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ABSTRACT 

Surfactants are used commonly in many processes such as wetting, flotation, mineral 

separation, water purification and emulsification. The adsorption of soluble surfactants 

at the air/water interface has attracted considerable research in colloid and interface 

science. In general, the presence of surfactant molecules at the interface alters the 

arrangement, the orientation and the interaction among the molecules within the 

interfacial zone. However, the fundamental understanding on the molecular structure/ 

surface activity has yet not to be achieved.  

This Thesis concentrated on the layer structure of the air/water interface in terms of 

the molecular arrangement and the orientation, as well as the effect of the structure of 

surfactant molecule on the ionic adsorption at the air/water interface. Molecular 

dynamics simulations, in combination with experiments, were applied to provide 

insights into the interfacial structure. In particular, surfactant systems with molecular 

variations were selected to highlight the impact of molecular structure. The two 

selected systems were non-ionic and cationic surfactants.   

The adsorption of nonionic surfactants at the air/water interface was studied using the 

isomeric surfactants, MIBC (Methyl Isobutyl Carbinol) and 1-hexanol. Equilibrium 

surface tension and surface potential were experimentally measured and fitted against 

a new model, which was developed specifically for alcoholic surfactants. The results 

indicated an opposite phenomenon: MIBC enhances the adsorption of cations, whereas 

1-hexanol enhances the adsorption of anions. Consequently, molecular dynamics 

simulation was able to quantify the density distribution of surfactant as well as the 

effect of adsorbed surfactants on surface potential. The disruption of alcohols 

molecules on the orientation of water molecules at the air/water interface was 

visualized by the change of water dipole. Most critically, the experimental finding was 
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verified by using a new definition of interfacial limit, which was based on the variation 

of dipole moment. 

The interfacial structure with the presence of cationic surfactants was also investigated 

systematically. The two common cationic surfactants selected were TTAB (Tetradecyl 

Trimethyl Ammonium Bromide) and CTAB (Cetyl Trimethyl Ammonium Bromide). 

Dynamic surface tension at the air/water interface was measured and modeled using a 

numerical scheme, which used a newly proposed equation for equilibrium surface 

tension and showed the independence of initial guesses of adsorption parameters. The 

results showed significant variation with the extra two carbons in the aliphatic chain: 

CTAB almost doubled the surface excess in comparison with TTAB. This finding then 

was certified by molecular dynamics simulation, which exhibited the difference in the 

adsorption of counter-ions at the interface. The deep penetration of Br- into the 

interfacial zone formed two ion layers around CTAB head. As a result, the repulsive 

interaction among adsorbed molecules was weakened and more surfactant molecules 

can be packed at the interface. Based on the outcome of this study, the applicability of 

Gibbs isotherm in cationic surfactant systems was discussed. The distribution of 

molecular arrangement at the air/water interface to surface tension was proposed. 

In summary, the molecular structure of the air/water interface in the presence of 

nonionic and cationic surfactants was investigated using a combination between 

experimental measurements and molecular dynamics simulation. The modeled 

outcomes were verified by atomistic simulations. The new insights demonstrated the 

capability of molecular dynamics to quantify the relative influences of adsorbed 

molecules, which can provide important information for the chemical design in 

mineral flotation, foaming and other industrial processes. 
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Chapter 1 Introduction 

CHAPTER 1. INTRODUCTION 

1.1 BACKGROUND 

Surfactants or surface-active agents are chemical compounds containing hydrophilic 

(head) and hydrophobic (tail) parts in the same molecule. Due to special molecular 

structure, they orientate at the interface when dissolving in water. The heads, which 

are water soluble, stay in liquid phase, while the tails point to vapor phase (Figure 

1-1). The adsorption of surfactants at the interface causes the reduction in the free 

energy and therefore lowering the surface tension. 

The adsorption of surfactant at the air/liquid interface plays an important role in many 

industrial processes, which is based upon the modification of the interfacial properties 

of water by using surfactants. It affects foaming ability and foam stability, wettability, 

coating flows and the formation of soap-lather [1]. Mineral and coal extraction, 

separation by flotation [2], dissolved air flotation in wastewater treatment, toxic 

substance removal, bacteria  separation, industrial waste treatment [3], petroleum 

refining/processing [4], spreaders for agriculture chemicals and antifogging agent for 

greenhouse [5] are also strongly dependent on the adsorption of surfactants at the 

interface. 

For many decades, molecular structure at the air/water interface has been investigated 

in literature in order to verify the reduction of surface tension due to the adsorption of 

surfactant molecules. Conventionally, surface tension measurements were 

accompanied with Gibbs adsorption isotherm to model the adsorption of single and 

mixed surfactants at the interface. Based upon this method, the efficiency and 

effectiveness of various surfactants were predicted [6-9] as well as the effect of 

surfactant molecular structure on the adsorption was studied systematically.  
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Figure 1-1. The behavior of surfactants and water within the air/water interface. 

However, the arrangement of surfactant molecules within adsorption zone cannot be 

characterized by this method. Since 1990s, the application of neutron reflectivity, a 

very powerful technique for interfacial structure investigation, to air/liquid interfaces 

have answered various questions relating to molecular structure at the interface. 

Firstly, the efficiency and effectiveness of different types of surfactants have been 

directly measured and compared to theoretical models [10-13]. Moreover, roughness 

of the interface can be quantified, which provides the information about the 

arrangement of surfactant molecules at the interface [14, 15]. 

In order to verify and understand the adsorption layer at the air/liquid interface, 

molecular dynamics simulation has been employed for many different systems. Not 

only were interfacial properties characterized [16, 17], but also the physical structure 

and the arrangement of the components within the interface were studied [16, 18, 19]. 

Nevertheless, these studies are not systematical, especially with the addition of 

surfactants into the systems. There is also a big gap between the modeled and 

simulated results, which limits the current understanding on the adsorption layer 

structure. 
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1.2 OBJECTIVES OF THE THESIS 

It is clear that the molecular structure of the air/water interface is not well understood. 

There are a lot of different results from available methods, which leads to a significant 

gap in knowledge and hypotheses. The main objectives of this Thesis are to address 

this gap and propose new theories to match the results by: 

1. Experimenting and modeling with systematic variations of surfactant structure 

to provide information about the adsorption of the surfactant molecules at the 

interface. 

2. Simulating these systems using molecular dynamics simulation to investigate 

the structural arrangement at the interface. 

3. Correlating and matching the theoretical and simulated results. 

1.3 FORMAT OF THE THESIS 

Chapter 1: General introduction about surfactants and their applications. Some 

methods used to investigate interfacial structure are also introduced before identifying 

the objectives of this Thesis. 

Chapter 2: Surfactants and adsorption phenomena are reviewed prior to presenting the 

current theoretical models for qualitative assessment of surface tension and surface 

potential measurements. Molecular dynamics simulation is reviewed as well, in terms 

of the limitation and potential in interfacial study. 

Chapter 3: All the chemicals used in this Thesis and the procedures to purify these 

chemicals are reported. The Chapter describes the apparatus used for measuring the 

equilibrium and dynamic surface tension, surface potential. Finally, water model, 

force-field model and parameters used for molecular dynamics simulation are 

presented. 
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Chapter 4: Presenting the experimental and simulated results on the layer structure of 

non-ionic surfactants adsorbed at the air/water interface. 

Chapter 5: Presenting the experimental and simulated results on the layer structure of 

cationic surfactants adsorbed at the air/water interface. 

Chapter 6: Concluding the study with recommendations of further work. 
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Chapter 2 Literature review 

CHAPTER 2. LITERATURE REVIEW 

Adsorption behavior of surfactants is important in many diverse areas. Although the 

adsorption of surfactants has been studied theoretically and experimentally in the last 

few decades, there is a little insight into the relationship between surface activities of 

these surfactants and molecular structure [20]. This Chapter presents an overview of 

adsorption phenomena at the air/water interface. This is followed by indirect and direct 

methods to investigate the adsorption of surfactant at the interface. Additionally, one 

of the most effective tools to quantify the molecular structure on the macro properties 

[16, 17, 21], molecular dynamics simulation, is reviewed. Consequently, the gap in 

knowledge and hypotheses about the interfacial layer is highlighted which is the focus 

of this Thesis. 

2.1 SURFACTANTS AND INTERFACIAL PHENOMENA 

A surfactant, surface-active agent, is briefly defined as a material that can greatly 

reduce the surface tension (γ) of water when used in very low concentrations. 

Surfactant molecules consist of hydrophobic (tail) and hydrophilic (head) parts. The 

head dissolve more easily in water than in oil or air [22]. Due to this heterogeneous 

molecular structure, surfactants present strange properties. For example, in aqueous 

solution surface-active agent can considerably lower the surface tension by adsorbing 

to air/liquid interfaces. At high enough concentration, surfactant molecules can self-

assemble into a number of aggregates named micelles. 

2.1.1 Significance of interfacial phenomena 

The behavior of surfactants at the interface plays an important role in many different 

fields of application, and in biochemical and biological processes such as foam 
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stability, the formation of soap-lather, foamability, wettability and coating flows [1]. 

In rapid processes, both equilibrium and dynamic behaviors are important. In aqueous 

agriculture pesticide, for instance, surfactants are used as pesticide aids that help 

distribute the chemical into small droplets and spread easily on leaves [23]. Surfactants 

in cosmetics are firstly employed as foaming agents, cleansers, wetting agents, 

conditioners, thickeners and solubilizers. They are also used for a number of dispersed 

systems, such as synthesis of nanoparticles, suspensions and emulsions [24]. In 

additional, surfactants are widely used in chemical enhanced oil recovery to reduce 

surface tension, control mobility and change the wettability in order to gain more 

amount of oil recovered from a water-pumped reservoir [25].  

2.1.2 Surfactant classification and application 

Surfactant molecule contains two parts, hydrophobic (tail) and hydrophilic (head). The 

tail consists of hydrocarbon chain, which can be linear, branched, or aromatic. Besides, 

some surfactant molecules have two or three hydrophobic groups (gemini or dimeric 

surfactant) [26]. Most commonly, surfactants are classified based upon polar head 

group as seen in Figure 2-1. 
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Figure 2-1. Surfactant classification. From top to bottom: nonionic, anionic, cationic 

and zwitterionic. 

Nonionic: This surfactant does not carry apparent ionic charge as their hydrophilic 

group is made of a non- dissociable type. Examples of nonionic surfactants include 

long-chain fatty acid, ester, amide, ether, alkyl phenol and long-chain alcohol [27]. 

Nonionic surfactants can be made resistant to hard water, polyvalent metallic cations, 

and electrolyte at high concentration. Yet, they are poor foamers with low solubility 

in water, especially long-chain molecules. Nonionics are excellent detergents for 

removal of oily soil and are often used in laundry products. Moreover, they can be 

used as cosmetic emulsifiers, food emulsifiers for ice cream, bread and other dairy 

products. 

Nonionic surfactants are the second most commonly used, which account for about 

45% of the overall industrial production [28]. Previously, the low toxicity nonionic 

surfactants, glucoside head groups based on sugar, were introduced in the market. 

However, as the lipophilic group is considered, the so-called surfactants like polyEO 

(ethylene oxide) and polyPO (propylene oxide) have become more popular. 
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Anionic: Anionic surfactants contain anionic functional groups at their head, such as 

phosphate, sulfonate, sulfate and carboxylates. The counterions are in general an 

alkaline metal, such as Na+ or K+, or a quaternary ammonium. This type of surfactant 

is widely used in industry with about 50% of the world production [28]. They include 

sodium and potassium salts of straight- chain fatty acids which are added to prevent 

precipitation of insoluble lime soaps, alkylbenzene sulfonates, di-alkyl sulfosuccinate 

and lauryl sulfate.  

Sulfonic acid salts are inexpensive and used in many industrial products, such as 

dispersing and wetting agents in wettable pesticide powders, tension lowering agents, 

detergents and flotation aids. Alkyl-sulfates are the oldest surfactants. They are used 

in many domestic and industrial products including detergents, foaming and wetting 

agents. Lauryl sarcosinate, the most popular synthetic product, is a strong bactericide. 

Due to the compatible with anionic surfactants, it is utilized in dry shampoos for 

carpets, upholstery and tooth paste. 

Cationic: The surface-active portion bears a positive charge, for instant, R-

N(CH3)3
+Cl-, RNH3

+Cl-. When dissociating in water, an amphiphilic cation (most 

common of nitrogen compounds) and an anion (most common of halogen type) are 

generated. Cationic surfactant molecule has a positive charge, therefore it is able to 

adsorb strongly onto most solid surfaces, which are usually negatively charged [29]. 

However, cationics are generally more expensive than nonionics or anionics owing to 

the high pressure hydrogenation reaction applied in their synthesis process.  

Consequently, they are only employed in two particular cases, which cannot be 

substituted by cheaper surfactants, i.e. (1) as a bactericide and (2) as a corrosion 

inhibition, which requires the adsorption of positively charged substance onto 

negatively charged substrates. They can be used as emulsifiers, coatings and inks, 
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corrosion inhibitors, floatation collectors or solid dispersant. In addition, they are used 

as antiseptics to clean surgery hardware, sterilize food containers or bottles. 

Zwitterionic: Zwitterionic surfactants have both anionic and cationic centers stuck to 

the same molecule. Due to their special molecular structure, they can be adsorbed onto 

positively or negatively charge surface [30]. However, they are often insoluble in most 

organic solvent [31]. There are two main types of zwitterionics, pH-sensitive and pH-

insensitive zwitterionics. pH-sensitive zwitterionics may show the properties of 

anionics at high pHs and those of cationics at low pHs. Whereas, pH-insensitive 

zwitterionics are zwitterionics at all pHs. These kind of surfactants are employed in 

cosmetics, bactericides, corrosion inhibitors, soap-detergent formulations and textiles 

[32]. 

Recently, with the demands from industrial and academic applications, some novel 

surfactants with particular properties have been introduced. 

Gemini surfactants: (also called dimeric surfactants) include two or three hydrophobic 

groups and two hydrophilic groups in the molecules, which are connected by a linkage 

(spacer) (Figure 2-2). 
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Figure 2-2. Conventional and gemini surfactants. 

The additional hydrophilic head groups increase the solubility in water and in turn the 

molecule can   accommodate more carbon atoms in the aliphatic chain without 

becoming water insoluble. It is these additional carbon atoms in the hydrophobic 

chain, which are the primary reason for the molecule’s high surface activity relative to 

conventional surfactants [33-35]. The surface activity of gemini surfactants are also 

affected by the flexibility, length and hydrophobicity of the linkage between the two 

hydrophilic groups. For instance, the inclusion of methylene in the connecting group 

of cationc geminis increases the critical micelle concentration (CMC) and 

area/molecule at the air/liquid interface [36, 37]. 

The packing at many different interfaces is a very useful property of gemini 

surfactants. At the air/liquid interface, when the spacer is small, the packing of the 

chains is so close and form multilayers [38]. Consequently, gemini surfactants can 

make the interfacial film more coherent, produce superior foaming resulting in 
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wormlike micelles, which produces the high viscosity of the aqueous phase [39]. 

Particularly, gemini surfactants can also adsorb at oppositely charged solid surfaces 

from aqueous media. Conventional surfactants adsorb onto this type of solid from 

aqueous media with their hydrophilic groups oriented toward the oppositely charged 

solid surface and their hydrophobic groups oriented toward the aqueous phase, making 

the solid more hydrophobic. Conversly, gemini surfactants with short spacer adsorb to 

these surfaces with one hydrophilic group oriented toward the solid and the other 

oriented toward the aqueous phase, retaining the hydrophilic character of the solid and 

rendering the solid more dispersible in the liquid phase [40, 41]. 

Stimuli-responsive surfactants: Compared to conventional surfactants, stimuli- 

responsive surfactants are able to self-assemble in a predictive and controllable way 

in response to temperature, pH and ionic strength or using external stimuli such as 

CO2 level, light, magnetic field as well as electrical potential [42]. 

- pH responsive surfactants: These surfactants have been subject to rising 

interest due to the wide potential in novel applications such as enhanced oil 

recovery, demulsification, textile treatment, nanomedicine and contaminants 

remediation. The simplest pH responsive surfactants is N-dodecyl-1,3-

diaminopropance (C12NCnN), which includes a single hydrophilic group. The 

diamine has two distinguishable aqueous pKa (4.71 and 10.81) rendering the 

molecule temperature and pH sensitive leading to diverse phase behavior 

through continual control over hydrophilicity [43, 44]. The sensitivity of these 

surfactants to pH can be investigated by measuring surface tension in acidic, 

neutral and basic conditions. Figure 2-3 shows the dependence of surface 

tension of N,N’-dialkyl-N,N’-di(ethyl-2-pyrrolidone)ethylenediamine (Di-

CnP) on pH. 
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Figure 2-3. Dependence of the surface tension on the concentration of Di-

C10P at different pH at 25oC [45]. 

- CO2-responsive surfactants: These surfactants contain a long-chain alkyl 

connected to an amandine group (head). The pH of the solution can be 

controlled by exposing to an atmosphere of carbon dioxide, which transform 

them into charged surfactants (Figure 2-4). 

 

Figure 2-4. The transformation of CO2-responsive surfactant. 

The reverse reaction can be controlled by bubbling nitrogen, argon or air 

through the solution at high temperature, releasing CO2. The application of 

CO2-responsive surfactants is mainly in emulsification such as stabilizing 

alkane/water or styrene/water emulsions. Latex stability also can be managed 

by a simple method using N2/CO2 triggered switchable surfactants. Moreover, 

these surfactants might be employed to control the solubility of single-walled 

carbon nanotubes in water [46-48]. 

- Redox-responsive surfactants: Carrying redox-active terminal groups and 

introduced in 1980 by Baumgartner and Fuhrhop [49], these surfactants were 

based on pyridinium ions and were relatively insoluble in water. In the late 
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1990’s it was revealed that redox-active surfactants including ferrocene could 

dramatically and reversibly alter the surface tension of solutions [50]. 

Recently, a new class of redox-responsive surfactants has been presented. For 

example, polyoxometalate (POM) surfactants [51], catalytically active POM 

surfactants [52] and Ru-based POM surfactants. In the future, redox-

responsive surfactants could be developed based on amphiphilic polymers and 

inorganic building blocks, which can be used for smart materials synthesis [53-

55]. 

- Photo-responsive surfactants: The most popular photo-responsive surfactants 

are based upon azobenzene group. These surfactants switch cis-trans 

isomerism upon irradiation. It was found that when changing from blue (460 

nm) to UV (360 nm) light, azobenzene surfactants alter from trans to cis as 

shown in Figure 2-5 [56]. Since the cis conformation desorbs 300 times faster 

than trans one (while the adsorption is 10 times faster) [57], the irradiation of 

UV light can rapidly increase the surface tension and decrease the surface 

excess of the solution. The mechanism of photo-responsive surfactants can be 

seen in Figure 2-6. 

 

Figure 2-5. Photo-isomerization of azobenzene. 
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Figure 2-6. The mechanism of adsorption/desorption of photo-responsive 

surfactant at the air/water interface. 

The variation of surface tension when switching the light exposure provides 

many valuable applications of photo-responsive surfactants in industry such as 

remote control of foam destabilization [57] and photo-controlling reversible 

vesicles in the solution [58]. 

- Magneto-responsive surfactants: Containing metal ions in the molecules, these 

new class of surfactants have been developed and reported frequently [59-61]. 

Recently, the first ionic liquid surfactants containing magneto-active metal 

complex ions were demonstrated by Eastoe and co-authors [62]. These 

magneto-responsive cationic surfactants are attractive due to their non-reliance 

on magnetic fluids. At the air/liquid interface, without an applied field, these 

surfactants reduce the surface tension of water. More importantly, when 
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applying a magnet in close to aqueous solutions, the surface tension even can 

be reduced further.  

One of the important applications of magneto-responsive surfactants is 

emulsification. By using these surfactants, magneto-responsive emulsions 

have become accessible [63]. Moreover, the movement of DNA chains and 

other biomolecules in solvent can be controlled simply by surfactant binding 

and the switching “on” and “off” of a magnetic field [62]. 

Besides synthetic surfactants, biosurfactants, which are produced by microorganisms 

and other living systems, are also popular in industry.  Biosurfactants can generate low 

surface tensions and low critical micelle concentration (CMC). Biosurfactants are also 

more advantageous due to more biodegradability and lower toxicity. Biosurfactants 

are mainly used in micro-emulsions (both water-in-oil and oil-in-water), cleaning up 

oil tanks and for oil production [64, 65]. 

2.2 ADSORPTION OF SURFACTANTS AT THE AIR/WATER INTERFACE 

Adsorption of surfactant is a process, which transfers surfactant molecules from the 

bulk of solution to the surface or interface [30]. As a result of adsorption, the surface 

tension of the interface decreases as the number of surfactant molecules migrating to 

the interface increases with the time. The variation of surface tension as a function of 

time is known as dynamic surface tension. After a certain period of time, the 

concentration of surfactant will eventually be saturated and the surface tension levels 

out. The value of surface tension at that point is defined as equilibrium or static surface 

tension. 
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2.2.1 Adsorption phenomenon 

As surfactants are highly surface active, they tend to adsorb at the interfaces in an 

oriented fashion in order to establish the interfacial conditions. The adsorption of 

surfactant molecules at the interfaces has been studied theoretically and 

experimentally in the last few decades [20, 66] and aims to address the following 

questions: 

- The concentration of surfactant at the interface. This parameter plays an 

important role in many interfacial processes such as foaming, emulsification 

and detergency [67]. 

- The orientation and packing of the surfactant at the interface. This molecular 

structure determines the effect of the interface by the adsorption and whether 

the interface would become more hydrophilic or hydrophobic. 

- The rate of adsorption. The speed at which surfactant molecules adsorb to the 

interface determines the performance in phenomena such as spreading, high-

speed wetting or recovery. 

- The energy changes in the system, such as ΔG (free energy), ΔS (entropy), or 

ΔH (enthalpy), as consequence of the adsorption. These changes provide 

information regarding the effectiveness and efficiency of the surfactant as a 

surface-active material. 

However, the structure of adsorption layer has been predicted primarily through 

theoretical models and remains difficult to measure experimentally. Neutron 

reflectometry [68-70] and radioactive tracers [71, 72] have been employed to directly 

investigate the structure at the interface. However, these methods require expensive 

isotope replacement, i. e. deuteration and tritiation. Thus, atomistic simulation is the 
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most effective means to quantify the molecular structure and its effects on macro-scale 

properties [17, 73]. 

In order to characterize the adsorption of surfactant and the adsorption layer structure, 

one can use one of the following methods: 

2.2.2 Surface tension 

Surface tension measurement is the most effective and simplest method to describe the 

adsorption of surfactant at the air/water interface. The experimental data was fitted to 

a mathematical model to generate adsorption parameters, which provide information 

about the efficiency and effectiveness of surfactant at the interface. Surface tension 

measurement includes equilibrium and dynamic surface tension. 

Equilibrium surface tension 

Equilibrium surface tension is one of the most popular parameters employed to 

characterize the adsorption of surfactants. Pure water has equilibrium surface tension 

at around 72 mN/m [74, 75] at room temperature (25oC). The addition of salts into 

pure water usually increases surface tension, whereas this parameter is usually lowered 

by adding surfactants. Equilibrium surface tension can be gained by a number of 

technical methods such as Wilhelmy plate method, Du Nouy ring method or drop 

volume method [76].  

Equilibrium surface activity of surfactant is described by fitting experimental 

equilibrium surface tension to mathematical models. 

For individual surfactant at the air/water interface, surfactant molecules tend to 

concentrate at the interface. The surface concentration of surfactant (surface excess) 

might be obtained from the Gibbs equation. 
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Γ = −
1

𝑛𝑅𝑇

𝑑𝛾

𝑑𝑙𝑛(𝑐)
       (2-1) 

where Γ  is equilibrium surface excess, n = 1 for non-ionic surfactants, neutral 

molecules or ionic surfactants in the presence of excess electrolyte, and n = 2 for 1:1 

ionic surfactants. 𝑅 is the gas constant, T is Kelvin temperature, c is the bulk surfactant 

concentration. 

Apart from the Gibbs equation, a number of other isotherms, which relate the 

surfactant concentration in the bulk and the adsorbed amount at the interface, are also 

used. 

Henry isotherm 

This is the simplest isotherm and is described as follow: 

Γ = 𝐾𝐻𝑐    (2-2) 

where 𝐾𝐻 is the equilibrium adsorption constant, which is an empirical measure of the 

surface activity of the surfactant. 

The isotherm is based on the assumption that there is no interaction between the 

adsorbed monomers. The maximum value of Γ is not defined in this isotherm. 

Langmuir isotherm 

The dependence of surface excess on the bulk concentration at equilibrium is described 

by the following equation [77]: 

Γ = Γ𝑚 (
𝐾𝑐

1+𝐾𝑐
)   (2-3) 

where Γ𝑚 is maximum surface excess, K is Langmuir equilibrium adsorption constant. 

This most commonly used non-linear equation based on a lattice-type model with the 

assumptions: 
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- Every adsorption site on the lattice is equivalent. 

- The probability for adsorption at an empty site is independent of the occupancy 

of neighboring sites. 

- There are no interactions between monomers in the lattice, and no 

intermolecular forces act between them. 

The analogous surface equation of state for the Langmuir isotherm is Szyszkowski 

(Eq. 2-4) and Frumkin (Eq. 2-5) equations. 

𝜋 = −𝑛𝑅𝑇Γ𝑚ln(1 + 𝐾𝑐)    (2-4) 

𝜋 = −𝑛𝑅𝑇Γ𝑚ln(1 −
Γ

Γ𝑚
)     (2-5) 

where 𝜋is the surface pressure. 

Frumkin isotherm 

This isotherm was built on the Langmuir isotherm with the consideration on the 

interaction of solute-solvent at a non-ideal surface. 

𝑐 =
1

𝐾𝐹

Γ

Γ𝑚−Γ
𝑒𝑥𝑝 [−𝐴 (

Γ

Γ𝑚
)]                      (2-6) 

where KF is Frumkin adsorption constant, A is the constant which depends on the non-

ideality of the layer. The surface equation of the state for the Frumkin isotherm is: 

𝜋 = −𝑛𝑅𝑇Γ𝑚 ln (1 −
Γ

Γ𝑚
) −

𝑛𝑅𝑇𝐴

2
Γ𝑚 (

Γ

Γ𝑚
)
2

       (2-7) 

Volmer isotherm 

The form of the equation as follow: 

𝑐 = 𝐾𝑣 (
Γ

Γ𝑚−Γ
) 𝑒𝑥𝑝 (

Γ

Γ𝑚−Γ
)     (2-8) 

where 𝐾𝑣 is a constant 
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This model is suitable for non-ideal non-localized adsorption and also for the finite 

size of the molecules, with the calculation of their interactions from statistical 

mechanics. 

Those are a number of traditional isotherms used in solution chemistry. Recently, some 

new isotherms have been developed to obtain the surface equation of state. 

In this Thesis, the surface tension of the solutions can be predicted as a function of the 

bulk concentration using Eqs. (2-3) and (2-4). The adsorption parameter K and Γ𝑚 can 

be obtained by fitting experimental data to theoretical equations using the least-squares 

method with Solver in excel or Polymath software. 

Dynamic surface tension 

Dynamic surface tension is an important property since it controls a large number of 

key biological and industrial processes [1, 78]. It is well known that the adsorption of 

surfactants to the interface is a function of time. During the adsorption, surface tension 

(γ) reduces from surface tension of solvent (γ0) to equilibrium value (γeq). This duration 

can be from milliseconds to days, depending on the surfactant nature and 

concentration. Dynamic surface tension can be measured by different methods, such 

as force methods (Du Nouy ring and Wilhelmy plate), shapes methods (sessile drop, 

pendant drop, and bubble of spinning drop) and pressure methods (small bubble 

surfactometer). 

The dynamic adsorption of surfactant at the air/water interface can be described in 

Figure 2-7 [79]. 



  

21 

 

Chapter 2 Literature review 

 

Figure 2-7. Dynamic adsorption of cationic surfactants at the air/water interface.  

Firstly, surfactant molecules diffuse from the bulk into the sub-surface layer. Then 

these molecules adsorb from the sub-surface layer at the interface before possibly 

molecular arrangement at the interface [1]. In literature, a number of models has been 

proposed to describe dynamic adsorption process of surfactant. 

Diffusion controlled: The main assumption of this model is that the monomer diffuses 

from the bulk into the sub-surface, then it adsorbs instantly at the interface. In this 

model, the adsorption of surfactant molecules to the interface from sub-surface is rapid 

and the rate-controlling step is the diffusion process from the bulk to substrate. 

The mixed kinetic-diffusion: This model also assumes the diffusion of monomers form 

the bulk to the sub-surface. However, the transfer of these monomers to the interface 

is the rate-controlling step. In the other word, the movement of monomers to the 

interface may be prevented by an adsorption barrier. This would be the consequence 

of increased surface pressure, less vacant sites available for adsorption at the interface 

or re-orientation of monomers prior to adsorbing [80]. 

In order to evaluate the adsorption parameters in the diffusion controlled dynamic 

model, the diffusion equation given by Ward and Tordai [81, 82] may be implemented. 
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Γ(𝑡) = 2𝑐𝑏√
𝐷𝑡

𝜋
− 2√

𝐷

𝜋
∫ 𝑐𝑠(𝜏)
√𝑡

0
𝑑(√𝑡 − 𝜏)       (2-9) 

where Γ(𝑡) is transient surface excess of adsorbed surfactant in the surface, 𝑐𝑏 is the 

bulk concentration, 𝐷  and 𝜏  is the diffusion coefficient and dummy variable of 

integration respectively. 

The surface excess, Γ(𝑡), is assumed to be in equilibrium with the concentration of 

sub-surface, thus it can be obtained by employing an adsorption isotherm such as 

Langmuir isotherm. 

𝑐𝑠(𝑡) =
1

𝐾
(

Γ(𝑡)

Γ𝑚−Γ(𝑡)
)    (2-10) 

where 𝐾 and Γ𝑚 are adsorption constant and saturated surface excess respectively. 

At equilibrium Eq. 2-10 becomes: 

𝑐𝑏 =
1

𝐾
(

Γ𝑒𝑞

Γ𝑚−Γ𝑒𝑞
)             (2-11) 

where cb is the bulk concentration. 

In case of the mixed kinetic- diffusion model, the adsorption isotherm is replaced by 

the kinetics equation below, in which the delay in adsorption/desorption step is 

accounted for [83, 84]. 

𝑑Γ

𝑑𝑡
= 𝑘𝑎𝐺(Γ)𝑐𝑠(𝑡) − 𝑘𝑑𝐹(Γ)      (2-12) 

where ka, kd are the rate constants for adsorption and desorption movements 

respectively, G and F are functions of Γ(t). 

As adsorption isotherm is the equilibrium state of kinetic equation, expression for G 

and F can be gained using the adsorption isotherm. As a result, a kinetic equation, 

combined with Langmuir isotherm, is re-written as [1]: 
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𝑑Γ

𝑑𝑡
= 𝑘𝑎𝑐𝑠(𝑡) [1 −

Γ(𝑡)

Γ𝑚
] − 𝑘𝑑Γ(𝑡)        (2-13) 

where 𝑘𝑑 =
𝑘𝑎

𝐾Γ𝑚
 

Eventually, the kinetics equation can be simplified as follow: 

 
𝑑Γ

𝑑𝑡
= 𝑘𝑎 {𝑐𝑠(𝑡) [1 −

Γ(𝑡)

Γ𝑚
] −

Γ(𝑡)

𝐾Γ𝑚
}        (2-14) 

Though the dynamic surface concentrations can be determined, it is impractical to 

measure 𝑐𝑠(𝑡) and Γ(𝑡). Therefore, surface tension should be used to quantify the 

adsorption, which required an additional equation. In theory, the Gibbs equation, i. e. 

Eq. 2-1, is popularly employed to link surface tension to adsorption concentration [1, 

80]. 

Combining Eq. 2-10 and Eq. 2-1 results in: 

𝛾0 − 𝛾(𝑡) = −𝑛𝑅𝑇Γ𝑚ln(1 + 𝐾𝑐𝑠(𝑡))   (2-15) 

where 𝛾0 and 𝛾(𝑡) are surfactant-free and dynamic surface tension. 

Eq. 2-15 will be reduced to the Szyszkowski equation at equilibrium. 

𝛾0 − 𝛾𝑒𝑞 = −𝑛𝑅𝑇Γ𝑚ln(1 + 𝐾𝑐𝑏)     (2-16) 

Fitting procedures of dynamic adsorption 

In order to fit experimental data to the dynamic models, a number of procedures have 

been proposed. Previously, the dynamic modeling includes 3 steps [1]: 

- Fitting equilibrium surface tension against Eq. 2-16 to generate K andΓm. 

- Applying the diffusion controlled model to the dynamic data to determine the 

value of D. 

- The kinetic- diffusion model will be applied to find out kinetic rate constants 

if the best-fitted value of D is smaller than the theoretical value. 
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However, this procedure has a quantity of issues. Firstly, there would be a quantity of 

different sets of K and Γm fitting well to equilibrium data [66], which also might give 

good fitting for dynamic adsorption [85]. It is noted that these fitting parameters are 

for Langmuir isotherm. In case of Frumkin isotherm or other more complicated 

isotherm, more than two parameters are required and there would be a large number 

of combinations resulting in best-fitted adsorption parameters. Secondly, the best-

fitted values of ka were not consistent [86, 87]. Consequently, more complicated 

kinetics models were proposed [84, 88]. However, it is difficult to verify these kinetic 

equations because the physical nature of kinetics steps is not established yet. 

Moreover, in terms of mathematics, the consistency of kinetics constant was not 

improved. In addition, Phan et al. proposed another fitting approach using K, Γm and 

ka as adjustable parameters [89-91]. However, such multivariate fittings are computer-

intensive and often lead to local instead of global minima. 

Recently, Phan et al. proposed a new and consistent model for dynamic adsorption of 

cationic surfactants [79, 91]. Firstly, a new and simple equation was introduced to 

replace Eq. 2-16. 

𝛾𝑒𝑞 = 𝛾0𝑒
−𝜒𝑐𝑏       (2-17) 

where 𝜒 is an adsorption constant which has the same unit and physical basis as K 

It is noted that in Eq. 2-17 the surface tension is a direct function of the bulk 

concentration, without involving surface excess. On the other hand, Eq. 2-17 has only 

one variable, 𝜒, thus the fitting always results in a single best- fitted value of 𝜒 with 

many different initial guesses used. 
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Regarding the dynamic adsorption, Eq. 2-17 is assumed to be suitable for the relation 

between dynamic surface tension and transient value of bulk concentration of sub-

surface layer and can be re-written as follow: 

𝛾(𝑡) = 𝛾0𝑒
−𝜒𝑐𝑏(𝑡)       (2-18) 

Therefore, Eq. 2-18 might replace Eq. 2-15 to predict the dynamic surface tension. The 

second step of this new model is to measure experimentally the value of diffusion 

coefficient using diffusion-order NMR spectroscopy (DOSY) [79, 92, 93]. Finally, a 

numerical scheme was used to solve Eqs. 2-9 and 2-10 in order to find out K and Γ𝑚. 

It is noteworthy that the fitting of theoretical equations to two or more experimental 

curves (different concentrations) was independent on the initial guesses of K and Γ𝑚. 

Diffusion coefficient 

Multicomponent diffusion in aqueous phase plays a crucial role in various chemical 

engineering processes such as extraction, distillation and flotation [94, 95]. In 

interfacial studies, diffusion coefficient is an important parameter, which can be seen 

in Eq. 2-9. In theory, two types of diffusion coefficients has been identified: 

intradiffusion and interdiffusion (mutual diffusion). 

Intradiffusion belongs to the interchange of labeled and unlabeled species under 

conditions of uniform chemical composition. On the other hand, interdiffusion flats 

out gradients in chemical composition by allowing thermal motions to interchange 

individual chemical substances [96]. While intradiffusion coefficients provide 

fundamental information about the structure and dynamics of solutions, interdiffusion 

coefficients are essential in a variety of practical mass transport processes. In the case 

  of dynamic adsorption of surfactants, interdiffusion coefficient is commonly 

utilized. 
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The diffusion coefficient is a function of concentration of surfactant solution. 

However, the average value is used for analyzing the kinetic adsorption. In some cases, 

the experimental value of diffusion coefficient was not available, a number of 

estimation methods were suggested. These methods are based upon molecular 

structures and are independent of concentration, yet the gap between predicted and 

experimental values is acceptable [97]. 

There are several methods used for measuring diffusion coefficient. For instance, 

nuclear magnetic resonance (NMR) [98], conductimetric cell [99], radioactive 

isotopes [100] and Taylor dispersion [101]. 

2.2.3. Gibbs isotherm or not 

The most general form of Gibbs adsorption equation is [102]: 

𝑑𝛾 = −∑ Γ𝑖𝑑𝜇𝑖𝑖        (2-19) 

where 𝑑𝛾 is the change in surface or interfacial tension of the solvent, Γ𝑖 is the surface 

excess concentration of any component of the system and 𝑑𝜇𝑖  is the change in 

chemical potential of any component of the system. 

In the system of surfactant, where monolayers are formed during adsorption processes, 

Eq. 2-19 is simplified to Eq. 2-1, which is widely used to calculate the surface 

concentrations and area per molecule at the interface. In spite of simplicity, the spatial 

distribution within the interfacial layer is ignored [103] and therefore Gibbs analysis 

cannot investigate molecular arrangement at the interface. Structural information 

either about the configuration of the individual surfactant molecules or about their 

configuration in relation to solvent cannot be obtained [104]. Furthermore, surfactant 

solution at and above CMC cannot be studied by Gibbs equation. Recently, Menger et 

al. questioned the applicability of Gibbs isotherm [105-107]. It was indicated that the 
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Gibbs equation’s assumption used to calculate molecular areas is incorrect. 

Furthermore, the experimental saturation of the interface far below the CMC could not 

be explained by Gibbs isotherm. These controversies encouraged Thomas and co-

workers to validate the applicability of Gibbs equation by neutron reflectometry. The 

results showed that the analysis can generate reliable results for polymers and nonionic 

surfactants [15]. Yet, the uncertainties with anionic surfactants was shown in the 

subsequent publication [108]. In this Thesis, the shortcomings of Gibbs isotherm will 

be addressed.   

2.2.4. Surface potential of air/water interface 

At any interface, an unequal distribution of electrical charges between two phases is 

always established. This distribution leads to a net charge of a particular sign at one 

side and a net charge of the opposite side at the other side, resulting in an increase in 

potential across the interface and the so-called electrical double layer [26]. Surface 

potential signifies the difference in potential at the air/liquid interface between the 

clean substrate and that covered either by a spread or adsorbed monolayer [66]. 

Surface potential is the result of the deviation of electric charges from the electro 

neutrality in a bulk phase and thus can indicate the position of the electric charge just 

around the air/liquid interface. Consequently, these values could be used to investigate 

the position of ions just close to the air/liquid interface [109, 110]. 

In this Thesis, surface potential   is explained based on Stern model of the electrical 

double layer, shown in Figure 2-8. 
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Figure 2-8. Stern model of the electrical double layer: (a) distribution of counter-ions 

in the vicinity of the charged surface; (b) variation of electrical potential with distance 

from the charged surface. 

This model indicates that the electrical potential drops dramatically in Stern layer and 

more gradually in diffuse layer. The fixed counter-ions in the Stern layer may even 

change the sign of the potential heading from the charged surface. 

The surface potential is combined with surface   tension measurements in a 

complimentary fashion to provide reliable information about the molecular structure 

at the interface. In some particular cases, surface potential could offer a better solution 

than surface tension [111]. Experimentally, surface potential can be measured by the 

dynamic capacitor method, the radioactive probe method and the jet electrode method 

[112]. 

2.2.5. Other surface probing methods 

Neutron reflection (NR) 

The application of neutron reflection (NR) to air/liquid interface has been pioneered 

by Thomas and Penfold et al. [113-115]. The main advantages of NR are the ability to 

directly obtain the surface excess as well as structural information about the adsorbed 

layer. 
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The reflectivity 𝑅(𝑄) is measured as a function of momentum transfer, Q, where Q is 

a wave vector = [(4𝜋/𝜆)𝑠𝑖𝑛𝜃],  is the wavelength of the neutrons, and  the angle of 

incidence. The neutron refractive index n of a component depends on its scattering 

length density  given by: 

𝜌 = ∑ 𝑛𝑖𝑖 𝑏𝑖   (2-20) 

where bi is the scattering length of nucleus i, with ni its number density. Solutions of 

deuterated surfactant are made up in null reflecting water (nrw), a mixture of 8% D2O 

in H2O, where the scattering length density  = 0, and the refractive index n = 1, the 

same as for air. Due to the scattering length density being zero, there is no reflectivity 

from the nrw sub-phase and therefore the signal is from the surfactant monolayer only. 

For these systems R(Q) can be modeled as a single uniform layer of surfactant of 

thickness 휁 and scattering length density of surfactant surf. The area per molecule, as, 

is given: 

𝑎𝑠 =
∑𝑏

𝜌𝑠𝑢𝑟𝑓
                  (2-21) 

For neutral surfactants agreement between surface excesses measured by tensiometry 

and NR is generally very good [116]. However, with ionic surfactants, under certain 

conditions some discrepancies still remain [12], and this is largely due to 

contamination of the surfactant by trace levels of divalent cations. This lowers the 

surface tension, and renders interpretation of the γ-ln c curves difficult.  

Vibrational sum frequency generation spectroscopy studies 

Vibrational sum frequency spectroscopy (VSFS) is a second-order nonlinear optical 

process that directly measures the vibrational spectrum of molecules at an interface 
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[117]. This method has been pioneered by Shen in the mid-1980s and suitable for 

surface studies due to its inherent surface sensitivity [118]. 

VSFS can be used to probe the molecular structure and hydrogen bonding network of 

water. Strong hydrogen bonding between water molecules at a water interface is 

generally realized to be responsible for the anomalously high surface tension at the 

vapor/liquid interface [119]. An early study has determined the loss of hydrogen 

bonding in the outmost layer at 25%, which is equivalent to 67 mN/m [120]. This 

number is close to the experimental value of pure water surface tension, ~72 mN/m. 

Hydrogen bonding of water is highly sensitive to the presence of charged surfactants. 

The effect on the water spectrum of adding surfactants at aqueous phase has been the 

focus of many studies [121, 122]. 

2.3. MOLECULAR SIMULATIONS 

2.3.1. Background 

One of the biggest difficulties in the present theoretical efforts to describe the physical 

and chemical systems is the adequate mathematical apparatus, which has been useful 

to solve the many-body issue. The two most popularly used methods for atomistic 

simulation of fluids are Monte Carlo statistical mechanics (MC) and molecular 

dynamics (MD) [123]. 

It is noted that both procedures have similar system setup. For example, the molecules 

are represented by the collections of atom-centered interaction sites, force-fields are 

used for the potential energy terms and the periodic boundary conditions are 

implemented. However, they also have a number of significant differences as follows: 

- Molecular dynamics (MD) is a computer simulation of physical movements of 

atoms and molecules in the context of many-body simulation [124, 125]. The 
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atoms and molecules interact for duration of time, generating a scenario of the 

motion of the atoms. Most commonly, trajectories of atoms and molecules are 

determined by numerically solving the Newton’s equation of motion for a 

system of interacting particles, where forces between the particles and potential 

energy are defined by interatomic potentials or molecular mechanics force 

field. Although the concept of MD is easy to understand, implementation of 

derivatives of the energy to get the force, as well as speed optimization and 

parallelization make the codes of MD complex [126]. 

- Monte Carlo (MC) has the same approach, yet concentrates on static properties. 

Thus, no time evolvement should be required in the systems. It differs from 

MD where each state of the systems relies in the previous state, there is no such 

relation between states of the systems in MC. Similarly, both MD and MC 

compute average properties as averages over all the states of the systems [127]. 

However, only static properties can be computed in MC due to no time 

involved. The most significant limitation of MC methods is that they are 

notably harder to apply to chemically complex molecules. Thus, MC is 

popularly applied to small molecules. However, the range of molecules, 

systems sizes and algorithms is speedily advancing [128]. 

Generally, MD is most frequently employed to study liquids due to the lack of general 

theory of liquids. Specifically, MD simulation is used in fundamental studies, phase 

transitions, collective behavior, complex fluids, polymers, solids, biomolecules and 

fluid dynamics [129]. In light of experimental limitations, MD simulations can be 

devised to serve the following purposes: (i) an exploratory approach, where computer 

visualizations can help to relate unaccounted for macroscopic behavior to a specific 

microscopic phenomenon, and (ii) a predictive approach, where a physical quantity 



  

32 

 

Chapter 2 Literature review 

can be consistently predicted for a potential future measurement [130]. In view of 

interface and colloid science, understanding underlying principles in   this field 

requires information on both the spatial organization and temporal dynamics of the 

interfacial boundaries on a molecular level [131]. Additionally, with the introduction 

of supercomputers, which allow parallelization and significantly reduce the time of 

simulations. Therefore, MD simulations become a precious tool for investigating the 

behavior of system across various scales up to thousands of angstroms, with time 

scales up to milliseconds and at femtosecond resolution [132]. 

2.3.2. Simulation parameters 

Molecular dynamics simulation has several parameters such as force field, water 

models, cut-off radius, and dimensions of simulated box, pressure and temperature, 

which affect the quality, reliability and results of simulations. In the scope of this 

Thesis, only water models and force field are explained. 

Water models 

In literature, many papers have been devoted to the determination of the properties of 

water by computer simulation. The models are determined from molecular mechanics, 

experimental results, quantum mechanics and combinations of these. The number of 

water models proposed is large and increasing. A part of them such as TIPS, TIP3P, 

TIP4P, SPC, SPC/E, TIP5P and TIP6P have become more popular in the field of water 

potentials [133, 134]. Generally, these can be classified based on three properties: (i) 

the number of site (interaction points), (ii) if the model is flexible or rigid, (iii) if the 

model contains polarization effects. Figure 2-9 shows the general shape of the 3- to 

6-site water models. 
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Figure 2-9. Different water models used in simulation. 

For water models, the VdW interaction is modeled following the repulsion and 

dispersion forces using the 12-6 Lennard-Jones potential, while the electrostatic 

interactions is modeled using Coulomb’s law [135]. The geometric parameters (HOH 

angle and OH distance) and the charge distribution vary based on each model. 

3-site models: These models have three interaction points representing three atoms of 

water molecules (Figure 2-9a). 3-site models are widely employed in MD simulation 

due to the high computational efficiency. 
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Table 2-1. Parameters for 3-site models. 

 TIPS [136] SPC [137] TIP3P [138] SPC/E [139] 

r(OH), Å 0.9572 1.0 0.9572 1.0 

HOH, deg 104.52 109.47 104.52 109.47 

q(O) -0.80 -0.82 -0.834 -0.8476 

q(H) +0.40 +0.41 +0.417 +0.4238 

 

4-site models possess four interaction points by adding one dummy atom (M) near the 

oxygen atom (Figure 2-9b). The dummy atom has a negative charge without any mass, 

while oxygen atom is neutral. This model enhances the electrostatic distribution 

around water molecules and reproduces the bulk properties of water solution. 

Table 2-2. Parameters for 4-site models. 

 

TIPS2 

[140] 

TIP4P 

[138]  

TIP4P-

Ew [141]  

TIP4P/Ice 

[142]  

TIP4P/2005 

[143] 

r(OH), Å 0.9572 0.9572 0.9572 0.9572 0.9572 

HOH, deg 104.52 104.52 104.52 104.52 104.52 

r(OM), Å 0.15 0.15 0.125 0.1577 0.1546 

q(M) -1.07 -1.04 -1.04844 -1.1794 -1.1128 

q(H) +0.535 +0.52 +0.52422 +0.5897 +0.5564 

 

5-site models Figure 2-9c: According to these models, two dummy atoms (L) with 

negative charge, which represent the lone pairs of the oxygen atom, are added and 

form a tetrahedral-like geometry. The main advantages of these models are the 

improvements in the geometry for water dimer, which results in a better reproduction 
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of the temperature of maximum density of water and the radial distribution functions 

from neutron diffraction [144]. 

Table 2-3. Parameters for 5-site models. 

 TIP5P [144]/ TIP5P-E [145] 

r(OH), Å 0.9572 

HOH, deg 104.52 

r(OL), Å 0.70 

LOL, deg 109.47 

q(L) -0.241 

q(H) +0.241 

6-site model Figure 2-9d: This model was developed by Nada and Van Der Eerden, 

which combines all the sites of the 4- and 5-site models. By using this model, both ice 

and water could be predicted simultaneously [146]. However, the melting temperature 

was far from experiment [147].  

Table 2-4. Parameters for 6-site model. 

 6-site model [146] 

r(OH), Å 0.980 

HOH, deg 108.00 

r(OM), Å 0.23 

r(OL), Å 0.8892 

LOL, deg 111.00 

q(L) -0.044 

q(M) -0.866 

q(H) +0.477 
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In overall, the main differences between these models are the location of negative 

charge (oxygen atom) and in the set of properties that are fitted to obtain the potential 

parameters. In the context of surface and colloid science, reproduction of interfacial 

properties is important. However as most water models are built to reproduce bulk 

properties [21], we expect some deviation in this regard. The gap between simulated 

and experimental surface tension of some common water models is depicted in Table 

2-5. 

Table 2-5. Simulated surface tension of various water models at 300 K [21]. 

Model Surface tension (mN/m) 

TIP3P [138] 49.5 

TIP4P [138] 54.7 

SPC [148] 53.4 

SPC/E [139] 61.3 

TIP5P [144] 52.3 

TIP6P [146] 61.8 

Experimental value [149] 72 

 

It is clear that the experimental surface tension cannot be obtained by using the 

mentioned water models. Within this Thesis, SPC/E has been chosen for all the 

simulations due to acceptable agreement with experiment [21]. 
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Force field 

A force field is a mathematical expression describing the dependence of the energy of 

a system on the coordinates of its particles. It consists of an analytical form of the 

interatomic potential energy and a set of parameters entering into this equation [150]. 

The first force fields were developed in the 1960’s, with the development of the 

molecular mechanics method and the primary target was to predict the structure of 

molecules, vibrational spectra and enthalpies of isolated molecules [151]. Then, in 

order to deal with much more complicated systems, more widely applicable force 

fields such as CHARMM [152], AMBER [153], GROMOS [154], OPLS [155], and 

COMPASS [156] had been developed. All of them are quite general, however 

simulations of biomolecules often employ the first three, while condensed matter is 

usually simulated using OPLS and COMPASS. It is also noted that several of these 

force field have different versions available. During the 1990s, the first generation of 

polarizable force field was introduced. Some of the above general force field have also 

developed polarizable versions. A large number of studies have been conducted to 

compare the performance of the existing force fields, however such a   comparison is 

difficult because the result strongly depends on properties simulated and the system 

set-up. 
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Table 2-6. Common force fields used in molecular dynamics. 

Force field Comments 

Classical force field 

AMBER Widely used for proteins and DNA. 

CHARMM Originally developed at Harvard, widely used for both 

macromolecules and small molecules. 

GROMOS A general purpose molecular dynamics computer simulation 

package for the study of biomolecular systems. Both aqueous and 

gas phase versions are available. 

OPLS Developed by William L. Jorgensen at the Yale University, 

Department of Chemistry 

COMPASS Developed by H. Sun at Molecular Simulations Inc., 

parameterized for a variety of molecules in the condensed phase. 

Polarizable force field 

AMBER Polarizable force field developed by Jim Caldwell and co-workers 

CHARMM Polarizable force field developed by S. Patel (University of 

Delaware) and C. L. Brooks III (University of Michigan) 

GEM Polarizable force field based on Density Fitting developed by 

Thomas A. Darden and G. Andres Cisneros at National Institute of 

Environmental Health Sciences (NIEHS). 
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The main advantage of force field based simulation is the more simplicity of the force 

calculation than quantum calculation using an expression equation. Therefore, it is 

possible to simulate systems containing millions of atoms for a long simulation time 

[157, 158]. On the other hand, the use of empirical force field based simulations has 

some intrinsic limitations. Firstly, the information about electronic structure and the 

reactions within the systems cannot be provided. Furthermore, their predictive power 

and transferability are limited. Finally, as force field is based upon numerous 

approximations and derived from different resources of data, simulation should be 

validated by an appropriate comparison with experimental results. 

2.3.3. Limitation and potential of molecular dynamics in interfacial study 

It has been admitted in literature that MD results depend on many assumptions such 

as the system-size, water models, force-field, cut-off radius and the length of 

simulations [159, 160]. The limitation of MD are caused mostly by underlying 

molecular mechanics force-field. The employment of potential energy, rather than the 

free energy in force-filed determination means that the entropic contributions to 

thermodynamic stability are ignored. Also, the intramolecular hydrogen bonds are not 

clearly included in modern force fields. Moreover, Lennard-Jones potentials and van 

der Waals forces, which employed in MD, are only applicable in vacuum. The 

existence of a variety of force-field, molecular models as well as water models 

determines the accuracy of simulations [160]. 

However, molecular dynamics simulation is a powerful and promising tool for 

interface science and other scientific fields. The use of this tool may help verify many 

macroscopic properties and discover worthy implications for science and application. 

In terms of interface science, molecular dynamics has been utilized to respond to a 

large number of questions in macroscopic scale. Typically, the behavior of sodium 
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dodecyl sulfate at the air/liquid and liquid/liquid interface was studied by 

Schweighofer et al. [96]. The difference in molecular orientation at two interfaces was 

visualized, as well as the roll of force field parameters was studied [161]. Recently, 

the adsorption of ions at the vapor/liquid interface with and without soluble 

surfactants, which is applied in aerosol and seawater studies, has been investigated 

thoroughly by molecular dynamics [19, 162-165]. The negative adsorption 

phenomenon, which cannot be verified by experiments, was simulated. The effect of 

ion sizes on interfacial adsorption was also quantified providing valuable knowledge 

for this research area.  

2.4. GAP IN THE KNOWLEDGE 

From the literature review, the gap in the knowledge has been addressed as follows: 

1. The influence of molecular structure on the adsorption of surfactants as well as 

the presence of counter-ions and electrolytes at the air/water interface was 

experimentally studied in order to provide a description of this layer structure. 

However, these studies are mostly based on the adsorption isotherm, which 

shows a couple of deficiencies and has been re-examined recently. The 

verification in atomistic scale has not been conducted systematically and 

thoroughly. The role of molecular arrangement at the air/water interface has 

been neglected. 

2. The effect of the structure of surfactant molecules on the effectiveness was 

investigated in literature. Nevertheless, the role of this difference (i. e., the 

length of tail or branching structure) in the adsorption layer was not described 

apparently, which causes some phenomenon inapprehensible. 

3. Molecular dynamics has been applied to interfacial studies in a large number 

of systems such as individual surfactants, mixtures, simple surfactants and 
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complex surfactant. Nevertheless, molecular simulation also needs numerous 

assumptions, which influence the reliability, accuracy and applicability of the 

simulations. 

In this study, the gap in the knowledge has been addressed by: 

1. The molecular structure at the air/water interface was studied experimentally. 

The experimental results then were verified by employing molecular dynamics 

simulations. The molecular arrangement was analyzed and used to identify its 

impact on the behavior of surfactant molecules at the interface. 

2. By undertaking a systematic comparison of surfactants using computational 

techniques we demonstrate the applicability of molecular dynamics in 

elucidating the macro-scale behavior of surfactants at the air-water interface. 
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CHAPTER 3. METHODOLOGY 

Two sets of surfactants (nonionic and cationic) were investigated experimentally. The 

experimental results were then modelled to predict the behavior of surfactant 

molecules at the air/water interface. Molecular dynamics simulation was employed to 

study the molecular structure of adsorption layer at the air/water interface. Generally, 

three methods were used within this study: 

- Surface tension measurement (equilibrium and dynamic surface tension). 

- Surface potential measurement.  

- Molecular dynamics simulation. 

3.1 CHEMICALS 

3.1.1 Nonionic surfactants: alcohols 

Two isomeric alcohols were studied in this Thesis. These chemicals were used directly 

without any further purification. The structure and suppliers of these alcohols were 

shown in Table 3-1 

Table 3-1. Nonionic surfactants used in this study.  

Formula Chemicals Structure Suppliers Purity 

C6H13OH 1-hexanol 

 

Sigma 

Aldrich 

99% 

C6H13OH 

Methyl Isobutyl 

Carbinol 

(MIBC) 

 
Sigma 

Aldrich 

98% 
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3.1.2 Cationic surfactants 

The alkyltrimethylammonium bromide (C14TAB and C16TAB) cationic surfactants 

were employed in this Thesis. The structure and supplier of these surfactants are listed 

in Table 3-2. 

Table 3-2. Cationic surfactants used in this study. 

Formula Chemicals Structure Supplier Purification 

solvent 

C14TAB 

(TTAB) 

Myristyltrimethylammonium 

bromide 

CH3(CH2)13N(Br)(CH3)3 

Sigma 

Aldrich 

10:90(%w) 

methanol 

and 

acetone 

C16TAB 

(CTAB) 

Cetyltrimethylammonium 

bromide 

CH3(CH2)15N(Br)(CH3)3 

Sigma 

Aldrich 

10:90(%w) 

methanol 

and 

acetone 

 

Prior to using these cationic surfactants, recrystallization was applied to remove the 

impurities. 

At first, the solvent was chosen by the following procedure: 

- Add a small amount of solid sample into 5 mL of cold solvent. 

- If the sample dissolves in the cold solvent, the solvent does not work and other 

solvent should be further tested. 
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- If the sample does not dissolve in the cold solvent, the mixture then is heated 

on a hotplate. If the sample dissolves in the hot solvent, the mixture is then 

cooled down gradually. If crystals appear, the selected solvent is appropriate. 

The process for recrystallization includes the following steps: 

- An amount of surfactant was transferred in to an Erlenmeyer flask containing 

a small amount of selected solvent. 

- The mixture was then heated up to boiling point by a hot plate. A small amount 

of solvent was added into the mixture gradually until the solid just dissolves 

(saturated point). 

- The flask was removed from the plate and left to cool down to the room 

temperature. After that, the flask was further cooled down in an ice bath. When 

the temperature of the mixture decreased, the solid was crystallized. 

- After 2 hours, the crystals were collected by vacuum filtration. The crystals 

were then rinsed by a small amount of cold solvent. 

- Kept the material in the filter paper and allowed it to air-dry. This was followed 

by further drying in a desiccator. 

- Repeated this procedure twice and checked the purity by measuring the 

equilibrium surface tension ensuring that no minimum peak was observed 

[166]. 

Sodium chloride (NaCl) from Sigma Aldrich was roasted at 1023 K for 24 hours in 

order to remove all surface-active impurities. Purified water (a Milli-Q system), was 

used to prepared solutions. All glasswares and apparatus used in the experiments were 

carefully cleaned and dried. 



  

45 

 

Chapter 3 Methodology 

3.2 APPARATUS 

3.2.1 Wilhemy plate method 

Wilhemy plate method is a widely used technique for surface tension measurements, 

which consists of a thin plate of glass, platinum, or filter paper vertically placed 

halfway into the liquid [167]. The force of lifting plate detached from the interface will 

be recorded by a microbalance. Then, surface tension will be calculated based on Eq. 

3-1. 

𝛾 =
𝐹

𝑝.cos𝜃𝑐
    (3-1) 

where 𝜃𝑐 is the contact angle between liquid phase and the plate, which is equal to zero 

as the plate is absolutely wetted. p is the perimeter of the plate in contact with the 

liquid phase. 

In comparison to other methods, the Wilhemy plate method is simple and no correction 

factors are required. The plates have to be kept clean and prevented from 

contamination. 

In this study, the equilibrium surface tension was measured by the tensiometer KSV 

Sigma 700/701 applying Wilhemy plate method. The apparatus is shown in Figure 

3-1.  
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Figure 3-1. Tensiometer KSV Sigma 700/701 and experiment set up. 

Prior to commencing the measurement, the tensiometer was switched on at least 24 

hours in order to stabilize the balance. The platinum plate has to be flushed with pure 

ethanol and water before burning with a Bunsen burner for a few seconds to remove 

contamination. 

All glassware, dispenser and sample container were cleaned with 6% by volume 

Deconex 15E solution (bought from Borer, Switzerland) a number of times and then 

rinsed with deionized water. 

The concentration of surfactant was increased gradually by micro-dispenser from a 

stock solution, which eliminated the error of the manual sample preparation. The 

surface tension as a function of the bulk concentration was determined by the software. 

A low concentration of surfactant was added in advance to verify the time to reach 

equilibrium surface tension. All measurements were conducted at constant room 

temperature (25oC) and repeated several times. The represented results from repeated 

measurements were used for analysis. 

Computer 

Tensiometer KSV 

700/701 

Auto dispenser 

Sample 

container 
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The error of the measurement can be caused by: 

- Unclean container, plate or dispenser. 

- The vibration of the instrument. 

- Deformation of the plate, which cannot ensure the contact angle is zero. 

3.2.2 Maximum bubble method 

One of the useful methods to measure the dynamic surface tension is maximum bubble 

pressure method, or simply maximum bubble method. This method is based on the 

measurement of the maximum pressure inside a bubble growing at the tip of a 

capillary, which is immersed into the liquid phase. The formation and the change in 

pressure of the bubble is described in Figure 3-2 

 

Figure 3-2. The principle of maximum bubble pressure method. 

Once the gas is pumped into the capillary with controlled pressure, a curved gas/liquid 

interface is formed and driven down the capillary by gas flow. The pressure then keeps 

rising till the bubble forms a hemisphere, where it reaches the maximum pressure. 
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After that the pressure decreases due to the increase in the size of the bubble. 

Eventually, the bubble drops off the capillary and another bubble will be formed and 

the process is repeated [168]. 

The dynamic surface tension at the time when the pressure reaches its maximum value 

is derived using Young – Laplace equation. 

𝛾(𝑡𝑚𝑎𝑥) =
𝑝𝑚𝑎𝑥−𝑝0

2
Rcap     (3-2) 

where 𝑝𝑚𝑎𝑥 is the maximum value of the pressure, 𝑝0 is the hydrostatic pressure at the 

tip of the capillary and Rcap is the maximum bubble radius. 

The main advantages of this method is its high tolerance to surface impurities and 

ability to use a wide variety of liquids and gases [169]. 

In this Thesis, the dynamic surface tension was measured by the maximum bubble 

method using MPT2 (Lauda, Germany, Figure 3-3). This instrument, with 100 

microns diameter of the capillary, can measure dynamic surface tension from 10 ms 

to 10 s. 
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Figure 3-3. Dynamic surface tension device using maximum bubble method, MPT2. 

Prior to the measurement, the calibration process needs to be done with a certain 

submerged height in pure water. The information will be saved automatically by the 

instrument. A similar volume of investigated solution (to ensure unchanged 

submerged height) was used for each measurement. All experiments were conducted 

at constant room temperature (25oC). 
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3.2.3 Diffusion-ordered NMR spectroscopy (DOSY) 

The diffusion coefficients of TTAB and CTAB were measured by proton NMR self-

diffusion experiments using BRUKER DRX500 apparatus at 500.13 MHz carried out 

at the University of Hyogo, Japan. 

Cationic surfactant solutions were prepared in H2O, before transferring to a NMR tube 

containing D2O sealed glass tube. 1D NMR measurement was conducted to identify 

all the peaks of the sample. The standard pulse program, stebpgp1s19, employing 

stimulated echo, bipolar gradient pulses, and one spoil gradient with 3-9-19 pulse 

sequence (WATERGATE) solvent suppression was used in order to suppress the 

signal of H2O [93]. 

The variation of the intensity of one selected resonance peak in the 1H NMR spectrum 

(I) is related to the strength of the gradient (g) by the equation below: 

𝐼

𝐼0
= 𝑒𝑥𝑝 [−(휁𝛿g)2 × (∆ −

𝛿

3
)𝐷] (3-3) 

where 휁 is gyromagnetic ratio of the proton, 𝛿 is the length of gradient pulse, ∆ is 

delay between the midpoints of the gradients, and D is the self-diffusion coefficient. 
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Figure 3-4. Fitted diffusion curve estimated from 1H NMR DOSY using 

WATERGATE pulse sequence for 0.8 mM CTAB in H2O. 

Before recording the 2D DOSY experiment, 𝛿 and ∆ values were optimized. For all 

the experiments in this study, 𝛿 = 3.0 ms and ∆ = 100 ms were used. 256 scans per 

spectrum were accumulated to increase the signal-to-noise (S/N) ratio concerning the 

peaks if the solutes. The data were analyzed and the value of D was directly provided 

by Bruker’s software. 

3.2.4 Surface potential measurement 

The surface potential at the air/water interface arises from polarized water molecules 

near the interface. The particular orientation of these molecules leads to potential 

between -100 and -200 mV [170]. The potential in the bulk water is equal to zero due 

to the randomly oriented water molecules. The surface potential of the air/water 

interface is modified when surfactant molecules adsorb at this interface. The potential 

jump, ∆V, is then induced by the formation of monolayer and is proportional to the 

interface change of the normal component of the dipole density. In order to determine 
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the surface potential, a differential measuring device using ionizing 241Am electrode 

method can be used. 

The ionizing electrode method, also called the radioactive or ionizing probe, requires 

a radioactive source to ionize the gas gap and a high impendence electrometric device. 

Gold foil coated with alpha emitter is usually used as the mediating air electrode. The 

air gap between the air electrode and liquid surface is ionized, so that a small current 

can flow. The ionization of the gas, which is the consequence of radiation, allows the 

direct compensation and measurement of the voltage of the investigated system [171]. 

The apparatus used to measure surface potential in this study is shown in Figure 3-5 

 

Figure 3-5. Surface potential measurement using Ionizing 241Am electrode method.  

An ionizing 241Am electrode positioned at a given level above the air/liquid interface, 

while a reference electrode was immersed into the solution of 100 mL [172]. The 

standard deviation for the potential values was 5 mV. The surface potential was 

standardized to be zero for the air/liquid (without surfactant) interface. A concentrated 

solution of surfactant was added stepwise into 100 mL of water (or brine) to increase 

the concentration. Each measurement was repeated at least three times. All the 

measurements were conducted at constant room temperature (25oC) 
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3.3 COMPUTATIONAL METHOD 

3.3.1. Software 

Due to the increasing application of molecular dynamics, various software for MD has 

been introduced as shown in Table 3-3. Throughout this study, GROMACS was 

employed to perform molecular dynamics simulations. GROMACS is a free and 

extremely high performance software in comparison with other programs. This also is 

user-friendly, with parameter and topologies files made in clear text format. The 

program uses a simple interface with command line options for input and output files. 

Most importantly, GROMACS can be run in parallel, using either the standard MPI 

communication protocol or multi-threading making the simulation run much faster and 

allowing for longer simulation runs [173]. 

Previously, GROMACS was designed mainly for biochemical molecules like lipids 

[131], proteins [158] and nucleic acids [153], which have many complicated bonded 

interaction. However, as GROMACS is highly optimized at calculating the non-

bonded interactions, many researchers have been using it to investigate non-biological 

systems such as polymers and surfactants [174, 175]. 
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Table 3-3. Molecular dynamics software and the field of application. 

Software Application License 

Abalone Biomolecular simulations, protein folding Free 

ACEMD Molecular dynamics with CHARMM, AMBER 

force fields. Heavily optimized with CUDA 

Basic version 

free 

COSMOS Hybrid QM/MM COSMOS-NMR force field 

with fast semi-empirical calculation of 

electrostatic and/or NMR properties. 

Free and 

commercial 

CP2K Perform atomistic and molecular dynamics of 

solid state, liquid and biological systems 

free 

Desmond High performance of MD Free and 

commercial 

Discovery 

studio 

Using for life science modeling and simulation 

focusing on optimizing drug discovery process. 

Small molecule simulation. 

Closed source. 

Trial available 

GROMACS High performance of MD free 

NAMD, VMD Fast, parallel MD, CUDA Open source, 

free to 

academics 

 

 

PRODRG program was used to generate the molecular potentials for all investigated 

molecules [176]. This program is free online and provides topological information for 

small molecules. Previously, PRODRG only accepted coordinates in PDB format as 

input. Now this has been changed with two additional input modes including 

description of molecules as a simple ASCII drawing and MDL Molfile/SDfile format 
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that is written out by the Java-based JME editor. It is noted that the charge distribution 

generated by this program is not applicable since the calculation is for the bulk 

solution. Consequently, the adjustment following the reported distribution in literature 

is needed as an example in Table 3-4. 

Table 3-4. Charge distribution for MIBC obtained from PRODRG program and after 

modification. 

United Atom Mass (u) PRODRG charge (e) Modified charge (e) 

CH3 15.0350 -0.015 0 

CH 13.0190 0.031 0 

CH3 15.0350 -0.016 0 

CH2 14.0270 0.040 0 

CH 13.0190 0.119 0.265 

CH3 15.0350 -0.004 0 

O 15.9994 -0.175 -0.700 

H 1.0080 0.020 0.435 

 

3.3.2. Simulations 

The vacuum-water interface was simulated using the simulation box constructed with 

a slab of water layer (around 10 nm thickness) placed between two empty regions (10 

nm each) as shown in Figure 3-6e 
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Figure 3-6. Structure of investigated chemicals (a: MIBC, b: 1-hexanol, c: TTAB 

and d: CTAB) and the box of simulation. 

The GROMACS version 4.5.5 [177] was used to generate the molecular trajectories 

using a time step of 1fs. In this study, a popular water potential, SPC/E [178] was 

employed. The molecular potential for MIBC, 1-hexanol, TTAB, CTAB and ions (Na+ 

and Cl-) have been described by GROMOS96 force field [154, 176, 179]. The charge 

distribution of the hydroxyl group (Table 3-5 and Table 3-6) was selected from the 

proposed distribution in literature [180]. All hydrogen atoms, except H in hydroxyl 

group, were united with corresponding carbon. It is noted that the performance of 

united-atom and all-atom force field is comparable and in agreement with 

experimental results such as neutron diffraction and NMR [181]. 

 

 

 

 

(a) 

(b) 

(d) 

(c) 

(e) 
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Table 3-5. Charge distribution for MIBC, 1-hexanol and ions. 

United Atom/ions Charge 

CHx 0 

C𝛼 (-OH) 0.265 

O -0.700 

H 0.435 

Na+ 1 

Cl- -1 

Br- -1 

 

Table 3-6. Charge distribution for TTAB and CTAB. 

United atoms C14TA+ C16TA+ Charge (e) 

CHx CH3, CH2 CH3, CH2 0 

CH3- (3 methyl groups in the head)  CH3 CH3 0.25 

N N N 0 

C1 (bound to N) CH2 CH2 0.25 

 

Different numbers of surfactants were placed at both sides of two interfaces before 

filling up the cell with water. Subsequently, a number of water molecules were 

replaced by ions to neutralize the systems (TTAB and CTAB simulations) or 

corresponding to a concentration of 2M (MIBC and 1-hexanol simulations). A 

simulation without surfactants and another simulation with only NaCl in water were 

also performed to provide a reference system. 
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Each simulation was conducted as follows: 

- Firstly, constant temperature and pressure (298 K and 1 bar) in an 

orthorhombic simulation cell of 3 nm x 3 nm x 10 nm was performed, using a 

Berendsen barostat [182] with a relaxation time of 2 ps and cut-off of 1.3 nm.  

- Secondly, the x- and y-dimension of the box were adjusted correspondingly. 

Consequently, the z-length was increased to 30 nm to create two empty regions 

(as showed in Figure 3-6e) [178].  

- Thirdly, the simulation was then performed for 20 ns in constant temperature 

(298 K) and volume using Nose-Hoover thermostat. The length of the 

simulation was based on previous studies [17, 165, 183-186] in order to make 

sure that the system reaches the equilibrium. 

- Finally, the last 10 ns (MIBC and 1-hexanol simulations) or 2 ns (TTAB and 

CTAB simulations) were used for density, surface potential and water dipole 

moment analysis. 

Details of the program commands can be found in Appendix A and B. 

The geometry of the water molecules and bond lengths of surfactant molecules were 

kept unchanged by means of LINCS [187] algorithms. Ewald [188] sums were used 

to deal with the electrostatic interactions with cut-off radius at 1.3 nm. The surface 

tension, density distributions of alcohols, water, ions and surface potential and water 

dipole moment were obtained by analyzing the trajectories recorded at every 500 fs 

[173]. 

Density distribution of all species in the simulation box was analyzed using the built-

in function g_density. 

The surface tension𝛾(𝑡) was calculated from the pressure tensor: 
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𝛾(𝑡) =
1

2
∫ {𝑃𝑧𝑧(𝑧, 𝑡) −

𝑃𝑥𝑥(𝑧,𝑡)+𝑃𝑦𝑦(𝑧,𝑡)

2
}

𝐿𝑧

0
𝑑𝑧 (3-4) 

where Lz is the length of the box,𝑃𝑥𝑥, 𝑃𝑦𝑦, and 𝑃𝑧𝑧 are the three diagonal components 

of the pressure tensor along the x-, y-, and z-direction, respectively. 

Firstly, the surface tension was obtained by choosing the option “surface tension” in 

the built-in function g_energy. Subsequently, accumulated average of surface tension 

was obtained for each simulation [17]. 

Surface potential was calculated using the function g_potential. This function divides 

the box in slices and sums all charges of the atoms in each slice. The equation for 

surface potential can be written as follow [189]: 

Ψ(𝑧) − Ψ(0) = −∫ 𝑑𝑧′ ∫
𝜌𝑒(𝑧

′)

0

𝑧′

0
𝑑𝑧"

𝑧

0
 (3-5) 

where ε0 is the vacuum permittivity, ψ is electric potential and ρe is the charge density. 

The structure of the interfacial layer was analyzed based on the water orientation in 

the interface region, which is characterized by the water dipole order parameter, 

cos(θ), in which θ is the angle between the water dipole and the positive z-axis. 

 

Figure 3-7. Angle between the water dipole and the positive z-axis (a) and the dipole 

order parameter (b). 

Interface 

 

Cos θ ≈ 0.04  

or    θ ≈ 88
o  

 

(a) (b) 
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The dipole order parameter was computed using the function g_h2order. The box is 

divided in slices and the average orientation per slice is printed. 

3.4. SUMMARY 

In general, the above methods are employed to study the molecular structure of the 

air/water interface in presence of soluble surfactants. It should be noted that the two 

systems in this study required different combinations: 

- Nonionic surfactants: Due to fast adsorption and weak electrostatic charge, this 

system is studied by equilibrium surface tension and surface potential. 

- Cationic surfactants: Due to slow adsorption and strong electrostatic charge, 

the system is studied by equilibrium and dynamic adsorption. 

Finally, molecular dynamics is applied to both systems. 
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CHAPTER 4. LAYER STRUCTURE OF NON-IONIC 

SURFACTANTS ADSORBED AT THE AIR/WATER INTERFACE 

4.1 INTRODUCTION 

Surfactants are widely used in many chemical processes such as floatation, wetting, 

foaming, emulsification and coating [1, 80]. The behavior of surfactant molecules at 

the air/water interface plays an important role in the efficiency of various industrial 

processes and results in many theoretical and experimental studies in this field [190-

192]. However, interfacial adsorption remains not well-defined. One of the measurable 

properties of the adsorption layer is the alteration in surface potential [193], which 

effects the double-layer charge, thin-film stabilization, foaminess and the disjoining 

pressure [194]. 

Theoretically, a large number of models for surface potential has been proposed [195-

197]. Nevertheless, most of these models concentrate on ionic surfactants relating to 

the adsorption of their counterions. Furthermore, multiple parameters are required for 

these models, which cannot be verified independently, to describe the experimental 

data. Hence, in this study a new surface potential model, which can be used for non-

ionic surfactants was developed. 

In order to study the layer structure of nonionic surfactants adsorbed at the air/water 

interface and the influence of molecular structure, two isometric alcohols, 1-hexanol 

and MIBC, in NaCl solutions were investigated. The adsorption of these alcohols and 

molecular structure at the interface were derived by modeling the surface tension and 

the surface potential data employing the newly proposed model. It is noteworthy there 

was a contrast behavior between 1-hexanol and MIBC at the interface albeit they are 

isometric. This difference would be the underpinning mechanism for the superior 
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performance of MIBC in mineral froth flotation. Consequently, molecular dynamics 

simulation, the most effective tool to quantify the molecular structure on the macro 

properties [16, 17, 21, 73], was employed to simulate the adsorption layers. 

Significantly, based on a newly proposed theory, the molecular structure at the 

interface was successfully simulated and the question in theoretical and modeling 

studies was sufficiently answered by simulation results.  

4.2 EXPERIMENTAL RESULTS 

4.2.1 Theoretical model 

There are a number of proposed models based on the surface tension and surface 

potential of surfactants for surface adsorption at the air/water interface in literature 

[195-197]. However, most of the models are derived for ionic surfactants and requires 

several parameters, which cannot be verified independently. In this study, a new model 

applied for nonionic surfactants was developed. The main principle of this model is 

shown in Figure 4-1. Defer to the conventional assumption in literature, which 

supposed a neutral charge, the new model assumes a small negative charge at the 

hydroxyl group due to the polarity of the alcohol. The electric double layer at the 

air/solution interface is formed as a result of the adsorption of alcohols. Neigbouring 

hydroxyl groups can share hydrated cations, as pointed by Warszyński and coauthors 

[196]. The cations in the diffusive region can reach the interface spanning a distance 

equal to the thickness of the Stern layer. 
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Figure 4-1. Schematic representation for alcohols: 𝛼 > 0 (left), 𝛼 < 0 (right). 

The surface potential of alcohol solution was compared to the surface potential of pure 

solvent or supporting electrolyte. 

∆𝑉 = 𝑉𝑎 − 𝑉0  (4-1) 

where 𝑉𝑎 and  𝑉0 are the surface potentials measured in the presence and the absence 

of alcohol respectively. 

The variation in surface potential owing to the presence of adsorbed alcohol molecules 

is stated as [196]: 

∆𝑉 = 𝑁𝐴Γ𝑎
𝜇𝑡

𝑎 0
+ 𝜎

𝜆𝑠

𝑠 0
+ 𝜓𝑑  (4-2) 

where 휀0 is vacuum permittivity, 휀𝑎 and 휀𝑠 are dielectric permittivity of the adsorbed 

layer and Stern layer, respectively, Γ𝑎 is the surface concentration of alcohol, 𝜇𝑡 is the 

total normal dipole moment per MIBC molecules, which consists of the (i) dipole 

moment of adsorbed alcohol and the (ii) dipole moment of water molecules disordered 
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by alcohols [196, 198], 𝜎 is the surface charge density, 𝜓𝑑 is the potential at the limit 

of the diffuse layer, and 𝜆𝑠 is thickness of the Stern layer. 

In Eq. 4-2, the dipole moment of the adsorption layer is represented by the first term, 

the potential across the Stern layer is accounted by the second term and the potential 

from the Stern layer to infinity (inside the box) is described by the third term. 

For the short alcohol like MIBC and 1-hexanol, it is accepted that 𝜇𝑡 is independent 

of Γ𝑎. For monovalent electrolytes, the third term in Eq. 4-2 can be involved to the 

surface charge by the Grahame equation [103]. 

𝜎 = √8 × 103𝑐𝑐𝑎𝑡𝑖𝑜𝑛𝑁𝐴휀휀0𝑘𝐵𝑇𝑠𝑖𝑛ℎ (
𝑒𝜓

2𝑘𝐵𝑇
)  (4-3) 

where ccation is the effective cation concentration, which also equals to anion 

concentration in the bulk, 휀 is the dielectric constant, 𝑘𝐵 is the Boltzmann constant, 𝑇 

is the temperature, e is the charge of one electron. 

This surface charge density is given as [199]:  

         𝜎 = 𝑒𝑁𝐴(Γ𝑐𝑎𝑡𝑖𝑜𝑛 − Γanion) (4-4)  

Where Γ𝑐𝑎𝑡𝑖𝑜𝑛  and Γanion  are the surface concentration of adsorbed ions at the 

interface due to the adsorption of alcohol, respectively.  

The net charge, Γ𝑖𝑜𝑛 = Γ𝑐𝑎𝑡𝑖𝑜𝑛 − Γanion, can be either negative or positive. Within the 

Stern layer arrangement, the head group of alcohol is assumed to be 

thermodynamically balanced by a certain number of ions, and therefore: 

 Γ𝑖𝑜𝑛 = 𝛼Γ𝑎   (4-5)  

where 𝛼 represents the net ion adsorbed due to the balance with alcohols. It’s well-

accepted that anions and cations are not adsorbed equally at the interface [18, 200, 
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201]. Typically, the anions are more enhanced at the water surface [202]. The relative 

adsorption between anions and cations depends on their interaction within the 

interfacial layer. Since the adsorbed alcohols disrupt water arrangement, it is expected 

that adsorbed alcohols affect the relative ionic adsorption. In Figure 4-1, two scenarios 

are presented: (left) 𝛼 > 0 (cations get closer to the interface than anions) and (right) 

𝛼 < 0 (anions get closer to interface the cations). 

Combining the Eqs. 4-2, 4-3, 4-4 and 4-5, the relative surface potential is written as 

follows: 

Δ𝑉 = 𝑁𝐴Γ𝑎
𝜇𝑡

𝑎 0
+ 𝛼𝑒𝑁𝐴Γ𝑎

𝜆𝑠

𝑠 0
+

2𝑘𝐵𝑇

𝑒
𝑎𝑟𝑐𝑠𝑖𝑛ℎ (

𝛼𝑒𝑁𝐴Γ𝑎

√8×103𝑐𝑐𝑎𝑡𝑖𝑜𝑛𝑁𝐴 0𝑘𝐵𝑇
) (4-6) 

The equation can be simplified by defining a combined parameter: 

𝛽 = 𝑁𝐴 [
𝜇t

a 0
+ 𝛼𝑒

𝜆s

s 0
]  (4-7) 

Consequently, the change in surface potential is given: 

∆𝑉 = Γ𝑎𝛽 +
2𝑘𝐵𝑇

𝑒
𝑎𝑟𝑐𝑠𝑖𝑛ℎ (

𝛼𝑒𝑁𝐴Γ𝑎

√(8×103)𝑐𝑐𝑎𝑡𝑖𝑜𝑛𝑁𝐴 0𝑘𝐵𝑇
) (4-8) 

 The surface excess of alcohol is determined by the combination between surface 

tension and Langmuir isotherm [80]. 

𝑐𝑏 =
1

𝐾
(

Γ𝑎

Γ𝑚−Γ𝑎
)  (4-9) 

where 𝑐𝑏is bulk concentration of alcohol solution, K and Γ𝑚 are adsorption constants, 

which can be found by fitting surface tension to the Szyszkowski equation [80]:  

𝛾0 − 𝛾𝑎 = −𝑅𝑇Γ𝑚ln(1 + 𝐾𝑐𝑏)  (4-10) 

where 𝛾0 and 𝛾𝑎 are surface tension of alcohol-free (pure solvent or supporting solute) 

and alcohol solutions, respectively. 
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In applying Eq. 4-5, the Gibbs energy of supporting electrolytes adsorption is assumed 

independent to alcohol adsorption as proposed by Karraker and Radke [197] One 

critical aspect of the modeling framework, Eq. 4-1, is that the degree of freedom is 

two. Consequently, the model has to be applied to two different sets of experimental 

data, i.e. two different ion concentrations, simultaneously [203].  

4.2.2 Surface tension 

Surface tension of 1-hexanol and MIBC in water and NaCl solutions are plotted in 

Figure 4-2. It is noted that MIBC and 1-hexanol had similar trends in surface tension. 

The data for pure water and a low concentration of NaCl almost overlap. 
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Figure 4-2. Surface tension of 1-hexanol (a) and MIBC (b) with and without NaCl 

(dots, experimental data; lines, modeled prediction). 

Applying surface tension model, the best-fitted values of K and Γ𝑚 were obtained and 

shown in Table 4-1. It is noted that these values are consistent with other data in the 

literature and their behaviors are similar to the one of SDS [66] in NaCl. 

(b) 

(a) 
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Table 4-1. Adsorption isotherm constants for 1-hexanol and MIBC. 

Solution 

K (M-1) 𝚪𝒎 (×10-6 mol/m2) 

1-hexanol MIBC 1-hexanol MIBC 

Water 173.2 100.4 7.53 7.47 

20 mM NaCl 164.4 139.7 8.10 5.71 

2 M NaCl 800.7 369.0 6.11 6.36 

 

4.2.3 Surface potential 

The surface potential of 1-hexanol and MIBC in 0.02 and 2 M NaCl is plotted in 

Figure 4-3. Surface potential of 1-hexanol (a) and MIBC (b) in the NaCl aqueous 

solutions as the function of bulk concentration (points, experimental data; lines, 

modeled predictions). In contrast to anionic and cationic surfactants [193], the surface 

potential of 1-hexanol and MIBC indicated a gradual and nonlinear increase with 

concentration. Consequently, theoretical model was applied to fit against the data at 

both concentrations simultaneously (using the least-squares method with Polymath). 

The best-fitted values of α and β were independent of the initial guesses and depicted 

in Table 4-2. 
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Figure 4-3. Surface potential of 1-hexanol (a) and MIBC (b) in the NaCl aqueous 

solutions as the function of bulk concentration (points, experimental data; lines, 

modeled predictions). 
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Table 4-2. Best fitted adsorption parameters for 1-hexanol and MIBC. 

Parameters 1-hexanol 

95% 

confidence 

interval 

MIBC 

95% 

confidence 

interval 

α -0.047 0.01 0.043 0.008 

β (×104 Vm2/mol) 4.57 0.12 3.3 0.10 

 

It is clear that the model fits both data consistently with insignificant standard 

deviations. Most significantly, the best-fitted parameters show a contrast in the value 

of α between 1-hexanol and MIBC: a change from negative to positive, although small 

in magnitude. The negative value of α for 1-hexanol means that the net charge is 

negative (there are more anions at the Stern layer than cations). The results indicate a 

structural change between the two systems. On the other hand, the best fitted values of 

β remains within the physically feasible range. Additionally, the opposite charge at the 

Stern layer were confirmed by the 95% confidence interval [204]. Despite the large 

variation for α (20%), the 95% confidence intervals remain on the opposite sides: 

positive for MIBC and negative for 1-hexanol. 

The surface potential at the air-water interface as function of surface excesses is shown 

in Figure 4-4. Since arcsinh is an odd and monotonic function, the relative position 

between 2 M and 0.02 M curves is determined by the sign of 𝛼. A negative value of 𝛼 

means the 2 M curve is above the 0.02 M curve, as seen with 1-hexanol. On contrast, 

a positive 𝛼 means the 2 M curve is below the 0.02 M curve, as with MIBC.  If 𝛼 = 0, 

Eq. 4-1 results in the same line for both 2 M and 0.02 M curves. The confidence 

intervals in Table 4-2 and relative positions in Figure 4-4 confirm the opposite sign 

of 𝛼 between the two alcohols. 
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Figure 4-4. Comparison in surface potential between 1-hexanol and MIBC. 

It has been well known that the anions locate closer to the interface than the cations 

for the system of NaCl in water [19, 200, 201, 205]. However, this anion enhancement 

has not been demonstrated clearly in literature due to experimental difficulties. 

Recently, molecular simulations have revealed some useful insights such as a well-

ordered dual layer structure at the air/water interface [16, 206]. The arrangement of 

water at the interface may have a strong effect on hydrated ions in the bulk [207]. 

Ordered arrangements of ions near the interface were also presented by the simulations 

with different ionic systems [18, 19]. 

With the presence of adsorbed alcohols, the arrangement of ions near the interface 

would be interrupted considerably. For example, 1-butanol at the electrolyte solution 

interface investigated by X-ray photoelectron spectroscopy (XPS) interestingly 

changed the ratio of anion/cation. However, which ion concentration is higher was not 

confirmed. The ratio of I-/K+ was either greater or smaller than 1, depending on 

photoelectron kinetic energy and the concentration of 1-butanol. 
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It is indicated in this study that the anions were enhanced by adsorbed 1-hexanol 

(similar to 1-butanol). Whereas, the cations were enhanced by adsorbed MIBC. One 

can explain this phenomenon by considering the spatial distribution around the 

hydroxyl group as follows: it is generally admitted that the headgroup of alcohol is 

negatively charged and attracts cations as consequence. Nevertheless, the alpha-

carbon would be positively charged. Therefore, once both the head and the alpha-

carbon are immersed into the water phase, anions can penetrate into the space between 

the interface and the alcohol because of Coulombic attraction with the alpha-carbon. 

In case of straight alcohols, such as 1-hexanol and 1-butanol, this interaction results in 

a negative net charge. However, in case of branching alcohol such as MIBC, the space 

surrounding the alpha-carbon is occupied by the two hydrocarbon branches and reduce 

the space for anions. As a consequence, less anion might penetrate in, and the interface 

is positively charged. 

It is clear in industry that MIBC is a superior flotation surfactant in comparison with 

its isomer, 1-hexanol [208]. This big difference can be caused by the structural change 

(sign of 𝛼), which profoundly impact the selectivity of mineral particles adsorbing to 

the air/water interface. 

4.3 SIMULATION RESULTS 

The experimental results showed the contrast behaviors between 1-hexanol and MIBC 

at the air/water interface: the presence of anions is enhanced by adsorbed 1-hexanol, 

whereas the presence of cations is enhanced by adsorbed MIBC. This difference would 

be the underpinning mechanism for the superior performance of MIBC in mineral froth 

flotation and theoretically hypothesized as the effect of the branching structure of 

MIBC. However, this phenomenon and the interaction between the components at the 

air/water interface cannot be verified by present instruments. Molecular dynamics 
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simulation, the most effective tool to study the effect of molecular structure on the 

macro-scale properties, was employed to investigate this experimental phenomenon. 

The results were obtained from the analysis of 10 ns simulation. 

4.3.1 Density distribution 

The average density distribution of water, alcohols, and ions was calculated and shown 

in Figure 4-5. It is clear that alcohols are located around the air/water interface and 

there was no interaction between alcohol molecules from the two opposite interfaces. 

Moreover, the density of ions near the interface is less than that in the bulk, which is 

consistent with the negative adsorption (i.e., the air/water interfaces expel inorganic 

ions). 

 

Figure 4-5. Density distribution of simulation box with 8 MIBCs on each side. 

Consequently, the density distribution of water, ρ(z), was determined by fitting 

simulation data to an error function of the following form (with the assumption that 

the vapor density is equal to zero) [209]: 
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𝜌(𝑧) =
𝜌0

2
(1 − 𝑒𝑟𝑓 (

𝑧−𝑧0

√2𝑤
))  (4-7) 

where is the water density,  is the location of the Gibbs dividing plane (GDP), 

and w is a parameter related to the width of the interface [16]. 

 

Figure 4-6. Density of water, hydrophobic tail, and hydrophilic head (8 MIBCs on 

each side). Best-fitted curves (solid lines). 

The average density distributions for hydrophilic head and hydrophobic tail were also 

evaluated. The head is defined as the –OH group and the tail includes the whole carbon 

chain. The Gaussian distribution was used to fit against the density profiles of the tail 

and head groups. 

𝜌𝑖 = 𝜌𝑖
0𝑒𝑥𝑝 [

−4(𝑧−𝑧𝑖
0)2

𝜎𝑖
2 ] (4-8) 

where i is either t (tail) or h (head), 𝜎𝑖 is the width of the distribution, 𝑧𝑖
0 is the center 

and 𝜌𝑖
0 is density at center respectively. 

It can be seen from Figure 4-6 that the Gibbs dividing plane was located where water 

interface excess equals to zero. The head groups are located further inside the liquid 

r
0

z
0
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phase, whereas the tails are located outside the Gibbs dividing plane. Therefore, the 

alcohols behaved as surfactants. 

4.3.2 Surface tension 

Accumulated average of surface tension was obtained for each simulation. In this 

study, the pure water surface tension was calculated at 59.2 mN/m, which is similar to 

literature values: 61.9 [178], 63.6 [17], and 60.7 mN/m [16]. These values are ~ 12 

mN/m less than the experimental  at 72 mN/m. In presence of 2M NaCl, our 

simulation increased  to 60.5 mN/m, which was consistent with the experimental 

trend.  

Since the simulated  of pure solvent does not match the experimental data, the 

influence of solutes/surfactant is often compared in term of the surface tension 

reduction [154]. In other words, the simulated data is adjusted by Δγ0, which is the 

difference between simulated and experimental surface tension of the reference 

system. For our systems, Δγ0 equals to 14.8 mN/m. The theoretical surface tension in 

Figure 4-7 was generated from the previous experimental studies [9, 203, 210], and 

used to compare to simulated results for alcohol solutions. 
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Figure 4-7. Equilibrium surface tension as function of (a) MIBC and (b) 1-hexanol 

excess in 2M NaCl. The surface tension for single concentration can be seen in 

Appendix C. 

In Figure 4-7a, it can be seen that the simulated  decreased with increasing MIBCs 

and followed the experimental data qualitatively. In contrast, the simulated  of 1-
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hexanol remained almost constant over the concentration range. The variation in 

simulated surface tension can be attributed to water models, simulation size (box 

dimension), running time and cut-off radius. The influences of these factors are being 

discussed in the literature [16, 17, 21, 73]. In the presence of surfactants, the simulated 

 also fluctuated up to ± 3 mN/m [211, 212]. 

4.3.3 Surface potential 

The potential of MIBC system was separated into two components: MIBCs and the 

remaining components (ions plus water). The potential of a reference system (2M 

NaCl in water) is also included. 

 

Figure 4-8. Surface potential distribution along z-axis: with 20 MIBCs on each side.  

The surface potential of pure water was at -578 mV, which is consistent with the 

literature value, -546 mV [213].  When NaCl was added at the concentration of 2 M 

(the reference system), the surface potential slightly decreased to -617 mV. Notably, 

the potential remains constant within the liquid phase phase due to the random 
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orientation of water molecules. Figure 4-8 also indicates that alcohols generate a 

negative potential at the interface. This would be the result of the charge distribution 

between the alpha-carbon and oxygen. However, alcohols increase the potential of 

ions/water (combined ions/water), i.e., less negative than the reference system. This 

influence shows the disorientation of water molecules/displacement of ions by 

adsorbed alcohols described by proposed theory. 
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Figure 4-9. Surface potential as function of MIBC (a) or 1-hexanol (b) surface 

excess, with reference potential was taken at 2M NaCl solution.  

Simulated versus the theoretical potentials is shown in Figure 4-9. The potential of 

ions/water increased with the increase of alcohol concentrations and qualitatively 

agreed with theoretical data. In contrast, the potential of the system decreased. This 

would be explained by the oversimplification of alcohol charge distribution. For 
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instance, the charge of hydrocarbon chain could be more complicated, and some 

carbon-carbon bonds might contribute positively to the overall potential. 

4.3.4 Arrangement of water molecules at the interface 

The structure of the interfacial layer was analyzed based on the water orientation in 

the interface region, which is characterized by the water dipole order parameter, 

cos(θ), in which θ is the angle between the water dipole and the positive z-axis. 

 

Figure 4-10. Profiles of water dipole order parameter, cos(), with different 1-

hexanol concentration. The data of four simulations was shifted horizontally so that 

the Gibbs dividing plane was located at z =0. 

The simulation with NaCl in water (i.e. without MIBCs or 1-hexanol) indicated a well-

structured arrangement of the water molecules at the interface zone, as similarly 

observed for pure water-air interfaces. Water molecules near the interface have two 

distinctive orientations: one points to the vapor side and the other points to liquid 

phase. The second layer is characterized by the positive peak of cos(). The two-layer 

structure has also been reported in the literature [16, 206]. Further inside the bulk, the 
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average angle is zero as water is randomly oriented. Consequently, there is a gradual 

decrease from the second layer (the positive peak) to the bulk.   

The presence of alcohols, either MIBCs or 1-hexanol, disrupted the interfacial 

arrangement as demonstrated in Figure 4-10. While the peak remained positive, it was 

shifted towards the interface with increasing alcohol concentration. At high 

concentrations, the values of cos() were positive throughout the interfacial zone. In 

these instances, all water molecules at the outmost layer were re-oriented (pointing to 

the liquid side) to comfort alcohol molecules as described in Figure 4-11. 

Consequently, it is conceivable that the positive peak corresponds to a boundary 

between the bulk and the interfacial zone. 

 

Figure 4-11. The re-orientation of water dipole in presence of adsorbed alcohols. 

It is essential to note that the existence of the second water layer, which corresponding 

to a transition from the outmost water layer to bulk, has been reported experimentally 

[206]. Nevertheless, the role of this layer on the properties of the interface has not been 

understood. The results of this study highlighted the role of absorbed surfactant 

molecules and the importance of the second layer, which has been inherently ignored 
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by conventional theoretical studies relying on interfacial quantities alone [66]. On the 

other hand, the arrangement of water indicates complicated behaviors with the 

adsorbed molecules [214]. 

4.3.5 Distribution of ions within the interfacial zone 

It was obtained from experimental studies [203, 210] that there are reversed relative 

amounts of Na+ and Cl- between MIBC and 1-hexanol within stern layer. This 

observation will be verified by using molecular dynamics simulation in accompany 

with a newly proposed interfacial limit. 

In theory, Stern layer is defined as a boundary between the bulk in which ions follow 

Brownian motion and the interfacial zone within which the ions movement are 

constrained by the asymmetric molecular arrangement [215]. Currently, there is no 

accepted method to quantify the location of this boundary. Ion densities are not 

practical to quantify this boundary.  Also, employing Gibbs dividing plane is not 

appropriate to deal with the fact that the ionic interactions with the head group would 

be mainly inside the liquid phase. 

In this study, the peak of the water dipole moment, which is the center of the second 

water layer, was hypothesized as the limit of the interfacial zone. The reasonable 

argument is that on the left of the peak (the outer layer), water molecules start moving 

randomly. Whereas, on the right of the peak (inner layer), water molecules are 

constrained by the interfacial arrangement. Based on this hypothesis, the exact location 

of the peak was found by fitting a polynomial function to the dipole order profile and 

depicted in Figure 4-12. 
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Figure 4-12. The limiting plane of the interface zone. The insert shows other fitting 

for 0, 4, 6, 8, 14 and 18 MIBCs. 

As a consequence, the numbers of ions within Stern layer were calculated based on the 

accumulative number densities of Na+ and Cl-, which is the total ions from the vapor 

phase to the position of the peak. The ratio between anion and cation was calculated 

as well (Figure 4-13a, b) 
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Figure 4-13. Densities of Na+ and Cl- within interfacial layer: absolute values (a) and 

anion/cation ratio (b). 

It can be seen clearly from Figure 4-13a that the number of Na+ inside the interfacial 

zone was always greater than the number of Cl-. However, alcohol molecules occupied 

the space and pushed both ions further inside the liquid phase. The anion/cation ratio, 

shown in Figure 4-13b, for 1-hexanol solutions was higher than that for reference 
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system (i.e., in the absence of alcohols). Whereas, this ration was lower at all MIBC 

concentrations. This result means that the adsorption of MIBC at the air/water interface 

enhanced the presence of Na+. Conversely, Cl- was enhanced by the adsorption of 1-

hexanol [216]. These findings are consistent with the experimental result, where the 

adsorption of 1-hexanol and MIBC had the reversed effects, as well as confirmed the 

previous assumption that the branching structure of MIBC enhances the attendance of 

cations over anions. 

In general, the newly proposed hypothesis on the limit of the interfacial zone worked 

very well. The contrasting effects of 1-hexanol and MIBC were described effectively. 

The result intimated that the ionic state of the interface layer, rather than the surface 

tension [9, 217], would be the underpinning mechanism for MIBC selectivity in the 

flotation processes. Additionally, it also plays a crucial role in the dewetting kinetics 

of the contact line, which is essential for particle detachment. 

The relative adsorption between cation and anion at the air/water interface is a critical 

issue in the literature [218]. It is well-admitted that the size of ions has a profound 

influence on the surface layer [219]. For example, Na+ has a stronger impact on MIBC 

adsorption than K+ [220]. The interaction between K+, I- and 1-butanol may 

considerably change the ion enhancement at the surface [165]. This selective effect 

cannot be verified without using molecular dynamics. However, the exact mechanism 

remains elusive [218]. 

4.4 SUMMARY 

The adsorption of alcohols at the air/brine interface was studied by surface tension and 

surface potential measurements. The layer structure was investigated by employing 

molecular dynamics simulation. It is observed that the surface potential gradually 
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increased with the increase in alcohol concentration. The newly proposed model was 

applied successfully for both MIBC and 1-hexanol. 

The best fitted values of two fitting parameters showed counter-intuitive behavior 

between MIBC and 1-hexanol: the adsorption of MIBC enhances the presence of 

cations, whereas anions are enhanced by the adsorption of 1-hexanol. In order to 

quantify the impact of molecular structure in the interfacial adsorption and the 

presence of ions within the adsorption layer, molecular dynamics study was conducted. 

The simulations quantified the density distribution of the adsorbed alcohols, the 

variation in surface potential and surface tension, as well as the orientation of water 

molecules. The water dipole moment profile was employed to define the new limit of 

interfacial zone and successfully applied to describe the contrasting ionic states of the 

interfacial layer between 1-hexanol and MIBC obtained experimentally, which would 

be the underpinning reason for superior flotation performance of MIBC over 1-

hexanol. 

The new insights of this study demonstrated the applicability of molecular dynamics 

to quantify the relative effects of adsorbed molecules. Particularly, the method can be 

applied to predict and verify the impact of molecular structure with different 

electrolyte solutions, which can provide crucial information for the chemical design in 

mineral flotation.  
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CHAPTER 5. LAYER STRUCTURE OF CATIONIC 

SURFACTANTS ADSORBED AT THE AIR/WATER INTERFACE 

5.1 INTRODUCTION 

Surface-active agents are important components in various natural and industrial 

processes. These molecules can rapidly reach to the interface and significantly modify 

the interfacial properties even with a small concentration in the liquid phase. In 

literature, the adsorption parameters of surfactant is often calculated from bulk 

concentrations based on a number of theoretical models rather than direct 

measurement [26]. 

It is well-known that most of the available models related to interfacial science are 

derived from the Gibbs adsorption isotherm [26, 167, 221], which would be considered 

as an “accepted dogma” [107] in the literature. Though, recent experimental 

observations using NMR [222], surface tension [223], surface potential [193], neutron 

reflectivity [224] or thin film [225] studies has revealed a number of limitations of 

Gibbs analysis. Moreover, an investigation on thin solid film has indicated a number 

of these limitations [225]. The modeling results based upon Gibbs isotherm also have 

shown some disadvantages when they are dependent of the initial guesses [79]. 

Therefore, a new method for theoretical modeling of surfactant adsorption is required, 

which is independent from Gibbs equation. 

Previously, a new theoretical framework was introduced to successfully model the 

adsorption of CTAB at the air/water interface without using the Gibbs isotherm [79]. 

The applicability of this framework to cationic surfactant is demonstrated in this study 

by modeling TTAB adsorption at the air/water interface. Interestingly, the length of 

the tail showed a significant difference in effectiveness of these surfactants. 
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Eventually, molecular dynamics simulation was applied to simulate the behavior of 

these surfactants at the air/water interface. Notably, the gap found in experiment was 

verified by analyzing the molecular arrangement at the adsorption layer. 

5.2 EXPERIMENTAL RESULTS 

5.2.1 Equilibrium surface tension 

Equilibrium surface tension for both CTAB and TTAB was measured by the Wilhelmy 

plate method. The critical micelle concentration (CMC) for CTAB and TTAB was 

determined at 0.98 mM and 3.6 mM respectively. Consequently, only concentrations 

below the CMC level were used for analysis. 

Firstly, conventional Szyszkowski equation (Eq. 2-17) was used to fit against the 

experimental data to find out the adsorption parameters. The fitting was carried out by 

Solver built in Excel. The adsorption parameters obtained from fitting were 

independent of initial guess and yielded low standard deviations [79]. 

The standard deviation was calculated for all modelled results employing below 

equation: 

𝛿𝛾 = √∑(𝛾𝑒𝑥𝑝−𝛾𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑)
2

𝑠
  (4-9) 

where s is the number of measurement points. 
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Figure 5-1. Equilibrium surface tension of CTAB and TTAB: dots: experimental 

data; solid lines: modeled predictions. 

As a result, experimental data was fitted to Eq. 2-18. It can be seen clearly in Figure 

5-1 that the experimental data was fitted very well to the theoretical equation with 

standard deviations were less than 1 mN/m. Most importantly, the best-fitted values of 

adsorption constant, 𝜒, were independent from the initial guesses and determined at 

747.06 M-1 and 278.70 M-1 for CTAB and TTAB respectively. 

It is noteworthy that parameter 𝜒  does not show the thermodynamic behavior of 

surfactant molecules at the air/water interface. However, it provides a reliable relation 

between the bulk concentration and the surface tension, which is necessary for 

modeling dynamic surface tension. 

5.2.2 Dynamic surface tension 

Dynamic surface tension of CTAB and TTAB at different concentrations below CMC 

was measured using maximum bubble method. Diffusion coefficient of each surfactant 

in water was also measured and used as an input parameter for subsequent fitting. The 



  

90 

 

Chapter 5 Layer structure of cationic surfactants adsorbed at the air/water 

interface 

experimental data was fitted against the theoretical model based on diffusion-

controlled model by a numerical scheme developed previously [91] and shown in 

Figure 5-2. The code for this program is showed in Appendix D. 

 

 

Figure 5-2. Dynamic surface tension for TTAB (a) and CTAB (b). 
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It is noted that the experimental data fitted very well to the theoretical model with 

overall standard deviation was less than 1 mN/m for all the concentrations indicated 

in. Therefore, it can be concluded that the diffusion-controlled assumption is adequate 

for CTAB and TTAB and a kinetics step is not required. Consequently, the best fitted 

results for adsorption parameters are depicted in Table 5-2 

Table 5-1. Fitting parameters for dynamic surface tension. 

TTAB CTAB 

Concentration (mM) χ (M-1) 𝜹𝜸 Concentration (mM) χ (M-1) 𝜹𝜸 

0.4 

278.70 

0.26 0.4 

747.06 

0.77 

0.6 0.65 0.5 0.21 

0.8 0.44 0.6 0.68 

1.1 0.76 0.7 0.18 

1.5 0.29 0.8 0.25 

 

Table 5-2. Adsorption parameters for TTAB and CTAB. 

 parameters TTAB CTAB 

Diffusion coefficient D (×1010 m2/s) 4.34 3.79 

Equilibrium surface tension  χ (M-1) 278.70 747.06 

Dynamic surface tension 

Гm (×106 mol/m2) 

K (M-1) 

3.81 

1273 

6.23 

2017 
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The most attractive result in Table 5-2 is the significant increment of Гm, which is 

physically related to surfactant structure, with a marginal increase in surfactant tail. 

i.e., only two more carbons length almost doubled the effectiveness. This increment 

cannot be explained by Gibbs analysis, which simplifies the adsorption zone into a 

dividing plane with zero thickness. Furthermore, according to conventional 

simplification, the larger molecules should have smaller Гm, which was not obtained 

in this study. In order to analyze the effect of the length of the tail on the efficacy of 

the surfactant, atomistic simulations were considered. 

5.3 SIMULATION RESULTS 

5.3.1 Density distribution 

The density distribution of the system, water, hydrophilic head, hydrophobic tail, parts 

of tail as well as Br- ions was analyzed and plotted in Figure 5-3a, b. 
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Figure 5-3. Densities of water and surfactant at the interface. In Figure 5-3a, the lines 

represent best-fitted curves according to the error function [16]. In Figure 5-3b, 

CnTA+ were broken into four parts: charged head (CH2N(CH3)3
+), inner (C2-C4 and 

C2-C6 for C14TA+ and C16TA+, respectively), middle (next 5 carbons) and the outer 

(last 5 carbons). 
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The Gibbs dividing plane was calculated based on water density distribution across 

the interfacial zone [209], and the system dividing plane was calculated based on the 

total density distribution. Obviously, the presence of CTAB and TTAB disrupted the 

distribution of pure water (Figure 5-3a). On the other hand, in Figure 5-3b, the relative 

positions of the head and the carbon tails are almost similar for both surfactants. 

However, the two extra carbons in the CTAB tail seem to primarily concentrate within 

the liquid phase. This implies that the longer carbon tail of CTAB does not increase 

its hydrophobicity as proposed in the literature [26]. Most importantly, it can be seen 

clearly from Figure 5-3b that Br- was distributed mainly the liquid phase for TTAB. 

Whereas, for CTAB, Br- resided further towards the interface, surrounding the 

surfactant head. 

5.3.2. The distribution of Br- around the heads 

In order to investigate the distribution of Br- counter-ion around the heads of CTAB 

and TTAB, the radial distribution function and the coordination number of Br- about 

CTAB and TTAB heads were computed and plotted in Figure 5-4 
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Figure 5-4. Radial distribution function and coordination number of Br- about the 

heads of CTAB and TTAB. 

Radial distribution functions show that the Br- ions demonstrate a stronger correlation 

with the head-group of CTAB than with the head-group of TTAB. Moreover, there is 

a higher coordination number of Br- about the CTAB head-group. These results, in 

combination with the surface excess values of Table 5-2, suggest a correlation between 

the concentration of Br- ions at the interface and the concentration of surfactants at the 

interface. 

Based upon the difference in Гm between TTAB and CTAB, and the simulation results, 

two arrangements for TTAB and CTAB were qualitatively described in Figure 5-5 to 

explain this correlation. 
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Figure 5-5. Molecular arrangements at the air/water interface for TTAB (a) and 

CTAB (b). 

As the heads are positively charged, their interaction is repulsive and the packing is 

depended on their attractions with Br-. In case of TTAB, Br- ions are mainly located 

further inside liquid phase. Therefore, the repulsive force among the heads is strong, 
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which results in the spread of TTAB molecules, i. e., lower Гm. Conversely, the 

distribution of Br- for CTAB shows that two layers of Br- ions were formed around 

the head group. Consequently, the repulsion among CTAB heads is weaker and 

leading to higher concentration of surfactant molecules at the interface, i. e., higher 

Гm. 

5.3.3 The role of molecular arrangement 

It has been admitted widely in theory that the variation in surface tension may related 

to the interfacial properties by the Gibbs equation [26, 167]. According to this analysis, 

the spatial distribution within the interfacial zone is ignored [167] and hence inherently 

excludes the molecular arrangement factor. By using the Gibbs isotherm, the surface 

excesses of TTAB and CTAB have been reported in many studies (Table 5-3). 

However, these values are not consistent. It should be noted that surface excess is the 

most important parameter to characterize surfactant effectiveness in industrial 

processes such as wetting, emulsification and foaming. Thus, gaining correct value of 

this parameter is essential for surfactant performance verification. 
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Table 5-3. Maximum surface excesses obtained by using Gibbs analysis (×106 

mol/m2). 

Model TTAB CTAB 

Langmuir model by using four different initial 

guesses [79] 
 

19.90 

12.10 

7.99 

6.41 

Frumkin model [166] 3.62 3.42 

Frumkin model with molecules compressibility 

[166]  
4.72 4.81 

Frumkin model [226]   3.61 3.86 

Based on the size of head group [227] 6.2 6.2 

The new results can be explained by focusing on the molecular arrangement of surface 

water molecules, instead of the quantities of surfactant excess (as described by the 

Gibbs adsorption equation). Due to the asymmetric air/water interface, the interfacial 

water molecules can form a well-structured arrangement, with a lower hydrogen 

bonding and higher chemical potential than water in the bulk. The lower hydrogen 

bonding of outmost water layer has been experimentally confirmed and widely 

accepted [228, 229]. A pioneering investigation has determined the loss of hydrogen 

bonding in the outmost layer at 25% [120]. Another simulation on pure water/air 

interface even indicated two distinct layers with different levels of chemical potentials 

(both higher than water chemical potential in the bulk) [230]. 

The theoretical calculation has shown that 25% reduction in hydrogen bonding of 

outmost water is equivalent to 67 mN/m [120], which is close to the experimental 

value of 72 mN/m. Hence, it can be hypothesized that the water arrangement remains 

the dominant factor even in the presence of surfactants. After all, more than 80% 

volume of the interfacial zone is occupied by water molecules (Figure 5-3a). 
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Consequently, the reduction in surface tension, γ(t)/γ0, should be strongly dependent 

on the number of water molecules disrupted from this pre-existing arrangement. 

The significance of the disruption was experimentally evidenced with another 

important property of the water/air interface: the change in surface potential. Previous 

studies [225, 229] have demonstrated that adsorbed surfactants affect the interfacial 

potential by: (i) themselves and (ii) disrupting the pre-existing arrangement of water 

molecules at the interface. Without the second component, one cannot explain the 

dramatic effect of mostly non-polar surfactants on the surface potential of the air/water 

interface [193] 

To verify the hypothesis, the accumulatively average energy [17] was obtained for all 

simulated systems (Figure 5-6). It can be seen that TTA+Br- has similar surface tension 

to pure water, despite of high adsorption excess (~ 0.74×10-6 mol/m2 or 30% Γm). In 

contrast, CTA+Br- significantly lower the surface tension at the same surface excess, 

which is consistent with the observation in Figure 5-1. The density distribution of 

water in Figure 5-3 on the other hand, only demonstrated a marginal change between 

the two surfactants. Thus it can be concluded that the reduction in surface tension was 

mainly due to the disruption of the pre-existing arrangement of interfacial water, rather 

than the quantity of displaced water (which is proportional to the quantity of the 

surfactant). The dramatic reduction in surface tension by CTA+ is qualitatively 

supported by the fact that the extra length is concentrated inside the water phase of the 

interface (Figure 5-3b).  
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Figure 5-6. Surface tension of simulated systems. 

The relative position of Br- can also be convincingly explained by this hypothesis. It’s 

well-known that inorganic ions do not adsorb at the air/water interface [231] (i.e. 

“negative adsorption”), which makes seawater having a higher surface tension than 

that of freshwater. Expectedly, the interfacial water arrangement repels Br- ions. When 

CTA+ disrupts this arrangement, as evidenced by a higher density of the tail, some Br- 

can get closer to the surface (Figure 5-3b). TTA+ molecules, on contrast, do not disrupt 

as much and thus Br- remains further inside the liquid phase. 

5.4 SUMMARY 

The adsorption of two cationic surfactants (TTAB and CTAB) was investigated 

thoroughly in this study. Equilibrium surface tension was measured and modelled 

using a newly proposed equation, which resulted in unique best-fitted value. This 

method does not rely on the Gibbs analysis. Dynamic surface tension was also 

quantified and modelled employing the directly measured value of diffusion 

coefficient and new model of equilibrium surface tension. The most impressive finding 
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from modeling results is the significant increase in surface excess when extending two 

carbon atoms in TTAB molecule. 

The results of experimental study were explained by applying molecular dynamics 

simulation. The density distributions of hydrophilic and hydrophobic parts as well as 

counterions (Br-) were examined. The distribution of Br- around the headgroup of 

TTAB and CTAB showed more counterion present within the interfacial zone of latter 

due to ion penetration and resulting in two ion layers around the headgroup. 

Consequently, the repulsive force among CTA+ molecules was reduced and led to the 

considerable rise in surface excess of CTAB. 

In addition, the influence of molecular arrangement on surface energy, which has 

largely been ignored in literature, was discussed. It was pointed out that the 

conventional analysis, which is built around the Gibbs equation, cannot quantify the 

new insights of this study. Reasonably, the decline in surface tension and the increment 

in surface excess are attributed to a fundamental alteration in molecular arrangement 

between TTA+, CTA+, Br- and water molecules, which was quantitatively confirmed 

by molecular simulations. 

The applicability of molecular dynamics simulation has been confirmed one more time 

in solving macro-scale problems in colloid and interface science. This method 

provides valuable information for numerous ramifications for fundamental 

understanding/prediction of surfactant adsorption: from adsorption density and 

adsorption energy to mass transfer in interfacial processes. 
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CHAPTER 6. CONCLUSION AND FUTURE RESEARCH 

DIRECTIONS 

6.1 THESIS SUMMARY 

The behavior of adsorbed surfactants at the air/water interface has been studied 

intensively in literature. The results of these studies have provided industry as well as 

researchers a large amount of useful information, which would help increase the 

efficiency of surfactant usage and improve the effectiveness of surfactants in term of 

new surfactant design. Within this Thesis, the results of previous studies as well as the 

methodology used in air/water interface science were reviewed. A new method that 

combines experiment and simulation was developed in order to investigate the 

molecular structure at the air/water interface. This method has been employed to study 

non-ionic surfactants and cationic surfactants systematically. The choice of comparing 

two isomeric or homologous surfactants also help eliminate the limitations in 

molecular dynamic simulation. 

Understandings on the behavior of non-ionic surfactants (alcohols) found in this study 

would help response to reason why MIBC has great performances in mineral flotation 

in comparison with 1-hexanol or other isomers. The study initiated from conventional 

methodology such as surface tensiometry and surface potential measurement. The 

experimental data then was modelled using well-known and widely-used modeling 

equations and a newly proposed surface potential model. The modelled results 

revealed an important difference between MIBC and 1-hexanol in terms of ions 

enhancement. While MIBC enhances the adsorption of cations, anions are 

encouragingly adsorbed by 1-hexanol. This crucial finding was verified by applying 

molecular dynamics simulation. Consequently, the surface tension, the surface 
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potential and the arrangement of water molecules at the air/water interface were 

quantified. Most importantly, the difference in density distribution of ions between 

MIBC and 1-hexanol was verified based upon a new definition of interface limit. It 

would be explained that the branching structure of MIBC made this molecules occupy 

more space and repel anions from the interface. As a result, more cations present at the 

interface in comparison with 1-hexanol system. 

The effect of the length of the tail on the effectiveness of surfactant was also 

thoroughly investigated in this study. It has been accepted that the longer the tail, the 

higher effectiveness the surfactant [9]. In the scope of this study, the surface excess of 

TTAB and CTAB was calculated reliably based upon the new equation for equilibrium 

surface tension, which result in the unique best-fitted value. Interestingly, only two 

carbon atoms longer nearly doubled to surface excess of TTAB. Consequently, 

molecular dynamics simulation was applied to discover the justification for this 

dramatic increment. The density distribution of separated parts of the tails, the heads 

and Br- ions was simulated particularly. It was found that two extra carbon atoms of 

CTAB was immersed into the liquid phase instead of floating in the gas phase. 

Particularly, differ to the distribution of Br- ions around the head of TTAB, two layers 

of the counterions were found around the head of CTAB. As a result, the repulsive 

force among CTA+ ions was weakened, which caused the significant increase in 

surface excess of CTAB.  Also, the role of molecular arrangement (water molecules, 

surfactant molecules, ions) that has been ignored in literature was discussed. It is 

reasonable that molecular arrangement should be critically accounted in the adsorption 

of surfactant molecules to the air/water interface and the reduction in surface energy. 

Remarkably, the combination between experimental methods and molecular dynamics 

simulation used in this study would open up a new direction in interfacial and colloidal 
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science. It was clearly demonstrated in this study that atomistic simulation help answer 

the experimental issues fully. The molecular structure of the adsorption layers in macro 

scale can be scientifically understood. These important understandings would 

contribute significantly to the improvement of surfactant usage as well as designing 

new surfactants with desired properties. 

6.2 FUTURE RESEARCH DIRECTIONS 

This study employed two conventional methods including surface tensiometry and 

surface potential measurement in order to investigate the adsorption of surfactant 

molecules to the air/water interface. However, the error in measurement due to the 

instruments and ambient factors like purity, temperature and moisture content may 

prevent the accuracy of discovered results. Therefore, the application of novel 

technique such as neutron reflectometry, which can directly measure the surface 

excess of surfactant as well as model the layer structure, may help improve the 

knowledge in the structure of adsorption layer. 

The combination between experimental method and molecular dynamics simulation 

was successfully applied on non-ionic and cationic systems by modifying the tail 

structure. The obtained results are significant and useful not only for interfacial and 

colloidal research, but also for industrial purposes. Hence, this method should be 

extended to anionic systems as well as other systems with the change in head structure. 

The reorientation of water molecules at the air/water interface with the presence of 

surfactant molecules was indicated in this study. As a consequence, the hydro bonding 

at the interface that strongly affects the surface energy should be altered. Therefore, 

vibrational sum frequency spectroscopy should be utilized to study this variation. 
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Notably, the problems coping with in this study were explainable by considering the 

molecular arrangement, which has been ignored in literature. Thus, the next step 

should quantify the role of molecular arrangement. Other studies on other systems 

should be conducted to improve the persuasiveness. 
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APPENDIX 

APPENDIX A. COMMANDS FOR MIBC AND 1-HEXANOL SIMULATIONS. 

Create simulation box 

Create a layer 3x3x1 nm containing 10 hexanol molecules. 

 genbox -ci hexanol.gro -nmol 10 -box 3 3 1 -o layer.gro -p topol.top 

Make a box 3x3x10 nm with two layers of hexanol on each end. 

 genconf -f layer.gro -o 2layers.gro -nbox 1 1 2 -dist 0 0 8 

Fill the box 3 3 10 with water molecules. 

 genbox -cp 2layers.gro -cs spc216.gro -o box1.g96 -p topol.top -box 3 3 10 

Replace 214 water molecules by 107 Na+ and 107 Cl- (corresponding to the concentration 

of 2 M). 

 grompp -f ions.mdp -o min.tpr -c box1.g96 

 genion -s min.tpr -o add.g96 -pname NA -np 107 -nname CL -nn 107 -p topol.top 

Run simulation 

Energy minimization. 

 grompp -f input_min.mdp -o min1.tpr -c add.g96 

 mdrun -s min1 -o min -c min.g96 -x min -e min -g min 

NVT (298 K) and NPT (298 K and 1 bar) equilibration. 

 grompp -f input_md_NVT.mdp -o md_NVT.tpr -c min.g96 -p topol.top 

 mdrun -s md_NVT -o md_NVT -c md_NVT.g96 -x md_NVT -e md_NVT -g md_NVT 
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-v 

 grompp -f input_NPT_40ps.mdp -o NPT_40ps.tpr -c md_NVT.g96 -p topol.top 

 mdrun -s NPT_40ps -o NPT_40ps -c NPT_40ps.g96 -x NPT_40ps -e NPT_40ps -g 

NPT_40ps –v 

Double-check the dimension of the box. Then extend the length to 30 nm while the width 

and the height are unchanged. 

 gmxcheck -c NPT_40ps.g96 

 editconf -f NPT_40ps.g96 -o box2.g96 -box 2.98988 2.98988 30 

Production run 

 grompp -f input_NVT_20ns.mdp -o NVT_20ns.tpr -c box2.g96 -p topol.top 

 mdrun -s NVT_20ns -o NVT_20ns -c NVT_20ns.g96 -x NVT_20ns -e NVT_20ns -g 

NVT_20ns -v 

Analysis 

Make index file. 

 make_ndx -f NVT_20ns.g96 -o index.ndx 

Generate surface tension profile. 

 g_energy -f NVT_20ns.edr -s topol.top -o ST 

Generate density profile. 

 g_density -f NVT_20ns.xtc -s NVT_20ns.tpr -n index.ndx -b 10000 -e 20000 -sl 3000 

-ng 6 -o density 

Generate surface potential profile. 

 g_potential -f NVT_20ns.xtc -s NVT_20ns.tpr -n index.ndx -oc charge -sl 3000 -
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correct -ng 3 -b 10000 -e 20000 -o potential 

Generate dipole moment profile. 

 g_h2order -f NVT_20ns.xtc -s NVT_20ns.tpr -n index.ndx -sl 3000 -o orderwater -b 

10000 -e 20000 

Generate radius distribution function profile. 

 g_rdf -f NVT_20ns.xtc -s NVT_20ns.tpr -n index.ndx -b 10000 -e 20000 -bin 0.0005 

-o rdfO-Na8 
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APPENDIX B. COMMANDS FOR TTAB AND CTAB SIMULATIONS. 

Create simulation box 

Create a layer 3x3x1 nm containing 10 hexanol molecules. 

 genbox -ci ctab.gro -nmol 4 -box 3 3 1 -o layer.gro -p topol.top 

Make a box 3x3x10 nm with two layers of hexanol on each end. 

 genconf -f layer.gro -o 2layers.gro -nbox 1 1 2 -dist 0 0 8 

Fill the box 3 3 10 with water molecules. 

 genbox -cp 2layers.gro -cs spc216.gro -o box1.g96 -p topol.top -box 3 3 10 

Replace 8 water molecules by 8 Br- (counter-ions). 

 grompp -f ions.mdp -o min.tpr -c box1.g96 

 genion -s min.tpr -o add.g96 -nname BR -nn 8 -p topol.top 

Run simulation 

Energy minimization. 

 grompp -f input_min.mdp -o min1.tpr -c add.g96 

 mdrun -s min1 -o min -c min.g96 -x min -e min -g min 

NVT (298 K) and NPT (298 K and 1 bar) equilibration. 

 grompp -f input_md_NVT.mdp -o md_NVT.tpr -c min.g96 -p topol.top 

 mdrun -s md_NVT -o md_NVT -c md_NVT.g96 -x md_NVT -e md_NVT -g md_NVT 

-v 

 grompp -f input_NPT_40ps.mdp -o NPT_40ps.tpr -c md_NVT.g96 -p topol.top 

 mdrun -s NPT_40ps -o NPT_40ps -c NPT_40ps.g96 -x NPT_40ps -e NPT_40ps -g 
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NPT_40ps –v 

Double-check the dimension of the box. Then extend the length to 30 nm while the width 

and the height are unchanged. 

 gmxcheck -c NPT_40ps.g96 

 editconf -f NPT_40ps.g96 -o box2.g96 -box 2.98988 2.98988 30 

Production run 

 grompp -f input_NVT_20ns.mdp -o NVT_20ns.tpr -c box2.g96 -p topol.top 

 mdrun -s NVT_20ns -o NVT_20ns -c NVT_20ns.g96 -x NVT_20ns -e NVT_20ns -g 

NVT_20ns -v 

Analysis 

Make index file. 

 make_ndx -f NVT_20ns.g96 -o index.ndx 

Generate surface tension profile. 

 g_energy -f NVT_20ns.edr -s topol.top -o ST 

Generate density profile. 

 g_density -f NVT_20ns.xtc -s NVT_20ns.tpr -n index.ndx -b 18000 -e 20000 -sl 3000 

-o density 

Generate surface potential profile. 

 g_potential -f NVT_20ns.xtc -s NVT_20ns.tpr -n index.ndx -oc charge -sl 3000 -

correct -b 18000 -e 20000 -o potential 

Generate dipole moment profile. 

 g_h2order -f NVT_20ns.xtc -s NVT_20ns.tpr -n index.ndx -sl 3000 -o orderwater -b 
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18000 -e 20000 

Generate radius distribution function profile. 

 g_rdf -f NVT_20ns.xtc -s NVT_20ns.tpr -n index.ndx -b 18000 -e 20000 -bin 0.0005 

-o rdfO-Na8
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APPENDIX C. RAW DATA FOR FIGURE 4-7 

 
 

Figure 1. 2 M NaCl solution. 

 

 
 

Figure 2. Two MIBCs on each side. 
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Figure 3. Four MIBCs on each side. 

 

 
 

Figure 4. Six MIBCs on each side. 
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Figure 5. Eight MIBCs on each side. 

 

 
 

Figure 6. Ten MIBCs on each side. 
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Figure 7. Twelve MIBCs on each side. 

 

 
 

Figure 8. Fourteen MIBCs on each side. 
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Figure 9. Eighteen MIBCs on each side. 

 

 
 

Figure 10. Two 1-hexanol on each side. 
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Figure 11. Four 1-hexanol on each side. 

 

 
 

Figure 12. Six 1-hexanol on each side. 
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Figure 13. Eight 1-hexanol on each side. 

 

 

 
 

Figure 14. Ten 1-hexanol on each side. 
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Figure 15. Fourteen 1-hexanol on each side. 

 

 
 

Figure 16. Eighteen 1-hexanol on each side. 
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APPENDIX D. VISUAL BASIC CODES FOR DYNAMIC SURFACE TENSION. 

Option Explicit 

Option Base 0 

Function Diffusion2(tp, Cb, KF, a, D, td, nd, l, delt) 

'This function calculate the dimensionless surface conc at tp given bulk conc cb 

'tp,t0 in ms, c in mol 

Dim n, dt, A1, A2, Cs1, Cs2, Cs3, G1, G2, G3, Err, Pi, i, ii 

Dim dtt, temp(6100, 1) 

Dim T(6000), G(6000), Cs(6000), F1, F2, F3 

 

'=============================================== calculated time 

step 

For i = 1 To nd 

    T(i) = tt(i, nd, td, l) 

Next i 

 

'=============================== timestep after td 

n = nd + Int((tp - td) / delt) 

dtt = (tp - td) / (n - nd) 

For i = nd + 1 To n 

T(i) = td + (i - nd) * dtt 

Next i 

 

'================================== 

G(0) = 0: T(0) = 0: Cs(0) = 0: temp(0, 0) = 0 

Pi = Atn(1) * 4: A1 = (D / Pi) ^ (0.5) 
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For i = 1 To n 

    A2 = 2 * Cb * A1 * (T(i) ^ 0.5) - A1 * Cs(i - 1) * (T(i) - T(i - 1)) ^ (0.5) 

    For ii = 1 To i - 1 

        A2 = A2 + A1 * (Cs(ii) + Cs(ii - 1)) * ((T(i) - T(ii)) ^ (0.5) - (T(i) - T(ii - 1)) ^ (0.5)) 

    Next ii 'calculate A2 

 

Err = 1: Cs1 = Cb: Cs2 = 0 'Cs(i - 1): 'limits of Cs(i) 

 

'======================================= bisection 

While Err > (0.00001) 'And test(i) < 29 

G1 = GFr(A1, A2, Cs1, T(i), T(i - 1)): F1 = F(Cs1, KF, G1, a) 

G2 = GFr(A1, A2, Cs2, T(i), T(i - 1)): F2 = F(Cs2, KF, G2, a) 

 

If F1 * F2 < 0 Then 

Cs3 = (Cs2 + Cs1) / 2 'Cs2 + Abs((Cs1 - Cs2) * F2 / (Abs(F2) + Abs(F1))) 'dividing 

point 

G3 = GFr(A1, A2, Cs3, T(i), T(i - 1)): F3 = F(Cs3, KF, G3, a) 

    If F3 = 0 Then 

        Err = 0 

    Else 

        If F3 * F2 < 0 Then 

        Cs1 = Cs3: Err = Abs(Cs1 - Cs2) / Cs1 

        Else 

        Cs2 = Cs3: Err = Abs(Cs1 - Cs2) / Cs1 

        End If 
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    End If 

G(i) = G3: Cs(i) = Cs3 

'Debug.Print i 

Else 

Diffusion2 = "fail": GoTo 100 

End If 

Wend 

 

'=======================================end bisection 

temp(i, 0) = G(i): temp(i, 1) = Cs(i) 

Next i 

 

 

'=================================== 

Diffusion2 = temp 

100 

End Function 

Function tt(i, nd, td, l) 

If i > nd Then 

tt = td + (i - nd) * td * (Exp(l) - Exp((nd - 1) * l / nd)) / (Exp(l) - 1) 

Else 

tt = td * (Exp(i * l / nd) - 1) / (Exp(l) - 1) 

End If 

End Function 

Function F(Cs, KF, G, a) 

'calculate function F from F isotherm 
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F = Cs * (1 - G) - (1 / KF) * G * Exp(-a * G) 

End Function 

Function GFr(A1, A2, Cs, t2, t1) 

'cal surface conc using diffusion sol 

GFr = A2 - A1 * Cs * ((t2 - t1) ^ 0.5) 

End Function 

Function EquG(Cb, KF, a) 

'calculate function F from F isotherm 

Dim G1, G2, G3, Err, F1, F2, F3 

Err = 1: G1 = 0: G2 = 1 

 

While Err > (0.001) 

F1 = F(Cb, KF, G1, a): F2 = F(Cb, KF, G2, a) 

 

If F1 * F2 < 0 Then 

G3 = (G2 + G1) / 2: F3 = F(Cb, KF, G3, a) 

    If F3 = 0 Then 

        Err = 0 

    Else 

        If F3 * F2 < 0 Then 

        G1 = G3: Err = Abs(G1 - G2) / G2 

        Else 

        G2 = G3: Err = Abs(G1 - G2) / G2 

        End If 

    End If 

EquG = G3 
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'Debug.Print i 

Else 

EquG = "fail": GoTo 100 

End If 

Wend 

100 

End Function 

 

 

 

 

 


