
   
  

  

ADSORPTION OF IONIC AND NONIONIC SURFACTANT ONTO NANOPARTICLES FOR CHEMICAL 

ENHANCED OIL RECOVERY  

ABSTRACT  

The surfactant flooding is a commonly chemical recovery process to recover the residual oil of 

reservoir. However, at determined concentrations, the surfactant can form micelles that may 

interfere in transporting of injection fluid. Additionally, the efficiency of surfactant flooding is 

affected by the adsorption of the chemical in the porous medium. The adsorption process of the 

surfactant onto nanoparticles could be an important factor for avoiding the synthesis process of 

a complex material. Therefore, the objective of this work is to describe the adsorption process 

of ionic and nonionic surfactant onto nanoparticles. As the interaction between nanoparticles 

and surfactant can be affected by micellization of surfactant molecules, the experiments were 

divided into two experimental routes for understanding the behavior surfactant-nanoparticle: I) 

simultaneous addition of nanoparticles and surfactant before micellization and II) addition of 

nanoparticles after micelles formation. The surfactants used for sorption experiments were 

Cetyltrimethylammonium Bromide (CTAB), Sodium Dodecyl Sulphate (SDS) and  

Polyoxyethylenesorbitan Monolaurate (Tween 20). SiO2 nanoparticles were characterized using 

field emission scanning electron microscopy (FESEM), dynamic light scattering (DLS) and N2 

physisorption. The adsorption isotherms for determining the ability of nanoparticles to adsorb 

surfactants were performed at 25 °C. The desorption of surfactant from the nanoparticles was 

evaluated using batch-mode experiments. The amount adsorbed of surfactant onto 

nanoparticles decreased in the order: CTAB > Tween 20 > SDS and was higher for Route II than 

Route I. The desorption percentages obtained with CTAB were lower than 2%. This work 

presents a composite material based on nanoparticles-surfactant obtained through of the 

adsorption of surfactant onto nanoparticles as an alternative method of chemical enhanced oil 

recovery.  
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1. INTRODUCTION  

The addition of surfactants has been applied in mature fields. The main objective of this process 

is to recover the residual oil reservoir after primary recovery or water injection by means of 

changing the wettability of reservoir rock and reduction of interfacial tension between water 

and oil [1, 2]. However, at determined concentrations, the surfactant can form micelles that may 

interfere in transporting of the injection fluid through the porous medium [3]. This situation 

hinders the effectiveness of the EOR process, especially in low-permeability reservoirs. 

Additionally, the efficiency of the process of addition of the surfactant is affected by the 

adsorption of the product in the porous medium [4, 5], which increases the amount of surfactant 

needed for obtaining additional oil and therefore the operational costs.  

As a result, the use of nanoparticles has arisen as a promising alternative to potentiate enhanced 

water injection as EOR method [6-13]. The increase in the efficiency of the injection fluid, 

alteration of the wettability of reservoir rock, the formation of stable emulsions, the reduction 

in interfacial tension at the oil/water interface and the increasing mobility of the oil in the 

reservoir, are some advantages of the use of simultaneous application of surfactant and 

nanoparticles in EOR processes [13, 14].   



   
  

Several researchers have studied the effect of the simultaneous application of nanoparticles and 

surfactants on enhanced oil recovery [6, 7, 15-17]. Mohajeri et al. [15], evaluated the recovery 

efficiency of heavy oil recovery in three cases: injection of two types of surfactants, Sodium 

Dodecyl Sulfate SDS and Cetyltrimethylammonium Bromide CTAB, injection of ZrO2 

nanoparticles and simultaneous injection of nanoparticles and surfactants. The interfacial 

tension (IFT) decreased by 81% when the SDS/nanoparticle system was applied, whereas when 

using CTAB/nanoparticles the IFT value decreased by about 70%. The CTAB/nanoparticle system 

presented the highest recovery factor among the evaluated systems with a value of 

approximately 57%. Bagrezaie et al. [6] evaluated the effect of the addition of nanoparticles on 

surfactant flooding for oil recovery processes. An anionic surfactant (SDS) and commercial 

hydrophilic silica nanoparticles were used for experiments. The adsorption of the surfactant 

decreased 13.62% to an optimal concentration of nanoparticles of 1000 ppm. In the flow test, 

the authors emphasized that simultaneous injection of surfactants and nanoparticles increased 

the recovery factor by 12.71% compared to that obtained in the baseline surfactant flow test.  

However, there are few studies in the specialized literature describing in detail the adsorption 

phenomena of the surfactant of different nature onto nanoparticles, and in some cases, this 

interaction nanoparticles/surfactant have been ignored [10]. Nevertheless, the adsorption 

process of the surfactant onto nanoparticles could be an important factor for avoiding the 

formation of a complex material, which can increase the operation costs. Therefore, taking into 

account the advantages of nanoparticles over conventional recovery processes, this study aims 

to describe the adsorption process of ionic and nonionic surfactant onto nanoparticles.  

2. EXPERIMENTAL SECTION  

2.1. Materials  

Sodium chloride (99%, PanReac, Spain) and deionized water were used to prepare brine for all 

experiments. A cationic surfactant, Cetyltrimethylammonium Bromide “CTAB” (98%, PanReac, 

Spain), an anionic surfactant Sodium Dodecyl Sulfate “SDS” (85%, PanReac, Spain), and a 

nonionic surfactant named Polyoxyethylenesorbitan Monolaurate “Tween 20” (≥ 40%, 

SigmaAldrich, United States) were used for sorption experiments. SiO2 nanoparticles were 

purchased from Sigma-Aldrich (United States). The nanoparticles were characterized by field 

emission scanning electron microscopy (FESEM, JSM-6701F, JEOL, Japan) for determining the 

particle size and N2 physisorption at -196°C for surface area (Autosorb-1, Quantachrome, United 

States). The estimated value of Brunauer, Emmett, and Teller (BET) surface area and particle size 

were 389.1 m2·g-1 and 7 nm, respectively.  

2.2. Methods  

2.1.1. Sorption experiments  

The sorption isotherms were obtained by two different routes due to the interactions between 

the surfactants, and the nanoparticles can be affected by the micellization of surfactant 

molecules: I) simultaneous addition of nanoparticles and surfactant and II) addition of 

nanoparticles after micelles formation. The adsorption experiments for the two routes between 

the adsorbates (surfactant such as CTAB, SDS and Tween 20) and SiO2 nanoparticles were 

performed in a GENESYS 10S UV-Vis spectrophotometer (Thermo Scientific, Waltham, MA). 

Solid-Liquid Equilibrium (SLE) models were fitted to experimental data [18]. The percentages of 

desorption of surfactant from the nanoparticles were evaluated using the batch-mode method.  



   
  

3. RESULTS AND DISCUSSION  

3.1. Adsorption experiments  

3.1.1. Effect of chemical nature of surfactant  

Figure 1 presents the adsorption isotherms for CTAB, Tween 20 and SDS onto SiO2 nanoparticles 

from Route II at 25°C. It is observed that CTAB and Tween 20 showed Type III isotherms and SDS 

presented Type I (a) isotherm, according to the International Union of Pure and Applied 

Chemistry (IUPAC) classification scheme [19]. The Type III isotherms are characterized by the 

adsorption of adsorbent in layers on the adsorbent surface [20]. On the other hand, the main 

assumption of Type I isotherm is that adsorption phenomena occurs in monolayer [20]. For all 

isotherms, the adsorbed amount of surfactant on nanoparticles increased with increasing 

surfactant concentration [21]. Figure 1 shows the amount adsorbed of surfactant decreased in 

the order: CTAB > Tween 20 > SDS. In Henry’s region (i.e. E C < 100 mg/L), associated with the 

affinity of surfactant and nanoparticles surface [22], the slope of the isotherm corresponding to 

CTAB is the highest compared to adsorption isotherms of Tween 20 and SDS. However, as 

observed in Figure 1, SDS showed a higher slope than Tween 20 in EC values below 65 mg/L, in 

which SDS and Tween 20 are found as molecules ( E C values below CMC). Taking into account 

that the size of Tween 20 molecule is bigger than the SDS molecule, Tween 20 molecules occupy 

more space on the SiO2 surface, thus, at EC below 65 mg/L, the adsorbed amount is less 

regarding the amount adsorbed from the SDS. For E C above of 65 mg/L, Tween 20 presents a 

higher adsorbed amount of surfactant onto nanoparticles than SDS. In all cases of this work, the 

theoretical value of the point of zero charge (pHPZC) was lower than the solution pH of 7.08. For 

pure SiO2 nanoparticles, pHPZC is equal to a pH of 2 [23] and for commercial silica corresponds 

to pH values < 3.5 [24]. It suggests that silica nanoparticles in a solution of a pH higher than 

obtained with pHPZC are negatively charged. In this way, the similar negative charges electrical 

of SiO2 nanoparticles and the dodecyl sulfate anion of SDS results in an electrostatic repulsive 

interaction, which makes it difficult for the surfactant molecules/micelles to adsorb onto the 

surface of the nanoparticles. Additionally, the anionic character of the SDS molecules causes the 

adsorption to occur in monolayer, whereas the Tween 20 is adsorbed in multilayers because it 

is a nonionic surfactant, resulting in a higher adsorbed amount for Tween 20. On the other hand, 

the adsorption of CTAB onto nanoparticles can be related mainly due to the silanol functional 

groups of SiO2 nanoparticles are attracted by electrostatic forces with CTAB+ cation. Meanwhile, 

the negative charges of SiO2 nanoparticles could interact with the negative charges of hydroxyl 

and acyl functional groups of Tween 20, leading to repulsive dipole- dipole interactions and 

hence a lower amount adsorbed regarding CTAB adsorption. Also, when comparing the 

adsorptive behavior of CTAB and SDS, the adsorption of SDS is lower than obtained with CTAB 

due to the negative charges of the dodecyl sulfate anions of SDS repel with SiO2 surface giving 

place to an adsorption in monolayer. In contrast, the CTAB+ cations are attracted to SiO2 surface 

in multilayer and it is obtained, therefore, a higher adsorption.  



   
  

  

Figure 1. Adsorption isotherms for CTAB, Tween 20 and SDS onto SiO2 nanoparticles from Route 

II at 25°C. The symbols are experimental data, and the continuous lines are from the SLE model.  

3.1.2. Effect of surfactant micellization  

Figure 2 shows the comparison of the adsorption isotherms of surfactants of different nature 

onto SiO2 nanoparticles obtained from Route I and II. For CTAB and Tween 20, Type III isotherms 

were also observed. Similarly, SDS presented Type I (a) isotherms, according to the IUPAC 

classification scheme [19].   

For all surfactants evaluated, the adsorption amount is higher for Route II than Route I. This 

behavior occurs because, on Route II, the nanoparticles are added to solutions of surfactant after 

the micelles formation and thus, after to the CMC, the micelles of surfactant are adsorbed onto 

nanoparticles surface. In contrast, on Route I, the nanoparticles and surfactant are added 

simultaneously to the brine solution, leading to a competition between the formation of 

surfactant micelles and the adsorption of surfactant onto nanoparticles surface. In this way, 

surfactant micelles could have a smaller size, and thus the adsorption amount is lower. This 

behavior suggests that a formulation of injection fluid for surfactant flooding application must 

be performed following the Route II.  

  

Figure 2. Adsorption isotherms for a) CTAB, b) Tween 20 and c) SDS onto SiO2 nanoparticles from 

Route I and II at 25°C. The symbols are experimental data, and the continuous lines are from the 

SLE model.  

  

  



   
  

3.2. Desorption experiments  

Figure 3 shows the percentages of desorption for CTAB, Tween 20 and SDS, respectively, from 

SiO2 nanoparticles for Route I and II at 25°C. The selection of surfactant concentrations for 

experiments had in account the CMC of each surfactant. Thus, the CTAB included the surfactant 

concentration of 4000 mg/L, Tween 20 the surfactant concentration of 600 mg/L and SDS the 

surfactant concentration of 2000 mg/L. As observed in Figure 3, CTAB presented percentages of 

desorption below of 1.6 % for Route I and values below of 0.5 % for Route II even for the 

surfactant concentration of 8000 mg/L. Also, percentages of desorption of CTAB from 

nanoparticles surface were obtained at temperatures of conventional application of surfactant 

flooding. Due to the CTAB showed the lowest percentages of desorption, the desorption 

experiments were performed at 50 and 70°C, showing desorption percentages values below of 

0.71 %. These results indicate that the interactions of CTAB and nanoparticles surface are strong 

enough to prevent desorption of the surfactant. Meanwhile, it is observed the percentages of 

desorption of Tween 20 from silica nanoparticles are higher than obtained with CTAB. In this 

case, the percentages of desorption were below of 5.3 % for both Routes. However, SDS reached 

the percentages of desorption close to 90 %, which indicates that SDS can not be used as an 

effective chemical material for CEOR applications. These percentages of desorption as well as 

the amount adsorbed, are significantly related to the strength of intermolecular forces between 

surfactant-nanoparticles. Thus, the attractive electrostatic interactions between 

cetyltrimethylammonium cation of CTAB and nanoparticles can be stronger than the dipole- 

dipole between Tween 20 and nanoparticles, and these at the same time are stronger than the 

electrostatic repulsion forces that could be generating between the pair SDS-nanoparticles. This 

result indicates that CTAB and Tween 20 showed an irreversible process, due to desorption was 

almost null. Cortés et al., who evaluated the adsorption, in agreement with obtain these 

resultsdesorption of asphaltenes over micro and nanoparticles of SiO2. The authors indicate that 

the asphaltene desorption from the microsilica surface at asphaltene concentration of 30000 

mg/L was 2.3 %. These results are comparable with obtained in this work, due to the asphaltenes 

are amphiphilic and self-associative molecules such as surfactants. According to this, the 

adsorption of CTAB onto nanoparticles surface could be converted in a process effective and 

simple for CEOR applications than the development of other materials that require complex 

processes or equipment. Also, this results indicates that the adsorption process avoids the 

surfactant release, which controls the adsorption of surfactant on porous media.  

  

  



   
  

  

Figure 3. Percentages of desorption (%) for a) CTAB, b) Tween 20 and c) SDS from fumed silica 

nanoparticles for Route I and II at 25°C.  

4. CONCLUSIONS  

Adsorption isotherms were successfully constructed for evaluated the interactions between 

ionic and nonionic surfactants onto silica nanoparticles. Cationic and nonionic surfactants (CTAB 

and Tween 20, respectively) showed isotherms Type III, while anionic surfactant (SDS) presented 

isotherm Type I (a) according to the IUPAC scheme. CTAB showed the highest adsorptive 

capacity among the surfactants. Meanwhile, SDS presented the lowest adsorbed amount. This 

behavior can be related mainly due to the silanol functional groups of SiO2 nanoparticles 

presents attractive electrostatic interactions with the cetyltrimethylammonium cation of CTAB, 

which can be stronger than the interactions of dipole- dipole showed by Tween 20 and the 

repulsive charges that are generated between SDS and silica nanoparticles. Route II showed the 

higher adsorbed amount of surfactant onto nanoparticles than Route I, which suggests that the 

formulation of injection fluid for surfactant flooding application should be performed following 

the Route II. CTAB showed percentages of desorption from nanoparticles surface below 1.6 % at 

25°C and values below of 0.71 % at 50 and 70°C. The percentages of desorption of Tween 20 

were lower than 5.3 %. In contrast, SDS desorbed about 90 %, which indicates that CTAB and 

Tween 20 adsorption is an irreversible process while SDS showed a reversible adsorption 

process. From the adsorption process of ionic and nonionic surfactants onto silica nanoparticles 

evaluated in this research, was obtained a new and alternative chemical material based on 

adsorption of surfactant onto nanoparticles surface for chemical enhanced oil recovery 

applications. In this way, a synthesis of a complex material that requires more costs and 

equipment is avoided.  
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