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Laundry has a long tradition [1]. The first documents about washing with soaps 

date from 2500 B.C. and origin from Mesopotamia [2]. The washing process has 

changed through the last centuries. In the beginnings the laundry was washed in 

the rivers and paddles were used to improve the washing results whereas the 

Romans washed in barrels and stamped on the laundry. In the 19th century the 

paddles were replaced by wash boards. Over time wash houses were built, for 

which the principal setting is given in figure 1.1 [3].  

 

Figure 1.1: Schematic drawing of a wash house. The direction of washing is 
reversed to the water flow direction. 

The flushing basin was supplied with fresh water from the river and the washing 

basin was supplied by the flushing water. In some wash houses the water was 

heated by chimneys which facilitated the washing. The precursor of the modern 

washing machine is the Bugadier, developed by the sheepherder. It is a simple box 

with several chambers. The first chamber is filled with washing agent and the 

chambers below are filled with laundry. The water is filled in the top of the box, 

runs through the chambers and is collected at the bottom. The same washing 

liquor was used several times [3]. The first electrical washing machine was invented 

in 1901. However, it took until the seventies of the 20th century until the drum-type 

washing machines found their way into the german household [2]. 

But also the detergents have undergone changes. In the beginning, additionally to 

washing agents originated from excrement and urine, the most important 

detergents were soaps and wood ash. The soaps were produced from animal fat and 

wood ash. Later on the soap quality was increased by replacing the animal fat by 

herbal oils and the wood ash by alkali. The suds produced from wood ash and 

water contain softening components like phosphates and cleaning agents like 

alkali- and earth alkali compounds which become soap like by heating in the 
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presence of fat from the laundry. The composition of a suds produced by 

suspending 1 kg wood ash in 10 l water is given in table 1.1 [3]. 

Table 1.1: Average composition of a sud produced by suspending 1 kg wood ash in 10 l 
water. 

Ingredient Averaged content [%] Content [g] / 10 l Source 

P2O5 5 50 Ash 

K2CO3 65 65 Ash 

CaO 34 34 Ash 

CaO  3 Water (30° dH) 

In water P2O5 becomes H3PO4 and CaO becomes Ca(OH)2. The phosphate and the 

carbonate precipitate as calcium phosphate and calcium carbonate. Calcium 

hydroxide and potassium hydroxide, which remain in the suds, are casual for the 

washing activity by cleaving fatty soil. 

The use of these washing agents was still common in the 20th century. The first 

self-actuating detergent was developed in 1907 by Fritz Henkel which is today still 

known as Persil. It is an abbreviation for the ingredients sodium perborate and 

silicate [4]. Since the introduction of this first detergent the composition was 

refined to improve washing results, to reduce the required amount and to reduce 

the environmental impact [3, 4]. For example, magnesium silicate and complex 

phosphate were added to Persil in 1934 causing water softening and thus avoiding 

calcium deposition on the laundry. Until the end of the fifties the washing active 

agent was soap before it was replaced by less water hardness sensitive synthetic 

surfactants. The initially used surfactants were poorly water-degradable and were 

replaced by more environmentally friendly, easily degradable ones. A key step for 

the protection of the environment was done by avoiding the use of phosphates. 

Phosphates reduce the water hardness but in bodies of water it induces 

eutrophication. Today, Sasil (sodium-aluminium-silicate) is used instead of 

phosphates in Persil [3, 4]. 

Nowadays, the improvement of detergents is still an important industrial field. The 

main aims are the reduction of washing temperature and of environmental impact. 

In 1961 a law (Detergenziengesetz) was passed in Germany which regulates the use 

of surfactants in detergents. Surfactants used in detergents have to be 

biodegradable to at least 80% [5]. In subsequent acts (WMRG in 1998, amendment 

in 2007, EU- Detergenziengesetz in 2005) the requirements on biodegradability 
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were tightened and the petrochemical based surfactants are replaced more and 

more by the oleochemical based ones from renewable resources [6, 7]. 

For efficient washing at low temperatures a sufficient solubility of the surfactants is 

required. Therefore, the reduction of the solubility temperature by adding additives 

like osmolytes is investigated within this work. In a NMR study the interaction 

between surfactant and ions is investigated. Depending on the nature of the ion 

and concentration different binding situations are observed. This illustrates the role 

of additives on the solubility temperature. 

Most knowledge about washing is empirical. To improve the washing process the 

role of the surfactants and the washing conditions have to be understood. 

Consequently, the aim of this work is to figure out the influencing factors on the 

washing efficiency in order to give advice how to improve detergents. Therefore, the 

impact of surfactants and solvents on triglycerides is investigated. Additionally, 

washing liquors with varied chemical and physical properties are tested. 
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Chapter 2  

Fundamentals 

  



2. Fundamentals 
___________________________________________________________________ 

6 

2.1 Soil removal 

2.1.1 General Aspects 

Laundry is an old, well studied process with most of our knowledge steming from 

empirical studies [8]. Nowadays, the interest in the deeper understanding of the 

molecular processes increases in order to improve the washing process. A further 

aim is to reduce the washing temperature without losing washing power to save 

energy and make the detergency more environmentally friendly [9]. 

The mechanism and efficiency of soil removal depends strongly on the nature of the 

soiled fabric [9]. In normal household laundry hydrophilic cotton textiles as well as 

hydrophobic polyester fabrics and mixtures of polyester and cotton fibres are 

common [10]. Agents being very good for polyester fibers may be ineffective for the 

soil release from cotton [11]. Therefore, commercial laundry detergents are mixtures 

of different surfactants and additives. Detergent formulations containing twelve and 

more components are not unusual [10]. Beside the surface properties of the fabric, 

the type and concentration of the detergent, the washing temperature, mechanical 

processes during laundry, the soiling condition as well as the aging of the soil 

impact the washing power [9, 10, 12]. As the washing process is very complex, it is 

ambitious to mention all contributing factors. Therefore the following disquisition is 

restricted to the soil removal from cotton fibres. 

Cotton Fibres 

For a better understanding of the soil removal from cotton textiles it is insightful to 

envision the structure of the cotton thread. A single twine consists of countless 

billions of twisted cotton hairs, which are composed of layers: the cuticle, the 

primary wall, the winding layer, the secondary wall and the lumen (Fig. 2.1 a) [13-

15]. Due to this, there are various sized porous and capillary spaces and the fibre 

can be described as a microscopic sponge with a complex porous structure. The 

main components of the fibre are [16]: 

•  80-90 % cellulose 

•  6-8 % water 

•  4-6 % hemicellulose and pectins 
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•  1-1.8 % ash 

•  0.5-1 % waxes and fats 

•  0-0.15 % proteins 

Before spinning the fibres they are treated with caustic soda (sourcing) to saponify 

the natural waxes and fats and to release the pectins and other impurities. 

Afterwards, they get bleached and mercerized for a better luster and better sorption 

properties. The dried fibres consist of 99 % cellulose and the fibres are twisted, 

crumpled and wrinkled (Fig. 2.1 b) [13, 17, 18]. 

 

Figure 2.1: Schematic presentation of the cross section through a cotton fibre [18]. 

When cotton fabric becomes soiled, the oily soil covers the fibre surface, forming a 

peripheral coating and incorporates between the fibres [9]. Due to the structural 

characteristic of cotton fibres, they are very hydrophilic and can adsorb 32 % water 

of its own weight [19]. The associated swelling enables the diffusion of water into 

and between the soiled cotton fibres, which is the first step of soil release [20, 21]. 

Therefore, soil release from pure cotton is quite easy. However, common fabrics are 

processed to reduce the swelling and slippering, which hinders the washing [8, 22, 

23].  

Nature of Soil 

Venkatesh et al. investigated the composition of common houselhold laundry soil 

[8]. They found, that the soil origins from two sources, the human body and the 

environment. Soil secreted from the skin contains primarily fatty substances 

(Tab. 2.1) [24-27]. 
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Table 2.1: Composition of fatty soil secreted from the human body. 

Component % Content 

Free fatty acids 22-27 

Triglyceride 25-35 

Wax and sterol ester 20-22 

Squalene 10-15 

Diglyceride 6-10 

Sterol 2-5 

Paraffin 0.5-1.5 

Soil originated from the environment is either fatty or particulate. Particulate soil 

are mainly clay minerals (Tab. 2.2) [8, 24, 28]. Additionally, the wash liquor itself 

soils the fabric by redeposition and wet soiling during laundering [24, 29]. However, 

this soiling source is almost entirely eliminated by the addition of anti-redeposition 

additives like polymers to the washing agent. In summary, normal household 

laundry is soiled with fluid and particulate components. 

Table 2.2: Average composition of soil originated from the environment. 

Component % Content 

Ash containing 50-55 

SiO2 23-26 

Organic substances (fats, fibres, soot, etc.) 20-25 

Water soluble components 10-15 

Fe2O2 10-12 

Ether soluble components 8-12 

CaO 7-9 

Moisture 2-5 

MgO 1-2 

 

Soiling condition 

The forces of the soiling mechanism depend on the state of soil matter. It was 

shown that an approaching particle adsorbs easier on fabrics already polluted with 

liquid dirt [10]. The reversed phenomenon was not observed. Particulate and fluid 
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soil behave different for soiling and release, therefore both have to be discussed as 

two types of pollution [10]. 

Fabric can be contaminated mechanically by direct contact with another soiled 

surface, by the interaction with a solution containing soil or by soil distributed in 

the air [8, 30-32]. The dirt retains on the substrate due to Van der Waals forces, 

mechanical and electrostatic forces and oil bonding [8, 10, 33].  

Beside the forces which have to be broken during laundry also the location of the 

impurity within the scrim has to be mentioned. Dirt penetrates by mechanical 

entrapment, occlusion and repeated flexing the inter-fiber and inter-yarn spaces, 

the irregularities of the fiber surface and the crevices and pores of the fibers [8, 10, 

33-36]. For oily soil the wetting or relative surface energy has to be considered. 

Additionally, wetting is supported by the oils attempt to minimize the oil-air contact 

area and the capillary forces which facilitates the distribution of the oil within the 

fibres (equation 2.1) [8, 37]. 

 
r

Θ
p

cos2 OSγ
=  (2.1) 

The capillary pressure p  is given by the interfacial tension OSγ  of the oil-fiber 

interface, the contact angle Θ  of the oil on the surface and the factor r , which 

describes the air filled core within the fibre [8, 38]. If the surface energy of the oil is 

lower than of the substrate, the contact angle is lower 90 °, p  is greater zero and 

the substrate will be wetted and the oil will penetrate the core [8, 39]. 

The simplified treatment of the soiled surface as plane enables the consideration of 

the environment for the soil droplet shape. For liquid soil the contact angle Θ  

between substrate surface and soil is given by the interplay of the interfacial 

tensions between surrounding environment/substrate surface ( ESγ ), oil/substrate 

surface ( OSγ ) and oil/surrounding environment ( OEγ ) and can be calculated by 

Young`s equation (equation 2.2) [8, 40]. 

 
OE

OSEScos
γ

γγ −
=Θ  (2.2) 

Therefore, changes in the contact area and the droplet shape result from changes of 

the interfacial tensions. Hence, the transformation of the oily soil/fibre system in 
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another environment results in a changed droplet shape. In contrast, the droplet 

shape of the particulate soil varies barely for a changed environment (Fig. 2.2) [10]. 

The release of solid soil should be easier due to the smaller contact area. However, 

the situation changes completely when electrical interactions contribute. The 

adhesion and release of particulate soil from a plane surface can be approached by 

the DLVO theory for colloids which describes the coagulation of a colloidal 

dispersion. 

air

water

aqueous surfactant
solution

oily particulate

 

Figure 2.2: Contact area and angle between substrate and soil depending on the state 
of soil matter and the environment. 
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2.1.2 Soil Release Mechanism 

As mentioned above, cotton fibres are porous structures and the soil is not 

restricted to the surface. Therefore, diffusion and penetration of water and 

detergent into the textile are often rate limiting steps. Kissa was able to show that 

the removal rate of soil decreases with increasing soiling time and intensity of 

mechanical action during soiling [41]. Apart from that, it was shown that the soil 

release from cotton fibres is similar to the washing of hard surfaces [40, 42]. This 

facilitates the description of the washing process and it was investigated and 

described in detail by Bäckström and Engström [43]. The fundamental washing 

process can be separated into two primary processes [11], 

1) Diffusion of water and detergent 

2) Mechanical dislodgement and transport of soil 

With the soil release mechanism depending on the state of soil matter [8, 10, 11]. In 

the following section the soil release mechanism for the two contrary states is 

described. However, this description is only theoretical because normal household 

soil is normally a mixture of liquid and particulate soil. 

Oily soil removal 

For oily soil removal from cotton fabric the detergency process can be separated in 

three subsequent periods [11, 41]. 

1) Induction period: Diffusion of water and washing agent to the soiled 

surface. 

2) Soil removal period: Interaction between cleaning agent and soil, forming 

water soluble or at least removable aggregates. 

3) Final period: Transport of the aggregates into the aqueous phase. 

The induction period is composed of a fast movement of soil release agent in the 

aqueous solution and the slow diffusion into the pores. Within this period the soil 

removal is slow and insignificant. During the subsequent soil removal period, the 

main important mechanism for soil removal is the roll-up mechanism [40]. Further 

contributing, but of lesser importance are the mechanisms of emulsification, 
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solubilisation and penetration [11, 44-47]. Within the second period nearly the 

complete removal takes place [47]. 

For the sake of the completeness it should be mentioned that the main soil release 

mechanisms for fabrics containing a high amount of hydrophobic fibres (like 

polyester and other synthetic fibres) are the solubilisation and emulsification 

mechanism [48-50]. 

The amount of removed soil can be enhanced by agitation, which affects the 

following steps resulting in an improved detergency [11, 43]: 

• Increases the surfactant transport (induction period) 

• Accelerates the roll-up mechanism (soil removal period) 

• Speeds up the displacement process (soil removal period) 

• Increases the transport of aggregates into the aqueous phase (final period) 

Bäckström and Engström also investigated the influence of the temperature [43]. 

They found that increasing the washing temperature results in: 

• Particulate soil might melt when the temperature is increased enough 

(→roll-up mechanism). 

• Viscosity of oily soil decreases, which facilitates the roll-up mechanism. 

• Diffusion rate of surfactant (induction period) and aggregates (final period) 

increases (increases soil removal). 

• Dielectric constant of water decreases, thus becoming more hydrophobic 

(better solvent for hydrophobic soil). 

The roll up mechanism is caused by the interplay of the interfacial tensions 

between oil on fiber surface OSγ , water on fiber WSγ  and oil on water OWγ  

(equation 2.3) [45]. 

 ΘR cosOWWSOS γγγ +−=  (2.3) 

The oily droplet rolls up as long as the resulting R  is positive. During the roll-up 

mechanism the contact angle increases and becomes 180 ° for the finished roll-up 

(Fig. 2.3a) [40]. R  can be increased by decreasing WSγ  and by increasing OSγ . The 

addition of surfactants promotes the hydrophilic character of the fiber surface and 
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facilitates the roll-up mechanism. Additionally, for cotton the soil removal is 

enhanced by swelling of the fabric. Water and detergent solution wet the fiber 

(swelling of the cotton), increasing the hydrophilic character of the fiber surface and 

decreasing the interfacial tension WSγ  between water and fiber [40, 51]. 

a) Roll-up

b) Emuslification

 
Figure 2.3: Schematic representation of liquid soil release by (a) roll-up mechanism 

and (b) emulsification. 

For very hydrophobic fiber surfaces the washing liquor cannot adsorb to the fiber 

surface. The soil is removed in small droplets formed by undercutting the oil 

surface (Fig. 2.3b) [40, 42, 51, 52]. The efficiency can be enhanced by reducing the 

interfacial tension between oil and water, which facilitates the droplet formation. 

For soils with a high content of polar groups a third mechanism was proposed, the 

formation of liquid crystals. The surfactant in the washing liquor interacts with the 

polar groups in the soil, forming the intermediate phase, which becomes broken by 

agitation and emulsified into the aqueous solution [40, 53, 54]. 

The direct solubilisation of the oil in surfactant micelles is only observed for high 

content of surfactant. However, it was shown that the soil removal rate is enhanced 

when surfactant rich phases are present in the washing liquor which promote 

direct solubilisation and formation of intermediate phases [40]. 

Particulate soil removal 

While the most important factor for oily soil release is the hydrophilicity of the 

cotton fiber, this is of less importance for the solid soil removal [11]. For particulate 

soil removal the attractive, mainly van der Waals forces, have to be overcome and 
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the separated fiber surface and soil have to be wetted afterwards (Fig. 2.4) [47]. The 

required energy depends primarily on the contact area. 

Fiber surface

 
Figure 2.4: Two-step particulate soil removal from fiber in aqueous washing liquid. 

The two main mechanisms inducing soil removal are: 

• Wetting of the fibre and the particulate soil. 

• Adsorption of surfactant and other washing liquor components at the 

fiber/water and the soil/water interface. 

The wetting of the fiber reduces the Van der Waals forces between soil and fiber, 

diminishing the adhesion of particulates to the textile [55]. Furthermore, the 

presence of water enables the formation of an electrical double layer at the 

fiber/water and soil/water interface which normally repel each other resulting in a 

reduced net adhesion of the soil. The adsorption of detergent on the fiber/water 

and the soil/water interface has two soil removal improving effects. It reduces the 

attractive interactions between fiber and soil and for ionic detergents it also 

increases the charge on the particle and fabric surface, resulting in increased 

electrostatic repulsion. The repulsive forces can be described by the DLVO theory 

for forces between double layers [55]. The coagulation of colloidal particles is 

comparable with the adhesion of solid soil to the fiber surface. The difference of the 

two systems is that for soiled fabric, one of the two particles is of infinite size and 

the coagulation is a heterocoagulation because the soil is composed of different 

components [10]. The classical DLVO theory states that the long-ranged 

interparticle interactions control the colloidal stability. Two potentials contribute to 

the total interaction potential )(totV : the Van der Waals potential )(vdWV  and the 

potential of the electric double layer )(elecV  (equation 2.4) [10, 56]. 

 
)()()( vdWVelecVtotV +=  (2.4) 
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Normally the Van der Waals forces are attractive, but for dissimilar particles in 

presence of a third medium they can be repulsive. Also, the potential of the double 

layer, normally repulsive, gets attractive for two particles with unequal charge 

density [10, 57]. 
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Figure 2.5: Sphere-plate model representing the geometry on the left side and the 

trend of the potential energies on the right side. 

The system of soiled textile can be represented as a spherical particle (solid soil) 

approaching to a plane surface (fibre) (Fig. 2.5) [10]. Lange has shown that this 

geometry can be described similar to two interacting spheres leading to the 

development of equations to calculate )(totV and )(vdWV [58-61]. This 

approximations predict an increase of V(elec) for electrolyte addition and an 

increase of both potentials with increasing particle size a. 
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2.1.3 Commercial Washing agents 

As already mentioned above, commercial washing agents are composed of various 

components. The main ingredients are [4]: 

• Surfactants 

• Softening agents 

• Bleaching agents and bleach activators 

• Enzymes 

• Optical brighteners 

• Dye transfer inhibitors 

• Fragrances 

• Filling material 

In detergents, mixtures of nonionic and anionic surfactants are crucial for the 

washing activity. The addition of nonionic surfactants increases the washing 

results for decreased temperature. Cationic surfactants are the main component of 

fabric softener. They have no cleaning efficiency but show an impact on the fiber 

surface and make the laundry softer. 

Typically used softening agents are zeolithes and polycarboxylates. They are added 

to avoid calcium deposition on clothing and on the heating rod grooves in the 

washing machine. Bleaching agents, like sodium perborate, bleach organic stains 

by chemical oxidation. For a higher bleaching efficiency at low temperatures bleach 

activators like Tetraacetylethylenediamine are added. The addition of enzymes like 

amylases and lipases facilitates the removal of amylaceous and albuminous soils. 

Optical brighteners are compounds which remain on the fiber and reflect blue light. 

The fabric thus appears whiter to the human eye. Dye transfer inhibitors avoid the 

deposition of dissolved pigments in the washing liquor and fragrances are only 

cosmetical. The addition of filling materials improves the pourability and facilitates 

the dosing [4]. 
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2.2 Trigylceride 

2.2.1 General Aspects 

Triglycerides are the main component in vegetable oils and animal fats [62-64]. In 

living organism they store and provide energy, deliver essential fatty acids and 

serve as carrier of oil soluble vitamins [65]. They find application in food industry, 

as raw materials in pharmaceutical and cosmetic products, in industrial processes 

and as renewable material for biodiesel production [66-71]. 

Triglycerides are triesters of glycerol with three fatty acids which might be identical 

or up to three different ones (Fig. 2.6) [64, 72, 73]. 

 
Figure 2.6: Schematic structure of a triglyceride composed of glycerol and three 

different fatty acids. 

Those can differ in the alkyl chain length and the degree of saturation. Three 

classes of fatty acids are distinguished: the saturated, the mono unsaturated and 

the polyunsaturated ones. Natural fatty acids are normally unbranched and have 

an even number of carbon atoms; the most common alkyl chain lengths are 16, 18 

and 20 [74-77]. The structure of the fatty acids determines the physical properties 

of the triglycerides. With increasing degree of unsaturation the melting point of the 

triglyceride decreases, due to unfavoured packing of the chains, and the fat 

becomes more hydrophobic [64]. 

The shortcut for fatty acid nomenclature is Cx:y, x giving the number of carbon 

atoms and y giving the number of unsaturation. The most common fatty acids 

derived from natural resources are palmitic acid (C16:0), stearic acid (C18:0), oleic 

acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3) (Fig. 2.7) [65]. 

Additionally, for personal care products like soaps and washing agents, capric acid 

(C10:0), lauric acid (C12:0) and myristic acid (C14:0) are very important [65]. 



2. Fundamentals 
___________________________________________________________________ 

18 

 
Figure 2.7: Structure of the most common natural fatty acids. 

Due to the bulky polar head group and the three long alkyl chains, triglycerides are 

very difficult to emulsify compared to hydrocarbons or alkyl monoesters. However, 

great effort was made investigating the impact of the structure of triglycerides on 

the interaction with water and surfactant [64, 78-83]. This enables a deeper insight 

in triglyceride microemulsions, which are still today not well understood and are 

very important for daily life applications [64, 78-83]. 

 

2.2.2 Structure 

Crystalline fats are present in crystal networks with specific polymorphic crystalline 

structures [66, 84]. The most common morphologies are named α, β` and β in the 

order of increasing melting temperature [85, 86]. They are characterised by the 

packing of the chains in the subcell: The subcell structure is hexagonal for α (H), 

orthorhombic-perpendicular for β` (O
┴
) and triclinic parallel for β (T//) (Fig. 2.8) [66]. 

 

 
Figure 2.8: Polymorphic structures of triglyceride subcells in the order of increasing 

melting temperature. 

The kinetically favoured morphology is the α subcell, but the thermodynamically 

stable one is the β morphology. This morphology tends to form large plates which 
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are disadvantageous for many applications like in margarine, which should stay 

soft over a long time. Therefore, the formation of the β morphology is avoided in 

these applications. In contrast, for chocolate the crystallisation of cacao butter in 

the β morphology is desired. However, the appearance and the relative stability of 

the morphologies depends on the fatty acids the triglyceride is composed of. For 

triglycerides with three identical fatty acids the series mentioned above is correct. It 

was found that the β` morphology becomes the most stable one when one fatty acid 

is replaced by another one [66, 84, 87, 88].  

Furthermore, the crystalline structure of triglycerides is determined by the chain 

length packing (Fig. 2.9). The triple chain length packing is typically formed by 

triglycerides consisting of three structural very different fatty acids [66]. 

double chain length triple chain length  
Figure 2.9: Double and triple chain length packing of triglycerides. 

Depending on the morphology and the packing, the physical properties of the 

triglycerides differ [66]. Therefore, a deeper understanding of the structure-function 

relationship and the systematic molecular design as well as the investigation of the 

influence of the presence of other triglycerides on the structure is essential for 

applications. 

 

2.2.3 Blended fats 

Fats, which are used in industrial applications, are typically mixtures of various 

triglycerides, influencing the melting, crystallisation, transformation behaviour and 

crystal morphologies of each other [66, 89]. Depending on the chain length 

structure, blending of different triglycerides results in the formation of molecular 

compounds or segregation during solidification or after a long storage or formation 

of non miscible mixtures [66]. For binary mixtures of triglycerides the melting point 

of the minor component is altered in the direction of the major one and the melting 

point of the major one is depressed. This is probably due to the formation of 



2. Fundamentals 
___________________________________________________________________ 

20 

eutectic mixtures or the solubilisation of the minor one in the major triglyceride 

[90, 91]. Additionally, on this account and because of disruption of the chain 

packing, the enthalpy of fusion of the minor component is decreased. 
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2.3 Surfactants

2.3.1 General Aspects

Surfactants are surface active and amphiphilic molecules. Amphiphilic derives from 

the two Greek words “amphi” (both sides) and “philia” (loves)

towards oil and water

group and the hydrophobic tail, the 

(Fig. 2.10). 

Figure 

Typically, surfactants are classified by

with a charged head group are either anionic, cationic or zwitterionic. Surfactants 

without a charge at the head group are called nonionic surfactants

92, 93]. 

Classification 

anionic 

cationic 

zwitterionic 

nonionic 

____________________________________________________________________

Surfactants 

General Aspects 

rfactants are surface active and amphiphilic molecules. Amphiphilic derives from 

reek words “amphi” (both sides) and “philia” (loves), describing the affinity 

towards oil and water. These properties are the result of the hydrophopilic head 

nd the hydrophobic tail, the two characteristic parts 

hydrophilic 
head group

hydrophobic tail
 

Figure 2.10: Schematic surfactant monomer molecule.

surfactants are classified by the charge of their head group. 

with a charged head group are either anionic, cationic or zwitterionic. Surfactants 

without a charge at the head group are called nonionic surfactants

Table 2.3: Classification of surfactants. 

Head group 

 

Alkylcarboxylates,
Alkylsulfonates

 

Alkyltrimethylammonium 

 

Alkybetaines

 

Alkypolyethyl
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rfactants are surface active and amphiphilic molecules. Amphiphilic derives from 

, describing the affinity 

the hydrophopilic head 

parts of a surfactant 

 

urfactant monomer molecule. 

the charge of their head group. Surfactants 

with a charged head group are either anionic, cationic or zwitterionic. Surfactants 

without a charge at the head group are called nonionic surfactants (Tab. 2.3) [56, 

Example 

Alkylcarboxylates, 
Alkylsulfonates 

Alkyltrimethylammonium 
chloride 

Alkybetaines 

Alkypolyethylenglycols 
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When surfactants are dissolved in water, the hydrophopic chain disrupts the 

hydrogen bonding structure of water, yielding an increased free energy of the 

system. Therefore, surfactants adsorb to the air/water surface and align the head 

group into the water and the tail towards the air to minimize the contact area with 

the water, resulting in a reduced free energy of the system [56]. After exceeding a 

well defined concentration, the critical micellar concentration (cmc), the surfactant 

starts to self-assembly into micelles. Self-assembling and micellization are primarily 

entropy driven processes [94-96]. However, the assembling of the surfactants 

accompanies with a loss of freedom and for ionic surfactants electrostatic repulsion 

of approximated similarly charged head groups increases, resulting in an increase 

of the free energy of the system and opposing the micellization. Hence, the cmc 

depends on the balance between forces, favouring the micellization (van der Waals 

and hydrophobic forces) and the opposing forces (kinetic energy of the molecules 

and electrostatic repulsion) [97]. This particular concentration can be determined 

from the kink of the plot of physical properties of the solution as a function of the 

surfactant concentration (Fig. 2.11) [56, 92, 94, 98]. Above the cmc the physical 

properties (except the solubility) change only slightly with increasing surfactant 

concentration because the added surfactant monomers are consumed in the micelle 

formation. 

Concentration

Osmotic pressure

cmc

Surface tension

Self diffusion

Conductivity

Solubilization

 
Figure 2.11: Schematic representation of the development of concentration dependent 

physical properties of an amphipile dissolved in water. 
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The cmc depends strongly on the charge on the surfactant head group, the chain 

length, the degree of alkyl chain branching, the temperature, the valency of the 

counterions and the presence of cosolutes like electrolytes or alcohols [94, 98-103]. 

The shape of the formed micelles also depends strongly on the geometry of the 

surfactant monomers (Tab. 2.4) [56]. The packing parameter P  enables an 

estimation of the micelle shape (equation 2.5). It depends on the volume ν  of the 

single surfactant hydrocarbon chain, the cross-sectional area a  of the head group 

and the length l  of the fully extended hydrocarbon chain [56, 92, 93, 98, 104, 105]. 

 
la

v
P

*
=  (2.5) 

The values ν  and l  can be estimated by the approximations made by Tanford 

depending on the number of carbon atoms, Cn  (equations 2.6, 2.7) [106]. 

 C9.264.27 nv +=  (2.6) 

 
C265.15.1 nl +=  (2.7) 

Table 2.4: Correlation between packing parameter P and the shape of the formed 
micelle. 

Packing parameter Micelle shape 

P = 1/3 spherical 

P = ½ rod 

P = 1 disc 

 

2.3.2 Lyotropic Liquid Crystals 

If the surfactant is sufficiently soluble, the formation of liquid crystal phases occurs 

with increasing surfactant concentration [92, 94]. Depending on the micelle shape, 

which depends on the surfactant structure, different liquid crystalline phases can 

be observed (Tab. 2.5). 
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Table 2.5: Correlation of micellar shape and type of formed liquid crystal by increasing 
the surfactant concentration. 

Micelle shape Liquid crystal 

spherical cubic 

rod hexagonal 

disc lamellar 

Lyotropic liquid crystals consist of an amphiphile and a solvent and combine 

characteristics of liquids and crystals [95]. They have a certain order which can 

reach from atomic scale to longer length scales and are less viscose than crystals. 

Some liquid crystals are optically anisotropic, like for example the hexagonal and 

the lamellar one, the most important ones in applications [92, 95]. Therefore, both 

are showing a characteristic texture under the polarizing optical microscope [107-

110]. 

The lamellar mesophase is built up by surfactants arranged in double layers which 

are separated by a water phase (Fig. 2.12a). The alkyl chains and the water phases 

are in a liquid like disordered state [95, 111-113]. In the hexagonal mesophase the 

amphiphiles are assembled in parallel cylindric micelles which are packed in a 

hexagonal order (Fig. 2.12b). For the hexagonal mesophase two alternative types 

are distinguished, the normal (H1) and the reversed one (H2). In the normal one the 

water is the continuous phase and in the reversed one the alkylchains are the 

continuous phase. The hexagonal phases have a higher viscosity than the lamellar 

phase [92, 95, 109, 110, 112, 113]. 

 

 

Figure 2.12: Schematic illustration of (a) a lamellar liquid crystalline phase and (b) a 
normal hexagonal liquid crystalline phase. 
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2.3.3 Solubility 

The solubility of ionic surfactants depends strongly on temperature. For low 

temperatures the solubility of surfactant is low and increases with increasing 

temperature. At a certain temperature the solubility increases abrupt. At this point 

the solubility curve and the cmc curve are equal, it is called the Krafft temperature 

(Fig. 2.13) [56, 92, 93, 95]. The Krafft temperature is determined by the energetic 

relationship between the solid crystalline state (melting point) and the heat of 

hydration of the system [114]. 
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Figure 2.13: Binary phase diagram of a surfactant solution in water in the region of the 

Krafft temperature. 

A decrease of the Krafft temperature can be achieved by hindering the crystal 

packing of the monomers, for example by using highly hydrated polar head groups 

or counterions [56, 92, 93, 115]. Recently, Collins concept of matching water 

affinities was applied to regulate the Krafft temperature [116-118]. It was shown 

that the combination of large polarisable head groups with a counterion with the 

same water affinity results in an increase of the Krafft temperature. In contrast, the 

combination of the head group with a small less polarisable counterion delivers an 

amphiphile with a higher solubility and a decreased Krafft temperature [119]. 

The temperature dependent behaviour of a nonionic surfactant is different. The 

characteristic feature of nonionic surfactants is the phase separation with 

increasing temperature. The characteristic point is called the cloud point and 

depends strongly on the chain length and the number of polar groups like ethoxy 

groups in the hydrocarbon chain [92, 120, 121]. The driving forces for the 
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solubilisation of a nonionic surfactant like an alkyletherglycol are the hydration of 

the hydrophilic head group and the formation of hydrogen bonds between the ether 

units and the water. The strength of the H-bonds is strongly temperature 

dependent and decreases with increasing temperature, resulting in phase 

separation above the cloud temperature [56]. However, this behaviour can be 

influenced strongly by the addition of cosolutes [122, 123]. 
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2.4 Cosolutes 

2.4.1 Hydrotropes 

The term hydrotrope was introduced for the first time by Neuberg to describe 

organic molecules with a hydrophilic as well as hydrophobic part which increase 

the solubility of organic compounds like alcohols, hydrocarbons, oils, etc (Fig. 2.14) 

[124]. They are surface active like surfactants but in contrast to surfactants the 

hydrophobic part is too small to cause defined self assembling in well-determined 

structures, therefore these compounds show no cmc [125, 126]. Hydrotropes are 

used to increase the solubility of e.g. surfactants. Investigations have shown that 

the dilution with water induces the precipitation of the solute because a high 

amount of hydrotrope is required to exhibit hydrotropic activity [127]. The 

concentration which needs to be exceeded is known as the “minimal hydrotropic 

concentration” (MHC) [125]. Above the MHC the hydrotropes change the solubility 

properties, the micellar characteristics like cmc and aggregation number and the 

adsorption of the surfactant at the interface [92, 128, 129]. One apposite approach 

to describe hydrotropes is the comparison with salting-in additives [125, 130]. 

Hydrotropes are used in industrial applications to avoid the formation of liquid 

crystals, by decreasing surfactant-surfactant interaction, to increase the cloud 

point and in separation processes [92, 128, 131]. 

 
Figure 2.14: Structures of different common hydrotropes 
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2.4.2 Cosurfactants 

Cosurfactants are molecules which have nearly the same properties as surfactants, 

but they are insufficiently hydrophilic to form micelles or other mesophases with 

water alone. However, they have a strong impact on surfactant mesophases. 

Depending on the strength of the polar head group they can act more like an oil, 

enriching in the interior of the micelles and adsorbing to the micelle surface or like 

a surfactant participating in the mesophase. Hence, they affect the curvature of the 

micelles and therefore, the structure of formed liquid crystalline phases. Typically 

used cosurfactants are alcohols, fatty acids and long chain aldehydes. In industrial 

applications they are used to reduce the amount of required surfactant to form 

microemulsion [56, 92-94, 98]. 

  



2. Fundamentals 
____________________________________________________________________ 

29 

2.5 Microemulsion 

One main aim in the washing process is the dissolution of oil in water. However, oil 

and water are not miscible spontaneously, anyhow under significant mechanical 

agitation emulsions can be formed but these are, in contrast to microemulsions, 

not thermodynamically stable. Emulsions consist of a dispersed and a continuous 

phase. Typical droplet diameters range from 0.1 to 1 micrometer, therefore 

emulsions appear turbid [92]. The addition of emulsifiers like surfactants can 

extend the stability, even so the emulsion is still a dispersion which will separate 

into the two phases water and oil, by either breaking, coalescence, creaming, 

Ostwald ripening or flocculation after a certain time [92, 93, 132-135]. 

Nevertheless, emulsions are important for many applications of daily life, like 

washing, cosmetic formulations or food products [93, 136]. 

Composed of the same components, but thermodynamically stable and clear, which 

finds wide application in a variety of products and processes is microemulsion. It 

was investigated the first time by Hoar and Schulman [137]. Finally, the latter one 

of the both introduced the term microemulsion [138]. A multitude of succeeding 

investigations have shown that these “dispersions” of water, oil and amphiphile are 

actually solutions [139]. So the great advantage of this species is the 

thermodynamical stability [139]. Further benefits of microemulsions for 

applications are the spontaneous formation, solubilisation of a high amount of oil 

and water, the low interfacial tension, the fine microstructure and the transparent 

appearance, due to the small droplet diameter of typically 2-20 nm [99, 140]. 

However, the small droplet size complicates the structural investigation of 

microemulsions. Commonly used techniques are amongst others NMR self 

diffusion, freeze fracturing transmission electron microscopy (cryo-TEM) and small 

angle neutron and X-ray scattering (SANS, SAXS) [141-144]. Adversely is also that 

the formation of microemulsions requires a big amount of surfactant and they do 

not solubilise triglycerides in high amounts without the addition of cosolutes, due 

to their high molecular weight [81, 145-155]. However, triglycerides are one of the 

main components of typical household laundry [8]. 
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Structure of microemulsion 

Three different structures are known for microemulsions (Fig. 2.15) [95]. They vary 

in the curvature of the oil/water interface. The curvature depends beside 

temperature, salinity, oil properties and surfactant concentration on the packing 

parameter of the surfactant [156]. This parameter results from the geometry and 

the chemical structure of the surfactant as well as from the intermolecular forces 

between the surfactant molecules [95, 157]. The repulsive, hydrophilic forces 

between the surfactant head groups determine the effective area per head group a 

of the surfactants, whereas the repulsive sterical interactions between the 

surfactant tails and the attractive oil penetration determine the volume V and the 

extended chain length l of the hydrocarbon tail. For a packing parameter less than 

one a positive curvature occurs and an oil-in-water (o/w) structure is formed and 

for a parameter greater than one the curvature of the interface becomes negative 

and a water-in-oil structure (w/o) occurs [137, 158-160]. These two structures are 

separated by a bicontinuous sponge-like phase with a packing parameter of about 

one and saddle shaped surfaces with positive and negative curvature resulting in a 

mean curvature of zero [92, 142, 157, 159, 160]. 

As already mentioned above, the curvature also depends on the concentrations of 

surfactant, oil and water. The three structures are continuously progressed by 

varying the oil to water ratio. For low oil concentrations oil in water droplets are 

formed. With increasing amount of oil the micelles expand to swollen micelles and 

after a certain oil concentration the micelles become cylindrical and sponge like and 

at least for a very high fraction of oil water in oil droplets are formed. Alternative 

abbreviations for the different structures are L1-phase for an o/w, L2 phase for a 

w/o and L3-phase for a bicontinuous systems. 

 

 

 

 

 

 

 

Figure 2.15: Structure of microemulsions as a function of water to oil ratio 
with the highest fraction of water in L1 and the lowest one in L2. 
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Conductivity of microemulsions 

Conductivity is linked to the diffusion coefficient, hence the conductivity of a 

microemulsion depends on the structures in the system. Precondition for 

conductivity is the presence of ions in the microemulsion. These might originate 

from ionic surfactants or, in the case of microemulsions formed with nonionic 

surfactants, from added salt. However, the amount of added salt has to be small to 

avoid an influence on the phase behaviour of the system. 

For a w/o system the ions are dissolved in the inner sphere of the reversed 

micelles. Due to the low mobility of the micelles, the conductivity is low. With an 

increasing fraction of water the micelles grow and begin to percolate, hence the ion 

transport becomes more efficient and the conductivity increases. For a 

bicontinuous system all isolated micelles accumulated to a system of fluctuating 

channels, yielding a maximum in the mobility of the ions and consequently in a 

maximal conductivity of the system. With increasing fraction of water the channels 

cross-link which hardly enhances the mobility of the ions. Additionally, the dilution 

of the ion concentration compensates this effect, therefore the conductivity 

decreases after the bicontinuous region. 

Due to this change in conductivity, the measurement of conductivity κ  as a 

function of water fraction, φW is an appropriate, easy method to determine the 

structure of microemulsions (Fig. 2.16). 

  

Figure 2.16: Specific conductivity κ of microemulsion as a fucnction of water fraction

φW. 
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2.6 Hansen Solubility Parameters 

The importance to predict solubility is ubiquitous. The basic principle is “like 

dissolves like” or more generalized “like seeks like” [161]. Hildebrand did the first 

attempt to quantify this general concept. He related the cohesive energy E  on the 

one hand and the enthalpy of evaporation and the molar volume on the other hand 

(equation 2.8). 

 
m

v

m

R

V

TH

V

E −∆
=  (2.8) 

E  is the energy of vaporization, mV  the molar volume of the pure solvent, vH∆  the 

free enthalpy of vaporization, R  the gas constant and T  the temperature. Together 

with Scott he introduced in 1950 the term of the solubility parameter δ

 (equation 2.9)  [162, 163]. 
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The thermodynamic criterion for the miscibility of two solvents is that the free 

energy of mixing mix
G∆  is zero or negative (equations 2.10 and 2.11) [162, 164, 

165]. 

 mix

comb

2

21M21 )( sTVG
mix ∆−−=∆ δδϕϕ  (2.10) 

 mix

comb

mix

noncomb sTGG
mix ∆−∆=∆  (2.11) 

The 1ϕ  and 2ϕ  are the volume fractions of the solvent and the solute, mV  is the 

volume of the mixture, 1δ  and 2δ  are the solubility parameters of compound 1 and 

compound 2, mix

combs∆  is the combinatorial entropy change and mix

noncombG∆  is the 

noncombinatorial free energy of solution which includes all enthalpic effects due to 

simply mixing. The equations 2.3 and 2.4 visualize the importance of the similarity 

of solvent and solute. The more similar the solubility parameters the smaller is the 

contribution of the noncombinatorial free energy. Additionally, they also illustrate 

the importance of the entropy change for the solubilisation. However, the validity of 

this concept is restricted to regular mixtures and to small molar volumes. Many 
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scientist like Barton, Burrell, Blanks and Prausnitz and further, tried to improve 

this concept [162, 166, 167]. One of the most widely used developments of the 

concept is the one of Charles M. Hansen. It is a three dimensional solubility 

parameter model [95]. He considers that there are several contributions to the 

cohesive energy of evaporation. The energy of evaoparaition is the sum of dispersion 

cohesive energy DE , polar cohesive energy PE  and the hydrogen cohesive energy 

HE  (equation 2.12) [162, 168-170]. 

 HPD EEEE ++=  (2.12) 

The devision by the molar volume mV  gives square of the total Hildebrand solubility 

parameter δ  as a sum of the single contributions (equations 2.13 and 2.14) [95]. 
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All these three parameters can be determined experimentally or calculated by 

increments (equations 2.15 – 2.17) [95]. This calculation is based on attractive 

constants iFD  and iFP  for the dispersion and the polar part and the cohesive 

energy constant iEH  [95]. 
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For the visualization of good solvents the Hansen parameters are plotted in the 

three dimensional Hansen space [95]. 
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Figure 2.17: Illustration of the Hansen solubility parameters in the three dimensional 

solubility parameter space giving a spherical solubility space [95]. 

Solutes with Hansen solubility parameters within this spherical space are 

dissolved. Skaruup developed an equation for the distance aR  between miscible 

compounds (equation 2.18) [162]. This is a good description, however, the 

geometrical averaging of the polar part is only approximative and the fact that 

hydrogen bonds are just formed in the presence of donor- and acceptor groups is 

unconsidered in this equation [95]. 

 ( ) ( ) ( ) ( )2
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2

D12D

2
4 δδδδδδ −+−+−=aR  (2.18) 

The relative energy difference RED  can be calculated when the interaction radius 

0R  is considered (equation 2.19). Two solvents are alike and should mix completely 

for RED  smaller than 1 and they will partially get mixed for RED  about 1. When 

the molecules are very different, they will not dissolve and the RED  is greater than 

1. The RED  allows a fast prediction of good solvents for a given substance. But 

unfortunately the 0R  value is not known for all combinations of solvent and solute 

which can be imagined and it can not be calculated. 

 
o

a

R

R
RED =  (2.19) 

So the Hansen Solubility Parameters (HSP) permit a very fast qualitative 

comparison of a list of solvents for a special solute. It enables a more reliable 

prediction of good solvents than the Hildebrandt solubility parameter does. But it 

reaches it limitations for the quantitative solubility prediction. Therefore, as shown 
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in the subsequent study, the solvent screening for solid tripalmitin is 

unsatisfactory. 
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2.7 Hofmeister Series and Collins Concept 

Specific ion effects are known for a very long time and still studied today by many 

scientists for various applications. For example for the design of new ionic liquids 

and for the aligned change of the solubility of surfactants [171]. For monoatomic 

ions the main features determining short-range specific ion interactions are their 

charge, their size, their polarizability and the availability of electrons and/or 

orbitals for covalent contributions. For polyatomic ions, additionally the charge 

density distribution and in some cases the presence of hydrophobic groups are 

essential [172, 173]. 

One of the first, investigating the specific ion effects systematically, was Franz 

Hofmeister and still today he is the reference for any investigations done within this 

field [174, 175]. He and his co-workers reported the effect of various salts on the 

solubility of proteins in water in a series of papers [174, 176-178]. They found that 

some salts precipitate proteins (salting out) while others improve the solubility of 

the proteins (salting in). There is a relation between the charge density of the salts 

and their effect on the protein solubility. Small, hard anions with high charge 

density are strongly hydrated and tend to cause salting out, whereas large, soft 

anions with low charge density are weakly hydrated and tend to cause salting in 

[172]. Also very common for the description of the ion behaviour are the terms 

cosmotropic and chaotropic. These terms take the ability to influence the structure 

of the water in account. However, the series is reversed for anions and cations. In 

the Hofmeister series the ions are ordered as a function of their charge density. 

Usually, anions and cations are listed in separated series (Fig. 2.18). 

 

Figure 2.18: A typical Hofmeister series. 

Hofmeister series in which some ion have another position within the series are 

also known. This is due to the fact that in the series only the ions are considered 
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but whether they are salting in or salting out depends strongly on the counter ion 

[174]. 

A further approach to the explanation of specific ion effects was done by Collins 

with his concept of matching water affinities [118, 174, 179, 180]. Whenever salts 

are dissolved in water the structure of the solvent is changed [181]. The solvent 

surrounds the ion, which is described as a point charge and the region of modified 

solvent is denoted as the cosphere of the ion [172, 182]. According to Collins the 

water structuring of ions can be explained as a competition between the ion-water 

interaction, dominated by the charge density effects and the water-water 

interaction, dominated by the hydrogen bonding [116]. Small ions with a high 

charge density interact strongly with the water in the first water shell, structuring 

the water (cosmotropic) whereas larger ones have a lower tendency to structure the 

surrounding water [172]. Collins also postulated that the influence of cations on 

water structure is less pronounced than the influence of anions due to the fact that 

the negative partial charge of the water is nearer to the centre than the positive one 

[172]. 

Referred to Collins concept of matching water affinities contact ion pairs are only 

formed spontaneously for oppositely charged ions with an equal water affinity 

(Fig. 2.19) [116, 171, 174, 179]. The electrostatic interaction between two small 

hard ions is stronger than the ion-water interaction. Therefore, the ions come very 

close, forming a contact ion pair. For big oppositely charged ions the water-water 

interaction is stronger than the ion-water interaction and thus the centre of the two 

big ions can come close enough to form a contact ion pair too. Collins concept is an 

advancement of the general rule “like seeks like” [183, 184]. 

 
Figure 2.19: Collins concept of matching water affinities. 
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2.8 Characterization Methods 

2.8.1 Ternary Phase Diagram 

Searching for the best surfactant or combination of surfactant/surface active 

additive (which can be either a cosurfactant or a cosolute) to dissolve triglycerides, 

mixtures of oil, surfactant or rather surfactant/additive and water are investigated 

in order to find the combination with the most extended microemulsion or emulsion 

area. For a mixture of three components the state is determined by three variables, 

the temperature and the content of two of the components. The phase diagram of 

such a mixture is represented in a three dimensional diagram, the so called Gibbs 

triangle (Fig. 2.20) [185]. The mass, volume or mole fraction of the components are 

plotted along the axis of the equilateral triangle and the corner corresponds to the 

pure components. Hence, on the axis between the corner B and C the binary 

mixtures of oil and surfactant/cosurfactant are plotted [56]. In such a triangle the 

arising phases like microemulsions, emulsions, liquid crystalline phases and areas 

of precipitating surfactant can be illustrated easily. The comparison of different 

phase diagrams provided at the same temperature enables a fast estimation which 

surfactant/cosurfactant combination is most suitable to dissolve triglycerides and 

therefore probably the most promising for further washing applications. 
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Figure 2.20: Schematic phase diagram of a ternary system of oil, 

surfactant/cosurfactant and water at given temperature. The 

symbols 1ϕ, 2ϕ and 3ϕ indicate regions of one, two and three 
phases. In the region of one phase typically regions of micelles, 
various microemulsions and liquid crystals are distinguished. 
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2.8.2 Differential Scanning Calorimetry 

The Differential Scanning Calorimetry (DSC) is a thermal analysis technique to 

determine thermodynamic processes initiated by heating or cooling the sample 

[186]. The advantages of DSC are the high degree of certainty and reproducibility as 

well as the small amount of sample required for the determination of the melting 

point and melting enthalpy [187]. Typically it finds application in the determination 

of phase transitions and the determination of heat capacity [188]. For the purpose 

within this thesis we contemplate the fusion. For the determination of the melting 

point and the accompanied enthalpy the DSC has to be calibrated with calibrating 

substances like indium. For a calibrated DSC the transition enthalpy ),(fus TpH∆  

of fusion is proportional to the peak area ),( TpA  and can be calculated by 

equation 2.20 [189]. M  is the molar mass of sample substance, m  is the mass of 

sample and ),(k Tp  is the calibration constant of the DSC. 

 ),(k*
*),(

),(fus Tp
m

MTpA
TpH =∆  (2.20) 

It was shown that for measurements at normal pressure the calibration factor k  is 

independent of the phase transition temperature [189]. Therefore, the equation is 

valid for the complete temperature range. 

In the DSC device the sample and a reference are placed in a thermal isolated 

measuring cell. Both are heated by two independent ovens. Pt sensors determine 

the temperature difference between sample and reference during the measurement 

and the ovens try to compensate the difference. The melting of a substance is 

corresponding to the classification by Ehrenfest a phase transition of first order [96, 

188]. Thus, the temperature of the sample does not change during the melting and 

the enthalpy increases abrupt at the melting point [187]. To gain the same 

temperature in sample and reference the heat flow in the reference has to be 

adapted. Accordingly, this setting enables the direct determination of formed or 

consumed quantity of heat (Fig. 2.21) [188]. 
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Figure 2.21: Schematic illustration of a DSC device. 

The change of the heat flow is plotted as a function of the temperature (Fig. 2.22) 

The drift of the base line is due to the changed heat capacity during the melting 

process [188, 190]. For the peak integration a linear interpolation is done [188]. 
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Figure 2.22: Schematic illustration of a typical endothermic melting peak yielding by 

DSC measurement. 

The temperatures which can be gained from the peak are the temperature of the 

beginning of the peak Ti, of the onset of the peak Ton, of the peak maximum TP, of 

the peak offset Toff and of the peak end Te. If the heating rate is increased the 

melting peak becomes sharper. Hence, it is advised to use the peak onset for the 

characterisation of the phase transition, because this temperature is less 

dependent on the heating rate [188, 191]. 
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2.8.3 NMR 

General Aspects 

The requirement for the beginning of NMR (nuclear molecular resonance) 

spectroscopy was the discovery of the nuclear magnetic resonance in 1945 [192-

195]. During the last decades it became one of the most important analytical 

techniques in chemistry to control the purity and to determine the molecular 

structure of products, to persecute dynamics in samples, to examine liquid crystals 

formed by amphiphiles and much more. Due to its versatile applicability it also 

became very important in biochemistry, medical science, pharmacy, materials 

science, physics and more. This widespread scope results from the application of 

superconductive magnets, the use of Fourier transform and multidimensional 

techniques [196-200]. 

Most important structural parameters gained from NMR measurements are the 

chemical shift, the scalar coupling constant, the multiplet structure and the 

integral intensity of the resonance signal. Further parameters for structure 

determination are the Kern-Overhauser effect, the temperature coefficient of the 

chemical shift, the diffusion coefficient, the coalescence temperature and the 

dipolar residual coupling. The information gained from all this parameters enable 

the determination of the constitution, the conformation, the dynamics and the 

detection of intermolecular interactions [201, 202]. In the following section a short 

overview of the fundamentals is given [203, 204]. 

B0

µ

p

 

Figure 2.23: Representation of a spinning proton in a magnetic field of magnitude B0. 
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Every nuclei carries charge and in some nuclei the charge “spins” on the nuclear 

axis, inducing a magnetic dipole along the axis (Fig. 2.23) [205]. 

The angular momentum of the nuclei is described by the quantum spin number I , 

which is odd (1/2, 3/2 and so on) for an odd nucleon number and even (0, 1, 2 and 

so on) for an even nucleon number. The spin I  for some nuclei is given in table 2.6 

[206]. 

Table 2.6: Nuclear spin quantum number of some nuclei. 

Nuclei Nucleon number Atomic number Spin I 

1H Odd Odd 1/2 

2H Even Odd 1 

31P Odd Odd 1/2 

23Na Odd Odd 3/2 

14N Even Odd 1 

13C Odd Even 1/2 

19F Odd Odd 1/2 

7Li Odd Odd 3/2 

87Rb Odd Odd 3/2 

137Cs Odd Odd 7/2 

The magnitude of the resulting magnetic dipole is expressed by the nuclear 

magnetic moment 0µ . Nuclei with a spin I  > 1 have a non spherical charge 

distribution inducing an electrical quadrupole moment ( eQ ) [201, 203, 204]. 
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Figure 2.24: Energy profile of a nuclei with spin I = ½ applied in a magnetic field of 
magnitude B0. 

If the nucleus is brought into an external magnetic field it has 2 I + 1 possibilities 

to orientate. This orientations are characterised by Im  and the magnetic quantum 

number takes values from I−  to I+ . Accordingly, a nucleus with spin I = ½ has 

two orientations of different energy, labelled as α  ( m  = +1/2) and β  ( m  = -1/2) 

(Fig. 2.24). Spins parallel orientated to the applied magnetic field have a lower 

energy than the antiparallel orientated ones [201]. 

The energy difference between the two states is given by the larmor frequency 0ϖ  

(equation 2.21 and 2.22) [201]. The larmor movement is a precession of the spins 

around the static magnetic field 0B  (figure 2.23). 

 00 Bγϖ =  (2.21) 
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=  (2.23) 

Planck`s constant h , π  and the gyromagnetic ratio γ  are constants, however γ  is 

a fundamental nuclear constant, the proportionality factor between the magnetic 

moment µ  and the spin number I  (equation 2.23) [201]. Therefore, the energy 

difference is dependent on the nucleus and directly proportional to the magnetic 

field 0B  [205]. 
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Modern NMR devices are FT-(Fourier Transformation)-spectrometer (figure 2.25) 

[203, 204]. The sample is placed in a constant magnetic field of the magnitude 0B  

and irradiated with a pulse of high power radiofrequency energy with a frequency 

range sufficiently large to cover the entire range [201]. If the frequency is equal to 

the larmor frequency the nuclei are transferred from the α  state to the β  state. 

Immediately following the pulse, the excited nuclei begin to return to the ground 

level releasing energy, which is detected and transformed to a free induction decay 

(FID). The FID is the sum of all the nuclei emitting over time, therefore a function of 

time and is converted via Fourier transform (FT) to a spectrum, a function of 

frequency. 

 

Figure 2.25: Schematic representation of a nuclear magnetic resonance spectrometer. 

The magnitude of energy a nucleus can absorb depends on the population 

difference n∆  between the two states α  and β , which can be calculated from the 

Boltzmann distribution [201, 205] (equation 2.24). 
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Quadrupol Splittings 

As already mentioned above, nuclei with a spin I  > 1 have a non spherical charge 

distribution inducing an electrical quadrupole moment ( eQ ) [201, 203, 204]. 

Examples for such nuclei are, 2H ( I  = 1), 7Li ( I  = 3/2), 23Na ( I  = 3/2), 37Cs ( I

 = 7/2) and 87Rb ( I  = 3/2). In an anisotropic environment, for example a liquid 
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crystalline phase, the electric field gradient at the nucleus is inhomogeneous and 

some orientations are favoured over others [207]. The interaction of the electrical 

quadrupole moment with the electric field gradient results in quadrupole splitting. 

The resonance signal splits into 2 I  equidistant signals, in the simplest case of I

 = 1 into two peaks [208-212]. The frequency difference between the two peaks is 

given by equation 2.25 , where eQ  is the electric quadrupole moment of the 

nucleus, eq is the electric field gradient, h  is Planck`s constant and Θ  is the angel 

between the electric field gradient and the magnetic field director [207, 213]. 

 )1cos3(
4

3 2
2

−= Θ
h

qQe
Qυ  (2.25) 

The resulting quadrupol splitting ∆  is a weighted average of the values at the i 

different sites, due to the rapid exchange (equation 2.26) [213], where ip  is the 

fraction of the ions at the site i, Qiν  is the effective quadrupole coupling constant 

and iS  (equation 2.27) [214]. 
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iS  describes the orientation of the fraction of molecules at the site i, with iDMΘ  the 

angle between the electric field gradient and the director of the liquid crystal axis. 

Relaxation studies have shown that the quadrupole coupling constant 
h

qQe
EQ

2

=  

is approximately constant [215]. Therefore, changes in quadrupol splitting results 

primarily from different iS . This enables the determination of the fraction of bound 

water w

pp in liquid crystals (equation 2.28 and 2.29). The quadrupol splitting of free 

water 
w

f∆  is zero [65, 215]. 
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The fraction of bound water is given by the molar amount of bound water per 

surfactant head group bn  and the mole fractions of surfactant Sx  and water Wx . In 
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analogy the fraction of bound counterions can be calculated. This enables for 

example the study of the ion specifity of surfactants with different head groups in 

lamellar phases, as has be done recently [208]. 
 

Study of ion specifity 

The requirements for the determination of ion specifities of surfactants by NMR is 

the assembling in liquid crystals and the existence of a quadrupol moment for the 

investigated counterions. Only for an anisotropic environment the determination of 

quadrupol splitting is possible and the fraction of bound ions can be determined. 

To simplify the following description only the lamellar phase is considered. 

A lamellar phase has a regular structure of surfactant bilayers separated from 

water layers. The surfactant layer consists of surfactant and hydrotrope. The 

lamellar surface and the counter-ion binding is shown in figure 2.26 [208, 216]. 

There are three possible binding sites. The ion can be moving freely in the water 

layers between the surfactant bilayers. This location is characterized by S  = 0 and 

the ions do not contribute to the quadrupole splitting. Alternatively, the ions can be 

bound, either next to the polar head group of the surfactant, resulting in an 

average angle between the director (D) and the electric field gradient (M) of 0° or 

between the polar head groups [216]. The existence of three binding sites became 

obvious by measuring the quadrupol splitting of sodium in the sodium 

octanoate/decanol system. From previous studies it was known that the octyl 

sulphate/decanol lamellar phase gives ∆  values in the range 9–16 kHz, while 

the octyl sulphonate/decanol system gives 10–14 kHz. In contrast to the 

roughly constant ∆  values for the sulphate and sulphonate systems, previous 

data for sodium ∆  values in the sodium octanoate/decanol system 

demonstrated that the simple bound/free model did not fit the data, 

particularly at higher concentrations. Some compositions gave 23Na ∆  values 

that were much smaller, even approaching zero. These were highly 

temperature dependent, both increasing and decreasing with temperature 

(although not at the same time). Changes in the fraction of ‘‘bound’’ ions could 

not account for the behaviour. It was necessary to invoke a second binding site 

with a very different value of b∆ , one that was of opposite sign to that of the 
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first binding site. The data were fitted with b∆  values of +12 kHz for the 

normal ion binding site and -7 kHz for the second, which was thought to be 

from Na ions located between the head groups. Low temperatures and higher 

surfactant concentrations favoured the second site. The data indicated that as 

the water layer thickness became smaller, the location of the bound ions 

altered, with the more ions moving into positions between the head groups. 

Previous studies of ionic surfactants have shown that the ∆  values are broadly 

consistent with the “ion condensation” model, where ion binding (and ∆) is 

invariant over a fairly large water concentration. Therefore, fraction of the ions in 

the second and third binding site can be calculated from the quadrupol splitting as 

mentioned above. 

Because of the difficulties in obtaining the absolute values of the quadrupole 

coupling constant the method has fallen into disuse. But it should be ideal for 

monitoring competitive ion binding. In a mixture of two ions, A & B, if B displaces A 

then the ∆  values of A will decrease on addition of B. Those of B will also decrease 

because the highest fraction of bound B ions occurs with small additions of B. 

Fortunately, there are several cations that possess nuclear quadrupole moments 

[208]. 

 
Figure 2.26: Schematic representation of the counter-ion binding at the lamellar 

surface. Three possible binding-sites are shown: (a) The counter-ion is 
moving freely in the water layers. (b) The counter-ion is located 
symmetrically with respect to the amphiphile polar end-group. (c) The 
counter-ion is located between amphiphile polar head groups. 
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2.8.4 Colorimetry 

A more and more important quality criterion in industry is the colour of products 

[217]. The human eye can distinguish ten million colours and the colour perception 

depends basically on three elements which are the light source, the object and the 

observer. Hence, the description of the colour in precise mathematical terms is 

necessary [217, 218]. A great contribution to standardize the colour control was 

done by the CIE (Comission Internationale de l`Eclairage). They defined the light 

source as the amount of emitted energy at each wavelength (=relative spectral 

power distribution) [218]. The light interacts with the object and is transmitted, 

absorbed and reflected. But for the colour perception only the reflected light, which 

reaches the observer is relevant. The human eye possess three different types of 

cone shaped receptors which are sensitive to red, green and blue light [219]. Due to 

that the XYZ colour space was introduced. Each colour can be described by the 

three non-negative tristimulus coordinates X, Y and Z representing the answers of 

the three receptors [219, 220]. Colorimeters working on this principle are called 

tristimulus colorimeter (Fig. 2.27). The reflected light passes a red, green and blue 

filter and the amount of passing light is detected by photodetectors beyond each 

filter giving the X, Y and Z values [219]. 

x=
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Figure 2.27: Schematic illustration of a tristimulus colorimeter. 

However, these three values give not a uniform colour space and therefore these 

values are not capable to determine colour differences. Hence, a further colour 

scale was introduced. A theory says that the responses of the three different cones 

are mixed to an opponent response on its way to the brain [219, 221]. Thus, Hunter 

introduced the three dimensional L*a*b* colour space (Fig. 2.28) [218]. The L-axis 
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represents the lightness and scales from 0 (black) to 100 (white). The a-axis, also 

known as the red-green axis represents red for positive values and green for 

negative ones. The b-axis, also called blue-yellow axis illustrates yellow for positive 

values and blue for negative ones [171, 218]. 

L*=100

L*=0

+a* (red)-a* (green)

+b* (yellow)

-b* (blue)

 
Figure 2.28: Schematic illustration of the L*a*b* space.  

Within this system all colours can be plotted. However, the CIE refined the initial 

Hunter Lab space to the ***
baL  space [219]. The ***

baL  values are calculated from 

the measured X , Y , and Z  values (equation 2.30-2.35) [220]. However, for the 

transformation a reference white point ( n ) with the values nX , nY  and nZ  is 

required. 
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In the daily praxis the colour difference between two samples is more interesting 

than the absolute ***
baL  values [218, 219]. The commonly used value is the total 

change of colour *E∆  (equation 2.36) [171, 218, 219]. 
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 2*2*2**
)()()( baLE ∆+∆+∆=∆  (2.36) 

However, the use of *E∆  is restricted because the same *E∆  value can be obtained 

for completely different looking samples. But it is very well suitable for a fast 

pass/fall decision in industry. For the exact determination of colour differences the 

individual colorimetric components *L∆ , *a∆  and *b∆  have to be used. 
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Chapter 3  

Experimentals 
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3.1 Materials 

DSC, microscopy and XRD samples 

Triolein (TO, technical grade 60 %), tripalmitin (TP, technical grade 85 %), highly 

pure TO (≥ 99 %), highly pure TP (≥ 99 %), Lutensit ALB-N (linear Alkyl-Benzene-

Sulfonate, technical grade), Lutensol GD70 (non-ionic alkyl polyglucoside, ~ 70 %), 

Lutensol AO0 (ROH; R = C13H15 oxo alcohol, ≥ 99 %), Lutensol AO3 

(RO(CH2CH2O)3H; R = C13C15 oxo alcohol, ≥ 99 %), Lutensol AO7 

(RO(CH2CH2O)7H; R = C13C15 oxo alcohol, ≥ 99 %), and Lutensol AO20 

(RO(CH2CH2O)20H; R = C13C15 oxo alcohol, ≥ 99%) were received from BASF. 

Choline hexadecyl sulphate was synthesized by ion exchange of sodium hexadecyl 

sulphate, choline chloride and choline hydroxide. Sodium hexadecyl sulphate 

(99 %) was purchased from ALFA AESAR, choline chloride (≥ 98 %) was received 

from Sigma Aldrich, and choline hydroxide (45 %) was provided from Taminco. 

Lauryl alcohol (C12-OH, 98+ %) and myristyl alcohol (C14-OH, 97 %) were received 

from Sigma Aldrich. Chloroform (CHCl3, 99.0 – 99.4 %) was purchased from Merck 

and diethylether (100 %) was obtained from VWR. 

Solvent Screening and Karl Fischer 

Anethole (99 %), α-terpinene (85 %), benzene (≥ 99.7 %), dihydrocarvenone (98 %), 

γ-valerolactone (99 %), mesitylene (98 %), p-cymene (99 %), tetrahydrothiophene (99 

%) and tripalmitin (TP, 85 %) were received from Sigma Aldrich. α-Pinene (≥ 95 %), 

chloroform (CHCl3, 99 – 99.4 %), limonene (≥ 94 %), o-xylol (≥ 98 %), pyridine (≥ 

99.5), thiophene (≥ 99 %) and triolein (TO, 60 %) were purchased from Merck. 1-

Ethyl-2-pyrrolidinone (98 %), menthone (98 %) and 2-penten (98 %) were obtained 

from Alfa AESAR. Cyclohexane (99.99 %), hexane (99.02 %) and tetrahydrofuran 

(99.99 %) were purchased from Acros Organics. Vertocitral was received from 

Symrise GmbH. 2-Methyltetrahydrofuran (2-MTHF, 99 %) and 

tetrahydrofurfurylalcohol (THFA, 98-100 %) were purchased from PENNAKEM. 

Washing tests 

The hydrophilic cotton fibres named Wool Galoon Fabric (style: N-500) were 

purchased from testex. Sudan black B, triolein (TO, 65 %), tripalmitin (TP, 85 %) 
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oleic acid (94.5 %), ethyl oleate (contains 74.5 % oleic acid), cholesterol (95 %) and 

cholesteryl palmitate (97 %) were received from Sigma Aldrich. Squalene (99 %) was 

obtained from Fluka. Culminal MHPC 500PF was gained from Hercules. 

Samples for the determination of the Krafft temperature 

Betaine (≥99 %) were received from Sigma Aldrich (Germany), sodium dodecyl 

sulphate (SDS, ≥ 99 %), L-lysine monohydrate (≥ 99 %) and trehalose (≥ 99 %) were 

obtained from Merck (Germany), carnitine ( ≥ 99 %) was purchased from Alfa Aesar, 

trimethylamine N-oxide (TMAO, ≥ 99 %) and sodium dodecanoic acid (SDC, 

ca. 99 %) were received from Fluka (Germany) and L-proline (99.8 %) was obtained 

from Clabiochem. Ectoine (98.3 %) was received from AppliChem (Germany). 

NMR samples 

Dodecanoic acid (COOH, 99.6 %) was received from Alfa AESAR, lithium dodecyl 

sulphate (LiDS, ≥ 99 %) was obtained from AppliChem (Germany), sodium dodecyl 

sulphate (SDS, ≥ 99 %) and lithium hydroxide (LiOH, 98 %) were purchased from 

Merck (Germany) and SDC sodium dodecanoic acid (SDC, ≥ 99 %), Caesium 

hydroxide (CsOH, 50 wt% in H2O, 99.9%), rubidium hydroxide (RbOH, 50 wt% in 

H2O, 99.9%) and octanol were obtained from Sigma Aldrich (Germany). Deuterated 

water was purchased from Deutero (Kastellaun, Germany) with a purity of 99.95 %. 

All chemicals were used as received. 
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3.2 Methods 

3.2.1 Differential Scanning Calorimetry 

Differential scanning calorimetry of triolein was performed with a DSC 30 from 

Mettler Toledo (DSC-1). The tripalmitin samples were measured with a second 

calorimeter, a Perkin & Elmer DSC 7 (DSC-2). To check the comparability of the 

results measured on different instruments some of the tripalmitin samples were 

also measured with DSC-1. For the mixed samples triglyceride/surfactant the 

technical grade triglycerides were used. About 200 mg samples were weighed in 

5 ml tubes and dissolved in about 0.5 ml chloroform. In the case of Lutensit ALB-N, 

diethylether was chosen as solvent. 2 to 3 drops of solution were transferred to 

aluminium sample pans and warmed up to 60 °C for at least 1 h in a heating 

chamber to evaporate the solvent. Afterwards the pans were sealed.  

The triolein samples were cooled to -80 °C or -120 °C, depending on the surfactant. 

The triolein samples were equilibrated for 10 min at the minimum temperature 

before a scan was initiated. The heating/cooling rate was 5 °C/min or 10 °C/min 

and the sample was held for 5 min at 120 °C, the maximum temperature. In the 

case of pure TO, the maximum temperature was 50 °C. Two cycles were recorded 

for all TO samples. 

The tripalmitin samples were cooled to -50 °C and held for 30 min at this 

temperature. The samples were then heated with a rate of 5 °C/min to 120 °C and 

equilibrated for further 30 min. Afterwards, the samples were cooled down again to 

-50 °C with a rate of 5 °C/min. This scanning cycle was performed 3 times. 

In each case the reported values of melting enthalpy and melting temperature were 

determined from the second cycle to ensure that the thermal history was identical 

for all samples. The transition temperature was evaluated as the peak position of 

the transition and the corresponding enthalpy was determined by integrating the 

area under the peak. Both calorimeters were calibrated with indium. The standard 

deviation of the devices was determined from the results of pure triglyceride 

measured for at least three times. 
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3.2.2 Microscopy 

For optical investigations of pure TP, a Leitz LINKAM LTS 350 light microscope with 

crossed polar filters and a temperature-controlled sample stage was used. Due to 

the very low melting point of TO, only TP was explored optically. Two drops of the 

samples dissolved in chloroform were placed on a microscope slide. The slide was 

then heated to 80 °C and held for 30 min at this temperature to evaporate the 

solvent. Afterwards, the cover slide was placed on the sample which was then 

cooled down to room temperature. The samples were heated again to 80 °C with 

20 °C/min and cooled to 10 °C with 5 °C/min. During the temperature scans 

pictures were taken with a JVC TK-C1380 COLOR VIDEO Camera. 

 

3.2.3 X-Ray powder diffraction 

For XRPD (X-ray powder diffraction) measurements, pure TP and mixtures of 

60 wt% TP with 40 wt% Lutensol AO3 and accordingly Lutensol AO7 were weighed 

into glass vials, melted and stirred. After cooling down to room temperature they 

were measured with a STOE STADI P powder X-ray diffractometer. 

 

3.2.4 COSMOtherm 

Theoretical melting points of TP in binary mixtures with surfactants were 

calculated by COSMO-RS (Conductor-like Screening Model for realistic 

solvation) [222]. This approach enables the prediction of the behavior of molecules 

in a liquid phase by calculating the solid-liquid equilibrium (SLE) (equation 3.1), 

with the enthalpy of fusion ∆Ηfus, the activity coefficient of solute in liquid phase 

L

soluteγ , the mole fraction of the solute in liquid phase L

soluteχ , the universal gas 

constant R , the melting temperature mT  and the temperature T  [223, 224]. The 

calculations are based on screening charge density, called σ-profiles. These 

describe the surface charge of the molecule [222]. The considered interactions are 

the hydrogen bond interaction, the Van der Waals interaction, and a combinatorial 

term. 
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With the help of COSMOtherm, COSMO-RS results are translated to 

thermodynamic values such as the maximum fusion free energy x
Gfus∆  for a range 

of mixtures at different temperatures and ideal conditions (equation 3.2) [225]. 

Therefore, the melting point and x
H fus∆  of the pure molecule has to be known. 
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3.2.5 Determination of triglyceride solubility 

The solubility of triglyceride was determined visually during the stepwise addition 

of an increasing amount of triglyceride. After each addition the sample was stirred 

and checked whether it was still clear. In the case of the tests of molten tripalmitin 

the samples were heated after each addition of tripalmitin. 

 

3.2.6 Washing test 

3.2.6.1 Sample Preparation 

For the washing test stripes of standardized hydrophilic cotton fibres with a 

dimension of 2 cm length and 5 cm width were used. The soil was dyed with 

0.5 wt% sudan black B, a lysochromic, fat soluble azo dye with a adsorption 

maximum at 598 nm (Fig. 3.1.) 

 
Figure 3.1: Molecular structure of sudan black B. 
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The stripes were soiled with either standardized soil, a mixture of several fats and 

oils, triolein, tripalmitin or mixtures of triolein and tripalmitin. The standardized 

soil has a similar composition like soil secreted from the human body [8]. It 

contains: 

29 wt% triolein (purity = 65 %, Sigma Aldrich), 28.5 wt% oleic acid (purity 94.5 %, 

Sigma Aldrich), 18.5 wt% ethyl oleate (contains 74.5 % oleic acid, Sigma Aldrich), 

14 wt% squalene (purity = 99 %, Fluka), 7 wt% cholesterol (purity = 95 %, Sigma 

Aldrich), 3 wt% cholesteryl palmitate (purity = 97 %, Sigma Aldrich) [171]. 

The mixtures of triolein and tripalmitin had a ratio of 3:1, 2:1, 1:1 and 1:3. 

The fatty, stained soil was dissolved in chloroform and the stripes were dipped into 

the solution to gain a homogenous distribution of the soil on the cotton. After 

drying an uniform soiled cotton stripe with a contamination of about 0.2 g soil per g 

cotton was obtained. For each combination of soil and washing solution three 

stripes where prepared. 

 

3.2.6.2 Washing Process 

The soiled cotton was placed in a 100 ml beaker filled with 20 ml washing solution 

and stirred for 10 min. Afterwards, the step was repeated in 20 ml fresh washing 

solution. The stripe was then placed in a 250 ml beaker with 50 ml distilled water 

and stirred for further 10 min. This step was repeated for two further times. 

Subsequent the stripe was hang up to dry. 

 

3.2.6.3 Colorimetric determination 

The washing efficiency was controlled by measuring the cotton stripes on the 

spectrophotometer Elrepho SE 071 from Lorentzen & Wettre in the soiled condition 

and after washing and drying. The resulting L*(lightness), a*(red/green content), b* 

(blue/yellow content) values enable the calculation of the total colour change ∆E* 

(equation 3.3). 

 2*2*2**
)()()( baLE ∆+∆+∆=∆  (3.3) 
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3.2.6.4 Conductivity measurements 

To distinguish the region of continuous ME from the region of bicontinuous ME the 

conductivity was measured at 25°C, using pHenomenal PC 5000L of VWR. 

Depending on the used electrode, this device enables the simultaneous 

measurement of temperature and either pH or conductivity. The sample was placed 

in a glass envelope and 0.01 wt% sodium chloride was added. The fluid was stirred 

during measurement. The sample was diluted progressively with millipore water, 

using an Eppendorf pipette and the corresponding conductivity κ  was recorded. 

The measurement was finished when the conductivity decreased with the addition 

of water (Fig. 2.16). 

 

3.2.6.5 Determination of density 

In order to determine the viscosity of the washing solutions, initially the density has 

to be known. Therefore, the density was measured with a vibrating tube densimeter 

(DMA5000M, Anton Paar, Asutria) according to the method of Kratky et al. [226]. 

The liquid is filled in U-shaped borosilicate glass and the eigenfrequency τ , which 

depends on the density of the liquid, is measured. The density is calculated by 

equation 3.4. 

 21

0

BA ff ×−××=
τ

τ
ρ  (3.4) 

A  and B  are calibration constants, 0τ  is the period of a reference oscillator and 

1f  and 2f  are correction terms. 

 

3.2.6.6 Determination of viscosity and rheological 

behaviour 

The viscosity of some solutions was determined using a rolling-ball viscometer 

(AMVn, Anton Paar). The solution was filled in a glass capillary, containing a steel 

ball of known density sbρ . The capillary was fixed in a defined angle and the rolling 

time t  of the steel ball was measured. The viscosity of the sample was calculated 

according to equation 3.5 with K  as a temperature and angle dependent 

calibration constant and sampleρ  the density of the fluid. 
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 t×−×= )(K samplesb ρρη  (3.5) 

The viscosity and rheological behaviour of the thickened solutions was determined 

on CVO 120 high resolution rheometer of Bohlin Instruments, a cone-plate 

rheometer. The space between cone and plate is filled with 5 ml fluid, which gets 

sheared with constant shear velocity by the rotation of the cone, yielding a constant 

shear stress τ  in the sample. It can be calculated from the measured angular 

velocity ϖ , the torsional moment M  of the tongue and the radius 0r  of the cone 

(equation 3.6). For a known shear stress the viscosity η  can be calculated by 

equation 3.7, with the gradient angel α  of the cone [227, 228]. 

 3

02

3

r

M

π
τ =  (3.6) 

 
α

ϖ
ητ =  (3.7) 

However, to classify the fluid, the viscosity was determined for varying shear 

velocity (5 rps to 500 rps). For a Newtonian Fluid the shear stress increases linear 

with increasing shear velocity, resulting in a constant viscosity with increasing 

shear stress [227, 229]. 

 

3.2.7 Krafft temperature determination 

3.2.7.1 Sample Preparation 

Each sample contains an additive and a surfactant. The surfactant is either sodium 

dodecyl carboxylate (SDC) or sodium dodecylsulphate (SDS). The used additives are 

carnitine, betaine, lysine, proline, trimethylamine oxide (TMAO) and trehalose. 

Stock solutions of 1 wt% surfactant in ultra pure water were prepared. That is 

consistent with 0.045 mol/L SDC, 0.035 mol/L SDS, respectively. The pH of the 

solutions was determined as pH = 9 for SDC and pH = 8 for SDS. The stock 

solution was placed in a tube and the required amount of osmolyte was added. The 

concentration of osmolyte in the surfactant solution reaches from 0 mol/L to 

1.5 mol/L. 16 mixtures of osmolyte/surfactant were prepared for each osmolyte. 

The samples were stirred and heated up to 60 °C for at least 30 min. 
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3.2.7.2 Determination of the solubility temperature 

The measurements of the solubility temperature, the temperature at which the 

solutions become absolutely clear and isotropic, of the samples with SDC were 

performed using a home-made device [230]. The detected data is the amount of 

transmitted laser light. When the solution becomes clear the transmission 

increases. The solubility temperature, of the samples with SDS was determined by 

direct visual observation. For both methods the mixtures were cooled to about -5 to 

-15 °C. All samples were turbid after cooling. Afterwards, they were reheated with a 

rate of 5 °C per h. 

 

3.2.8 Nuclear Molecular Resonance 

23Na-, 7Li-, 87Rb- and 137Cs-NMR measurements were performed using a Bruker 

Avance 400 spectrometer working with a 30 ° pulse. The operating parameters are 

summarized in table 3.1. 

Table 3.1: Operating parameter for measuring the quadrupole nuclei. 

Nucleus Frequency Pulse length 

23Na 105.84 MHz 8.70 µs 
7Li 155.51 MHz 7.10 µs 

87Rb 130.39 MHz 7.00 µs 

137Cs 52.48 MHz 10.90 µs 

The number of scans varied for 23Na and 7Li spectra from 128 to 1024, but most of 

the spectra were collected with 512 scans. The 87Rb and 137Cs spectra were all 

collected with 1024 scans. 

23Na and 7Li were measured in samples of liquid crystals formed by dodecyl 

sulphate or rather dodecyl carboxylate surfactants, whereas 87Rb and 137Cs were 

only measured in samples of liquid crystals formed by dodecyl carboxylate 

surfactants.  

The measurements with the sulphate SDS, LiDS as well as the measurements of 

RbDC and CsDC were performed at 300 K. However, the measurements of the 

carboxylate SDC and LiDC were performed at 300 K and at 310 K. The temperature 
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range for the measurements of SDC and LiDC was selected so small in order to 

ensure liquid crystals are present. 

Each sample (3g) was prepared in a tube, heated to 60 °C and mixed with a 

magnetic stirrer for at least one week. Afterwards, about 700 - 800 mg are 

transferred in a NMR tube (5 mm o.d.). 

Each sample contains D2O, octanol and surfactant. The surfactants are either 

carboxylate surfactants (SDC, LiDC, RbDC and CsDC) or sulphate surfactants (SDS 

and LiDS). LiDC, RbDC and CsDC were prepared in situ by mixing dodecanoic acid 

and the corresponding alkali metal hydroxide. 

The molar ratio of the sodium surfactant to lithium surfactant varies from 0 to 

100 % sodium surfactant in 20 % steps. In each sample the molar ratio of SDS + 

LiDS to octanol was 1:1, and due to the lower solubility of carboxylates in water, 

the molar ratio of SDC+LiDC to octanol was reduced to 1:3. The concentrations of 

SDS+LiDS+octanol and SDC+LiDC+octanol in D2O were 35 wt% to 75 wt% in 

10 wt% steps. 

The molar ratio of CsDC and RbDC varies from 0 to 100 % caesium surfactant in 

20 % steps. In each sample the molar ratio of surfactant/octanol was 1:3. The 

concentrations of surfactant+octanol in D2O are 45 wt% to 85 wt% in 10 wt% steps. 

In order to identify the lamellar phase, the samples were observed visually via 

crossed polar filters. All the samples appeared as single phases with typical 

lamellar textures [107]. 

 

3.2.9 Karl Fischer titration 

The Karl Fischer titration is a method to determine the water content. The 

technique is based on the reaction of sulphur dioxide with iodine which works only 

in the presence of water. 

 2 H2O + SO2 + I2 → SO4
2- + 2 I- + 4 H+  

In principle, there are two methods which are based on the Karl Fischer titration. 

These two methods are the volumetric titration and the coulometric titration. The 

required iodine is generated by electrolytic oxidation on the anode from iodide in 
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the Karl Fischer reagent. The formed iodine reacts with the water and sulphur 

dioxide. At the end of the process excess iodine can be detected electrically. The 

amount of generated iodine is in proportion to the quantity of electricity. The water 

content is determined by the amount of the required electricity to the point where 

excess iodine is produced [231]. 

The determinations performed within this work were done by coulometric titration 

at a CA-02 from Mitsubishi Chemical ind Ltd. The water content of fresh 2-MTHF, 

o-Xylol and CHCl3 and after storage over water under stirring for 16 h was 

determined. 
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Chapter 4  

Results and Discussion 
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4.1 Investigation of triglycerides and binary 

mixtures with surfactants 

4.1.1 Introduction 

The washing active agents in detergents are the surfactants. They interact with the 

soil and the fiber surface, changing the interfacial tensions and resulting in soil 

release. And as mentioned above the soil release mechanism depends on the state 

of soil matter [11]. Typically the liquid soil release by the roll-up mechanism is 

faster and more efficient than solid soil removal. Consequently, the liquefaction of 

the soil increases the efficiency  [232]. Investigations by Venkatesh et al. have 

shown that the main components of usual household laundry soil are fatty 

substances [8]. Therefore, the particulate soils are mainly solid triglycerides. An 

obvious way to liquefy the triglycerides is the increase of the temperature above the 

melting point. However, to save energy and to wash cloth with care, low washing 

temperatures are desired. And daily practice shows that it is possible to wash 

successfully triglycerides at temperatures below the melting point. Accordingly, the 

solid triglyceride might be liquefied by the interaction with surfactant. To proof the 

assumption, binary mixtures of triglycerides and surfactants were investigated 

without the addition of water, even though the concentration of the surfactants in 

the washing liquor is only about 0.1 wt%. But, locally the concentration of the 

surfactant is supposed to be far higher. It may accumulate at the soil surface. 

The investigated triglycerides were triolein and tripalmitin. Both triglycerides are 

main components of household laundry soil and representative for the two states of 

soil matter [233]. The fatty acids of the liquid triolein are unsaturated (oleic acid) 

and the fatty acids of solid tripalmitin are saturated (palmitic acid). The explored 

surfactants were either ionic or non-ionic. For the nonionic alcohol surfactants, 

Lutensol AOx, the influence of the degree of ethoxylation was investigated. The 

used techniques were microscopy, DSC, XRD and COSMO-RS calculations. 
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4.1.2 Results 

4.1.2.1 Microscopy 

As mentioned above and known from literature triglycerides are polymorphic [84]. 

The three main polymorphs of triglycerides with three identical fatty acids are α, β` 

and β [66]. They are characterized by the subcell and chain length structure and 

were named by Larsson [234]. The α and β polymorphs show textures under 

polarizing optical microscope. During the crystallization usually the three 

polymorphs occur in the sequential stability of α, β`to β  [66]. During heating the α 

to β transformation takes place. Depending on the chain length of the fatty acids 

the α structure transforms to the β polymorph with or without melting and 

recrystallization. For long fatty acids (C18) the stability of the α-form is higher than 

for shorter ones and the transition will occur via melting [235]. 

TP samples were investigated under a light microscope with crossed polarisation 

filters (Fig. 4.1). The sample was heated and cooled with 5 °C/min from 10 °C to 

120 °C. At 10 °C the sample was anisotropic. At a temperature of 40 °C the sample 

became isotropic, due to the melting of the α-form. The triglyceride remained 

isotropic up to 50 °C. At this temperature the triglyceride started to recrystallize 

and was anisotropic until 60 °C. At temperatures above 60 °C TP was completely 

molten and isotropic. 

 
Figure 4.1: Microscopy picture of 100 wt% technical grade TP at 25 °C (left) and 52 °C 

(right) under polarizing optical microscope. 

 

4.1.2.2 DSC 

Investigation of pure triglyceride 

Several groups investigated the polymorphism of triglycerides by DSC before [90, 

236]. They found multiple transitions upon first heating [90]. The number of 

transitions and the reproducibility in further cycles depends strongly on the 
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heating rate (in addition to the thermal sample history). The samples investigated 

within this thesis were heated and cooled for three times. For highly pure TP, 

technical grade TP and 1:1 mixture of both an exothermic transition between two 

endothermic ones was observed (Fig. 4.2). These observations are in good 

accordance to the observation at the polarizing optical microscope. The exothermic 

transition results from the recrystallization after the melting of the α-form. The 

melting of α- and β-polymorph is endothermic. In the cooling period of the 

tripalmitin samples only the crystallization of the triglyceride into the kinetically 

preferred α polymorph occurred. 

For highly pure and technical grade triolein similar polymorph transitions were 

observed (Fig. 4.2). However, for technical grade TO only upon the first heating the 

multiple transitions were observed. This difference might result from the lower 

starting temperature for highly pure TO. In the cooling curves, either one or two 

crystallizations peaks occur depending on the purity of the triglyceride. For the 

highly pure triolein only one crystallization peak is observed whereas the technical 

grade one shows two exothermic peaks upon cooling. 

 
Figure 4.2: (a) Second cycle of DSC measurement of 100 wt% technical grade TP. (b) 

First cycle of DSC measurement of 100 wt% technical grade TO. (c) Second 
cycle of DSC measurement of 100 wt% highly pure TO. 

Beside the qualitative analysis of polymorphism by microscopy and DSC the 

melting and crystallization were also evaluated quantitatively by DSC. The melting 

temperature of pure TP samples was determined to be 58.1 °C, which is comparable 

to the value found in the literature [237]. The melting enthalpy values found in 

literature reach from 158.7 J/g to 222.0 J/g [90, 237]. The measured melting 

enthalpy of pure technical grade TP was 158.8 J/g. The determined standard 

deviations of melting and crystallization temperature and of corresponding 

enthalpies are given in table 4.1. The transition temperatures and enthalpies of 

highly pure TP and 1:1 mixture of technical grade and highly pure TP are within the 

standard deviation (Tab. 4.1). Accordingly, the impurities in the technical grade TP 
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have only a slight influence on the melting temperature and the transition 

enthalpies of tripalmitin. 

Table 4.1: Influence of impurities in technical grade TP on the melting/crystallization 
points and on the melting and crystallization enthalpies. 

 Highly pure TP 1:1 Technical grade TP 

Melting 

Onset [°C] 56.5 Onset [°C] 54.9 Onset [°C] 
53.1 
± 0.6 

Peak [°C] 58.1 Peak [°C] 57.1 Peak [°C] 56.0 

Enthalpy 
[J/g] 

174.0 
Enthalpy 

[J/g] 
170.7 

Enthalpy 
[J/g] 

158.8 
± 14.2 

Crystallization 

Onset [°C] 34.4 Onset [°C] 34.2 Onset [°C] 
33.9 
± 0.1 

Peak [°C] 33.3 Peak [°C] 33.3 Peak [°C] 33.0 

Enthalpy 
[J/g] 

-108.5 
Enthalpy 

[J/g] 
-117.5 

Enthalpy 
[J/g] 

-115.3 
± 13.7 

The determined melting temperature of highly pure TO was 7.08 °C and the 

corresponding enthalpy was 109.47 J/g. The evaluated standard deviations are 

given in table 4.2. The melting temperature and enthalpy measured for technical 

grade TO are not within the standard deviation. The impurities in technical grade 

TO have an great influence on the melting/crystallization behaviour of the 

triglyceride. 

Table 4.2: Influence of the impurities in technical grade TO on the 
melting/crystallization points and on the melting and crystallization 
enthalpies. 

 Highly pure TO Technical grade TO 

Melting 

Onset [°C] 1.8 ± 1.5 Onset [°C] -23.8 

Peak [°C] 7.1 Peak [°C] -12.1 

Enthalpy [J/g] 109.5 ± 3.6 Enthalpy [J/g] 69.7 

Crystallization 

Onset [°C] -43.7 Onset [°C] -38.0 

Peak [°C] -46.9 Peak [°C] -60.7 

Enthalpy [J/g] -58.6 Enthalpy [J/g] -46.0 

 

Investigation of mixtures triglyceride/Lutensit ALB-N 

Lutensit ALB-N is a linear alkyl benzyl sulfonate and a commercially widely used 

anionic surfactant (Fig. 4.3). At room temperature the surfactant is a slight 
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yellowish, granular powder. DSC measurements of pure Lutenist ALB

shown no phase transition in the temperature range from 

Figure 4.3: Structure of Lut

The addition of varying amounts 

retard the crystallization but had

triglyceride. Also the melting point of TO 

the mixtures were the same like for pure TO. Hence, the surfactant does not 

interact with triolein and no mixed crystals

crystallization points a quantitative analysis of the DSC curves was not possible.

Similar conclusions can be drawn from the DSC results gained for the mixtures 

Lutensit ALB-N with technical grade TP. Independently on the surfactant content

the mixture, the melting temperature and enthalpy of tripalmitin stayed constant. 

Also the polymorphism of tripalmitin was not influenced by the added surfactant. 

Lutensit has no impact on the melting behaviour of either t

Investigation of mixtures tri

Choline hexadecyl sulphate is an ionic surfactant

appears as a white powder with a high affinity to water. 

temperatures above 120 °C. In the temperature range from 

to solid, a solid to semi crystalline and a semi

observed [238]. 

Figure 4.4: Str

The addition of this surfactant to TP, similar as Lutensit ALB

influence, neither on the melting point nor on the 

Potentially, it has an impact on the polymorphism of TP. However, this cannot be 

stated with certainty, because the transition temperatures of surfactant and TP are 
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shown no phase transition in the temperature range from -150 °C to 120 
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N with technical grade TP. Independently on the surfactant content

temperature and enthalpy of tripalmitin stayed constant. 

Also the polymorphism of tripalmitin was not influenced by the added surfactant. 

Lutensit has no impact on the melting behaviour of either triolein or tripalmitin.
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ate is an ionic surfactant (Fig. 4.4). At room temperature it 

appears as a white powder with a high affinity to water. The melting point is at 

°C. In the temperature range from -50 °C to 120

to solid, a solid to semi crystalline and a semi-crystalline to lamellar transition is 

: Structure of choline hexadecyl sulphate. 
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__________________________________________________________________ 

yellowish, granular powder. DSC measurements of pure Lutenist ALB-N have 

 °C. 

N to technical grade TO seemed to 

no influence on the polymorphism of the 

not influenced. The heating curves for 

the same like for pure TO. Hence, the surfactant does not 

are formed. Due to the low melting and 

on points a quantitative analysis of the DSC curves was not possible. 

Similar conclusions can be drawn from the DSC results gained for the mixtures 

N with technical grade TP. Independently on the surfactant content in 

temperature and enthalpy of tripalmitin stayed constant. 

Also the polymorphism of tripalmitin was not influenced by the added surfactant. 

riolein or tripalmitin. 

At room temperature it 

The melting point is at 

°C to 120 °C a solid 

crystalline to lamellar transition is 

 

N, also has no 

melting enthalpy of TP. 

Potentially, it has an impact on the polymorphism of TP. However, this cannot be 

stated with certainty, because the transition temperatures of surfactant and TP are 



____________________________________________________________________

very similar. If any, interaction

very small in the binary mixtures. Similarly, we did not observe any influence of 

this surfactant on TO.

Investigation of mixtures triglycerides/Lutensol GD70

Lutensol GD70 is a commercial nonionic polyglycoside surfactant (

room temperature it appears as a yellow honey

-42 °C, but the onset of the transition is already at 

of TO are in a similar temperature range. Hence, it is not possible to differentiate 

between TO and the Lutensol GD70 signals in DSC.

The investigation of mixtures Lutensol GD70 with TP showed that the presence of 

TP hindered the crystallisation of Lutensol GD70. Therefore, no signals of GD70 

appear in the curves. The heating scans of the mi

curves of pure TP. The melting temperature of TP did not change either. We 

conclude that there is no significant interaction between TP and the surfactant in 

their binary mixtures.

Figure 4.5: Structure of Lutensol GD70. n varies from 
 

Investigation mixtures triglyceride/Lutensol AOx

Lutensol AOx are nonionic ethoxylated C13/C15 alcohols

formula RO(CH2CH2O)

present study, the investigated surfactants were Lutensol AO0, Lutensol AO3, 

Lutensol AO7 and Lutensol AO20. Except of Lutensol AO20

surfactants appear liquid at room temperature. Lutensol A

turbid liquids at room temperature and become clear upon heating.

is already clear at room temperature.

The determined melting point of pure Lutensol AO0 is 9.00

AO3 is -4.43 °C, that of pure Lutens

AO20 is 29.77 °C. The impact of Lutensol AO0, AO3 and AO7 on the melting point 

of TP is comparable. In contrast, Lutensol AO20 sticks out.

influence on the melting temperature of triglyceride.
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very small in the binary mixtures. Similarly, we did not observe any influence of 

this surfactant on TO. 

Investigation of mixtures triglycerides/Lutensol GD70 

Lutensol GD70 is a commercial nonionic polyglycoside surfactant (

temperature it appears as a yellow honey-like liquid. The melting point is       

°C, but the onset of the transition is already at -68.73 °C. The transition points 

of TO are in a similar temperature range. Hence, it is not possible to differentiate 

tween TO and the Lutensol GD70 signals in DSC. 

The investigation of mixtures Lutensol GD70 with TP showed that the presence of 

TP hindered the crystallisation of Lutensol GD70. Therefore, no signals of GD70 

appear in the curves. The heating scans of the mixtures are very similar to the 

of pure TP. The melting temperature of TP did not change either. We 

conclude that there is no significant interaction between TP and the surfactant in 

their binary mixtures. 
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Lutensol AOx are nonionic ethoxylated C13/C15 alcohols with the structural 
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present study, the investigated surfactants were Lutensol AO0, Lutensol AO3, 

Lutensol AO7 and Lutensol AO20. Except of Lutensol AO20, a yellowish solid, 

surfactants appear liquid at room temperature. Lutensol AO3 and Lutensol AO7 are 

turbid liquids at room temperature and become clear upon heating.

is already clear at room temperature. 

The determined melting point of pure Lutensol AO0 is 9.00 °C, of pure Lutensol 

°C, that of pure Lutensol AO7 is 14.77 °C and that of pure Lutensol 

The impact of Lutensol AO0, AO3 and AO7 on the melting point 

of TP is comparable. In contrast, Lutensol AO20 sticks out.

influence on the melting temperature of triglyceride. This might be due to the 

4. Results and Discussion 
____________________________________________________________________ 

69 

between choline hexadecyl sulphate and TP are 

very small in the binary mixtures. Similarly, we did not observe any influence of 

Lutensol GD70 is a commercial nonionic polyglycoside surfactant (Fig. 4.5). At 

The melting point is       

°C. The transition points 

of TO are in a similar temperature range. Hence, it is not possible to differentiate 

The investigation of mixtures Lutensol GD70 with TP showed that the presence of 

TP hindered the crystallisation of Lutensol GD70. Therefore, no signals of GD70 

xtures are very similar to the DSC 

of pure TP. The melting temperature of TP did not change either. We 

conclude that there is no significant interaction between TP and the surfactant in 

15 and m varies from 1-5. 

with the structural 

ree of ethoxylation is given by x. In the 

present study, the investigated surfactants were Lutensol AO0, Lutensol AO3, 

a yellowish solid, all 

O3 and Lutensol AO7 are 

turbid liquids at room temperature and become clear upon heating. Lutensol AO0 

°C, of pure Lutensol 

°C and that of pure Lutensol 

The impact of Lutensol AO0, AO3 and AO7 on the melting point 

of TP is comparable. In contrast, Lutensol AO20 sticks out. It has nearly no 

his might be due to the 
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insolubility of TP in AO20 also at temperatures above the melting point of TP, 

whereas AO0, AO3 and AO7 give a homogeneous solution with molten TP. Up to a 

Lutensol AOx:TP molar ratio of ~0.5, all studied AOx species with less than 20 EO 

groups yield similar melting point reductions of TP, as would be expected for purely 

colligative behaviour (Fig. 4.6). For molar ratios above 0.5, it seems that the lower 

the degree of ethoxylation, the higher is the influence of the surfactant on the 

melting temperature at comparable molar ratios. Hence, in molar excess, Lutensol 

AO0 induces the strongest and Lutensol AO7 the lowest reduction of the melting 

temperature of TP. But the absolute influence of the degree of ethoxylation on the 

melting point is small, given that the surfactant and TP are miscible in the liquid 

state. For all surfactants Lutensol AOx, a very high amount of surfactant is 

required to reduce the melting point markedly. For the washing process this effect 

can be expected to be negligible, even assuming a potential enrichment in the soil 

from a diluted washing liquor. A reduction below room temperature seems to be 

illusive. 

 

Figure 4.6: The influence of the degree of ethoxylation of Lutensol AOx on the melting 
point of TP. �: AO0; �: AO3; �: AO7; �: AO20. The x-axis shows an 
increasing surfactant molar fraction. 

 

The interaction of surfactant with TP could potentially also result in the generation 

of mixed crystals, which would be detectable in the DSC curves. The cooling DSC 

curves of mixtures of TP with Lutensol AOx show two crystallization peaks for TP 

(Fig. 4.7). The second detected peak might result from a mixed crystal, built up 

from TP and AO3. The samples show no polymorphism of TP upon heating 

(Fig. 4.7). 
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Figure 4.7: DSC curves of 60 wt% TP/40 wt% AO7 (left) and 60 wt% TP/40 wt% AO3 
(right). 

 

4.1.2.3 COSMO-RS 

COSMO-RS enables the calculation of the theoretical melting point for binary 

mixtures (Fig. 4.8). The results of the COSMOtherm calculations are in good 

accordance to the experimental results. Also the distinct behaviour of Lutensol 

AO20 is predicted by COSMO-RS. The calculated data confirm the lower influence 

of the degree of ethoxylation of Lutensol AOx and the lower melting point reduction 

also for very high surfactant concentrations. 

 

Figure 4.8: COSMOtherm calculation of the theoretical melting point of TP after the 
addition of different surfactants. �: C13-OH; �: C15-OH; �: AO7; �: AO20. 

The x-axis shows an increasing molar fraction of surfactant. 
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4.1.2.4 X-Ray powder diffraction 

To analyse the possible existence of mixed crystals of TP/AO3 and TP/AO7 

respectively, powder diffractograms of the mixtures and the pure TP were 

measured. The results at 298.15 K are shown in figure 4.9 and figure 4.10. 

The experimental powder diffractograms of the mixtures look very similar to the 

calculated diffraction pattern based on single crystal data of β-TP. In contrast, the 

diffractogram of pure TP differs from the calculated one. Probably, in the pure TP in 

native state a mixture of β`-TP and β-TP coexists. 

In contrast, powder diffractograms of the mixtures of TP with Lutensol AO3 and 

AO7 show that the addition of surfactant promotes complete crystallization of TP in 

the β-morphology, but no hint at mixed crystals between surfactants and fat can be 

found. 

Figure 4.10: Experimental powder diffractogram of 40 wt% TP/60 wt%AO7 (left) and 40 
wt% TP/60wt% AO3 (right) at 298.15 K (red) and from single crystal data 
calculated diffractogram of pure TP (black). 

Figure 4.9: Experimental powder diffractogram of pure TP at 298.15 K (red) and from 
single crystal data calculated diffractogram (black). 
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4.1.3 Conclusion 

The investigation of the interaction between the triglycerides with ionic surfactants 

shows that these surfactants neither have a significant influence on the melting 

point nor on the melting enthalpy of the triglyceride. All detergency found for such 

surfactants for greasy soils in a washing liquor obviously is only based on their 

classical surfactant action, i.e. their amphiphilicity and the interactions at the 

water/grease interface. 

The investigation of nonionic surfactants, represented by different Lutensols AOx, 

shows a noticeable but limited reduction of the melting point of TP in some cases. It 

turns out that the miscibility in the liquid state is a prerequisite for any melting 

point depression. Miscibility is given for AOx as long as the ethoxylation degree is 

low enough. In summary, the influence of the surfactants on the melting point of 

TP is marginal and requires very high amounts of surfactants. Again, any 

detergency of nonionic surfactants seems to be exclusively related to their 

interfacial activity in the presence of water and does not involve liquefaction of 

crystalline domains. 

From the investigation of the binary mixtures of surfactants and triglycerides, the 

liquefaction of triglycerides with surfactants at room temperature seems utopian 

today. A further promising approach might be the investigation of solubilisation of 

triglycerides by solvents. 
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4.2 Solubilisation of triglycerides in organic 

solvents 

4.2.1 Introduction 

The removal of solid soil at low temperatures is a challenge. As mentioned above, 

solid triglycerides are not liquefied during the washing process by surfactants. 

Therefore, the success of soil release might result from the solubilisation of the 

triglycerides. The investigation of the binary mixtures of surfactant and triglyceride 

showed that the selected surfactants do not solubilise tripalmitin. Hence, 

solubilisation might result from surfactants with another chemical structure or 

from further ingredients in detergents. To determine the impact of triglyceride 

solubilisation on soil release several organic solvents were investigated regarding 

their tripalmitin solubilisation power. In addition, different models to predict the 

solubility were used. Experimental and theoretical results were compared and to 

affirm the results and conclusions the solubility of the liquid triolein was 

investigated in these too. The used theoretical methods are Hansen solubility 

parameters and COSMO-RS calculations. 

However, these examinations do not consider the presence of water. The so far 

investigated systems were binary mixtures of triglyceride and solvent. But in the 

washing process a quite high amount of water is present. Therefore, the influence 

of water on the solubilisation properties of the solvents with the highest TP 

solvation power was determined. 

 

4.2.2 Results 

4.2.2.1 Hansen Solubility Parameters 

For the description of the interaction between solutes and solvents Hildebrandt 

introduced the solubility parameter δ [95, 163]. This concept was extended by 

Hansen to the three dimensional solubility parameter model [162, 168-170]. 

Hansen considers that there are several contributions to the energy of evaporation. 

The solubility parameter is divided into the energy densities of the dispersion part, 

δD, the polar part, δP, and the hydrogen bond part, δH. Simplified, neglecting the 

interaction radius, R0, the more alike the parameters of solvent and solute the 

higher the solubility. This model is very suitable for the qualitative comparison of 
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different solvents in a special application and is commonly used in the polymer 

research. 

The DSC samples were prepared using chloroform as solvent. The solubility limit of 

tripalmitin in CHCl3 is about 22 wt%. The Hansen parameters of tripalmitin and 

chloroform, calculated by increments are given in table 4.3. The Ra value of a 

mixture of TP with chloroform is 3.15 (J/cm3)1/2. Solvents which give a similar Ra-

value are supposed to solubilise TP in a comparable magnitude. Hence, potentially 

appropriate solvents of different solvent classes were tested to check the validity of 

Hansen concept experimentally (Tab. A1 and Tab. A2). 

Table 4.3: Hansen solubility parameters and Ra value for tripalmitin and chloroform 
calculated from increments. 

 
TP CHCl3 

δD [MPa1/2] 16.70 17.8 

δP [MPa1/2] 0.98 3.1 

δH [MPa1/2] 4.94 5.7 

Ra [(J/cm3)1/2] 3.15 

 

Classical Alcohols 

All investigated alcohols have one hydroxyl group and are aliphatic (Tab. 4.4). They 

differ in the alkyl chain length. With the exception of dodecanol and tetradecanol, 

which have melting points at 24 °C and 38 °C, respectively, the melting point of the 

solvents is distinctively below room temperature. 

Table 4.4: Calculated Ra values for mixtures of tripalmitin and classical alcohols and 
examined solubility limits at room temperature. 

Solvent 
Ra value 

[(J/cm3)1/2] 
Molecular weight 

[g/mol] 
wt% TP 

Methanol 20.22 32.04 <1 

Ethanol 15.76 46.07 <1 

2-Propanol 12.94 60.10 <1 

Butanol 11.09 74.12 <1 

Hexanol 8.57 102.18 <1 

Octanol 6.94 130.23 <1 

Nonanol 6.31 144.26 <1 
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Decanol 5.78 158.28 <1 

Dodecanol 4.71 186.34 <1 

Tetradecanol 4.02 214.39 <1 

With increasing chain length the δD value increases slightly (14.48 MPa1/2 for 

methanol, 16.38 MPa1/2 for tetradecanol) and the δP and δH values decrease 

considerably (δP: 11.49 MPa1/2 for methanol, 1.98 MPa1/2 for tetradecanol; 

δH: 21.63 MPa1/2 for methanol, 8.78 MPa1/2 for tetradecanol). By elongating the 

alkyl chain of the alcohol the δ values approximate to the Hansen parameter of 

tripalmitin, resulting in a decreasing Ra value. Based on the Ra values, an 

increasing solubilisation power with increasing alky chain length is supposed. 

However, none of the alcohols dissolves at least 1 wt% tripalmitin at room 

temperature or at 30 °C. They are unsuitable solvents for solid triglycerides. The 

fact that dodecanol and tetradecanol, the only solvents with a comparable Ra value 

to chloroform, are also poor solvents gives a hint on the importance of low solvent 

melting temperature. 

Linear and branched alkanes 

The chosen alkanes are liquid at room temperature and linear except of isooctane 

(Tab. 4.5). Independently of chain length and branching, the δP and δH values are 

zero for all alkanes. With increasing chain length the δD value increases 

(14.31 MPa1/2 for pentane, 15.32 MPa1/2 for dodecane), approaching the value of 

tripalmitin and resulting in a decreased Ra value. Comparing the Ra values of 

octane and isooctane gives, that branching reduces the tripalmitin solubilisation 

power of solvents. 

Except of dodecane the Ra values for the alkanes are smaller than for the 

comparable alcohols. Hence, they are supposed to dissolve more TP than alcohols. 

While also none of the alkanes dissolve at least 1 wt% TP at room temperature, 

pentane, hexane and octane do dissolve at least 1 wt% TP at 30 °C. So far, the 

trend of experimental results and Ra values are in good agreement. 

Table 4.5: Calculated Ra values for mixtures of tripalmitin and alkanes and examined 
solubility limits at room temperature. 

Solvent 
Ra value 
[(J/cm3)1/2] 

Molecular weight 
[g/mol] 

wt% TP 

Pentane 6.94 72.5 <1 

Hexane 6.54 86.18 <1 



4. Results and Discussion 
____________________________________________________________________ 

77 

Isooctane 6.59 114.23 <1 

Octane 6.04 114.23 <1 

Dodecane 5.74 170.34 <1 

 

Dowanols 

Dowanols are glycol ether, gained from Dow Chemicals. The chemical structures 

are given in the supplementary. Except of PMA (Propyleneglykolmethylether 

acetate), the dowanols are alcohols. All dowanols are liquid at room temperature. 

PM (Monopropylenglykolmonomethylether), DPM (Dipropylenglykol-

monomethylether) and TPM (Tripopylenglykolmonomethylether) vary in the number 

of propylene groups. These three solvents contain an ethyl ether. This ether is 

replaced by a propyl ether in DPnP (Dipropylene Glycol n-Propyl Ether). Apart from 

that, DPnP has the same structure like DPM. PMA is comparable to PM, only the 

alcohol group in PM is replaced by an acetate. The chemical structure is given in 

supplementary. 

With increasing number of propylene groups the δ values decrease whereat δD 

departs from TP value and δP and δH approach. For DPM the δ values are most alike 

to the tripalmitin ones. The elongation of ethyl ether to propyl ether reduces all δ 

values, but affects mainly the δH value and results in a decreased Ra value. The 

replacement of the alcohol group by an acetate results in an increased δD value and 

reduced δP and δH values and the lowest Ra value for this series of Dowanols. Hence, 

PMA might be the Dowanol with the highest tripalmitin solubilisation power. 

However, based on the previous results, none of the investigated Dowanols are 

supposed to and do dissolve at least 1 wt% TP at 30 °C (Tab. 4.6). 

Table 4.6: Calculated Ra values for mixtures of tripalmitin and dowanoles and 
examined solubility limits at room temperature. The Hansen solubility 
parameters of the dowanols are taken from the technical data sheet of 
Dow Chemicals [239]. 

Solvent δD 
[MPa1/2] 

δH 
[MPa1/2] 

δP 
[MPa1/2] 

Ra value 
[(J/cm3)1/2] 

Molecular 
weight 
[g/mol] 

wt% TP 

PM 15.60 7.20 13.60 10.89 90.1 <1 

TPM 15.10 3.50 11.50 7.72 206.3 <1 

DPM 15.50 4.00 11.50 7.61 148.2 <1 

DPnP 15.00 3.00 9.60 6.11 176.2 <1 

PMA 16.10 6.10 6.60 5.51 132.2 <1 
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Terpene and natural oils 

In order to find natural and cheap solvents we calculated the Ra value for various 

terpenes and natural oils (Tab. 4.7). The solubility of tripalmitin was tested in 14 of 

these solvents. The investigated solvents were chosen due to their different Ra 

values and their comparable chemical structure. All solvents are cylclic, some are 

aromatic and have functional groups. They differ in the number of side chains and 

in the steric configuration. The chemical structures of the solvents are given in the 

supplementary. This assortment of solvents improves the understanding of the 

relationship between solvent structure and tripalmitin solubilisation power. 

Table 4.7: Calculated Ra value and molecular weight of various terpene and natural oils 
and experimentally determined solubility of tripalmitin, sorted for 
decreasing Ra value. 

Solvent 
Ra value 

[(J/cm3)1/2] 

Molecular 

weight [g/mol] 
wt% TP 

Ethyllaurate 1.69 228.37 / 

Ethyldecanoate 1.95 200.32 / 

Anethole 2.17 148.20 2±0.5 

Ethyloctanoate 2.38 172.26 / 

1,8-Cineol 2.77 154.25 / 

Ethylpentanoate 3.51 130.19 / 

Citral 3.60 152.23 / 

D-Dihydrocarvone 3.79 152.23 <1 

Carvone 4.08 150.22 / 

Menthone 4.11 154.25 1.5±0.5 

2-Methyl THF 4.69 86.13 9±0.5 

o-Xylol 4.98 106.17 8.2±0.5 

Limonene 5.05 136.24 2.2±0.5 

p-Cymene 5.05 134.21 3.5±0.5 

Vertocitral 5.14 138.21 1.5±0.5 

a-Terpinene 5.26 136.24 2.5±0.5 

Mesitylene 5.38 120.19 7.5±0.5 

α-Pinene 5.74 136.24 1.5±0.5 

γ-Decanolactone 5.98 170.25 / 

Geraniol 6.04 154.25 / 
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Citronellol 6.22 156.27 / 

Citronellal 6.38 154.25 / 

Menthol 6.42 156.27 / 

3,7-Dimethyl-6-oxoctanal 7.78 170.25 / 

Pivaldehyd 9.07 86.13 / 

Tetrahydrofurfurylalcohol 10.93 102.13 <1 

γ-Valerolactone 12.03 100.12 <1 

1-Ethyl-2-pyrrolidinone 12.65 113.16 <1 

Except of 1-ethyl-2-pyrrolidinone, γ-valerolactone, tetrahydrofurfurylalcohol and 

dihydrocravone all tested solvents dissolved at least 1 wt% tripalmitin at room 

temperature. The low TP solubilisation power of the first three solvents was 

expected, due to the high Ra values. However, the slight solubility in 

Dihydrocarvone is surprising. 

There is no consequent trend between Ra value and tripalmitin solubilisation 

power. But, first relations between solvent structure and tripalmitin solubilisation 

power are in evidence. Aromatic solvents dissolve more TP than comparable non 

aromatic ones and the smaller and less polar the side chains, the higher the 

solubility of triglyceride. Additionally, classical solvents were tested to affirm the 

assumptions and to get a clearer idea of the relations. 

Classical solvents 

Table 4.8: Experimentally determined solubility of tripalmitin in various classical 
solvents at room temperature, sorted by decreasing Ra value. 

Solvent Ra value [(J/cm3)1/2] 
Molecular weight 

[g/mol] 
wt% TP 

Pyridine 15.33 79.10 <3 

Benzylic alcohol 12.08 108.14 <1 

Thiophene 11.15 84.14 10.3±0.5 

Benzene 8.31 78.11 14.3±0.5 

Tetrahydrothiophene 7.91 88.17 5.8±0.4 

2-Penten 7.81 70.13 2±0.5 

Cyclohexane 6.84 84.16 4.2±.4 

Diethylether 5.95 74.12 2.5±0.5 

Tetrahydrofuran 4.67 72.11 14.7±0.3 
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There is no obvious trend between Ra value and amount of dissolved tripalmitin 

(Tab. 4.8). However, the comparison of all these solvents allows one to propose 

following guidelines for the choice of potentiallyapplicable solvents: 

• Cyclic molecules are better than non cyclic ones. 

• Aromatic solvents are better than non aromatic ones. 

• Less substituents are better than more. 

• The smaller the substituent the better the solvent. 

• The smaller the solvent the better. 

The Ra value on its own does not  enable a classification in good and unapt 

solvents. There are much more parameters which have to be considered for the 

choice of a capable solvent for tripalmitin solubilisation. One probably important, 

yet unconsidered, parameter is the crystallinity of tripalmitin. To confirm this 

assumption, the solubility of triolein and molten tripalmitin in the same solvents as 

tested for solid tripalmitin, was investigated. And indeed, all theses solvents 

dissolve at least 50 wt% of liquid triglyceride. 

Solubility limit of triolein 

The Hansen solubility parameter is an appropriate method for solvent screening as 

long as the solute is liquid at investigated conditions. Therefore, the limit Ra value 

for triolein solubility was determined in order to predict suitable solvents. A small 

selection of tested solvents is shown in table 4.9. 

Table 4.9: Experimentally determined solubility of triolein in various solvents at room 
temperature, sorted for decreasing Ra value. 

Solvent 
Ra value 

[(J/cm3)1/2] 
Molecular 

weight [g/mol] 
wt% TP 

1,2-Propandiol 23.62 76.09 <1 

Methanol 20.29 32.04 <1 

Propylencarbonat 19.92 102.09 <1 

Ethanol 15.94 46.07 1-3 

n-Propanol 13.55 60.10 >50 

Benzylic alcohol 13.19 108.14 >50 

Tetrahydrofurfurylalcohol 11.84 102.13 >50 

Kresol 9.44 108.14 >50 

Lutensol AO7 8.48 520 >50 
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Octanol 7.42 130.23 >50 

Limonen 4.59 136.24 >50 

Anethol 2.02 148.22 >50 

Solvents giving a Ra value smaller than 14 for triolein dissolve more than 50 wt% of 

the liquid triglyceride. However, already for slightly increased Ra values the 

solubility decreases rapidly. 

 

4.2.2.2 COSMOtherm calculations 

COSMO-RS is a model, which enables the prediction of the behaviour of molecules 

in a liquid phase by calculating the solid-liquid equilibrium (SLE). In this model the 

crystallinity of solutes is considered and therefore, it is suitable for a tripalmitin 

solvent screening. COSMOtherm is an implementation of COSMO-RS, delivering 

thermodynamic values such as the maximum fusion free energy x

fusG∆  	for a range 

of mixtures at different temperatures. 

We calculated the maximum fusion energy of various 1:1 mixtures of 

tripalmitin/solvent at 298.15 K (Tab. 4.10). For negative maximum fusion energy at 

least 1 wt% tripalmitin gets dissolved, except in octane, hexane and pentane. This 

aberration results from problems with the combinatorial term of the alkanes in the 

COSMO-RS software. Beyond that, the quantitative prediction of tripalmitin 

solubility, by COSMOtherm calculations is not possible. 

Table 4.10: Results of COSMOtherm calculation and experimental determined 

solubility limit at 298.15 K with decreasing maximum fusion energy ∆G. 

Solvent ∆G [J/mol] wt% TP 

Methanol 0.467 <1 

Ethanol 0.391 <1 

Butanol 0.309 <1 

Hexanol 0.257 <1 

Octanol 0.219 <1 

Decanol 0.193 <1 

Anethole -0.018 2±0.5 

Octane -0.070 <1 

p-Cymene -0.089 3.5±0.5 
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Tetrahydrothiophene -0.091 5.8±0.4 

Limonene -0.094 2.2±0.5 

Mesitylene -0.096 7.5±0.5 

Hexane -0.096 <1 

Thiophene -0.098 10.3±0.5 

o-Xylol -0.099 8.2±0.5 

Benzene -0.108 14.3±0.3 

Pentane -0.113 <1 

Cyclohexane -0.115 4.2±0.4 

Tetrahydrofuran -0.134 14.7±0.3 

Diethylether -0.144 2.5±0.5 

Chloroform -0.229 22±0.3 

 

4.2.2.3 System of three components 

As known from the Indigo effect, the presence of water can change the solvent 

properties completely. Already dissolved solutes get displaced by water. And indeed, 

the same effect is observed for dissolved tripalmitin. Two of the best solvents were 

chosen for this experiment. The investigated solvents were chloroform and 2-methyl 

tetrahydrofuran. They were used, due to their good solubility properties and due to 

their comparable small toxicity. 5 wt% TP and an increasing amount of water were 

dissolved in these solvents. For 2-MTHF the addition of 2 wt% induces 

precipitation, whereas tripalmitin already precipitates from chloroform, with 

addition of less than 1 wt% water. The different amounts of water, required to 

induce the precipitation, are based on the differing solubility of water in the tested 

solvents. Karl Fischer measurements gave a water solubility limit of 0.08 wt% in 

chloroform and 6.5 wt% in 2-MTHF. The amount of precipitated tripalmitin from 

chloroform is very small, the samples become slightly turbid. However, a 

quantitative determination was not possible. The addition of various amounts of 

water (2-25 wt%) to a solution of 5 wt% tripalmitin in 2-MTHF induced the 

precipitation of 2.2±0.3 wt% tripalmitin. 
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4.2.3 Conclusion 

The comparison of experimental solubility results with calculated Ra values shows 

that the model of Hansen solubility parameters is not suitable for the prediction of 

crystalline tripalmitin solubility. 

However, for molten TP and triolein the results are in good accordance. 

Consequently, this model is suitable for the solvent screening for liquid solutes. 

COSMOtherm calculations consider the melting enthalpy of the solute, giving 

results for tripalmitin solvent screening which agree with the experimental 

investigations. However, it is not possible to predict the solubility limit of 

tripalmitin. Only a ranking for a list of solvents can be gained from COSMOtherm 

calculations. Due to the restricted COSMO-RS database the solvents which can be 

calculated are limited. 

The displacement of already dissolved tripalmitin by water and the generally low 

solubility makes the dissolution of tripalmitin from sourced cotton during the 

washing process illusive. However, practical experience shows that also solid 

triglycerides can be removed from cotton. Hence, the removal of solid triglycerides 

results from another mechanism. The investigations have shown that liquid 

triglycerides can be dissolved easily. Realistic fatty soils consist of a mixture of solid 

and liquid triglycerides. The liquid triglycerides act as a glue and we suppose that 

during the washing process the liquid triglycerides become dissolved and a very 

fragile frame of solid triglycerides remains. It breaks up mechanically during the 

washing process and gets suspended by the washing solution. This will be 

investigated in more detail in the further section. 
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4.3 Washing tests 

4.3.1 Introduction 

In various former studies the mechanism of soil release from cotton fibre was 

investigated. And as already mentioned, the soil release mechanism depends on the 

state of soil matter [11]. They found that liquid soil release by the roll-up 

mechanism is faster and more efficient than solid soil removal. Hence, an increased 

washing temperature improves the washing result [232]. However, the deepened 

environmental awareness of the population requires low washing temperatures to 

safe energy, but without losing efficiency. Investigations by Venkatesh et al. have 

shown that the main components of usual household laundry soil are fatty 

substances [8]. Therefore, the particulate soils are mainly solid triglycerides. 

Accordingly, in the former sections the interactions with surfactants and solvents 

were investigated. Only a marginally influence of the surfactant on the melting 

point of the TP was found and the solubilisation of at least 50 wt% triglyceride 

worked only for liquid triglycerides. Further, it was shown that the addition of water 

to a binary systems of solvent and TP reduces the triglyceride solubilisation power 

dramatically. Therefore, to avoid the deposition of soil and surfactant on the 

laundry and in the washing machine the formation of microemulsions by soil and 

detergent is desired. 

Therefore, various combinations of surfactants and cosurfactants with Lutensol 

AO7 were tested in combination with TO, in order to find systems forming 

microemulsions. Additionally, it was tested at which water content the solutions 

became turbid. The higher the amount of water the more extended is the region of 

microemulsion, approximately. For four very promising mixtures the ternary phase 

diagram was determined and the one with the most extended area of 

microemulsion was tested for washing cotton fibers soiled with triglyceride mixtures 

with varying content of TO/TP. Additionally, the ternary phase diagram of the 

mixture water/TO/AO7/citronellol was determined, due to the green character of 

the cosurfactant. 

In the subsequent washing tests at room temperature, the following detergents 

were tested: 

• Water 

• Lutensol AO7 (varying concentration) 

• AO7/AO3/benzyl alcohol (varying concentrations) 
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• AO7/AO3/benzyl alcohol/lecithin 

• AO7/ChS 

• AO7/2-MTHF (varying compositions) 

• Spee (varying concentrations) 

However, the viscosity of the washing liquors was very different. Hence, to 

determine the influence of the viscosity on washing efficiency, 1 wt% solutions of 

Lutensol AO7 were thickened by culminal MHPC 500PF and the washing results 

compared to the ones gained for non thickened solution. 

A further factor, influencing the washing efficiency is the temperature. As already 

mentioned above, roll up mechanism is the more efficient mechanism. Therefore, 

washing at higher temperatures is supposed to give better washing results. 

Accordingly, washing tests with 1 wt% aqueous solution of AO7 as detergent at 

10 °C and 40 °C were performed. Another relevant factor would be the water 

hardness. But all washing tests were performed using millipore water, without 

taking the water hardness into account. 

The washing efficiency was determined by measuring the ∆Eab value before and 

after washing. Therefore, the L*a*b* values of untreated cotton and washed cotton 

without previous soiling for every washing agent were measured at the colorimeter. 

The higher the resulting ∆∆Eab value, the better is the washing result. 

 

4.3.2 Results 

4.3.2.1 Solvent mixtures forming microemulsion with TO 

One challenge in detergency is to avoid the deposition of soil and surfactant in the 

washing machine. A promising approach is the formation of microemulsions during 

the washing process. Microemulsions are thermodynamically stable, hence the 

dissolved soil would remain in the washing liquor and could be removed easily 

without soiling the machine and hoses. Assuming that the liquid triglycerides 

acting as a glue retaining the crystalline triglycerides, a solvent for the oily soil has 

to be found which dissolves a preferably high amount and forms microemulsion by 

dissolution. Because Lutensol AO7 is a in detergency commonly used surfactant 

and triolein is one of the main liquid components of household laundry soil, 

mixtures of Lutensol AO7, various cosurfactants and trioelin have been prepared 

and water was added stepwise, until the solutions became turbid. In all samples 

the ratio oil/surfactant was 1:1. Into some mixtures also ionic surfactants have 
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been added. Thereby it is easy to find out which cosurfactants are inept to dissolve 

triolein and the region of microemulsion is determined quickly. In table 4.11 the 

composition and the amount of water until the samples become turbid is given. 

Table 4.11: Determination of the region of one phase for the addition of water to 
various mixtures TO/surfactant/cosurfactant at 298.15 K. 

oil surfactant cosurfactant 
oil/(surfactant+
cosurfactant) 

surfactant/ 
cosurfactant 

wt% (H2O) 

TO AO7 butanol 1:1 1:1 5.6 

TO AO7 anethol 1:1 1:1 1.3 

TO AO7 octanol 1:1 1:1 3.3 

TO AO7 benzyl alcohol 1:1 1:1 3.9 

TO AO7 AO3 1:1 1:1 10.5 

TO AO7:X-AES = 1:1  1:1  0 

TO AO7 TPM 1:1 1:1 3.9 

TO AO7 DPM 1:1 1:1 1.1 

TO AO7 PM 1:1 1:1 2.8 

TO AO7 SXS 1:1 1:1 0 

TO AO7 SXS:EtOH = 1:1 1:1 1:1 0 

TO AO7 
AO3:benzyl alcohol 

= 1:1 
1:1 1:1 11.5 

TO AO7 
AO3:benzyl alcohol 

= 1:2 
1:1 1:1 8.2 

TO AO7 
AO3:benzyl alcohol 

= 1:2 
1:1 1:2 8.5 

TO AO7:SLES = 1:1 AO3 1:1 1:1 0 

TO AO7:SLES = 1:1 
AO3:benzyl alcohol 

= 1:1 
1:1 1:1 0 

Without the addition of water all samples are one phase, except the samples 

containing X-AES, SXS or SLES. These compounds are ionic, whereas the others 

are nonionic. The best tested cosurfactant was Lutensol AO3, remaining a 

microemulsion until the addition of 10.5 wt% water. However, the region of one 

phase was extended by the addition of the second cosurfactant benzyl alcohol. But 

only for the ratio AO3/benzyl alcohol = 1:1 and AO7/cosurfactant = 1:1. For 

mixtures with a higher content of benzyl alcohol the one-phase region is decreased. 

However, these tests are only a first hint on promising washing liquors. They enable 

a fast screening of cosurfactants. To assure a mixture is promising for a high 

washing efficiency, the complete ternary phase diagram has to be determined. 

Therefore, the determined ternary phase diagram of various systems is given in the 

following section. 
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Water/TO/AO7 

This mixture does not contain a cosurfactant (Fig. 4.11). All further phase diagrams 

are compared to this to see if the addition increases or decreases the region of 

microemulsion. 

 
Figure 4.11: Ternary phase diagram with water/TO/AO7 at 298.15 K. The area of 1 ϕ 

gives the region of microemulsion and the area of 2 ϕ represents the 
region of emulsion. 

 

Water/TO/AO7/AO3/Benzylic alcohol 

All mixtures contain Lutenosl AO7 as surfactant and mixtures of AO3 and benzyl 

alcohol as cosurfactant. The ratio AO7/cosurfactant was either 1:1 or 1:2 and the 

composition of the cosurfactant AO3/benzyl alcohol was either 1:1 or 1:2 (Tab. 

4.12). The resulting phase diagrams are given in figure 4.12. 

Table 4.12: Composition of investigated samples containing AO7, AO3 and benzylic 
alcohol. 

mixture AO7/cosurfactant AO3/benzyl alcohol 

A 1:1 1:2 

B 1:2 1:2 

C 1:1 1:1 

The addition of cosurfactant results in an expansion of the area of microemulsion 

for mixture A and C. For a higher content of cosurfactant, like in mixture B the 

one-phase region is nearly unchanged. For higher contents of AO3 in the 

cosurfactant mixture the microemulsion area is slightly extended. AO3 is more 

expansive than benzyl alcohol and is a surfactant on its own. Hence, for ecological 

and economical reason the mixture A containing less surfactant is the more 

favoured one for detergency. Nevertheless, the subsequent washing test was 

performed using mixture C. 
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Water/TO/AO7/Citronellol 

In comparison to AO3 and benzyl alcohol, citronellol is a cosurfactant derived from 

natural resources. It is found in the oil of roses and geraniums. With regard to our 

aim, making the washing process more environmentally friendly, the use of a 

natural cosurfactant instead of a synthesized one, is preferred. However, the 

determination of the ternary phase diagram using citronellol as cosurfactant gives 

only small area of microemulsion (Fig. 4.13). Therefore, this cosurfactant is not 

considered for the subsequent washing tests. 

 
Figure 4.13: Ternary phase diagram with water/TO/AO7 at 298.15 K. Ratio 

AO7/citronellol = 1:2. 

 

Figure 4.12: Ternary phase diagram with water/TO/AO7/AO3/benzyl alcohol at 
298.15 K and varying ratio AO7/cosurfactant and AO3/benzyl alcohol. 
A) AO7/cosurfactant = 1:1 and AO3/benzyl alcohol = 1:2; B) 
AO7/cosurfactant = 1:2 and AO3/benzyl alcohol = 1:2; C) 
AO7/cosurfactant = 1:1 and AO3/benzyl alcohol = 1:1. 
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4.3.2.2 Washing of soiled cotton fibre 

4.3.2.2.1 Washing at room temperature without thickeners 

Detergent: Water 

The most environmental friendly and cheapest washing liquor is pure water. 

However, triglycerides can not be dissolved in water at room temperature. 

Accordingly, soil release results from mechanical action during the washing 

process, exclusively. Except for cotton soiled with pure tripalmitin, no soil release is 

detected for water as detergent, resulting in ∆∆Eab values about zero (Tab. 4.13). As 

soon as a small amount of liquid triglyceride is present in the soil, the crystalline 

triglyceride can not be broken up mechanically, any longer. These results affirm the 

assumption of triolein acting as a glue for tripalmitin, hindering the breaking up of 

crystalline particles. 

Table 4.13: At the colorimeter determined ∆∆Eab values for washing tests with washing 
liquor water with varying soil composition. 

soil ∆∆Eab 

TO -1.31 

TO/TP = 3:1 0.52 

TO/TP = 2:1 0.05 

TO/TP = 3:2 0.16 

TO/TP = 1:1 -2.74 

TO/TP = 2:3 2.56 

TO/TP = 1:2 0.48 

TO/TP = 1:3 0.99 

TP 13.51 

 

Detergent: Lutensol AO7 

The ternary phase diagram of water/TO/AO7 gives that AO7 and triolein are 

miscible in all ratios. Therefore, this surfactant is supposed to dissolve the liquid 

triglyceride from soiled cotton. Thus, the glue is removed leaving crystalline 

tripalmitin, which can be removed mechanically. Hence, the washing power of 

Lutensol AO7 detergent with varying concentration was investigated (Tab.4.15). The 

corresponding viscosity of the washing solutions is given in table 4.14. 
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Table 4.14: Concentration and corresponding viscosity of Lutensol AO7 detergents. 

wt% (AO7) η [mPas] 

0.5 1.02 

1 1.28 

5 10.89 

10 127.20 

 

Table 4.15: At the colorimeter determined ∆∆Eab values for washing tests with washing 
liquor Lutensol AO7 with varying surfactant concentration and soil 
composition. 

 
0.5 wt% 1 wt% 5 wt% 10 wt% 

soil ∆∆Eab ∆∆Eab ∆∆Eab ∆∆Eab 

TO 9.81 12.80 9.76 11.21 

TO/TP = 3:1 10.21 14.97 15.34 20.01 

TO/TP = 2:1 10.39 16.93 15.52 18.06 

TO/TP = 3:2 15.20 23.47 20.93 22.92 

TO/TP = 1:1 14.09 18.82 18.15 23.25 

TO/TP = 2:3 15.41 20.24 24.46 26.56 

TO/TP = 1:2 15.98 18.84 23.83 26.37 

TO/TP = 1:3 24.33 28.43 24.94 26.69 

TP 29.34 31.78 29.56 24.30 

 
Figure 4.14: At the colorimeter determined ∆∆Eab values for washing tests with 

washing liquor Lutensol AO7 with varying surfactant concentration and 
soil composition. �: 0.5 wt% AO7; �: 1 wt% AO7; �: 5 wt% AO7; �: 
10 wt% AO7 



4. Results and Discussion 
____________________________________________________________________ 

91 

The resulting ∆∆Eab values, as a function of the surfactant concentration and the 

soil composition are given in table 4.15 and figure 4.14. In contrary to pure water, 

soil release is gained for all concentrations and soil compositions. Additionally, the 

washing result for pure tripalmitin was improved. And except of some outlier, the 

detergency power enhances with increasing tripalmitin content in soil. Comparison 

of the results gained for varying surfactant concentrations gives only for the 

increases from 0.5 wt% to 1 wt% a significantly increased ∆∆Eab value and an 

improved washing result, consequently. Just for some soil compositions a higher 

detergent concentration results in a slightly improved result. Regarding to the 

environmentally friendly claim, the 1 wt% washing liquor is the favored one. 

Detergent: Lutensol AO7/AO3/benzyl alcohol 

Ternary phase diagrams of Lutensol AO7/AO3/benzyl alcohol were determined for 

varying ratios of surfactant/cosurfactant and AO3/benzyl alcohol. AO3 and benzyl 

alcohol act as cosurfactant. The composition with the most extended region of 

microemulsion was the mixture AO7/cosurfactant 1:1 and AO3/benzyl alcohol 1:1. 

Therefore, washing tests with varying concentrations of the mixture for varying soil 

compositions were performed. The tested concentrations with corresponding 

Lutensol AO7 concentration and viscosity are given in table 4.16. 

Table 4.16: Concentration of AO7/AO3/benzyl alcohol mixture and corresponding 
Lutensol AO7 concentration and viscosity. 

wt% (mixtures) wt% (AO7) η [mPas] 

1 0.5 1.57 

5 2.5 12.38 

10 5 95.35 

20 10 210.12 

 

Table 4.17: At the colorimeter determined ∆∆Eab values for washing tests with 
mixtures AO7/AO3/benzyl alcohol with varying surfactant concentration 
and soil composition. AO7/cosurfactant = 1:1, AO3/benzyl alcohol = 1:1 

 
1 wt% 5 wt% 10 wt% 20 wt% 

soil ∆∆Eab ∆∆Eab ∆∆Eab ∆∆Eab 

TO 5.70 5.44 5.90 2.02 

TO/TP = 3:1 4.86 7.86 6.72 4.93 

TO/TP = 2:1 7.84 8.37 11.29 5.30 
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TO/TP = 3:2 9.68 12.95 15.55 5.27 

TO/TP = 1:1 13.83 15.06 12.83 5.59 

TO/TP = 2:3 16.54 19.78 20.56 11.71 

TO/TP = 1:2 14.04 18.36 17.16 10.83 

TO/TP = 1:3 20.23 15.30 17.79 12.98 

TP 23.52 25.38 29.12 19.32 

 
Figure 4.15: At the colorimeter determined ∆∆Eab values for washing tests with 

mixtures AO7/AO3/benzyl alcohol with varying surfactant 
concentration and soil composition. AO7/cosurfactant = 1:1, 
AO3/benzyl alcohol = 1:1; �: 0.5 wt% AO7; �: 1 wt% AO7; �: 5 wt% 
AO7; �: 10 wt% AO7 

The resulting ∆∆Eab values, as a function of the surfactant concentration and soil 

composition, are given in table 4.17 and figure 4.15. The lowest washing efficiency 

is observed for the highest concentration of the mixture. However, this washing 

liquor has a distinctively higher viscosity than the other concentrations. Therefore, 

the diminished efficiency might result from longer diffusion times in the detergent. 

The soil release for the other washing liquors is nearly the same. Except of some 

outliers, the ∆∆Eab value rises with increasing tripalmitin content in soil for all 

detergent concentrations. Comparing the results of 1 wt% mixture with the results 

of 0.5 wt% pure AO7, gives a lower efficiency of the mixture. 

Detergent: Lutensol AO7/AO3/benzyl alcohol/lecithin 

Lecithin is a green emulsifier of low toxicity and acceptable taste. Therefore, it is 

widley used in food, cosmetic and medical formulations [240]. Commercial lecithin 

derives from soybeans. But also other vegetable and animal sources, like corn oil, 

safflower and egg yolk are known. Depending on the source, the composition of 

lecithin differs. The three phospholipid types of lecithin derived from soybeans are 

phosphatidylcholine (main component), phosphatidylethanolamine and 



4. Results and Discussion 
____________________________________________________________________ 

93 

phosphatidylinositol. Also the chain length and saturation of hydrocarbon chains 

may vary [241]. Emulsifier can decrease the interfacial tension between soil and 

water, yielding an increased detergency, supposedly. Therefore, a washing liquor, 

containing lecithin was tested for the soil release of varying ratios 

triolein/tripalmitin. The composition of the detergent was 0.45 wt% AO7, 

0.225 wt% AO3, 0.225 wt% benzyl alcohol and 0.1 wt% lecithin. The viscosity was 

determined to be 1.18 mPas. The resulting ∆∆Eab values as a function of soil 

composition is given in table 4.18 and figure 4.16. With increasing fraction of 

crystalline triaplmitn in contamination the soil release increases. 

Table 4.18: At the colorimeter determined ∆∆Eab values for washing tests with 
mixtures AO7/AO3/benzyl alcohol/lecithin with varying soil 
composition. AO7/cosurfactant = 1:1, AO3/benzyl alcohol = 1:1; 
0.1 wt% lecithin 

soil ∆∆Eab 

TO 3.99 

TO/TP = 3:1 4.80 

TO/TP = 2:1 3.28 

TO/TP = 3:2 7.14 

TO/TP = 1:1 9.62 

TO/TP = 2:3 12.02 

TO/TP = 1:2 12.52 

TO/TP = 1:3 16.88 

TP 23.53 

 
Figure 4.16: At the colorimeter determined ∆∆Eab values for washing tests with 

mixture AO7/AO3/benzyl alcohol/lecithin with varying soil composition. 
AO7/cosurfactant = 1:1, AO3/benzyl alcohol = 1:1; 0.1 wt% lecithin. 
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Except the outlier at a soil composition TO/TP = 2:1, the soil release increases with 

increasing TP content in soil. However, the washing result is diminished compared 

to a washing liquor containing only 0.5 wt% AO7 or 1 wt% mixture of Lutensol 

AO7/AO3/benzyl alcohol as mentioned before. For this mixtures the addition of 

emulsifier did not improve the washing efficiency of the detergent. 

Detergent: Lutensol AO7/ChS 

A lot of studies about ionic and nonionic surfactants used in detergency, are 

published [242-244]. Mixtures of ionic and nonionic surfactants are supposed to 

have a higher washing ability than only one class of surfactant. Accordingly a 1/1 

mixture Lutensol AO7/ChS as washing liquor for varying soil compositions was 

tested. Choline alkylsulphate has a varying C16/C18 alkyl chain length. 

Table 4.19: At the colorimeter determined ∆∆Eab values for washing tests with 
mixtures AO7/ChS with varying soil composition. 0.5 wt% AO7; 0.5 wt% 
ChS 

soil ∆∆Eab 

TO 3.50 

TO/TP = 3:1 4.15 

TO/TP = 2:1 6.20 

TO/TP = 3:2 8.91 

TO/TP = 1:1 10.91 

TO/TP = 2:3 11.76 

TO/TP = 1:2 15.99 

TO/TP = 1:3 14.08 

TP 20.13 
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Figure 4.17: At the colorimeter determined ∆∆Eab values for washing tests with the 

mixture AO7/ChS = 1/1 with varying soil composition. 0.5 wt% AO7; 
0.5 wt% ChS. 

The results of the washing tests with detergent containing 0.5 wt% AO7 and 0.5 

wt% ChS are given in table 4.19 and figure 4.17. The viscosity of the washing liquor 

was determined to be 1.03 mPas. Except of one outlier at soil composition 

TO/TP = 1:3, the soil release increases with increasing content an crystalline 

triglyceride. 

Detergent: Lutensol AO7/2-MTHF 

2-MTHF is a side product of the industrial production of furfuryl alcohol and 

furfural [245]. Additionally, it is synthesized from renewable raw materials by 

hydrogenation of 2-Methylfuran or by cyclization and hydrogenation of levulinic 

acid [245, 246]. Accordingly, it is an environmentally acceptable organic solvent 

which dissolves about 9 wt% tripalmitin. In order to determine the influence of 

structuring in washing liquor, the ternary phase diagram of mixture 2-

MTHF/Lutensol AO7/water was determined to find areas of microemulsion 

(Fig. 4.18). The regions of continuous and bicontinuous microemulsion were 

distinguished by conductivity measurements. Four different compositions of 

mixture Lutensol AO7/2-MTHF were investigated as detergents for washing tests 

(Tab. 4.20). 
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Figure 4.18: Ternary phase diagram of mixture 2-MTHF/Lutensol AO7/water at 

298.15 K. �: bicontinuous ME with 14.4wt% AO7 and 17.6 wt% 2-
MTHF; �: continuous ME with 14.4 wt% AO7 and 0.6 wt% 2-MTHF; 
�: continuous ME with 5 wt% AO7 and 6.11 wt% 2-MTHF; �: 
continuous ME with 1 wt% AO7 and 10.11 wt% 2-MTHF. 

 
Table 4.20: Composition of mixtures Lutensol AO7/2-MTHF/water and corresponding 

viscosity. 

detergent wt% AO7 wt% 2-MTHF type of ME η [mPas] 

1 1 10.11 continuous 1.39 

2 5 6.11 continuous 2.31 

3 14.4 17.6 bicontinuous 6.56 

4 14.4 0.6 continuous 251.62 

 

Detergent 1 

This composition is plotted as � in the ternary phase diagram of mixture Lutensol 

AO7/2-MTHF (Fig. 4.18). The solution is a continuous microemulsion, containing 

1 wt% surfactant. The mass ratio Lutensol AO7/2-MTHF is 0.09. The results of 

washing test for cotton fibers soiled with triglycerides with varying ratio TO/TP are 

given in table 4.21 and figure 4.19. 
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Table 4.21: At the colorimeter determined ∆∆Eab values for washing tests with 
mixtures AO7/2-MTHF with varying soil composition. 1 wt% AO7; 
10.11 wt% 2-MTHF. 

soil ∆∆Eab 

TO 4.97 

TO/TP = 3:1 5.82 

TO/TP = 2:1 8.56 

TO/TP = 3:2 7.19 

TO/TP = 1:1 10.14 

TO/TP = 2:3 10.31 

TO/TP = 1:2 10.35 

TO/TP = 1:3 14.81 

TP 29.54 

 
Figure 4.19: At the colorimeter determined ∆∆Eab values for washing tests with 

mixture AO7/2-MTHF with varying soil composition. 1 wt% AO7; 
10.11 wt% 2-MTHF. 

Except the outlier at a soil composition TO/TP = 3:2, the soil release increases with 

increasing tripalmitin content in contamination. However, the ∆∆Eab values are 

smaller than for washing with solution of 1 wt% Lutensol AO7. Structuring the 

surfactant in a microemulsion reduces the washing ability. 

Detergent 2 

This washing liquor contains the same amount of water like detergent 1 and is also 

a continuous microemulsion. But the surfactant content is increased to 5 wt%, 

resulting in a mass fraction Lutensol AO7/2-MTHF = 0.45. The composition is 

plotted as � in the ternary phase diagram of mixture Lutensol AO7/2-MTHF/water 
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(Fig. 4.18). The ∆∆Eab values determined for washing of cotton fibers soiled with 

triglycerides with varying TO/TP ratio are given in table 4.22 and figure 4.20. 

Table 4.22: At the colorimeter determined ∆∆Eab values for washing tests with 
mixtures AO7/2-MTHF with varying soil composition. 5 wt% AO7; 
6.11 wt% 2-MTHF. 

soil ∆∆Eab 

TO 8.62 

TO/TP = 3:1 15.67 

TO/TP = 2:1 19.36 

TO/TP = 3:2 16.17 

TO/TP = 1:1 20.90 

TO/TP = 2:3 23.69 

TO/TP = 1:2 26.47 

TO/TP = 1:3 23.91 

TP 30.58 

 
Figure 4.20: At the colorimeter determined ∆∆Eab values for washing tests with 

mixture AO7/2-MTHF with varying soil composition. 5 wt% AO7; 
6.11 wt% 2-MTHF. 

With increasing TP content in the soil the ∆∆Eab value increases, except for the 

outliers at soil compositions TO/TP = 3:2 and 1:3. Due to the higher surfactant 

concentration, the washing activity of the detergent 2 is higher than of detergent 1. 

However, the soil release is only comparable to washing with 5 wt% solution of 

Lutensol AO7. Hence, as already mentioned before, the washing activity of 

surfactant seems to be reduced by structuring in a microemulsion. 
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Detergent 3 

This mixture is a bicontinuous microemulsion, containing 14.4 wt% Lutensol AO7. 

The composition is plotted as � in the ternary phase diagram of mixture AO7/2-

MTHF/water at 298.15 K (Fig. 4.18). The mass ratio AO7/2-MTHF is 0.45, the 

same as in detergent 2. The results of washing tests are given in table 4.23 and 

figure 4.21. 

Table 4.23: At the colorimeter determined ∆∆Eab values for washing tests with 
mixtures AO7/2-MTHF with varying soil composition. 14.40 wt% AO7; 
17.6 wt% 2-MTHF. 

soil ∆∆Eab 

TO 15.47 

TO/TP = 3:1 18.46 

TO/TP = 2:1 20.73 

TO/TP = 3:2 25.63 

TO/TP = 1:1 26.77 

TO/TP = 2:3 26.09 

TO/TP = 1:2 26.13 

TO/TP = 1:3 24.81 

TP 32.18 

 
Figure 4.21: At the colorimeter determined ∆∆Eab values for washing tests with 

mixture AO7/2-MTHF with varying soil composition. 14.40 wt% AO7; 
17.6 wt% 2-MTHF. 

With increasing TP content in soil the ∆∆Eab values increases, except of the 

samples with soil composition TO/TP = 2:3, 1:2 and 1:3. The results are 

comparable to the results gained for washing with solution of 10 wt% 

Lutensol AO7. 
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Detergent 4 

Detergent 4 is a continuous microemulsion, containing 14.4 wt% Lutensol AO7 and 

0.6 wt% 2-MTHF. Accordingly, the ratio AO7/2-MTHF is 0.96. It is plotted as � in 

ternary phase diagram of mixture 2-MTHF/AO7/water at 298.15 K (Fig. 4.18). In 

contrast to the other tested detergents the viscosity is significantly higher. The 

results for washing tests with cotton fibres soiled with triglycerides with varying 

TO/TP content are given in table 4.24 and figure 4.22. 

Table 4.24: At the colorimeter determined ∆∆Eab values for washing tests with 
mixtures AO7/2-MTHF with varying soil composition. 14.40 wt% AO7; 
0.06 wt% 2-MTHF. 

soil ∆∆Eab 

TO 8.82 

TO/TP = 3:1 12.05 

TO/TP = 2:1 17.27 

TO/TP = 3:2 24.04 

TO/TP = 1:1 18.60 

TO/TP = 2:3 26.93 

TO/TP = 1:2 19.97 

TO/TP = 1:3 27.13 

TP 28.83 

 
Figure 4.22: At the colorimeter determined ∆∆Eab values for washing tests with 

mixture AO7/2-MTHF with varying soil composition. 14.40 wt% AO7; 
0.06 wt% 2-MTHF. 

With increasing TP content in triglyceride soil, the ∆∆Eab values increase. 

Significantly higher values and, accordingly, better washing results are obtained for 

soil composition TO/TP = 2:3 and 3:2. Despite the same surfactant concentration 



4. Results and Discussion 
____________________________________________________________________ 

101 

like in detergent 3 the washing results are slightly inferior. This might result from 

either the higher viscosity or the different structuring in microemulsion. 

Detergent: Spee 

Spee AktivGel is a commercial liquid detergent supplied by Henkel. It is developed 

for white and bright laundry and the use at 20 to 95°C. It is applicable in hand 

washing as well as in the washing machine. These washing tests were performed in 

order to get an idea of common ∆∆Eab values in detergency. The tests were 

conducted with cotton fibres soiled with varying TO/TP mixtures and for varying 

washing agent concentrations. Spee was used undiluted, in a dilution with about 1-

5 wt% overall surfactant content and in typically hand washing concentration. 

According to manufacturer`s data the detergent contains <5 wt% nonionic 

surfactants and 5-15 wt% anionic surfactants. For hand washing, Henkel 

recommended a dilution of 40 ml Spee in 10 l water. That leads to an overall 

surfactant concentration of about 0.02-0.1 wt%. The viscosity of the solutions was 

determined as 142 mPas for undiluted Spee, 1.2 mPas for 1-5 wt% surfactant 

content and 1.5 mPas for hand washing dilution. The results are given in table 4.25 

and figure 4.23. 

Table 4.25: At the colorimeter determined ∆∆Eab values for washing tests with varying 
dilutions of Spee with cotton fibers soiled with varying TO/TP 
compositions. 

 
undiluted 

1-5 wt% 
surfactant 

hand washing 
dilution 

soil ∆∆Eab ∆∆Eab ∆∆Eab 

TO 3.52 5.29 2.96 

TO/TP = 3:1 10.44 10.15 2.72 

TO/TP = 2:1 14.41 13.42 5.13 

TO/TP = 3:2 21.13 24.56 6.05 

TO/TP = 1:1 17.48 7.93 2.79 

TO/TP = 2:3 23.86 12.89 -0.19 

TO/TP = 1:2 22.56 17.01 4.78 

TO/TP = 1:3 23.81 15.26 5.05 

TP 30.97 15.85 6.84 
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Figure 4.23: At the colorimeter determined ∆∆Eab values for washing tests with 

varying dilutions of Spee and soil composition. �: undiluted Spee; �: 
dilution with 1-5 wt% overall surfactant concentration; �: hand washing 
dilution 

The lowest washing efficiency is determined for hand washing dilution. Except of 

the kink at TO/TP = 1:1 and 2:3 the ∆∆Eab values increase with increasing TP 

content in soil for this Spee dilution. However, the washing result for cotton fibres 

soiled with pure TP is lower than for washing with pure water. 

The results for undiluted Spee and dilution with 1-5 wt% overall surfactant content 

are comparable for cotton fibres soiled with triglyceride mixtures with mainly TO. 

For contaminations with more TP than TO the undiluted Spee gives the best 

results. Following the trend the washing efficiency increases with increasing 

tripalmitin fraction in soil. For these detergents also a kink in ∆∆Eab values at 

TO/TP = 1:1 was observed. But for washing cotton fibers, soiled with pure TP both 

give better results than for washing with pure water. Furthermore, the washing 

efficiency is comparable to a 1 wt% solution Lutensol AO7. 

 

4.3.2.2.2 Washing at 40 °C without thickeners 

Increasing the washing temperature results in an increased fraction of liquid soil 

and accelerates the dynamics in solution. The increase from 25 °C to 40 °C has a 

negligible influence on polarity and viscosity of washing liquor. 

Detergent: Water 

For washing with pure water at 40 °C the soil release is, like for washing at 25 °C, 

for mixtures TO/TP and pure TO insignificant (Tab. 4.26; Fig. 4.24). The result for 

pure TP contamination is decreased. The increased fraction of liquid triglyceride 

handicaps the mechanical release. 
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Table 4.26: At the colorimeter determined ∆∆Eab values for washing tests with water at 
varying temperatures with cotton fibers soiled with varying TO/TP 
compositions. 

 40 °C 25 °C 

soil ∆∆Eab ∆∆Eab 

TO 1.33 -1.31 

TO/TP = 3:1 1.79 0.52 

TO/TP = 2:1 -0.54 0.05 

TO/TP = 3:2 -0.69 0.16 

TO/TP = 1:1 -2.98 -2.74 

TO/TP = 2:3 1.27 2.56 

TO/TP = 1:2 2.79 0.48 

TO/TP = 1:3 0.16 0.99 

TP 7.10 13.51 

 
Figure 4.24: At the colorimeter determined ∆∆Eab values for washing tests with water 

at varying temperatures and soil composition. �: washing at 40 C; �: 
washing at 25 °C. 

 

Detergent: Lutensol AO7 

For washing with 1 wt% Lutensol AO7 at 40 °C instead of 25 °C the soil release is 

decreased, except of the soil composition TO/TP = 3:1 (Tab. 4.27 and Fig. 4.25). 

However, the impact is not the same pronounced for all compositions. These results 

are in agreement with the previous observation that with a decreased fraction of 

crystalline triglyceride the soil release decreases. 
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Table 4.27: At the colorimeter determined ∆∆Eab values for washing tests with water at 
varying temperatures with cotton fibers soiled with varying TO/TP 
compositions. 

 40 °C 25 °C 

soil ∆∆Eab ∆∆Eab 

TO 7.17 12.80 

TO/TP = 3:1 17.67 14.97 

TO/TP = 2:1 16.55 16.93 

TO/TP = 3:2 9.22 23.47 

TO/TP = 1:1 16.60 18.82 

TO/TP = 2:3 19.50 20.24 

TO/TP = 1:2 14.50 18.84 

TO/TP = 1:3 16.20 28.43 

TP 27.61 31.78 

 
Figure 4.25: At the colorimeter determined ∆∆Eab values for washing tests with water 

at varying temperatures and soil composition. �: washing at 40 C; �: 
washing at 25 °C 

 

4.3.2.2.3 Washing at 10 °C without thickeners 

Decreasing the washing temperature might result in an increased fraction of solid 

soil and slow down the dynamics in solution. The decrease from 25 °C to 10 °C has 

a negligible influence on polarity and viscosity of the investigated washing liquors. 

Detergent Water 

For washing with pure water at 10 °C the soil release is, like for washing at 25 °C, 

for mixtures TO/TP and pure TO insignificant (Tab. 4.28; Fig. 4.26). The result for 
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pure TP contamination is considerably decreased. Reducing the washing 

temperature does not result in increased crystallinity of soil and enhanced 

mechanically soil release. 

Table 4.28: At the colorimeter determined ∆∆Eab values for washing tests with water at 
varying temperatures with cotton fibers soiled with varying TO/TP 
compositions. 

 10 °C 25 °C 

soil ∆∆Eab ∆∆Eab 

TO 0.61 -1.31 

TO/TP = 3:1 -1.19 0.52 

TO/TP = 2:1 -0.02 0.05 

TO/TP = 3:2 0.63 0.16 

TO/TP = 1:1 -1.01 -2.74 

TO/TP = 2:3 -0.66 2.56 

TO/TP = 1:2 1.58 0.48 

TO/TP = 1:3 1.55 0.99 

TP 3.93 13.51 

 
Figure 4.26: At the colorimeter determined ∆∆Eab values for washing tests with water 

at varying temperatures and soil composition. �: washing at 10 C; �: 
washing at 25 °C. 

 

Detergent: Lutensol AO7 

For washing with 1 wt% Lutensol AO7 at 10 °C instead of 25 °C the soil release is 

decreased, independently of soil compositions (Tab. 4.29 and Fig. 4.27). However, 

the impact is not the same pronounced for all compositions. These results are in 
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agreement with the previous observation that with decreased fraction of crystalline 

triglyceride the soil release decreases. 

Table 4.29: At the colorimeter determined ∆∆Eab values for washing tests with water at 
varying temperatures with cotton fibers soiled with varying TO/TP 
compositions. 

 10 °C 25 °C 

soil ∆∆Eab ∆∆Eab 

TO 5.15 12.80 

TO/TP = 3:1 9.43 14.97 

TO/TP = 2:1 14.23 16.93 

TO/TP = 3:2 12.55 23.47 

TO/TP = 1:1 8.30 18.82 

TO/TP = 2:3 14.39 20.24 

TO/TP = 1:2 12.42 18.84 

TO/TP = 1:3 12.33 28.43 

TP 19.83 31.78 

 
Figure 4.27: At the colorimeter determined ∆∆Eab values for washing tests with water 

at varying temperatures and soil composition. �: washing at 10 C; �: 
washing at 25 °C. 

 

4.3.2.2.4 Washing at room temperature with thickeners 

In order to determine the influence of viscosity on the washing efficiency of 

detergents, a 1 wt% solution of Lutensol AO7 was thickened and the washing 

results were compared with the results gained for not thickened solution. 
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Therefore, various thickeners were tested in order to find one which does not 

interact with the surfactant. Our criterion for a suitable thickener was the 

formation of a clear solution after the addition to a 1 wt% solution of Lutensol AO7. 

The thickener of choice was culminal MHPC 500PF, a nonionic celluslose ether. For 

the addition of 2.4 wt% thickener the viscosity of the washing liquor increased from 

1.39 mPas to 170 mPas. 

Table 4.30: At the colorimeter determined ∆∆Eab values for washing tests with 1 wt% 
solution of Lutensol AO7 with and without thickener culminal and not at 
room temperature with cotton fibers soiled with varying TO/TP 
compositions. 

 with thickener without thickener 

soil ∆∆Eab ∆∆Eab 

TO 2.78 12.80 

TO/TP = 3:1 2.80 14.97 

TO/TP = 2:1 3.05 16.93 

TO/TP = 3:2 4.08 23.47 

TO/TP = 1:1 5.27 18.82 

TO/TP = 2:3 5.10 20.24 

TO/TP = 1:2 5.40 18.84 

TO/TP = 1:3 12.97 28.43 

TP 17.28 31.78 

 
Figure 4.28: At the colorimeter determined ∆∆Eab values for washing tests with water 

at varying temperatures and soil composition. �: washing at 10 C; �: 
washing at 25 °C. 
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With an increased viscosity of the washing liquor, the soil release decreases 

(Tab. 4.30 and Fig. 4.28). The higher the fraction of oily soil in contamination the 

stronger is the reduction of washing efficiency. The higher viscosity decelerates the 

diffusion of solvent and the dissolution of liquid components, accordingly. 

Therefore, the magnitude of tripalmitin release is slightly better than for washing 

with pure water, a washing agent in which the diffusion of washing active agents 

also does not contribute to washing efficiency. 

 

4.3.3 Conclusion 

From the results of washing tests performed with cotton fibres soiled with mixtures 

of varying composition TO/TP it can be concluded that triglyceride solubilisation as 

well as mechanical impact are important for a good washing result. 

Testing pure water at room temperature as well as at 40 °C and 10 °C has given 

that the lack of surfactant and, accordingly, of triglyceride solubilisation makes it 

impossible to release soil mixtures containing liquid components acting as a glue. 

However, pure TP can be released partially due to the mechanical impact during 

laundry but less than for washing with washing liquors containing a surfactant. 

Changing the temperature has an influence on the state of matter of TP, 

accordingly the soil release is decreased for higher washing temperatures and 

increased for decreased temperatures. 

Washing with a solution of 1 wt% Lutensol AO7 at varying temperatures give the 

same observations. With increasing temperature the fraction of liquid triglyceride is 

increased and the soil release decreased. As can be seen for all further washing 

tests, the higher the fraction of crystalline triglyceride the higher the washing 

efficiency in washing test of cotton fibres. 

Lutensol AO7 gives the best washing results. The addition of any additives like 

surfactant, cosurfactant, emulsifier and oil declines the results. They interact with 

Lutensol AO7, hindering the interaction between surfactant and soil. Therefore, less 

triolein is dissolved and less tripalmitin can get broken up mechanically. 

The comparison of washing results of 1 wt% Lutensol AO7 solution with continuous 

and bicontinuous microemulsions gives higher washing efficiency for pure 

surfactant solution. Furthermore, it was found that bicontinuous microemulsion 

delivers better results than continuous one. However, the viscosity of continuous 
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microemulsion is distinctively higher than of bicontinuous one. Accordingly, the 

influence of viscosity on soil release was determined by thickening a 1 wt% solution 

of Lutensol AO7. It was found that with increasing viscosity the washing efficiency 

decreases. Therefore, the less soil release with continuous microemulsion might 

result from the higher viscosity and decelerated diffusion and dissolution of oily soil 

component. 

From testing pure water we know for sure that surfactants are important for the 

washing process, therefore, the decrease of the solubility temperature is one 

potential contribution to decrease the washing temperature. A well known 

opportunity to reduce the solubility is the addition of additives like salts and 

osmolytes. Therefore, in the following section the influence of various osmolytes on 

the Krafft temperature of sodium dodecyl sulphate and sodium dodecyl carboxylate 

was investigated. 

As already mentioned in the fundamentals, common laundry detergents consist of 

at least eight components. Accordingly, the investigated detergents within this work 

are far away from formulations which could be used in household laundry. But the 

limitation on only surfactant, cosurfactant and oil enables to determine the 

influence of structuring, temperature and viscosity. 
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4.4 The influence of osmolytes on the Krafft 

temperature 

4.4.1 Introduction 

Due to environmental and economical concerns reduced washing temperatures and 

biocompatible surfactants are desired. However, the washing result should be still 

the same or even better. A precondition for low washing temperatures is a sufficient 

solubility of the used surfactants. However, the oldest and most common 

surfactants, sodium and potassium carboxylates and alkyl sulphates, have Krafft 

temperatures (TKr) above room temperature; accordingly, they are not suitable for 

washing with cold water [92]. The Krafft temperature is the temperature at which 

the solubility of the surfactant is equal to the critical micellar concentration (cmc) 

and increases by orders of magnitude [247]. It is commonly defined as the clearing 

temperature of a 1 wt% ionic surfactant solution, since the cmc is generally far 

below 1 wt% [248]. Generally, the Krafft point is determined by two competitive 

thermodynamic forces. The competing energies are the free energy of the solid 

crystalline state and of the micellar solution. A good packing of surfactant head 

group and counterion increases the crystal stability and accordingly the solubility 

temperature. A low free energy of the micellar solution favours the dissolved state. 

The packing ability of the micelles and the head group/counterion interactions are 

relevant here [92]. With increasing alkyl chain length of alkylcarboxylates the 

surface activity, the washing ability and its solubilising power increases, but also 

the Krafft temperature increases [248-250]. However, it was found that the 

solubility temperature of ionic surfactants is strongly dependent on the head group 

and the counterion [251]. In several studies it was shown that the TKr can be 

reduced by replacing the alkali ion by quaternary ammonium ions [252, 253]. 

Admittedly, most of the quaternary ammonium ions are toxicologically critical due 

to acting as phase transfer catalysts and transporting ions across biological 

membranes [254, 255].  

But also the addition of electrolytes to solutions of alkali surfactants influences the 

solubility and accordingly the Krafft temperature. Ions can be salting-in or salting-

out. A systematic study was performed initially by Franz Hofmeister in 1888 [256]. 

Based on his work, ions are classified according to their charge density which 

influences their water affinity. Small anions with a high charge density have a high 

water affinity - they are called cosmotropic - and are salting-out [97]. Chaotropic 
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ions (low charge density) interact more strongly with chaotropic counterions than 

with cosmotropic ones, according to Collins`concept of matching water affinities, 

whereas cosmotropic ions interact more strongly with cosmotropic ones [117, 183]. 

This fact enables the use of classical laundry surfactants as washing active 

substance at low temperatures by adding additives decreasing the Krafft 

temperature. 

In the context of our study it is important to note that alkylcarboxylates are known 

to be more cosmotropic than alkylsulphates [117]. Consequently more chaotropic 

cations should interact more strongly with alkylsulphates, resulting in an increased 

Krafft temperature. Probably, specific interactions of sodium alkylsulphates and 

alkylcarboxylates with common biological additives will also increase or reduce the 

solubility temperature of these surfactants. In particular, so-called osmolytes, 

which are known to act as protein-stabilizing salting-out agents but without direct 

interaction with proteins are considered [257-262]. A synonym for osmolyte is 

compatible solute. They are small organic molecules which are nonionic at 

physiological pH, but polar and bind a significant number of water molecules. If 

this binding is strong, they should be cosmotropic, otherwise they are chaotropic. 

Even for very high concentrations in cytoplasm they do not influence the cell 

metabolism [263-265]. Natural protein protecting osmolytes can be classified into 

three groups: polyols, amino acids (and derivates thereof) and methylamines [258, 

259]. L-proline is a common amino-acid. L-carnitine, betaine and ectoine can be 

chemically or biologically produced from common amino-acids and L-carnitine, 

betaine and Trimethylamine oxide are osmoprotectants of the methylamine class. 

L-Carnitine andbetaine are a member of both groups, amino acids derivates and 

methylamines. In the following, however, they will be discussed only within the 

methylamine group. Trehalose is a sugar and can be considered as a polyol. It is 

the only none zwitterionic additive for investigated conditions and is typical of non 

halophilic and halotolerant organisms like E.coli. It is synthesized and accumulated 

in the cytoplasm. The other investigated osmolytes are typical for enhanced salt 

tolerant organisms and are either accumulated by de-novo synthesis or by uptake 

from media. The latter one is the energetically preferred way [263-265]. 

It seemed logical to study the effects of common osmoprotectants like L-proline, L-

carnitine, betaine, ectoine and the nonionic trehalose on the solubility temperature 

of micelles, as the later were often proposed as models for proteins in solutions 

(Tab. A3). 

L-lysine was added to this study because this molecule was known to be implicated 

in the biological function of fatty acid transport and binding proteins (Tab. A3). This 
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function supposes then a contact of lysines with the fatty acids but drive also 

certainly to a reduction of the solubility temperature of the more hydrophobic fatty 

acid in the blood. This aspect seemed to be in an interesting opposition of action in 

contrast with the probable mode of action of osmoprotectant molecules, but can be 

also an interesting way to improve washing processes. 

 

Biological relevance of investigated additves 

a) Trehalose 

Sugars are commonly used for food preservation [266]. Globular proteins are 

denatured in the presence of sugar, resulting in an increased melting point and for 

very high sugar concentrations the textural consistency prevents microbial attack 

in food [264]. These phenomena might result from water/sugar interaction. It was 

observed that the sugar concentration, mainly trehalose, increases during 

dehydration and the cells do not degrade and biomolecules maintain their native 

conformation by subsequent rehydration. Some organisms can survive water 

contents below 20 %. Accordingly, trehalose received great attention as potential 

natural preservative [267-269]. 

Within this study it is the only nonionic investigated osmoprotectant. It is a binary, 

non reducing sugar consisting of two α,α`-1,1 glycosidicly linked glucose molecules 

[270, 271]. It is found in mushrooms, drought-adapted organisms, spores, yeasts 

and further more [272, 273]. All these organisms are able to produce trehalose 

under arid conditions. 

b) L-Lysine 

L-Lysine is an essential, basic proteinogenic amino acid. It influences the serotonin 

receptors. Hence it could be shown to be helpful for the therapy of anxiety state 

[274]. Further, it turned out to support cancer therapy [274]. It has a second amino 

group in ε position. The pKa values are: pkCOOH = 2.2, pKα-NH3+ = 8.90 and pKα-NH3+ = 

10.28 [275]. 

c) L-Proline 

Proline is a heterocyclic, zwitterionic not essential proteinogenic amino acid. Proline 

is necessary for the formation of collagen [276]. It serves as a precursor of hydroxyl 

proline which is a module of collagen [276]. The pKa-values are: pKCOOH = 1.99 and 

pKNH3+ = 10.60 [277]. 
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d) Ectoine 

Ectoine is a cyclic imino acid. It is one of the most commonly found osmolytes in 

nature and was first discovered in Ectothiorhodospira halochloris [278-280]. It is 

strongly water binding and commercially used in skin care products and 

sunscreen. It stabilizes the structure of proteins, nucleic acids and biological 

membranes. Hence, it protects the skin from damages by stress factors like UV-

radiation, dryness, heat or cold [281-284]. Accordingly, it is used to stabilize 

proteins and cells during freezing. It also induces a lasting increase of moisture and 

protects the immune system of skin [285-289]. Ectoine possesses the structural 

properties of betaines as well as of proline. It has the same charge and charge 

density as betaines and it has a ring structure of acetylated diamino acids similar 

to proline [290]. It is zwitterionic in aqueous solutions [283, 290, 291]. 

The biosynthetic pathway for ectoine biosynthesis is linked with the biosynthesis of 

L-threonine, L-methionine and L-lysine (Fig. 4.29) [292]. The main limiting factor 

for ectoine biosynthesis is aspartate kinase. 

 
Figure 4.29: Biosynthetic pathway of the compatible solute ectoine (framed 

compounds).1: L-Aspartate-kinase; 2: L-Aspartate-β-semialdehyde 
dehydrogenase; 3: L-2,4-diaminobutyric acid transaminase (ectB), 4: L-

2,4-Diaminobutyric acid N-γ-acetyltransferase (ectA); 5: L-ectoine 
synthase (ectC); 6: L-Aspartate acetyl transferase; 7: N-Acetyl 

aspartokinase; 8: N-Acetyl-aspartate-β-semialdehyde dehydrogenase; 9: 

N-Acetyl-aspartate-β-semialdehyde transaminase. 

 

e) Trimethylamine oxide 

TMAO is a well known natural osmoprotectant, found in fish cells and helps 

preserving an isoosmotic situation within the micelles as compared to the outer salt 

water [293]. The protein stabilizing effect of TMAO was further shown by the fact 

that in presence of TMAO the required urea concentration for protein denaturation 

is increased [294]. 
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f) Betaine 

Betaine is a derivated glycine and an oxidation product of choline [295]. It is a 

quaternary ammonium compound carrying three methyl groups. It is an important 

donor of methyl groups for transmethylation in organisms for example for synthesis 

of creatine, methionine, lecithine and carnitine. Betaine is an amphoteric 

compound and in contrast to zwitterions like amino acids, the contrary charges can 

not be compensated by proton transfer. In combination with folic acid, vitamine B6 

and B12 it is supposed to decrease increased homocystein values in human blood. 

Accordingly, it is protective against arteriosclerosis [295]. 

g) L-Carnitine 

L-Carnitine is one of the most discussed dietary supplements for athletes. It is 

present in every human cell, however the concentration depends, beside further 

factors, strongly on gender, age, dietary and physical stress. It is a kind of vitamin 

and plays an essential role for fat burning and energy production in the human 

body and for further biochemical processes. It was shown that the growth of rats 

with lack of carnitine was retarded. Various studies indicate, carnitine dietary 

supplements increase the activity and accelerate regeneration of athletes. Carnitine 

is also supposed to have a positive influence on the immune system [296]. 

L-Carnitine is known for its catalytic function as carrier of long chain fatty acids 

from the cytosol to the mitochondrial membrane where the β-oxidation takes place 

[297-299]. L-carnitine is a betaine, physiologically synthesized from the essential 

amino acids methionine and lysine (Fig. 4.30) [296, 300]. Precondition for the 

biosynthesis is a sufficient supply of vitamin C, B3, B6, B12, folic acid, iron and the 

essential amino acids. A lack of these reduces the rate of biosynthesis. Also a lack 

of riboflavin lowers the L-carnitine level because it is required for the protein turn-

over. The synthesis takes place in several human organs. The first four steps are 

executed in the skeletal muscles. The first step of the endogen synthesis is the 

methylation of lysine by the methyl groups provided from methionine [301-305]. In 

the next step trimethyllysine is released which is oxidized in several steps to γ-

butyrobetaine by trimethyllysindioxygenase (TMLD), 3-hydroxy-N-trimethyllysin-

aldolase and butyrobetainealdehyde-dehydrogenase [304]. Afterwards γ-

butyrobetaine is hydrolyzed to carnitine by γ-butyrobetainedioxygenase (γ-BBD) 

[302, 306]. 
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Figure 4.30: Schematic biosynthesis of L-carnitine. 
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4.4.2 Results 

4.4.2.1 Small additive concetrations 

Except of lysine, for all additives it is found that at very small additive 

concentrations (< 0.05 mol/L) the reduction of the Krafft temperature is very small 

(Fig. 4.31). The deviation of values for c= 0 mol/L gives the error of the method. It is 

about 3 °C for SDC and about 1.5 °C for SDS. 

 

Figure 4.31: Influence of osmoprotectant concentration of trehalose (�), lysine (�), 
proline (�), TMAO (�), betaine (�), carnitine (�) and ectoine (�) on the 
solubility temperature of a 1 wt% solution of SDC (left diagram) and of a 
1 wt% solution of SDS (right diagram), respectively. 

 

4.4.2.2 High additive concentrations 

4.4.2.2.1 Trehalose 

 
Figure 4.32: Influence of trehalose concentration on the solubility temperature of a 1 

wt% solution of SDC (left diagram) and of a 1 wt% solution of SDS (right 
diagram), respectively. 
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The addition of trehalose significantly increases the Krafft temperature of both 

surfactants (figure 4.32). For SDC the increase is nearly linear with increasing 

trehalose concentration. For concentrations higher than 1.1 mol/L a plateau is 

reached. In the case of SDS the Krafft temperature is nearly constant for 

concentrations below 1.1 mol/L and increases at higher additive concentrations. 

 

4.4.2.2.2 Amino acid and amino acid derivates 

a) Amino acids 

The influence of L-lysine and L-proline on the Krafft temperature of SDS and SDC 

is depioted in figure 4.33. According to the pKa values of L-lysine (pkCOOH = 2.2, 

pKα-NH3+ = 8.90 and pKα-NH3+ = 10.28) the carboxyl group is deprotonated and the ε-

NH3+ group is protonated for both the SDC and the SDS solution. The α-NH3+ group 

is partially protonated in the SDC samples and completely deprotonated in the SDS 

samples. 

According to the pKa values of L-proline (pKCOOH = 1.99 and pKNH3+ = 10.60) the 

carboxylic group is deprotonated and the amino group protonated for both 

surfactant systems at the investigated conditions. 

  
Figure 4.33: Influence of the amino acid concentration of lysine (�) and proline (�) on 

the solubility temperature of a 1 wt% solution of SDC (left diagram) and 
of a 1 wt% solution of SDS (right diagram), respectively. 

For small L-lysine concentrations the Krafft temperature of both surfactants 

decreases (Fig. 4.33). The decrease is more pronounced for the SDC samples than 

for the SDS samples. For concentrations above 0.1 mol/L the solubility 

temperature of SDS increases sharply. The solubility temperature of SDC decreases 

until a salt addition of about 0.5 mol/L. At higher concentrations of additive the 

Krafft temperature also increases. 
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At low proline concentrations the solubility temperature of SDC decreases slightly 

and increases slightly for concentrations above 0.1 mol/L proline. Whereas the 

solubility temperature of SDS decreases continuously with increasing concentration 

of proline. 

b) Cyclic, derivated amino acid 

  

Figure 4.34: Influence of the ectoine concentration on the solubility temperature of a 
1 wt% solution of SDC (left diagram) and of a 1 wt% solution of SDS (right 
diagram), respectively. 

Upon the addition of ectoine the Krafft temperature of both surfactants decreases 

(Fig. 4.34). For SDS the decrease is more pronounced than in the case of SDC. And 

at concentrations higher than 0.6 mol/L the TKr of SDC remains nearly constant. 

c) Methylamines 

The influence of TMAO, L-carnitine and betaine (all of them are methylamines) on 

the Krafft temperature of SDC and SDS is shown in figure 4.35. 

 

 
Figure 4.35: Influence of the methyl amine concentration of TMAO (�), betaine (�) and 

L-carnitine (�) on the solubility temperature of a 1 wt% solution of SDC 
(left diagram) and of a 1 wt% solution of SDS (right diagram), respectively. 

As can be seen from figure 4.35, TMAO only influences the TKr of SDC, whereas it 

does not change the solubility of SDS at all, even at high concentrations of 

osmolytes (Fig. 4.35). The Krafft temperature of SDC decreases at small TMAO 
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concentrations and increases then continuously with increasing osmolyte 

concentration above 0.3 mol/L. 

For betaine at low concentrations the solubility temperature of both surfactants 

decreases (Fig. 4.31). At concentrations above 0.1 mol/L the Krafft temperature of 

SDC increases, whereas the solubility temperature of SDS still decreases (Fig 4.35). 

The decrease of the Krafft temperature of SDS is smaller for betaine than for 

carnitine (Fig. 4.35). For carnitine concentrations below 0.6 mol/L the Krafft 

temperature of SDC decreases, but for higher concentrations it increases 

(Fig. 4.35). The trend of SDC solubility is the same as for betaine but the kink is 

shifted towards higher osmolyte concentration. According to the pKa values of 

betaine (pKa = 1.83) and carnitine (pKa = 3.8) the carboxyl groups of both are 

completely deprotonated at the investigated condition in the SDC as well as in the 

SDS solution [307]. 
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4.4.3 Conclusion 

To describe the influence of osmolytes on the Krafft temperature of surfactants 

various effects have to be taken into account. According to Collins the sulphate 

head group interacts more strongly with chaotropic cations like trimethylamines 

than carboxylate does. Therefore, ionic interactions between surfactant and 

osmoprotectant are only observed for SDS. This ionic interaction results for non 

zwitterionic additives in an increased Krafft temperature of SDS, but for zwitterionic 

osmolytes the aggregate becomes more hydrophilic and the Krafft temperature 

decreases. A further effect is the water binding of osmoprotectants, resulting in 

dehydration of surfactant head group and thus a reduced solubility. Additionally, 

as shown by Marcus et al. osmolytes can have an effect on apparent pKa of SDC 

and therefore on its solubility [308]. 

The addition of osmolytes has an influence on either both, SDS and SDC, or at 

least one surfactant. For osmolyte concentrations lower than 0.05 mol/L the 

influence on the Krafft temperature of SDC and SDS is negligible, except for the 

addition of lysine. By trend, the Krafft temperature is reduced by the addition of 

osmolyte. 

Trehalose is the only investigated additive which is not zwitterionic. Consequently, 

the increase of the Krafft temperatures of SDC and SDS with trehalose addition is 

not the result of ionic interactions. Former studies have shown that trehalose can 

also work as a protein denaturant [183]. The sugar is strongly water binding, thus 

effectively reducing the hydration of surfactant and the ionization of micelle. Due to 

the higher sensitivity of the apparent pKa of SDC towards additives and the lower 

SDC solubility, the increase of Krafft temperature of SDC is more pronounced than 

that of SDS. 

For low lysine concentrations, a decrease of the Krafft temperature of both 

surfactants occurs. However, the Krafft temperature of SDS increases already at a 

lower additive fraction than the one of SDC does. This results from the different 

state of charge of lysine in the surfactant solutions. In the SDC solution the 

carboxyl group of lysine is completely deprotonated, the ε-amine group completely 

protonated and the α-amine group is partially protonated, accordingly it has a 

stronger influence towards the ionization of micelle and on apparent pKa of SDC. In 

the SDS solution the α-amine and the carboxyl group are completely deprotonated 

and the ε-amine group is protonated. The lysine appears less protonated in SDS 
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solutions than in SDC solution and it has nearly no influence on the apparent pKa 

of SDS. Therefore, the solubility in the SDS solution is lower than in the SDC 

solution. At low lysine concentrations the Krafft temperature of both surfactants 

decreases with increasing additive concentration. For SDC it is due to the change of 

apparent pKa, resulting in deprotonation of SDC. For SDS it results only from the 

increased hydrophilic character of formed SDS/lysine aggregate. It is less 

pronounced for SDS in function of concentration (Fig. 4.31). After exceeding a 

certain concentration the surfactants are completely deprotonated and the 

solubility can not be enhanced by the addition of lysine any longer. It can be 

speculated that lysine forms ion pairs with the surfactants resulting in a sort of 

highly water soluble double-dipole structure. 

Proline has only a small influence on the Krafft temperature of SDC. The solubility 

temperature of the surfactant is slightly increased with increasing proline 

concentration. The decrease of soap solubility results from surfactant head group 

dehydration. But due to the weak hydration of proline the influence on the Krafft 

temperature is only small. However, the impact on SDS is more pronounced. 

According to Collins concept of matched water affinities a contact ion pair of 

sulphate head group and proline is formed, resulting in a more hydrophilic 

SDS/proline aggregate with increased solubility. 

Except for pH 4, ectoine is zwitterionic in aqueous solutions [309]. The decrease of 

SDC Krafft temperature results from decreased apparent carboxylate pKa, leading 

to increasing micelle ionization. After exceeding 0.6 mol/L of additive, the Krafft 

temperature does not change, anyhow. There is currently no explanation for this 

behavior. By contrast, the increase of SDS solubility with the addition of ectoine 

might result from the ionic interaction of sulphate and amine groups of ectoine and 

the resulting increased hydrophilic character of the formed aggreagte. 

For low additive concentrations of the three methylamines the solubility 

temperature of SDC decreases. These results are in agreement with the 

observations of Klein et al., who showed that ChCl and trimethylammonium 

chloride, also methylamines, are weakly associated to carboxylate compared as to 

sodium [247, 310]. For higher concentrations the osmolytes may act as co-

surfactants and get incorporated in the interfacial film. Additionally, for high 

additive concentrations the strong ion-water interactions dominate, resulting in 

surfactant head group dehydration and Krafft temperature increase. After 

exceeding 1 mol/L of osmolyte concentration, the influence becomes non specific. 
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The Krafft temperature of SDS does not change for TMAO and decreases for the 

addition of betaine and carnitine. According to Collins, ionic interaction of 

trimethylamine group and sulphate head group occurs, resulting in a decreased 

solubility of surfactant. But due to the zwitterionic character of these three 

additives, the SDS/additive aggregate becomes more hydrophilic, resulting in a 

decreased Krafft temperature. For TMAO the negatively charged group is very close 

to the cationic group, resulting in only a weak dipole. As a result, its interaction 

with the head group is only weak and the solubility of SDS is not influenced by the 

addition of TMAO. 

For L-carnitine the decrease of the Krafft temperature is more pronounced than for 

betaine. Due to that larger distance between cationic and anionic groups in L-

carnitine, the intramolecular dipole moment of L-carnitine is stronger than that of 

betaine. Therefore, the aggregate appears more hydrophilic and the solubility 

increases more strongly. This new concept of salting in with zwitterionic 

compounds should be investigated in more details. 

To sum up, the results show that the reduction of the Krafft temperatures of 

surfactants is linked to the nature of the additive and the surfactant. Zwitterionic 

additives such as lysine can significantly reduce the Krafft temperature of 

surfactants provided that: 

a) the positive and negative charges of the zwitterions are sufficiently 

separated and  

b) that there is a significant ion binding between one charge of the zwitterion 

and the opposite charge of the surfactant 

The (although less pronounced) Krafft temperature lowering of SDS with L-carnitine 

further supports this hypothesis. 

Obviously, the influence of the additives on the Krafft temperatures of the 

surfactants is the consequence of a subtle balance between various interactions. 

Among those are electrostatic and sterical interactions between head groups and 

ions, where ion and head group polarisabilities are important [311, 312]. Further, 

the change of head group hydration in the presence of additives plays also an 

important role, as well as pH. These results are a first and preliminary contribution 

to the study of surfactant-additive interactions beyond salts and co-surfactants. 

Despite of its preliminary character, they show that some natural additives, 

commonly used in formulation or other contexts, can indeed significantly lower the 
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Krafft points of important classes of surfactants. This finding is a first step towards 

washing with efficient longer-chain surfactants at low temperature. 
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4.5 NMR studies 

4.5.1 Introduction 

Still today many papers start with the statement that specific ion effects and 

especially the Hofmeister series are not yet understood. However, such a global 

conclusion is no longer valid. Significant progress has been made over the last 

twenty years. We quote only a few of the new insights: 

• Collin`s concept of matching water affinities contributed much to a 

qualitative description of specific ion-ion and ion-head group interactions 

[119, 179]. Even rough predictions of ion behaviour in complex systems are 

possible. 

• Since the landmark work by Jungwirth and Tobias it is clear that ions can 

adsorb into the first layer near the air-water interface, whereas the overall 

profile of the ion concentration shows depletion, in agreement with the 

Gibbs adsorption isotherm [311]. 

• In a recent work it was shown why different Hofmeister series may exist and 

why they can be partially or fully reversed, depending on the adjacent 

interface [313]. 

It seems to be clear now that the specific behaviour of an ion strongly depends 

on the ion’s environment and especially on the counterions. This is not a 

trivial statement, since it explains why engineers have difficulties to define 

single ion parameters. 

Having now a basic understanding of specific ion effects and the related subtle 

balance between different interaction forces, it is tempting to go deeper and 

deeper into the details of such subtleties. But the danger is that we get lost in 

these details and that it is more and more difficult to infer generalisable trends. 

It is evident that spherical (e.g. chloride), linear (thiocyanate) and flat (nitrate) 

ions must behave differently at very short distances and that the structure of 

their hydration shells must be different, despite the same charge they bear. 

This is as true for ions as it is true for any other chemical species. Therefore, 

there is nothing to generalise when questions are asked that involve these 

details. As a consequence, related studies are only of limited value, because 

the results cannot be easily extended to other systems and situations. 

Our conclusion is that it is important to answer the following two questions: 

(1) How specific are ion specificities? In which cases are predictions possible 

from general rules, in which cases does the ion behave so individually that 
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nothing can be predicted? Then only a particular experiment or simulation 

can help. We can formulate the problems in other terms: how close 

energetically are the states of different ions in similar systems? If they are 

very close, it is difficult or impossible to predict e.g. if there is a reversal of 

the ions in the Hofmeister series for that particular case or not. 

(2) When do specific ion effects appear? From numerous studies it is well-

known that at very low concentrations ion interactions are dominated by 

electrostatic interactions and the Debye-Hückel theory is the appropriate 

description. No or minor specific ion effects are visible. At very high 

concentrations electrostatic interactions (now screened and therefore “only” 

short ranged) also dominate. For example even chaotropic ions begin salting 

out at sufficiently high concentrations. It is the intermediate concentration 

range, in which specific ion effects appear and this is also the concentration 

range of biological relevance. 

Whereas this fact is well-known for the concentration range of the ions, it is 

much less investigated for the concentration range of the charged 

counterparts. For example, it would be interesting to study the relevance of 

specific ion effects close to charged membranes or layers as a function of 

their charge density-with possible impact on the understanding of biological 

systems. 

In the following sections we tried to contribute to answer the first question. It is 

commonly accepted that according to Collins’ ideas more cosmotropic ions 

interact more strongly with more cosmotropic (oppositely charged) head groups 

and more chaotropic ions with more chaotropic head groups. For example 

lithium ions should have a stronger propensity to the head groups of 

alkylcarboxylate (cosmotropic) than sodium, and the contrary can be expected 

for alkylsulphate (a chaotropic head group) [179]. And rubidium ions should 

have a higher affinity to the head group of alkylcarboxylate than caesium ions 

[183]. The question is if the differences are comparably strong or if in one case 

the specificity is more pronounced than in the other case. A problem in the 

experimental determination of ion binding is to identify a well defined system 

where the measured parameters are directly related to ion binding, without 

other changes to the system. 

To answer this question we performed NMR experiments in which we determined 

the quadrupole splitting of sodium (∆Na), lithium (∆Li), caesium (∆Cs) and 

rubidium (∆Rb) in lamellar liquid crystals. Amphiphile lamellar (Lα) phases 

consist of alternating surfactant and water layers (Fig 4.36). 
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The surfactant can be ionic, zwitterionic or nonionic, while the water layers can 

vary in thickness from ca. 1-2 nm up to >10 nm. Within the surfactant layers it 

is easy to mix different amphiphiles such as ionic surfactants and uncharged 

cosurfactants. Thus it is possible to vary both, the charge density of the 

amphiphile layers and the distance between opposing charged layers. 

NMR spectroscopy is a possible method to monitor the behaviour of ions in 

liquid crystalline phases. In anisotropic media (such as a lamellar phase) the 

spectrum of ions like Na+, Li+, Cs+ and Rb+ (and many more) which possess a 

nuclear quadrupole moment is split into a number of peaks rather than the 

single peak observed in isotropic solutions. In the simplest case, for ‘‘well 

behaved’’ systems, the magnitude of the separation between the peaks (the 

quadrupole splitting, ∆) is proportional to the fraction of ions in contact with 

the head groups [209, 213]. Thus by measuring ∆ it is possible to monitor how 

this fraction changes with composition, for example when competitive binding 

occurs (e.g. the displacement of sodium ions by lithium ions at an anionic 

surface). Both sodium and lithium ions possess a quadrupole moment, hence 

give multiple lines in the NMR spectra of anisotropic phases. Thus by selecting 

an appropriate lamellar phase system it should be possible to quantify the 

displacement of sodium ions by lithium ions from the changes in the ∆ values of 

both. The objective of this initial study is to establish if a suitable system can be 

identified, where the changes in ∆ reflect changes in ion-binding. If such a 

system can be found, then it should be possible to extend the studies to a very 

wide range of ions. 

 
Figure 4.36: A schematic picture of a lamellar phase. 
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4.5.1.1 Lamellar phase-structure, charge density 

The lamellar phase has a regular structure of repeating surfactant and 

aqueous layers, with the surfactant being organized in bilayers. Except for the 

restrictions on molecular configurations imposed by the layer structure, the 

system has liquid-like disorder. The repeat dimension of the structure can be 

measured by X-ray diffraction, hence the dimensions of the two layers can be 

calculated, provided that their densities are known [314]. In addition, the area 

per amphiphile can be calculated. Thus the charge density on the surface can 

be calculated precisely. Whilst we have not carried out X-ray measurements on 

the systems studied here, there is a substantial body of data available on 

similar systems [315-318]. These show that the area per amphiphile (a) for 

both sodium and potassium soaps in mixtures with decanol is of order 25–

30 Å2, and changes but little with water content. We were unable to find 

similar data for alkyl sulphates with octanol or decanol. The phase behaviours 

of alkylsulphates and carboxylates in water alone are known to be very similar 

as they are in the presence of cosurfactants [213, 315, 316]. Thus we take the 

area per amphiphile for the sulphate system to be similar to that of the 

carboxylate—probably slightly larger by 3–5 Å2 [317]. We have studied two 

different ratios of surfactant/cosurfactant, these being 1 : 1 for the dodecyl 

sulphate/octanol system and 1 : 3 for the dodecyl carboxylate/octanol system. 

The lower charge density in the latter system was necessitated by the 

insolubility of the carboxylates. Taking the upper value of a = 30 Å2 gives an 

area per charge of 60 Å2 for the sulphate system, while for the carboxylate 

system we take the lower values of a = 27 Å2 (area per charge = 108 Å2). 

The ionic strength of the samples is very high and an estimate is given in table 

4.31 and 4.32 for the carboxylate systems. Only the cations have been 

considered, whereas the carboxylate head group was ignored, hence the 

concentration of the ions in the water was halved. Since about 80% of the 

cations are bound to the head groups the effective ionic strength of the 

aqueous region is only about 20% of the calculated values. Similar, but 

somewhat higher values are estimated for the sulphate samples. 
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Table 4.31: Ionic strength of the sodium and lithium carboxylate samples for all 
compositions and all concentrations. 

 
Ionic strength of Na 

(mol L
-1

) 

Ionic strength of Li  

(mol L
-1

) 

Total ionic strength 

(mol L
-1

) 

n(SDC):n(LiDC) 
25 

wt% 

35 

wt% 

45 

wt% 

55 

wt% 

25 

wt% 

35 

wt% 

45 

wt% 

55 

wt% 

25 

wt% 

35 

wt% 

45 

wt% 

55 

wt% 

0:1     0.23 0.33 0.22 0.55 0.23 0.33 0.43 0.54 

1:4 0.05 0.05 0.09 0.11 0.19 0.27 0.35 0.42 0.24 0.33 0.43 0.52 

2:3 0.09 0.13 0.17 0.22 0.14 0.19 0.26 0.34 0.23 0.33 0.44 0.55 

1:1 0.12 0.17 0.22 0.27 0.11 0.17 0.22 0.27 0.23 0.33 0.44 0.54 

3:2 0.14 0.20 0.26 0.32 0.09 0.13 0.18 0.21 0.24 0.33 0.44 0.54 

4:1 0.19 0.27 0.35 0.43 0.05 0.07 0.09 0.11 0.24 0.33 0.43 0.54 

1:0 0.23 0.33 0.43 0.54     0.23 0.33 0.43 0.55 

 

Table 4.32: Ionic strength of the caesium and rubidium carboxylate samples for all 
compositions and all concentrations. 

 
Ionic strength of Cs 

(mol L
-1

) 

Ionic strength of Rb 

(mol L
-1

) 

Total ionic strength 

(mol L
-1

) 

n(CsDC):n(RbDC) 
45 

wt% 

55 

wt% 

65 

wt% 

75 

wt% 

85 

wt% 

45 

wt% 

55 

wt% 

65 

wt% 

75 

wt% 

85 

wt% 

45 

wt% 

55 

wt% 

65 

wt% 

75 

wt% 

85 

wt% 

0:1      0.37 0.48 0.60 0.74 0.91 0.37 0.48 0.60 0.74 0.91 

1:4 0.07 0.09 0.12 0.15 0.18 0.29 0.38 0.47 0.58 0.71 0.36 0.47 0.59 0.73 0.89 

2:3 0.14 0.19 0.23 0.29 0.35 0.22 0.28 0.35 0.43 0.52 0.36 0.46 0.58 0.72 0.88 

1:1 0.18 0.23 0.29 0.36 0.43 0.18 0.23 0.29 0.36 0.43 0.36 0.46 0.58 0.72 0.87 

3:2 0.21 0.28 0.34 0.42 0.51 0.14 0.18 0.23 0.28 0.34 0.35 0.46 0.58 0.71 0.85 

4:1 0.28 0.36 0.45 0.56 0.66 0.07 0.09 0.11 0.14 0.17 0.35 0.45 0.56 0.70 0.83 

1:0 0.34 0.44 0.56 0.68 0.80      0.34 0.44 0.56 0.68 0.80 

 

  



4. Results and Discussion 
____________________________________________________________________ 

129 

4.5.2 Results 

4.5.2.1 Investigation of 23Na and 7Li nuclei 

It is well known that lamellar phases are formed from mixtures of ionic surfac-

tants with a long chain cosurfactant such as an alcohol [315, 316]. We have 

selected two ionic surfactants for study, dodecyl sulphate and dodecyl 

carboxylate, with sodium and lithium as counterions and octanol as the 

cosurfactant. These surfactants are thought to have very different specifities 

for Li or Na [179]. And lithium and sodium were selected due to their high 

sensitivity which makes them easy to measure with conventional multi-

frequency high-resolution spectrometers. Additionaly, they are reported to 

have different specific binding capabilities with different anions. Octanol is 

employed as a cosurfactant because it is necessary for the formation of 

lamellar phase. Our first step was to determine composition regions where a 

lamellar phases occur in dodecyl sulphate/octanol and dodecyl 

carboxylate/octanol mixtures for a reasonable range of water 

concentrations (45–75%). Then the 23Na and 7Li ∆ values were measured as a 

function of water concentration at a fixed ratio of octanol/surfactant. Finally 

we selected several fixed values of the water concentration and measured the 

23Na and 7Li ∆ values as a function of the Na/Li ratio to investigate the binding 

competition. 

Phase structure and NMR spectra 

All of the samples examined appeared as single lamellar phases by polarising 

microscopy. However, there were problems with some compositions. Samples 

with 15% SDC/LiDC/octanol gave broad 7Li NMR spectra without clear 

quadrupole splitting. This is discussed further below. For 65 and 75 wt% 

SDC/LiDC/octanol samples the spectra indicated that the samples were 

incompletely mixed. This is the composition region where solubility is most 

limited, and the samples were not examined further because of time 

constraints. In the 23Na- and 7Li-NMR spectra of the sulphate samples at 300 K 

and of the carboxylate samples at 300 K and 310 K a single quadrupole splitting 

was visible, except for the sample with 25 wt% with a composition of 

SDC : LiDC = 1 : 4, which shows no sodium splitting at 300 K. 

In the figure. 4.37a and 4.37b typical 23Na and7Li spectra of the carboxylate 

system can be seen. In the figure 4.38a and 4.38b typical 23Na and7Li spectra 
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of the sulphate system are shown. (Note that the broad signal underlying the 

Na spectra arises from sodium in the glass NMR tubes.) All of these are typical 

powder patterns with a single quadrupole splitting. 

The quadrupole splitting (∆) is equal to one half the distance between the 

signals 1 and 1` and one quarter the distance between 2 and 2`. These distinct 

features can be seen for nearly all mixtures. In the sulphate as well as in the 

carboxylate systems the 23Na splitting is much larger than the 7Li splitting, the 

values of both being in good agreement with those in the literature [210, 319, 

320]. In all of the spectra having well-defined powder patterns there is an 

asymmetry in their appearance (clearly visible in figure 4.38b). The outer 

features (2,2`) are off-set compared to the inner peaks (1,1`). In addition, the 

central peak is asymmetric in shape. The cause is the well-known chemical 

shift anisotropy (∆σ) that occurs for liquid crystals [321]. This effect is very 

small, only ca. 100 Hz, but because the 7Li splitting is small it is easily 

observed. We are currently examining the dependence of ∆σ for both the 23Na 

and 7Li spectra. It appears that ∆σ varies with the bulk compositions of the 

samples, rather than giving information on the molecular behaviour. 

 
Figure 4.37: (a) 23Na-NMR spectrum of a 35 wt% sample with a composition of 

SDC/LiDC = 2/3 at 300 K. The relative intensity of the signals is plotted 
against the frequency in [Hz]. (b) 7li-NMR spectrum of a 35 wt% sample 
with a composition of SDC/LiDC = 2/3 at 300 K. The relative intensity 
of the signals is plotted against the frequency [Hz]. 

 
Figure 4.38: (a) 23Na-NMR spectrum of a 65 wt% sample with a composition of 

SDS/LiDS = 2/3 at 300 K. The relative intensity of the signals is plotted 
against the frequency in [Hz]. (b) 7li-NMR spectrum of a 35 wt% sample 
with a composition of SDS/LiDS = 2/3 at 300 K. The relative intensity 
of the signals is plotted against the frequency [Hz]. 
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Influence of surfactant concentration on the quadrupole splitting

In figure 4.39 the

concentration are shown for the single ion systems. The lithium splittings are 

roughly constant for the carboxylate samples, as expected. However, the 

sodium splitting decreases 

sulphate samples, up to 65% after

sulphate samples the lithium splitting also decreases with increasing 

concentration up to 65%. It seems highly unlikely that the ion binding would 

decrease with increasing surfactant conc

we attribute this decrease to the existence of two distinct locations for the 

bound ions, one on the surface of the head groups (positive 

the second, in between the head groups (negative

are average values since both sites will include ions having a distribution of 

positions. The increase in 

simply represents the movement of ions from site bb to site bs because head 

groups move closer together.

Figure 4.39: Sodium splitting with increasing concentration of surfactant and 
octanol (left) and lithi
surfactant and octanol (right). 
310 K, 
310 K, 

 

Ion specificity of carboxylate

The ∆ values of 23Na and

in figure 4.40 show

the fraction of ions in site bb is small. However, the sodium 

with increasing amount of sodium, while the lithium 

increasing amount of lithium. Moreover, 

is the same for both, but of opposite sign. That is strong evidence that the 
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Influence of surfactant concentration on the quadrupole splitting

the sodium and the lithium ∆ values with increasing 

concentration are shown for the single ion systems. The lithium splittings are 

roughly constant for the carboxylate samples, as expected. However, the 

sodium splitting decreases with concentration in both the carboxylate and the 

lphate samples, up to 65% after which it increases. Moreover, in the 

sulphate samples the lithium splitting also decreases with increasing 

concentration up to 65%. It seems highly unlikely that the ion binding would 

decrease with increasing surfactant concentration. Hence, as described above, 

we attribute this decrease to the existence of two distinct locations for the 

bound ions, one on the surface of the head groups (positive 

the second, in between the head groups (negative ∆ values, ∆bb

are average values since both sites will include ions having a distribution of 

positions. The increase in ∆ values for the highest sulphate concentration 

represents the movement of ions from site bb to site bs because head 

groups move closer together. 

Sodium splitting with increasing concentration of surfactant and 
octanol (left) and lithium splitting with increasing concentration of 
surfactant and octanol (right). � pure SDC at 300 K, 
310 K, � pure SDS at 300 K, � pure LiDC at 300 K,
310 K, � pure LiDS at 300 K. 

Ion specificity of carboxylate 

Na and7Li for a mixture of 25 wt% SDC/LiDC/octanol in D

show only a marginal increase at the higher temperature. Thus 

ions in site bb is small. However, the sodium 

with increasing amount of sodium, while the lithium ∆ values decrease with an 

increasing amount of lithium. Moreover, the relative magnitude of the changes 

is the same for both, but of opposite sign. That is strong evidence that the 
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Influence of surfactant concentration on the quadrupole splitting 

values with increasing 

concentration are shown for the single ion systems. The lithium splittings are 

roughly constant for the carboxylate samples, as expected. However, the 

with concentration in both the carboxylate and the 

which it increases. Moreover, in the 

sulphate samples the lithium splitting also decreases with increasing 

concentration up to 65%. It seems highly unlikely that the ion binding would 

entration. Hence, as described above, 

we attribute this decrease to the existence of two distinct locations for the 

bound ions, one on the surface of the head groups (positive ∆ values, ∆bs ) and 

bb). Of course, these 

are average values since both sites will include ions having a distribution of 

values for the highest sulphate concentration 

represents the movement of ions from site bb to site bs because head 

 
Sodium splitting with increasing concentration of surfactant and 

um splitting with increasing concentration of 
pure SDC at 300 K, � pure SDC at 

pure LiDC at 300 K, � pure LiDC at 

Li for a mixture of 25 wt% SDC/LiDC/octanol in D2O 

a marginal increase at the higher temperature. Thus 

ions in site bb is small. However, the sodium ∆ values increase 

values decrease with an 

the relative magnitude of the changes 

is the same for both, but of opposite sign. That is strong evidence that the 
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changes in ∆ values reflect changes in ion binding and that Li binding to 

carboxylate is stronger than Na. The addition of Li ions displaces 

the surface, decreasing the Na 

bound ions occurs at the lowest Li concentration, and this decreases with 

added Li ions because a larger fraction must replace the free Na ions. The data 

suggest that the fraction of bound Li ions is ca. 28% larger for the 0.2 fraction 

Li mixture than for the pure Li system.

Similarly to the 25 wt% sample, at 35 wt% the sodium splittings increase with 

increasing amount of sodium and the lithium splitting decreases

fraction of lithium (Fig. 4.41

of lithium to the carboxylate head group. The fraction of free sodium appears 

to increase by about 31% from pure SDC to 20% SDC, in agreement with the 

increased fraction of bound lithium ions.

Figure 4.40: Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of l
310 K for 25 wt% SDC/L

Figure 4.41: Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium 
310 K for 35 wt% SDC/LiDC/octanol in D

__________________________________________________________________

values reflect changes in ion binding and that Li binding to 

carboxylate is stronger than Na. The addition of Li ions displaces Na ions from 

the surface, decreasing the Na ∆ values. For the Li ions, the largest fraction of 

bound ions occurs at the lowest Li concentration, and this decreases with 

added Li ions because a larger fraction must replace the free Na ions. The data 

that the fraction of bound Li ions is ca. 28% larger for the 0.2 fraction 

Li mixture than for the pure Li system. 

Similarly to the 25 wt% sample, at 35 wt% the sodium splittings increase with 

increasing amount of sodium and the lithium splitting decreases with increasing 

lithium (Fig. 4.41). Hence, these results confirm the stronger binding 

to the carboxylate head group. The fraction of free sodium appears 

to increase by about 31% from pure SDC to 20% SDC, in agreement with the 

bound lithium ions. 

Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (right) at 300 K and 

K for 25 wt% SDC/LiDC/octanol in D2O. � 300 K, � 310 K.

Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (right) at 300 K and 

5 wt% SDC/LiDC/octanol in D2O. � 300 K, � 310 K.
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The quadrupole splittings of the 45 wt% 

trend as in the 25 and 35 wt% samples. The sodium splitting is lower than for 

the 35 wt% samples, while the lithium splitting is still the same. The amount of 

released sodium ions for this concentration is 24%, whereas the fraction of 

bound lithium ions appar

that as the concentration of surfactant increases, the temperature dependence 

of the ∆ values increases, along 

values no longer show a monotonic change. Clearly, as well as the change in 

values due to the displacement of Na by Li we also have a growth in the 

fraction of both ions in the bb site. With three sites and 

are in the fortunate

disproved. Note that irregular behaviour is shown for ca. 

It appears that the Na ions favour the bb site over the Li ions, but that the Li 

ions still bind preferentially.

Figure 4.42: Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium 
310 K for 4

Figure 4.43: Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium 
310 K for 5

This fortunate position continues with the trends of the 

(Fig. 4.43). The sodium splitting is lower than in the more dilute samples and is 
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The quadrupole splittings of the 45 wt% samples (Fig. 4.42

the 25 and 35 wt% samples. The sodium splitting is lower than for 

samples, while the lithium splitting is still the same. The amount of 

ions for this concentration is 24%, whereas the fraction of 

bound lithium ions apparently increases only by about 11%. However, note 

that as the concentration of surfactant increases, the temperature dependence 

values increases, along with a decrease in the overall 

values no longer show a monotonic change. Clearly, as well as the change in 

values due to the displacement of Na by Li we also have a growth in the 

fraction of both ions in the bb site. With three sites and a single parameter we 

are in the fortunate position that almost any interpretation cannot be 

disproved. Note that irregular behaviour is shown for ca. 1 :

It appears that the Na ions favour the bb site over the Li ions, but that the Li 

still bind preferentially. 

Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (right) at 300 K and 

K for 45 wt% SDC/LiDC/octanol in D2O. � 300 K, 

Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (right) at 300 K and 
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Sodium splitting with increasing amount of sodium (left) and lithium 
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300 K, � 310 K. 

This fortunate position continues with the trends of the 55 wt% samples 

The sodium splitting is lower than in the more dilute samples and is 
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nearly the same for all compositions, except the 40% SDC sample at 300 K

The lithium splitting is the same as the more dilute samples. The splitting 

decreases with increasing fraction of lithium in the samples. The increase in 

bound lithium is about 26%.

In summary, all measurements have explicitly shown that lithium binds mo

strongly to the carboxylate head group than sodium. In addition, the Li ions 

favour the bs-site over the bb

Ion specificities of sulphate

For this system the lamellar phase concentration range with a ratio of 

surfactant/octanol of 1 : 1 was 35

In figure. 4.44 the sodium 

with an increasing fraction of sodium and lithium respectively is shown. Both 

splittings remain nearly constant for all compositions. Hence sulphate does 

not show any ion specificity towards sodium or lithium for this composition.

Figure 4.44: Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (ri
samples. 

Similarly, for the 45, 55 and 65 wt% samples 

show only small changes with varying amounts of sodium and lithium. The 

marginal change of the splittings is a hint only of a slight preference of

sulphate head group to sodium. If the three site model is used, the non

monotonic behaviour points to a slight preferential location of Na ions in the 

bb site. Rather than at 1 : 1, the most irregular behaviour occurs at ca. 

Li/Na mixtures. 

For the 75 wt% SDS/LiDS/octanol in 

splitting decreases with increasing amount of sodium except for pure SDS in 

octanol and water. In the 80% sodium sample the fraction of bound sodium in 
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for all compositions, except the 40% SDC sample at 300 K

is the same as the more dilute samples. The splitting 

fraction of lithium in the samples. The increase in 

bound lithium is about 26%. 

In summary, all measurements have explicitly shown that lithium binds mo

strongly to the carboxylate head group than sodium. In addition, the Li ions 

site over the bb-site. 

Ion specificities of sulphate 

For this system the lamellar phase concentration range with a ratio of 

1 was 35–75 wt% SDS/LiDS/octanol in D2O. 

 and the lithium splitting of the 35 wt% samples 

with an increasing fraction of sodium and lithium respectively is shown. Both 

splittings remain nearly constant for all compositions. Hence sulphate does 

not show any ion specificity towards sodium or lithium for this composition.

Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (right) at 300 K for 35 wt% 
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marginal change of the splittings is a hint only of a slight preference of

sulphate head group to sodium. If the three site model is used, the non

monotonic behaviour points to a slight preferential location of Na ions in the 

1, the most irregular behaviour occurs at ca. 

75 wt% SDS/LiDS/octanol in D2O samples (Fig. 4.48) the sodium 

decreases with increasing amount of sodium except for pure SDS in 

octanol and water. In the 80% sodium sample the fraction of bound sodium in 
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decreases with increasing amount of sodium except for pure SDS in 

octanol and water. In the 80% sodium sample the fraction of bound sodium in 
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the bb site is 24% higher than in the 20% 

trend of the lithium splitting is not coincident with the sodium splitting ones.

The ion specificity of the sulphate head group towards sodium and lithium is 

much less pronounced than the ion specificity of the carboxylate hea

Figure 4.45: Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (right) at 300 K for 45 wt% 
samples.

Figure 4.46: Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (right) at 300 K for 55 wt% 
samples.

Figure 4.47: Sodium splitti
splitting with increasing amount of lithium (right) at 300 K for 65 wt% 
samples.
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the bb site is 24% higher than in the 20% sodium sample. Admittedly the 

trend of the lithium splitting is not coincident with the sodium splitting ones.

The ion specificity of the sulphate head group towards sodium and lithium is 

much less pronounced than the ion specificity of the carboxylate hea

Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (right) at 300 K for 45 wt% 
samples. 

Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (right) at 300 K for 55 wt% 
samples. 

Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (right) at 300 K for 65 wt% 
samples. 
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sodium sample. Admittedly the 

trend of the lithium splitting is not coincident with the sodium splitting ones. 

The ion specificity of the sulphate head group towards sodium and lithium is 

much less pronounced than the ion specificity of the carboxylate head group. 

 
Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (right) at 300 K for 45 wt% 

 
Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (right) at 300 K for 55 wt% 
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Figure 4.48: Sodium splitting with increasing amount of sodium (left) 
splitting with increasing amount o
samples. 

 

Discussion 

From the results presented in the last section, several conclusions can be 

drawn. 

The quadrupole splitting clearly reflects differences in the local en

lithium and sodium in liquid crystalline systems 

surfactants and octanol as cosurfactant. The specific ion effects can be 

interpreted as a preferred propensity of lithium towards carboxylate as 

compared to sodium. The specificity is more pronounced at smaller absolute 

surfactant/cosurfactant concentration (35 wt%), whereas the temperature 

effect is more pronounced at higher surfactant/cosurfactant concentration. In 

the case of the corresponding sulphate system it turns 

effects are less pronounced.

For a more detailed interpretation several other factors have to be taken into 

account. The first is the total ionic strength. Depending on the models and

estimations for bound ions, it varies between 0.1 

the concentration range for which specific ion effects can be expected.

The second parameter is the area per charge, which is about 108

carboxylate systems and about 60

surfactant/cosurfactant ratio is 

carboxylate system. It may be that the higher charge density in the case of the 

sulphate system cancels out all ion specificity. Such a consequence of high 

charge density was already observ

also that the behaviour of lithium and sodium in the neighbourhood of 
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Sodium splitting with increasing amount of sodium (left) and lithium 
splitting with increasing amount of lithium (right) at 300 K for 7

From the results presented in the last section, several conclusions can be 

The quadrupole splitting clearly reflects differences in the local environment of 

lithium and sodium in liquid crystalline systems made up with carboxylate 

tants and octanol as cosurfactant. The specific ion effects can be 

interpreted as a preferred propensity of lithium towards carboxylate as 

specificity is more pronounced at smaller absolute 

surfactant/cosurfactant concentration (35 wt%), whereas the temperature 

effect is more pronounced at higher surfactant/cosurfactant concentration. In 

the case of the corresponding sulphate system it turns out that specific ion 

effects are less pronounced. 

For a more detailed interpretation several other factors have to be taken into 

account. The first is the total ionic strength. Depending on the models and

estimations for bound ions, it varies between 0.1 and 0.3 M, which is typically 

the concentration range for which specific ion effects can be expected.

The second parameter is the area per charge, which is about 108 

carboxylate systems and about 60 Å2 for the sulphate systems. Note that the 

cosurfactant ratio is 1 : 1 for the sulphate and 1 : 3 for the 

carboxylate system. It may be that the higher charge density in the case of the 

sulphate system cancels out all ion specificity. Such a consequence of high 

charge density was already observed several times [322, 323]. But it may be 

also that the behaviour of lithium and sodium in the neighbourhood of 
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carboxylate system. It may be that the higher charge density in the case of the 

sulphate system cancels out all ion specificity. Such a consequence of high 

But it may be 

also that the behaviour of lithium and sodium in the neighbourhood of 
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sulphate head groups is not different enough to cause a noticeable difference in 

the quadrupole splittings. Only further experiments can remove this ambiguity. 

The third parameter that has to be taken into account is the available space for 

the ions and for ‘‘bulk’’ water. Even in the most concentrated systems the 

thickness of the water layer is at least 1 nm. This is enough to have ions 

sufficiently far away from the head group so that they can be considered to be 

unbound. Consequently, there is always an equilibrium possible between 

bound and unbound ions. In any case, the NMR quadrupole is very sensitive to 

even small distortions of the local environment around the ions. That means 

that even a slight displacement of sodium by lithium ions (or vice versa) will be 

visible in the spectra. 

Concerning the amount of counterion condensation onto the negatively 

charged double layers, the NMR spectra cannot deliver absolute values. 

However, from classical theories and numerous experiments it can be inferred 

that about 70 to 80% of the counterions are attached to head groups. According 

to the present NMR results, there is roughly a replacement of around 25% out 

of these 70–80% of sodium by lithium close to carboxylic head groups whereas 

no noticeable change is detectable near sulphate head groups. 

Two further points are worth considering. First, the temperature dependence 

of the quadrupole splittings (measured for carboxylate systems only): obviously 

a slight raise of temperature of 10 K increases the quadrupole splitting of both 

ions, whereas the specific ion effects essentially remain unchanged. A plausible 

explanation could be the assumption that at higher temperatures the ions have 

a higher tendency to bind at the bs site rather than at the bb site. Of course, 

these effects are very subtle, but on the other hand, as stated previously, this 

NMR technique is sensitive enough to subtle effects. 

The second point is the negative quadrupole splitting in the case of sodium-

carboxylate. As mentioned in the introduction this behaviour can be ascribed 

to a second binding site of the sodium ions and this site could be deeper 

within the carboxylate head group. Probably, the average distance of sodium to 

the carboxylate and sulphate head groups and lithium to the sulphate head 

groups depends on the presence of other ions either of the same type or of 

different type and on the concentration of both, cf. figure 4.14. Note that the 

influence of the ion concentration on the average ion head group distance can 
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be of the same order of magnitude as the influnence of the competition of 

lithium and sodium ions. 

 

4.5.2.2 Investigation of 137Cs and 87Rb nuclei 

As already mentioned above, mixtures of ionic surfactants with a long chain 

cosurfactant such as an alcohol form lamellar phases [315, 316]. We have selected 

dodecyl carboxylate with caesium and rubidium as counterions and octanol as the 

cosurfactant. 

An approach to describe the hydration of ions is the Jones-Dole viscosity B

coefficient. It can be calculated from salt solution viscosity η  by equation 4.1 with 

0η  the viscosity of pure water, A , an electrostatic term, being 1 for moderate salt 

concentrations and c  the salt concentration. B  is a direct measure of the strength 

of ion-water interactions normalized to the strength of water-water interactions. 

 BcAc ++= 2/1

0

1
η

η
 (4.1) 

The coefficient can be positive or negative. Strongly hydrated ions have positive B  

coefficients and weakly hydrated ions have negative B  coefficients. The point of 

change in Jones-Dole coefficient sign represents the ideal behaviour at which the 

interaction water-ion is the same like water-water interaction. The B  coefficients of 

some ions are given in table 4.33 [117, 324].Consequently, Rb+ as well as Cs+ are 

weakly hydrated whereas the carboxylate head group of fatty acid is strongly 

hydrated. According to Collins concept the interactions between the head group 

and the counterions are supposed to be slight. The question answered within this 

work is, if ion specificity of carboxylate is sufficient to detect a difference in binding 

behaviour for cations with so similar B  coefficients by NMR. 

Table 4.33: Jones-Doyle viscosity B coefficients 

Cations B Anions B 

Ca2+ 0.285 CH3COO- 0.250 

Li+ 0.150 SO42- 0.208 

Na+ 0.086 Cl- -0.007 

Rb+ -0.030 NO3- -0.046 
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The 137Cs and 

surfactant/cosurfactant concentration and for varying ratio Cs/Rb at constant 

carboxylate/octanol concentration to investigate the binding competition.

Phase structure and NMR spectra

All samples in the concentration

ratio surfactant/octanol = 1:3. In figure

NMR spectra can be seen. The number of peaks is given by 2

137Cs-NMR spectrum (Cs:

spectrum (Rb: I =3/2) three peaks can be observed. Due to the small quadrupole 

moment (Q = -4 * 10

quadrupole moment of Rb is Q = 0.14 * 10

The quadrupole splitting (

neighbouring peaks to the central peak. As can be seen in the figures below, the 

caesium splitting is clearly smaller than the rubidium 

well known for liquid crystalli

ions. This effect is known as chemical shift anisotropy 

the section before [321

more pronounced in the case of 

Figure 4.49: (a) 137Cs
CsDC/Rb
plotted 
sample with a composition of CsDC/RbDC = 0/1 at 300 K. The relative 
intensity of the signals is plotted against the frequency [Hz].
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The variations of the caesium and rubidium splitting for the single ion systems, 
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55 wt% and decreases again for the highest concentration. This non
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Cs and 87Rb ∆ values were determined as function of 

surfactant/cosurfactant concentration and for varying ratio Cs/Rb at constant 

concentration to investigate the binding competition.

Phase structure and NMR spectra 

All samples in the concentration range of 15 to 55 wt% D2O occur lamellar for a 

surfactant/octanol = 1:3. In figure. 4.24a and 4.24b typical 

NMR spectra can be seen. The number of peaks is given by 2I. Accordingly, in the 

NMR spectrum (Cs: I = 7/2) seven peaks occur and in the 

=3/2) three peaks can be observed. Due to the small quadrupole 

4 * 10-31 m2) of Cs, the signals are narrow [321

moment of Rb is Q = 0.14 * 10-28m2, resulting in broader signals 

The quadrupole splitting (∆) is defined as half the distance between the two first 

neighbouring peaks to the central peak. As can be seen in the figures below, the 

caesium splitting is clearly smaller than the rubidium splitting 

well known for liquid crystalline samples, asymmetric central peaks occur for both 

ions. This effect is known as chemical shift anisotropy and already mentioned in 

321]. Due to the lower splitting of caesium, 

more pronounced in the case of 137Cs-NMR. 

Cs-NMR spectrum of a 85 wt% sample with a composition of 
RbDC = 1/0 at 300 K. The relative intensity of the signals is 

otted against the frequency in [Hz]. (b) 87Rb-NMR spectrum of a 85 wt% 
sample with a composition of CsDC/RbDC = 0/1 at 300 K. The relative 
intensity of the signals is plotted against the frequency [Hz].

Influence of surfactant concentration on the quadrupole splitting

The variations of the caesium and rubidium splitting for the single ion systems, 

with increasing surfactant and octanol concentration are shown in 

caesium splitting decreases until a concentration of 75 wt%, whereas the rubid

splitting decreases initially and is roughly constant above a concentration of 

wt% and decreases again for the highest concentration. This non
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% sample with a composition of 

The relative intensity of the signals is 
NMR spectrum of a 85 wt% 

sample with a composition of CsDC/RbDC = 0/1 at 300 K. The relative 
intensity of the signals is plotted against the frequency [Hz]. 

ole splitting 

The variations of the caesium and rubidium splitting for the single ion systems, 

with increasing surfactant and octanol concentration are shown in figure 4.50. The 

wt%, whereas the rubidium 

splitting decreases initially and is roughly constant above a concentration of 

wt% and decreases again for the highest concentration. This non-uniform 
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behaviour might be due to the different binding sites at the lamellar interface as 

can be seen above in figure 2.26. However, the decrease of rubidium splitting at 

85 wt% surfactant after increase at 75 wt% is unlikely and can not be explained by 

different binding sites. It might result from only partially dissolved Rb or from the 

removal of inner-sphere hydration. 

  

Figure 4.50: Caesium splitting with increasing concentration of surfactant and octanol 
at 300 K (left) and rubidium splitting with increasing concentration of 
surfactant and octanol at 300 K (right). 

 

Ion specificity of carboxylate 

In figure 4.51 the caesium and rubidium splitting of the 45 wt% samples with an 

increasing fraction of caesium and rubidium respectively is shown. Caesium 

splitting remains nearly constant for all composition and rubidium shows only a 

slight decrease. Hence carboxylate does not show any ion specificity towards 

caesium or rubidium for this composition. 

Similarly, for the 55, 65 and 75 wt% samples (Fig. 4.52-4.54), the ∆ values of 

caesium remain constant. The rubidium splitting is nearly constant for 55 and 

75 wt% and shows only small increase for 65 wt%. Consequently, for these 

compositions carboxylate also doesn`t show an ion specificity towards caesium and 

rubidium. 

Except for 85 wt% samples a kink at ratio 1:1 Cs/Rb can be observed for both 

splitting. This non-monotonic behaviour might point to a special lattice structure 

for this composition. 

Finally, for the 85 wt% samples (Fig. 4.55) the ∆ values of caesium decreases with 

increasing amount of caesium. In contrast, the rubidium splitting increases up to 

an amount of rubidium of 65 wt% with a slight decline for 55 wt% rubidium and 

decreases significantly for higher amount of Rb. 
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Figure 4.51: Caesium splitting with increasing amount of caesium (left) and rubidium 
splitting (right) with increasing amount of rubidium for 45 wt% 
CsDC/RbDC/octanol in D2O at 300 K. 

  

Figure 4.52: Caesium splitting with increasing amount of caesium (left) and rubidium 
splitting (right) with increasing amount of rubidium for 55 wt% 
CsDC/RbDC/octanol in D2O at 300 K. 

  
Figure 4.53: Caesium splitting with increasing amount of caesium (left) and rubidium 

splitting (right) with increasing amount of rubidium for 65 wt% 
CsDC/RbDC/octanol in D2O at 300 K. 

  
Figure 4.54: Caesium splitting with increasing amount of caesium (left) and rubidium 

splitting (right) with increasing amount of rubidium for 75 wt% 
CsDC/RbDC/octanol in D2O at 300 K. 
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Figure 4.55: Caesium splitting with increasing amount of caesium (left) and rubidium 

splitting (right) with increasing amount of rubidium for 85 wt% 
CsDC/RbDC/octanol in D2O at 300 K. 

 

Discussion 

Influence of surfactant concentration on the quadrupole splitting  

The concept of the Hofmeister series predicts a higher affinity of rubidium to 

carboxylate in comparison to caesium, but the series does not give any information, 

how string this difference might be [183, 326]. Jones-Dole viscosity B coefficients 

suggests only a very small interaction of both cations with the carboxylate head 

group. And this is confirmed by our results. The single ion splitting of both cations 

decreases with increasing concentration of surfactant and octanol up to a certain 

concentration and increases for higher concentrations. For rubidium splitting an 

unlikely decrease after increase is observed. Both ions prefer the bb-binding site 

(negative ∆ values) resulting in a decreasing ion splitting. For a very high surfactant 

concentration the surfactant head groups get very close. Consequently ions are 

moved to the surfactant head group surface (bs-site; positive ∆ values) resulting in 

an increased splitting. Hence we can speculate that the kink results from the closer 

packing of the surfactants. 

Ion specifity of carboxylate 

The caesium and rubidium splitting remain nearly constant for all concentrations 

and fractions, except of 85 wt%. This is due to the low affinity of carboxylate to 

caesium and rubidium. The kink observed for all concentrations except 85 wt% 

samples points to a special lattice structure of bound ions at 1:1 ratio Cs/Rb. But 

ions are only loosely bound. 

For 85 wt% the course of splitting is different. The caesium splitting decreases and 

the rubidium splitting shows a discontinuous trend. Probably rubidium surfactant 
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wasn`t dissolved completely for this concentration. However, for optically 

observation these samples occurred also homogenous like all other concentrations. 

In summary, the affinity of carboxylate is nearly the same for rubidium and 

caesium, unlike the ion binding of lithium and sodium considered in a previous 

paper [208], where preferential binding of lithium was observed. But sodium and 

lithium having also positive B  coefficients like carboxylate are supposed to interact 

more strongly with carboxylate. Accordingly a precondition for the determination of 

ion specificities by NMR seems to be a sufficient interaction between anion and 

cation. 
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4.5.3 Conclusion 

As the ionic strength of the samples is in a concentration range for which typically 

specific ion effects are suspected and thickness of the water layer is at least 1 nm 

and accordingly thick enough for coexisting free and bound counter ions the 

following conclusions can be drawn from the results presented in the last section: 

The quadrupole splitting clearly reflects differences in the local environment of 

cations in liquid crystalline systems made up with carboxylate and sulphate 

surfactants, respectively and octanol as cosurfactant. 

For the carboxylate surfactant head group a preferred propensity of lithium 

compared to sodium is found which can be interpreted as a higher specificity 

towards lithium. The lower the concentration the more pronounced is the 

specificity. For caesium and rubidium no specificity is found. Accordingly, a 

sufficient interaction is a precondition for ion specificity. 

Additionally, from irregular behaviour at 1:1 mixtures Li/Na a preferred lithium 

binding in bs site and sodium binding in bb site can be concluded.  

For the sulphate surfactant head group a less pronounced ion specificity towards 

lithium and sodium was found, but a slight enhanced one towards sodium. This 

diminished specificity might result from higher ion charge density in sulphate 

samples, cancelling out all ion specificities.  

Temperature dependent measurements show for carboxylate a change in preferred 

binding site of sodium and lithium in favour to bs site. 

In any case this preliminary study has shown that NMR quadrupole splitting 

measurements are a valuable technique to investigate even tiny differences in 

ion–head group interactions as long as the interaction is sufficiently and that 

this method is therefore suitable for the study of specific ion effects in colloidal 

systems. It is known that the chloride ion quadrupole splitting for cationic 

surfactant liquid crystals shows similar behaviour to that described above, 

hence the method may also be applicable to anions [327]. We hope that more of 

these experiments will be performed in the future to get a more general and 

concise picture of these subtle effects, especially concerning the relative 

importance of ion effects close to different head groups. 
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The aim of this work was the investigation and improvement of washing cotton, 

soiled with triglycerides at room temperature. Therefore the wash efficiency 

determining interactions were identified and the influence of structures and 

viscosity of washing agent and temperature on the laundry results determined. To 

increase systematically the soil release two different strategies were applied. On the 

one hand we tried to increase the amount of released triglyceride and the other 

hand we tried to decrease the Krafft temperature of surfactants. 

The interaction of triglyceride and surfactant in a binary mixture could result in a 

decreased melting point or enthalpy. Accordingly, triglyceride liquefaction by 

surfactants during washing process was supposed. Therefore the influence of 

surfactants on the phase behavior of triolein and tripalmitin was determined by 

DSC. The former one is liquid and the latter one is crystalline at room temperature. 

The investigated surfactants were either anionic or non-ionic. The anionic 

surfactants were Lutensit A-LBN, a commonly used linear alkyl-benzene sulfonate 

and choline hexadecylsulphate, a housemade surfactant. The non-ionic surfactants 

were Lutensol GD70, an alkyl polyglucoside and three different types of Lutensol 

AOx, C13C15 alcohols differing in the number of ethoxy groups with x = 3, 7 and 20. 

It was found that only non-ionic surfactants, Lutensol AOx, interact with 

triglyceride. The polymorphism of triglycerides disappears, therefore, the 

surfactants have an influence on the preferred trigylceride morphology. However, 

only for very high concentrations of Lutensol AO3 and Lutensol AO7 a slight 

reduction of triplamitin melting point was determined. Admittedly, the liquefaction 

of triglyceride with surfactants at room temperature was not reached. 

If tripalmitin is not liquefied by surfactants it might get dissolved from cotton by 

solvents during washing process. Therefore, in a subsequent step the solubilisation 

of triglycerides by various solvents was investigated. For a systematical selection of 

potentially suited solvents the Ra value was calculated from Hansen solubility 

parameters. However, it was found that experimental and calculated data are not in 

good accordance. Accordingly, solid/liquid equilibrium (SLE) calculations by 

COSMO-RS were performed giving results which agree in a better way with 

experimental data. SLE calculations enable a ranking of solvents due to their 

tripalmitin solubilisation power. The main difference in COSMO-RS and Ra value 

calculations is the unconsidered crystallization enthalpy of tripalmitin for 

calculating the Ra-value. The calculated Ra-values of binary mixtures of liquid 

triolein and solvents are in good agreement with experimental data. Therefore, we 

assume that Hansen solubility parameters are not suitable for the prediction of 
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crystalline triglyceride solubilisation. Nevertheless, only small amounts of 

tripalmitin were dissolved in the tested solvents. The best solvent was chloroform, 

dissolving 22 wt% tripalmitin. However, this solvent is not applicable in common 

household laundry. By contrast, more than 50 wt% triolein was dissolved in most 

of the investigated solvents. 

According to the high amount of dissolved triolein in many solvents the dissolution 

of triolein was supposed as main factor in trigylceride release from cotton. 

Dissolving triolein from soil leaves a fragile skeleton of crystalline tripalmitin. This 

is removed mechanically by clashing of clothings in the washing machine. To 

confirm this assumption washing tests with cotton fibers soiled with mixtures of 

triolein and tripalmitin with varying ratios were conducted. To determine the 

washing efficiency, the triglycerides were stained with Sudan black. The fibers were 

measured at a colorimeter before and after washing. Indeed, except of some 

outliers, for all tested washing liquors it was shown that soil release increases with 

increasing fraction of tripalmitin. Additionally, it was shown that increasing the 

temperature to 40 °C, results in a partial liquefaction of tripalmitin and leads to a 

declined soil release. However, the reduction of the washing temperature to 10 °C 

does not result in increased soil release. Quite the contrary, a declined washing 

result was obtained for all soil compositions. Therefore, further investigations on 

the temperature effect are necessary. 

Due to the important role of triolein dissolution in soil release from cotton fiber, the 

influence of structuring in washing liquor was investigated. Therefore, washing 

efficiency of continuous and bicontinuous microemulsions and solution of only 

surfactant Lutensol AO7 were compared. Best results were found for the solution of 

only surfactant. The tested bicontinuous microemulsion is a better washing liquor 

than the comparable continuous one. However, viscosity of the continuous 

microemulsion was significantly higher than for the bicontinuous one. Therefore, 

the influence of viscosity on the washing efficiency was investigated. 

It was shown that with increasing viscosity the washing efficiency decreases. This 

declining effect is more pronounced the higher the fraction of oily soil. Accordingly, 

the diffusion of solvent in cotton fiber and dissolution of triglyceride is decelerated. 

But to proof this assumption further washing tests using polyester as substrate 

have to be conducted. 
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Furthermore, a higher washing efficiency of a 1 wt% solution of Lutensol AO7 than 

for Spee, a commercial washing agent, was found, independently of Spee 

concentration. 

The improving effect of surfactants in washing liquor on soil release is concluded 

from a washing test with pure water. The tripalmitin release was less than for 

surfactant containing washing liquors. Accordingly, the small interactions between 

surfactants and tripalmitin are sufficient for increased soil release. 

However, the Krafft temperature of many surfactants is higher than 25 °C. For the 

use at washing temperatures below 25 °C the solubility of surfactants has to be 

enhanced. Therefore we investigated the influence of various osmoprotectants (L-

proline, L-carnitine, betaine, ectoine and trehalsoe), triemthlaminoxide and L-lysine 

on the Krafft temperature of SDS and SDC. Apart from trehalose, all these additives 

were zwitterionic under the investigated conditions. The Krafft temperature was 

either increased or decreased by the addition of additives. Except for ectoine, lysine, 

trehalose, and TMAO, always opposite effects for the both head groups were 

obtained. For ectoine the Krafft temperature of both surfactants decreased, for 

lysine the same was observed at low additive concentrations, whereas the Krafft 

temperature increases for both at high concentrations, and in the case of trehalose 

the Krafft temperature of both surfactants increases at all concentrations. TMAO 

has only a slight influence on SDS Krafft temperature but similar to betaine, 

carnitine und proline a decreasing one. All four additives have an increasing effect 

on SDC Krafft temperature. 

The influence of additives on solubility of surfactants is due to the differing 

interactions between head group, counterion, additive and water. Salting out of 

surfactants can be induced by the formation of contact ion pairs or by dehydration 

of the surfactant head group. In order to get a deeper insight towards the formation 

of contact ionpairs the ion specificity of sulphate and carboxylate head groups was 

investigated by NMR. In a first study we investigated the ion specificity of both 

surfactant head groups to sodium and lithium and in a further one we investigated 

the ion specificity of carboxylate to caesium and rubidium. We took the 

quadrupolar splitting into account. For an anisotropic environment of a nucleus 

with quadrupol moment, quadrupolar splitting is detected by NMR. The magnitude 

of splitting is related to the dimension of anisotropy of nuclei environment. The 

vicinity of free, non bound ions appears isotropic, resulting in a quadrupol splitting 

of zero. Accordingly, quadrupolar splitting gives the fraction of bound ions. It was 
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shown that with increasing ion concentration the specificity of head groups 

decreases. Furthermore, it was found that carboxylate has a higher specificity to 

lithium than sodium and in contrast sulphate shows a slightly increased affinity 

towards sodium. This preference might be more distinctive for sulphate samples 

with a low ion concentration. From the investigation of carboxylate specificity to 

caesium and rubidium can be concluded, that  a sufficient interaction between 

head group and counterion is required to detect ion specificities. Due to the low 

interaction between carboxylate head group and caesium and rubidium 

counterions no specifity was detected by NMR.  
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Ziel dieser Arbeit was es, die Waschergebnisse für das Waschen von Baumwolle, 

welche mit Triglyceriden verunreinigt ist, bei Raumtemperatur zu verstehen und zu 

verbessern. Dazu wurden einerseits die für den Wascherfolg entscheidenden 

Wechselwirkungen identifiziert und andererseits der Einfluss von Strukturierung 

und Viskosität der Waschlösung und der Temperatur auf das Waschergebnis 

bestimmt, um ein tieferes Verständnis über die Vorgänge beim Waschen zu 

erhalten. Zur Steigerung des Waschergebnisses haben wir 2 unterschiedliche 

Strategien verfolgt, einerseits die Steigerung der Triglyceridablösung und 

andererseits die Senkung der Kraffttemperatur von Tensiden. 

In einer binären Mischung Fett/Tensid kann die Wechselwirkung zu einer 

Verringerung der Schmelztemperatur oder Schmelzenthalpie führen. Es wurde 

vermutet, dass feste Triglyceride durch die Wechselwirkung mit Tensiden beim 

Waschen verflüssigt werden können. Daher wurde im ersten Schritt die 

Wechselwirkung zwischen Triglyceriden und Tensiden mittels DSC untersucht. Die 

Auswahl der untersuchten Triglyceride beschränkte sich auf Triolein, als Vertreter 

der flüssigen Fette und Tripalmitin, welches unter den gegebenen Bedingungen fest 

vorliegt. Die getesteten Tenside waren entweder anionisch oder nicht ionisch. Als 

Vertreter der anionischen Tenside wurden Lutensit A-LBN, ein Alkylbenzylsulfonat, 

das technisch in Waschanwendungen eingesetzt wird und Cholinhexadecylsulfat, 

ein am Lehrstuhl entwickeltes Tensid getestet. Bei den nichtionischen Tensiden 

wurden Lutensol GD70, ein Alkylpolyglucosid und drei verschiedene Lutensole 

AOx, C13C15 Alkohole, die sich in der Anzahl der EO-Gruppen unterscheiden, 

getestet. Wobei x = 3, 7 oder 20 war. Dabei wurde festgestellt, dass lediglich die 

nichtionischen Tenside, Lutensol AOx, mit den Triglyceriden wechselwirken. Diese 

bewirken, dass die polymorphen Umwandlungen der Triglyceride nicht mehr 

auftreten, sie nehmen also Einfluss auf die bevorzugte Kristallstruktur der Fette. 

Allerdings konnte nur für sehr hohe Konzentrationen an Lutensol AO3 und 

Lutensol AO7 eine Verringerung der Schmelztemperatur von Tripalmitin detektiert 

werden, die jedoch noch immer deutlich über Raumtemperatur liegt. 

Da Triaplmitin nicht verflüssigt werden kann, war ein zweiter Ansatz, dass die 

Triglyceride mittels Tensid oder Lösungsmittel aus der Baumwolle herausgelöst 

werden. Um dies zu bestätigen, wurde eine Serie an Lösungsmitteln getestet. Um 

eine systematische Auswahl der Lösungsmittel zu ermöglichen, wurde versucht, 

mittels Hansen Löslichkeitsparametern und dem daraus resultierenden Ra Wert 

geeignete Lösungsmittel vorherzusagen. Allerdings stellte sich dabei heraus, dass 

die berechneten und experimentellen Daten nur schlecht übereinstimmten. Daher 
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wurden alternativ SLE (solid/liquid equilibrium) Rechnungen mit COSMO-RS 

durchgeführt. Die sich daraus ergebenden Rankings stimmten recht gut mit den 

experimentellen Daten überein. Da der wesentliche Unterschied zwischen den SLE-

und Ra-Wert-Berechnugen die Berücksichtigung der Kristallisationsenthalpie in 

COSMO-RS ist und die Ra Werte gute Vorhersagen für die Löslichkeit von Triolein 

ermöglichen, konnten wir daraus schließen, dass das Hansen Löslichkeits Konzept 

nicht geeignet ist für die Berechnung kristalliner Triglyceride. Es stellte sich jedoch 

heraus, dass Tripalmitin im Gegensatz zu Triolein nur in sehr geringen Mengen in 

Lösung gebracht werden kann. Die größte Menge (22 wt%) an festem Triglycerid 

konnte in Chloroform gelöst werden. Dieses Lösungsmittel ist jedoch für 

Waschanwendungen in privaten Haushalten nicht geeignet. 

Aus der Tatsache, dass Triolein in einer Vielzahl an Lösungsmitteln in großen 

Mengen in Lösung gebracht werden kann, ergab sich die Vermutung, dass der 

entscheidende Schritt beim Waschen von Triglycerid-Verunreinigungen das 

Herauslösen der flüssigen Bestandteile ist. Sobald diese entfernt sind, bleibt ein 

fragiles Gerüst an kristalliner Verunreinigung zurück, das dann durch die 

Mechanik, die beim Waschen durch das Aneinanderstoßen der Kleidungsstücke 

auftritt, aufbrechen und abbröseln kann. Um diese Vermutung zu bestätigen, 

wurden Waschtests an Baumwollstreifen durchgeführt, die mit unterschiedlichen 

Zusammensetzungen Triolein und Tripalmitin verunreinigt worden sind. Zur 

Überprüfung des Wascherfolgs wurden die Triglyceridzusammensetzungen mit dem 

Farbstoff Sudan Black eingefärbt und die Streifen vor und nach dem Waschen am 

Kolorimeter vermessen. Tatsächlich konnte für alle getesteten Waschlösungen 

festgestellt werden, dass, abgesehen von einzelnen Ausreißern, mit steigendem 

Anteil an kristallinem Triglycerid in der Verunreinigung mehr Fett 

herausgewaschen wurde. Darüber hinaus konnte gezeigt werden, dass durch eine 

Steigerung der Waschtemperatur auf 40 °C, also bei einem erhöhten Anteil an 

flüssiger Verschmutzung, die Waschergebnisse schlechter ausfallen. Allerdings 

konnte durch die Erniedrigung der Waschtemperatur keine Verbesserung der 

Waschergebnisse erzielt werden. Die Effizienz der Waschlösungen war für alle 

Schmutzzusammensetzungen verringert. Um diese unerwartete Beobachtung zu 

bestätigen müssen weitere Temperaturabhängige Waschtest durchgeführt werden. 

Da der Wascherfolg maßgeblich durch das Herauslösen der flüssigen Bestandteile 

aus der Verunreinigung bestimmt wird, wurde der Einfluss von Strukturen in der 

Waschlösung untersucht. Dazu wurden die Waschergebnisse für kontinuierliche 

und bikontinuierliche Mikromulsionen und reiner Lutensol AO7 Tensidlösung 
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verglichen. Dabei stellte sich heraus, dass die höchste Waschwirkung für die reine 

Tensidlösung erhalten wird. Die getestete bikontinuierliche Mikroemulsion erzielt 

bessere Ergebnisse als die vergleichbare kontinuierliche Mikroemulsion. Da die 

Viskosität der kontinuierlichen ME jedoch sehr viel höher ist, als die der 

bikontinuierlichen, wurde der Einfluss der Viskosität auf die Waschwirkung 

untersucht. 

Es konnte gezeigt werden, dass eine Erhöhung der Viskosität mit einer verringerten 

Waschwirkung einhergeht. Diese ist auf die verlangsamte Diffusion des LM in der 

Baumwolle und Ablösung der Triglyceride zurückzuführen. Daher ist der Effekt 

auch umso stärker ausgeprägt, je höher der Anteil an Triolein in der 

Verunreinigung ist. Um diese Annahme zu bestätigen müssen noch weitere 

Waschtest mit Polyester als Substrat durchgeführt werden. 

Des Weiteren wurde die Waschleistung der reinen Tenisdlösung mit der des 

kommerziell erhältlichen Waschmittels Spee verglichen. Es stellte sich heraus, dass 

für alle getesteten Speeverdünnungen die reine Tensidlösung mit einer 

Tensidkonzentration von 1 wt% Tensidlösung besser abschneidet. 

Durch das Waschen mit reinem Wasser konnte gezeigt werden, dass die 

Anwesenheit eines Tensides in der Waschlösung auch im Fall von reinen 

Tripalmitin Verunreinigungen zu einer Verbesserung des Waschergebnisses führt. 

Trotz der schwachen Wechselwirkungen hat das Tensid einen positiven Einfluss auf 

die Schmutzablösung. 

Da die Löslichkeitstemperatur vieler Tenside über 25 °C liegt, aber eine 

ausreichend hohe Löslichkeit bei niedrigeren Temperaturen für das Waschen mit 

kaltem Wasser erforderlich ist, haben wir den Einfluss von verschiedenen 

Osmolyten (L-prolin, L-carnitin, Betain, Eectoin und Trehalose), Trimethylaminoxid 

und L-Lysin auf die Kraffttemperatur von SDS und SDC untersucht. Abgesehen 

von Trehalose lagen alle Zusätze unter den untersuchten Bedingungen 

zwitterionisch vor. Dabei stellten wir fest, dass der Zusatz an Additiven die 

Kraffttemperatur entweder steigert oder senkt. Außer für Ectoin, Lysine, Trehalsoe 

und TMAO beobachtet man immer den entgegengesetzten Effekt für die beiden 

Tenside. Im Falle von Ectoin sinkt die Kraffttemperatur beider Tenside. Das gleiche 

beobachtet man für die Zugabe geringer Konzentrationen Lysin, wobei die 

Kraffttemperatur beider bei höheren Lysinzusätzen ansteigt. Die Zugabe von 

Trehalose steigert die Kraffttemperatur beider unabhängig von der Konzentration. 
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TMAO hat nur einen sehr geringen Einfluss auf die Kraffttemperatur von SDS. 

Genau wie TMAO, nur stärker ausgeprägt, führen Betain, Carnitin und Prolin zu 

einer Reduktion der Kraffttemperatur von SDS. Alle vier Additive induzieren folglich 

eine Steigerung der Krafftemperatur von SDC. 

Weshalb der Zusatz von Additiven zu ionischen Tensiden einen Einfluss auf deren 

Löslichkeit hat, kann durch die Unterschiedlich starken Wechselwirkungen 

zwischen Kopfgruppe, Gegenionen, Additiv und Wasser erklärt werden. Eine 

Reduktion der Löslichkeit des Tensides kann z.B. durch die Bildung von 

Kontaktionenpaaren oder die Dehydrierung der Tensidkopfgruppe erreicht werden. 

Um mehr über die Bildung von Kontaktionenpaaren zu erfahren, untersuchten wir 

mittels NMR die Ionenspezifität von Sulfat- und Carboxylat-Kopfgruppen. In einer 

ersten Studie untersuchten wir die Ionenspezifität der beiden Kopfgruppen 

gegenüber Natrium und Lithium und in einer weiteren Studie die Spezifität von 

Carboxylat gegenüber Cäsium und Rubidium. Die dabei berücksichtigte Messgröße 

war das Quadrupol Splitting. Für eine anisotrope Umgebung eines Kerns, der eine 

Quadrupolmoment besitzt, kann ein Quadrupol Splitting detektiert werden, 

welches ein Maß für die Anisotropie der Kernumgebung ist. Da für ungebundene 

Ionen, im Gegensatz zu gebunden Ionen, die Umgebung isotrop erscheint, kann 

mittels Quadrupol Splitting auf den Anteil an gebunden Ionen rückgeschlossen 

werden. In dieser Arbeit wurde gezeigt, dass eine hohe Ionenkonzentration zu einer 

verringerten Ionenspezifität führt. Darüber hinaus konnte gezeigt werden, dass 

Carboxylat spezifischer Lithium statt Natrium bindet und dass im Gegensatz dazu 

Sulfat eine leicht erhöhte Spezifität gegenüber Natrium zeigt. Allerdings war die 

Ionenkonzentration der Proben vermutlich zu hoch, um eine stärkere Spezifität zu 

beobachten. Des Weiteren wurde gezeigt, dass ein Mindestmaß an Wechselwirkung 

zwischen Kopfgruppe und Gegenion erforderlich ist, um eine Spezifität zu 

detektieren. Da Carboxylat weder mit Cäsium noch mit Rubidium besonders stark 

wechselwirkt konnte bei den NMR Messungen auch keine Spezifität gegenüber 

eines der beiden Ionen beobachtet werden. 
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Supplementary 

A: Chapter 4 

Dowanole 

Table A 1: Chemical Structure of Dowanole. 

Solvent Chemical Structure 

Dowanol PM 
(Monopropylenglykolmonomethylether) 

CH3-O-CH2-CHOH-CH3 

Dowanol DPM 
(Dipropylenglykolmonomethylether) 

CH3-O-C3H6-O-CH2-CHOH-CH3 

Dowanol TPM 
(Tripopylenglykolmonomethylether) 

CH3-O-C3H6-O-C3H6-O-CH2-CHOH-CH3 

Dowanol DPnP  
(Dipropylene Glycol n-Propyl Ether) 

C3H7-O-[CH2-CH(CH3)-O]2-H 

Dowanol PMA 
(Propyleneglykolmethylether acetate) 

CH3-O-CH2-CH(CH3)-O-C(O)-CH3 

 

Terpene and natural oils 

Table A 2: Chemical Structure of terpene and oils. 

Solvent Chemical Structure 

1-Ethyl-2-pyrrolidinone 

 

γ-Valerolactone 
 

Tetrahydrofurfurylalcohol 
 

Pivaldehyd 

 

3,7-Dimethyl-6-oxoctanal 

 

Menthol 
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Citronellal 

 

Citronellol 

 

Geraniol 

 

γ-Decanolactone 
 

α-Pinene 
 

Mesitylen 

 

α-Terpinene 

 

Vertocitral 

 

p-Cymene 

 

Limonene 
 

o-Xylol 

 

2-Methyl THF 
 

Menthon 

 

Carvone 
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D-Dihydrocarvone 

 

Citral 

 

Ethylpentanoate 
 

1,8-Cineol 
 

Ethyloctanoate 
 

Anethol 

 

Ethyldecanoate 

 

Ethyllaurate 
 

 

Osmoprotectants 

Table A 3: Structure of investigated osmoprotectants. 

Osmoprotectant Structure 

Trehalose 

 

L-Proline 

 

L-Lysine 

 

Betaine 

 

Carnitine 
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TMAO 
 

Ectoine 
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