of nanoparticle on xanthan gum (XG) 
rheological properties

Figure 5 depicts the shear stress versus shear rate relation-
ship for the effect of nanoparticles of XG polymer in the 
presence of brine. The shear stress of the polymeric nano-
fluid increases in direct proportion with increase in shear 
rate. The effect of metallic  (Al2O3 and  TiO2) and non-metal-
lic  (SiO2) oxide nanoparticles on the viscous properties of 
xanthan polymer was studied and is presented in Fig. 6. The 
nanoparticles improved the viscosity of the polymer in the 
presence of brine. The  SiO2-XG polymeric nanofluid had the 
highest impact on the viscous property of the polymer mac-
romolecular structure compared to  Al2O3-XG and  TiO2-XG 
polymeric nanofluids. At 5000 ppm polymer concentration, 
0.5 wt.% nanoparticle concentration, shearing rate of 10  s−1, 
and 3 wt.% NaCl concentration, rheology result shows that 
the shear viscosity of  SiO2-XG,  Al2O3-XG,  TiO2-XG, and 
XG polymer are 423 mPa.s, 299 mPa.s 293 mPa.s, and 220.2 
mPas, respectively. The viscosity increase in the polymeric 
nanofluids is due to the interlink bond formed between the 
nanoparticles and polymer moieties. Moreover, the nano-
particles shield and/or minimize the attack of the macro-
molecule from cations of the brine through it complex mac-
romolecular structure, thereby strengthening the polymer 
(Keykhosravi et al. 2021).  SiO2-XG polymeric nanofluid 
had high viscosities at all shear rate because the nanopo-
lymer sol is well dispersed compared with  Al2O3-XG and 
 TiO2-XG polymeric nanofluid. Finally, the better rheological 
properties of  SiO2-XG may also be due to lower adsorption 
of nanoparticles on the polymer compared to the metallic 
oxide nanoparticles that had higher adsorption.

Interfacial tension (IFT) result

The ability of injectant to lower IFT is one of the major pore 
scale displacement mechanisms. Meanwhile, oil recovery 
efficiency is a combination of pore scale and sweep effi-
ciency. The IFT of the oleic-aqueous phase was investigated 

and is depicted in Fig. 7. The use of XG lowered the IFT 
infinitesimally from 19.8 mN/m to 17.2 mN/m. Meanwhile, 
 SiO2-XG,  TiO2-XG, and  Al2O3-XG reduced the IFT to 12.5 
mN/m, 11.6 mN/m, and 11.4 mN/m, respectively. The stand-
ard deviation of the experiment is ± 0.2 mN/m. The use of 
polymeric nanofluids exhibited better IFT reduction due to 
the adsorption of the nanoparticles at the oil brine interface 
(Saha et al. 2018). With reduction in IFT, the work required 
to deform the oil in pores reduces; hence, trapped residual 
oil could be more easily recovered (Agi et al. 2019).

Oil displacement test

Oil displacement test was carried out to evaluate the effi-
ciency of the various polymeric nanofluids as injectant for 
EOR. The use of bare XG yielded 55.4% OOIP. Figures 8, 
9, and 10 depict the core flooding result of using  SiO2-XG, 
 TiO2-XG, and  Al2O3-XG injectant, respectively. In the case 
of  SiO2-XG flooding, secondary recovery by water flooding 
recovered 37.4% oil recovery. Meanwhile,  SiO2-XG poly-
meric nanofluid recovered 25.2% of OOIP after water flood-
ing and cumulatively recovered 62.6% OOIP. The residual 
oil saturation after the EOR process is 21.5. On the other 
hand,  TiO2-XG suspension has an oil recovery percentage 
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of 27.6% of OOIP after water flooding and cumulatively 
recovered 64.3% OOIP and residual oil saturation of 19.1%. 
Finally,  Al2O3-XG yielded 28.4% OOIP and cumulative 
recovery of 66.6% OOIP, and residual oil saturation is 
18.5%.

The tertiary recovery stage using  SiO2-XG,  TiO2-XG, and 
 Al2O3-XG is depicted in Fig. 11.  SiO2-XG exhibited the 
lowest oil recovery percentage amongst the polymeric nano-
fluids. Meanwhile, the use of metal oxide polymer nano-
fluids  (TiO2-XG, and  Al2O3-XG) showed high recoveries. 
This can be adduced to the inherent properties of the metal 
oxide nanoparticles. In addition to improving rheological 
properties, metal oxide nanoparticles can reduce oil viscos-
ity in situ via aquathermolysis process (Iskandar et al. 2016; 

Lakhova et al. 2017). This makes easier the conformance 
control and ability of the injectant to sweep oil toward the 
production well. Finally, considering the metal oxide poly-
meric nanofluids, the higher specific surface area of  Al2O3 
nanoparticles may have accounted for its increased activity 
over  TiO2 nanoparticles.

Conclusion

This study investigates the impact of metallic and non-metal 
oxide nanoparticles on rheological, IFT, and oil displace-
ment properties of xanthan gum polymer for enhanced oil 
recovery applications. The synergic application of nano-
particles improved the steady shear behaviour of the pol-
ymer.  SiO2-XG exemplified the best steady shear perfor-
mance. The shielding effects of the nanoparticles reduced 
the effect of brine on the viscous property of the polymer. 
Core flooding results showed that the polymeric nanoflu-
ids of  Al2O3-XG,  TiO2-XG, and  SiO2-XG had incremental 
oil recovery of 28.4%, 27.6%, and 25.2% OOIP after water 
flooding, respectively. The higher recovery performance of 
metal oxide nanoparticles was adduced to their ability to 
lower viscosity of the crude oil during flooding operations. 
Overall, polymeric nanofluids shows positive and promising 
potential for field applications of EOR.
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