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摘要 

 

 在逆流層析（CCC）中, 我們使用雙有機溶劑系統來分離疏水性

物質。然而，選擇一適當的雙有機溶劑系統並非易事。因此，我們實

驗室試圖以微胞水溶液系統來取代在逆流層析中所使用的雙有機溶

劑系統。我們成功的開發了一新系統──正己烷／含界面活性劑水溶

液系統，以上層相為動相，此系統成功分離了三種疏水性類固醇，以

及一些中等極性的小分子。兩種類固醇分子 progesterone 及 

Δ
4
 –androstene-3,17-dione 的滯留時間會隨著界面活性劑濃度之

增加而變長，另一種分子(+)-4-cholesten-3-one 則保持幾乎沒有滯

留。至於酯類和酮類分子，極性比較高的分子比極性低的分子滯留時

間較長。當界面活性劑濃度未達臨界微胞濃度時，分析物和靜相之間

的作用力是來自於偶極/偶極作用。而當濃度超過臨界微胞濃度時，

除了偶極/偶極作用力之外，更受到離子偶極作用力之影響。 
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Abstract 

 

 Organic two-phase solvent systems have been used for separating 

hydrophobic compounds in countercurrent chromatography (CCC). 

However, selecting a suitable organic two-phase solvent system is usually 

quite difficult. Therefore, we attempted to use micellar systems to replace 

the above system in order to separate hydrophobic compounds. We have 

successfully developed a new solvent system: 

n-hexane/surfactant-containing aqueous solvent system in CCC. By using 

the upper phase as the mobile phase, we have separated samples of 

steroids and some small also moderate polarity compounds. Retention 

times of steroids progesterone and Δ4 –androstene-3,17-dione were 
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increased by increasing the surfactant concentration while 

(+)-4-cholesten-3-one was eluted out without retention. As for the esters 

and ketones, compounds of high polarity, were eluted out later than those 

of low polarity. When the concentrations of the surfactants were below 

the critical micellar concentration (CMC), the affinity between analyte 

and the stationary phase was found based on the hydrophobic interaction. 

However, when the concentrations of the surfactant were above the CMC, 

the separation of analytes in CCC was no longer just dependent on the 

hydrophobic interaction, but was mainly dependent on the ion-dipole 

interaction. 
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Chapter 1 Introduction 

 Countercurrent chromatography (CCC) is a liquid-liquid partition 

chromatography that needs no solid support matrix for the stationary phase. This 

technique was invented in the late 1960s by Dr. Y. Ito in his laboratory at the National 

Institutes of Health in Bethesda, Maryland (USA). In the present, it has become an 

important method in the areas of separation and purification of natural compounds1. 

  Selection of solvent systems plays a crucial role in CCC separations. Generally, 

the most commonly used solvent systems in CCC are multisolvent systems in which 

water and organic solvents are their main components. These systems enable 

separating alkaloids2, 3, antibiotics4, and peptides5, etc. However, for some 

hydrophobic compounds this solvent system becomes inadequate. For this reason, 

the organic two-phase systems have been developed and used for separating 

low-polarity compounds, e.g. fat-soluble vitamins6, lycopene7. However, selecting a 

suitable organic two-phase solvent system faces some problems. In order to make 

two immiscible organic phases, the difference of these two phases’ polarities must be 

large. However, the large polarity difference will cause the partition coefficients (K) 

of the solute between two phases become too great, and that would dissatisfy the 

preferred K value range = 0.2 ~ 5 in CCC8. 

  Amphiphile surfactants are molecules which have two different moieties, i.e. 
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hydrophobic and hydrophilic. When reaching critical micellar concentration (CMC), 

surfactants aggregate and form micelles in aqueous solution, in which the center core 

of micellar structure is a hydrophobic environment9. Therefore, last year our 

laboratory attempted to use aqueous micellar systems to mimic organic two-phase 

systems in order to resolve its instability problem in CCC. We assumed that by 

partitioning between organic phase and the center hydrophobic core of micellar 

phase, hydrophobic analytes may be separated in this micellar solvent system. 

However, the elution order of the separation did not coincide with our assumption. 

  Regardless of this unmatched result, by using the n-hexane/surfactant-containing 

water solvent system we have successfully separated three different steroids. Our 

current research focuses not only on exploring its separation capability, but also the 

separation mechanism. By fully understanding the mechanism, this work should 

benefit in advancing our new solvent system in the future. 
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Chapter 2 Background and Theory 

 

2.1 Countercurrent Chromatography (CCC) 

2.1.1 Historical development of CCC1 

In fact, countercurrent chromatography was named after the countercurrent 

distribution (CCD) 10 which was developed by Dr. L.C. Craig. Their separation 

principles are quite similar. Separation is achieved through solute partitioning 

between stationary and mobile phases. CCD was developed 30 years earlier than CCC. 

During the 1950s, CCD was widely applied in the separation and purification of 

natural compounds. Although CCD was able to process a large amount of pure 

compounds, the large apparatus size and long separation time required caused it 

unfavorable. With this reason, Ito attempted to develop a machine in order to reduce 

the CCD’s size and shorten separation time. The first prototype helical CCC 

centrifuge (latter called toroidal coil centrifuge) was built shortly. A few different 

types of CCC were also designed later to improve the separation performance. 

However, all these earlier machines still required long separation time.     

Consequently, these earlier CCC apparatus have been labeled as time-consuming 

until the new-born of high-speed countercurrent chromatography (HSCCC). This high 
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speed machine successfully makes great progress in resolution, sample loading, and 

separation time8, 13. In the present, HSCCC has been acceptable to be an effective 

preparative technique in separating and purifying various natural and synthesized 

compounds. This method has also overcome some problems that traditional column 

chromatography encountered, such as the volume limitation of solid stationary phase, 

sample contamination on the column, and so on. 

 
 

2.1.2 Basic Concept of Distribution10 

Separation procedure basically depends on the partition, transfer, and 

recombination of various fractions. The distribution of solutes between phases is 

assumed to follow a linear partition isotherm. And the partition coefficient KD is 

defined as follows: 

L

U
D C

C
K ==

phaselower in  solute ofion Concentrat
phaseupper in  solute ofion Concentrat  

Whereas in liquid-liquid partition chromatography, the partition coefficient becomes: 

M

S
C C

C
K ==

phase mobilein  solute ofion Concentrat
phase stationaryin  solute ofion Concentrat  

 Craig’s countercurrent distribution (CCD) is a discontinuous process, similar to 

extractions, which is based on the above linear partition isotherm. And this principle 

will be further discussed in order to get better understanding of the distribution 

process before introducing CCC. 
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Fig.1 Countercurrent distribution in the separatory funnel experiment. 

  

As shown in Fig.1, the extraction troughs are arranged in a series, and if a unit 

quantity of the solute is dissolved in the lower phase (L0) and the upper phase (U0) is 

moved over and added to it, solute partitions between two phases and attains 

equilibrium. Then we shift the upper phase U0 from L0 over the lower phase L1, and 

simultaneously the upper phase U1 (fresh solvent) over the lower phase L0. With this 

transfer, one extraction cycle has been completed. And due to the partition of the 

solute in the two-phase system, a certain solute’s amount will migrate to next trough 

in the upper layer. This process can be continued indefinitely and the solute 

distribution can be obtained through a calculation using a binominal expression10.  

Regarding the CCC process, its elution process which attains a dynamic 

equilibrium is described in Fig.211. The column is not separated into discrete stages. 

The solutes of interest may be dissolved in one influent stream and be introduced 

from one column end. Partitioning of the solutes between two liquid phases is similar 

to the above mentioned CCD’s principle and able to achieve separation result. 

Ur 

Lr 

U0 U1 U2 U3 

U3 U2 L1 L0 
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Fig.2 Countercurrent chromatography, CCC, separation process 
 

2.1.3 Hydrodynamic And Hydrostatic Equilibrium System in CCC1,10 

Basically, commercial CCC apparatuses can be divided into two categories: 

1. Hydrostatic Equilibrium System (HSES) 

The early droplet CCC apparatus in which stationary phase was retained only by 

gravity belonged to this system. In addion, the commercial CPC (centrifugal 

partition chromatography) is regarded as this model. Fig.3 shows the principle of 

HSES. After filling in the stationary coil with either lower (a) or upper stationary 

phase (b), the mobile phase is introduced from left-hand side (top). Due to the 

effect of gravity, the mobile phase flows through the stationary phase and pushes 

the latter phase toward the other side (middle). This process continues until the 

mobile phase comes out from the outlet. Afterwards, the continued elution 

displaces only the mobile phase and a large amount of the stationary phase is 

Sample 
Injection 

Mobile 
Phase 

Stationary  
Phase 
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retained in each coil permanently. Solutes partitioning between these two phases 

are finally eluted out through the outlet.    

 

 
Fig.3 Principles of the hydrostatic equilibrium system (HSES) 
 

2. Hydrodynamic Equilibrium System, HDES 

The basic model of HDES only differs from HSES with respect to its slow 

rotation applied to the coil. However, this simple model produces complex 

hydrodynamic interactions of the two solvent phases in the coil. The high-speed 

CCC is one of the examples. Fig.4 shows the principle of HDES. Firstly, the coil 

is filled with the stationary phase, either lower phase (a) or upper phase (b), after 

that the mobile phase is introduced into the coil from the right-hand side (inlet) 

while the coil is rotated slowly around its own axis (top). As soon as the mobile 
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phase meets the stationary phase, a hydrodynamic equilibrium is built between 

the two phases (middle). This phenomenon continues until the mobile phase 

flows through the stationary phase and reaches the other side (outlet). Therefore, 

the continued elution only causes the displacement of the mobile phase 

meanwhile the stationary phase will still be largely retained in each turn of the 

coil (bottom). Thus, solutes partition efficiently between the stationary and 

mobile phases in HDES model.  

 

 
Fig.4 Principle of the hydrodynamic equilibrium system (HDES) 

 

Noteworthily, each basic system has its own strength in performing CCC. For the 

HSES model, it produces a stable retention of the stationary phase with a minimum 

risk in emulsification. However, the HDES performs a broad interface and produces 
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an efficient partition due to a good mixing of the two phases.   

 
 

2.1.4 High-speed Countercurrent Chromatography (HSCCC) 

1. Mechanism8, 12 

 
 
Fig.5 Type-J planetary motion of a multilayer coil separation column.  

 

Since the late 1970s the CCC technique has radically promoted by a variety of 

fine and efficient schemes. High-speed CCC is one of the efficient schemes of type-J 

multilayer coil planet centrifuge. Fig.5 shows the type-J synchronous planetary 

motion of a miltilayer coil separation column. By engaging a planetary gear mounted 

on the column holder axis to an analogous stationary sun gear, the synchronous 

planetary motion of the holder is produced. The holder rotates about its own axis once 
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during one revolution around the centrifuge axis with the same angular velocity 

(synchronous) in the same direction. Moreover, the planetary motion also provides 

two main advantages, one is preventing twisting of the flow tubes and the other is that 

it produces a distinctive hydrodynamic motion of two solvent phases due to 

Archimedean screw effect8. 

According to Archimedean screw effect, when a coiled column filled with two 

solvent phases rotating with a planetary motion (rotating centrifugal force field), both 

phases tend to move toward one end (so-called head). However, when the type-J 

synchronous planetary motion applied, a distinctive phenomenon occurs. The lighter 

phase will occupy one end called the head and the heavier phase will be pushed back 

to the other end called the tail. Although until now no clear reason can be explained, 

this bilateral hydrodynamic phase distribution can be used in the advancement in 

CCC.  

Fig.6A shows the two solvent phases confined in the coil and formed a bilateral 

hydrodynamic equilibrium under synchronous planetary motion8, 12. The white phase 

(or lighter phase) occupies at the head side and the black phase (or heavier phase) the 

tail side of the coil. This hydrodynamic equilibrium illustrates when introducing the 

white phase from the tail, it will move toward the head side and similarly eluting the 

black phase from the head will move toward the tail. With this hydrodynamic trend, 
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CCC can be performed efficiently as shown in Fig.6B. And this is the head/tail rule 

which always be mentioned in high-speed CCC. The coil is first completely filled 

with the stationary phase followed by rotating the coil, then a lower (or heavier) 

mobile phase should be introduced from the head toward the tail (Fig.6B upper), or an 

upper (or lighter) mobile phase in the opposite direction (Fig.6B bottom). As a result, 

these two cases enable a high retention volume of the stationary phase in the coil. 

 

 

Fig.6 Mechanism of HSCCC. 

 

The motion and distribution of the two phases in the rotating coil is shown in 

Fig.7 where a spiral column rotating with type-J planetary motion. In Fig.7A the spiral 
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column is uncoiled and arranged with their position number I to IV. The area in the 

stretched column is divided into two zones: the mixing zone and settling zone 

(Fig.7B). The former zone is near the center of revolution and the latter in the other 

area. Clearly, with these special areas solute repetitively and vigorously partition 

between them and demonstrate a high efficiency in high-speed CCC. 

 

 

 

 

 

 

 

 

 

Fig.7 Schematic drawing of motion and distribution of two phases in the spiral 
column undergoing type-J planetary motion. Upper diagram: Successive 
positions of the spiral column showing the mixing zone at the vicinity of the 
centrifuge axis. Lower diagram: Motion of the mixing zones through the spiral 
coil in one revolution cycle. 
 
2.  Selection of the two-phase solvent system 

 Compared with the conventional liquid chromatography, CCC is a technique 

without any solid support matrices. Choosing a suitable two-phase solvent system in 



 13

HSCCC becomes the most important step. Normally, HSCCC users are advised to 

study previous solvent systems in the literature for separating similar compounds12. If 

it fails in searching, then a tedious trial and error is needed to find a suitable solvent 

system. However, some requirements also need to be considered11: (a) stability and 

solubility of analytes in the system; (b) pertinent partition of analytes between two 

phases; and (c) a satisfactory retention volume of the stationary phase provided by the 

solvent system.  

3. Factors affecting the retention volume of the stationary phase12, 14 

Separation resolution in HSCCC highly depends on the retention volume of the 

stationary phase, i.e., the higher the retention volume the better the resolution.  

(a) Partition coefficient (K) 

In CCC, since one can choose either upper or lower phase as the stationary phase, 

so K value in CCC can be shifted in the same solvent system. Normally, a proper 

K value range for the target analytes in the system is 0.5≤K≤ 1.5. With a smaller 

K, the separation results a lower resolution; with larger K, better resolution but 

broader peak widths.    

(b) Settling time 

This is the time required for the two phases to settle into two clear layers after 

gently mixed in a test tube. The retention volume of stationary phase is crucially 
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related to the settling time. If the settling time is less than 20 s, then the solvent 

system will usually provide a satisfactory retention volume in HSCCC. 

(c) Separation column 

HSCCC column is made by winding a long Teflon tubing around the column 

holder and making a multilayer coil separation column. According to 

Archimedean screw effect, the elution of mobile phase must follow the 

previously mentioned head/tail rule for preventing the loss of the stationary 

phase from the column.   

(d) Flow rate of the mobile phase 

Usually, the flow rate of the mobile phase influences the separation time, the 

retention volume of stationary phase, and the peak resolution. With a lower flow 

rate, higher retention level of stationary phase can be obtained, and peak 

resolution can be improved, however, with longer separation time.  

(e) Revolution speed 

The optimum HSCCC revolution speed ranges between 600 – 1200 rpm. Higher 

speed will result in higher retention volume of stationary phase; however, 

excessive sample band broadening will occur.  
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2.1.5 Solvent systems 

In CCC, both stationary and mobile phases are liquids. Therefore, when 

operating CCC the two phases should be considered together. The column is filled 

with two equilibrated phases made of at least two solvents forming a biphasic system. 

Distribution of the sample is based on partition. Since various combination of 

biphasic systems can be made in CCC, thus to establish a powerful and versatile tool 

for separating numerous types of compounds, e.g. peptides, lipids, proteins, metallic 

ions and etc. Three types of solvent systems in CCC are introduced in the following: 

(a) Water-organic solvent system1 

In general, water-organic solvent system is the most important and widely used in 

CCC applications. The great advantage of this system is that organic phase which 

can be expected to increase in polarity as a result of dissolved water. Accordingly, 

they are suitable for hydrophilic compounds separation.Also by adding other 

organic solvents, it enables to adjust the polarity of this solvent system and 

obtaining proper K value range for the analytes. An example of this system is 

hexane/EtOAc/MeOH/H2O for antibiotics purification and separation15.  

(b) Aqueous-aqueous solvent system1 

For biological materials such as the cells and proteins, a suitable aqueous-aqueous 

solvent system is needed. Albertsson first introduced the aqueous-aqueous 
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polymer-phase systems for separation of cells in the mid-1950s16. This solvent 

system is made of two phases; one aqueous phase contains polyethylene glycol, 

while the other contains ionic (inorganic salts) or neutral species (dextrans) 10, 16, 17. 

In the case of relatively low viscosity of this system, they are available in 

hydrodynamic CCC. 

(c) Organic two-phase solvent system11 

With two or more immiscible organic solvents, such as ethylene glycol/Et2O, alkyl 

hydrocarbon /MeOH, and heptane/acetone/MeOH, these solvent systems can be 

employed in separation of hydrophobic analytes. In addition, this system is also 

advantageous for substances readily hydrolyzed or chemically reactive in water 

and offers a much higher solubility than do aqueous solvent system, for instance, 

salicylic acid and salicylamide. However, some technical problems are 

encountered in this nonaqueous system. Since organic solvents are readily 

miscible with each other, when mixing two or more solvents together the precise 

solvent proportions is strictly required in order to form two phases. Therefore, the 

selection of a suitable organic two-phase becomes a challenging task.  
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hydrophobic 

hydrophilic 

2.2 Surfactants  

2.2.1 Introduction  

 
 
 
    
 
 

 
 
Fig.8 Surfactant structure 

 

Surfactants are amphiphile molecules which consist of two distinct groups; one 

is the hydrophilic (or head) group and the other hydrophobic (or tail) group (see 

Fig.8). Amphiphile surfactants preferentially adsorb at an interface, i.e. liquid/air, and 

reduce the interfacial tension. Regarding the hydrophilic groups, surfactants are 

primarily classified into four classes: anionic, cationic, nonionic and zwitterionic in 

nature. Examples of these four classes surfactant are shown in Table 1.  
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Table 1 Examples of four surfactant classes 

Types of 

surfactant 
Name Structure 

Anionic Sodium 

dodecylsulfate (SDS)

Cationic Cetylpyridinium 

bromide  

 

 

Non-ionic Dipalmitoylphosphati

dylcholine (lecithin) 

 

zwitterionic Polyoxyethylene(4) 

lauryl ether (Brij 30) 

 

O
O

P

O

O
O

OCH2CH2N(CH3)3
+

O-

 

 

2.2.2 Hydrophile-lipophile balance (HLB)18  

In 1949s, Griffin proposed a concept of hydrophile-lipophile balance of 

surfactants which was used to assess the quantitative measure of the amphiphilicity of 

surfactants. These numbers were introduced to facilitate the selection of particular 

compound in a specific application. HLB number ranges from 1-40: the higher is the 

N
+

Br-

 H 
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value the stronger is the hydrophilicity in character. Table 2 lists the applications of 

surfactants with different HLB number. 

 

Table 2 Hydrophile-lipophile balance applications 

HLB Applications 

3 – 7 Water-in-oil emulsions 

7 – 15 Wetting agents 

8 – 18 Oil-in-water emulsions 

13 - 15 Detergents 

15 - 18 solubilizing 

 

2.2.3 Micelles9 

 

 

 

 

 

Fig.9 Micellar structure 
 

When surfactant molecules reach a certain concentration, they aggregate and 
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form micelles in aqueous solution, and this concentration is called critical micellar 

concentration (CMC). In the micellar structures, the hydrophilic groups of surfactants 

are exposed to aqueous phase, and the hydrophobic groups are orientated toward 

interior, forming oily core (Fig.9). When micellization occurs, some physical 

properties of solution, i.e. osmotic pressure and surface tension, have sudden change 

in measurement (Fig.10). 

 

   

 

 

 

 

 

 

 

 

 

 

Fig.10 Physical properties change in micellar solution 
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One of the most important changes or properties of the micellar system is their 

solibilization of species in the solution. For aqueous micelles, solubilization is closely 

related to the hydrophobic and amphipathic properties of the solubilizate. Basically, 

the loci of the solubilization can be divided into three sites with description as follows 

and is schematically depicted Fig.11: 

 

 

 

 

 

 

Fig.11 Loci of solubilization of substances in micelles 
 

1. Adsorption at the micellar surface, i.e. at the micelle-water interface. 

2. In the palisade layer between the hydrophilic head groups. 

3. In the inner core of the micelles.   

Generally, the inner core of the micelles is considered the locus of solubilization 

for non-polar solubilizate such as n-alkanes. Solubilizate molecules of relatively 

high polarity such as alcohols are believed to penetrate between the palisade layers 

of which the polar functional groups (e.g. -OH) are able to expose to water19. 

However, some literature also presented the conflictions for molecules, such as 

2

3 1 
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aromatic hydrocarbons. These molecules are non-polar but they are located at the 

micellar surface20, 21. Additionally, it should be emphasized that like the surfactant 

monomers the solubilizates are not rigidly fixed in the micelles; not only can it move 

about within the micelles, but also it is in constant dynamic equilibrium with the 

bulk aqueous phase22.  

 
 

2.2.4 Factors influencing solubilization9,23 

1. Effect of the structure of the surfactant 

Generally, the amount of solubilizate increases with increasing size of the 

micelles. For example, increasing the alkyl chain length that causes an increase 

in the aggregation number of the micelles is expected to increase the 

solubilization capacity. 

2. Effect of the structure of solubilizates 

The polarizability of solubilizates plays a crucial part. Other factors that affect 

the solubilization extent are chain length and branching, molecular shape and 

size. 

3. Effect of added electrolytes 

Since electrolytes enable to diminish the mutual repulsion of the ionic head 

groups of surfactants, addition of electrolytes to the ionic surfactant solution 
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would decrease the CMC and increase the micellar size. 

4. Effect of addition of non-electrolytes  

Normally, the presence of hydrocarbons increases the solubilization of polar 

compounds as the swelling of the micelles allows the penetration to the palisade 

layers of more polar compounds. On the other hand, the solubilization of polar 

compounds such as long-chain alcohols, amines and fatty acids, appears to 

increase the solubilization of hydrocarbons. 

 
 

2.3 Spectral analysis in micellar systems 

To understand the nature of the local microenvironments of micellar systems is 

important for evaluating the structure and properties of the micelles, and their ability 

to solubilize compounds. Several techniques such as NMR24, small angle neutron 

scattering (SANS) and Fourier transform pulsed field gradient spin echo (FT-PGSE)25 

have been proposed to investigate the characteristics of the micellar system. Also 

some literature has proposed using spectral analysis, e.g. ultraviolet (UV) 

spectrometry19, 26, 27, 28, to examine solubilizate in the micellar system. Among all 

these available methods, we have chosen the UV spectral analysis as our experimental 

method. 

Molecular absorption in the UV/vis region of the spectrum is dependent on the 
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electronic structure of the molecule in its environment. Wavelength shift as well as the 

change of their vibrational fine structures has usually been observed while the analyte 

is solubilized in micellar solution. Generally, the similarities of absorption spectra of 

analytes in micellar solutions and in low-polarity solvents can be interpreted as the 

analytes staying in the low-polar environment in the micelles. On the other hand, we 

can also assume that the location of the analytes is near or at the micelle-water 

interface if analytes in micellar solutions and in polar solvents have similar absorption 

spectra9. For example, by comparing UV spectra of ethylbenzene obtained in heptane, 

water and 0.1 M SDS a micellar solution (in Fig.12), one may conclude that the 

analytes should probably exist in non-polar solubilization site in the core region29. 

 
Fig.12 Spectral of ethylbenzene: upper continuous line, heptane; dashed line, 0.1 
M sodium dodecyl sulfate; lower continuous line, water29. 
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However, some cautions should be considered when spectral data in micellar 

solutions are analyzed. For example, some contradictory outcomes were observed 

while naphthalene in micellar solutions was analyzed spectroscopically30. Although a 

general way for evaluating the spectral effects upon micellization is not available, 

practical applications based on the wavelength shifts and the absorptivity coefficient 

variations have been reported9. 

Furthermore, when UV spectra used in analyzing the locations of analytes in 

micellar system, it is necessary to define certain terms as following: 

1. red (or bathochromic) shift : the shift of absorption to longer wavelength. 

2. blue (or hypsochromic) shift : the shift of absorption to shorter wavelength. 

However, to explain this wavelength shift it is necessary to consider 

solvent-solute interactions, which depend on the polar and non-polar nature of both 

the solvent and solute. For examples, the n →π* transitions of single chromophoric 

groups such as the carbonyl group which are characterized by the hypsochromic shift 

observed with an increase in solvent polarity. However, for theπ→π* transitions of 

enones, it usually undergoes a bathochromic shift as the polarity of the solvent is 

increased31. It is well known that the micellar phase is less polar than the aqueous 

phase, therefore spectra shifts to longer wavelength (red shift) also occurs from 

pre-micellar to micellar phase19. 
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Chapter 3 Experimental Section 

3.1 Apparatus  

 

 

 

 

 

 

 

 

Fig.13 Photograph of the HSCCC instrument 
 

The HSCCC instrument employed was a Model CCC-1000 high-speed 

countercurrent chromatography (Fig.13) designed and constructed by Pharma-Tech 

Research Company in Baltimore Maryland, USA. The multilayer coil separation 

column was prepared by winding a 54 m long, 1/8 inch O.D. and 1/16 inch I.D. tefzel 

tube directly onto the holder forming multiple coiled layers with a total capacity of 

108 mL. The stationary phase retention volume was about 81~83%. And the 

revolution speed of the apparatus was regulated at 800 rpm. The solvent was pumped 
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into the column with a Series II Digital HPLC Pump at the flow rate of 2 mL/min. 

The temperature controller was able to adjust within ± 1℃ and was manufactured by 

Mong Lien Company in Hsinchu. Continuous monitoring of the effluent was achieved 

with a BIO-RAD (CA, USA) model 1801 UV/Vis detector. A manual sample injection 

valve with a 100 μL loop was used to introduce the sample into the column. 

 
 

3.2 Reagents  

 Steroids ((+)-4-cholesten-3-one (CS)( >95%), progesterone (PS) (>98%), 

Δ4 –androstene-3,17-dione (AS) (>99% ), β-estradiol (ED) (>97%), testosterone (TS) 

(>99%), ergosterol (ES) (>95%), cholesterol acetate (CA) (>95%)) were purchased 

from TCI (Tokyo, Japan). Esters (butyl acetate (99%), propyl acetate (98%), ethyl 

acetate (99.5%), methyl acetate (99%)) were HPLC grade and purchased from Acros 

Organics (New Jersey, USA). Ketones (2-hexanone (98%), 2-pentanone (97%), 

2-butanone (99%)) were GC grade and purchased from TCI (Tokyo, Japan). 

Benzaldedyde (99%) and acetophenone (98%) were from Lancaster (Lancashire, UK) 

and Sigma Chemical (St. Louis, USA), respectively. The anionic surfactants used 

were water soluble sodium 1-heptanesulfonate (SHS) (C7H15SO3
-
 Na+) (98%), sodium 

1-hexanesulfonate (SXS) (C6H13SO3
-
 Na+) (98%), sodium 1-nonasulfonate 

(C9H19SO3
-
 Na+) (98%), and cationic surfactant cetyltrimethyl ammonium bromide 

(C19H42 N+Br-) (99%) were purchased from TCI (Tokyo, Japan). Sodium n-dodecyl 

sulfate (C12H25SO4
-
 Na+) (99%) was from Sigma Chemical (St. Louis, USA). All 

organic solvents (n-hexane, methanol, acetonitrile, acetone) were HPLC grade which 
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obtained from Mallinckrodt Baker (Philipsburg, USA), and deionized water from 

Milli-Q plus (Bedford, MA). Sample solutions were prepared by dissolving the 

analytes in the upper phase of the solvent system used for separation, at a suitable 

concentration according to the UV detection required. The critical micellar 

concentration (CMC) of SHS was measured 300mM in our laboratory32. By 

calculation, the CMC of SHS was 670mM9. 

 
 

3.3 Preparation of n-hexane/ surfactant-containing water solvent system 

 The following solvent system was prepared: n-hexane/ surfactant -containing 

water (3:1) mixture was thoroughly shaken and equilibrated in a separatory funnel at 

room temperature, and the two phases were separated overnight before use. The liquid 

on the top portion in the funnel is called upper phase, while the bottom portion called 

lower phase. 
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3.4 HSCCC separation procedure 

 

 
Fig.14 Schematic diagram of experimental set-up 

 

 A schematic diagram of our experimental set-up was shown in Fig.14. The 

high-speed countercurrent chromatography was performed as follows: the multilayer 

coiled column was first filled entirely with the lower phase. The upper phase was then 

pumped into the tail end of the column at a flow rate of 2.0mL/min, while the 

apparatus was run at 800 rpm. After hydrodynamic equilibrium was reached, 

indicated by a clear mobile phase eluting at the head outlet, 100μL of sample solution 

was injected through the sample port. The effluent from the head end of the column 

was continuously monitored with a UV detector. After all desired peaks were eluted 
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the rotation and elution were stopped. Then, the column contents were collected into a 

graduated cylinder by N2 flushing. The retention of the stationary phase relative to the 

total column capacity was computed from the volume of the stationary phase 

collected from the column. 

 
 

3.5 Ultraviolet/visible spectroscopy 

 All absorption spectra of the samples in the ultraviolet range were measured by 

an Agilent 8453 UV-Vis spectrophotometer (Waldronn, Germany) at room 

temperature. The instrument was a diode-array-based UV-Vis spectrophotometer. The 

cell used for the ultraviolet spectroscopy was 1-cm path-length quartz cuvette. 
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Chapter 4 Results and Discussion 

4.1 Separation results 

4.1.1 Separation of steroids 

 We have mentioned in the introduction section that organic two-phase system is 

not a suitable solvent system in CCC due to its difficulty to attain a satisfying K value. 

In order to solve this problem, we attempted to use n-hexane/surfactant-containing 

water solution to mimic this solvent system. With the lower phase as the stationary 

phase, and the upper phase as the mobile phase, this solvent system has been used to 

separate three steroids in CCC. In addition, when the mobile phase was consumed, we 

could just directly continue our experiment with fresh n-hexane, and without 

pre-saturated with the surfactant-containing water solution. 

 Even though this system has demonstrated the feasibility of separating 

hydrophobic compounds32 previously in our laboratory, some progressions are still 

needed to improve its separation efficiency and capability. Also, we found that the 

elution order of these analytes (CS→PS→AS) was incompatible with our expectation 

(AS→PS→CS). At first, we assumed the analytes were well partitioned between the 

organic mobile phase and the hydrophobic cores of the micellar phase, therefore the 

more hydrophobic of the compound the slower it should be eluted out. However, the 
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outcomes conflicted with our assumption, i.e. the more hydrophobic of the compound 

the faster it was eluted out. Accordingly, we would investigate not only the efficiency 

and capability of this solvent system, but also the separation mechanism. 

 
 

4.1.1.1 Length of surfactant alkyl chain 

 
Fig.15 Chromatogram of three steroids in the solvent system of n-hexane : SXS 
(830mM) = 3 :1. The detection wavelength is 230nm.  
(CS: (+)-4-cholesten-3-one(200 mg/L), PS: progesterone (300 mg/L), AS: Δ4 

–androstene-3,17-dione (400 mg/L)) 
 

 Surfactant SHS with linear alkyl chain of seven carbons has been used to 

separate three steroids in CCC in our previous work32. Other surfactants of different 

chain length were also tried in order to investigate their separation effect in CCC. At 

first, longer alkyl chain surfactants that were more than seven carbons, e.g. sodium 
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1-nonasulfonate, SDS (sodium n-dodecyl sulfate), and CTAB (cetyltrimethyl 

ammonium bromide), had been used. However, these longer surfactants tended to 

adsorb at the aqueous-organic interface and caused emulsification in our solvent 

system. Therefore these longer-chain surfactants were not feasible in our studies. 

Then the surfactant of shorter alkyl chain, i.e. sodium 1-hexanesulfonate, was also 

tried. In Fig.15, it shows this shorter-chain surfactant has successfully separated three 

steroids in CCC. Additionally, the elution order was also same as in using the SHS 

micellar solvent system. Therefore, from the above results we found shorter alkyl 

chain surfactants were more feasible than longer-chain surfactants in CCC. 

 
 

4.1.1.2 Concentration of SHS  

 Solubilization of analyte is related to the formation of micelles. Once micelles 

are formed, the solubility increases with increasing surfactant concentration (see Fig. 

10). Our experimental results agreed with this phenomenon. As surfactant 

concentration approached to CMC (~300mM), the unresolved peaks (CS and PS) 

started splitting into two peaks32. The increase of the retention times of PS and AS 

revealed that solubilities of these two steroids in micellar solution were elevated. As 

the concentration of surfactant was increased to 400mM, a complete resolving of the 

peaks was finally achieved. However, we tried to extend its potential to separate more 
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steroids. So, straightforwardly we increased the surfactant concentration to 600mM 

and hoped that by enhancing its separation time, the efficiency could also be increased 

simultaneously. The chromatogram is shown as fig.16. 

  

 

Fig.16 Chromatogram of three steroids in the solvent system of n-hexane : SHS 
(600mM) = 3 : 1. The detection wavelength is 230 nm.  
(CS: (+)-4-cholesten-3-one(200 mg/L), PS: progesterone (300 mg/L), AS: 
Δ4–androstene-3,17-dione (400 mg/L)) 

 

 The steroids used in our study can be categorized into three relative polarities 

according to their retention times: high, medium, and low (Table 3).Steroids that were 

not detected after 10 hours elution were considered as high polarity; medium polarity  
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Table 3 Relative polarities of different steroids 
Relative 
Polarity 

Name Retention 
Time 

(hour) 

Structure 

Testosterone (TS) >10 

 

High 

β-estradiol (ED) >10 

 
Progesterone (PS) 1.47 

 

Medium 

Δ4 –androstene-3,17
-dione (AS) 

5.41 

O

CH3

OCH3

 
(+)-4-cholesten-3-on
e (CS) 

0.12 

O

CH3 CH3 CH3

CH3

H3C

 

Low 

Ergosterol (ES) 0.12 
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Cholesterol acetate 
(CA) 

0.12 

 

 

steroids ranged from 1 hour to 6 hours, and low polarity steroids were about 0.12 hour 

(or no retention). A steroid is characterized by its carbon skeleton with four fused 

rings (Fig.17). If we categorized the relative polarities of steroids according to their 

functional groups which were attached to these rings, we found these groups have 

some relations with their retention times. The high-polarity steroids are those with at 

least one hydroxyl group and not eluted out after 10 hours. In fact, the steroids eluted 

out ranging from 1 to 6 hours are those with a carbonyl group attached to ring D. 

These compounds possess indeed medium polarity according to their structures. The 

low ones which are those with a long alkyl chain attached to ring D, and their 

retention time were less than 0.12 hour (or virtually non-retained). 

 

 

 

 

 

Fig.17 The basic structure of steroid 
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 In Fig.16, the latter two compounds (PS and AS) belonged to the medium 

polarity steroids. However, neither high- nor low-polarity steroid was able to result in 

a reasonable retention factor (k’). Since high-polarity steroids were unfavorably 

soluble in n-hexane and preferably retained in the micellar stationary phase, whereas 

the low-polarity steroids preferably dissolved in n-hexane and resulted in very short 

retention time in our solvent system. In the beginning, we thought that when the 

separation time was lengthened, more steroids might be separated. However, the 

results showed we were unable to separate more steroids using this solvent system. 

 
 

4.1.2 Other compounds except steroids 

 Initially, when we chose steroids as our target compounds in this solvent system, 

their molecular structures, such as size, polarity and so on, were not critically 

considered. However, we suspected the interaction between steroids and micellar core 

was not just affected by its weak hydrophobic attraction, its steric hindrance might 

also be another factor in this system23. In addition to steroids, we then tried other 

compounds of very low and medium polarities respectively. 

(a) Small compounds with very low polarity 

We then chose compounds of very low polarity in order to increase the hydrophobic 

interaction with the non-polar micellar core. In the beginning, we tried some 
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polyaromatic hydrocarbons (PAHs), such as naphthalene and phenanthrene, which 

were more hydrophobic compared with the steroids. However, no obvious retention 

was observed for these compounds (Table 4). After that we tried two alkyl benzenes, 

i.e. methylbenzene and ethylbenzene; also no retention was observed. According to 

these results, small compounds of very low polarity were unable to be separated in 

our solvent system. 

 

 
Table 4 Retention time of different compounds without polar group 

Compounds Retention time (min) 

Naphthalene 7.6 

Phenanthrene 7.6 

Methylbenzene 7.1 

Ethylbenzene 6.9 

 

(b) Small compounds with moderate polarity 

We then chose small compounds with moderate polarity as our target compounds in 

the SHS micellar solvent system, and the followings were their separation results in 

CCC. 

 

(i) Aryl group compounds 
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Fig.18 Chromatogram of (1) acetophenone and (2) benzaldehyde with 
concentration of 30μg/mL respectively and in the solvent system of n-hexane : 
SHS (600mM) = 3 : 1. The detection wavelength is 240 nm. 
 
 

(ii) Ester 

 
Fig.19 Separation chromatogram of (1) butyl acetate (2) propyl acetate (3) ethyl 
acetate and (4) methyl acetate with concentration of 30μg/mL respectively and in 
the solvent system of n-hexane : SHS (600mM) = 3 : 1. The detection wavelength 
is 230 nm. 
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(iii) Ketones  

 
Fig.20 Separation chromatogram of (1) 2-hexanone (2) 2-pentanone and (3) 
2-butanone with concentration of 20μg/mL respectively and in the solvent system 
of n-hexane : SHS (600mM) = 3 : 1. The detection wavelength is 280 nm.  
 

From the above results, it shows the separation capability of our micellar solvent 

system toward the moderate polarity and small-sized molecules. From the retention 

time trend, we found the polarities of the compounds played a crucial role. In addition, 

compounds with small difference in polarity cannot be completely resolved (see 

Fig.19). 
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4.2 Separation mechanism  

 

 
 

Fig. 21 Separation results of three steroids (CS, PS, AS) under different 
concentration of SHS32 (A) 200mM (B) 300mM (C) 350mM and (D) 400mM.  
  

 Referring to the previous work in this laboratory (see Fig. 21), although SHS 

concentration had not reached CMC (200 mM), this micellar solvent system still 

enabled to separate at least two steroids. While the surfactant concentration was 

increased to 400 mM, this solvent system finally enhanced its efficiency and 

successfully separated three steroids. As generally known, when surfactant is added 

into aqueous solution, the polarity of the aqueous solution will become lower. Even 

the concentration of the surfactant was below CMC, it still showed the separation 
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capability. It can be explained that since the polarity of this pre-micellar solution was 

decreased to certain extent to provide adequate partition for the two steroids between 

the two phases; thus to resolve CS and AS peaks. 

 However, when the concentrations of the surfactant became well above the 

CMC, the separation mechanism could not be simply explained by the polarity factor. 

When micelles are formed, the large surface-charge densities of these aggregates 

interact with highly polar solutes through strong ion-dipole interactions19. Accordingly, 

when the surfactant concentration reaches CMC the separation of three steroids in 

CCC was no longer just dependent on the polarity effect but was also dependent on 

the ion-dipole interaction. 

 We then tried to separate four esters under 200 mM concentration of SHS and 

evaluate these compounds under the pre-micellar solvent system. Fig. 22 shows four 

ester compounds separated under pre-micellar solvent system. The elution order of 

this pre-micellar system was similar to that of using the 600 mM micellar system. 

According to this outcome, we can propose the same mechanism as in the separation 

of steroids (CS and AS) in which the separation might mainly depend on the 

decreasing polarity of pre-micellar solution. 

 

 



 43

O 

R

 

 

 

 

 

 

 

 
Fig. 22 Separation chromatogram of (1) butyl acetate (2) propyl acetate (3) ethyl 
acetate and (4) methyl acetate with concentration of 30μg/mL respectively and in 
the solvent system of n-hexane : SHS (200mM) = 3 : 1. The detection wavelength 
is 230 nm. 

 The three steroids that were successfully separated (see in Fig. 16) have a 

general structure shown in Fig. 23. The functional group R makes the major 

difference in the polarity of these steroids. With this elution order, we found that our 

earliest mechanism assumption, i.e. steroids might penetrate into the micellar core and 

caused the separation in CCC32, might be incorrect. 

 

 

 

 

Fig.23 The general structure of the steroid separable in our present work. 

0 20 40 60 80 100
-10

0

10

20

30

40

tim e (m in)

m
v

R
el

at
iv

e A
bs

 
1 

3 

4 

2 



 44

 Fig. 24 shows the spectra of two steroids (PS and AS) in water, methanol and 

n-hexane at room temperature. It is clear from the spectra that in the aqueous solution 

the band shifted toward longer wavelength as compared to those in methanol and 

n-hexane. To explain this wavelength shift it is necessary to consider solvent-solute 

interactions or the dielectric effect of the solvent in the absence of any specific 

solvent-solute interactions19. The π → π* transitions of enone, such as mesityl oxide, 

was reported to undergo a bathochromic shift with increasing dielectric constant of 

the solvent31. Since the steroids of interest possessed enone groups, and the same 

effect was also observed in our case; therefore we could conclude the wavelength 

shifts of steroids were mainly influenced by this group. Since the micellar phase is 

less polar than the neat water phase, the absorbance summits should shift to shorter 

wavelength (hypsochromic shift) from pre-micellar to micellar phase. And the effect 

was indeed observed in our studies (Table 5). 
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Fig.24 UV absorption of (a) Δ4 –androstene-3,17-dione (400mg/L), and (b) 
progesterone (300mg/L)in H2O (     ), methanol (    ) and n-hexane (    ). 
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Table 5 λmax (nm) of progesterone (10 mg/L) and Δ4 –androstene-3,17-dione (10 
mg/L) in SHS solution of concentration (Conc.) 

Steroid Conc. (mM) λmax (nm) 
0 249 

200 248 
300 248 
400 247 
500 246 

progesterone 

600 245 
0 248 

200 248 
300 248 
400 246 
500 245 

Δ4 –androstene-3,17-dione 

600 245 

 

 Solubilization is closely related to the hydrophobic and amphipathic properties 

of the solubilizate in the micelles33. Normally, the possible site for highly hydrophobic 

solubilizates is in the inner core of micelles. However, CS was a highly hydrophobic 

solubilizate but was totally insoluble in our micellar solution even with the surfactant 

concentration as high as 600mM. Since CS was highly soluble in n-hexane, therefore, 

we tried to use this solvent to carry CS penetrating into micelles. A solution of CS in 

n-hexane (200mg/L) was prepared. Six μL of this solution was added to 10 mL 

micellar solutions of different surfactant concentrations and stirred for ~ 15 mins. Fig. 

25 shows n-hexane was able to act as a “carrier” for bringing CS into the micellar 

solution. A red shift of the absorbance was observed. It must be noted that this 
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absorbance measurement was achieved by directly solubilizing CS into the micellar 

solutions and not through partitioning between two phases. However, CS was 

favorably soluble in the mobile phase; therefore, no retention of CS was observed in 

the CCC separations. 

 

Fig.25 UV absorption of (+)-4-cholesten-3-one in n-hexane (200mg/L) which was 
added 6μL into 10 mL micellar solutions of different SHS concentrations and 
stirred about 15 mins. 

 

 According to the literature19, some workers explained this red shift phenomenon 

revealed solute penetration into the micellar inner core. Then the absorbance 

measurements of PS and AS should also show similar red shifts as CS if these two 

compounds truly penetrated into the micellar cores because all three steroids shared 

similar molecular structure and their chromophores were all enones. Thus, we also 
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investigate the absorptions of the other two steroids (PS and AS). The outcomes are 

shown in Table 6. However, hypsochromic shifts instead were observed. It implied 

these two steroids were solubilized in other locations of micellar solution and not in 

the inner core. Also, we have tried other PAHs, and their absorptions were increased 

when surfactant concentration was increased. But no obvious band shift was observed 

in our experiments. 

 

Table 6 λmax (nm) of progesterone (200mg/L) and Δ4 –androstene-3,17-dione 
(200mg/L) in n-hexane which were added 6μL into 10 mL micellar solutions of 
different SHS concentrations (Conc.) and stirred about 15 mins. 

 

 Now, only two other probable locations needed to be considered. Solubilizate 

are also believed to possibly penetrate into the palisade layers of which the polar 

functional group exposes outwardly to water and the non-polar group orients inwardly 

Steroid Conc. (mM) λmax (nm) 
0 246 

200 250 
300 250 
400 245 
500 245 

progesterone 

600 246 
0 249 

200 249 
300 250 
400 246 
500 245 

Δ4 –androstene-3,17-dione 

600 244 
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to the inner core19. If CS was able to penetrate in palisade layers, its lower polarity 

alkyl chain should orient inwardly, while the higher polarity enone group should 

orient outwardly. However, we have mentioned that no absorption was detected when 

powder of CS was directly added and thoroughly stirred in micellar solution. 

Apparently, this molecule could not penetrate into the palisade layer. With regard to 

the other steroids (PS and AS), since they are constituted by two polar functional 

groups (enone and carbonyl group) at each side, therefore, none of these groups is 

able to orient inwardly to the inner core. Accordingly, they would not be able to 

penetrate into the palisade layers of the micelles. 

 Since PS and AS are unable to stay either in the inner cores or in the palisade 

layers, we would propose that these compounds might locate at the micellar surfaces. 

When ionic surfactant concentration is above the CMC, they aggregate and carry high 

formal charge at the micelle/water interface. With this high local electrostatic field, 

these steroids may locate at the micellar surface via ion-dipole interaction with the 

charged groups of the micelles. From the chromatogram (Fig.16), the result also 

agreed with this argument, i.e., steroids with higher polarity was eluted out slower. 

Therefore, we believe that these two steroids interacted with the micellar system 

through ion-dipole attraction in CCC. 

 As to those small polar molecules, even though we did not use the same 
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spectroscopic method to deduce the mechanism as for steroids, we found that the 

chromatograms could be explained in same manner (Figs. 18-20), i.e., with higher 

polarity, slower the analytes were eluted out. Therefore, we believe the ion-dipole 

interaction also influenced the small polar compounds in this micellar system, and 

caused the compounds partitioned only between n-hexane and the micellar surface 

and not inside the micellar core. 
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Chapter 5 Conclusions 

 After a series of experiments, we have successfully characterized a new solvent 

system: n-hexane/surfactant-containing water in CCC. Even though we were unable 

to enhance the separation capability of steroids in the present, separation of the other 

samples helped us to understand more about this solvent system. 

 According to the results and absorbance spectra, we believe that the analytes 

partitioned between the mobile and stationary phases via two possible interactions. 

While the surfactant concentrations were lower than the CMC, the partition occurred 

mainly due to the hydrophobic interaction because the polarity of the lower phase was 

decreased by the added surfactant molecules. However, while the concentrations 

became higher than the CMC, a stronger ion-dipole interaction dominated. In the 

future we may try surfactants with other ionic groups, such as carbonate group, 

phosphate group to modify the solvent systems. 

 In conclusion, we have proposed a new solvent system: 

n-hexane/surfactant-containing water that shows some advantages over the organic 

two-phase system in CCC. Elution using this new system was quite stable, possibly 

due to the fact that the two phases were quite immiscible. Applications using this new 

solvent system are yet to be explored. 
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