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Abstract

:

Controlling or reducing the adsorption of surfactants on reservoir rock surfaces has been a challenging task in enhanced oil recovery (EOR) methods, as it directly affects the cost-effectiveness of the projects. The adsorption of surfactants on rock surfaces can modify their hydrophobicity, surface charge, and other important parameters that govern EOR processes, such as reducing the interfacial tension between water and oil and increasing permeability. Therefore, understanding the adsorption mechanism on rocks is essential for developing alternatives that improve the effectiveness of these processes. In this work, the adsorption of surfactants on carbonate materials was evaluated considering variations in temperature, contact time, and surfactant concentration. The surfactants used were derived from vegetable oils, aiming for a sustainable approach: saponified coconut oil (SCO), saponified babassu coconut oil (SBCO), and saponified castor oil (SMO). The finite bath method was used, resulting in adsorption efficiencies of 85.74%, 82.52%, and 45.30% for SCO, SBCO, and SMO, respectively. The Sips isotherm and the pseudo-second-order model were found to be suitable for characterizing these systems. The simulation of SCO adsorption isotherms on limestone by the Langmuir model was more accurate than that using the Freundlich model. The limestone showed a negative surface charge of approximately −35.0 mV at pH 6.5; this negative charge varied over a wide pH range. These zeta potential data for the samples confirmed that hydrophobic interactions played an important role in the adsorption of the surfactants. Thermodynamic evaluation indicated spontaneous and endothermic adsorption of SCO on limestone. The systems were also characterized by FTIR, TG/DTG, XRD, XRF, SEM, and zeta potential.
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1. Introduction


The pursuit of sustainable solutions in the oil and gas industry has led to the exploration of biodegradable alternatives for enhanced hydrocarbon recovery. Factors such as wettability and high interfacial tensions can affect the oil recovery process, and one of the methods for maximizing oil production is the injection of surfactants. Surfactant adsorption is a very complex phenomenon that significantly influences the economics of the surfactant injection process. The use of surfactants in reservoirs aims to reduce interfacial tensions, increasing flow and oil recovery. In this context, the study of adsorption of biodegradable anionic surfactants on carbonate rocks emerges as a rapidly growing area of interest [1,2,3,4,5,6]. Carbonate rocks, including limestone and dolomite, are significant components of petroleum reservoirs [7,8,9,10,11,12]. Their unique surface and mineralogical properties directly influence the adsorption of surfactants, playing a crucial role in the effectiveness of recovery processes [13,14,15,16] and requiring precise characterization of carbonate rocks, combined with detailed analysis of surfactant–rock interactions [17,18,19,20,21,22,23,24,25,26].



Surfactant adsorption has been studied for decades, with parameters such as molecular structure, temperature, electrolyte concentration, ionic strength, and pH being extensively investigated. Soumik Das et al. [17] explored the adsorption of non-ionic surfactants on carbonate surfaces and found that secondary alcohol ethoxylate and nonylphenol ethoxylate effectively alter the wettability of these surfaces. This phenomenon, attributed to the amphiphilic nature of surfactants, enhances oil displacement efficiency and sweep capacity [27]. In this context, Kun Ma et al. [28] studied the adsorption of cationic and anionic surfactants on carbonate materials. They observed that cetylpyridinium chloride had insignificant adsorption, while sodium dodecyl sulfate (SDS) precipitated in the presence of CO2. Such findings highlight the influence of the carbonate and/or sandstone source on the adsorption of ionic and non-ionic surfactants, which may affect oil recovery [29,30].



A prime factor for the effectiveness of surfactants in altering reservoir wettability is the amount adsorbed on mineral surfaces [31]. Indeed, it is crucial to understand the surfactant–substrate interactions governing adsorption and to obtain representative adsorption isotherms [27,28,30,32,33,34]. Several authors have studied how surfactant adsorption affects wettability and oil recovery in different types of rocks [34,35,36,37,38,39,40]. Among biodegradable surfactants, saponified coconut oil, saponified castor oil, and other natural derivatives have received attention. These compounds, resulting from the saponification process, possess hydrophobic chains that interact with the surface of carbonate rocks [32]. Saponified coconut oil, for example, is rich in fatty acids and natural surfactants, which have shown promising properties in reducing interfacial tensions between oil and water, a crucial factor in hydrocarbon recovery [3,29,41,42].



This article presents a comprehensive study of the adsorption of biodegradable anionic surfactants on carbonate rocks. The aim was to treat the surface of reservoir rocks with biodegradable surfactants as sustainable alternatives for advanced oil recovery. The investigation was conducted through a multidisciplinary approach, which encompassed meticulous characterizations of the rocks, careful experimental design, and systematic analysis of relevant parameters. By establishing correlations between experimental results and theoretical models, it was possible to elucidate the main determinants of adsorption, thus contributing to informed decision-making in the development of sustainable oil recovery processes. This approach employs an innovative method with the use of biodegradable surfactants for the treatment of reservoir rocks and thus has the potential to become a valuable method since there is no advanced work related to these surfactants for this purpose.




2. Materials and Methods


2.1. Materials


The adsorbents used in this study were carbonate rocks. The rock samples were collected from the Botucatu formation in the state of Rio Grande do Norte, Brazil, and were ground in a ball mill for 24 h. Subsequently, a calcination process was carried out to remove moisture and organic materials present in the rock pores, aiming to increase their permeability. The samples were placed in a muffle furnace for a period of 6 h at a temperature of 250 °C, with a heating rate of 10 °C per minute, under air atmosphere [10,11,12,32].



Subsequently, the samples were sieved with mechanical agitation through a series of sieves, ranging from 48 to 100 mesh, aiming to obtain a granular solid in homogeneous fractions. This process lasted approximately 10 min, and the fractions corresponding to 100 mesh were collected.



The biodegradable surfactants were synthesized in the laboratory through a saponification reaction. To obtain the surfactants, 100 g of vegetable oil (coconut, babassu coconut, or castor oil), 300 mL of ethyl alcohol, and a solution of sodium hydroxide (Synth, 100%) were added to a 1000 mL round-bottom flask. This flask was attached to a reflux condenser and heated on a heating mantle until the reaction was completed, as suggested by Silva et al. [43]. Abbreviations of the surfactants used: saponified coconut oil (SCO), saponified babassu coconut oil (SBCO), and saponified castor oil (SMO). All solutions were prepared with deionized water.




2.2. Methods


2.2.1. Correlation between Surfactant Concentration and Surface Tension


It is known that different concentrations of surfactants, when they are below the Critical Micelle Concentration (CMC), may be linearly correlated with surface tension values [35]. Measuring the surface tension of a surfactant solution under the mentioned conditions allows the determination of the surfactant concentration value present in that medium through linear regression adjustment [23,24,44,45].



Given this fact, concentration curves of surfactant versus surface tension were constructed to determine the linear equations correlating surfactant concentrations with surface tensions and, consequently, to determine the Critical Micelle Concentration (CMC) of each surfactant, which corresponds to the point of intersection between the linear curve and the constant curve on the graph. For the construction of the mentioned graphs, initial solutions of each of the surfactants were prepared at a concentration of 5% (w/w). The QC6000 equipment from SensaDyne Instruments was used, employing the maximum bubble pressure method to measure surface tension.



Sequential dilutions were performed until the results approached 72 Dynes/cm, which corresponds to the surface tension of water. The temperature used for the tests was 27 ± 1 °C, as previous studies have shown that an increase in temperature does not cause significant differences in CMC values [35].




2.2.2. Finite Bath Adsorption Tests


In brief, 1 g of carbonate rock was placed in a 250 mL Erlenmeyer flask. Next, a predetermined amount of surfactant solution at a concentration of 0.3% above the CMC of each surfactant was added. The aim of this concentration increase was to reduce the likelihood of interface saturation [23]. The samples were then placed in a thermostatic bath (Dubnoff water bath, model TE-053, Tecnal manufacturer, São Paulo, Brazil) and stirred constantly at 50 rpm. After reaching the desired contact time, filtration (14 µm, Ø = 11 cm) was performed to separate the rock grains from the surfactant solution.



The surface tensions of the filtrates were measured to determine any increase in tension, indicating a change in surfactant concentration (final concentration, Ce).



The surfactant adsorption efficiency (AE) onto the inert rock is calculated by Equation (1).


  A E =     C   o   −   C   e       C   o     . 100  



(1)




where Co (mg/mL) is the initial concentration of surfactant (before adsorption) and Ce (mg/mL) is the equilibrium concentration or final concentration after the solution has been in contact with the rock.




2.2.3. Experimental Design—Evaluation of Systems with Higher Adsorption Capacity


The analysis of surfactant adsorption on rocks was carried out through a factorial experimental design of type 23 with three replications at the central point. Each batch consisted of 11 tests of surfactant solution assays with concentrations exceeding the CMC (0.3%). The selected study variables included the rock quantity to surfactant solution volume ratio (R/S), the contact time between the surfactant solution and the rock (h), and the test temperature (°C). The response variable was the surfactant adsorption efficiency (AE%) on the rock. All tests were performed in duplicate. The levels of each factor are presented in the Supplementary Materials in Table S1



After the statistical experimental design, the adsorption test with the highest capacity for each surfactant (referred to as the optimal point) was subsequently chosen to study the evaluation of adsorption kinetics and the properties of limestone before and after adsorption. This optimal point parameter was chosen so that the highest amount of surfactant adsorption would maximize the differences in the rock before and after the adsorption tests.




2.2.4. Rock Characterization


X-Ray Fluorescence (XRF)


The chemical composition of the adsorbents (limestone rock) was analyzed using X-ray fluorescence with the Bruker S2 Ranger equipment, employing Pd or Ag anodes with a maximum power of 50 W, 50 kV, 2 mA current, and a Silicon X Flash detector, at a temperature of 298 K.




X-Ray Diffraction


For mineralogical characterization, the Bruker D2 Phaser diffractometer was used with copper radiation (CuKα, λ = 1.54 Å) and a Ni filter. A voltage of 30 kV, 10 mA current, and Lynxeye detector were used. The data collected were analyzed across a broad range of Bragg angle 2θ degrees, spanning from 10° to 80°, with a step size of 0.02°, an acquisition time of 0.1 s, and at a temperature of 298 K.




Differential Thermal Analysis and Thermogravimetric Analysis (DTA/TGA)


Thermogravimetric analysis (TGA/DTG) of the adsorbent materials was performed using the thermal analysis system, model SDTQ600 from TA Instruments. The atmosphere used was nitrogen (100 mL.min−1), with a heating rate of 10 °C.min−1, in the temperature range from ambient to 1000 °C. Platinum crucibles and approximately 10 mg of samples were used for all analyses.




Fourier Transform Infrared Spectroscopy (FTIR)


Fourier transform infrared spectroscopy (FTIR) analyses were performed using the IRAffinity-1 apparatus from Shimadzu, coupled with an HATR MIRacle module with a ZnSe prism. A mid-infrared beam with a wavelength range of 2.5 to 50 µm was utilized, covering a wavenumber range of 4000 to 500 cm−1.




Zeta Potential


To analyze the electric charges of limestone particles, the zeta potential analyzer, ZetaPlus, from Brookhaven Instruments Corporation, was utilized. To evaluate the behavior of the zeta potential as a function of pH, as suggested in previous studies [39,40], solutions were adjusted to pH values of approximately 2, 4, 6, 8, 10, and 12. Hydrochloric acid 0.01 M solution (HCl—37%, Synth) and sodium hydroxide 0.01 M solution (NaOH—100%, Synth) were employed to adjust the pH. Each measurement was repeated ten times, and the final average was calculated.




Scanning Electron Microscopy (SEM)


Scanning electron microscopy analyses of the samples were performed using a Hitachi tabletop microscope, model TM-3000, with an acceleration voltage between 5 and 15 kV and magnifications ranging from 500 to 4000 times.





2.2.5. Static Adsorption Test


To evaluate the effectiveness of adsorption on the adsorbent solids, the final solute concentration (Ce) and the amount of surfactant adsorbed on the adsorbent surface were determined through a mass balance, using the calculation of adsorption capacity (Equation (2)).


  q =   (   C   0   −   C   e   ) V   m    



(2)




where q is the adsorption capacity (mg/g), C0 is the initial surfactant concentration (mg/mL), Ce is the final surfactant concentration (mg/mL), m is the mass of the adsorbent (g), and V is the volume of the solution (mL).



After conducting the experiments, it was possible to construct adsorption isotherms, representing the curve of the solute quantity on the adsorbent (q) relative to the final concentration (Ce). Subsequently, to evaluate the adequacy of the models and adsorption mechanisms employed in this study, the experimental data were fitted to the Langmuir, Freundlich, and Sips isotherms, according to Equations (3), (4), and (5), respectively.


    q   e   =   q   ∞       K   L     C   e     1 +   K   L     C   e      



(3)






    q   e   =   K   F     C   e   1 / n    



(4)






    q   e   =   q   ∞           K   S     C   e       1 / β     1 +     ( K   S     C   e   )   1 / β      



(5)




where



	-

	
qe is the adsorption capacity (mg of surfactant/g of rock);




	-

	
KL is the Langmuir constant, the theoretical adsorption capacity on the monolayer (L.mg−1);




	-

	
Ce is the adsorbate concentration at equilibrium (mg.mL−1);




	-

	
KF is the Freundlich constant (L.mg−1);




	-

	
1/n is the empirical parameter that quantifies the heterogeneity of adsorption; the higher the value of n, the more heterogeneous the adsorption process;




	-

	
q∞ is the maximum constant of adsorbate that can be adsorbed, i.e., it is the saturation value of qe (mg.g−1);




	-

	
Ks is the Sips constant;




	-

	
β is the exponent of the Sips model.







The equilibrium time was determined through finite bath adsorption experiments at various time intervals (10 min, 30 min, 60 min, 200 min, 300 min, 360 min, and 1440 min) at a temperature of 298.15 K (25 °C). The selection of these parameters was based on previously published results [36,37,43,46,47]. All the samples had an initial surfactant concentration of 0.3%.



The experimental data, which shows the concentration of the adsorbed surfactant in the solid phase concerning the equilibrium concentration in the fluid phase, was analyzed using the Langmuir, Freundlich, and Sips models. The parameters and coefficients of determination (R2) of the sorption isotherms were calculated through the least squares method for linear regression, utilizing OriginPro® 2021 software.






3. Results


3.1. Correlation between Surfactant Concentration and Surface Tension


Generally, ionic surfactants tend to present elevated CMC values due to the electrostatic interactions resulting from the ionic polarity of their molecules. It was observed that both SCO and SBCO exhibited CMC values of 0.0091 g/mL and 0.0011 g/mL, respectively. Coconut oil primarily consists of short-chain saturated fatty acids, characterized by single bonds, making them more prone to breakage (dodecanoic acid). Consequently, this structure has lower steric hindrance, promoting interaction between the liquid and solid phases.



On the other hand, SMO revealed an intermediate CMC value (0.0021 g/mL). This surfactant consists of unsaturated fatty acids, such as ricinoleic acid ((R,Z)-12-hydroxyoctadec-9-enoic acid), which is the primary component of castor oil and contains the OH functional group on one of the carbon atoms. The molecular structures of the surfactants used in this study are shown in Figure 1.



This molecular arrangement helps enhance its solubility, resulting in the decrease in the CMC value. SCO has a higher CMC value due to two factors: its significant negative surface charge and the phenomenon of repulsion between the heads of the anionic surfactants when adsorbed at the liquid–gas interface. Research by Silva et al. [43] and colleagues showed that to achieve interface saturation and subsequent micelle formation, larger quantities of surfactant need to be added, indicating a higher surfactant concentration.




3.2. Experimental Design—Evaluation of Systems with Higher Adsorption Capacity


With the aim of optimizing the adsorption processes, an experimental design was employed to identify the optimal points for each adsorption assay. Initially, the surface tensions of the pure surfactant solutions were measured with a concentration of 0.3%. The results from the experimental design, along with the measurements of surface tensions of the filtrates for the three plant-based surfactants, are presented in Table 1. Overall, it was possible to observe an adsorption efficiency ranging from 19.34% to 85.74%, confirming that the variables R/S, t, and T directly affect the adsorption process.



The ability of an oil to adsorb onto carbonates is related to its affinity with the carbonate rock surface and the properties of the oil components. In general, the adsorption capacity is influenced by the oil polarity and the presence of active compounds that can interact with the rock surface. Among babassu coconut oil, coconut oil, and castor oil, the surfactants in coconut oils showed the highest adsorption efficiencies on carbonates due to their lower polarity compared to the surfactants in saponified castor oil.



This is because coconut oil is mainly composed of saturated fatty acids, which tend to be less polar. Saturated fatty acids have a molecular structure that lacks double bonds between the carbon atoms, resulting in a linear carbon chain. This straight and non-double bond structure makes saturated fatty acids less polar compared to the unsaturated fatty acids found in larger quantities in the other oils. Thus, the non-polar nature of this oil enables a robust interaction with carbonate surfaces, enhancing adsorption.



In the specific case of castor oil, it contains a high proportion of a specific fatty acid called ricinoleic acid, which is an unsaturated fatty acid that contains a hydroxyl on the twelfth carbon atom (from the carboxyl), which makes these oils more polar. As a result, castor oil may have weaker interactions with the non-polar surfaces of carbonate rocks. Additionally, the presence of double bonds in the unsaturated fatty acids makes castor oil less non-polar than coconut oils, leading to lower adsorption and a tendency to be solubilized in the aqueous medium. Throughout the adsorption process, molecules at the interface attract each other, causing a reduction in interfacial free energy.



On hydrophobic surfaces (weakly charged or not electrically charged), hydrophobic interaction is the main mechanism for the adsorption of surfactants in aqueous media, with the polar part facing the water. In particular, the adsorption of these surfactants on limestone is possibly due to the high solubility caused by their carboxylate groups. It is proposed that an interdigitated bilayer (surfactants alternating up and down) is formed on the carbonate rocks. This representation can be seen in Figure 2a,b.



Analysis of Figure 2 reveals that hydrophobic interaction played a key role in the adsorption of the anionic surfactants. The lipophilic nature (apolar tail) of the surfactants results in water repulsion, leading these molecules to come out of solution and migrate to the limestone surface (Figure 2a).



At this stage, the surfactants stabilize, with their lipophilic chains facing the surface of the rock and the hydrophilic chains facing the water, forming a layer of surfactants (Figure 2b). As the surfactant concentration increases, the molecules organize themselves into different shapes until they form a bilayer through hydrophobic interactions between the surfactant tails (Figure 2b).



The highest adsorption efficiency indices were achieved in assay 3 for SCO (reaching 85.74%), at the central point (9, 10, and 11) for SBCO (reaching 82.52%), and in assay 3 for SMO (reaching 45.30%). These were the systems chosen to more intrinsically evaluate the surfactant adsorption mechanisms in the rock. Based on the response surfaces in Supplementary Materials in Figures S1–S3, saponified plant surfactants are promising for treating reservoir rock surfaces and can therefore be applied to increase oil recovery in reservoir rocks. Their ability to reduce interfacial tensions between water and oil through chemical interactions among fluids suggests significant potential for optimizing this process.




3.3. Characterization of Adsorbents


3.3.1. X-Ray Fluorescence and X-Ray Diffraction


The results of X-ray fluorescence analysis of the carbonate rock revealed a predominance of calcium oxide, CaO (93.95%), accompanied by small proportions of sodium oxide, Na2O (1.5%), and magnesium oxide, MgO (1.4%). Additional impurities are present in reduced amounts and apparently did not play a significant role in the adsorption of anionic surfactants, as the main interaction occurs with Ca2+ and Mg2+ ions. XRF analysis also confirmed that the MgO content in limestone is less than 5%, characterizing it as calcitic limestone. These observations are fully aligned with the typical chemical compositions of these minerals.



The X-ray diffractograms agreed with the chemical composition determined by X-ray fluorescence, as illustrated in Figure 3. In the limestone sample, peaks correspond to calcite (CaCO3). These diffraction patterns were compared with the ICDD/PDF 028827 database using PANalytical High Score software, according to the pattern marking, hydrated calcite has space group R -3 c, with lattice parameters a, b, and c of 6.36; α, β, and γ of 46.1; and a unit cell volume of 121.85 Å3. The calcite reflections in limestone were determined by the peak of highest intensity (in 2θ 29°) reinforcing the characteristics of calcitic limestone. Figure 3 also shows that calcite (CaCO3) constitutes the main mineral component of limestone, where adsorption of anionic surfactants occurs, resulting in a negative surface charge. Thus, X-ray fluorescence (XRF) and X-ray diffraction (XRD) analyses confirmed that the limestone used can be categorized as calcitic due to its low magnesium oxide content.




3.3.2. Differential Thermal Analysis and Thermogravimetric Analysis (DTA/TGA)


The physico-chemical characterization of limestone rocks was carried out through immediate analysis and study of thermal behavior using thermogravimetric analysis (TGA/DTG), both before and after chemical treatment with the surfactants. The results are presented in Figure 4. In the curve of Figure 4A, an endothermic peak around 809.3 °C can be identified, accompanied by an approximate mass loss of 50%. It can be observed that these carbonates decompose at temperatures above 750 °C, according to the thermal decomposition reaction described below [32]:


   CaCO  3   ( S )      →  Δ      CaO    ( S )   +  CO  2   ( g )    











Figure 4B corresponds to the limestone sample after the adsorption test with the SCO surfactant solution. The graph displays three distinct thermal events related to mass loss. The first occurs at temperatures near 100 °C, corresponding to water release. The second, between 230 °C and 400 °C, is associated with the boiling point and degradation of the surfactant. The third event, with temperatures above 760 °C, is attributed to the thermal decomposition of calcium carbonate, resulting in the formation of calcium oxide and the release of carbon dioxide. The mass losses correspond to 0.27%, 6.22%, and 39.23%, respectively.



The TGA curves in Figure 4B,C show similar behavior, as both surfactants originate from coconut, differing mainly in some chemical properties, such as boiling temperature. The mass losses correspond to 0.15%, 4.22%, and 37.91% for the samples of limestone + SBCO. Regarding Figure 4D, which involves limestone + SMO, it is observed that this surfactant exhibits few curves in its DTG, indicating its thermal stability against limestone thermal degradation. Castor oil contains about 90% ricinoleic acid, which gives it atypical characteristics, including a high boiling temperature around 313 °C, resulting in a limited thermo-oxidative degradation range for this surfactant. The mass loss for the limestone + SMO samples is approximately 34.52%.




3.3.3. Fourier Transform Infrared Spectroscopy (FTIR)


The infrared vibrational spectra corresponding to limestone are presented in Figure 5. The positions of the bands demonstrate coherence with the vibrations of carbonate ions present in calcite. The most prominent vibrational event in calcium carbonate materials is the asymmetric stretching of the carbonate ion, which appears in an approximate range of 1397–1420 cm−1 for calcite. Based on this information, it is possible to infer that the adsorbent is characterized as calcitic carbonate rock, showing characteristic carbonate bands at 1795 cm−1, 1397–872 cm−1, and 713 cm−1, which correspond to the angular deformations of the CO32−, C-O, and C=O bonds, respectively.



Analyzing the spectrum, the main bands referring to the presence of surfactants occur between 3000 and 2850 cm−1 and are attributed to the axial deformation vibrations of the C-H bonds of the methyl (CH3) and methylene (CH2) groups. These bands are characteristic of these components, thus indicating the presence of free fatty acids on the surface of the rock. These characteristics suggest adsorption of the surfactant in the rock structure. The bands show a decrease in intensity for the SMO adsorbed on the rock, indicating a variation in the interaction. The adsorption efficiency rates exceeded 80%, 82%, and 45% for SCO, SBCO, and SMO, respectively.




3.3.4. Zeta Potential


The standard average zeta potential values for the water + limestone samples are −34.9 mV at pH 6.50. It is observed that the limestone used has a negative surface charge, with an approximate potential of −35.0 mV, indicating that calcitic limestone possesses an excess of negatively charged ions in solution. These electronegative particles remain in suspension, increasing the ion proportion in the solution. To investigate the electric charges on the solid surface when in contact with the adsorbates, zeta potential measurements were conducted, varying the pH of the surfactant solutions at a concentration of 0.3%. These measurements were performed after the finite bath assay for 2 h in contact with limestone, as illustrated in Figure 6.



The biodegradable surfactants were shown to have an isoelectric point below pH 7. In acidic conditions, all assays resulted in a zeta potential equal to zero, with most occurring around pH 4.33. The quantity of surfactants adsorbed on limestone surfaces is influenced by both the nature of the adsorbent surface and environmental conditions, including factors such as pH, temperature, and surfactant concentration in the system.



The efficiency of adsorption of these surfactants on limestone is due to its hydrophilic surface and electrostatic interactions between the adsorbent and the adsorbate. As the medium becomes alkaline (pH > 7), an increase in the potential in modulus is observed, reaching 84.8 mV at pH approximately equal to 12.00. This response was expected, considering the saponaceous nature of the surfactant and hence the high concentrations of OH− ions.



Wang et al. [26] investigated the adsorption of an ionic surfactant on limestone and found that the greater the negative zeta potential, the higher the adsorption. The molecular structure of the biodegradable surfactants is similar, as they represent long-chain carboxylic acids (fatty acids). Together with limestone, the system gives a basic pH and high negative potential values, consistent with the literature.




3.3.5. Scanning Electron Microscopy (SEM)


Scanning electron microscopy was used to investigate the morphology of the rock surface as well as its composition, aiming to evaluate the adsorption of anionic surfactants on the limestone surface. Figure 7 presents the results of SEM analysis of the rock surfaces before and after the static adsorption experiments. It was observed that calcitic limestone exhibits a compact structure, along with pores and an uneven surface with steps (Figure 7A). The calcination step resulted in a reduction in the average particle diameter, evident in the fragments displayed in the micrographs. This may have contributed to enhanced adsorption, resulting in an increase in the surface area.



Analysis of these micrographs shows that the interfacial spaces, i.e., the pores in the adsorbed limestone, were maintained after the adsorption tests with the surfactants. This is discernible from the morphological aspect, which reveals the distribution of the surfactants in the porous medium. Figure 7 illustrates the porosity present, as well as the thin layer of surfactants on the surface. This analysis only allows observation of the enlarged area on the surface of the particles and cannot cover the entire surface of the particles present in the samples. However, sites with particles of approximately similar size and shape were selected to investigate their morphology. Finally, calcination reduced the average particle diameter, increasing its surface area and the contact area with the surfactants. This fact emphasizes the importance of particle size regarding the kinetics of calcination and adsorption.





3.4. Adsorption Isotherms


To evaluate the adsorption capacity of anionic surfactants on limestone, finite batch tests were conducted to obtain isotherms and determine which adsorption models best fit these isotherms. Throughout the adsorption process, there is an attraction between molecules at the interface, resulting in a decrease in interfacial free energy. On hydrophobic surfaces (slightly charged or non-electrically charged), hydrophobic interaction is the main mechanism of surfactant adsorption in aqueous media, with the polar part facing the water.



Remarkably, there was higher adsorption of SCO, SBCO, and SMO on limestone compared to sandstone, possibly due to the high solubility of these surfactants, caused by their carboxylate groups. It is proposed that an interdigitated bilayer (surfactants alternating with heads up and down) is formed on the carbonate rocks. Indeed, an additional factor contributing to the lipophilic repulsion mechanism was the interaction between the negative surface charge of carbonate (zeta potential of −34.9 mV) and the negative carboxylate ions (R-COO-) of the anionic surfactants.



For a better understanding of the adsorption mechanisms and to quantify the data, Langmuir, Freundlich, and Sips models were applied to fit the experimental results, which can be verified in the Supplementary Materials in Tables S2–S4. SCO fitted both the Langmuir model (indicating monolayer adsorption) and the Sips model. This behavior is evidenced in the qe versus Ce graph for the experimental data in Figure 8.



Both SBCO and SMO fit well only to the Sips model, with R2 values of 0.9692 and 0.9133, respectively. This adsorption isotherm considers the heterogeneity of the adsorbent surface, meaning it considers that the surface of the adsorbent material may have different adsorption sites with distinct affinities. Additionally, the model also accounts for interactions between the adsorbed molecules [23].



At low adsorbate concentrations, the equation simplifies to the Freundlich isotherm, while at high concentrations, the model predicts a monolayer adsorption capacity, characteristic of the Langmuir isotherm. Moreover, it is observed that for the Freundlich model, the correlation coefficients are low, indicating that this model does not adequately describe the system.



Considering the parameters presented, it is observed that they fit better with the Sips model, especially at a temperature of 303 K. On the other hand, the parameters obtained from the Freundlich model confirm that this is the isotherm that least fits the experimental data. In addition to the low correlation, the error obtained was the highest within this study.



Influence of Temperature on SCO Adsorption Isotherms on Limestone


Figure 9 displays the adsorption isotherms of SCO on limestone at 298 K, 313 K, and 333 K. As the concentration of SCO increases, a rapid increase in adsorption is initially observed. This increase is progressively less effective as the curves reaches the plateau. It is noted that adsorption is more pronounced at 333 K and more moderate at 298 K, indicating that adsorption is favored at higher temperatures. For a better understanding of the adsorption mechanism and to quantify the adsorption data, Langmuir and Freundlich models were applied to fit the experimental data at three different temperatures.



Upon examining the SCO adsorption isotherms, it was found that the Langmuir model demonstrated greater efficacy in simulating these data compared to the Freundlich model, at temperatures of 298 K, 313 K, and 333 K. These results suggest that SCO adsorption predominantly occurs through a monolayer coverage mechanism on the adsorbent particles. The consistency of the experimental data with the Langmuir isotherm strengthens this conclusion, indicating that OCS adsorption is characterized by a single layer of adsorbed molecules on the surface of the adsorbent material. The corresponding parameters for both models are detailed in Table 2. The values of q∞ calculated using the Langmuir model were lower at 298 K and higher at 333 K, which indicates that the adsorption of SCO on limestone is enhanced with increasing temperature.






4. Conclusions


The adsorption of three types of anionic surfactants onto limestone grain particles in aqueous solution was carefully studied. The adsorption efficiency, kinetics, and thermodynamics were obtained through experimental investigations. X-ray fluorescence (XRF) and X-ray diffraction (XRD) analyses show that the limestone used in this research can be classified as calcitic due to its low magnesium oxide content. The physicochemical characterization of the adsorbents, before and after treatment with anionic surfactants, revealed significant adsorption on the limestone surface.



The hydrophobic interaction between the tail of the surfactants and the negative surface of the limestone emerged as the main adsorption mechanism. This phenomenon was considered the driving force of limestone-surfactant adsorption. Infrared spectroscopy analysis revealed the adsorption of surfactants, suggesting the formation of covalent bonds between the surfactant and the limestone through chemical interactions. The adsorption efficiency rates exceeded 80%, 82%, and 45% for SCO, SBCO, and SMO, respectively. Temperature played a significant role in the maximum adsorption of SCO, being more effective at higher temperatures (30 °C, 45 °C, and 60 °C).



The pseudo-second-order kinetic model provided the best fit to the experimental data of the three investigated surfactants. Regarding the isotherms, the Sips model described the adsorption processes and mechanisms with greater accuracy, with determination coefficients (R2) of 0.92, 0.97, and 0.91 for SCO, SBCO, and SMO, respectively, at 30 °C.



Saponified plant surfactants look promising for the treatment of rock surfaces with a view to their application in enhanced oil recovery from waste rock, as they suggest an effective method for optimizing this process due to their ability to reduce interfacial tensions between water and oil through chemical interactions between fluids. The results of this study have significant implications for understanding the interactions between surfactants and rocks, as well as for future applications of these compounds in optimizing enhanced oil recovery. This work opens the door for more effective and sustainable approaches in developing techniques that maximize the treatment of reservoir rocks.
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Figure 1. Molecular structures of surfactants based on coconut oil and castor oil, respectively. 
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Figure 2. Adsorption mechanism proposed for anionic surfactants (SCO, SBCO, and SMO) on limestone, in which their polar tails face the surface of the rock (a), and a second layer is formed on top of the first, thus forming a bilayer (b). 
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Figure 3. Limestone diffractogram. 
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Figure 4. TG and DTG curves relative to (A) carbonate rock; (B) carbonate rock + SCO; (C) carbonate rock + SBCO and (D) carbonate rock + SMO. 
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Figure 5. Infrared spectra of untreated and surfactant-treated carbonate rock samples. 
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Figure 6. Zeta potential for 0.3% solutions of (A) SCO, (B) SBCO, and (C) SMO in limestone. 






Figure 6. Zeta potential for 0.3% solutions of (A) SCO, (B) SBCO, and (C) SMO in limestone.



[image: Coatings 14 00856 g006]







[image: Coatings 14 00856 g007] 





Figure 7. Micrographs of limestone (A) pre-adsorption; (B–D) after adsorption of the surfactants SCO, SBCO, and SMO, respectively, with a magnification of 500×. The arrows show the treated rock surfaces. 
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Figure 8. Graph of the adsorption isotherm of (A) OCS (pH = 10.5), (B) OCBS (pH = 10.3), and (C) OMS (pH = 10.1), and the curves obtained by fitting the Langmuir, Freundlich, and Sips models (T = 303 K). 
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Figure 9. Adsorption isotherms of SCO on limestone at three different temperatures (298 K, 313 K, and 333 K), at pH = 10.5. The solid points represent the experimental data. The solid lines represent the Langmuir model. The dashed lines represent the Freundlich model. 
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Table 1. Experiment planning results for adsorption efficiency (AE%) of SCO, SBCO and SMO surfactants on carbonate rock.
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Samples

	

	

	

	
SCO

	
SBCO

	
SMO




	
R/S (mL)

	
T

	
T

	
ST

	
Ce

	
AE

	
ST

	
Ce

	
AE

	
ST

	
Ce

	
AE




	
(h)

	
(°C)

	
(Dyn/cm)

	
×10−3 (%)

	
(%)

	
(Dyn/cm)

	
×10−3 (%)

	
(%)

	
(Dyn/cm)

	
×10−3 (%)

	
(%)






	
1

	
1/40

	
2

	
30

	
54.23

	
1.3

	
55.78

	
61.3

	
1.1

	
62.38

	
42.03

	
2.0

	
34.36




	
2

	
1/80

	
2

	
30

	
51.00

	
1.8

	
40.14

	
59.31

	
1.4

	
53.25

	
41.4

	
2.1

	
28.63




	
3

	
1/40

	
4

	
30

	
66.30

	
0.4

	
85.74

	
66.13

	
0.6

	
77.80

	
43.4

	
1.6

	
45.30




	
4

	
1/80

	
4

	
30

	
48.26

	
2.3

	
22.60

	
60.46

	
1.2

	
58.77

	
41.79

	
2.0

	
32.24




	
5

	
1/40

	
2

	
60

	
65.21

	
0.5

	
84.20

	
61.72

	
1.1

	
64.07

	
42.04

	
2.0

	
34.45




	
6

	
1/80

	
2

	
60

	
47.86

	
2.4

	
19.65

	
55.93

	
2.0

	
32.40

	
41.05

	
2.2

	
25.23




	
7

	
1/40

	
4

	
60

	
63.77

	
0.5

	
81.92

	
63.22

	
0.9

	
69.50

	
41.53

	
2.1

	
29.85




	
8

	
1/80

	
4

	
60

	
47.99

	
2.4

	
20.62

	
54.96

	
2.2

	
24.84

	
40.48

	
2.4

	
19.34




	
9

	
1/60

	
3

	
45

	
48.39

	
2.3

	
23.54

	
68.32

	
0.5

	
82.52

	
43.18

	
1.7

	
43.67




	
10

	
1/60

	
3

	
45

	
48.39

	
2.3

	
23.54

	
68.25

	
0.5

	
82.38

	
42.91

	
1.7

	
41.61




	
11

	
1/60

	
3

	
45

	
48.36

	
2.3

	
23.33

	
68.25

	
0.5

	
82.35

	
42.78

	
1.8

	
40.60











 





Table 2. Parameters for the Langmuir and Freundlich isotherm models at different temperatures.
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Langmuir Model

	
Freundlich Model




	
T (K)

	
     q  ∞   ( mg / L )      

	
KL (L mg−1)

	
R2

	
KF (L mg−1)

	
1/n

	
R2






	
298

	
4.884

	
0.164

	
0.914

	
2.991

	
0.345

	
0.842




	
313

	
5.743

	
0.203

	
0.922

	
2.246

	
0.408

	
0.830




	
333

	
8.432

	
0.190

	
0.950

	
2.011

	
0.431

	
0.880
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