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Abstract 

Chemical flooding, one of the Enhanced Oil Recovery (EOR) techniques used to increase 

oil production, consists in the injection in the well of an aqueous formulation containing 

various chemical additives such as surfactants. However, its performance can be significantly 

altered by the loss of surfactants in reservoir rocks. More precisely, surfactant loss due to 

adsorption on the reservoir rock may have a non-negligible impact on the efficiency of the 

injected formulation. In this article, we considered the adsorption of a mixture of two anionic 

surfactants having an important industrial relevance for EOR applications. Adsorption was 

studied on silica, representative of reservoir rocks such as sandstone, by combining Quartz 

Crystal Microbalance with Dissipation monitoring (QCM-D) and neutron reflectivity 

experiments. A preliminary characterization of the surfactant mixture solution demonstrated 

the formation of unilamellar vesicles in the bulk. Whereas an adsorbed layer was measured 

with the single AOT vesicles, but not with the SDBS micelles, we observed that mixing both 

anionic surfactants change the adsorption phenomenon. Indeed, non-negligible adsorption was 

measured for the mixture even at concentrations where only slight adsorption had been 

observed with the individual surfactants. This suggests that the structure of the aggregates 

formed in the bulk has a non-negligible impact on the adsorption. We note that the addition of 

salt tends to enhance the adsorption by screening the repulsive interactions between both 

negatively charged surfactants and silica at neutral pH. The present work provides new 

insights into the description of the adsorption of a mixture of surfactants of same nature in 

unfavorable conditions. 

  



Graphical abstract.  

  



1. Introduction 

Surfactants are used in many industrial processes (detergency, cosmetics, 

pharmaceutics, food, oil recovery …). Most of the commercial surfactant systems are 

mixtures of surfactants that are much more effective than systems containing a single 

surfactant. In Enhanced Oil Recovery processes (EOR), a chemical formulation containing a 

surfactant mixture is injected into the well in order to mobilize the oil trapped in the rock 

reservoir by lowering the interfacial tension between oil and water. The efficiency of the 

injected formulation can be significantly affected by the non-negligible loss of surfactants due 

to adsorption on the rock surface. In this way, the overall process may become uneconomical. 

Mixtures of anionic surfactants are generally used in EOR processes because of their 

interesting economical and physico-chemical properties as their lower cost, high capacity of 

interfacial tension reduction, low adsorption on sandstone (globally negatively charged) and 

thermal stability (sulfonate surfactants are stable above 200°C).   

Due to their improved physico-chemical properties, chemical formulations containing 

a mixture of surfactants can be used under a wider range of experimental conditions than 

those containing a single surfactant (high pressure and temperature, wide range of salinity 

concentrations…). However, the adsorption behavior can be considerably impacted by the use 

of a mixture due to the interactions between the two surfactants themselves. 

The adsorption of single surfactants at the solid/liquid interface has been widely 

studied over the past decades [1–10]. Also, many studies involving the adsorption of 

surfactant mixtures of different types (anionic–cationic [11,12], anionic–nonionic [12,13], 

cationic–nonionic [12], cationic–zwitterionic [12]) can be found in the literature. However, 

only few studies exist dealing with the adsorption of a mixture of surfactants of the same type 

such as two anionic surfactants. Indeed, in this article, we investigated a mixture of two 

anionic surfactants relevant in chemical EOR processes where a mixture of anionic 

surfactants is injected into the well. 

In the case of anionic/non-ionic surfactant mixtures, most of the studies have 

demonstrated synergistic adsorption [12,14]. The increase in adsorption is attributed to the 

decrease of the electrostatic repulsions between the negatively charged heads of the anionic 

surfactant resulting from the insertion of the nonionic surfactant between them. The 

adsorption is also favoured by the reduction of the water molecules in the hydrophobe-rich 

structure promoting the inter-chains interactions. Thus, both relative and absolute lengths of 

hydrophobic chains have a significant impact on the adsorption enhancement. However, 

Zhang et al. [12] have shown that both an antagonistic and synergistic effects could be 

measured, according to the experimental conditions. Muherei et al. [14] have demonstrated 

the lowering of the adsorption of Triton X-100 (non-ionic) on clay after the addition of 

sodium dodecyl sulfate (anionic). On the other side, anionic–cationic surfactant mixtures have 

been the objective of only a few studies due to their tendency to precipitate. However, Huang 

et al. [11] have demonstrated that the adsorption of anionic surfactants on silica can be 

enhanced by the addition of cationic surfactant with the formation of ion-pairs. Finally, only 

few articles exist on the adsorption of anionic surfactant mixtures [15–18] and most of these 

studies focused on anionic fluorocarbon-anionic hydrocarbon surfactants mixtures [19–21].  

In the present article, we investigated the adsorption of a mixture of two anionic 

surfactants (AOT and SDBS, αAOT =0.8 with αAOT being the AOT molar fraction) in a brine 

solution on silica. The latter has been chosen to mimic the rock reservoirs. Because oil 



reservoirs are usually in saline conditions, we studied adsorption in a brine composed of 15 

g/L of sodium chloride. In the following, we provide, in a first step, the results regarding the 

characterization of bulk surfactant aggregates. We then present the adsorption experiments 

considering the individual surfactants as well as their mixtures, followed by a discussion. 

2. Materials and Methods 

2.1. Materials 

AOT (sodium bis(2-ethyl-1-hexyl)sulfosuccinate, C20H37NaO7S, BioXtra, purity ≥ 99%) 

and SDBS (sodium dodecylbenzenesulfonate, C12H25C6H4SO3Na, technical grade, purity < 

90%) were purchased from Sigma-Aldrich and used without further purification. Their 

chemical structures are presented in Figure 1. The certificates of analysis provided by the 

supplier give the identification of AOT cationic impurities (potassium < 0.01%, calcium, lead 

and aluminum < 0.001%, magnesium, iron, zinc, copper and phosphorus < 0.0005%, and 

insoluble matter < 0.1%) and SDBS impurities (positional isomers, isomers of various chain 

lengths, branched isomers or non-sulfonated alkyl chains). HPLC characterization of both 

surfactants gives a single peak for AOT and shows peak splitting for SDBS that can be 

attributed to the presence of isomers.  

 

Figure 1 : Chemical structure of a) AOT b) SDBS 

Water was obtained from a Millipore system and D2O was purchased from Eurisotop 

(99.96% D). NaCl was purchased from Fischer Chemical (purity>99%). The main cationic 

impurities were calcium (0.005%), iodide (0.002%) and magnesium (0.005%).  

We used an AOT/SDBS solution with an AOT molar fraction, αAOT, fixed to 0.8. 

Surfactants were diluted in brine composed of 15 g/L NaCl. The measured pH of the 

surfactant solutions is 6, thus the silica surface is supposed to be slightly negatively charged 

due to the high electrolyte concentration causing a considerable decrease of the Debye length 

(estimated to ~ 0.6 nm in comparison to ~ 100 nm in the case of no salt addition) [22]. Singh 

et al. [23] have shown that the AOT/SDS (sodium dodecyl sulfate, an anionic surfactant) 

mixture exhibits ideality when the AOT molar fraction, αAOT, is higher than 0.7. An ideal 

behavior assumes that the interactions between the surfactants in the mixture are similar to 

those between the identical surfactants themselves. Based on the results presented by Singh et 

al. [23] we supposed that the AOT/SDS behavior is similar to that of AOT/SDBS. Thus, we 

fixed αAOT to 0.8 assuming that the selected mixture exhibits ideality. This assumption is 

supported by the fact that the two investigated anionic surfactants have the same sulfonate 

hydrophilic group.  

It has already been reported in the literature [10,24] that impurities can bind to the surface 

and have an impact on the adsorption phenomenon. Surfactants and NaCl were not purified 



for this study as in commercially relevant systems, unpurified chemicals are generally used. 

Impurities are often multiple cations and organic molecules, which are in competition with the 

chemicals for the adsorption. The relevance of impurities coming from surfactants or NaCl 

can be estimated from the surface tension plots as proposed by Li et al. [25]. In the surface 

tension plots obtained with the Wilhelmy plate method (Figure 2), we observe characteristic 

features of impure surfactants solutions (a shallow slope and a surface tension tending toward 

a lower value than the expected 72 mN/m measured for water with no surfactants). These 

characteristics are generated by the presence of divalent cationic impurities co-adsorbed in the 

surfactant layer at the air/water interface. Even if in the method used (QCM-D), where only a 

very small amount of surfactant is adsorbed, the effects of impurities are amplified compared 

to a method of adsorption on large surface area particulates, the possible influence of the 

impurities can be neglected because of the very low surfactant concentrations investigated. 

 

Figure 2 : Surface tension versus molar surfactant concentration plots 

The Critical Aggregation Concentration values (CAC, defined as the concentration above 

which surfactant aggregates start to form in solution) obtained for the different systems (AOT, 

SDBS and AOT/SDBS mixture) are presented in Table 1. Above the CAC, the AOT/brine 

system (packing parameter comprised between 0.5 and 1) mainly forms small unilamellar 

vesicles (14 nm diameter) in solution; details on the characterization of this solution can be 

found in the literature [26]. The SDBS/brine system (packing parameter < 1/3) was supposed 

to form spherical or cylindrical micelles [27] as spontaneous formation of vesicles in solution 

has only been reported and measured at higher surfactant (3.5 g/L) and brine (NaCl 21 g/L) 

concentrations [28]. Thus, we called CVCAOT and CMCSDBS, the Critical Vesicular 

Concentration of AOT and the Critical Micellar Concentration of SDBS, respectively, in the 

same brine solution. 

Table 1 : Measurements of the Critical Aggregation Concentration values (CACs) of the 

investigated systems in brine (15 g/L NaCl) with the Wilhelmy plate method  

 AOT in brine SDBS in brine AOT/SDBS (αAOT=0.8) in brine 

AOT SDBS 

CAC [g/L] 0.09 0.02 0.045 0.009 



CAC [mol/L] 2.02E-04 5.74E-05 1.01E-04 2.58E-05 

2.2. Methods 

2.2.1. Cryo-Transmission Electron Microscopy (Cryo-TEM) 

Samples were prepared using an automated vitrification robot (FEI VitrobotTM freeze 

plunger). The vitrification procedure has been described in details elsewhere [29]. Cryo-TEM 

pictures were obtained with the TEM microscope (TEM JEM 1400 operating at 120kV). 

Experiments were performed at Solvay Research & Innovation Centre (Aubervilliers, France). 

2.2.2. Dynamic Light Scattering (DLS) 

DLS measurements were performed with a DLS setup (Vasco-flex, Cordouan 

Technologies) with a 658 nm laser wavelength at a scattering angle of 90°. The measured 

autocorrelation function of the intensity   (   ) can be expressed using the Siegert relation 

as: 

   (   )         
 (   )  ( 1 ) 

where   is the scattering vector,   the time,   (   ) the normalized field autocorrelation 

function,   the baseline and   the coherence factor. In the case of a polydisperse system, 

  (   ) can be written as: 

   (   )   ∑   
    

  

 

 ( 2 ) 

where    is the scattered intensity contribution of particles    and     their diffusion 

coefficient. All    were calculated using inversion Pade-Laplace algorithm. Considering 

isolated Brownian spheres, their hydrodynamic radii    were calculated from their respective 

diffusion coefficient using the Stokes-Einstein equation. A detailed description of the 

technique can be found in the literature [30]. 

2.2.3. Quartz crystal microbalance with dissipation monitoring (QCM-D) 

QCM-D (flow model E1, Q-sense) measures temporal resonance frequency (   ( )  ⁄ ) 

and dissipation (   ( )  ⁄ ) shifts of a quartz crystal sensor (with a fundamental resonance 

frequency    of 5 MHz) at different overtone numbers,  . The surface of the quartz that we 

used was coated with a 50 nm silicon dioxide layer (Qsense, QSX 303). If the adsorbed layer 

is rigid, thin and uniformly distributed over the quartz surface, frequency shifts are directly 

proportional to the adsorbed mass according to the Sauerbrey relation [31]. In this case, 

frequency shifts (    ⁄ ) are not dependent on the overtone number and the corresponding 

energy dissipations are low (    ⁄  < 2x10
-6

). Furthermore, energy dissipation can give 

information on some particular characteristics of the adsorbed layer: its softness [32–34], its 

heterogeneity [35], the degree and geometry of its attachment to the surface [36], the 

existence of hydrodynamic contribution (related to roughness [36,37]) and/or its viscoelastic 

properties [38–40]. In the latter cases, both frequency (   ( )  ⁄ ) and dissipation (   ( )  ⁄ ) 

variations are overtone dependent. In our experiments, due to negligible variations in density 

and viscosity with the addition of surfactants to the solution (see Table 2), we assumed to 



have only slight bulk effect contributions on the measured frequency and dissipation shifts 

[41,42].  

Table 2: Measurements at 20°C of the solutions viscosities and densities, with the Low Shear 

30 viscometer (from Contraves) and densimeter Anton Paar DMA 4500M, respectively 

Investigated 

solution 

AOT 

concentration [g/L] 

SDBS 

concentration [g/L] 

Viscosity 

[mPa.s] 
Density 

Brine 15 g/L 

NaCl 
X X 1.016 1.011 

0.6CVCM 0.027 0.005 1.048 1.012 

CVCM 0.045 0.009 1.050 1.012 

2.4CVCM 0.108 0.021 1.072 1.012 

Adsorption measurements were performed at 20°C at a constant flow rate of 0.2 mL/min. 

First, a baseline was obtained with the brine solution and then the surfactant solution was 

injected. More details about the technique can be found elsewhere [43–45]. 

2.2.4. Neutron reflectivity 

Specular neutron reflectivity experiments were performed at the Laboratoire Léon 

Brillouin (LLB) using Time of Flight Reflectometer Hermès. By analogy to the reflection of 

light, each interface can be defined by a neutron reflective index. In this technique, the 

reflectivity  , defined as the reflected intensity normalized by the incident intensity, is 

displayed as a function of the scattering vector  , normal to the reflecting surface. The shape 

of the reflectivity profile obtained depends on the composition, the thickness and the 

roughness of the surfactant layer adsorbed on a silicon wafer with a native silica oxide layer. 

A more detailed description of the technique can be found in the literature [46]. 

3. Results and discussion 

3.1. Bulk characterization: the structure of the vesicular phase 

 The Critical Vesicular Concentration of the mixture (called CVCM) was measured at 

1.27x10
-4

 M, equivalent to 0.5CVCAOT and 0.44CMCSDBS (see Table 1). The fact that CVCM 

is lower than the CVCAOT and CMCSDBS means that surfactant aggregates are formed at a 

lower concentration than if they were alone in brine. 

The structure of aggregates formed in the AOT/SDBS mixture was characterized by 

Cryo-TEM and DLS measurements. Figure 3 shows a Cryo-TEM image of the AOT/SDBS 

aggregates formed in brine solution. Only a few number of vesicles are visualized because of 

the very low surfactant concentration analyzed. We observe some spherical unilamellar 

vesicles, with a diameter varying from 29 nm to 87 nm. Thus, we supposed that the 

AOT/SDBS mixture solution is mainly composed of unilamellar vesicles. Indeed, if SDBS 

micelles are in the solution, they cannot be imaged by Cryo-TEM since they are too small.  



 

Figure 3 : Cryo-TEM images of AOT (0.099 g/L) / SDBS (0.019 g/L) mixture at 2.2CVCM in 

brine solution 

Figure 4 displays DLS measurements obtained for the single AOT solution 

(2.7CVCAOT) and the AOT/SDBS mixture (3.6CVCM). We observe that the autocorrelation 

function (Figure 4a) corresponding to the mixture decays slower than the one of the single 

AOT solution, indicating the presence of larger aggregates in the mixture solution. The 

analysis of the vesicular diameters (Figure 4b) shows that the three populations detected for 

the single AOT solution are also observed in the case of the mixture. However, the average 

hydrodynamic diameters are significantly larger. We note that the use of the Pade-Laplace 

analysis is justified by the fact that this algorithm is the most general and does not require any 

assumptions on the nature of the size distribution of the surfactant aggregates (gaussian, log-

normal, etc…) but supposes a discrete number of populations with no distribution. Doing this, 

we obtained a reliable overview of the global vesicular sizes.  

 

Figure 4 : DLS results comparison between an AOT solution (2.7CVCAOT - black dashes) and 

an AOT (0.16 g/L) / SDBS (0.032 g/L) mixture solution (3.6CVCM – red lines) a) Temporal 

variation of the autocorrelation function b) Distribution of the hydrodynamic diameters 



The number distribution presented in Figure 5 shows that the smallest vesicles (37 nm 

in diameter) prevails in the mixture solution (>99.9%). The main population detected agrees 

with the two out of three vesicles imaged by Cryo-Tem (see Figure 3: 29 and 30 nm). 

 

Figure 5 : Number distribution of vesicles in the AOT (0.16 g/L) / SDBS (0.032 g/L) mixture 

solution (3.6CVCM) 

3.2. Adsorption of the AOT/SDBS mixture onto silica at ambient temperature: 

combination of QCM-D and neutron reflectivity experiments 

The adsorption behavior of the AOT/SDBS mixture onto silica was characterized by the 

combination of QCM-D and neutron reflectivity experiments. Coupling both experimental 

techniques provides complementary information (investigation of the adsorption kinetics and 

of the structure of the adsorbed layer at equilibrium) allowing further understanding of the 

adsorption process of surfactant mixtures in unfavorable conditions. 

3.2.1. QCM-D experiments. 

Figure 6 gives an overview of the adsorption behavior at equilibrium of the single 

surfactants (AOT and SDBS) in comparison to their mixture in brine. We consider the 

equilibrium state to be reached once stabilization in frequency and dissipation shifts (named 

as plateau values, corresponding to a stable signal for at least 1h). 

 

Figure 6: Frequency shifts obtained for the third overtone at the equilibrium state as a function 

of the molar surfactant concentration of the investigated systems. The arrows show the 

respective CVC values. 



3.2.1.1. Adsorption behavior of the single surfactants below the CAC. 

As shown in Figure 6, a slight and similar adsorption has been measured below the 

CVCAOT and the CMCSDBS (    ⁄  < 15 Hz, as the error bar is estimated to ± 0.5 Hz) and 

corresponds to monomers’ adsorption on the surface.  

3.2.1.2. Adsorption behavior of the single surfactants above the CAC.  

In Figure 6, we observe that once the respective CVCs are reached, AOT continues to 

adsorb (demonstrated by the considerable decrease in      ) whereas SDBS does not.  

Above the CMCSDBS, SDBS forms micelles in the bulk. The SDBS micelles don’t 

seem to be surface active, thus, the mechanism corresponds to single monomeric adsorption 

[47,48] and is not modified by the appearance of the surfactant aggregates in the solution.  

On the other hand, AOT forms small unilamellar vesicles in solution [26]. Figure 6 

clearly shows that vesicles are interacting with the silica surface. The shift in frequency, 

linked to the important additional mass that is interacting with the surface, i.e vesicular 

aggregates, is a proof of the change in the adsorption mechanism. The addition of salt to the 

solution changes the interfacial composition of the surfactant aggregates by decreasing the 

volume of water trapped in the aggregates. This volume decrease favors closer packing of 

interfacial headgroups and counterions [49], particularly in vesicular aggregates because of 

curvature effects, enabling them to interact with the surface because of the decrease of the 

magnitude of the negative potential near the vesicular surface [50]. It has been previously 

reported [51] that AOT vesicles adsorb on silica as flattened vesicles.  

According to our results, we suggest that the formation of vesicles in solution coupled 

with the screening of repulsive interactions by salt addition tends to enhance the adsorption of 

vesicles on silica. 

3.2.1.3. Adsorption behaviour of the surfactant mixture. 

Considering the surfactant mixture, we observe frequency shifts (≈120 Hz) that are 

larger than those of single AOT, explained by the presence of larger vesicles in the mixture 

solution (Figure 4b). Significant frequency shifts were also measured at concentrations where 

practically no adsorption had been observed with the corresponding single surfactants (Figure 

6). Adsorption occurs at lower concentrations in the mixture system as if the mixture of the 

two surfactants enhanced the adsorption phenomenon. The earlier appearance of vesicular 

aggregates in the mixture solution (CVCM being equivalent to 0.5CVCAOT and 0.44CMCSDBS) 

explains the observed result.  

3.2.1.4. Analysis of the QCM-D curves. 

Different kinetics are observed as a function of the investigated system (Figure 7). We 

particularly highlight a sharp increase in the initial adsorption rate for AOT above its CAC 

(Figure 7b), that can be explained by the faster diffusion to the surface of smaller single AOT 

vesicles. The adsorption kinetics of the mixture are slower than those of single AOT and 

depend on the CVCM. Kinetics are modified by the increase in the total surfactant 

concentration (between 1.1CVCM and 2.4CVCM), which increases the number of vesicles in 

solution that can interact with the surface. Slow kinetics of the mixture can be explained by 

the fact that interactions are less favorable than in the case of single AOT. Thus, the time 

required to reach the equilibrium is longer. This might be due to the fact that mixture vesicles 



are composed of both AOT and SDBS, changing the degree of interactions with the silica 

surface. In the case of 1.1CVCM kinetics are extremely slow, this is attributed to the very low 

concentration. 

 

Figure 7 : a) Kinetics measurements obtained with the temporal evolution of the frequency 

shift for the third overtone during the adsorption of the investigated surfactant systems on 

silica b) Zoom located at the beginning step of the adsorption process 

Figure 8 shows frequency and dissipation shifts (for  =3) as a function of time for the 

single AOT and the AOT/SDBS mixture above their respective CACs. The curves shape of 

the mixture is similar to those observed in the literature [60] when intact vesicles adsorb to the 

surface (monotonically growing signal). However, for single AOT, a rearrangement step is 

highlighted corresponding to a decrease in the absolute values of frequency and dissipation 

shifts. One explanation is the flattening of AOT vesicles on the surface [61] as reported 

elsewhere [51]. Indeed, Van der Veen et al. [56] have shown that the structural stability and 

flexibility of protein aggregates influence the adsorption process, particularly under 

electrostatically repulsive conditions. The deformation is possible for a vesicle because of 

their rather soft and flexible structure [57]. Above the CVCM, we assume the adsorption of 

intact vesicles as we do not observe any restructuration of the adsorbed layer.  



 

Figure 8 : Kinetics curves for the third overtone number obtained for the single AOT at 

2.7CVCAOT (black lines) and the AOT/SDBS mixture at 2.4CVCM (dashed blue lines)  

Figure 9 and Figure 10 display results obtained with the mixture for surfactant 

concentrations below and above, the critical aggregation concentration (CVCAOT or 

CMCSDBS) of the single surfactants in brine. Given the very large dissipations, the QCM-D 

signal is very overtone dependent and related to the presence of a soft adsorbed layer probably 

composed of intact vesicles as we do not observe any restructuration step. Possible 

explanations of the large responses observed could be the adsorption of a heterogeneous layer 

and/or a weak attachment of vesicles to the surface [36]. We note an increase in the frequency 

shifts at long times for concentrations above 2.0CVCM, which correspond to an AOT 

concentration above the 1.0CVCAOT of the single component. This increase can be attributed 

to a slight increase in the solution viscosity due to the appearance of single AOT vesicles in 

the solution that probably coexist with mixed AOT/SDBS vesicles. 

 

Figure 9: QCM-D plots: a) Frequency shifts and b) Dissipation shifts versus time obtained at 

different overtones for the adsorption of an AOT (0.55CVCAOT=0.05 g/L) / SDBS 

(0.5CMCSDBS=0.01 g/L) mixture at 1.1CVCM in brine on silica 



 

Figure 10: QCM-D plots: a) Frequency shifts and b) Dissipation shifts versus time obtained at 

different overtones for the adsorption of an AOT (1.2CVCAOT=0.11 g/L) / SDBS 

(1.06CMCSDBS=0.021 g/L) mixture at 2.4CVCM in brine on silica  

3.2.2. Neutron reflectivity experiments. 

The adsorption of the mixture above the CVCM was also measured by neutron 

reflectivity experiments.  Figure 11 presents the reflectivity profiles of the brine, the single 

AOT (2.7CVCAOT) and of the AOT/SDBS mixture (2.2CVCM) on silica. For both solutions 

containing surfactants an oscillation in the reflectivity profile can be observed, whereas the 

brine signal is flat (Figure 11b). Data representation in the     vs   form enables to highlight 

the effect of surfactants as it is known that reflectivity decays at large   values as     for 

systems with sharp bare interfaces. We note that the observed oscillation in the mixture 

profile, providing an evidence of the presence of an adsorbed layer, is less pronounced than 

the one obtained with the single AOT.  

 

Figure 11 : Neutron reflectivity profiles obtained in D2O brine a) Comparison between data 

obtained for the bare silica surface in D2O brine (blue triangle), the single AOT (0.24 g/L) at 

2.7CVCAOT (black circle) and the AOT (0.099 g/L)/SDBS (0.02 g/L) mixture at 2.2CVCM 

(red plus). It can be noted that even if the AOT concentration studied was not the same, the 

comparison remained valid since the adsorbed layer formed with the single AOT is completed 

at the CVCAOT. b)     representation for ease of data viewing 



In a previous study [51], we have shown that AOT adsorbs as flattened vesicles above 

the CVCAOT. Thus, by comparing the mixture reflectivity profile with the reflectivity profile 

obtained in the case of the single AOT, the following assumptions can be made. 

First, in both cases, the total reflection ( =1) is observed up to the same critical wave 

vector  , itself almost identical to that of a bare silicon wafer in brine. As this critical wave 

vector   is a function of the mean adsorbed layer scattering length density and thus of the 

chemical composition of the profile, we suppose the adsorbed layer being highly hydrated.  

Then, we observe that the oscillation amplitude of the reflectivity profile of the 

mixture is smaller than the amplitude of the single AOT. The magnitude of the amplitude is 

related to contrast variation, thus to the different scattering potentials between the components 

of the surface, the adsorbed layer and finally the bulk. The more pronounced difference in 

scattering length densities (SLD) will give the more pronounced amplitude. Therefore, we can 

deduce from the reflectivity profile of the mixture that the adsorbed layer is more hydrated 

than that of the single AOT as it is composed of a higher number of water molecules (inside 

the vesicles) which makes the SLD of the adsorbed layer closer to the one of the bulk, while 

the SLD of the single AOT layer is closer to the SLD of a 100% AOT layer, rendering the 

contrast with the bulk more important. 

Finally, the fact that the oscillation period is slightly widened for the mixture indicates 

that its adsorbed layer is thinner than the AOT layer. QCM-D indicates no rearrangement step 

thus no vesicles flattening. Thus the “thinner” adsorbed layer, as the mixed vesicles are larger 

than the single ones, can be explained by the “heterogeneity” argument, and the probable 

scattered layer is highlighted in Figure 12. 

Summarizing, the adsorbed layer of the mixture seems to be thinner and containing 

more water molecules than that of the single AOT. This observation is surprising as we have 

demonstrated by DLS measurements (Figure 4) that AOT/SDBS vesicles are larger (37 nm 

diameter) than the single AOT vesicles (14 nm diameter). A possible explanation might be 

that the adsorbed layer is highly heterogeneous and composed of vesicles of different 

diameters (probably mixed vesicles and single AOT vesicles). We suppose that only the layer 

close to the silica surface, considering the smallest vesicles, could be detected by the 

measurement, as a minimum surfactant concentration (contrast with the bulk) is necessary 

(Figure 12). In fact, the outer part of the larger vesicles might be difficultly visualized as they 

include a substantial water volume. Thus, neutron reflectivity does not allow the entire 

characterization of the adsorbed layer of the mixture, however it proves that adsorption takes 

place. We note that the probable non-negligible silica surface heterogeneity could explain the 

adsorption of mixture vesicles. 



 

Figure 12: Scheme of the proposed assumption of the mixture adsorbed layer. The part 

highlighted in blue corresponds to the part probably only visible with this technique because 

of sufficient contrast 

4. Conclusion 

In this study, we focused on the adsorption behavior of a mixture of two anionic 

surfactants (AOT and SDBS) and compared it to the adsorption behavior of single AOT and 

SDBS in brine solution.  

In a first step, we characterized aggregates formed in the bulk solution by means of 

Cryo-TEM and DLS. Whereas surfactant aggregates in the form of vesicles for AOT and 

micelles for SDBS above their critical aggregation concentration are obtained, the 

combination of both gives rise to the formation of aggregates at concentrations even below 

the CVCAOT and CMCSDBS. Cryo-TEM images provided evidence of the formation of 

unilamellar vesicles. Based on DLS measurements we could show that mixture vesicles are 

larger than those of single AOT. 

In order to provide further comprehension of the adsorption of surfactant mixtures, we 

combined QCM-D and neutron reflectivity measurements. They provide complementary 

information on the adsorption process, its kinetics and the possible final structure of the 

adsorbed layer. Both techniques confirmed that the mixture adsorbs to the silica surface. We 

showed that at identical ionic strength conditions, above the respective CVC, AOT adsorbs on 

silica as a layer composed of packed flattened vesicles, SDBS does not adsorb and the 

mixture adsorbs as an inhomogeneous layer composed of intact vesicles of different sizes. 

Mixture adsorption occurs at concentrations where no adsorption is observed with the 

individual surfactants. This suggests that the structure of the aggregates formed in the bulk 

has a non-negligible impact on the adsorption phenomenon. Indeed, the presence of vesicles 

seems to enhance the adsorption in the case of the mixture. We also showed with the 

dissipation’s measurements (QCM-D) that the adsorbed layer of the mixture is more 

heterogeneous and weakly attached to the surface. This might be attributed to the interactions 

that may be more unfavorable than in the case of the single AOT system. Finally, we stated 

that the adsorption kinetics of the mixture are slower particularly in the case of very low 

concentrations. For both AOT and the surfactant mixture, the addition of a substantial amount 

of salt enhances the adsorption on silica. 
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