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Abstract 

 

Effective production of oil from carbonate reservoirs often requires the application of improved 

oil recovery technologies such as waterflooding. However, conventional waterflooding in 

carbonates usually results in low hydrocarbon recovery as most of these formations exhibit a 

complex pore throats structure and are mostly oil-wet. Therefore, surfactant augmented water 

injection is applied in order to either alter wettability towards more water-wet or to lower the 

brine/oil interfacial tension (IFT). The application of surfactant flooding aids in additional oil 

recovery up to 25%. The effectiveness of surfactant flooding depends on many factors, including 

fluid distribution and fluid-rock interactions. The characterization of fluid-rock interactions is, 

however, challenging with existing laboratory methods, which are typically based on macroscale 

(mm) observations. Therefore, in this study, the wettability of carbonate rocks has been studied 

using advanced imaging techniques that allowed to comprehensively analyze the variation of 

wetting properties on the micro-level and find the reason of the mixed wettability of carbonates. 

These findings can be used for further planning of wettability modification using chemical 

formulations. As such in this work, different surfactant and nanoparticles augmented surfactant 

formulations have been studied in order to enhance surfactant properties for brine/oil IFT reduction 

and wettability alteration towards more water-wet. The obtained results show that depending on 

reservoir conditions (high temperature and/or salinity content) nanoparticles – surfactant 

compositions should be optimized and selected to effectively control the interfacial tension, 

wettability alteration, and to avoid negative synergism. Molecular-level investigation on 

nanoparticles and surfactant molecules interactions have been performed using molecular dynamic 

(MD) simulations. The results illustrate that the models established can be used for screening 

different surfactants at various temperatures and salinities. Furthermore, the models of SiO2 

nanoparticles have been established for MD simulations, showing a good agreement with the 

experimental data. The findings of this work show that nanoparticles augmented surfactant 

formulations are promising solutions for enhanced oil recovery from carbonate reservoirs through 

the wettability alteration. 
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Chapter 1. Introduction  
 

1.1 Carbonate oil reservoirs  

Carbonate oil reservoirs, such as limestone and dolomite, represent approximately half of all 

hydrocarbon reserves in the world1.  The study and development of such reservoirs have started in 

the 1950s. Since then, the interest in carbonate reservoirs has been rapidly growing both in industry 

and academia, especially at times of oil resources nationalization and oil “revolutions” in the 

Middle East and South Africa, where carbonate reserves are the biggest (Figure 1)2. For instance, 

it was discovered that almost 70% of proved conventional oil reserves belong to carbonate rocks 

in Middle East2. 

 

Figure 1. Geographic map of carbonate reservoirs distribution in the world2. 

Due to the diagenetic effects and depositional history of carbonate reservoir rocks, they exhibit 

unique heterogenic properties varying from nano to macro scales. Previous studies of carbonate 
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rocks illustrate that in comparison with siliciclastic reservoirs, these heterogenic issues pose a 

challenge to the exploration, development, and commerciality of such reservoirs. The most 

common aspects to deal with include uneven pore-size distribution, various ranges of permeability 

(several orders of magnitude) for a given porosity, and physical-chemical properties of the 

reservoir environment that control fluids flow3. 

Unfortunately, all these complexities are still challenging and remain unresolved, and thus, are 

considered as the most important for carbonate reservoir characterization and management. For 

instance, in 2009, at the Industry Technology Facilitation meeting, the main concerns related to 

carbonate reservoirs have been classified into five areas: 1) Rock typing; 2) Permeability 

prediction; 3) Understanding of fluids flow and microporosity; 4) Fracturing and 5) Impact of 

dolomitization3. Hence, carbonate reservoir rocks require complex approaches for developing and 

generating high recovery factors, which hardly reach 30%4. For example, the oil recovery factor 

from one of the biggest Omani fractured carbonate Ghaba North field has shown only 2% 

throughout 20 years of production5.  

It should be noted that reservoir fluids flow, and thus, the oil recovery factor is mainly 

controlled by the wettability of the rocks, which ranges from mixed to oil-wet state for carbonate 

reservoir rocks6. The fact that carbonates exhibit hydrophobic wetting properties makes 

conventional water flooding less effective due to the capillary pressure effects in oil-wet reservoirs, 

which prevent water from penetrating through pores with oil. As a result, trapped in pore throats 

oil would reside unrecovered. Hence, changing the wetting state of rocks or interfacial tension 

between oil and brine would modify capillary pressure and fluids distribution through the pore 

networks that in turn would generate the highest oil displacement efficiency from carbonate rocks7, 

8. 

  

1.2 Wettability of carbonates 

In terms of oil recovery, wettability is a crucial parameter to control injected and produced 

fluids arrangement in the porous media, which in turn influences the properties of multiphase flow 

of water, gas, and oil. The wetting state of reservoir rocks is a result of chemical equilibrium 

between brine/oil/rock reached over millions of years. The wetting states and their classification 

are presented in Figure 2. Traditionally, wetting preferences of surfaces are divided into three types 

– water-wet (hydrophilic), mixed-wet, and oil-wet (hydrophobic). In the water-wet state (Figure 
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2a, d)9, 10, oil forms droplet with the minimum contact area at the surface, showing contact angle 

θ ̴ 0˚. If oil drop spreads (Figure 2c, f) 9, 10, the surface is referred to as oil-wet or hydrophobic, and 

the contact angle θ is approaching close to 180°. If a surface has intermediate wettability, the shape 

of the drop and the contact angle would be determined by the balance of the surface tension forces 

between the contacting phases (Figure 2b). 

 

 

Figure 2. Wetting states of rocks – a), d) water-wet; b), e) intermediate, mixed wet and c), f) oil-

wet 9, 10. 

 

In the case when a rock surface shows no strong preference to water-wet or oil-wet (Figure 

2b), the contact angle (θ) formed on the interfacial surface can be calculated from Young’s 

equation11: 

𝛾𝑠𝑜 =  𝛾𝑠𝑤 +  𝛾𝑜𝑤 cos 𝜃, 

where 𝛾𝑠𝑜, 𝛾𝑜𝑤, 𝛾𝑠𝑤  are surface energies at the interfaces of the oil-surface, oil-water, and surface-

water phases, respectively. 
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Notably, that rock surface can also have mixed wettability (Figure 2e)9. This phenomenon 

appears when some surface areas demonstrate a hydrophobic state while others - hydrophilic. 

The wetting character of rock surface (water-wet, oil-wet, or mixed type) determines the 

migration and distribution of reservoir fluids throughout the pore throats. Indeed, due to capillary 

forces, the wetting fluid has lower free surface energy. Since smaller pores have a larger specific 

surface area than large pores, wetting and non-wetting fluids will be redistributed in the pore 

channels in such a way that the wetting fluid occupies small pores, whereas the non-wetting fluid 

occupies large pores. In practice, this means that when the rock surface is hydrophobic, water as a 

non-wetting fluid will predominantly move through the pores with a larger diameter12. This fact 

explains the inefficiency of waterflooding in hydrophobic carbonate reservoirs, as the majority of 

oil would be left trapped in small pores, where water cannot access due to the capillary pressure 

effect.  

It should be noted that the initial wettability of carbonate reservoir rocks can be altered towards 

more oil-wet when interactions between minerals and oil components occur. Several possible 

mechanisms of chemical interactions depending on reservoir properties and oil composition have 

been proposed in the literature:  

 

1) Adsorption of polar organic components from oil, such as asphaltene and resin fractions13; 

2) Adsorption of carboxylic acids, including benzoic, palmitic, oleic, and octanoic acids14, 15; 

3) Ion binding that is led by the surface charge of carbonates4. 

 

It should be pointed out that the wetting properties of carbonates can be described by means 

of the zeta potential of the mineral surface. The zeta potential influences the electrostatic forces, 

which act between the polar organic groups in the oil and the surface, in accordance with the 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. Indeed, the zeta potential of carbonate 

surface depends on the adsorption of ions, such as Ca2+, CO3
2- and Mg2+ in the Stern layer. In 

typical formation brines, the concentration of Ca2+  and Mg2+ is high, resulting in the positive zeta 

potential of the carbonate surface. Reduction of Ca2+  and Mg2+ concentration, for instance, by bulk 

dilution, leads to negative zeta potential. Therefore, in the initial state, the zeta potential of 

carbonate surface is positive, resulting in the facilitation of adsorption of carboxylic acids or polar 
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organic components from oil. As a result, the initial wettability of carbonate reservoir rocks is 

generally oil-wet or mixed-wet. 

 

1.3 Wettability measuring techniques 

Traditionally, wettability studies are conducted with core-scale measurements using Amott –

Harvey16 (Figure 3a)9, USBM17, 18 (Figure 3b)9, and contact angle methods19. The popularity of 

these methods stems from their simplicity and cost-effectiveness. 

 

Figure 3. Examples of wettability measurement using a) Amott–Harvey method and b) USBM9. 

 

For instance, the Amott–Harvey technique is based on the spontaneous imbibition of the 

wetting fluid (water or kerosene) and the displacement of the non-wetting fluid. As a result of this 

test, water (𝐼𝑤) and oil (𝐼𝑜) imbibition indexes can be calculated using the following equations:  

 

𝐼𝑤 =  
𝑉𝑤

𝑉𝑤𝑡
; 
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𝐼𝑜 =  
𝑉𝑜

𝑉𝑜𝑡
, 

 

where 𝑉𝑤  (mL) and 𝑉𝑜  (mL) are volumes of water and oil displaced by oil and water under 

spontaneous imbibition, respectively; 𝑉𝑤𝑡 (mL) and 𝑉𝑜𝑡  (mL) are total volume of water and oil 

displaced under oil and water imbibition and centrifuging, respectively.  

 

In this method, wettability is estimated in terms of the Amott–Harvey parameter J, which is 

the difference between the water (𝐼𝑤) and oil (𝐼𝑜) imbibition indexes:  

 

𝐽 =  𝐼𝑤 − 𝐼𝑜. 

 

As such, it is assumed20 that when 0.1 < J < 1, the sample’s wettability is water-wet; at –0.1 < 

J < 0.1, the sample has intermediate wettability, and if –1 < J < –0.1, the sample is oil-wet. 

Although this method is widely used in laboratories, it provides information about the average 

wettability of the sample (the same as USBM). Moreover, the determination of rock wettability by 

this method is limited, because as it was shown in work21 samples with permeability below 10 mD 

are unsuitable for the study. Another disadvantage of this method is that this method cannot 

determine mixed wettability (when the sample has several different types of wettability), as it is 

challenging to estimate the number of hydrophobic or hydrophilic surface areas22.  

The wettability of rock samples can also be measured by determining the contact angle between 

fluids and the surface. This method is based on water or oil drop shape analysis when it is in contact 

with the surface. Traditionally, wettability is assumed to be water-wet if oil forms an angle 0° < θ 

< 70° with the surface, intermediate wet - 70° < θ < 110° and oil-wet - 110 < θ < 180°. The reverse 

trend should be considered if using water drops. This method provides information about the 

wetting preferences of a particular sample surface, which makes it different from the USBM and 

Amott - Harvey methods that give average wettability indexes.  

However, direct investigation of the rock-fluid interactions by these methods is limited, as they 

yield the average wettability indexes on macroscale (mm) and cannot account for rock surface 

roughness, pore structure, or chemical rock composition, which strongly affect fluids flow 

properties23. 
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Recently it has been proposed that advanced microscopic techniques, including high resolution 

scanning electron microspore (SEM), can be used for the analysis of fluids distribution throughout 

porous media24. The authors showed the distribution of different fluids (oil and brine) throughout 

the pore network by collecting the elemental maps obtained by coupling SEM imaging with the 

X-ray analysis of the elements. Moreover, with the recent advances in microscopy, it has become 

possible to utilize the cryogenic techniques and Environmental Scanning Electron Microscopy 

(ESEM) in order to study surface wettability on microscale25, 26. For instance, the authors150 carried 

out the micro-wettability (µm) measurements using ESEM with the middle Bakken samples and 

inferred that these results could be used for more accurate estimation of multi-phase flow 

parameters (e.g. relative permeability, capillary pressure), which in turn would improve primary 

and secondary oil recovery processes. The application of these techniques is particularly important 

in the carbonate reservoir as it can reveal the nature of mixed-wet or oil-wet wetting properties of 

such reservoirs.     

The average wettability has been measured for many sandstone and carbonate rocks27-31, 

whereas there is a serious lack of information about microscale wettability characterization of 

pores that describes the fluid-rock interactions. Hence, studying the rock/brine/oil chemical 

interactions would give an insight of how to optimally modify wettability towards mixed or water 

– wet, which in turn would increase oil recovery factor from carbonate reservoirs.  

 

1.4 Enhanced oil recovery (EOR) in carbonate reservoirs 

Various methods are being developed and applied to improve the recovery of trapped oil in 

carbonate rocks. In general, all oil recovery methods for hydrocarbon recovery are divided into 

three groups - primary, secondary, and tertiary, depending on their purposes. Primary recovery 

happens due to the natural energy that moves oil from formation to the producing wells by the 

pressure differential between high pressure in rock formation and low pressure in the wellbore. 

Usually, this method is limited when the pressure drops and helps in recovery up to 20% of original 

oil in place (OOIP)4. In secondary recovery or improved oil recovery water or gas are injected for 

pressure maintenance. Waterflooding is the widely used method for decreasing residual oil 

saturation by oil displacement, which has been proven to be more effective in applying in water-

wet rather than mixed or oil-wet reservoirs32,33. In mixed or oil-wet reservoirs, such as carbonates, 

approximately 50% of original oil in place is still left trapped in the reservoir due to high capillary 
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forces after waterflooding34. Therefore, in order to increase the oil recovery factor from carbonate 

reservoirs, advanced methods should be applied. Indeed, tertiary recovery or enhanced oil recovery 

(EOR) methods include, but are not limited to, chemical (e.g. surfactant and/or polymer and/or 

alkaline) flooding, gas methods (e.g. CO2 injection), thermal recovery (e.g. air injection). For 

instance, around 67% of all CO2 floods in the US (WAG or continuous mode) are being used in 

carbonate reservoirs, whereas the number of air injection projects in carbonates has been declining 

for several decades35. However, despite several successful projects, air and CO2 injections are 

considered highly challenging and risky due to environmental impacts36. 

In comparison with CO2 flooding, the application of chemical EOR is more dependent on the 

cost of chemicals used, and its application is limited by the low oil price. Despite this fact, many 

research activities are still focused on improving the existed solutions in terms of reducing the cost 

of chemicals per barrel of recovering oil37, 38. As a result, chemical EOR has demonstrated great 

potential to increase total recovery factors and sustain the economic feasibility of carbonate 

reservoirs.  

Among other chemical EOR methods, surfactant injection in carbonate reservoirs has been 

shown to be more effective, and its widely accepted as a promising stimulating technology mostly 

for depleted, matured and waterflooded reservoirs. 

 

1.5 Surfactant flooding in carbonate reservoirs 

Historically, surfactant flooding as an EOR method was developed for sandstone oil 

reservoirs39. However, many studies have shown that surfactant injection into oil-wet carbonate 

reservoirs could be a beneficial way of enhancing oil recovery40. The main goal of using surfactants 

in flooding carbonates is to alter rocks' wettability towards more water-wet and to reduce brine/oil 

interfacial tension (IFT). For these purposes, different types of surfactants have been tested, 

including ionic (anionic41, 42, cationic41, 42, 44 and zwitterionic43, 44) and non-ionic 42, 45 (Figure 4). 
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Figure 4. Classification of surfactants. 

 

For instance, anionic surfactants such as sulfates and alkyl aryl sulfonates have shown 

significant IFT reduction to values less than 10-2 mN/m at brine/crude oil interface46. Cationic 

(cetyl trimethyl ammonium bromide (CTAB) and dodecyl trimethyl ammonium bromide (DTAB)) 

and non-ionic (polyoxyethylene alcohol (POE) and octyl phenol ethoxylate (Triton-100)) 

surfactants have been also widely tested for wettability alteration and IFT reduction in carbonate 

reservoirs, showing promising results47. 

Despite many studies, there are not many field projects reported in carbonates utilizing 

surfactant flooding as an EOR method. As such, only two projects were performed in the USA – 

Cottonwood Creek48, 49 and Yates field50, 51, and one project in Semoga field Indonesia52. As it can 

be seen in Figure 5, the number of surfactant projects conducted worldwide in sandstone reservoirs 

surpasses the number in carbonates53. Data collected from the 1990s to the 2000s. 
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Figure 5. Surfactant flooding projects that were conducted worldwide from the 1990s to 

2000s53. 

 

   However, it is interesting to point out that pilot tests of surfactant injection in carbonate 

reservoirs gave promising results. For instance, the Yates field pilot test showed a two-fold 

increase in oil recovery factor by using commercial surfactant Shell 91-850, 54. Therefore, surfactant 

flooding has been regarded as a promising alternative to CO2 injection in carbonates35. 

 

1.6 Impact on oil/brine interfacial tension  

Conventionally, carbonate reservoirs show low additional oil recovery during waterflooding 

because more than half of OOIP is still left trapped in the complex pore matrix due to the low 

capillary number of water55, 56. The capillary number is defined as the ratio between viscous and 

capillary forces (Equation 1) and controls the residual oil saturation57. 

 

𝑁𝑐 =
𝑣∗µ

𝛾∗𝑐𝑜𝑠𝜃
 ,     (Eq.1) 

where 𝑣 – is Darcy's velocity, µ – is the brine viscosity, 𝛾 – is oil/water interfacial tension, 𝜃 – is 

contact angle. 
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The relation between the capillary number and residual saturation is known as the capillary 

desaturation curve. 

It is well known58 that to reduce residual oil saturation (i.e. enhance oil recovery), the capillary 

number should be increased drastically to 10−3 or higher from the typical number of waterflooding 

– 10-7. Technically capillary number can be increased by several orders of magnitude by lowering 

the IFT from 20-50 mN/m to 10-3-10-2 mN/m between displacing fluid and oil. In other words, 

adding a surfactant to injection fluid decreases capillary forces of water, as a result, capillary 

trapping of oil also reduces. 

 
1.7 Factors affecting IFT 

The ability of surfactant to lower IFT to values ∿10-3-10-2 mN/m is highly dependent on many 

factors, including surfactant concentration, oil composition, the concentration of monovalent and 

divalent ions in brine (salinity), water-oil ratio (WOR), and reservoir temperature and pressure. 

Reservoir temperature and salinity have been found to have a more critical influence on brine/oil 

IFT in the presence of surfactant59, 60. 

 

1.7.1 Temperature effect 

In general, the effectiveness of surfactant to reduce IFT between immiscible fluids (brine and 

oil) is governed by the adsorption of surfactant molecules at the liquid/liquid interface, quantified 

by the Gibbs adsorption equation61. Temperature is one of the main factors that can cause 

significant changes in the surfactant adsorption at the interface, and thus IFT62, 63. According to 

Gibbs's theory, an increase in temperature results in an increase in the area per molecule, with a 

consequent decrease in the surface excess concentration of the surfactant64. Thus, IFT is expected 

to decrease with increasing temperature. However, there are a considerable number of 

experimental studies showing that IFT can also increase at high temperatures65-68. For instance, Ye 

et al.65 published that oil-water-surfactant IFT decreased with increasing temperature up to 70 °C, 

and above this temperature increased (“V” pattern) when studying gemini surfactants. The authors 

considered this temperature as a phase-inversion temperature (PIT) of oil-water-gemini surfactant 

systems when the emulsion type inverted from oil-in-water (below 70 °C) to water-in-oil (above 

70 °C). The same “V” patterns of IFT dependence on temperature were reported by Aoudia et al.66 

and Mosayebi et al.67 for oil/water systems in the presents of anionic and non-ionic surfactants, 

respectively. In the work of Aoudia et al.66, the authors explained the well-defined minimum IFT 
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with the complex composition of the used oil, which consisted of aromatic, paraffinic, and 

naphthenic components. This explanation was supported by El-Batanoney et al.69, who tested the 

influence of different asphaltene and paraffin wax contents on interfacial behavior between 

aqueous surfactants solutions and oils. Authors69 reported that IFT values between surfactant and 

oil with high asphaltene percentage were lower than corresponding IFT values of oil with high 

wax content.  

Whereas the increase of IFT between crude oil and aqueous surfactant solutions with 

temperature increasing may be explained by the impact of various oil components70, the IFT 

between water and hydrocarbons (n-decane, n-heptane and n-dodecane) was also found to increase 

at high temperatures71. According to the author71, the water/hydrocarbon IFT increased because 

hydrogen bonds (H-bonds) broke down between water molecules at the interfacial zone. The 

reduction of hydrogen bond number in the water at high temperatures was also experimentally 

demonstrated by using X-ray adsorption spectroscopy (a 10% reduction)72 and neutron diffraction 

(a 9% reduction)73, 74. Moreover, several experimental and simulation studies75-77 of water/oil 

interfacial properties showed that at the interface water molecules oriented themselves in order to 

create more hydrogen bonds with surrounding water molecules. Notwithstanding, experimental 

investigations of temperature effect on liquid/liquid interfacial properties at microscale are 

challenging due to complexities associated with experimental procedures and limitations of 

experimental equipment to capture the structural properties of molecules at the interface. 

 

1.7.2 Salinity effect 

The effectiveness of surfactant solutions in IFT reduction, and consequently, oil recovery 

efficiency, also strongly depends on the concentration and type of ions present in the formation 

brine46. In general, the presence of salt in natural brines causes a decrease in the solubility of 

surfactants in the aqueous phase due to the salting-out effect78, 79. Thus, more surfactant molecules 

are forced to approach the interface closely, which leads to the brine/oil IFT decrease. In addition, 

salts can also enhance the packing of surfactant molecules at the interface due to the counter-ion 

screening effect between similarly charged surfactant heads, resulting in further brine/oil IFT 

reduction80. Indeed, an increase in NaCl concentration from 10 000 ppm to 100 000 ppm in 

aqueous cationic surfactant solutions gradually reduced the aqueous phase/oil IFT79. This behavior 

was attributed to the neutralization of surface charges on the surfactant heads with oppositely 
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charged counter-ions79. As a result, the accumulation of surfactant molecules at the interface 

increased, leading to IFT reduction. A decrease in surfactant/paraffin IFT values was also reported 

with increasing MgCl2, NaCl, NH4Cl, and LiCl concentrations measured up to 0.2 M in the 

aqueous phase81. The same decreasing trend was also shown for anionic surfactant systems when 

NaCl concentration was increased from 0.1 M to 0.5 M82. Moreover, the IFT between petroleum 

sulfonate and heavy oil (and also the oil’s polar components, i.e. resins and asphaltenes) was found 

to decrease rapidly (from 8.5 to 1 mN/m) when NaCl concentration was below 0.2 M and more 

slowly (from 1 to 0.01 mN/m) at higher NaCl contents83. It was suggested that the presence of salt 

promoted and accelerated the diffusion of petroleum sulfonate molecules to the oil/water interface, 

resulting in interfacial activity increase, with a consequent IFT decrease83.   

Interestingly, in contrast, Liu et al.82 illustrated a minimum in IFT when NaCl concentration 

was increased in the fatty alcohol polyoxyethylene carboxylate surfactant solutions, clearly 

exhibiting a “V” shaped curve. This observation is supported by the results of Kumar and 

Mandal80, who reported that passes through a minimum with increasing NaCl content in anionic 

and cationic surfactant solutions. Notably, such a “V” shape of IFT as NaCl concentration function 

was also observed for nonionic surfactants60. Bera et al. associated the decrease in IFT with in situ 

formation of surface-active agents when NaCl salt was added60. 

Despite a considerable number of experimental studies, the existence of two different IFT-

salinity patterns cannot be satisfactorily explained. Therefore, while the descending IFT trend can 

be attributed to the surfactant molecules packing tightly at the interface (due to the reduction of 

electrostatic repulsive forces between charged molecules), the ascending IFT trend is not well 

understood. Bera et al.60 suggested that IFT starts to increase at the point where an accumulation 

of surface active-agents terminates. Another promising explanation is the partitioning of surfactant 

molecules into the oil phase as salinity increases, with a consequent formation of micelles in the 

oil phase84.   

However, due to complexities associated with the experimental procedures and limitations of 

experimental equipment, it is challenging to investigate the effect of ions at the atomic scale in 

such systems and capture their precise molecular arrangements at the interface, especially in the 

presence of surfactants85. 
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1.8 Impact on the wettability of carbonate reservoir rocks 

The wettability alteration from oil-wet towards more water-wet promotes the spontaneous 

water imbibition into a porous network and thus enhances the oil recovery during the injection. In 

this regard, many different surfactants have been tested as surface-active agents for wettability 

alteration in carbonates41.  

Table 1 represents some literature data of water advancing contact angle changes by using 

different surfactants in carbonates. As it can be seen in Table 1, the contact angle between water 

and carbonate surface changes toward a more hydrophilic state upon the addition of surfactants.   

Interestingly that the process of wettability alteration of rocks depends on the ionic nature and 

structure of surfactants. For instance, some anionic surfactants with proxy and ethoxy groups in 

the presence of Na2CO3 have been found to change carbonates’ wettability to water-wet86. Contrary 

to this, Standnes and Austad41 proposed that cationic surfactants are more effective in terms of 

wettability alteration in carbonates than anionic ones. The authors suggested the formation of ion 

pairs between positively charged surfactant heads and negatively charged acidic components 

adsorbed onto carbonate surfaces. As a result, this phenomenon facilitated the desorption of oil 

from the carbonate surfaces and thus, enhanced the oil recovery factor. It was also observed that 

the wettability alteration process caused by the electrostatic interactions predominates over the 

process caused by hydrophobic interactions. This suggestion has also been supported by Jarrahian 

et al., who studied wettability alteration of carbonate cores using the cationic (CTAB), anionic 

(SDS), and non-ionic (TritonX-100) surfactants42.  The authors concluded that CTAB was more 

effective than TritonX-100 and SDS in changing the wetting state of the surface. The mechanism 

of wettability alteration has been proposed to stem from the irreversible desorption of stearic acid 

from carbonate surfaces by CTAB. The non-ionic surfactant changed wettability to a weak water-

wet state by adsorbing onto the surface by ion exchange and polarization of π - electrons. Whereas 

ionic surfactant adsorbed onto a surface by hydrophobic interactions between surfactant tail and 

adsorbed acid and resulted in a neutral wetting state of surfaces42.  
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Table 1. Summary of contact angles changes caused by surfactants treatment. 

Surfactant Type 

Contact angle, ° 

Ref. Before 

treatment 

After 

treatment 

C12TAB cationic 

70 

12 

41 

C16TAB cationic 27 

C8TAB cationic 57 

C10TAB cationic 31 

Hyamine cationic 21 

Cropol anionic 55 

ADMBACl cationic 26 

B 1317 anionic 40 

APES anionic 44 

Gafac anionic 75 

SDS anionic 39 

S-74 anionic 49 

Akypo anionic 48 

S-150 anionic 63 

C16TAB cationic 150 

 

86 
87 

TritonX-100 non-ionic 97 

CTAB cationic 86 10 

80 SDS anionic 86 3 

Tween-80 non-ionic 86 8 

 

The anionic surfactant adsorption onto carbonates by hydrophobic interactions has also been 

observed using molecular dynamic simulations88. The authors illustrated a decrease in 20-30° of 

contact angle and weakening interactions between polar/non-polar oil components by using an 

anionic surfactant.  

It is interesting to point out that some surfactants can be less effective in wettability alteration 

but, on the other hand, very effective in IFT reduction80.  
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1.9 Surfactant adsorption onto carbonate reservoir rocks  

Surfactant adsorption during the injection process in an oil reservoir is one of the critical 

parameters to consider while planning surfactant flooding. The loss of surfactant decreases its 

effectiveness to lower brine/oil IFT and thus affects project technical and economic feasibility.      

Furthermore, despite anionic surfactants have shown a great potential for IFT reduction, the 

adsorption rate of such surfactants onto carbonate rocks was found to be very high in comparison 

with sandstone reservoirs. For instance, it was reported that the adsorption amount of anionic 

surfactant on limestone and sandstone equaled to 0.21 mg/g rock and 0.03 mg/g rock, respectively. 

In contrast, the adsorption amount of cationic surfactant onto carbonate rocks was found to be 0.12 

mg/g rock89. The high adsorption rate of anionic surfactants onto carbonates can be explained in 

terms of electrostatic interactions between the charged part of surfactant and rock surfaces. 

Generally, brine pH is approximately 7-8 at typical carbonate oil reservoirs with high Ca2+ 

content90. At these conditions, the surface charge of carbonate rocks is positive, which makes 

anionic surfactant with a negative charge attractive to it, resulting in high adsorption. Moreover, 

in high salinity brines with 5% CaCl2, MgCl2, or NaCl, the adsorption of anionic surfactant has 

been found to be higher due to the increased positive zeta-potential of the carbonate surfaces91.  

Several promising ways have been reported in the literature to overcome the challenge with 

high surfactant loss in carbonates. Traditionally, “sacrificial” agents, such as sodium bicarbonate, 

sodium carbonate, or polyacrylate, have been used in a mixture with injected surfactant fluids in 

order to decrease the adsorption92. The principal scheme of anionic surfactant adsorption onto 

carbonates and its reduction with agents is presented in Figure 692. 

 

Figure 6. The scheme of anionic surfactant adsorption onto carbonate rock (a) and reduced 

adsorption due to the use of a “sacrificial” agent (b)92. 

 

 In general, the inclusion of alkali causes pH increase (>7-8), resulting in an alteration of 

surface charge towards negative, which in turn leads to a decrease in electrostatic interactions of 
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anionic surfactant and surface. However, some carbonates consist of anhydrite (CaSO4) that can 

affect the effectiveness of alkali due to CaCO3 precipitation caused by the reaction93: 

 

𝐶𝑎𝑆𝑂4 +  𝑁𝑎2𝐶𝑂4  →  𝑁𝑎2𝑆𝑂4 +  𝐶𝑎𝐶𝑂3 ↓ 

 

It is important to point out that using cationic or non-ionic surfactants results in less adsorption 

in carbonates compared to anionic surfactant41. However, these types of surfactants have been 

reported to be less effective for brine/oil IFT reduction due to their chemical structure91. Therefore, 

more studies are required in this field in order to discover the optimal chemical composition based 

on surfactants and “sacrificial” agents that, on the one hand, reduce IFT and, on the other has low 

adsorption value onto carbonates.  

Recently, the use of novel nanoparticle suspensions has also been proposed to be effective and 

alternative to alkali way for decreasing adsorption of surfactant onto carbonates94.  

   

1.10 Surfactant flooding modification with nanoparticles  

A new class of additives, such as nanoparticles, have been recently proposed to enhance 

surfactant injection 87, 95-97. Since then, the interest in using nanoparticles in surfactant EOR has 

been rapidly growing, with many studies carried out. Nanofluids or nano-assisted chemical EOR 

is defined as an injection fluid consisted of 1-100 nm nanoparticles in colloidal suspension.  

Generally, nanoparticles are classified into three groups – metal oxides (Al2O3, ZnO, TiO2, 

ZrO2, SiO2, etc.), magnetic (Fe3O4, etc.), and metallic (Au, Ag, Cu, Pt, etc.)98-100. In terms of oil 

recovery, the most commonly tested nanoparticles are metal oxide owing to their unique physical 

and chemical properties, among others101. Importantly, these nanoparticles have shown high 

thermal stability and tolerance in the presence of mono – and divalent ions (brine)102. In this regard, 

many studies have been performed to evaluate experimentally the effectiveness of metal oxide 

nanoparticles aqueous suspension or combination thereof with surfactants as EOR agents.      

The main EOR mechanisms of nanoparticles addition to injection fluids (e.g. water, brine, or 

surfactant) include IFT reduction, wettability alteration, pore channels plugging, disjoining 

pressure effect, viscosity increase of injected fluids, and blocking asphaltene precipitation. The 

scheme of mechanisms of nano-assisted EOR is summarized in Figure 7103. 

 



28 
 

 

Figure 7. The scheme of mechanisms of nano-assisted EOR103. 

 

1.11 Nanoparticles influence on oil/surfactant interfacial tension 

One of the main purposes of surfactant flooding is decreasing capillary forces of water by 

reducing the water/oil IFT. Technically, water/oil IFT should be reduced to very low values (10-3-

10-1 mN/m) in order to increase the capillary number and decrease residual oil saturation58. 

However, such a significant IFT lowering effect has been observed only for the limited class of 

surfactants, the use of which is unfavorable economically as compared to other EOR methods at 

the field scale. Moreover, the thermal stability of surfactants and their salinity tolerance remain 

challenging to achieve at common reservoir conditions. 

 The addition of nanoparticles has been regarded as a promising way for enhancing surfactant 

properties by aiding in brine/oil IFT reduction and in increasing the stability of surfactant 

suspensions103. Furthermore, studies also suggest the nanoparticles could reduce the volume of 

surfactant needed for productivity improvement and thus could improve the project economy. 

By now, several studies have been published on the influence of different nanoparticles (ZnO2, 

Al2O3, SiO2) on water/oil interfacial and water/air surface tensions in the presence of surfactants96, 

104, 105. However, in these studies, limited ranges of nanoparticle concentrations (less than <500 
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ppm or higher than >5000 ppm) have been tested. Furthermore, there are limited data available 

regarding the influence of salts and temperature on IFT of nanoparticles–surfactant formulations 

as almost all measurements were conducted in distilled water under atmospheric conditions or only 

under specific reservoir conditions106. Moreover, the impact of nanoparticles on the interfacial 

layer remains unclear, with some contradicting trends reported in the literature. For instance, 

Ravera et al.107 reported that both interfacial and surface tensions of SiO2 nanoparticles augmented 

cationic surfactant solutions increased. 

On the contrary, Al-Anssari et al.108 and Lan et al.109 demonstrated that the addition of SiO2 

nanoparticles to both cationic and anionic solutions led to an IFT decrease. These results are 

supported by a study110, in which IFT reduction was observed in the presence of anionic surfactant 

and relatively high (10 wt.%) amounts of negatively charged nanoparticles. Furthermore, 

according to the results of Zargartalebi et al.111, the IFT between the anionic surfactant solutions 

with small inclusions of either hydrophobic or hydrophilic nanoparticles (1000 ppm SiO2) and oil 

significantly decreased when the surfactant concentration was below the critical micelle 

concentration (CMC). Contrary to this, Esmaeilzadeh et al.105 observed a slight IFT reduction 

between diluted surfactant solutions with 0.5 wt.% ZnO2 and oil. A further increase of surfactant 

concentration in solutions showed constant IFT for all nanoparticle concentrations tested105. In 

addition, SiO2 nanoparticles in a mixture with non-ionic surfactant Tween 20 showed a 77% 

reduction of IFT from 44 to 10 mN/m112. The same IFT decrease from 39 to 17.5 mN/m has been 

observed upon testing the Fe2O3/SiO2 nanocomposites for EOR application that resulted in 31% 

OOIP improving113. 

Despite having a significant number of publications in this area, researchers worldwide remain 

inconclusive over the interfacial behavior of nanoparticles augmented surfactant injection fluids. 

Therefore, further research in this area is required to unveil and explain the mechanism of 

nanoparticles effects on IFT.  

 

1.12 Nanoparticles influence on mobility ratio of injected fluids  

An important parameter for an indication of a displacement process is the mobility ratio 

between displacing fluid and displaced fluid (oil). The mobility ratio is defined as a ratio of injected 

fluid mobility to oil mobility39:  
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                                       𝑀 =
𝜆𝑖𝑛𝑗

𝜆𝑜
=

𝑘𝑟𝑖𝑛𝑗
𝜇𝑖𝑛𝑗

⁄

𝑘𝑟𝑜
𝜇𝑜

⁄
=

𝑘𝑟𝑖𝑛𝑗𝜇𝑜

𝑘𝑟𝑜𝜇𝑖𝑛𝑗
 ,                                         (Eq.2)  

        

where 𝜆𝑖𝑛𝑗 and 𝜆𝑜are mobilities of injected fluid and oil, respectively; 𝑘𝑟𝑖𝑛𝑗 and 𝑘𝑟𝑜  – injected 

fluid and oil relative permeabilities, respectively; µ𝑜,  µ𝑖𝑛𝑗  - viscosities of oil and injected fluid, 

respectively. 

 

It is known that high mobility ratio results in viscous fingering of injected fluids showing poor 

volumetric sweep efficiency and low oil recovery39, 40. As can be seen in Equation 2, the mobility 

ratio can be decreased when either the viscosity of injected fluids is increased, or the viscosity of 

an oil is decreased. One of the promising ways to increase the viscosity of injected fluids is to add 

nanoparticles. Indeed, the inclusion of nanoparticles to surfactant and CO2 based injection fluids 

showed a viscosity increase by several orders of magnitude compared to the neat fluids114. Indeed, 

Helgeson et al.115 proposed structural modification of cationic surfactant molecules into cylindrical 

micelles by the addition of cationically modified SiO2 nanoparticles (30 nm diameter). A 

monotonic increase in viscosity was also observed by Nettesheim et al.116 for cationic solutions in 

the presence of sodium nitrate and positively charged nanoparticles (30 nm). On the other hand, 

Bandyopadhyay and Sood117 observed that nanofluid viscosity first increased and then started to 

decrease with the increase of nanoparticle content in cationic surfactant cetyltrimethylammonium 

tosylate solutions. Therefore, more studies in this field are required in order to explain 

controversial trends in the literature.  

It is interesting to note that not only the concentration of nanoparticles affects the viscosity of 

surfactant solutions, but also the type of nanoparticles. For instance, the addition of SiO2 

nanoparticles resulted in a higher viscosity increase in comparison with Al2O3
118.    

 

1.13 Nanoparticles influence on wetting properties of carbonates 

Since the development of oil-wet carbonate reservoirs is emerging, different types and 

combinations of nanoparticles have been tested as additives to surfactant solutions in order to alter 

wettability towards more water-wet and thus enhance oil recovery87, 119. 

For instance, Omidi et al.120 tested the effect of Fe3O4/eggshell nanocomposites on wetting 

properties of carbonates separately and in mixture with commonly used surfactants CTAB 
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(cationic) and TR-880 (zwitterionic). It was observed that Fe3O4/eggshell nanocomposites 

decreased contact angle from 134.2° to 70.28° upon increasing the concentration of Fe3O4/eggshell 

from 100 to 1000 ppm. Moreover, the contact angle has been found to decrease in the presence of 

TR-880 surfactant and Fe3O4/eggshell mixture from 111.9° to 80.8° when only 500 ppm of 

nanocomposites was added. Notably, that the authors showed that the use of surfactant solutions 

in the absence of nanocomposites did not change the contact angle significantly. The minimum 

was achieved at 100°, which represented the oil-wet state of carbonate rocks.  

These results were supported by the finding of work119. The authors observed that the addition 

of SiO2 to SDS surfactant solutions resulted in further contact angle reduction in carbonates. 

Moreover, the effect was more significant when the surfactant’s concentration equaled to CMC. 

As such, it was found that the water advancing contact angle changed from ∿140° to 72° when 

only 0.2 wt.% of SiO2 was added to the SDS solution. In comparison, the treatment in the surfactant 

only solution resulted in contact angle reduction from ∿150° to 110°, showing hydrophobic 

wetting properties of carbonates. Therefore, the authors proposed that a mixture of SiO2 

nanoparticles with surfactant solutions could be an effective injection fluid for EOR application in 

carbonates, where the oil recovery process depends on wettability alteration.  

The effect of wettability alteration of carbonate surfaces has also been observed in other studies 

upon the addition of nanoparticles and/or nanocomposites to surfactant solutions. The results of 

these studies are presented in Table 2.  

As it can be seen from Table 2, the addition of nanoparticles and/or nanocomposites aids a 

surfactant solution to alter the wettability of carbonates towards more water-wet. As a result, the 

oil recovery factor also increases. These results have been obtained in different studies with 

different types of nanoparticles tested, and thus, nanoparticles have been widely regarded as a 

promising EOR agent in terms of wettability alteration.  

The mechanism of nanoparticles’ effect on the surface's wetting properties has been found to 

stem from the structural disjoining pressure. The explanation of this phenomenon was first 

addressed in the work of Nikolov et al. 130. According to the authors, the effect of structural 

disjoining pressure was observed when there was a wedge between fluid (oil) and rock (e.g. 

intermediate state), whereas no effect occurred when the water contact angle was more than 90° 

(e.g. hydrophobic state)131. Moreover, the structural disjoining pressure was found to be prevalent 

at the scales larger than the nanoparticles diameter130. 
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Table 2. The summary of studies on nanoparticles and/or nanocomposites effect on contact 

angle, and thus, wettability of carbonates. 

Type of 

chemicals 
Chemicals 

Contact angle, ° 

% OOIP Ref. Before 

treatment 

After 

treatment 

Nanoparticles 

SiO2 + DIW 54.8 57.7 2.9 121 

SiO2 + Brine 12 40 28 122 

SiO2 + Ethanol 55 78 23 123 

SiO2 + Xanthan 86 20 7.81 124 

Nanocomposites 

Fe2O3/SiO2 138 52 31 125 

Fe3O4/chitosan 127 92 10.8 126 

TiO2/SiO2/ 

xanthan 
135 45 19.3 127 

NiO/SiO2 174 32 - 128 

Surfactant + 

Nanoparticles 

L-Arg + SiO2 141 57 13.1 129 

SDS + SiO2 132 61 - 119 

L-Cys+SiO2 141 48 12.7 129 

CTAB + NiO 150 60 - 

87 
Triton + NiO 150 75 - 

CTAB + ZrO2 150 48 - 

Triton + ZrO2 150 78 - 

 

Indeed, when the surface substrate is immersed in a solution containing nanoparticles, 

nanoparticles tend to order inside the confined geometry of the wedge between oil droplet and 

surface (Figure 8). This phenomenon stems from the fact that such ordering increases the entropy 

of the dispersion due to permitting more freedom to nanoparticles in the bulk131. As a result, 

ordered layers of nanoparticles exhibit excess pressure, namely structural disjoining pressure, that 

tends to separate surfaces confining the nanoparticles. As such, the spreading of nanoparticle films 

on surfaces is driven by the structural disjoining pressure gradient directed towards the wedge from 
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the bulk solution and results in a change in the wetting state of the surface by desorbing the oil 

droplet.  

 

 

Figure 8. Structuring and ordering of nanoparticles in the wedge between oil and surface 

resulting in structural disjoining pressure gradient and desorption of oil from surface131. 

 

1.14 The principles of molecular dynamic simulations 

It was shown that an effective approach for detailed studying of effects associated with 

molecular interactions, arrangements, and orientations at microscale either at air/liquid85, 132, 133, 

liquid/liquid134, 135 or liquid/solid88 interfaces is molecular dynamic (MD) tool. The MD 

simulations have been regarded as a complement to traditional experiments, allowing to study the 

phenomena that cannot be captured in conventional ways. Apart from the MD technique, there is 

another well-known approach – Monte-Carlo (MC) simulations. However, the main advantage of 

MD over MC is that it provides information about the dynamic properties of the system, including 

phase diagrams, transport coefficients, time-dependent responses, etc.  

Overall, simulations serve as a bridge between experiments and theory (Figure 9). As such, a 

theory can be tested by performing simulations with the same model, while the model can be 

compared with experimental data. Another advantage of simulations is that it allows studying 
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system properties at conditions that are dangerous or impossible to achieve, e.g. high pressure or 

temperature.  

 

Figure 9. The schematic representation of simulations that serve as a bridge between 

microscopic and macroscopic properties of the system (left) and experiment with theory 

(right)136. 

 

The principle of MD simulations stems from numerical, step by step solution of Newton’s 

equation of motion, which for an atomic system with i components can be written136: 

 

𝑚𝑖𝑟̈𝑖 =  𝑓𝑖; 

𝑓𝑖 =  −
𝑑

𝑑𝑟𝑖
𝑈, 

 

where 𝑓𝑖 – forces acting between the atoms, 𝑟̈𝑖 – acceleration, 𝑈 – potential energy that is a function 

of 𝑟𝑁 = (𝑟1, … 𝑟𝑁) – a set of atomic coordinates.  

 

In order to calculate forces acting on atoms, the potential energy should be specified and 

calculated. In general, all information about potential energy in simulations is located in force 

fields. Force field is a set of functions that describe the interactions between atoms within one 
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molecule and between different molecules, intramolecular bonding interactions, and non-bonded 

interactions. As such, total potential energy can be represented by the sum of potential energy 

derived from non-bonded interactions and bonding potentials136:  

 

𝑈 = ∑
1

2
𝑘𝑖𝑗(𝑟𝑖𝑗 − 𝑟𝑜)2

𝑏𝑜𝑛𝑑𝑠 + ∑
1

2
𝑘𝑖𝑗𝑘(𝜃𝑖𝑗𝑘 − 𝜃𝑜)2 

𝑎𝑛𝑔𝑙𝑒𝑠 + 

+ ∑ ∑
1

2
𝑘𝑖𝑗𝑘𝑙(1 + cos(𝑚𝜑𝑖𝑗𝑘𝑙  −  𝛾𝑚))𝑚

 
𝑡𝑜𝑟𝑠𝑖𝑜𝑛
𝑎𝑛𝑔𝑙𝑒𝑠

+ 

+ ∑
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
+  ∑ {4𝜀𝑖𝑗 [(

𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

]}𝑣𝑑𝑊𝐶𝑜𝑙𝑜𝑢𝑚𝑏 , 

 

where 𝑈𝑏𝑜𝑛𝑑 − oscillations about the equilibrium bond length; 𝑈𝑎𝑛𝑔𝑙𝑒  − oscillations of 3 atoms 

about an equilibrium bond angle; 𝑈𝑡𝑜𝑟𝑠𝑖𝑜𝑛  − torsional rotation of 4 atoms about the central bond; 

𝑈𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑  − Lennard-Jones and Coulomb potential. 

 

Conventionally, bonding potentials include 𝑈𝑏𝑜𝑛𝑑 , 𝑈𝑎𝑛𝑔𝑙𝑒  and 𝑈𝑡𝑜𝑟𝑠𝑖𝑜𝑛 . The 𝑈𝑏𝑜𝑛𝑑 is given as 

a sum of the contributions of all bonds in the system. This can be taken as a chromonical oscillator, 

where our atoms are presented as balls, connected to a string. Angle bonding term (𝑈𝑎𝑛𝑔𝑙𝑒) 

involves three coordinates of atoms and is usually taken to be quadratic in the angular displacement 

from 𝜃𝑜. The torsion potential 𝑈𝑡𝑜𝑟𝑠𝑖𝑜𝑛  is defined as is a rotation between two groups, i.e. rotation 

between one bond, and involves four coordinate of atoms. The non-bonded interactions are 

represented by Coulomb potential and Lennard-Jones potential that calculates the Van der Waals 

interactions between atoms (Figure 10). The accurate handling of long-range forces is especially 

important while studying the systems of polyelectrolytes136.  
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Figure 10. Schematic representation of bonded and non-bonded interactions138. 

 

1.15 MD applications for studying surfactant and nanoparticles properties 

In the past decades, a considerable number of MD simulation studies have been published in 

the context of surfactant molecules adsorption at the liquid/liquid interfaces110, 134, 135, 138, 139. Some 

results of interfacial tension and configuration of surfactant molecules at water/oil interface 

calculated and predicted in simulation studies are in good agreement with experimental 

observations and theoretical models140, 141. For instance, Goodarzi and Zendehboudi142 performed 

the MD simulations of interfacial behavior of brine/oil in the presence of the non-ionic surfactant 

at various salt and different temperatures. It was shown that upon salt (NaCl and CaCl2) addition 

and increasing temperature up to 345 K, brine/surfactant/oil IFT started to decrease. The same 

descending IFT trends in the presence of anionic sodium dodecyl sulfate (SDS)143 and cationic 

cetyltrimethylammonium bromide (CTA)108 surfactants have been experimentally obtained in the 

literature. Moreover, MD has appeared to be an effective tool to study the conditions of micelles 

formation in solution, including size and molecular packing, and the counterions diffusion near 

the water/oil interface144. Chowdhuri and Chandra145 were the first to apply the MD tool to 

calculate the hydrogen bonds correlation functions of water molecules in aqueous NaCl and KCl 

solutions. Further, Bruce et al.144 showed that counterions diffusion in the water phase was 
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governed by the shell of surrounding water molecules that ions carried and the formation of 

contact-ion pairs between ions and the headgroup of SDS surfactant. However, despite this recent 

progress in understanding the surfactant and counterions interactions and arrangements, there is 

still a lack of studies regarding fundamental questions of surfactant properties under conditions 

representing reservoir ones, e.g. high salinity and temperature. 

Moreover, there is a limited number of MD studies about nanoparticles’ influence at the 

liquid/liquid interface. By now, the simulations of 3 nm SiO2 nanoparticles at the n-decane-water 

interface have been performed in the work146i. Authors showed that nanoparticles have a small 

impact on IFT between n-decane and water and tend to desorb from the interface further inside the 

aqueous phase, given their hydrophilic nature.  

Importantly, there are no MD simulation studies developing nanoparticles and surfactant 

molecules interaction models at the interfaces so far. The lack of this information can stem from 

the absence of well-tested hydrocarbon–water force fields and complexities associated with 

nanoparticles parametrization. Indeed, in practical applications nanoparticles diameter can be up 

to 80-90 nm, which requires high computational resources146. Therefore, in our work, we aimed to 

cover this knowledge gap by developing the models for nanoparticles and surfactant interactions 

with regard to make the screening process for nano EOR easier and convenient. 
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1.16 Research goal 

The main goal of this research is to improve the performance of surfactant injection into 

carbonate oil reservoirs using low-cost additives (such as nanoparticles) and investigate the 

mechanism of recovery through the scrutiny of the nanoparticles – surfactant and nanoparticles – 

rock interactions.  

As shown in Chapter 1, it is important to study the rock/brine/oil chemical interactions as it 

gives insight into how to optimally modify wettability towards mixed or water – wet using 

surfactant-based solutions, which in turn would increase the oil recovery factor from carbonate 

reservoirs. However, due to complexities associated with existing laboratory methods, which are 

typically based on macroscale (mm) observations, there is a serious lack of information about 

microscale wettability characterization of pores that describes the fluid-rock interactions. 

Furthermore, although many studies have been published regarding the nanoparticles' 

influence on surfactant properties, there is still a lack of understanding of their interactions' 

mechanisms. A systematic and comparative study of interactions between nanoparticles and 

surfactant molecules under different temperatures and various salinity conditions is also missing 

in this field. 

Moreover, due to complexities associated with the experimental procedures and limitations of 

experimental equipment, it is challenging to investigate the effect of ions at the atomic scale in 

surfactant systems and to capture their precise molecular arrangements at the interface. 

Importantly, there are no MD simulation studies developing nanoparticles and surfactant 

molecules interaction models at the interfaces so far. The lack of this information can stem from 

the absence of well-tested hydrocarbon–water force fields and complexities associated with 

nanoparticles parametrization. 

 

Therefore, in this research work, we covered the above-mentioned research gaps by resolving 

the following:  

 

 Investigation of the micro-scale wettability of carbonate reservoir and the reason of 

hydrophobicity of the rocks; 

 Screening, formulation, and optimization of nano-surfactant injection solutions with 

respect to the wettability results obtained in the previous stage, including determination of 
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interfacial behavior and measurements of the viscosity of nano-surfactant solutions under 

varying salt concentrations at different temperatures.  

 Investigation of the interfacial behavioral phenomena of different surfactants by molecular 

dynamics (MD) simulations at various salinities and temperatures. Formulation of 

principles and predictions of surfactants behavior at the interface for a wide class of ionic 

surfactants under varying salt concentrations at different temperatures. Explanation of non-

Gibbs interfacial behavior of some surfactants at elevated temperatures and salt effects at 

the interface.   

 Establishing and validating the model of silicon nanoparticles to be used in MD 

simulations. To investigate the molecular nano – surfactant interactions and nanoparticles 

effect on IFT of the injection solutions through MD simulations.  
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Chapter 2. Characterization of Organic Layer in Oil Carbonate Reservoir 

Rocks and its Effect on Microscale Wetting Properties 

 

2.1 Motivation  

Effective production of oil from carbonate reservoirs often requires the application of 

improved oil recovery technologies such as waterflooding. However, conventional waterflooding 

in carbonates usually results in low hydrocarbon recovery as most of these formations exhibit a 

complex pore throats structure and are mostly oil-wet. Therefore, improved insight into the causes 

of the hydrophobic wetting behavior of such reservoirs is important for understanding the fluid 

distribution, displacement and further enhancing recovery processes. The characterization of fluid-

rock interactions is, however, challenging with existing laboratory methods, which are typically 

based on macroscale (mm) observations. Therefore, in this work, the methodology for the 

comprehensive investigation of microscale (µm) wettability variations in carbonate rocks covered 

with organic layers has been developed. As such, the key element of this chapter is to investigate 

the nature of the layers adsorbed onto real carbonate surfaces that make wettability of carbonates 

oil-wet. 

Moreover, the chemical bond of this layer and carbonate rock surfaces should be discovered 

in order to formulate the optimal injection fluid with surfactant for future EOR. 

 

2.2 Materials and methods 

2.2.1 Core samples 

Carbonate rocks were sampled from the oil-saturated zone of an oil carbonate reservoir (Figure 

11). All of the cores consisted of 99.8% of calcite with small impurities of magnetite and quartz. 

Samples were subsequently cut and prepared for microscopic measurements. 

 

2.2.2 Core preparation 

Original core samples were broken into several clumps. Then, clumps were flooded with 

kerosene and toluene consistently to remove initial crude oil from the cores until effluents became 

transparent. Once the extraction was finished, clumps were dried to a constant weight and then 

placed in vials under the exhaust hood for 48 hours to complete solvent evaporation. Experiments 

were conducted with original core samples and the cores after kerosene and toluene extractions. 
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Figure 11. Optical image of studied carbonate rocks samples before treatment with kerosene and 

toluene 

 

2.2.3 SEM and ESEM tests 

In general, the principle of scanning electron microscope lies in detecting the interactions 

between the atoms in the analyzed object and the electron beam directed on the object at different 

depths. The interaction between electrons of the beam and the sample material results in the 

generation of various types of signals, including secondary electrons (SE), back-scattered electrons 

(BSE), characteristic X-rays and transmitted electrons. This data provides information about the 

topography of the sample and its elemental composition. Usually, detectors of secondary electrons 

are equipped in all SEMs, whereas not all SEMs have detectors of all other signals.  

Secondary electrons are detected from the first few nanometers (in-depth) of the sample surface 

as they have low energies ∿ 50 eV that limits their travel through the sample. However, the signal 

from SE provides images of a sample surface with a high-resolution ∿ 1 nm. In contrast, back-

scattered electrons are a result of reflection from the sample by elastic scattering effect and have 

higher energies than SE. Therefore, BSE are emitted from deeper areas of the sample, and thus, 

the image has less resolution than the SE image. However, the intensity of BSE signals is correlated 

with a particular atomic number of the sample, and thus, is usually coupled with characteristic X-

ray analysis. Characteristic X-rays are produced when the beam electron interacts with an atom 

from the sample and removes an inner shell electron from it, resulting in energy release. The 

wavelength or energy of such characteristic X-rays can be detected by Wavelength-dispersive X-

ray spectroscopy (WDS) or Energy-dispersive X-ray spectroscopy (EDX or EDXS), respectively. 
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This analysis provides information about the quantitative data of elemental composition in the 

sample and their distribution throughout the sample (map distribution).  

Conventionally, the work with a scanning electron microscope can be divided into two parts: 

the work in high vacuum mode (below 10–5 Pa) and the work in low vacuum mode (up to 4000 

Pa). The main advantage of the high vacuum mode is that it has the best spatial resolution, whereas 

the advantage of the low vacuum is the possibility to examine the samples in their initial state. 

However, the advantages of both modes can be combined by using cryogenic microscopy (Cryo-

SEM) under a high vacuum. By freezing the object, one can preserve its structure (the object is 

“alive”) and obtain an image with high spatial resolution due to the high vacuum. Importantly that 

it was shown that freezing a sample by liquid nitrogen would not affect the relative location of the 

fluids in the porous network147. 

Interestingly the wetting properties of surfaces can be studied by using advanced SEM coupled 

with a special Peltier table, namely Environmental Scanning Electron Microscopy (ESEM). The 

idea of this method is to achieve the condition to condense the moisture from the microscope 

chamber onto the sample surface. ESEM experiment suggests that the sample is placed into the 

vacuum chamber of the SEM on a Peltier stage, which allows maintaining the sample temperature 

in a range between −25 °C and +25 °C. For water condensation on the samples’ surface, the 

temperature should be held near 0 °C, and the chamber pressure should be varied in a wide range 

between 600 Pa and 900 Pa in order to achieve the dew point of water. 

Therefore, in this chapter, the wetting properties of carbonate surfaces with hydrocarbon layers 

were analyzed using SEM/FIB Versa 3D DualBeam (FEI, USA), equipped with a Schottky field 

emission gun and EDXS system (EDAX, USA). The study was conducted in high vacuum and 

ESEM modes. The images were obtained in the secondary electron (SE) mode using the gaseous 

secondary electron detector (GSED). 

At the beginning of the wettability study, it was important to achieve the conditions when water 

droplets start to condense from the chamber environment to the sample surface. Therefore, by 

varying the pressure and temperature in the chamber, it was experimentally observed that for 

sessile droplets, formation pressure should be kept around 850 Pa and a temperature of 0 °C. This 

is illustrated in Figure 12, which provides the sequence of droplets growing on an initial carbonate 

sample under conditions near the triple point of water: 0.1 °C, 850.1 Pa. 
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Figure 12. (a) ESEM image of the initial carbonate rock sample. The sample temperature was 

0 °C and chamber pressure was 550 Pa. (b) ESEM image of the same sample with formed water 

droplets. Micro-droplets of distilled water are marked by the white circles. The sample 

temperature was 0.2 °C and the chamber pressure was 850 Pa. 

 

2.2.4 Cryo-FIB 

In this chapter, we also aimed to study the physical-chemical properties of layer adsorbed onto 

carbonate rocks, including its elemental composition and thickness, and bonds within the layer and 

with the surface.  

Therefore, in order to study the properties of such layers, the cryogenic focused ion beam 

(Cryo-FIB) approach has been utilized. The main advantage of the Cryo-FIB technique is that it 

provides a unique opportunity to prevent structural damage of the sample during the preparation 

of thin cross-sections of heat-sensitive materials. The cross-section area of the sample was 

prepared by Ga+ FIB and the sample was protected with 2 μm Pt layer deposited by e− beam on 

the top of the area of interest before the FIB procedure.  

The experiments were carried out using Versa 3D FIB/SEM and Quorum PP3010T Cryo-

FIB/SEM Preparation System (Quorum Technologies Ltd, UK) at a temperature below −140 °C. 

Samples were placed into the vacuum chamber of the microscope on Cryo-stage. Cooling of the 

latter was ensured by the continuous circulation of liquid nitrogen. Sequential thinning of the 

sample with decreasing of accelerating voltages from 30 kV to 2 kV of Ga+ was used to minimize 

amorphization. 
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2.2.5 S/TEM 

The cross-section of the sample was studied in a Titan 80–300 S/TEM (FEI, USA), equipped 

with a Schottky field emission gun, spherical aberration corrector (Cs probe corrector), energy-

dispersive X-ray spectroscopy (EDXS) system (EDAX, USA) and Gatan Image Filter (GIF) 

(Gatan, USA). The research was carried out at an accelerating voltage of 300 kV in bright field 

and dark field modes. A high angle annular dark field (HAADF) detector (Fischione, USA) was 

used for obtaining Z-contrast images in the S/TEM mode. 

 

2.2.6 EELS 

The electron loss spectroscopy (EELS) has been utilized in order to study the chemical bonding 

within the layer and with the carbonate surface. The idea of this method lies in detecting the amount 

of energy loss by beam electron when it undergoes inelastic scattering (plasmon excitations, inner 

shell ionizations, inter-and intra-band transitions, phonon excitations and Cherenkov radiation) 

that in turn can be interpreted in terms of what resulted in energy loss.     

In this chapter EELS spectra were obtained in STEM mode from thin layers of the specimen. 

Qualitative analyses were carried out by comparing the actual shape of the ionization energy loss 

for the measured points from sample areas containing calcite and amorphous carbon148. 

 

2.2.7 Contact angle evaluation 

Once the appropriate conditions for droplets formation were found, droplet dimensions were 

determined using Fiji platform149. Contact angles (θ) were calculated using the height (h) and the 

radius (r) of extracted droplet profiles (Figure 13). Assuming that the droplet size is small, its 

profile can be approximated in the form of a circle. The following procedure was used to evaluate 

the contact angle on the microscale (µm): 

1. For the contact angles calculations, the images of droplets sitting on the sample surface tilted 

respectively their normal were obtained. 

2. After recording the images, the droplet profiles were cut from the SEM images using open-

source image processing software ImageJ coupled with Fiji platform149. 

3. After droplet profiles had been cut, they were rotated to a horizontal position in the image 

coordinates (pixels), where the shape of the droplet was quite clear. 

4. Distance in pixels was then converted into the length dimension (µm) using ImageJ software. 
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5. Once optimal orientation and length conversion had been obtained, the height and radius of 

droplets were determined by measuring the length of corresponded edges of droplets using 

ImageJ software. 

6. Once geometric parameters (h, r) had been detected, contact angles were calculated using the 

following equations: 

 

𝜃 = tan−1
ℎ

𝑟
; 

𝜃 = 2𝜃1. 

 

 

 

Figure 13. Drop shape analysis for contact angle evaluation. 

 

Wetting properties were defined by the contact angle value. The surface was considered to be 

hydrophobic if θ > 90° and hydrophilic if θ < 90°. Surfaces had mixed wetting properties if they 

consisted of both hydrophobic and hydrophilic zones. 

 

2.3 Results  

2.3.1 Micro-wettability investigation of the initial carbonate sample 

Before studying the physical-chemical properties of the adsorbed layer and the wetting 

properties of core samples after kerosene and toluene extractions, we established the methodology 

for obtaining reliable data of droplets growing at the surfaces. Owing to the fact that water droplets 

formation is an uncontrollable process in such conditions, and droplets condense randomly at the 
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surface, it was important to establish the measuring procedure for all samples to get accurate 

contact angle results. 

Indeed, as can be observed from Figure 14a, water droplets started appearing on the surface at 

1:32 minutes and then continue to grow until almost all of them coalesce into one large droplet 

(Figure 14d). Such coacervating changes the contact line between phases and impedes contact 

angle calculation. An example for the initial carbonate sample is shown in Figure 14, which 

illustrates that after a while droplets start to merge into each other, forming a large droplet that 

covers all surfaces. 

Thus, for the appropriate contact angles evaluation, we selected a water condensation time of 

around 1:30 minutes for this sample. Notable that this time is slightly different for different 

samples owing to the sample size, structure, and cooling rate.  

Therefore, we performed the time-lapse analysis of droplets formation with all samples prior 

to contact angle calculation in order to select the moment when droplets have just appeared. The 

same procedure has been suggested in the literature that describes ESEM method150, 151.  
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Figure 14. Water droplets formation on the initial carbonate surface in dependence of time from 

1:32 minutes (a) to 4:47 minutes (d). The sample temperature and chamber pressure were kept 

around 0 °C and 850 Pa, respectively for every experiment. 

 

Once thermobaric conditions and time for droplets growth have been experimentally found, 

the droplets were cut from the imaged region (Figure 15) and analyzed using image processing 

software ImageJ149 (see contact angle evaluation procedure) to calculate contact angle values 

(Figure 15b). 
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Figure 15. (a) ESEM image of initial carbonate rock with formed water droplets. (b) Extracted 

from (a) droplet with measured dimensions – the height of 0.24 µm and radii of 0.22 µm (left) 

and 0.23 µm (right). The average contact angle is 93 ± 1°. 

 

The measured micro-droplet height was 0.24 µm, and radii from the right side and the left side 

equaled to 0.23 µm and 0.22 µm, respectively. Then, the average contact angle was calculated to 

be 93 ± 1°. This value corresponded to the hydrophobic wetting behavior of the surface. 

The same procedure has been implemented for all other original samples (at least two droplets 

were cut and analyzed). The results are presented in Table 3. 
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Table 3. The contact angles that were calculated for all original samples. 

№ sample Time of droplets 

formation, min Contact angle Wetting preference 

1 1:28 1. 94˚± 2˚ 

2. 96˚ ± 4˚ 
Oil-wet 

2 1:33 1. 98˚± 4˚ 

2. 102˚ ± 4˚ 
Oil-wet 

3 1:35 1. 101˚± 1˚ 

2. 97˚ ± 6˚ 
Oil-wet 

4 1:30 1. 93˚± 1˚ 

2. 95˚± 3˚ 
Oil-wet 

5 1:31 1. 118˚± 7˚ 

2. 109˚ ± 3˚ 
Oil-wet 

6 1:27 1. 106 ˚± 5˚ 

2. 98 ˚± 3˚ 
Oil-wet 

7 1:32 1. 97˚± 3˚ 

2. 95˚ ± 3˚ 
Oil-wet 

8 1:28 1. 93˚± 5˚ 

2. 91˚ ± 3˚ 
Oil-wet 

9 1:27 1. 93˚± 2˚ 

2. 96˚± 3˚ 
Oil-wet 

10 1:24 1. 99˚± 3˚ 

2. 103˚± 4˚ 
Oil-wet 

11 1:30 1. 102˚± 6˚ 

2. 105˚± 2˚ 
Oil-wet 

12 1:25 1. 100 ˚± 7˚ 

2. 108˚ ± 2˚ 
Oil-wet 

 

As can be seen from Table 3, all original samples before kerosene and toluene extractions 

showed oil-wet preference on micro-level with contact angles more than 90˚. This can be due to 

the impact of oil that is presented on the carbonate surface. 

 

2.3.2 Micro-wettability investigation of the sample after kerosene extraction 

As it was found in the previous section, the wettability of the original rock is hydrophobic, 

which is caused by the abundance of oil in the samples. Kerosene solvent extraction has been 
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regarded as a mild extraction that removes the majority of oil from the sample, and thus, affects 

wettability. However, the effect of kerosene on wetting properties of the surface is still remained 

unrevealed due to complexities associated with capturing fluid-rock interactions. Therefore, in this 

part, we aimed to analyze the contact angle calculated on samples after kerosene extraction at the 

micro-level.  

Following the procedure (see the previous section) of water droplets growing at the surface, 

we first determine the time of their appearance for all samples studied. The data is presented in 

Table 4.  

As can be seen in Figure 16, kerosene removed all oil from the samples. However, a detailed 

study revealed that there are still some areas on surfaces that exhibit oil wetness (Figure 16b). The 

existence of areas with different wetting preferences suggests that microscale wettability is mixed 

wet. 

 

 

Figure 16. SEM images of carbonate rock surfaces before (a) and after (b) kerosene extraction. 

 

As such, some surface areas have shown strongly hydrophilic wetting preferences, while others 

– hydrophobic (Figure 17). This can be explained by considering the fact that kerosene is a mild 

solvent, i.e. it removes free or weakly bonded oil and cannot remove chemically adsorbed 

components from oil onto the interface.   

 



51 
 

 

Figure 17. ESEM images with formed water droplets on carbonate surface after kerosene 

extraction – (a) represents hydrophilic and hydrophobic areas, while (b) hydrophilic. 

 

The same results have been obtained for all samples after kerosene extraction (Table 4). The 

contact angles were calculated in two points in a way that one point represents the hydrophobic 

surface (where the droplet is approaching the shape of a sphere) and another one – hydrophilic 

(where the droplet is wetting the surface). However, in some samples, e.g. №4, 6, 8, 9, 10, and 11 

it was challenging to cut the area with a droplet as it has completely spread on the surface, showing 

the contact angle close to 0°. 

 Interestingly that in comparison with data for original samples, contact angles have decreased 

after kerosene extraction. Although contact angles have been reduced up to ∿ 2-14% (Table 4), 

the wetting state of the surface shows more hydrophobic behavior than hydrophilic. This fact can 

be explained in terms of forces that act between molecules within the adsorbate and between 

adsorbate and surface. As it was shown, kerosene removed the oil that was free or physically 

bonded with the surface or another layer of oil at a surface. As a result, oil components that have 

been chemically adsorbed onto the surface remained unmoved by kerosene. However, cleaning oil 

resulted in a decrease of forces acting within the adsorbate, making the attractive force acting 

between adsorbate and surface higher than them, and thus, the contact angle changed towards 

slightly hydrophobic.   
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Table 4. The contact angles that were calculated for all samples after kerosene extraction. 

№ sample 
Time of droplets 

formation, min 
Contact angle Wetting preference 

1 1:30 
1) 92˚± 7˚ 

2) 16˚ ± 3˚ 
Mixed-wet 

2 1:28 
1) 88˚± 3˚ 

2) 18˚ ± 4˚ 
Mixed-wet 

3 1:25 
1) 93˚± 2˚ 

2) 21˚ ± 5˚ 
Mixed-wet 

4 1:31 
1) 98˚± 8˚ 

2) ∿0 ˚ 
Mixed-wet 

5 1:27 
1) 101˚± 8˚ 

2) 43˚ ± 3˚ 
Mixed-wet 

6 1:34 
1) 96˚± 4˚ 

2) ∿0 ˚ 
Mixed-wet 

7 1:31 
1) 86˚± 3˚ 

2) 27˚ ± 5˚ 
Mixed-wet 

8 1:25 
1) 87˚± 5˚ 

2) ∿0 ˚ 
Mixed-wet 

9 1:30 
1) 85˚± 2˚ 

2) ∿0 ˚ 
Mixed-wet 

10 1:32 
1) 89˚± 3˚ 

2) ∿0 ˚ 
Mixed-wet 

11 1:28 
1) 94˚± 2˚ 

2) ∿0 ˚ 
Mixed-wet 

12 1:22 
1) 86˚± 6˚ 

2) 25˚ ± 2˚ 
Mixed-wet 

 

 

2.3.3 Micro-wettability investigation of the sample after toluene extraction 

In order to ensure that no free oil is left in the samples, rock samples have been further cleaned 

with toluene, which is regarded as a strong solvent. The oil-free samples were needed in order to 

study the properties of remained strongly adsorbed layers that are the first layers to adsorb onto 

carbonates, and thus, the reason of wettability alteration towards oil-wet.  
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Therefore, using the same procedure, experiments were conducted with the samples after 

toluene extraction. As it can be seen in Figure 18 (Sample 4) four water droplets were highlighted 

and analyzed – two were very similar with an average contact angle of 160 ± 3° (Figure 18c,d), 

one had dimensions of 0.19 µm (height) and 0.51 µm (diameter) with the average contact angle of 

73 ± 1° (Figure 18e), and the last droplet had dimensions of 0.07 µm (height) and 0.74 µm 

(diameter) with the average contact angle of 22 ± 2° (Figure 18f). The presence of several distinct 

contact angles, which represent hydrophobic and hydrophilic zones of surface, suggests that the 

sample’s micro-wettability is mixed. The same results have been obtained with samples after 

kerosene extraction. 

 

 

Figure 18. (a,b) ESEM images with formed water droplets on carbonate surface after solvent 

extraction; (c–f) Extracted droplet profiles from the picture (a,b) respectively with calculated 

contact angles; (c–e) droplet images represent mixed wetting properties of carbonate surface with 

two different types of contact angle – 160 ± 3° and 73 ± 1°; (f) image refers to hydrophilic 

wetting properties with the average contact angle of 22 ± 2°. X-ray analyses were performed in 

points 3, 4, 5 in (a) and 1, 2 in (b) ESEM images. The sample temperature and chamber pressure 

were kept around 0 °C and 850 Pa, respectively. 
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Results for all samples are presented in Table 5. As it can be seen in Table 5, the wetting 

preferences of carbonate surfaces have been changed towards more water-wet after toluene 

extraction. This is due to the fact that toluene is stronger as a solvent than kerosene. As such, 

almost all samples, except №3 and 4 showed complete water spreading on a surface with a contact 

angle close to 0˚. Interestingly that the hydrophobic areas have been still observed in all samples 

except for one sample, that showed completely water-wet wetting behavior. This finding can be 

explained by assuming that the analyzed area of this sample was not big enough to find 

hydrophobic zones.   

Furthermore, to analyze the type of surface to which water droplets have adhered, the EDX 

approach has been used. Elemental composition was determined for sample №7 in different points 

highlighted in Figure 18. Analysis of the surface which showed the non-oil-wet nature (Figure 18b 

points 1 and 2), showed the pure calcite (CaCO3) with less than 1% impurities, while elemental 

estimation of oil-wet surfaces (Figure 18a points 3 and 4) demonstrated strong carbon signal 

(Figure 19). 

Calcite (CaCO3) was determined at points 1 and 2 (Figure 19) using a simple proportion 

between concertation of elements: 

 

𝐶𝑎: 𝐶: 𝑂 = 20: 17: 63 ~ 1: 1: 3 

 

However, at points 3 and 4 no molecular formula was determined using this ratio due to the 

high amount of carbon, which exceeded the necessary amount for the calcite. As such, elemental 

composition, captured at points 3 and 4, confirmed the presence of the additional carbon, which 

represented the adsorbed organic layer on calcite. 
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Table 5. The contact angles that were calculated for all samples after toluene extraction. 

№ sample 
Time of droplets 

formation, min 
Contact angle Wetting preference 

1 1:26 
1) 85˚± 3˚ 

2) ∿0˚ 
Mixed-wet 

2 1:22 
1) 91˚± 4˚ 

2) ∿0˚ 
Mixed-wet 

3 1:23 
1) 95˚± 5˚ 

2) 18˚ ± 6˚ 
Mixed-wet 

4 1:28 

1) 162˚± 1˚ 

2) 158 ± 3˚ 

3) 73˚± 1˚ 

Mixed-wet 

5 1:24 
1) 104˚± 4˚ 

2) ∿0˚ 
Mixed-wet 

6 1:30 
1) 88˚± 2˚ 

2) ∿0˚ 
Mixed-wet 

7 1:26 
1) ∿0˚ 

2) ∿0˚ 
Hydrophilic 

8 1:21 
1) 85˚± 4˚ 

2) ∿0˚ 
Mixed-wet 

9 1:30 
1) 82˚± 3˚ 

2) ∿0˚ 
Mixed-wet 

10 1:25 
1) 81˚± 1˚ 

2) ∿0˚ 
Mixed-wet 

11 1:22 
1) 88˚± 3˚ 

2) ∿0˚ 
Mixed-wet 

12 1:26 
1) 82˚± 3˚ 

2) ∿0˚ 
Mixed-wet 
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Figure 19. EDX spectra of different points on the surface, showing element concentrations. 

Points 1 and 2 represent surfaces with the average contact angle of 22 ± 2°; points 3 and 4–

158 ± 3° and 162 ± 1° respectively; point 5–73 ± 1°. At points 3 and 4 a large amount of carbon − 

55 ± 3 at.% and 63 ± 4 at.% was obtained, respectively. 

 

2.3.4 Characterization of the thin organic layer 

To demonstrate the presence of the organic layer on the carbonate surface and study its 

physical-chemical properties, we used a carbonate sample after toluene treatment. Analysis of the 

sample after toluene extraction allowed the remaining organic layer to be determined without the 

influence of oil. The location of the organic layer on the sample was identified using the results 

for the micro-wettability study and supported by EDXS experiments with the cross-section 

specimen. The sample surface, which had hydrophobic wetting properties (Figure 18a), was cut 
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by the Cryo-FIB technique. Then, S/TEM, EDXS, and EELS analyses were carried out to 

characterize the microstructure of the sample, elemental composition, and thickness of the organic 

layer, respectively. This part of the study illustrates the most innovative and complicated 

procedures in micro-and nanoscales experiments presented in this chapter. 

Owing to the crisp contrast between phases (Figure  20d), the thickness of the organic layer 

was estimated by measuring the length of the dark layer between platinum and calcite. Using this 

criterion, the estimated thickness of the organic layer was 180 ± 12 nm. 

 

 

Figure 20. (a) ESEM image of the sample surface after toluene cleaning with formed water 

droplets. (b) The sample area from (a) after performing FIB milling procedure. (c) HAADF-

STEM image of an extracted cross-section of the sample with a platinum layer on the top for 
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sample protection. (d) Zoom-in of the sample in (c) illustrating that calcite was covered by an 

organic layer. 

To determine the chemical bond between the organic layer and calcite, we compared the EELS 

spectra from calcite, an organic layer, and the interface between calcite and organic layer (Figure 

21). In the EELS spectrum from calcite, the carbon K edge (C-K) indicates two narrow peaks at 

290 eV and 299 eV, which are well-defined as C=O (1s → π*) and C-O (1s → σ*) bonds of 

carbonate ion respectively148, 152, 153. The Ca L2,3, and O-K edges located at 351 eV and 548 eV 

were also identified. 

 

 

Figure 21. (a) The EELS spectra from calcite, an organic layer, and the interface between them. 

(b) The zoom-in of the EELS spectrum from the picture (a) representing the energy interval from 

275 eV to 400 eV. 

 

Focusing on the EELS spectrum from the organic layer, two peaks can be identified – one 

small sharp peak at 285 eV and a broader peak at 291.5–292 eV, which correspond to amorphous 

carbon152. A small O-K edge located at 547 eV was observed, indicating that oxygen was presented 

in the organic layer. In comparison with EELS spectra from calcite and from the interface between 

the organic layer and calcite, Ca L2,3 edge did not appear. 

The EELS spectrum from the interface between the organic layer and calcite represents one 

tiny shoulder at 285 eV and one broad peak at 292 eV, which are well-known as organic carbon 

C=C (1s → π*) and C-C (1s → σ*) bonds152. The sharp peaks of Ca L2,3 edge at 351 eV and O-K 

edge at 548 eV were also detected, indicating the presence of calcium and oxygen at the interface. 
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However, no carbonate group was observed, implying that the bond between the organic layer 

and calcite was not caused by carbonate bonding. The observations confirm that the organic layer 

is bound to calcite by the ionic bond between calcium (Ca2+) and oxygen (O−), which forms a 

constituent part of the carboxyl group (COO−) of oil acids or asphaltenes. 

Elemental analysis of the organic layer was then captured in three points (Figure 20 points 1, 

2, 3) in order to study the homogeneity of the layer composition along its length. We observed that 

the elemental composition of the organic layer remained the same throughout its length and the 

average concentration of elements was 96 ± 3 at.%, 2 ± 0.2 at.%, 1 ± 0.1 at.%, 1 ± 0.1 at.% for C, 

O, Si and S, respectively. However, the registration of hydrogen by EDXS is impossible. 

Nevertheless, such a large amount of carbon means that observed organic layers consisted most 

likely of hydrocarbons from oil, which were chemically adsorbed on the calcite by an ionic bond 

between Ca2+ and COO−. 

 

2.4 Summary 

In this chapter, water condensation experiments were accomplished by controlling the chamber 

pressure and temperature. With the temperature being kept near 0 °C, it was observed that water 

droplets started to form on carbonate surfaces at the pressure of 850 Pa. In this kind of experiment, 

one of the possible errors of contact angle estimation can occur when water droplets merge with 

each other and form one large drop (Figure 14). In this case, contact angles and surface wettability 

can be determined incorrectly due to an increase of the contact line between water and the surface. 

This problem can be resolved by performing the time-lapse experiments before measuring contact 

angles. To avoid further possible errors in the contact angle calculation caused by non-optimally 

oriented water droplets, we applied the procedure to extract the droplet from the image. Then, the 

geometrical dimensions of each droplet can be calculated more accurately (see the contact angle 

evaluation section). 

In the current work, the advanced microscopic technologies were first applied to identify the 

organic layers on carbonate surfaces. It was observed that the surface covered by hydrocarbon 

layers had hydrophobic wetting properties, while pure calcite exhibited hydrophilic. This result 

was also confirmed by EDXS analysis in the corresponding points of the surface. Additionally, the 

EDXS spectra were acquired from a number of points in order to obtain reliable quantitative data. 

One of the disadvantages of EDXS is the inability to detect hydrogen atoms. Thus, results obtained 
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for the elemental composition of the organic layer (Figure 20) are relative, and the presence of 

hydrogen should be considered in further studies. 

The Cryo-FIB approach with a combination of S/TEM experiments outlined in this work 

provides a significant contribution to the characterization of the organic layers on carbonate 

surfaces. Herein, the presence of a thin hydrocarbon layer was proved by using a combination of 

microscopic techniques. The number of authors154, 155 suggested that fatty acids and asphaltenes 

from oil had strong adsorption tendency to calcite and proposed that they could alter initial water-

wet wettability of minerals towards more oil-wet, which in turn would impact on oil or water 

displacement processes. However, by now, there was a lack of information about properties of the 

adsorbed layers because typically wettability was measured by standard methods on a macro-scale, 

which are limited and cannot account for the influence of the organic layers on micro-scale wetting 

properties. While the average wettability of a core sample was not addressed in this work, the 

calculated thickness of the hydrophobic organic layer (180 ± 12 nm) can be used in fluids 

displacement models in order to evaluate in a more accurate way the key parameters of fluids 

multi-phase flow through pore throats, such as capillary pressure curves. Moreover, the results 

obtained from methods developed herein can be used in understanding the causes of wettability 

alteration in carbonates. Herein, we suggest that asphaltenes react with calcium ions by the ionic 

bond between calcium (Ca2+) and oxygen (O−) from the carboxyl group (COO−). Then, on the 

surface of this organic layer other hydrocarbons from oil start to adsorb. As a result, wettability 

changes towards more oil-wet and water-injection ceases to be effective. Furthermore, we expect 

that other carbonate reservoirs with the high asphaltenes content in oil will have a similar cause of 

the surface wettability modification. 
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Chapter 3. Effect of nanoparticles on viscosity and interfacial tension of 

aqueous surfactant solutions at high salinity and high temperature 

 

3.1 Motivation 

As it was observed in the previous chapter oil components that consist of carboxylate groups 

(COO-) form the first adsorption layer onto carbonate surfaces. These adsorbed molecules further 

promote other components from oil to adsorb on them due to dipole-dipole or hydrophobic 

interactions. As a result, organic layers will be formed on carbonate surfaces, making carbonates 

wettability mixed or oil-wet. In such conditions, due to negative capillary pressure waterflooding 

will be ineffective unless surface modifying chemicals are added to injection fluid. It was shown 

that surfactants, as surface-active agents, can desorb organic layers from carbonate surfaces, 

resulting in wettability alteration towards more water-wet41. The driving force of organic layer 

desorption from a surface depends on a surfactant charge41. For instance, anionic surfactant with 

a negative charge will tend to react through hydrophobic interactions with adsorbed oil 

components. On the contrary, cationic surfactant with a positive charge will tend to form an ion-

pair interaction with negatively charged absorbed oil components, i.g. (COO-). 

Importantly the IFT between injection fluid and oil should also be lowered in order to avoid 

oil trapping and increase its production. Recently, it has been shown that nanoparticles can enhance 

surfactant properties, and thus, increase oil recovery. Although many studies have been published, 

the impact of nanoparticles on the interfacial layer remains unclear, with some contradicting trends 

reported in the literature104, 108, 111. Moreover, there is a lack of information regarding the influence 

of temperature and salinity on nanofluids’ effectiveness that limits their application in real oil 

fields.  

Therefore, in this chapter, we systematically studied the influence of nanoparticles on cationic 

and anionic surfactant properties under different temperatures and salinities. For this study, 

surfactants have been chosen based on their promising properties to desorb organic layers and 

increase oil recovery. The range of studied temperatures and salt concentrations corresponds to 

typical reservoir conditions.     
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3.2 Materials and Methods 

Therefore, two ionic surfactants were chosen based on a literature survey - one anionic (sodium 

olefin sulfonate, SOS, > 97 mol.% from Stepan Company, Northfield, IL, USA), and one cationic 

(erucyl bis-(hydroxyethyl)-methylammonium chloride, EHAC, > 99% mass fraction from Akzo 

Nobel) (Figure 22). The hydrophilic-lipophilic balance (HLB) of SOS surfactant is 40, which 

corresponds to a solubilizing agent for oil-in-water emulsions. Owing to the lack of information 

available for cationic hydrophilic groups, it is challenging to calculate the HLB value for EHAC 

surfactant. However, for typical cationic surfactant CTAB, the HLB value is 21.8, which also 

represents the solubilizing agent for oil-in-water emulsions.  

 

 

Figure 22. Surfactants used in this study a) sodium olefin sulfonate, b) erucylbis-(hydroxyethyl) 

methylammonium chloride. 

 

N-decane (> 99 mol.% purity from Sigma-Aldrich, St. Louis, MO, USA) was used as a light 

phase for IFT measurements. Deionized water was used to prepare different brines with sodium 

chloride (NaCl, >99.5 mol.% purity from Sigma- Aldrich). Hydrophilic silicon dioxide 

nanoparticles (trademark AEROSIL® 200, supplied by Evonik, Essen, Germany) were used as 

received to prepare surfactant nanofluids. The physicochemical properties of nanoparticles are 

listed in Table 6. 

 

3.2.1 Surfactant Nanofluids Preparation 

The brine solution with 6 wt.% concentration of NaCl was prepared using a magnetic stirrer at 

300 rpm at 25 °C and later diluted to make 1, 2, and 3 wt.% NaCl brines. Various solutions with 
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surfactant (0 – 1 wt.%) concentrations were prepared by mixing the appropriate amount of 

surfactants in the aqueous phase (water or NaCl brine) with a magnetic stirrer for a minimum of 2 

h at 25 °C. Subsequently, nanoparticles with varying concentrations (0.05 – 1 wt.%) were mixed 

with brine or surfactant solutions by sonication for 1 h (with 5 minutes break after every 15 minutes 

to avoid overheating) in order to obtain homogeneous solutions108. 

The high viscous samples were left to equilibrate and let all the air bubbles out for 1 day at 

room temperature. The phase separation in solutions was inspected by visual examination before 

every experiment under experimental conditions, and surfactant nanofluids were stable during 

testing time. 

 

Table 6. Properties of used nanoparticles. 

Properties Units Value 

SiO2 wt.% ≥99.8 

Type - Hydrophilic 

Molecular mass g/mol 60.07 

Specific surface area 

(BET) 
m2/g 200 ± 25 

Average primary 

particle size 
nm 12 

Bulk density g/L Approx. 50 

  

 
 

3.2.2 Interfacial tension measurements 

IFT measurements between n-decane and different aqueous solutions of surfactants and 

nanoparticles–surfactant mixtures were conducted using the spinning drop method (Kruss 

Tensiometer) as it is more convenient and accurate for measuring IFT below 20 mN/m156. Here, a 

drop of liquid with less density (n-decane) was placed inside the denser fluid (surfactant or 

surfactant–nanoparticle solutions) in the horizontal tube. Then, the tube was rotated, and the drop 

deformed into an elongated shape. Samples were assumed to be equilibrated when measured IFT 

values remained unchanged (±2%) for 30 min157. At the equilibrium point, the balance between 

surface tension and centrifugal forces defined the shape of the droplet. At a high angular velocity 
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ω (max. 15,000 rpm), the droplet shape becomes very close to a cylinder. In this case, the IFT 

values (γ) were calculated using the Vonnegut expression: 

 

𝛾 =  
∆𝜌𝜔2𝑅3

4
, 

 

where ∆𝜌 - is the density difference between light and heavy phases (n-decane and surfactant–

nanoparticles formulations, measured with an Anton Paar DMA 4200 M instrument); 𝜔2 - angular 

velocity and 𝑅3 is a shape radius.  

 

To avoid the influence of impurities on the results, before and after each experiment, the tube 

was cleaned with acetone and water and then dried with air. 

 

3.2.3 Viscosity Measurements 

Rheological experiments were carried out on an Anton Paar Physica MCR 302 stress-

controlled rheometer in order to measure the viscosity of surfactant solutions with and without 

nanoparticles. All tests were performed at atmospheric pressure and 25 ± 0.5 °C. After loading, 

the sample was left for at least 10 min at a certain temperature to reach equilibrium. Experiments 

with samples in the viscosity range of 1–100 mPa*s were carried out with coaxial cylinders (cup 

diameter – 10.84 mm and bob diameter and length – 10 and 14.98 mm, respectively). Samples in 

the viscosity range higher than 100 mPa*s were measured using a cone-plate sensor (diameter – 

25 mm and cone angle – 2°). The zero-shear (η0) viscosity of samples was estimated at the low 

shear stress regime when viscosity was an independent function of the shear rate. 

 

3.3 Results 

3.3.1 Critical micelle concentration and temperature effect on IFT  

It is well known that surfactant molecules reduce IFT between two immiscible fluids, such as 

oil and water, by adsorbing at the liquid-liquid interface. A surfactant concentration at which 

spherical micelles start to grow is known as CMC and varies for different surfactants158. The CMC 

is the main controlling parameter for surfactant properties and needs to be optimized for every 

surfactant system for improving oil recovery47. 
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The IFT of aqueous anionic and cationic surfactant solutions was measured and plotted as a 

function of their concentrations at 25 and 65 °C (Figure 23). The minimum equilibrium IFT was 

achieved for anionic and cationic surfactants at concentrations of 0.1 and 0.001 wt.%, respectively. 

These concentrations corresponded to the turning points of the curves and represented the CMC. 

It can be seen in Figure 23 that further addition of surfactants led to a slight IFT increase. Such 

gentle IFT growth could be caused by spherical micelles' formulation in solutions when fewer free 

surfactant molecules remained at the phases’ interface.  

 

 

Figure 23. Interfacial tension of n-decane against aqueous surfactant solutions – EHAC (top) 

and SOS (bottom) as a function of surfactant concentration (at 25 (black squares) and 65 (black 

circles) °C). 
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Such IFT patterns are consistent with those obtained with the other surfactant types108, 111. 

Anionic and cationic surfactants caused dramatic IFT reductions of 88% and 98%, respectively, 

compared with pure water. Note that the IFT value between water and n-decane is 52.97 mN/m159. 

It should also be pointed out that the IFT decrease was far more significant when a cationic 

surfactant was added compared with the anionic surfactant at the same concentration (C = 0.1 

wt.%) - 1.14 mN/m versus 7.7 mN/m, respectively. 

However, IFT increased gradually with increasing temperature from 25 to 65 °C for all 

measured surfactant concentrations (Figure 23). In the literature, different observations have been 

reported about the temperature effect on IFT. For instance, Aoudia et al.160 and Kamal et al.161 

reported that IFT between different anionic and amphoteric surfactant solutions and oil increased 

gradually with a temperature increase of up to 90 °C. In contrast, Saien and Akbari143 reported a 

decrease in IFT of SDS – toluene systems when the temperature was increased. According to 

Gibbs’s adsorption theory and the model developed in the work162, the change in IFT (dγ) can be 

calculated as:  

 

𝑑𝛾 =  −𝑅𝑇 ∑ Г𝑖𝑖 𝑑 ln 𝐶, 

 

where R is the gas constant, T is temperature, Г𝑖 is the surface excess concentration, and C is the 

molar concentration of surfactant in bulk.  

Thus, according to the equation an increase in temperature results in the decrease of IFT163. 

However, this contrasts some literature160, 161, and our experimental results, where IFT clearly 

increased with temperature. The authors66 explained such behavior with the complex composition 

of the used crude oil. This suggestion was supported by work conducted by El-Batanoney et al.69, 

who demonstrated that aromatic, paraffinic, and naphthenic components of crude oil had different 

patterns of IFT dependence on temperature. As such, IFT between surfactant solution and 

naphthenic oil displayed a decrease with increasing temperature. For aromatic oil, the IFT 

remained almost unchangeable up to 50 °C and started to increase above this temperature. The 

effect of temperature on surfactant solution/paraffinic oil IFT was controversial compared to that 

of the aromatic oil. Hence, the minima in IFT with temperature can be explained by the synergetic 

effect of different oils67. 
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In the present work, n-decane was used as a model oil, and thus, we suggest another 

explanation of the observed phenomenon. The ─OH groups in the EHAC and ─O groups in the 

SOS surfactant heads (Figure 22) can serve as donors and acceptors for hydrogen bond formation 

with the surrounding water molecules. It is known that, with increasing temperature, the number 

of hydrogen bonds in the system decreases164. Therefore, with increasing temperature, the 

hydrogen bonds between water and surfactant molecules are disrupted, resulting in a reduction of 

surfactant head solubility in water. Thus, EHAC and SOS surfactants become less soluble in water 

and exhibit more affinity to oil, and consequently, IFT increases. 

 

3.3.2 Effect of nanoparticles on IFT between aqueous surfactant–n-decane systems  

The effect of nanoparticles on IFT between aqueous surfactant solutions and n-decane with the 

selected SOS surfactant concentrations at ambient conditions is illustrated in Figure 24. Interfacial 

measurements were taken for concentrations below CMC 0.03 and 0.05 wt.%, near 0.1 wt.%, and 

above 0.5 wt.%. 

 

 

Figure 24. Interfacial tension of n-decane – SOS solutions with 0.03 wt.% (black squares), 0.05 

wt.% (black circles), 0.1 wt.% (black triangles), and 0.5 wt.% (black rhombs) surfactant 

concentrations as a function of nanoparticle concentration (0–1 wt.%) at 25 °C. 
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It can be seen (Figure 24) that the addition of small nanoparticles concentration (< 0.2 wt.%) 

to aqueous surfactant solutions with 0.03 and 0.05 wt.% concentrations resulted in IFT reduction. 

Such an IFT reduction can be interpreted using several approaches. First, due to the Brownian 

motion and repulsion forces of similarly charged surfactant heads and nanoparticles, some 

nanoparticles could approach the interfacial zone and contribute to the IFT reduction. This 

suggestion is supported by experimental108 and modeling146 results, which showed that the 

inclusion of silica nanoparticles to water/n-decane systems had only a slight effect on the water/n-

decane IFT in the absence of surfactant. On the other hand, due to the electrostatic repulsion 

between similarly charged surfactant molecules and nanoparticles, more surfactant molecules 

could move to the interfacial layer, resulting in further IFT reduction111.  

Further increase of nanoparticles concentration in 0.03 and 0.05 wt.%-concentrated surfactant 

solutions led to the slight increase of IFT values (Figure 24), which could be caused by 

nanoparticle agglomeration, which prevented them and surfactant molecules from reaching the 

interfacial zone165. It can also be seen in Figure 23 that the addition of nanoparticles to highly 

concentrated surfactant solutions (>0.1 wt.%) showed no impact on the IFT values. We 

hypothesize that, when surfactant concentration is higher than CMC, the interfacial zone consists 

mostly of surfactant molecules with no available space for nanoparticles. As such, nanoparticles 

mostly remained in the water phase and could not reach the interface and, thus, had no effect on 

IFT.  

Cationic surfactant nanofluids showed more complex behavior, which could be caused by the 

intermolecular interactions between oppositely charged nanoparticles and surfactant molecules. 

As shown in the phase separation diagram (Figure 25), stable homogeneous surfactant nanoparticle 

formulations were obtained only when the surfactant concentration was above 0.7 wt.%, 

independent of nanoparticle concentration. This surfactant concentration was greater than CMC 

and corresponded to the semidilute regime of solutions166. 

Consequently, a 0.7 wt.% EHAC surfactant concentration was selected in order to test 

homogeneous solutions with respect to their IFT values against n-decane (Figure 26). Clearly, the 

IFT pattern resembled the IFT pattern of the anionic surfactant. We suggest that, at low surfactant 

concentrations (< 0.7 wt%), the majority of surfactant molecules rather adsorb onto nanoparticles 

(due to the attractive electrostatic forces) than approach the interface. However, a surfactant 

concentration below 0.7 wt.% was insufficient to prevent the aggregation and precipitation of 
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nanoparticles. Consequently, 0.7 wt.% was the surfactant threshold concentration for stabilizing 

the nanofluid. This value is higher than CMC because nanoparticles may need to be dispersed by 

forming a network with surfactant micelles115. 

 

 

 

Figure 25. Phase diagrams of aqueous mixtures of cationic EHAC (top) and anionic SOS 

(bottom) surfactants with nanoparticles at 25 °C. Filled circles – heterogeneous solutions, open 

circles – homogeneous solutions. 
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Figure 26. The interfacial tension between n-decane and 0.7 wt.% aqueous cationic surfactant 

solution as a function of nanoparticles concentration at 25 °C. 

 

The minimum IFT (0.38 mN/m) was achieved when only 0.05 wt.% of nanoparticles were 

added to EHAC solutions. When nanoparticles concentration was above 0.05 wt.%, IFT started to 

increase, which implied that the number of surfactant molecules adsorbed at the interface 

decreased. Both descending and increasing trends of IFT can be explained in terms of attractive 

forces that act between the oppositely charged EHAC head group and nanoparticles. Indeed, at a 

low nanoparticle concentration (< 0.05 wt.%), the reduction of IFT can be explained by 

considering that nanoparticles, adsorbing the positively charged surfactant molecules, become 

more hydrophobic and, thus, move toward the interface carrying surfactant molecules167. It is 

worth noting that the observed phenomenon can also be attributed to the decrease of the negative 

surface charge of nanoparticles due to the adsorption of positively charged surfactant molecules. 

Thus, nanoparticles serve as carriers of surfactant molecules into the interfacial zone due to 

Brownian motion, contributing to the IFT reduction. However, at high nanoparticle concentration 

(>0.05 wt.%), the IFT increase is related to the electrostatic interactions between surfactant 

molecules and nanoparticles in bulk. Consequently, fewer surfactant molecules can move to the 

interfacial zone and cause IFT reduction. Furthermore, at high nanoparticle concentration, 

nanoparticles can form a layer near the interface that prevents surfactant molecules from reaching 

the interface165. 
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3.3.3 Effects of salinity and temperature on IFT 

IFT of SOS and EHAC surfactant–nanoparticle formulations were studied over a wide range 

of salt concentrations (0–6 wt.% NaCl) and temperatures (25–65 °C). When nanoparticles were 

absent, the IFT was gradually reduced with increasing NaCl content (Figures 27 and 28), consistent 

with results for other surfactants-oil systems168, 169.  

It can be seen from Figures 27 and 28 that the addition of 6 wt.% NaCl had a significant effect 

on the IFT of 0.1 wt.% SOS solution (2.09 mN/m, a 58% reduction) and 0.1 wt. % EHAC solution 

(0.02 mN/m, an 89% reduction). We hypothesized the following explanation for this phenomenon. 

Without salts, surfactant molecules were adsorbed at the interface randomly, suppressed by 

electrostatic forces between them. When salts were added to these ionic surfactant solutions, some 

salt cations and anions as counterions interacted with the polar surfactant heads, screening the 

electrostatic repulsion between the likely charged surfactant groups. By increasing the electrolyte 

content, more counterions were attracted to the polar surfactant heads, allowing them to approach 

each other. Consequently, surfactant molecules were packed more densely at the water-oil 

interface, and as a result, the IFT reduced rapidly. 

It is interesting to point out that the IFT patterns of both surfactants in the presence of salt 

passed through a minimum with increasing temperature (“V” pattern). First, the IFT decreased and 

reached the minimum at 35 °C; then, above this temperature, IFT started to increase slightly. 

However, IFT values at 65 °C did not exceed the values at 25 °C and remained below 0.4 and 0.75 

mN/m for anionic and cationic surfactants, respectively. The descending IFT pattern at 

temperatures below 35 °C can be explained by the closely packed surfactant layer at the interface, 

formed because of a counterion screening effect80. However, the increasing IFT trend above that 

temperature can be due to the decrease in the number of hydrogen bonds between the surfactant 

head groups and surrounding water molecules72, 164. Thus, surfactant heads become less soluble in 

water and exhibit a higher affinity to the oil phase and therefore diffuse further inside the oil phase, 

resulting in an IFT increase. 
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Figure 27. The interfacial tension between n-decane and SOS surfactant solution of 0.1 wt.% in 

distilled water (black rhombs) and 1 wt.% NaCl brine solution (black squares), 2 wt.% NaCl 

brine solution (black circles), 3 wt.% NaCl brine solution (black triangles), and 6 wt.% NaCl 

brine solution (open circles) as a function of temperature (25–65 °C). 

 

 

Figure 28. The interfacial tension between n-decane and EHAC surfactant solution of 0.1 wt.% 

in distilled water (black rhombs) and 1 wt.% NaCl brine solution (black squares), 2 wt.% NaCl 

brine solution (black circles), 3 wt.% NaCl brine solution (black triangles), and 6 wt.% NaCl 

brine solution (open circles) as function of temperature (25–65 °C). 
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Furthermore, it can be seen in Figure 29 that the general IFT pattern of SOS solutions with 

nanoparticles also had a well-defined minimum at the same temperature. Notably, silica 

nanoparticles had a slight effect on IFT in the presence of salt (Figure 29). Indeed, the addition of 

0.1 wt.% SiO2 to 0.1 wt.% SOS surfactant brine solution (1 wt.% NaCl) further reduced IFT by 

up to 10% (in comparison with IFT of 0.1 wt.% SOS in 1 wt.% brine NaCl solution without 

nanoparticles) at 25 °C. With a further increase in temperature and salinity, the influence of 

nanoparticles on IFT became more insignificant as brine SOS solutions and nanoparticle-

augmented brine SOS solutions had almost the same IFT values (Figures 27 and 29). Therefore, it 

can be stated that IFT reduction is related to the addition of electrolytes to solutions and, with a 

lesser impact, to nanoparticle content. 

 

 

Figure 29. Interfacial tension of n-decane – Nanosurfactant formulations of 0.1 wt.% SOS and 

0.1 wt.% nanoparticles in 1 wt.% NaCl brine solution (black squares), 2 wt.% NaCl brine 

solution (black circles), 3 wt.% NaCl brine solution (black triangles), and 6 wt.% NaCl brine 

solution (open circles) as a function of temperature. 
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3.3.4 The viscosity of Surfactant–Nanoparticle Formulations 

The viscosity of aqueous and brine SOS and EHAC nanofluids were investigated. The effect of 

salt and nanoparticles on the viscosity of SOS surfactants solutions is presented in Figure 30. For 

comparison, the viscosity of pure 0.1 wt.% SOS solution, which was used for the preparation of 

brine nanoparticle-augmented solutions, is also presented. The inclusion of salt and nanoparticles 

had a slight effect on the viscosity, i.e., the viscosity of neat 0.1 wt.% SOS solution equaled 1.01 

mPa*s, while the viscosity of 1.5 wt.% NaCl brine 0.1 wt.% SOS and 1.5 wt.% NaCl brine 0.1 

wt.% SOS with 0.1 wt.% nanoparticles amounted to 1.1 mPa*s and 1.3 mPa*s, respectively. 

Viscosity was independent of shear rate within the measured interval (from 0.1 to 100 1/min); thus, 

SOS solutions in the presence of nanoparticles were Newtonian fluids that exhibited similar 

viscosity as water170. This phenomenon can be explained by taking into account the same negative 

charge of nanoparticles and surfactant molecules that prevent their interactions. In contrast, 

nanoparticle addition to 0.7 wt.% EHAC surfactant showed a significant effect on nanofluid 

viscosity (Figure 31). From Figure 30b, it can be seen that the neat 0.7 wt.% EHAC solution with 

1.5 wt.% NaCl used for further preparations of the mixtures with nanoparticles had a relatively 

high viscosity (3500 mPa*s), which was higher than that of water and SOS solutions by 3 orders 

of magnitude. Such high viscosity of aqueous EHAC solutions with salt can be explained by taking 

into account the structural modification of surfactant spherical micelles to the long cylindrical 

micelles upon salt addition, which exhibits polymer-like behavior166. The viscosity of aqueous 

EHAC solution with 0.05 wt.% nanoparticles is also shown in Figure 31c. It can be seen that the 

mixture of nanoparticles with aqueous EHAC surfactant solution had a low viscosity (1.1 mPa*s), 

which is close to that of water170. In contrast to this, nanoparticle addition to 1.5 wt.% NaCl brine 

EHAC solution resulted in viscosity-increasing by 1 order of magnitude in comparison with that 

of brine EHAC solution without nanoparticles (Figure 31a). In the literature117, it is suggested that 

nanoparticles mostly contribute to the screening effect of electrostatic repulsion of surfactant 

heads, acting as electrolytes without direct interaction with surfactant molecules. However, in this 

work, we show that the addition of nanoparticles to EHAC solutions led to a significant viscosity 

increase only in the presence of salt, whereas the viscosity of nanoparticle augmented EHAC 

solutions without salt remained low. Therefore, we suggest that nanoparticles had a lesser impact 

on the screening effect of charged surfactant heads than salt. Here, we propose the following 

explanation for the influence of nanoparticles on EHAC solution viscosity. In the absence of 
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electrolytes, oppositely charged surfactant molecules can adsorb on the particles, forming a double 

layer on them. Due to attraction forces and hydrophilic interactions between surfactant heads and 

nanoparticles, the formation of microemulsions (particle at the center with the outer layers of 

surfactant molecules) occurs, and thus, solutions exhibit low viscosity (Figure 31c). 

On the other hand, when salt is added to an aqueous EHAC solution, salt counterions screen 

electrostatic repulsion of the surfactant heads; thus, surfactant molecules can approach close to 

each other, causing the formation of long cylindrical micelles in solution166. Finally, we suggest 

that, when nanoparticles are added to a surfactant solution with salt, some surfactant molecules 

interact with nanoparticles, forming microemulsions, while other surfactant molecules form 

cylindrical micelles. In this case, two types of aggregations are present in the solutions. Therefore, 

microemulsions can be involved in the formation of a network with cylindrical micelles, acting as 

bridging points between micelles (Figure 31) and, thus, further increasing solution viscosity. 

 

 

Figure 30. Viscosity of pure 0.1 wt.% SOS solutions (black squares), 0.1 wt.% SOS solution 

containing. 1.5 wt.% NaCl (black circles), and 0.1 wt.% SOS solutions containing 1.5 wt.% NaCl 

and 0.1 wt.% SiO2 (black triangles) at 25 °C. 
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Figure 31. Viscosity of 0.7 wt.% aqueous EHAC at 25 °C with a) 1.5 wt.% NaCl and 0.05 wt.% 

SiO2; b) 1.5 wt.% NaCl; c) 0.05 wt.% SiO2. 

 

3.4 Summary 

In this chapter, we systematically tested the influence of hydrophilic silica nanoparticles on the 

viscosity and interfacial properties of anionic (SOS) and cationic (EHAC) surfactant solutions. 

Based on the results obtained in this study, the main findings were stated: 

1. The addition of nanoparticles to both cationic and anionic aqueous surfactant solutions further 

decreased IFT. However, the minimum of IFT was achieved when SOS surfactant 

concentration was less or near CMC, at low nanoparticle concentration (0.2 wt.%). However, 

a minimum of IFT for EHAC was observed when surfactant concentration was higher than 

CMC, and nanoparticle concentration was 0.05 wt.%. 

2. IFT was strongly influenced by temperature and salt (NaCl). The IFT curves of brine SOS 

solutions with nanoparticles passed through a minimum with increasing temperature (“V” 

pattern). Furthermore, IFT reduction was more pronounced in solutions with salt than with 

nanoparticles. Thus, the IFT reduction is related to the addition of electrolytes to solutions and, 

with a lesser impact, to the addition of nanoparticles. 

3. The impact of salt and nanoparticles on the bulk viscosity is cooperative. The addition of 

nanoparticles and salt to cationic surfactant solutions significantly increased solution viscosity 

(up to 10,000 mPa*s). Thus, nanoparticles can also serve as an effective viscosity modifier of 

injected fluids. 
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Overall, the results indicate that interactions between electrolytes and nanoparticles are 

competitive in the interfacial region and cooperative in the aqueous bulk. The contrast was more 

pronounced when the surfactant and particle had opposite charges. Results show that, for 

applications, an appropriate combination of surfactant/electrolytes/nanoparticles needs to be 

carefully selected to avoid negative synergism. 
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Chapter 4. Molecular insights in the temperature effect on adsorption of 

cationic surfactants at liquid/liquid interfaces 

 

4.1 Motivation 

As it was observed in the previous chapter, the experimental interfacial tension of the 

surfactants increased at high temperatures (65 °C). This interfacial behavior contradicts the well-

known Gibbs theory that predicts the decrease of IFT with temperature increasing. According to 

Gibbs's theory, an increase in temperature results in an increase in the area per molecule, with a 

consequent decrease in the surface excess concentration of the surfactant64. Thus, IFT is expected 

to decrease with increasing temperature. However, there are a considerable number of 

experimental studies showing that IFT can also increase at high temperatures65-68. However, 

experimental investigations of temperature effect on liquid/liquid interfacial properties at 

microscale are challenging due to complexities associated with experimental procedures and 

limitations of experimental equipment to capture the structural properties of molecules at the 

interface. Therefore, an explanation of the deviation from Gibbs’s theory is still not well 

understood.  

Notably that in our previous chapter, we observed that EHAC surfactant significantly decreases 

IFT between water at room temperatures. Moreover, in the presence of salt, this surfactant forms 

wormlike micelles in the aqueous phase, thus causing remarkable viscoelasticity and high solution 

viscosity (~104 mPa*s). Therefore, EHAC can be used as a promising surfactant for either lowering 

water/oil IFT or increasing the viscosity of injected fluids when concentrations of surfactant and 

salt are correctly selected. However, the temperature influence on the interfacial properties of 

aqueous EHAC solutions remains unclear owing to the complex structure of the surfactant head in 

comparison with widely tested cationic surfactants. 

MD simulation is one of the most effective approaches, which provides one with information about 

molecular insights into interactions and arrangements on the microlevel. Therefore, in this study, 

we aimed to examine the temperature effect on the adsorption process of the surfactant molecules 

(EHAC and cetyltrimethylammonium chloride (CTAC) at the water/n-decane interface. By 

studying cationic surfactants with different head structures but with identical counterion (Cl−), we 

investigate the structural properties of surfactants at the interface. This study focuses on the 

following aspects: how the chemical structure of surfactants affects their packing at the interface 
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and how temperature influences on molecular arrangements between surfactant molecules and 

counterions at the interfacial zone. Thus, we demonstrate the connection between thermal and 

structural properties of cationic surfactants, and as a consequence, the hydrogen bonding role at 

the water-surfactant-n-decane zone. 

 

4.2 Materials and Methods 

4.2.1 Computational method 

The liquid-liquid interfaces were simulated by the GROMACS 4.5.5 package171 using a time 

step of 20 ns, as it was verified in the literature85. The molecular interaction parameters were 

computed using the GROMOS force field172, 173. Water was modeled by the implementation of a 

single point charge (SPC) model, which has been successfully used to obtain the best equilibrium 

distributions at the interface75,174. The molecular structures and topologies of EHAC and CTAC 

were obtained from PRODRG generator175. The charge distribution among atoms (Table 7) was 

selected and adjusted from that proposed in the literature176, such that the system charge remained 

neutral. The simulation boxes were constructed by placing slabs of surfactant layers (2 nm each) 

around the n-decane layer (thickness 6 nm) and visualized using the visual molecular dynamics 

(VMD) tool177. The z dimension of the box with n-decane and surfactant molecules was increased 

to 18 nm to create regions for water molecules filling, as shown in Figure 32. Then, to obtain zero 

total charge of the systems, an appropriate number of counterions (Cl−) were inserted by replacing 

the water molecules. The particle-mesh Ewald (PME) method of summation was used for careful 

and reliable computation of the electrostatic interactions144. The initial size of the simulation box 

was 4 × 4 × 18 nm3 for each system. 

By taking into account that the EHAC head was bigger and more hydrophilic than that of 

CTAC (Figure 32), different numbers (4 EHAC and 6 CTAC surfactant molecules that 

corresponded to 0.4 × 10−6 mol/m2 and 0.6 × 10−6 mol/m2 respectively) were placed at each side 

of the box. These concentrations were less than critical micelle concentration (CMC) of EHAC 

(0.04 mM)94 and CTAC (0.92 mM)178, and were consistent with other simulation studies of 

cationic surfactants adsorption at liquid/oil interface132, 179. The simulations were carried out at 

atmospheric pressure (1 bar) and at different temperatures – 298 K, 318 K, 338 K, 353 K, and 368 

K. After the simulation box was constructed, the energy minimization was performed by using the 

steepest descent method with the cut-off scheme for Coulomb and van der Walls forces of 0.9 nm. 



80 
 

The first simulation step was performed with a constant number of molecules and a volume and 

temperature (NVT) ensemble using a Berendsen barostat coupled with a simulation of a constant 

number of molecules, pressure, and temperature (NPT) with the time step of 400 ps. Then the 

productive simulations were run for 20 ns with a constant number of molecules, volume, and 

temperature (NVT) using the Nose-Hoover thermostat. The NVT and NPT simulation steps were 

consistently performed before the system production runs for all temperatures. 

The interface tensions, density profiles, distribution functions of n-decane, ions, and 

surfactants, and number of hydrogen bonds were calculated using GROMACS. 

 

4.2.2 Interfacial tension measurements 

Interfacial tension measurements between n-decane and surfactant aqueous solutions were 

conducted using the spinning drop method (Kruss Tensiometer). Here, the drop of n-decane (less 

dense fluid) was placed inside the surfactant solution in the horizontal tube. Then the tube rotated, 

and the drop deformed into an elongated shape until it reached the equilibrium point. IFT was 

calculated when values remained unchanged (±4%) for half an hour. To avoid the influence of 

impurities on the results, before and after each experiment, the tube was cleaned with acetone and 

water then dried in an oven. The temperature was controlled and maintained with the high precision 

water thermostat supplied by Kruss, having an accuracy of ±0.1 °C. 
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Figure 32. Surfactants used in this study: a) erucyl bis-(hydroxyethyl)-methylammonium 

chloride; b) cetyltrimethylammonium chloride and c) simulation box: red – oxygen, cyan – 

carbon, blue – nitrogen. 

 

Table 7. Charge distribution of EHAC and CTAC surfactants and ions. 

EHAC CTAC 

Atoms Charge (e) Atoms Charge (e) 

CHx 0 CHx 0 

α-CH2 +0.250 α-CH2 +0.250 

O - 0.700 CH3 (-N) +0.250 

H +0.435 Cl -1 

CH2 (-N) +0.250   

CH2( -CH2) +0.265   

Cl -1   
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4.3 Results  

4.3.1 Interfacial tension calculations 

The simulation results for interfacial tension between water/n-decane in the presence of EHAC 

and CTAC surfactants at 298 K, 318 K, 338 K, 353 K, and 368 K are presented in Figure 32a, b, 

respectively. To achieve accurate values, the last 1000 ps of simulation data was used to calculate 

the interfacial tension (Figure 33c). The error bars were acquired by calculating the standard 

deviation of data over the last 1000 ps for every production run. 

When the interface is perpendicular to the z-axis direction, the interfacial tension (γ) can be 

determined from76: 

 

𝛾 =  − ∫ (𝑝′(𝑧) − 𝑝)𝑑𝑧
𝐿𝑧

0

, 

 

where 𝑝′(𝑧) is the lateral pressure, 𝑝 is the bulk pressure, 𝐿𝑧 is the box length along the z-axis. 

 

Assuming that in the bulk solution 𝑝 = 𝑝′(𝑧) and taking into account that there are two 

interfaces (Figure 32), the integral (1) can be calculated by extending it to infinity76: 

 

𝛾 =  −
1

2
 (

𝑝𝑥+𝑝𝑦

2
− 𝑝𝑧) 𝐿𝑧, 

 

where 𝑝𝛼 represents the three diagonal elements of the pressure tensors 𝑃𝛼𝛼  (𝛼 = 𝑥, 𝑦, 𝑧) along the 

axis. 

 

As it can be clearly seen from Figure 33b, the IFT dropped with temperature increase in all 

simulations with CTAC surfactant, as it is predicted in Gibbs theory163. The same trends of IFT 

decrease with temperature increase were obtained experimentally for the SDS/toluene148, SDS/n-

decane108, and for CTAB/n-octane63 systems. Interestingly, that surfactants with the same chemical 

structure but different counterions appeared to have similar interfacial behavior at high 

temperatures as it was shown for 1-alkyl-3-methylimidazolium cation in the presence of Br− or 

BF4
− 108. 



83 
 

However, the IFT of EHAC surfactant decreased with the temperature increase until 368 K 

and then started to increase with increasing temperature (Figure 33a). Notably, the IFT trend of 

EHAC obtained via molecular dynamics simulations is consistent with the experimental data, 

showing an increase in IFT with temperature increase (Figure 33c). In addition, there is an 

excellent match of IFT values obtained by simulations and experiments quantitatively. The precise 

numbers differ slightly, which can be due to the fact that we used the simple charge distribution 

model, where the surfactant is assumed to have a point unit charge at the headgroup, without 

consideration of the quantum chemical calculations for charge distribution throughout the 

molecule in the real system176. 

As the simulation box contained pure surfactant molecules and n-decane as a model oil, the 

influence of the impurities71 or complex oil composition69 on the observed phenomenon can be 

excluded. Thus, the observed behavior can be attributed to the emulsion inversion from oil-in-

water (o/w) to water-in-oil (w/o), which occurred during temperature and/or salinity increase181. 

Such inversion is often explained in terms of Winsor phase behaviour182. When a surfactant is 

added to water/oil systems with roughly similar volumes of water and oil, the formation of 

microemulsions can occur in either the water or the oil phase, depending on temperature, brine 

salinity, and molecular structure of surfactant molecules. When a surfactant forms an oil-in-water 

emulsion in the water phase, it is referred to as a Winsor Type I system. On the other hand, a 

Winsor Type II is a system with water-in-oil emulsion formed in the oil phase. It is well known 

that Winsor I and II systems are unfavorable with respect to achieving ultra-low IFT, as in Winsor 

Type I surfactant molecules tend to remain in the water phase, whereas in Winsor Type II they 

remain in the oil phase183, 184. Instead, ultra-low IFT is reached when surfactant forms a continuous 

layer between the aqueous and oil phases, which contains the surfactant, water, and dissolved 

hydrocarbons referred to as a Winsor Type III phase behaviour182. Indeed, the emulsion type 

inversion was found to be the main factor that controls the interfacial behavior of toluene/aqueous 

NaCl systems in the presents of sugar surfactants at elevated temperatures68. Authors68 reported 

that IFT passed through a minimum at the phase inversion temperature around which emulsions 

invert from o/w tow/o, in much the same way as for the systems with ethoxylate surfactants185. To 

the best of our knowledge, our study is one of the first, which demonstrates that systems with 

cationic surfactant can also exhibit the same behavioral inversion with the temperature increase. 



84 
 

 

Figure 33. Simulation data for the interfacial tension of water/n-decane in the presence of a) 

EHAC surfactant and b) CTAC surfactant at different temperatures (blue – 298 K, green – 318 

K, red – 338 K, green purple – 353 K,  cyan – 368 K). c) Calculated interfacial tension between 

water/n-decane with EHAC (red line) and CTAC (blue line) and experimental data for 0.03 mM 

EHAC (green line) as a function of temperature. 

 

Consequently, we suggest that water/n-decane systems containing EHAC surfactant are 

subject to behavioral inversion from Winsor type III to Winsor type II, governed by increasing 

temperature. At temperatures below 338 K, surfactant molecules formed a monolayer between 
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water and n-decane, resulting in decreasing IFT (Winsor type III). It was proposed in the literature 

that increasing temperature could modify the mutual solubility of water and oil, and thus, favor 

the IFT reduction65. However, up to now, this suggestion has not been verified due to the lack of 

information about the influence of structural properties of surfactant on its solubility at elevated 

temperatures. In our study, we hypothesize that the IFT minimum with increasing temperature is 

attributed mainly to the change of surfactant solubility rather than to the mutual solubility of 

solvents. Indeed, assuming that the EHAC surfactant has the hydroxyl groups in its head, we 

propose that increase in temperature (> 338 K) lead to the disruption of H-bonds between EHAC 

-OH groups and water molecules (see the section below), reducing surfactant solubility in water 

and increasing its affinity to the oil phase. As a result, when the temperature was around 338 K, 

slight diffusion of surfactant molecules into the hydrocarbon phase occurred, leading to an increase 

in IFT (Winsor Type II). The temperature associated with the minimum IFT is often referred to as 

phase inversion temperature186. Above this temperature, IFT increased again, revealing the 

inversion of emulsion type to w/o, i.e. from Winsor type III to Winsor Type II. 

 

4.3.2 The density profiles 

The average density profiles were obtained for all system components by calculating the 

density of the 300 slices perpendicular to the z-axis using the productive NVT simulation data. 

Figure 33 represents the results of the density distributions for models of CTAC surfactant, water, 

and n-decane at 298 K and 368 K. Two temperatures were chosen for this density analysis as they 

corresponded to both increasing and descending trends on the IFT curve (Figure 33c). From Figure 

34, it can be seen that the water and n-decane densities had a well-defined sharp interface at both 

sides. 

The surfactant molecules were clearly adsorbed at these interfaces, and there were no 

interactions between molecules from the different sides. The temperature increase from 298 K to 

368 K led to a slight decrease of water and n-decane average densities – 4% and 8%, respectively, 

which is in good agreement with literature data for water and n-decane187. Furthermore, surfactant 

density changed with increasing temperature, indicating that molecules were distributed in a 

broader interfacial zone compared to the surfactant model at ambient temperature. 

The water density distribution 𝜌 (𝑧) was determined by fitting the simulation data with the 

error function188: 
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𝜌 (𝑧) =
𝜌0

2
(1 − erf (

𝑧 − 𝑧0

√2𝑤
)), 

 

where 𝜌0 is the density of water, 𝑧0 is the position of Gibbs Dividing Plane (GDP), erf is an error 

function and w is the width of the interface. 

 

 

Figure 34. The density profiles of CTAC at 298 K (blue filled circles) and 368 K (blue open 

circles); water at 298 K (green filled circles) and 368 K (green open circles); n-decane at 298 K 

(red filled circles) and 368 K (red open circles). Pressure 1 bar. 

 

The Gibbs dividing plane was determined for each temperature using water density profiles 

around the interfacial zone and plotted in Figure 35.  

 



87 
 

 

Figure 35. Surfactants and ions density distributions: a) EHAC surfactant and b) CTAC 

surfactant at two temperatures (298 K and 368 K). 

 

It can be seen from Figure 35 that the surfactants' density profiles had two main peaks as 

expected. One peak corresponded to the head polar group of the surfactant and was close to the 

water phase, while the other peak represented the hydrophobic chain, which was oriented towards 

the n-decane phase. Here, it is interesting to point out that the Cl− ions mainly concentrated near 

the hydrophilic group of both surfactants and could not approach the interface closer than 0.45 nm. 

This could be explained by taking into account that ions with the negative charge remained near 

to the hydrogen atoms of water, which had a partial positive charge. As a result, ions were covered 

by a monolayer of surrounding water molecules (“shell”) caused by ion-dipole electrostatic 

interactions, which prevented them from reaching the interface more closely. 

However, from Figure 35a, it can be seen that EHAC molecules moved close to the n-decane 

phase when the temperature was increased up to 368 K. Indeed, the density peak, which 

corresponded to the surfactant head groups, shifted closer to the n-decane phase from 0.17 nm at 

298 K to 0.11 nm at 368 K. On the other hand (Figure 35b), the CTAC head group appeared to 

concentrate further inside the water phase when the temperature was raised, illustrating opposite 

behavior at the interfacial zone. This observation verified the hypothesis that EHAC solubility had 

been reduced with increasing temperature, as the affinity of the surfactant head to water decreased. 

The other interesting fact to be pointed out is the arrangement of Cl− ions around the surfactant 

polar heads. Figure 35b shows that the ions moved closer to the interface, from 0.52 nm at 298 K 

to 0.45 nm at 368 K. The existence of ions close to the interface could contribute to IFT reduction 

between water/n-decane with CTAC surfactant at higher temperatures189. Opposite to this, Cl− 
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approached the hydrophilic EHAC surfactant head from a distance of 0.55 nm at 298 K to 0.49 nm 

at 368 K and resided in the same location relative to the interface. 

 

4.3.3 Quantification of radial distribution functions and hydrogen bonds 

Since the density profiles cannot explain arrangements between surfactant molecules, ions, and 

water molecules in the interfacial zone, the radial distribution functions (RDF) were analyzed. 

Radial distribution functions provide detailed information about the interactions between atoms, 

revealing insights into structural correlations between molecules. In this work, we coupled the 

RDF analysis with the calculation of the number of hydrogen bonds (H-bonds). This can help to 

determine the arrangements between surfactant molecules, water, and ions at the interfacial zone 

at different temperatures. 

The main difference between the molecular structure of the two cationic surfactants was that 

the EHAC polar head contained two hydrophilic groups (-OH) in addition to N+ and CH3 groups 

(Figure 32). As such, for RDF and H-bonds calculations, the EHAC molecule was divided into 

three parts – tail, head, and two hydroxyl groups (-OH), whereas the CTAC molecule was divided 

into tail and head. Simulation results showed that the cationic head groups of both surfactants 

resided in the water phase with the tail (hydrophobic part) stretched perpendicular to the interface 

into the n-decane phase at all temperatures (Figure 36). 
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Figure 36. Radial distribution functions between water and surfactant heads – EHAC (a) and 

CTAC (b); (c) Zoom in to the RDFs between EHAC head and water from 0.15 to 0.3 nm; (d) and 

(e) - radial distribution functions between n-decane and EHAC and CTAC surfactant tails, 

respectively. Colours indicate temperatures - 298 K (blue), 338 K (red) and 368 K (green). 

 

This observation illustrates the well-known ability of surfactants to orient at interfaces between 

two immiscible fluids and is consistent with SDS135 and sulfobetaine-type zwitterionic190 behavior 

at the water/oil interface. It can be seen from Figures 36d, e that the radial distribution functions 

of EHAC and CTAC surfactant tails/n-decane showed the same behavior patterns, while RDFs 

between surfactant heads and water had different patterns (Figures 36a, b). Indeed, the peaks on 

RDF plots of EHAC head and water were observed at 0.17 nm, 0.23 nm, and 0.27 nm (Figure 36a). 

This can be interpreted that hydrogen and oxygen atoms of the surfactant head served as donors 

and acceptors for the formation of H-bonds with near water molecules. The existence of three 

peaks indicates that oxygen atoms can be acceptors for two hydrogen atoms. 

It is interesting to note that with the temperature increase, the intensity of these peaks 

decreased, which could be due to the reduction of the number of hydrogen bonds73. To verify this 

hypothesis, the average number of H-bonds (nHB) between surfactant -OH groups and water 
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molecules was calculated at three temperatures within a cut-off distance of 0.35 nm, which was 

approximately the last peak of the RDF curves (Figure 36c). From Table 8, it can be seen that the 

average number of H-bonds per molecule decreased consistently with increasing temperature – 

from 3.43 at 298 K to 3.13 at 368 K.  

 

Table 8. The average number of hydrogen bonds per molecule at different temperatures. 

Temperature 298 K 338 K 368 K 

𝑛𝐻𝐵 3.43 3.22 3.13 

 

Hydrogen bonds play a critical role in controlling the solubilization of molecules containing 

oxygen and hydrogen in a water phase164. When the number of H-bonds around water molecules 

decreases with temperature, the solubility of the hydrophilic part of the surfactant in water also 

decreases, resulting in surfactant diffusion towards the hydrophobic phase. This is consistent with 

our result, which illustrated the shift in the density distribution of EHAC head close to the n-decane 

phase at 368 K (Figure 35a). 

On the other hand, the peaks on the RDFs curves of CTAC head and water were observed only 

at 0.44 nm and 0.55 nm, showing that there were no interactions between molecules caused by H-

bonding (Figure 36b). This could be explained by assuming the fact that the nitrogen atom in the 

CTAC head group shared all electrons with the -CH3 groups, and thus, could not provide the lone 

pair of electrons to form bonds with water molecules. 

A fundamental question of interest here is the potential connection between Cl− ions and the 

polar head group of surfactants, which can influence surfactant molecules arrangements near the 

interface. For this reason, the radial distribution functions between Cl− and a head group of 

surfactants were studied, as shown in Figure 37. 
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Figure 37. Radial distribution functions between Cl- ions and surfactant heads – EHAC (a) and 

CTAC (b); (c) Radial distribution functions between Cl- ions and oxygen and hydrogen atoms, 

respectively. The colours correspond to three temperatures: 298 K (blue), 338 K (red) and 368 K 

(green). 

 

In Figure 37a, it can be seen that the RDF curves of EHAC head and ions had two sharp peaks 

within 0.35 nm range, whereas no peaks were observed for CTAC in the same distance. The peak, 

which appeared at 0.59 nm on RDF plots of both surfactants, could be referred to the electrostatic 

interactions between ions and positively charged -CH3 and -CH2 groups in the surfactant heads. 

Furthermore, additional RDFs were calculated between separated oxygen and hydrogen atoms 

of surfactant and ions at different temperatures in order to provide the molecular origins of 

connection between Cl− and EHAC head at distances <0.35 nm (Figure 37c). These graphs show 

an interesting behavior, as the first and second peaks revealed connections between both Cl−/H+ 

and Cl−/O− atoms. Such findings cannot be explained only by using the concept of electrostatic 

interactions between similarly charged atoms. Instead, one can consider the existence of the ion-
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dipole forces between water and ions. In the literature, it has been reported that ions are surrounded 

by water molecules, which form a hydration layer (“shell”) around them191. The existence of such 

hydration layers has also been reported for different ions, including Na+, K+, Ca2+, Cl− 192. Hence, 

electropositive hydrogen atoms of the water molecules were attracted to the negative charge of the 

Cl− by ion-dipole bonding. Further, these water molecules could serve as donors and acceptors for 

the formulation of the hydrogen bonds with hydrogen and oxygen atoms of surfactant head, 

contributing to the first and second peak of RDF plots, respectively (Figure 37c). Therefore, the 

existence of -OH groups caused the additional H-bonding network with ions, contributing to the 

surfactants' hydrophilic properties. 

Notably, it was also shown that the presence of the carbonyl group in the surfactant head group 

resulted in the formation of hydrogen bonds between triacontanoic acid head groups and water at 

the water/hexane interface193. The authors demonstrated that the existence of hydrogen bonds 

affected the conformation of surfactant molecules at the interface leading to the change from 

disordered to ordered tail groups of surfactant. Interestingly that the difference in the conformation 

of alkyl chains was also observed for alkane- and alkylbenzenesulfonate surfactants194. The authors 

attributed the staggered tail geometry for dodecylbenzenesulfonate to the polarizable nature of the 

benzene ring. Arrangements between surfactant molecules, ions, and water at the interfacial zone 

are conceptually demonstrated in Figure 38.  



93 
 

 

Figure 38. Arrangements between EHAC (a, b) and CTAC (c, d) surfactant molecules (orange 

color), ions (yellow color), and water molecules (blue and white colors) at the water/n-decane 

interface at 298K (a, c) and 368K (b, d). 

 

Since the interactions between ions and -OH surfactant groups were observed at all 

temperatures (Figure 37a), we conclude that ions influenced the arrangements of the surfactant 

molecules at the interface, but they had an insignificant impact on interfacial tension increase at 

high temperatures. We also suggest that due to the chemical structure of EHAC molecules, ions 

could not approach the interface closely, and they remained mainly near the polar surfactant heads 

in the aqueous phase (Figures 38a, b). The CTAC head, in contrast, was smaller than the EHAC 



94 
 

head, thus some Cl− ions could get closer to the interface, supporting interfacial tension reduction 

when the temperature was increased (Figures 38c, d)188. 

 

4.4 Summary  

Self-assembly of surfactant molecules at a water/oil interface controls the IFT, and as a 

consequence, plays a key role in an effective oil production183. The majority of surfactant studies 

are dedicated to searching for the best formulations for EOR, including IFT measurements, 

wettability alteration, and core flood tests39. However, there is still a serious lack of information 

regarding the surfactant molecules packing at the interfacial zone that directly influences the IFT 

properties. 

Thus, this study investigates the adsorption of two cationic surfactants with different molecular 

structures at the water/n-decane interface at different temperatures: 298 K, 318 K, 338 K, 353 K, 

and 368 K. We showed that surfactants had different IFT when the temperature was increased. As 

expected, the IFT of CTAC surfactant decreased with the temperature according to the Gibbs 

theory. Whereas the IFT of EHAC went through a minimum at 338 K and then started to increase. 

Such behavior cannot be explained by the implementation of the conventional Gibbs 

adsorption equation. From this study, we suggest the following explanation for the seen 

phenomena. 

The existence of hydroxyl groups in the EHAC surfactant head resulted in the formation of 

additional hydrogen bonds with the nearest water molecules. As the temperature was increased to 

368 K, the number of hydrogen bonds in the system decreased up to 10%. As a result, the EHAC 

polar head became less soluble in water and displayed more affinity to the oil phase. The slight 

diffusion of EHAC surfactant head further into the oil phase at high temperatures was also verified 

by density distribution profiles. This led to emulsion type inversion from oil-in-water to water-in-

oil, i.e. from Winsor type III to Winsor Type II, with a consistent IFT increase. Therefore, we 

hypothesize that hydrogen bonding between surfactant and water plays an important role at the 

liquid/liquid interfaces and controls the interfacial behavior of surfactant at elevated temperatures. 

We thus, also propose that the observed IFT - temperature dependence can be generalized for other 

surfactants containing head groups that can form hydrogen bonds with surrounding water 

molecules. Our results showed that Cl− ions interact with -OH groups of EHAC surfactant by ion-

dipole forces and resided rather more close to the surfactant head than to the interface (at all 
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temperatures). Therefore, we conclude that the presence of Cl− was unlikely responsible for the 

IFT increase with temperature. 

On the other hand, due to the small head group of CTAC surfactant, Cl− ions positioned closer 

to the interface when the temperature was high, contributing to the IFT decrease. The obtained 

results provide an important basis for the understanding of deviations from the Gibbs theory of 

surfactant adsorption at the interfacial zone. Thus, the findings of this work can be used for further 

modification of the existed theory by taking into account the chemical structure of surfactants. 
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Chapter 5. Molecular dynamics study of ions effect on surfactant – 

hydrocarbon interfaces 

 

5.1 Motivation 

The brine-oil interface is of broad research interest in the petroleum industry and geochemistry. 

Indeed, the functionality and effectiveness of surfactant formulations, and consequently oil 

recovery efficiency, strongly depend on the concentration and type of ions present in the formation 

brine46. In general, the presence of salt in natural brines causes a decrease in the solubility of 

surfactants in the aqueous phase due to the salting-out effect78,79. Thus, more surfactant molecules 

are forced to approach the interface closely, which leads to the brine/oil IFT decrease. However, 

as it was shown in many studies60, 80, 82, 84, IFT can pass through a minimum, illustrating the so-

called “V”- shape pattern. However, despite a considerable number of experimental studies, the 

existence of two different IFT-salinity patterns cannot be satisfactorily explained. For instance, 

while the descending IFT trend can be attributed to the surfactant molecules packing tightly at the 

interface, the ascending IFT trend is not well understood. Bera et al.60 suggested that IFT starts to 

increase at the point where the accumulation of surface active-agents terminates. Another 

promising explanation is the partitioning of surfactant molecules into the oil phase as salinity 

increases, with a consequent formation of micelles in the oil phase84.   

However, due to complexities associated with the experimental procedures and limitations of 

experimental equipment, it is challenging to investigate the effect of ions at the atomic scale in 

such systems and to capture their precise molecular arrangements at the interface, especially in the 

presence of surfactants85. Recently, it was shown that molecular modeling approaches such as 

molecular dynamics (MD) and Monte Carlo (MC) can be used for detailed studies of the molecular 

interactions and orientations at liquid/vapor85, 133, 134, 195 and liquid/liquid135, 139, 196 interfaces at an 

atomic scale. Thus, these methods have been effective tools for providing detailed atomistic and 

molecular information about such interfaces, including hydrogen bonds correlation functions144 

and interfacial thicknesses197.   

Although there are simulations addressed the influence of ions on brine/oil198 and 

surfactant/brine/oil IFT142, to our knowledge, no systematic MD study has been performed to 

investigate the effect of ions and temperature on the interfacial properties of surfactants with 

different molecular architecture at the oil/water interfaces.  
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Therefore, to address this deficiency, we present MD simulation studies on ions and 

temperature effects to resolve the adsorption process of surfactants at the water/n-decane interface. 

The surfactants used in this study are both cationic (erucylbis-(hydroxyethyl)-methylammonium 

chloride, EHAC, and cetyltrimethylammonium chloride, CTAC) (the same as in the previous 

chapter). EHAC has two hydroxyl groups (Figure 31), and thus, can combine features of both 

cationic and non-ionic surfactants. This study focuses on the following aspects: how surfactant 

packing at the water/oil interface is affected by ions specific effects, and how temperature 

influences the molecular arrangements and interactions of surfactant molecules at the interfacial 

zone in the presence of ions. 

 

5.2 Computational method 

The interfacial behavior of the cationic surfactants CTAC and EHAC has been studied by 

molecular dynamics. Simulation boxes were built by placing slabs of surfactant layers (2 nm each) 

around an n-decane layer (thickness 6 nm). The model system consisted of two n-decane–aqueous 

phase interfaces as this has been shown to be advantageous for liquid/liquid interfacial studies76. 

The box with surfactant and n-decane molecules was stretched along the Z direction to 18 nm to 

create space for water molecules. Owing to the fact that formation water is usually enriched mainly 

with NaCl salt199, different numbers of Na+ and Cl- ions were inserted by replacing water molecules 

so that prescribed concentrations were reached (i.e. NaCl concentrations of 0.01, 0.02, 0.03, 0.07, 

0.1, 0.2, 0.4, 0.6 and 1 M). This range of NaCl concentrations accounts for low salinity brine (5 

wt.%) and for typical reservoir brine salinity198.  The number of surfactant molecules in each slab 

was set in such a way that area density for EHAC equaled to 0.25 molecule / nm2, while for CTAC 

0.38 molecule / nm2. These values are adopted from the previous simulation studies and are 

consistent with other researches, where interfacial behavior has been investigated132, 179, 196, 200, and 

was constant in all simulation runs. Since in our study we are focusing on molecular interactions 

at the interface and not on the bulk properties of surfactants, the concentrations considered in this 

study are within a reasonable range to mimic the adsorption behavior and chemical interactions 

properly. 

The partial charge distribution among atoms and ions (Figure 39) was taken from data 

proposed in the literature176, which was successfully used for the computation of similar 

systems179. The molecular potentials between atoms of both surfactants were described using the 
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GROMOS force field172, 173. The SPC/E model was employed to model the water potential174, and 

the particle-mesh Ewald (PME) method of summation was implemented to compute the 

electrostatic interactions144. The initial size of the simulation box was 4 × 4 × 18 nm3 for each 

system.  

 

 

  

Figure 39. Chemical structures and charge distribution models used in this study: a) water; b) n-

decane; c) erucylbis-(hydroxyethyl)-methylammonium chloride and d) cetyltrimethylammonium 

chloride. 

 

All molecular dynamic simulations were carried out using the GROMACS 4.5.5 package171 at 

atmospheric pressure (1 bar) and two temperatures (298 K and 343 K). The steepest descent 

method with the cut-off scheme for Coulomb and van der Walls forces of 0.9 nm was used for 

energy minimization to ensure that the system had no steric clashes. The first step of equilibration 

was conducted under an NVT ensemble (constant Number of particles, Volume, and Temperature) 

using a Berendsen thermostat171. Equilibration of the pressure, and thus also density, was 

performed under an NPT ensemble (constant Number of particles, Pressure, and Temperature) 

using the Parrinello-Rahman barostat171. The calculated densities of n-decane (0.726 g/ml) and 

water (0.994 g/ml) are in a good agreement with experimental values – 0.725 g/ml and 0.997 g/ml 

for n-decane and water, respectively159, 187, 201. Both NVT and NPT equilibration steps were carried 
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out at 1 bar and the temperature studied (i.e. 298 K or 343 K), followed by 20 ns of production 

runs in the NVT ensemble using the Nose-Hoover thermostat171. The interfacial tensions, density 

profiles, distribution functions of n-decane, ions and surfactants, and the number of hydrogen 

bonds were calculated by analyzing the atomic trajectories recorded at 0.5 ps intervals. 

 

5.3 Results 

5.3.1 Ions effect on interfacial behavior of surfactants: the impact of molecular 

structure  

The interfacial tension (γ) can be determined from the following, as the interface between the 

phases is perpendicular to the Z-axis direction76:  

 

𝛾 =  − ∫ (𝑝′(𝑧) − 𝑝)𝑑𝑧
𝐿𝑧

0
, 

 

where 𝐿𝑧 is the box length along the z-axis, 𝑝′(𝑧) is the lateral pressure, and 𝑝 is the bulk pressure. 

 

The integral can be calculated using the fact that in the bulk solution 𝑝 = 𝑝′(𝑧) and taking into 

consideration that there are two interfaces in our system76:  

 

𝛾 =  −
1

2
 (

𝑝𝑥+𝑝𝑦

2
− 𝑝𝑧) 𝐿𝑧, 

 

where 𝑝𝛼 describes the three diagonal elements of the pressure tensors 𝑃𝛼𝛼  (𝛼 = 𝑥, 𝑦, 𝑧) along the 

axis. 

 

Hence, the simulation data for the water/n-decane interfacial tensions in the presence of EHAC 

and CTAC surfactants at different NaCl concentrations are presented in Figures 40a, b. To obtain 

accurate values, only the last 2 ns of simulation data was used for IFT calculation (Figures 40c, d). 

For each salt concentration, three simulation boxes were built independently for the standard 

deviation calculation. 

In Figure 40c it can be seen that the interfacial tension of EHAC went through a minimum at 

0.03 M NaCl concentration, illustrating a “V”- shaped pattern at 298 K and 343 K. On the other 
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hand, the interfacial tension of CTAC increased within the range of all tested NaCl concentrations 

at 298 K and 343 K (Figure 40d). 

 

 

Figure 40. Simulation data for the water/n-decane interfacial tension in the presence of (a) 

EHAC surfactant and (b) CTAC surfactant at different NaCl concentrations; calculated IFT 

values for EHAC (c) and CTAC (d) surfactants as a function of NaCl concentration at two 

different temperatures – 298 K (black circles) and 343 K (orange squares). Colors in (a) and (b) 

represent different salt concentrations. 

 

 Here, we exclude the influence of impurities or synergy effects of different hydrocarbons on 

interfacial behavior as all simulations were performed with the pure components. Therefore, one 

of the main reasons for the observed ascending IFT trend for CTAC could be related to an emulsion 

inversion from oil-in-water (o/w) to water-in-oil (w/o), which is caused by an increase in salt 

concentration. Indeed, this behavior is usually described in terms of the Winsor phase types163, 182. 

As such, if surfactant forms an o/w emulsion in the aqueous phase, it is affiliated with a Winsor I 

system; on the contrary, a system with w/o emulsion formed in the oleic phase is referred to as 
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Winsor II type. However, Winsor I or Winsor II emulsions exhibit high IFT values182, as surfactant 

molecules are mostly retained in bulk (water or oil) phases rather than approach the interface. 

Instead, low IFT values can be reached when there is a continuous layer of surfactant molecules 

between aqueous and oleic phases, referred to as Winsor Type III behavior. Previously it was 

reported that without salt, all CTAC molecules tend to adsorb at the interface, representing Winsor 

Type III behavior196. In this context, we suggest that water/CTAC/n-decane systems in the 

presence of electrolytes endured the behavioral inversion from a Winsor III (when all CTAC 

molecules were adsorbed at the interface) to a Winsor II system. Such a salting-out effect can be 

governed by temperature196, 202 and/or salinity181. Therefore, the solubility of CTAC in the water 

phase is lowered due to an increase in salt content, and, as a result, CTAC affinity to the oil phase 

is increased. This is also verified by the observation of slight diffusion of CTAC molecules further 

inside the oil phase (see below sections). Consequently, IFT increased upon salt addition. 

It is worth mentioning that in our study, we used NaCl concentrations between 0.01 - 1 M. 

Although this is consistent with the NaCl content in the reservoir brines198, even the lowest tested 

NaCl concentration may be too high to observe the descending IFT trend of CTAC. For instance, 

Zhang et al.203 experimentally showed that emulsion inversion in systems containing a sorbitan 

oleate surfactant occurred at significantly lower NaCl concentrations, around 5 mM.  

Interestingly, the IFT of water/n-decane/EHAC systems exhibits different behavior (Figure 

40c). By now, in some experimental studies on the influence of electrolytes on aqueous surfactant 

solution/oil IFT, the IFT has been found to pass through a minimum with salinity increasing80, 82, 

83. However, in these previous studies, only two regions were observed. As such, the first region 

illustrates a decrease in IFT values upon the addition of salt up to the optimal salt concentration.  

The second region shows an increase in IFT with further salt concentration increase. The 

descending and ascending trends on the IFT curve illustrate a “V” - shaped pattern.  

In our study, the existence of a third region on the IFT curve has also been proposed. This 

region corresponds to the part of the curve where IFT values remained almost unchanged at higher 

salt concentrations (Figure 40c). Indeed, when NaCl concentration was higher than 0.4 M, the IFT 

remained almost constant and varied in the range 52.16 – 54.27 mN/m (Figure 40c). This range is 

consistent with experimental data of the interfacial tensions between brine solutions and 

hydrocarbons204. Therefore, we suggest that this phenomenon is attributed to the repelling of 

almost all surfactant molecules from the interface into the bulk due to the presence of ions near 
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the interface. To substantiate this further, we calculated the density distribution profiles and studied 

micelle formation in bulk (see below sections).  

Notably, for EOR applications, reservoirs with a temperature range from 343 K to 393 K are 

considered to be promising candidates for surfactant flooding205. Therefore, in our study, we 

investigated the effect of one of the typical reservoir temperatures (343 K) on interfacial properties. 

Clearly, the IFT patterns for both surfactants at 343 K follow the same trend obtained at 298 K, 

and with the temperature increase IFT decreased for all NaCl concentrations tested (Figures 40c,d). 

It is interesting to point out that surface tension between water and air in the presence of 

electrolytes also passes through a minimum at very low salt concentrations (1-2 mM)206. This 

effect is known as the Jones-Ray effect and has been considered an experimental artifact until 

recent experiments, including non-resonant second harmonic scattering and surface ion resonant 

second-harmonic reflection techniques, confirmed its existence206. Okur et al.206 attributed this 

effect to the increase of the orientational order of water molecules in bulk induced by the addition 

of ions, which in turn increased the entropic penalty that caused the reduction of the surface 

tension. 

Thus, following Okur et al.206, we suggest that the descending trend of EHAC IFT at low salt 

concentrations (< 30 mM) originates from the increased orientational order of water molecules due 

to ion-dipole electrostatic interactions either in bulk or near to the interface. In this study, the 

orientation of water molecules at the n-decane/water interface in the presence of EHAC and 

different NaCl concentrations was analyzed considering the water dipole order parameter, cos (θ), 

where θ is the angle between Z-axis and water dipole moment207. The simulation box was divided 

into slices, with each water molecule assigned to a slice per time frame, and the average orientation 

per slice was calculated. Figure 41 illustrates the computed average cos (θ) as a function of distance 

along the Z-axis. The results demonstrated that values of cos (θ) remained positive at the interfacial 

zone, forming a peak, while the bulk angle equaled zero due to the random distribution of water 

molecules (Figure 41). The same trends of cos (θ) were observed for ethanol and methanol at the 

water/air interface208. 

It was shown209 that near the interface, water molecules had a two-layer orientation; namely, 

in one layer, the water molecules pointed towards the water phase, while they pointed towards the 

oil phase in the second layer. The presence of surfactant molecules and ions near the interface 

disrupted this molecular water molecule arrangement. Therefore, water molecules at the outmost 
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layer tended to reorient (more pointing towards the water phase) to comfort EHAC molecules and 

ions207. In Figure 41 it can be seen that the positive peak increased and shifted further inside the 

n-decane phase with increasing NaCl concentrations up to 0.03 M, which suggests an increase in 

the orientational order of water molecules.  This shift of peak in the water dipole order distribution 

curve has been correlated with surface tension reduction209. Thus, the decrease of IFT upon the 

addition of NaCl below 0.03 M can also be attributed to the increase of the orientational order of 

water. 

 

 

Figure 41. Water dipole order parameter in the presence of EHAC molecules and 

different NaCl concentrations. Colors represent 0 NaCl (grey), 0.01 M NaCl (yellow) and 0.03 M 

NaCl (blue). 

 

5.3.2 Density distribution profiles of surfactants, n-decane, ions and water 

The average density distribution profiles were obtained for water, n-decane, either EHAC or 

CTAC surfactants, Na+ and Cl- ions by calculating the density values over 300 slices perpendicular 

to the Z-axis. The bulk density of water was found to increase slightly with the increase of NaCl 

concentration, while the bulk density of n-decane was calculated to be 726 kg/m3, both are in good 

agreement with literature data187.    

From Figure 42 it can be seen that EHAC and CTAC surfactant molecules were oriented 

around the water/n-decane interface with two well-defined sharp peaks. The right peak represented 



104 
 

the surfactants’ head polar groups anchored in the water phase, while the left peak corresponded 

to the hydrophobic tail, which resided inside the n-decane phase. 

Interestingly, at low salt concentrations (< 0.03 M), no EHAC molecules were observed in the 

bulk phase, whereas CTAC molecules were located both at the interface and in bulk, illustrating a 

different behavior (Figure 42b). Note that in the absence of salt, CTAC surfactant molecules are 

adsorbed only at the water/n-decane interface196.  

 

 

 

Figure 42. Density profiles of water/n-decane systems containing (a) EHAC surfactant, and (b) 

CTAC surfactant, in the presence of 0.01 M NaCl. 

 

Therefore, to describe the interfacial behavior of these surfactant molecules, we analyzed the 

distributions of surfactant tails and heads at the interface at different salt concentrations (Figure 

43). The Gibbs dividing planes were determined for each salt concentration by fitting the simulated 

water density data of the interfacial zone with the error function188: 

 

                                                         𝜌 (𝑧) =
𝜌0

2
(1 − erf (

𝑧−𝑧0

√2𝑤
)),     (3) 

 

where 𝜌0 is the water density, 𝑧0 is the position of the Gibbs Dividing Plane (GDP), erf is an error 

function and w is the interface width.   
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Figure 43. Surfactant and ion density distributions: (a) EHAC surfactant and (b) CTAC 

surfactant in the presence of 0.1 M NaCl (red circles) and 0.01 M NaCl (blue circles); distance of 

surfactant tail and head relative to the GDP position as a function of NaCl concentration: (c) 

EHAC surfactant and (d) CTAC surfactant. 

   

The density profiles of surfactants and Cl- ions in 0.01 M and 0.1 M NaCl brines are shown in 

Figures 43a, b. The distances of surfactant tails and heads relative to the GDP position are plotted 

as a function of NaCl concentration in Figures 43c, d.  

As it can be seen in Figure 43, EHAC and CTAC molecules showed different arrangements at 

the interfacial zone when salt concentration was increased. As such, the polar heads of EHAC 

approached closely to the interface from 0.24 nm to 0.16 nm when NaCl concentration was below 

0.03 M and moved further inside the aqueous phase when NaCl was above 0.03 M (Figure 43c). 

This trend clearly follows the IFT “V” pattern (Figure 40c), and thus, the decrease in IFT at low 

salt concentrations can be attributed to the optimal packing of surfactant heads at the interface that 

allows more surfactant molecules to adsorb. However, with further NaCl concentration increase, 

the distance between head and interface started to increase, whereas the distance between tail and 

interface decreased gradually. Therefore, we conclude that some surfactant molecules desorbed 
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from the interface, and thus, fewer surfactant molecules were presented at the interface, resulting 

in the IFT increase. When almost no surfactant molecules were left at the interface, IFT values 

were identical to experimental values for the NaCl brine/hydrocarbons system within the 

experimental error210. 

In contrast, an increase in NaCl concentration in water/n-decane systems containing CTAC 

showed the opposite behavior. While the distance between the surfactant head and interface 

decreased, the distance between the tail and interface increased (Figure 43d). We conclude that 

surfactant molecules penetrated further inside the oil phase with increasing NaCl content. As a 

result, IFT increased for all NaCl concentrations investigated (Figure 40d). The same behavior was 

experimentally observed for the IFT between anionic decylmethylnaphthalene sulfonate surfactant 

and crude oil84. It was suggested84 that at high salinity (> 0.4 M), surfactant molecules started to 

partition into the oil phase, resulting in the formation of reverse micelles.  

Taking into account that CTAC surfactant cannot form hydrogen bonds with water molecules 

(see below section for an explanation), we propose that the main reason for the IFT increase in the 

presence of salt is that the hydrophobic interactions become stronger than the solute-solvent 

interactions, and thus, surfactant molecules migrate into the oil phase.   

The different interfacial arrangements of EHAC and CTAC are also visualized in Figure 44. 

In Figures 44c, it can be seen that at 1 M NaCl concentration, all EHAC molecules associated with 

each other and formed micelle, while no CTAC micelle was observed either in the oil or in the 

aqueous phase. This can be explained by the different molecular surfactant structure, which results 

in different critical micelle concentrations (CMC), which are 0.03 mM for EHAC94 and 0.92 mM 

for CTAC178. Besides, CMC is found to decrease with the addition of salt163, which also facilitates 

EHAC micelle formation in the bulk phases. However, in Figures 44d, e, f, it can be seen that 

although no CTAC micelles were found in the oleic phase, surfactant molecules moved further 

inside the hydrocarbon phase.  
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Figure 44. Snapshots (obtained using VMD177) of the simulation box containing EHAC 

surfactant with (a) 0.1 M NaCl, (b) 0.5 M NaCl and (c) 1 M NaCl brine; CTAC surfactant with 

(d) 0.1 M NaCl, (e) 0.5 M NaCl and (f) 1 M NaCl brine. Colors: cyan – carbon in n-decane, 

green – carbon in surfactant.  Water molecules and ions are removed for better visualization. 

 

A fundamental question of interest here is the Na+ ion distribution, which we hypothesize to 

be the main reason for the surfactant molecules being repelled from the interface. To verify this 

hypothesis, we calculated and analyzed the density distribution profiles of Na+ at different NaCl 

concentrations relative to the Gibbs dividing plane (Figure 45).  
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Figure 45. Average density distributions of decane (orange circles), water (grey circles) and Na+ 

ions (blue circles) for EHAC (a, c) and CTAC (b, d). Note that NaCl concentration is 0.1 M in 

(a), (b) and 1 M in (c), (d). 

 

Interestingly (Figures 45c, d), that at high NaCl concentration (1 M), Na+ ions approached the 

interface more closely in the presence of EHAC (1.55 nm distance) than of CTAC (2.06 nm 

distance) molecules. On the contrary (Figures 45a, b), at low NaCl concentration (0.1 M), Na+ ions 

were distributed homogeneously in bulk for both surfactants.  

It is known that positively charged surfactant headgroups adsorbed at the interface facilitated 

the adsorption of negatively charged Cl- ions in the Stern layer at the same Helmholtz plane211. 

Furthermore, adsorbed ions can be shared by several headgroups, and thus the Stern layer can be 

considered to be not electroneutral. The charge of the Stern layer (i.e. the sum of charges of 

adsorbed surfactant headgroups and ions) determines the potential of the diffuse layer. Thus, as 

outlined above, with increasing salt concentration, Na+ ions can approach closer to the interface 

(out of the diffuse layer), contributing to the overall positive interfacial charge density. As a result, 

surfactant molecules will be repelled from the interface due to the increased positive charge 

density. These results are conceptionally presented in Figure 46. 
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Figure 46. Schematic representation of ion and surfactant molecule arrangements at the interface 

and in the diffuse layer and bulk at high salt concentrations. Colors represent: water molecules 

(white and grey), Na+ (purple), Cl- (yellow), surfactant head (orange). 

  

Clearly, the interfacial behavior of CTAC differs from that of EHAC. One can suggest two 

reasons for this. First, the surfactants have different chemical head and tail structures, which impact 

interfacial arrangement and orientation. Second, the studied CTAC concentration and salt range 

(0.01 – 1 M) may be insufficient for observing the CTAC micelle formation. However, according 

to the density distribution profiles (Figure 43), we suggest that CTAC molecules diffused slightly 

into the oil phase due to the salting-out effect, resulting in a decrease of the affinity of the surfactant 

towards the aqueous phase. 

 

5.3.3 The interfacial thickness of aqueous, hydrocarbon, and surfactant phases 

On the basis of the density distribution profiles (Figure 45), we calculated and analyzed the 

interfacial thicknesses between the different phases of the system. Figure 46a presents the density 

distribution profiles of n-decane, water, EHAC surfactant, and Cl- ions (NaCl concentration 

corresponded to 0.01 M) along the Z-axis. According to the “90-90” criterion197, the oil/water 

interfacial thickness (htotal) can be found as the distance between two points where the densities of 
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oil and water are 90% of their bulk densities (which are 725 kg/m3 159, 163 and 997 kg/m3 201 for n-

decane and water, respectively). Generally, for an oil/water interface, a “10-90” criterion is used 

for calculation of the interfacial thicknesses between the oil (hoil) and water (hwater) phases by 

measuring the distance between two points where the density differs from 10 to 90% of the bulk 

phase. The presence of surfactant at the interface results not only in the formation of two sub-

interfaces (oil/surfactant and water/surfactant) but also in a surfactant monolayer (hsurf)
197. Thus, 

the total thickness of the interface is considered as the sum of the three components, namely toil 

and hwater (defined by the “10-90” criterion) and hsurf, thus hsurf = htotal-hoil-hwater as illustrated in 

Figure 47 for EHAC. The same criteria were used for the thickness calculations of CTAC systems. 

 

Figure 47. a) Density profiles of n-decane, water, EHAC surfactant and Cl ions; b) Zoom into 

area highlighted by the black square in (a) (note that the NaCl concentration was 0.01 M). 

 

Using the “10-90” criterion the total interfacial thickness of the n-decane/water system without 

surfactant was found to be 0.49 nm, which is in good agreement with the experimentally measured 

value (0.46 nm)212, and independent MD simulations76. Thicknesses of oil (hoil) and water (hwater) 

interfaces were 0.41 nm and 0.46 nm, respectively. 
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From Figure 47, it is seen that the addition of EHAC surfactant resulted in broadening of toil 

by 1.37 nm and hwater by 0.10 nm, with a consequent increase in htotal by 2.23 nm. Such an increase 

illustrates the well-known surfactant property of self-assembly at the oil/water interface when 

hydrophobic tails orient towards the oil phase while hydrophilic headgroups align towards the 

water phase. Thus, n-decane and water molecules can penetrate the hydrophobic and hydrophilic 

parts of a surfactant layer at the interface, leading to an increase in interfacial thicknesses.  

Calculated values of htotal, hwater and hoil for EHAC and CTAC at different NaCl concentrations 

are shown in Figure 48. Interestingly the observed patterns were different for both surfactants. 

Indeed, the interfacial thickness (htotal) of water/EHAC/n-decane systems did not vary 

monotonically as a function of added salt, instead htotal clearly showed an inverse pattern to IFT 

(Figure 48a); whereas htotal of water/CTAC/n-decane systems decreased gradually in all brines 

(Figure 48d). 

Different results were reported in the literature regarding the dependence of IFT on the htotal. 

For instance, it is generally accepted that an increase in interfacial thickness leads to an increase 

in the miscibility of two phases, with a consequent IFT reduction163. However, in the work of Qu 

et al.190 it was shown that the thickness of water/surfactant/n-decane systems remained unchanged 

when temperature and salinity were increased, while IFT decreased. The authors explained this 

IFT descending trend with the reduction of the non-bonded potentials between water and surfactant 

molecules that led to a decrease of intermolecular forces190. Contrary to this, Jang et al.197 reported 

a strong correlation between the interfacial thickness and the interfacial tension for n-decane/water 

interfaces in the presence of anionic surfactants. As such, the maximum broadening of the 

interfacial thickness in the presence of a surfactant was observed when IFT reached the minimum 

value. The authors inferred that the low IFT was due to an increase of the phases’ miscibility when 

surfactant was added. 

To explain the trends obtained in our work, we further analyzed hwater and hoil as a function of 

NaCl content (Figures 48b-f). As it can be seen in Figure 48c, hwater of the water/EHAC/n-decane 

system broadened at low salt concentrations. This can be explained by taking into account that 

counterions penetrated into the headgroup layer adsorbed at the interface (Stern layer). Notably, 

the same approach was used for predicting the adsorption of SDS and CTAB surfactant molecules 

in the presence of KCl213 and NaCl211. Furthermore, the co-adsorption of counter-ions together 
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with surfactant molecules at the interface was also supported by analyzing the average number of 

hydrogen bonds (nhb) between surfactant head groups and water molecules (Figure 49).  

 

 

Figure 48. Interfacial thickness as a function of NaCl concentration: total thickness (blue 

circles); oil thickness (orange triangles) and water thickness (green squares); (a)-(c) EHAC 

surfactant; (d)-(f) CTAC surfactant. 

 

As can be seen from Figure 49, the number of hydrogen bonds decreased rapidly with 

increasing salinity. Thus, one can suggest that counter-ions bind with surrounding water molecules 

by ion-dipole interactions, leaving fewer water molecules to form bonds with the head groups. 

Therefore, the existence of counter-ions at the interface (when NaCl < 0.03 M) screens the 

electrostatic repulsion, and surfactant molecules are packed more tightly, resulting in the IFT 

decrease. 
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Interestingly, a further increase in NaCl concentration led to a decrease of nhb, which indicates 

that fewer water molecules can form bonds with surfactant polar heads (Figure 49). Notably, no 

hydrogen bonds were found between CTAC surfactant and water molecules, which is due to the 

fact that the nitrogen atom in the CTAC head group could not provide the lone pair of electrons 

for bond formation. 

 

Figure 49. The average number of hydrogen bonds (nhb) between EHAC surfactant heads and 

water molecules as a function of NaCl concentration. 

 

Moreover, htotal started to decrease when NaCl concentration exceeded 0.03 M (Figure 48a). 

The same descending trend of Stern layer thickness was reported for fluid/solid adsorption as a 

function of NaCl concentration (up to 0.15 M214). 

In the case of CTAC, htotal and hoil both decreased for all NaCl concentrations, while hwater 

showed an increasing trend (Figure 48f). These findings illustrate the incremental partitioning of 

CTAC molecules into the oil phase with increasing NaCl concentration. 

 

5.4 Summary 

While testing surfactants as candidates for surfactant flooding, one should consider reservoir 

brine composition and temperature as important factors that affect surfactant adsorption at the oil-

water interface, and consequently, oil production215. Screening the surfactant properties at high 

salinity and temperature is thus essential to avoid failure of the whole recovery process.  

Therefore, this study investigates the influence of typical reservoir salinities and temperature 

on the adsorption process of two different cationic surfactants at the water/n-decane interface at 
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the molecular level. We showed that surfactants had different IFT patterns as a function of salinity 

due to different headgroup architectures. So far, experimental studies60, 80, 82 showed IFT passes 

through a minimum, illustrating two behavioral regions. From our work, we propose that the IFT 

trend of EHAC can be categorized into three regions, namely the first region where surfactant 

molecules adsorb at the interface, the second region where surfactant molecules desorb, and a third 

region where no surfactant molecules are left at the interface (and where thus micelle formation is 

facilitated). The reason of the increasing IFT trend (second region) was due to Na+ ions positioned 

closer to the Stern layer. These Na+ ions then contributed to the positive interfacial charge, 

resulting in the repelling of surfactant molecules from the interface until no surfactant was left at 

the interface (third region).  

However, the IFT of CTAC solutions increased for all salt concentrations examined. We 

attribute this to the decrease of CTAC solubility in the aqueous phase caused by the salting-out 

effect. The slight migration of CTAC further into the oil phase was also verified by the interfacial 

thickness analysis.   

Moreover, temperature increase led to a decrease in IFT for all salt concentrations. However, 

IFT-salinity patterns resembled those measured at ambient temperature. 

These results indicate that interactions between ions and surfactant molecules are competitive 

at the interface and cooperative in the bulk phase. The findings of this study thus provide important 

insights into the understanding of the influence of ions in the interfacial zone and thus can be used 

for screening surfactants that are favorable for enhanced oil recovery, ultimately leading to 

improved productivity.   
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Chapter 6. Molecular dynamics study of surfactant – hydrocarbon interface 

in the presence of nanoparticles 

 

6.1 Motivation  

As it was observed in chapter 2 and supported by a literature survey, silicon nanoparticles 

(SiO2) are promising agents for improving the surfactant properties, such as IFT reduction, 

viscosity increase, and wettability alteration of carbonate surfaces. As such, it has been regarded 

as a potential additive to surfactant injection fluid for chemical EOR. However, as it was shown 

in the previous chapters, the properties of surfactant and its mixtures with nanoparticles highly 

depend on salinity and temperature conditions. Moreover, results showed that, for practical 

applications, an appropriate combination of surfactant/electrolytes/nanoparticles needs to be 

carefully selected to avoid the negative synergism and undesirable performance during EOR.  

Despite many experimental studies that have been published recently, the effect of 

nanoparticles at the surfactant – hydrocarbon interfaces remains controversial and poorly 

understood due to the difficulty of studying their interactions solely with experiments. Moreover, 

no optimal concentration of nanoparticles or surfactant has been proposed to be economically and 

technically effective for EOR methods.  Therefore, we aim to establish the models of interactions 

of surfactants in the presence of nanoparticles using MD that would aid in the screening process 

of these chemicals for a future application for wettability alteration of carbonates and thus enhance 

oil recovery.  

 

6.2 Materials and Methods 

6.2.1 Nanoparticles preparation 

The amorphous silicon nanoparticles have been obtained by cutting the spherical shape of 3 

nm diameter out of the amorphous silica model. In turn, the amorphous silica model has been 

prepared by following the procedure suggested in Litton et al216. 

In general, a crystalline silica model can be built by replicating the silica unit cell to fill the 

cubic volume. For instance, it can be performed using VMD modeling tool177.  Then amorphous 

silica can be prepared by the annealing process, which involves three steps – heating up to 8000 K 

in order to achieve the randomization of the crystalline silica structure, then cooling silica to room 

temperature (300 K), and then relaxation process for system’s volume adaptation.  
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It is interesting to point out that the melting temperature of silica is approximately 1723 K. 

However, in order to reduce the computational time, a high temperature, such as 8000 K, is utilized 

in MD. 

Notably, that one can also obtain the amorphous structures by using commercial software 

Cerius with specialized force fields217.  

 

 

Figure 50. Schematic representation of the nanoparticle preparation process. Colors represent 

silicon atom – yellow, oxygen atom – red and hydrogen – white. 

 

In this study, the diameter of the studied nanoparticle was taken 3 nm, which is several times 

less than the real size of SiO2 nanoparticles (∿12 nm). However, as it was shown in the work of 

Fan et al.146, this diameter is reasonable to capture the effects of nanoparticles at the interface, and 

on the other hand, is feasible in terms of computational resources.   

In order to obtain a hydrophilic nanoparticle, the unsaturated atoms from the nanoparticle 

surface have been deleted, and then, non-bridging oxygen atoms have been saturated with a 

hydrogen atom (Figure 50).   
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In the MD simulation study, we used the same surfactants as in experiments (please refer to 

chapter 2) – cationic EHAC and anionic SOS (Figure 51). Figure 51 represents the molecular 

structures of surfactants and the snapshot of the simulation box containing nanoparticles and either 

EHAC or SOS surfactant molecules. In all simulation runs, the surface density of OH groups 

equaled 4.5 groups per nm2, which is in good agreement with the experimental data - 4.6 groups 

per nm2 146.  

 

Figure 51. a) Simulation box containing nanoparticles and surfactants – b) cationic surfactant 

(EHAC) and b) anionic surfactant (SOS) 

 

6.2.2 Computational method 

The liquid-liquid interfaces were simulated by the GROMACS 4.5.5 package171 with an 

application of the leapfrog algorithm for Newton’s equations integration. Water was modeled by 
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the implementation of a single point charge/ extended (SPC/E) model, which has been successfully 

used to obtain the best equilibrium distributions at the interface 174, 196. The charge distribution 

among surfactant atoms (Figure 51) was selected and adjusted from that proposed in the 

literature176, such that the system charge remained neutral. 

The molecular interaction parameters between silica atoms were computed using the CLAYFF 

force field218. Table 9 shows the force field parameters used in this study for modeling silica 

nanoparticles.  The Transferable Potentials for Phase Equilibria (TraPPE) force field was applied 

for computing the n-decane phase. The Chemistry at Harvard Macromolecular Mechanics 

(CHARMM) force field was used for modeling the surfactants. The dispersive interactions 

between nanoparticles and water and/or n-decane were modeled by a 12-6 Lennard-Jones 

potential. The Lennard-Jones parameters were calculated with a Lorentz-Berthelot mixing rules219. 

The particle-mesh Ewald (PME) method of summation was implemented to compute the 

electrostatic interactions173. 

 

Table 9. Force field parameters for silica nanoparticles. 

Force field parameters: 

 Si 
O

b 
(bringing 

oxygen) 

O
w 

(Non-bringing 

oxygen) 
H 

ε (kJ/mol) 7.7007*10-6 0.6502 0.6502 0.0000 

σ (nm) 0.3302 0.3166 0.3166 0.0000 

charge (e) 2.100 -1.0500 -0.9500 0.4250 

K
b 
(kJ/mol/nm

2
) 463700 

K
θ 
(kJ/mol/rad

2
) 251.04 

b
0
 (nm) 0.1 

θ
0
 (deg) 109.47 

 

The simulation boxes with nanoparticles were constructed by placing slabs of surfactant layers 

(2 nm each) and nanoparticles (3.5 nm each) around the n-decane layer (thickness 5 nm) and 

visualized using the visual molecular dynamics (VMD) tool177. The z dimension of the box with 

n-decane, surfactant molecules, and nanoparticles was increased to 25 nm create regions for water 
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molecules filling as shown in Figure 50a. The initial size of the simulation box was 8 × 8 × 25 nm3 

for each system. Periodic boundary conditions (PBC) were set in three dimensions.  

Two surfactants have been chosen from experimental data presented in Chapter 2. The number 

of surfactant molecules in each slab was set in such a way that area density for EHAC equaled to 

0.18 molecule / nm2 and 0.25 molecule / nm2, while for SOS - 0.22 molecule / nm2 and 0.31 

molecule / nm2. These values are adopted from the previous simulation studies and are consistent 

with other researches, where interfacial behavior has been investigated132, 179, 196, 200. Since in our 

study we are focusing on molecular interactions at the interface and not on the bulk properties of 

surfactants and nanoparticles, the concentrations considered in this study are within a reasonable 

range to mimic the adsorption behavior and chemical interactions properly. 

 Then, to obtain zero total charge of the systems, an appropriate number of counterions (Cl− 

and Na+) were inserted by replacing the water molecules. The number of nanoparticles used in this 

study corresponded to concentrations of 0.002 M, 0.004 M, and 0.006M that were feasible in terms 

of the computational resources.  

The simulations were carried out at atmospheric pressure (1 bar) and 300 K. After the 

simulation box was constructed, the energy minimization was performed by using the steepest 

descent method with the cut-off scheme for Coulomb and van der Walls forces of 1.4 nm. The first 

equilibration step was performed with a constant number of molecules and a volume and 

temperature (NVT) ensemble using a Berendsen barostat coupled with a simulation of a constant 

number of molecules, pressure, and temperature (NPT) for 1 ns. Then the productive simulations 

were run for 30 ns with a constant number of molecules, volume, and temperature (NVT) using 

Nose-Hoover thermostat. The simulation data obtained from the last 15 ns of the production run 

was used to calculate parameters.  

 

6.3 Results 

6.3.1 Nanoparticles effect on interfacial behavior of surfactants: the influence of 

nanoparticles concentration 

As it was shown in works146, 220, it is important to study simple systems first, e.g. water/n-

decane, water/surfactant/n-decane, water/nanoparticles/n-decane in order to test the chosen force 

fields for reliable results analysis and accurate IFT calculation of the whole system.  
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The interfacial tension (γ) can be determined as following, as the interface between the phases 

is perpendicular to the Z-axis direction76:  

 

𝛾 =  − ∫ (𝑝′(𝑧) − 𝑝)𝑑𝑧
𝐿𝑧

0
, 

 

where 𝐿𝑧 is the box length along the z-axis, 𝑝′(𝑧) is the lateral pressure, and 𝑝 is the bulk pressure. 

 

The integral can be calculated using the fact that in the bulk solution 𝑝 = 𝑝′(𝑧) and taking into 

consideration that there are two interfaces in our system76:  

 

𝛾 =  −
1

2
 (

𝑝𝑥+𝑝𝑦

2
− 𝑝𝑧) 𝐿𝑧, 

 

where 𝑝𝛼 describes the three diagonal elements of the pressure tensors 𝑃𝛼𝛼  (𝛼 = 𝑥, 𝑦, 𝑧) along the 

axis. 

 

The results calculated for the water/n-decane interface and water/n-decane in the presence of 

nanoparticles are presented in Table 10. Then, the computed interfacial tensions of the water/n-

decane system with and without nanoparticles were compared to the experimental data obtained 

at 300 K. The experimental IFT data was taken from the work of Zeppeiri et al.159, processed by 

extrapolating the data using the correlation on temperature.   

 

Table 10. Comparison of computed IFT values with the experimental data from literature108, 

159. 

System Computed IFT values Experimental IFT data 

Water/n-decane 52.5 ± 1.5 51.7159 

Water/nanoparticles 

(0.002 M)/n-decane 
48.4 ± 0.8 50.1108 
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As can be seen from Table 10, the computed IFT values for all systems are in good agreement 

with available experimental data. Therefore, the same force field parameters have been used for 

other simulations with more complex systems, i.e. including both nanoparticles and surfactants.  

Notably, the simulation results showed that interfacial tension between water and n-decane had 

changed slightly when nanoparticles were added (Table 10). This result illustrates the hydrophilic 

nature of SiO2 nanoparticles computed in our study. As such, nanoparticles tend to stay in the 

aqueous phase rather than approach closer to the interface. However, the slight reduction of IFT 

can be explained by considering the increase of the orientational order of water molecules near to 

the interface when nanoparticles were presented near the interface. 

Once the force field parameters have been tested on relatively simple systems, the water/n-

decane system, including nanoparticles and surfactants, were computed. The results for computed 

IFT values between surfactant and n-decane in the presence of different numbers of nanoparticles 

are shown in Figure 52.  

 

 

Figure 52. Computed IFT values for EHAC: a) 0.18 molecule / nm2; b) 0.25 molecule / nm2 and 

SOS: c) 0.22 molecule / nm2; d) 0.31 molecule / nm2 as a function of nanoparticles 

concentration. 

 



122 
 

As it can be seen from Figure 52, the addition of a small number of nanoparticles (0.002 M) to 

the less concentrated surfactant solutions resulted in a modest decrease of IFT values (Figure 52a, 

c). Further, with the increase of nanoparticles content in the system, the IFT started to grow. On 

the other hand, nanoparticles addition to more concentrated surfactant solutions led to an IFT 

increase in all ranges of nanoparticles concentrations. The obtained trend agrees with a number of 

experimental results illustrating that there is an optimal amount of nanoparticles that aid in the IFT 

reduction of surfactants95, 96, 108, 221.  

From the simulation results, we propose that when nanoparticles concentration is small, 

nanoparticles locate near the interfacial zone interacting with surfactant molecules via electrostatic 

forces. However, when the concentration is relatively high, nanoparticles tend to remain in the 

bulk phase, detaching some surfactant molecules from the interface. Consequently, fewer 

surfactant molecules can move to the interfacial zone and cause IFT reduction. As a result, IFT 

raises up to values that are close to the values of the water/n-decane system without surfactant 

(Figure 52). This hypothesis is supported by analyzation of density distribution profiles of 

nanoparticles, water, and n-decane (Figure 53). The Gibbs Dividing Planes have been calculated 

for all systems using the same procedure presented in Chapters 4, 5. In Figure 53, it can be seen 

that when nanoparticles concentration was 0.002 M, nanoparticles resided in close proximity to 

the interface – 1.82 nm, and thus, indicating the impact on interfacial behavior of surfactants and 

interfacial water molecules. However, at 0.004 M concentration nanoparticles moved further 

inside the aqueous phase, showing no effect at the interface.  

 

 

Figure 53. The density distribution profiles: a) nanoparticles concentration – 0.002 M; b) 

nanoparticles concentration – 0.004 M. 
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Notably, at a higher number of surfactants in the system, the IFT increase has been observed 

for all nanoparticle concentrations. We hypothesize that, when surfactant concentration is high, 

the interfacial zone consists mostly of surfactant molecules with no available space for 

nanoparticles. As such, nanoparticles mostly remained in the water phase and could not reach the 

interface and, thus, had no effect on IFT (Figure 54). It is worth to note that simulation trends are 

in good agreement with the experimental trends presented in Chapter 2. Therefore, the models 

developed in this chapter are reliable, and thus, can be used for other surfactants to make the 

screening process more convenient.  

 

 

Figure 54. Snapshot of simulation box containing 0.004 M nanoparticles and EHAC 

surfactant. Colors represent - carbon (cyan), oxygen (red), silica (yellow), hydrogen (white). 

 

6.4 Summary 

In this chapter, we analyzed surfactant – nanoparticles systems using the MD simulation tool. 

The models of their interactions at the water/n-decane surface have been developed. Further, 

models were validated with the experimental trends presented in the previous chapter and with 

available literature data. As a result, the developed procedure can be modified further for studying 

other surfactants with regard to use them in nanoEOR.  

From the simulation study, it was shown that optical concentrations of nanoparticles and 

surfactant should be chosen accurately in order to achieve the synergism in IFT reduction. Our 

results illustrated that the range of optimal concentrations is represented by rather small amounts 
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of surfactant and nanoparticles than high. This fact makes nanoparticles application in EOR 

methods economically attractive.  

It should be pointed out that this study aids in the prediction of interfacial properties of the 

mixture of surfactants and nanoparticles using the MD tool, which in turn can help in predicting 

the overall performance of nanoparticles augmented surfactant solutions’ performance as an 

injected fluid.  
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Conclusions 

In this thesis, we performed a systematic study of the systems involving different surfactants 

and nanoparticles and explored their interactions by experimental and modeling evaluations. 

Starting from the study of the reasons for oil-wet wettability of carbonate rocks and going all the 

way to completed nano-surfactant solutions for wettability alteration, we investigated a number of 

important parameters and characteristics and featured the most promising nano-surfactant 

suspension potentially applicable for use in EOR techniques in carbonates.  

A comparative analysis of micro-scale wettability of 12 carbonate samples in 2 different 

extraction states provided important information on the wetting state of carbonate rocks and 

revealed the reason for oil wetting preferences of carbonates. We developed the methodology for 

measuring the contact angle between water and carbonate surfaces at the microscale by using the 

ESEM approach. Further, the advanced microscopic technologies were first applied to identify the 

organic layers on carbonate surfaces. We discovered that the surface covered by hydrocarbon 

layers had hydrophobic wetting properties, while pure calcite exhibited hydrophilic. This result 

was also confirmed by EDXS analysis in the corresponding points of the surface. Furthermore, we 

studied the properties of the first adsorbed layer on the surface by combining the Cryo-FIB 

approach with S/TEM experiments. The calculated thickness of the hydrophobic organic layer was 

180 ± 12 nm and can be used in fluids displacement models for evaluation in the more accurate 

way the critical parameters of fluids multi-phase flow through pore throats, such as capillary 

pressure curves. The EELS results revealed the bond nature between the layer and surface. As 

such, we propose that asphaltenes react with calcium ions by the ionic bond between calcium 

(Ca2+) and oxygen (O−) from the carboxyl group (COO−). Then, on the surface of this organic 

layer, other hydrocarbons from oil start to adsorb.  

Knowing that the reason for oil wetness stems from the chemical adsorption of organic 

components from oil, we further studied potential solutions consisted of surfactants and 

nanoparticles that can desorb those layers from the carbonate surfaces. A systematic experimental 

study of 2 potential surfactants and a mixture thereof with SiO2 at high temperature and high 

salinity conditions provided essential information on the factors governing their effectiveness in 

terms of stability, IFT, and viscosity properties. We found that the addition of nanoparticles to 

surfactant solutions aids in IFT reduction. The minimum of IFT was achieved for EHAC surfactant 

when surfactant concentration was higher than CMC, and nanoparticle concentration was 0.05 



126 
 

wt.%. We further observed that IFT was strongly influenced by temperature and salt (NaCl). The 

results revealed that the IFT reduction is related to the addition of electrolytes to solutions and, 

with a lesser impact, to the addition of nanoparticles. We observed that the impact of salt and 

nanoparticles on the bulk viscosity is cooperative. The addition of nanoparticles and salt to cationic 

surfactant solutions significantly increased solution viscosity (up to 10,000 mPa*s), illustrating 

that nanoparticles can also serve as an effective viscosity modifier of injected fluids. The results 

indicated that interactions between electrolytes and nanoparticles are competitive in the interfacial 

region and cooperative in the aqueous bulk. The contrast was more pronounced when the surfactant 

and particle had opposite charges. Results show that, for applications, an appropriate combination 

of surfactant/electrolytes/nanoparticles needs to be carefully selected to avoid negative synergism. 

Further, we studied important phenomena of surfactant interfacial behavior that can not be 

explained by conventional theories at the microscale using MD simulations. We investigated the 

adsorption of 2 surfactants (EHAC and CTAC) with different molecular structures at the water/n-

decane interface at different temperatures: 298 K, 318 K, 338 K, 353 K, and 368 K. We showed 

that surfactants had different IFT patterns when the temperature was increased. As expected, the 

IFT of CTAC surfactant decreased with the temperature according to the Gibbs theory. Whereas 

the IFT of EHAC went through a minimum at 338 K and then started to increase. From the results, 

we proposed that hydrogen bonding between surfactant and water molecules plays an important 

role at the liquid/liquid interfaces and controls the interfacial behavior of surfactant at elevated 

temperatures. We thus, also suggest that the observed IFT - temperature dependence can be 

generalized for other surfactants containing head groups that can form hydrogen bonds with 

surrounding water molecules. The obtained results provided an important basis for the 

understanding of deviations from the Gibbs theory of surfactant adsorption at the interfacial zone. 

Thus, the findings of this work can be used for further modification of the existed theory by taking 

into account the chemical structure of surfactants. 

  We studied the salinity effect on surfactants interfacial behavior owing to the fact that 

reservoirs contain high concentrated brines. Screening the surfactant properties at high salinity and 

temperature is thus essential to avoid failure of the whole recovery process. We investigated 2 

surfactants (EHAC and CTAC) and showed that surfactants had different IFT patterns as a function 

of salinity due to different headgroup architectures. So far, experimental studies60, 80, 82 showed IFT 

passes through a minimum, illustrating two behavioral regions. From our work, we propose that 
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the IFT trend of EHAC can be categorized into three regions, namely the first region where 

surfactant molecules adsorb at the interface, the second region where surfactant molecules desorb, 

and a third region where no surfactant molecules are left at the interface (and where thus micelle 

formation is facilitated). The reason for the increasing IFT trend (second region) was due to Na+ 

ions positioned closer to the Stern layer. These Na+ ions then contributed to the positive interfacial 

charge, resulting in the repelling of surfactant molecules from the interface until almost no 

surfactant was left at the interface (third region). The findings of this study thus provide important 

insights into the understanding of the influence of ions in the interfacial zone and thus can be used 

for screening surfactants that are favorable for enhanced oil recovery, ultimately leading to 

improved productivity.   

With the existing controversial trends of nanoparticles’ influence on surfactant properties, such 

as their ability to reduce water/hydrocarbon IFT, it is important to study their interactions at the 

atomic level. Therefore, we developed the models of their interactions at the water/n-decane 

interface. Further, models were validated with the experimental trends presented in the previous 

chapter and with available literature data. We revealed that in all cases, the optical concentrations 

of nanoparticles and surfactants should be chosen accurately in order to achieve the synergism in 

IFT reduction. As a result, the developed procedure can be modified further for studying other 

surfactants with regard to use them in nanoEOR. 

The research finding of this thesis points out also new challenges to be investigated in future 

projects. One of them is to develop the procedure of the contact angle calculation at a micro-scale 

using micro-tomography images. This information will help to reveal the three-phase contact angle 

in the presence of surfactants and nanoparticles. To address this issue, one can develop the 

procedure using mCT scanner and build a special core holder that allows obtaining images with a 

resolution of 1-3 µm. 

Finally, it is worthy to point out that the application of nanoparticles in surfactant EOR is still 

a hot and ongoing topic in science and industry and raises challenges to researchers from all over 

the world. We believe that our study contributes significantly to this area and represents an 

important step forward for applying this technology in the real oil field project.   
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