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CHAPTER 1 

 
INTRODUCTION 

 
1.1 Introduction 

 

Increasing demand for gold in recent industrial products such as electronic 

device and catalysts makes it crucial to recover gold from the inevitably increasing 

waste products from the viewpoint of resource conservation. Since conventional 

selective dissolution-conditioning and precipitation process for recovering precious 

metals are labor-intensive, more flexible hydrometallurgical ones such as solvent 

extraction and ion exchange have attracted special attention. Therefore, the possibility 

of other alternatives is of interest to turn the ecological waste into valuable 

commodities. 

Cloud point extraction (CPE) is a relatively novel separation method based on 

an aqueous two-phase system with polyoxyethylenated nonionic surfactant. CPE has 

been applied for separating some organic compounds and some metals from aqueous 

media [1,2]. For comparison purposes, the cloud point procedure is superior to or 

very competitive with all the approaches for the extraction of target analytes. In the 

CPE approach, no volatile organic solvent is required, which is an important 

advantage. Other advantages of CPE are that 1) wide variation of the initial analyte 

concentration does not appreciably alter the extraction recoveries achieved, 2) only a 

small amount of nonionic surfactant is required to generate the two phases and 3) an 

affinity cosurfactant can be incorporated into the system to increase the extraction 

selectivity. Moreover, CPE is potentially industrial process because of its ease of 

scale up.  Instead of using an organic solvent or a water-soluble polymer, a nonionic 

surfactant can also be employed to form two liquid phases for extraction.   

However, nonionic surfactants are not available as pure homogeneous 

materials. They have a high background absorbance in the ultraviolet region due to 

the presence of the aromatic moiety in the surfactants employed to date.  Also 

thermally labile analytes can undergo degradation at the temperatures required for 

phase separation to occur with some of these surfactants. 

On the other point of view, thermodynamic approaches are often used for the 

study of surface properties of the surfactant solution [3]. Recently, there are many 
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successful reports on the study of the interaction between components in the 

surfactant solution by applying the developed thermodynamic equation to the 

experimental surface tension data [4,5]. By use of the excess thermodynamic 

quantities, some conclusions can be drawn regarding the interaction between 

components in the solution at different pH conditions. 

 

1.2 Theory 

 

 1.2.1 Nonionic Surfactant 

 

In recent years nonionic surfactants have become increasingly important in 

many applications, such as, pharmaceutical technology, cosmetics, food products, and 

chemical technology. Similarly, these have found applications as ordered media and 

used in virtually all fields of analytical chemistry in order to improve existing 

methods and to develop new analytical procedures [6,7].   

Surfactant has two parts in a molecule; a hydrophobic part (tail part) which is 

a long chain of hydrocarbon, it functions as water hating group. The other is a 

hydrophilic part (head part) which has a polar group, this part is water liking (e.g. 

sulphonate, carboxylate, sulphate, phosphate, quarternary ammonium) as shown in 

Figure 1.1. For nonionic surfactant, the hydrophilic part contains the electronegative 

atoms such as oxygen and nitrogen which are capable of associating with the 

hydrogen-bond networking.  

Important behaviors of surfactants that explain the majority of observed 

phenomena are solubilization, adsorption of a surfactant at a surface, and the 

formation of micelles in a solution. These three phenomena differentiate a surfactant 

from other chemical entities. It is the abnormal solubility characteristics of surfactants 

that give adsorption and form micelles. It is the adsorption on the surfaces that gives 

the surface active effects of foaming, wetting, emulsificating, and dispersing of solids 

and detergency. It is the micellar properties that give the solution and bulk properties 

of surfactants such as viscosity and solubilisation. 
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Figure 1.1   Basic structure of a surfactant. 

 

  1.2.1.1 Solubility of Surfactants in Water 

 
In the surfactant solution, the water molecules wrap around the hydrophilic 

part of the surfactant molecules by hydrogen bonding. Then, the more hydrophilic 

groups in surfactant molecule, the more water molecules extend to make more water-

soluble. Surfactant in water has two important effects, hydrophobic and hydrophilic 

effects [8]. 

 

 a) The hydrophobic effect 

 
The hydrocarbon chain is insoluble in water. The mechanism involves both 

enthalpic and entropic contributions and results from the unique multiple hydrogen-

bonding capability of water. There is a restructuring or re-orientation of water around 

nonpolar solute that imposes more ordered structure on the surrounding water 

molecules, giving a decrease in entropy. Then hydrophobic groups tend to increase 

the degree of order on water molecules around them. 

 

 b) The hydrophilic effect  

 
The hydrophilic group gives disordering effect of water molecule. Polar 

groups with a highly electronegative character show strong electrophilic properties 

and make the surfactant molecules soluble in water. The aqueous solubility of 

surfactant molecule depends upon the relative strengths of the hydrophobic and 

hydrophilic effect. 

Because nonionic surfactants do not ionize in aqueous solution, they have 

many advantages as detergents and emulsifiers. The inverse temperature-solubility 

relation of polyoxyethylene surfactants indicates that the over-all solubility of these 

Hydrophobic part Hydrophilic part   
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materials depends on the extent of hydration of hydrophilic moiety. The water 

molecules are affixed to the ether oxygens by hydrogen bonding. Consequently, 

depending on the nature of the hydrophobic group, at least four to six ethylene oxide 

units per molecule are required to produce a water-soluble surfactant. 

 

  1.2.1.2 Adsorption and Critical Micelle Concentration (cmc) 

 

The major characteristics of surfactant is that it is at a higher concentration at 

the surface than that in the bulk of a liquid. This phenomenon is known as adsorption 

and occurs at a liquid/solid interface, at a liquid/liquid interface and at a air/liquid 

interface.  

The important properties of surfactant are their properties of being adsorbed at 

interface and of micelle formation. The adsorption of a surfactant from solution to a 

surface depends upon the concentration. At very low concentration, there is no 

orientation and the molecule lies flat on the surface. As the concentration increases, 

they begin to orient depending on the nature of hydrophilic group and the surface. 

The orientation of surfactant molecules is going up to a specific concentration of 

surfactant where the micelle has been formed in the solution. The concentration is 

known as the critical micelle concentration (cmc). 

The cmc of surfactant indicates the point at which monolayer adsorption is 

almost complete and the surface active properties are at an optimum. Hence, there is 

considerable practical interest in cmc as it represents, in practice, the lowest 

concentration need to get the maximum benefit. 

The determination of the value of the cmc can be made by use of any of 

physical properties, but most commonly the breaks in the electrical conductivity, 

surface tension, light scattering, or refractive index concentration curves have been 

used for this purpose. In this work, cmc was evaluated by the extinct break point 

obtained from the surface tension versus surfactant concentration. 

 

  1.2.1.3 Effect of Head Size of Surfactant to Micelle Shape 

 
At the concentration higher than cmc, surfactant molecules aggregate to form 

a colloidal-sized cluster in solution, called micelle. In aqueous media, the surfactant 

molecules in micelle are oriented with their hydrophilic heads toward the aqueous 
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phase and their hydrophobic groups away from it. It is important to understand that 

the structure and shape of the micelle can change and that the micelle is a dynamic 

entity [8]. Depending upon the conditions, micelles can form spherical, rod shape or 

lamellar shape, neat structure (see Figure 1.2). 

 

 
Figure 1.2 Schematic representation of idealized structure of surfactant [9]. 

 

Changes in temperature, concentration of surfactant, additives in the liquid 

phase, and structure groups in the surfactant may all cause changing in size, shape, 

and aggregation number of micelle, with the structure varying from spherical through 

rod- or disklike to lamellar in shape [9,10]. 

A theory of micellar structure, based upon the geometry of various micellar 

shapes and the space occupied by the hydrophilic and hydrophobic groups of the 

surfactant molecules, has been developed by Israelachvili et al. [8]. The area occupied 

by the hydrophobic group and the hydrophilic group was defined by: 

 
Hydrophilic group area = ao 

Hydrophobic group area ah = v/lc where v is the alkyl chain volume and lc its 

maximum length 

Micelle shape can be approximately determined by the relation of surfactant 

number (ah/ao = v/aolc) as in Table 1.1 
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Table 1.1 Relation between surfactant number and micellar structure 

v/aolc Predicted micellar structure 

≤ 1/3 

1/3 – ½ 

½ - 1 

≥ 1 

Spherical micelles 

Cylindrical micelles 

Bilayers, vesicles, lamellar in aqueous media 

Inverse structures 

 

In general, the head size affects on the shape of micelle in the order that the 

smaller head size, the higher the surfactant number and the micellar shape changes 

downward the table. Parameters, that affect the head size of surfactant such as 

solution temperature and electrolyte concentration, change micellar shape.  

In aqueous solutions, micelle likes to be in form O/W (oil in water) where its 

heads are outer around micelle as in Figure 1.3b. An increase in temperature appears 

to cause dehydration of the polyoxyethylene chain, then to yield a decrease in head 

size, consequently to accompany a change in micellar structure toward the lamellar 

structure. It may turn o/w structure to water in oil (W/O) structure as shown in Figure 

1.3c. 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Schematics of micelle shape of different head size [8]. 

 

ao ah (a) 

O/W W/O 
Large head group (ao> ah ) Small head group (ao< ah ) 

(b)                                                   (c) 
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 1.2.1.4 Polyoxyethylene Nonyl Phenyl Ether Surfactant 

 

 Polyoxyethylenated nonionic surfactant posses the series of ethylene oxide 

group as the hydrophilic part of the molecule. Polyoxyethylene nonyl phenyl ether 

(PONPE) is one of the worldwide products due to the stability to hot dilute acidic, 

alkali, and oxidizing agent [10]. Its hydrophobic part composes of a nonyl 

hydrocarbon chain and the polyoxyethylene series as a hydrophilic part in addition to 

a phenyl group between those two parts. The structure of PONPE is shown in Figure 

1.4. In this work, PONPE-9 is employed as the media for phase separation in which 

the number of oxyethylene (n) is about 9. 

               
 

Figure 1.4  Polyoxyethylene nonyl phenyl ether (PONPE). 

 

Polyoxyethylenated nonionic surfactant shows abnormal solubility 

characteristics compared to most other chemical compounds. The solubility of most 

common chemical compounds in water increases as the temperature rises and 

furthermore the solubility of ionic surfactants increases dramatically above a certain 

temperature known as the krafft point. In contrast to this, the solubility of 

polyoxyethylenated nonionic surfactant decreases dramatically above a certain 

temperature known as the cloud point. The increasing temperature diminishes the 

hydrogen bonding between water molecules and hydrophilic groups of surfactant, 

causing dehydration, and then results in a smaller head size of the surfactant. Then, 

micelle shape is changed to get lamellar shape where aggregation numbers get high 

enough that can not be dissolved in water. The micelle shape can be in form of water 

in oil (W/O) at a higher temperature as in Figure 1.5  

Oxyethylene units 

C H3C H-C H2-C H-C H-  
C H2
C H3

C H3 C H3
O (C H2-C H2-O )nH 
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heat

Cloud Point 

(1) 

(2) 

 

 

 

 

              

     O/W                        Equilibrium                      W/O 

Figure 1.5 Temperature effect to micelle shape of polyoxyethylenated nonionic 

surfactant [8]. 

 

1.2.2 Cloud Point of PONPE 

 

The solubility of polyoxyethyleneated surfactants in water is related to the 

hydration of ether oxygens of polyoxyethylene groups. An increase in temperature 

causes dehydration owing to the decrease in a number of hydrogen bonds, which 

raise the micellar weight and decrease the cmc.    

If the temperature continues to increase, the micelles become so large and the 

number of intermicellar interactions increases to such an extent that a sudden onset of 

turbidity is perceptible even to the naked eyes. This temperature is called the cloud 

point (CP) (see Figure 1.6). A further rise in temperature causes the solution to begin 

to separate into two phases: One surfactant-rich phase (surfactant-coacervage phase) 

and the other water-rich phase (surfactant-depletion phase) in which containing the 

surfactant at the concentration close to cmc (see Figure 1.7). 

 

 

 

 

 

 

 

 

 

Figure 1.6 Schematic representations of cloud point phenomena of polyethoxylated 

nonionic surfactant [8]. 

Increase temperature 
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Figure 1.7 Representation of surfactant-rich phase and water-rich phase. 

 

The separation is believed to be due to the sharp increase in the aggregation 

number of the micelles and the decrease in intermicellar repulsion resulting from the 

decreased hydration of the oxyethylene oxygens in the polyoxyethylene hydrophilic 

group with increase in temperature. As the temperature increases, micellar growth 

and increased intermicellar attraction cause the formation of particles that are so large 

that the solution becomes visibly turbid. Phase separation occurs because of the 

different in density of the surfactant-rich and the water-rich phases [11]. Generally 

separation into two phases is achieved by increasing the temperature. By decreasing 

temperature below the cloud point, the surfactant and water mixture becomes 

homogeneous again, since the system is reversible.   

 

1.2.3 Effects on Cloud Point 

 

The cloud point temperature depends on the length of hydrophilic group 

(oxyethylene units) and hydrophobic group (alkyl chains) groups. For a particular 

hydrophilic group, the larger the percentage of oxyethylene in the surfactant 

molecule, the higher the cloud point, although the relation between oxyethylene 

percentage and cloud point is not linear.  

Surfactant concentration has an influence to cloud point temperature 

depending on types and structure of surfactant. However, surfactant concentration has 

less influence compared to the concentration of the additives, which are usually 

inorganic salts and polyalcohols.  

The concentration of salts and some additives affect in a great extent on the 

alternation of CP. In general, the effect of adding electrolytes to nonionic systems 

seems to result in droping in the CP whereas the addition of some organic compounds 

results in an increase. The change in the CP of nonionic surfactant due to the addition 

of electrolyte has been attributed mainly to the “salting out” or “salting in” of the 

hydrophobic groups in the aqueous solvent by the electrolyte, rather than to the effect 

Water-rich phase (Surfactant-depletion phase) 
 
Surfactant-rich phase 
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of the latter on the hydrophilic groups of the surfactant [10]. This results in a change 

in the activity coefficients of the solute.  

  Polyoxyethylenated surfactant also shows a variation in solubility depending 

on their ionic solution environments. These frequently complex effects may involve 

either specific interactions between charged side chains and ions in solution or, 

particularly at high salt concentration, reflect more comprehensive changes in the 

solvent properties. The effects of salts on increasing the solubility of organic 

substance in water is often referred to as salting-in. Opposite behavior found on 

decreasing solubility is called salting-out.  

 

a) Salting-out 

 

  Often the polyoxyethylenated surfactant will still have a certain affinity to 

water. In order to decrease that affinity, an ionic salt like a NaCl solution is added to 

the water layer. This will increase the ionic character of the water layer. The increase 

in the ionic strength of the water layer will drive the non-polar hydrophobic species 

into the organic layer away from the ionic water layer. The ions from the added salt 

solution will attract the water molecules in an effort to solvate the ions. This releases 

the water molecules from any solvation with the ether oxygens atoms.This results in a 

decrease of head size of the surfactant and subsequently in a change in micellar shape 

as stated above. When the monomeric form of surfactant is salted out by the presence 

of an electrolyte, micellization is favoured and the CP is decreased. 

 

b) Salting-in  

 

  At very low ionic strength, a phenomenon known as “salting-in” occurs. 

When some species are added into the surfactant solution and accompanied with the 

reduction in an ionic strength of the solution due to the interactions between 

hydrophilic part of the surfactant and added species, this results an increase of head 

size of the surfactant and the disordering of the water molecules in the solution. Thus, 

micellization are not favorable, consequently, the CP is increased. Hence, if the 

monomeric surfactant is salted in, CP of the solution is risen up. 
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The effects of anion and cation in the electrolyte are additive and appear to 

depend on the radius of the hydrated ion, that is, the lyotropic number; the smaller the 

radius of the hydrated ion, the greater the effect [11]. 

 

1.2.4 Cloud Point Extraction ( CPE ) 

 
The unique phenomenon, CP, permits the design of simple schemes for 

extraction, preconcentration and purification.  Any analyte which being soluble in 

water is able to interact with and bind to micelles after raise the temperature over CP, 

can be concentrated in the surfactant rich phase. This criterion has been developed 

and claimed as a novel technique called Cloud Point Extraction (CPE).  Its 

application participates on separation and recovers some substances such as 

polyaromatic hydrocarbon and metals which have interaction with the nonionic 

surfactant. This method is used in water-base system, therefore it saves the 

environment. 

Distinct features of CPE are solute-surfactant interaction occurring in the 

homogeneous phase before separation. Thus, this method can be applied to separate a 

specific solute, which has interacted with surfactant, from the others that do not bind 

to the surfactant molecules. 

 

  1.2.4.1 Parameters Influence on CPE 

 

The extraction efficiency using CPE methodology is influenced by many 

parameters as following:  

1) pH of the solution 

2) Settling temperature 

3) Equilibration time 

4) The ratio of surfactant to analyte  

 

a) pH of the solution 

 

Solution pH is an important factor in those cloud point extractions involving 

analytes that possess an acidic or basic moiety. At low pH, nonionic surfactants that 

having polyoxyethylene chains can be protonated, yielding positively charged 
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groupings called oxonium ion that may adsorb onto negative analysts [10]. At high 

pH, hydroxyl ion binds with polyoxyethylene chains with hydrogen-bonding give a 

negatively charged grouping [11]. However, solution pH also affects to the target 

analytes. Therefore, the optimization for solution pH is a requirement for a CPE 

system.   

 

b) Settling  temperature 

 

The equilibration temperature is one of the most influencial factors on to the 

effectiveness of the extraction. Too low or too high settling temperature may induce 

the poor phase separation yielding low extraction efficiency. It was reported that the 

equilibration temperature providing good percentage of extraction should be 15-20 oC 

higher than CP of the initial solution [1]. The optimum settling temperature for 

extraction apparatus should be one of the experimental parameters. 

 

c) Equilibration  time 

 
The time of equilibration at elevated temperature above CP is of interest 

according to the shortest time period required for complete separation of phases. The 

kinetic rate for the separation would suggest the equilibrium on phase partition. 

 

d) Ratio of PONPE-9 to gold ion 

 

It is known that the extraction efficiency is induced with an affinity binding 

between the nonionic surfactant and the target analyte. The binding ratio between 

surfactant and analyte is one of the effective parameter to provide the maximum 

efficiency. It is possible that the optimum ratio for extraction study would not equal 

to the conformation ratio. That is attributable to the purity of both surfactant and 

analyte. 
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Figure 1.8 Schematic diagram representation of cloud point extraction [8]. 

 

1.2.5 Thermodynamic Equation for Surfactant System 

 

Thermodynamic method is constructed to study the phenomena of surfactant 

in mixture and interpret the thermodynamic analysis to explain the interaction 

between components in the surfactant solution.  According to this approach, the 

composition of surfactant and ion at the interface and that in micelle can be evaluated 

by the surface tension measurement. Therefore, the interaction phenomenon in the 

mixture can be investigated. 

Gibbs (1878) treated the interfacial layer as a two–dimensional surface phase 

that has zero volume but nonzero values of other thermodynamic properties. This 

method is widely used for studying interfacial phenomena of surfactant [3,9,10]. 

 
Figure 1.9 Schematic diagram representation of interfacial layer between two phases 

[3]. 

 

In Gibbs approach, the actual system of Figure 1.9b (which consists of bulk 

phase   α and  β  plus the interphase region) is replaced by the hypothetical model 
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system of Figure 1.9a. In the model system, phase α and  β  are separated by a 

surface of zero thickness, the Gibbs dividing surface. Phase α and  β on either side of 

this dividing surface are defined to have the same intensive properties as bulk phase α 

and β, respectively, in the actual system. The location of the dividing surface in the 

model system is somewhat arbitrary but generally corresponds to a location within or 

very close to the interphase region of the actual system. Experimentally measurable 

quantities must be independent of the choice of location of dividing surface, which is 

just a mental construct. The Gibbs model ascribes the thermodynamic quantities 

inherent in the interface to the one dividing surface whatever values of 

thermodynamic properties are necessary to make the model system having the same 

total volume, internal energy, entropy, and amount of components that the actual 

system has. 

Let   σ    denote a thermodynamic property of the dividing surface.  From the 

assumption, the dividing surface has zero thickness and zero volume 

  0Vσ =  (1.1) 

We put V  to be the volume of the actual system and αV and βV  are the 

volumes of phase   α and  β  in the model system. Then, from    

  σβα VVVV ++=  (1.2) 

So,   βα VVV +=   (1.3) 

If  n i   is the total amount of component i  in the system,  n n nα β β, and  

are the amount of component i in  α, β, and σ,  respectively. 
βα == Vcn,Vcn β

i
β
i

α
i

α
i  (1.4) 

where  α
ic   is the molar concentration of component i  in the bulk phase α 

 β
ic   is the molar concentration of component i  in the bulk phase β 

We have      σ
i

β
i

α
ii nnnn ++=     (1.5) 

and     )VcVc(nnnnn βα +−=−−= β
i

α
ii

β
i

α
ii

σ
i  (1.6) 

where σ
in  is the surface excess amount of component i and can be either positive, 

negative, or even zero.  The definition states that the surface excess amount of σ
in  is 

the difference between the amount of i in the actual system and that in the system if 
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the homogeneity of the bulk phases  α and  β is persisted right up to the dividing 

surface. 

 
Figure 1.10 Schematic illustration of surface excess [3]. 

 

The value of   σ
in  depends on the location of the dividing surface.  From the 

Figure 1.10, Ci  of the component i  in an actual system varies with z coordinate as 

shown by  (z)ic curve.  The interfacial region is between z1 and z2   and the dividing 

surface is placed at z0.  

 

a) Gibbs Adsorption Isotherm 

 
Surface excess amount of i is defined as       )VCVC(nn ββ

i
αα

ii
σ
i +−=     (1.7) 

The quantity results from the presence of the interface and is dependent on the 

shape of the concentration profile of i in the transition region between  α  and β.  

From a practical standpoint, the surface excess can also be considered to be amount 

of i adsorbed at the surface.  

Surface excess concentration,  σ

σ
i)(

i A
nΓ =σ  (1.8) 

 

b) The Gibbs Adsorption Equation 

 
The first law of thermodynamics for a close system  ;    dwdqdu +=  

For a reversible process  ;             Tdsdq =  

In a two-phase system     ;             σγ+−= dApdVdw rev  
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Therefore, for a close system    σγ+−= dApdVTdsdu            (1.9)            

For an open system     ;     i
i

idndApdVTdsdu ∑µ+γ+−=                (1.10) 

For the phase α   ;     ∑µ+−= ααα

i

α
iidnpdVTdsdu  (1.10a) 

For the phase β   ;     ∑µ+−= βββ

i

β
iidnpdVTdsdu  (1.10b) 

From the definition of the surface excess quantities,  

     βασ −−= dudududu ,   

    βασ −−= dsdsdsds ,             

    βα += dVdVdV , β
i

α
ii

σ
i dndndndn −−=  

Then we have                    ∑µ+γ+= σσσ

i

σ
iidndATdsdu  (1.11) 

Integrating Eq. 1.11 for a process in which the size of the model system is 

increased at constant temperature, T, and pressure, p, and concentration in the phase, 

starting from state 1 and ending at state 2, we have  

    ∑µ+γ−= σσσ

i

σ
iinATsu   (1.12) 

because the intensive variables T , γ, and chemical potential, µi, are constant and can 

be taken outside the integral sign. 

Therefore 

∑∑ µ+µ+γ+γ++= σσσσσ

i
i

σ
i

i

σ
ii dndndAdAdTsTdsdu  (1.13) 

  

The sign of the γ σdA is positive rather than negative because γ is conceived of as a 

tension (pulling) rather than a pressure (pushing). 

  

Finally, the Gibbs adsorption isotherm at the interface has been given by 

subtracting Eq.  1.5 as ; 

    0i
σ
i

σ =µ+γ+ ∑σ dndAdTs                       (1.14) 

This equation is the analog of Gibbs-Duham equation of a bulk phase. 

At constant temperature, Eq. 1.14 is reduced to 

    ∑∑ µ=
µ

=γ− σ
iσ

i
σ
i dΓ

A
dn

d i   (1.15) 
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  For the two component liquid-vapor system where the Gibbs dividing surface 

is defined so that the surface excess concentration of the solvent is zero ( )0=σΓ , the  

Gibbs adsorption equation for solute is  

    2
(1)
2

µ−=γ dΓd , (1.16) 

where 2 designates a solute dissolved in bulk phase 1. At equilibrium, the chemical 

potential of each component is equal in all phases, so that  iµ  at the interface can be 

taken as that value in either of adjacent bulk phases. The chemical potential of 2, 

then, can be related to its concentration in either of the bulk phases by 

    22
1

22 θ==µ XlndRTalndRTd )(            (1.17) 

where  a2
1( )   is the activity of 2 in (1) bulk phase, X2  is its mole fraction, and θ  its 

activity coefficient which can be approximated as unity in dilute solution and the last 

term in Eq. 1.17 can be substituted by the molar concentration, c2. 

Thus, in a dilute solution, this leads to the relationship 

    ⎥
⎦

⎤
⎢
⎣

⎡ γ
−=

2

(1)
2

1
clnd

d
RT

Γ   (1.18) 

This equation is called Gibbs adsorption equation. 

 

c) Mixed surfactant system 

 

  The mixture often exhibits new phenomena which are not found in their 

respective pure surfactant systems. There are many approaches to study the behavior 

of surfactant mixture provided useful information. The surface excesses of two 

surfactants are estimated by use of Gibbs adsorption equation. It is remarked that the 

mixed adsorbed films of homologous surfactants behave like an ideal mixture. Some 

researchers point out that those thermodynamics were incomplete because of no 

accounting of solvent behavior and ignoring the dissociation of ionic surfactants. 

Other models for mixed micellization have been developed by several researchers. 

Motomura et al. showed that the composition of surfactants in a mixed adsorbed film 

can be estimated directly from surface tension measurements without introducing 

such assumption [4]. They also treated micelles as a macroscopic bulk phase and 

assumed that intramicellar thermodynamic quantities can be given by the excess 

thermodynamic functions similar to those used for the adsorbed film. From their 
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studies, they could evaluate the composition of the mixed micelles. This method 

made it possible to compare the composition in the adsorbed film with that in the 

micelle at the cmc. 

For the system consisting of air and the aqueous solution of nonionic 

surfactant 1 and 2, the Gibbs-Duham equation of the system is given by  

  0aa2211ww =µ+µ+µ+µ+γ+− dndndndnAdVdpsdT          (1.19) 

Here the subscripts w, 1, 2, and a designate water, surfactant 1, surfactant 2, and air, 

respectively. Air is assumed to be a pure component. For the homogeneous regions in 

the water and air phases at a great distance from the surface, the corresponding 

equations can be applied  

   0W
a2

W
21

W
1w

W
w

w =µ+µ+µ+µ+− adcdcdcdcdpdTs               (1.20) 

and  

   0a
a
a2

a
21

a
1w

a
w =µ+µ+µ+µ+− dcdcdcdcdpTds a ,        (1.21) 

where s and ic  are the entropy and number of moles of component i per unit volume, 

respectively. 

The definition of H
iΓ    is   

   
A

)cVcV(nΓ
a
i

aw
i

w
iH

i
+−

= ,  (1.22) 

which is the excess number of moles of surfactant i  per unit area at the interface with 

reference to the two dividing planes that are parallel to the surface and satisfy the 

relations. 

   0
a
w

aw
w

w
wH

w =
+−

=
A

)cVcV(nΓ               (1.23) 

and  

   0
a
a

aw
a

w
H
a =

+−
=

A
)cVcV(n

Γ a               (1.24) 

Further, the corresponding thermodynamic quantity  Hy  is defined by  

   
A

)yVyV(Y
y

aaww
H +−
=   (1.25) 

Subtracting Eqs. 1.20 and 1.21 multiplied by  WV and   aV , respectively, from 

Eq. 1.19 and then substituting Eqs. 1.22- 1.25 into the result equation, it is obtained 

as 
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    2
H
21

H
1

HH µΓ−µΓ−+−=γ dddpvdTsd            (1.26) 

This is fundamental equation which describes the adsorption behavior of the nonionic 

surfactant mixture. 

To study the miscibility of surfactants, it is convenient to employ the total 

molality of mixture defined by 

     21 mmm +=    (1.27) 

and the mole fraction of surfactant i in the total surfactant by 

    
21

i mm
mX i

+
=   (1.28) 

where im  is the molality of surfactant i.  Assuming that the solution is ideally dilute 

solution, the total differentials of the chemical potentials of the surfactants are 

expressed as 

    1
1

111 dX
X
RTdm

m
RTdpvdTsd −−+−=µ         (1.29) 

and 

    d s dT v dp RT
m

dm RT
X

dXµ2 2 2
2

2= − + − +  ,              (1.30) 

where iy  is a dummy variables to represent the partial molar thermodynamic quantity 

of surfactant i in the solution.  Substitution of Eqs 1.29 and 1.30 into Eq. 1.26 and 

rearrangement of the resulting equation yields 

                    22
H
2

21

HH

dX)XX(
XX
ΓRTdm

m
ΓRTdpvdTsd −−−∆+∆−=γ   (1.31) 

where HΓ  is the total excess number of moles of mixture defined by 

    H
2

H
1

H ΓΓΓ +=      (1.32) 

and H
2X  is the mole fraction of surfactant 2 in the adsorbed film defined by  

    H
2

H
1

H
2H

2 ΓΓ
ΓX
+

=      (1.33) 

Further, ∆y is the thermodynamic quantity of the interface formation defined by  

    )yΓy(Γyy 2
H
21

H
1

H +−=∆                             (1.34) 
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Therefore, if the γ  valve is measured experimentally as a function of m and 

2X  at constant T and p, the value of  HΓ  and  H
2X  are found to be evaluated by the 

use of the relations 

   
X,p,TmRT

mΓ ⎟
⎠
⎞

⎜
⎝
⎛
∂
∂γ

−=H   (1.35) 

   
m,p,TXRTΓ

XXXX ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂γ

−=
2

H
21

2
H
2  (1.36) 

and 

   
γ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

−=
,p,TX

m
m
XXXX

2

21
2

H
2  (1.37) 

where the subscript X stands for X2. This approach provides useful information 

regarding the miscibility of surfactants in the adsorbed film. 

 

  On the other hand, the thermodynamic behavior of surfactants in the mixed 

micelle is described by the analogue of Eq. 1.26 

 

   0µµ 2
M
21

M
1

MM =++− dNdNdpvTds  (1.38) 

 

where My  is a dummy variables to represent the excess molar thermodynamic 

quantity of mixed micelle with reference to the dividing spherical interface which 

makes the excess number of moles of water zero and  M
iN is the corresponding 

number of molecules of surfactant i in one micelle particle. Taking into account that 

the micelle formation is treated thermodynamically like the appearance of 

macroscopic bulk phase and m  on the right sides of Eqs.1.29 and 1.30 is replaced by 

the cmc, C, in a limited concentration range near the cmc, Eq. 1.38 is rewritten as  

   22
M
2

21

M
w

M
w dX)X(X

XX
RTdpvTdsdC

C
RT

−−∆+∆−=    (1.39) 

where we have introduced the quantities 

   M
2

M
1

2
M
21

M
1

M
M
w NN

)yNyN(yy
+
+−

=∆  (1.40) 

and  
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   M
2

M
1

M
2M

2 NN
NX
+

=  (1.41) 

The above equation yields the following relation at constant T and p. 

   
p,TX

C
C
XXXX ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∂
∂

−=
2

21
2

M
2  (1.42) 

Since the value of C is estimated concomitantly as a function of X2 ,  if γ is measured 

through a wide range of m as function of X2 at constant T and p , the composition of 

mixture in the micelle can be evaluated by experimentally. 

From those, it is possible to consider the equilibrium between the mixed 

adsorbed film and mixed micelle at the cmc.  Since Eq. 1.31 is appliciable to the 

adsorbed film even at the cmc, then 

  22
CH,

2
21

CH,CH,

dX)XX(
XX

RTdC
C
ΓRTdpvdTsd CCC −

Γ
−−∆+∆−=γ   (1.43) 

Therefore, the following equation is derived at constant T and p: 

   
p,T

C

XΓRT
XXXX ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∂
∂γ

−=
2

CH,
21M

2
CH,

2  (1.44) 

From these equations, it is provided that the plot γC versus X2 curve gives 

information on the relationship between CH,
2X and M

2X , whereas the m  versus X2  

curve provides information about the dependence of H
2X   on X2. In this connection, it 

should be emphasized that the C versus X2 curve is closely associated with the 

dependence of M
2X on X2. 

 

1.3 Literature Review 

 

The cloud point methodology has been used in different analytical 

applications: preconcentration of several metal ions has been originally reported by 

Watanabe et al. using PONPE-7.5. PAN (1-(2-pyridylazo)-2-naphthol) was used as a 

chelating agent for CPE of nickel in soil and zinc in tap water [12]. The function of 

the chelating agent is to form an insoluble or sparingly water soluble complex with 

the metal ion and introduce some selectivity into the process. The cloud point of the 

dilute micellar solution of PONPE-7.5 is about 1 oC and hence the solution is turbid at 

room temperature. The two phases were separated by centrifuging. The recovery 
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percentage of zinc reached to about 93 % at pH 10 while that of nickel was about 

91%.   

In 1981, the scope of cloud point extraction was extended by Bordier to 

include protein separation [13]. Hydrophilic proteins were found exclusively in the 

aqueous phase, and integral membrane proteins with an amphiphilic nature were 

recovered in the surfactant-rich phase. The poly(oxyethylene)-7.5-(p-tert-octylphenyl) 

ether (Triton X-114) was used to solubilize membranes and whole cells, and the 

soluble material was submitted to phase separation. Integral protein can thus be 

separated from hydrophilic proteins and identified as such in crude membrane or 

cellular detergent extracts. Thermal phase partitioning has been employed as an 

analytical procedure in cellular and molecular biology.   

 

Alcaraz et al. studied the phase separation of the receptor for immunoglobulin 

E and its subunits in Triron X-114 [14]. Immunoglobulin E (IgE) and IgE complexed 

either with intact receptors or with the α-chains of the receptor alone were principally 

partitioned into the upper phase of surfactant-depletion phase, whereas the unliganded 

receptor as well as the isolated α, and especially the β and γ chains of the receptor, 

preferentially are partitioned into the surfactant-rich phase.  

 

Ganong and Delmore investigated the phase separation temperature of 

mixtures of Triton X-114 and Triton X-45 and then applied to separate protein 

(Bovine) [15]. Bovine brain particulate fraction at 5 mg/mL protein was solubilized 

with either Triton X-114 or Triton X-114/Triton X-45 (9:1 w/w) at a final 

concentration of 5%. On phase separation and centrifugation, 84% of recovered 

activity was found in the surfactant-rich phase using Triton X-114, and 79% using the 

mixtures of Triton X-114 and Triton X-45. 

 

Recently, CPE has been extended in the design of the preconcentration of 

some organic compounds and some metal ions as a step prior to the concentration 

measurement by high-performance liquid chromatography (HPLC) and atomic 

absorption (AA). Ahel and Giger studied the preconcentration of alkylphenols and 

alkylphenol mono-and diethoxylates in environmental sample using Triton X-100 as a 

separation media [16]. Garcia Pinto et al. preconcentrated polycyclic aromatic 
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hydrocarbons and organophosphorus pesticides in the surfactant rich phase of Triton 

X-114 before the measurement by HPLC [17,18]. Preconcentration of as little as 15 

mL of sample with a Triton X-114 concentration of 1.0% permits the detection of 

amounts lower than 0.4 ppb. Sirimanne et al. determined a small amount of 

polycyclic aromatic hydrocarbons and polychlorinated dibenzo-p-dioxins in human 

serum after the preconcentration by CPE using Triton X-100 [19]. The highest 

average extraction recovery of 98% was obtained at 12% (w/v) Triton X-100, 4.5 M 

NaCl, and 50oC.  

 

Furthermore, Akita et al. studied the extraction of phenol and aromatic 

compound with PONPE-10 using CPE method [20]. It was found that phenol was 

partitioned into surfactant-rich phase over a wide pH range from acid to neutral 

solution. Thus it was considered that the neutral species of phenol is more liable to be 

extracted than ionic species. In the pH region below 8, [PONPE-10]  = 0.1 M, 

[phenol] = 0.05 M, [NaCl] = 2 M, the percent extraction of phenol was about 90%. 

Akita et al. also investigated the extraction of pyridine derivatives, pyridine, picoline, 

and lutidine [21]. It was found that in the pH region higher than 8, the percent 

extraction of pyridine, picoline, and lutidine were 70%, 50% , and 40%, respectively. 

It was also found that organics which lower the cloud point to larger extent can attain 

higher extraction.  

 

Many works have applied CPE for the preconcentration of trace amounts of 

metal ion into the surfactant-rich phase to increase the precision of the instrumental 

analysis.  In these studies, chelating agent were employed to form an insoluble or 

sparingly water soluble complex to introduce some selectivity to the target metal ion 

which was then separated to the surfactant-rich phase.  

 

Garcia Pinto et al. had been successfully used CPE for the preconcentration of 

trace amounts of cadmium as a prior step to its determination by flame atomic 

absorption spectrometry [22]. The procedure based on the formation of a complex of 

cadmium ion with 1-(2-pyridylazo)-2-naphthol (PAN) was used for preconcentration 

step of cadmium in a surfactant-rich phase of Triton X-114. Under the optimum 

condition, 0.25% Triton X-114 and PAN concentration of 4.8 x 10-5 mol L-1, a 
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precision of 3.0% was achieved. The preconcentration of only 15 mL of sample with 

0.05% Triton X-114 permits the detection of < 0.4 ppb of cadmium with a 

concentration factor of 120.  Fernandez Laespada et al. determined a small amount of 

uranium using the complexant system of PAN and Triton X-114 [23]. The optimum 

extraction recovery was close to 98% for [Triton X-114] = 0.25%, [PAN] = 1.0 x 10-4 

mol L-1, and pH = 9.2. Moreover, the preconcentration of trace amounts of nickel and 

zinc using PAN and Triton X-114 were reported by Oliveros et al. [24]. Detection 

limit of 8 ppb of zinc and 6 ppb of nickel were obtained.   

 

It is clear that PAN is not a specific complexant for metal ion. Therefore 

appropriate masking reagent must be employed for practical determination of target 

metal ion [12]. Recently, other complexants have been reported to support the 

determination of some metal ions. Silva et al. used the complex form of Erbium (III)–

2-(3,5-dichloro-2-pyridylazo)-5-dimethylaminophenol to analyze the trace amount of 

urbium with PONPE-7.5 by CPE [25]. An extraction percentage higher than 99.9% 

was achieved when the procedure was carried out under the optimal experimental 

conditions, [PONPE-7.5 = 1 % (w/v), equilibration time = 10 minutes, equilibration 

temperature = 313 K and working pH = 8.5.  

 

Vaidya and Porter determined a small amount of cadmium in water using a 

chromogenic crown ether in a mixed micellar solution [26]. Moreover, Mesquita de 

Silva et al. developed the preconcentration method for low concentration of silver and 

gold ion in geological samples using Triton X-114 as phase separation mediated [27]. 

Ammonium o,o-diethyldithiophosphate was added as a complexant. After phase 

separation, the surfactant-rich phase was diluted with methanol. The enriched silver 

and gold were determined by flame atomic absorption spectrometry. The detection 

limited of 0.53 ng mL-1 for gold and 0.46 ng mL-1 for silver were obtained 

 

Despite many successful applications of CPE, relatively little work has been 

devoted to investigate the extraction process scheme for extracting target analytes. 

Akita et al. studied the factors affecting the percent extraction of gold and then 

proposed the scheme of gold ion recovery from printed substrate by CPE using 

PONPE-7.5 without complexant [28]. The schematic diagram process proposed by 
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Akita et al. is shown in Figure 1.11. The percent recovery of gold was reported to be 

78.0% with 99.8% purity. However, it seems to have a difficulty in the separation of 

gold from PONPE-7.5 to obtain the purified metallic gold. The organic solvent like 

chloroform which was used for stripping gold from PONPE-7.5 was the disadvantage 

in the view point of harmful inhalation for human. Moreover, the process is rather 

complex regarding to the three times of the stripping step that stripped out gold ion 

from organic solvent with 0.1 M HCl.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 Process scheme proposed by Akita et al. [28].  

 

1.4 Scope of Thesis 

 

The aim of this research work is to study the factors affecting the cloud point 

extraction efficiency of gold (III) using PONPE-9 as a separation media. A process 

scheme for recovering gold (III) ion is proposed based on the optimum experimental 

results obtained. The study of thermodynamics properties of the surfactant solution is 

included to obtain the relationship of surface tension data and the interaction between 

gold (III) ion and nonionic surfactant at different conditions. Moreover, the 
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experimental studies of parameters affecting the cloud point temperature of PONPE-9 

are also carried out. 

This thesis reveals the advantage of CPE methodology to extract gold (III) ion 

from multimetals solution using PONPE-9. The proposed process scheme aims to be 

an alternative process regarding to the simple procedure. Chapter 1 of this thesis 

presents a review of relevant literature and some basic concept to understand the 

cloud point phenomena of nonionic surfactant and affected parameters. Cloud point 

extraction methodology is included and a variety of its application is stated. 

Moreover, thermodynamics of interface is included: the excess thermodynamic 

quantity changes were derived and obtained from the experimental data and give 

useful information to understand the phenomena of surfactant mixtures. 

Chapter 2 proposes the developed thermodynamic equations in term of 

thermodynamic quantities changes for a surfactant in solution.  Those equations are 

applied to study the temperature effect on the adsorption and micelle formation of the 

nonionic surfactant namely pentaethylene glycol monoalkyl ethers.  

Chapter 3 presents the distribution of polyoxyethylene oligomers in a 

commercial PONPE-9 using high performance liquid chromatographic study. The 

direct measurement of PONPE-9 using UV-spectrophotometric method is performed. 

The experimental studies on cloud point temperature and phase diagram of PONPE-9 

are illustrated and a various effects influence on cloud point of PONPE-9 is shown. 

Chapter 4 informs the appropriate condition obtained from the evaluation of 

factors affecting the cloud point extraction of gold (III) ion in hydrochloric solution. 

The process scheme for extracting gold (III) ion from mixed metal ions is proposed. 

The results of the 1-lit experiment are presented and the feasibility and efficiency of 

the process are projected. 

Chapter 5 proposes the developed thermodynamic equations for mixed 

surfactant system. Those equations are used for the study on the interaction between 

polyoxyethylene nonyl phenyl ether and gold (III) ion in the adsorbed film and 

micelle. This interaction was noted during systematic investigations that were based 

on very accurate surface tension measurements and on the thermodynamic treatments.  

Chapter 6 restates the important conclusion of the thesis and recommends 

directions for future work. 



CHAPTER 2 

 

TEMPERTAURE EFFECT ON THE ADSORPTION AND MICELLE 

FORMATION OF PENTAETHYLENE GLYCOL MONOALKYL ETHERS 

 
2.1 Introduction 

 

This work is for the study of entropy and enthalpy changes of nonionic 

surfactant by using the equation derived by means of excess thermodynamic 

quantities changes [4]. The measurement of extremely small heat flow in surfactant 

system has a limitation according to the instrumental precision. It is probably due to 

the fact that the total number of surfactant molecules participating in the adsorption is 

so small that the total enthalpy change to be detected is extremely small, in the order 

of µJ for 1 cm2 interface. Therefore, the indirect method given in this chapter, that is, 

the measurement of surface tension as a function of temperature and surfactant 

concentration and the thermodynamic analysis of them, is highly useful to estimate 

the enthalpy of adsorption and micelle formation [29]. Some investigators studied the 

measurement of the critical micelle concentration, cmc, and related them to the 

change of standard Gibbs’s energy of micellization [10,30]. However, it has been 

shown to be more useful to discuss the adsorption at the interface and micelle 

formation by the use of the excess thermodynamic quantities [4,29,31].    

     

According to the results on ionic surfactants, the values of entropy and 

enthalpy of adsorption from monomeric state decrease with increasing the adsorption 

at the interface. It is attributed to the oriented structure of surfactant molecule at the 

interface. However, the behavior observed for some nonionic surfactant systems such 

as alkyl sulfinylethanol and alkylsulfoxide has shown the striking contrasts in the 

concentration dependence; the entropy goes up when adsorption increases [29,32]. 

For the temperature dependence, however, it shows the same behavior as the ionic 

surfactant systems by having a lower surface density at higher temperature. Those 
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phenomena have been discussed under two effects occurring in adsorption process. 

First, the orientation at the interface gives a decrease in entropy value. Second, the 

dehydration around the surfactant molecules provides an increase in entropy value. It 

was intensively required to understand why such a difference between ionic and 

nonionic surfactants was brought about. Therefore, polyethylene glycol monoalkyl 

ether CiEj nonionic surfactants have been employed to investigate the dehydration that 

affects the size of the dehydrated molecule and then the surface density and the 

entropy state. CiEj is one of good choices because it is possible to control both 

orientation and dehydration effects by tuning the lengths i and j.  

 

According to the results of CiEj systems, it was proved with confidence that 

the behavior of nonionic surfactants has the trend on increasing entropy and enthalpy 

toward the increasing adsorption. However, the temperature effect on surface density 

of CiEj is opposite to the others [33-36]. Then, one of the main purposes here is to 

make a conclusion on the temperature dependency of the surface density and entropy. 

  
Pentaethylene glycol monodecyl ether, C10E5 is a polyoxyethylenated nonionic 

surfactant in which possesses five series of polyoxyethylene as hydrophilic part and 

decyl hydrocarbon as hydrophobic part as shown in Figure 2.1. It has been employed 

to study the mentioned purposes. The surface tension of its aqueous solution has been 

measured as a function of temperature at various concentrations around the critical 

micelle concentration cmc under atmospheric pressure. The data have been analyzed 

by applying the thermodynamic relations reported previously [37-39]. 

 

 

CH3(CH2)i-1 O(CH2CH2O)5H
 

hydrophobic part     hydrophilic part 
 
 
Figure 2.1 Pentaethylene glycol monodecyl ether, CiEj. 
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Moreover, the effect of hydrophobic chain length i on the surface density of 

CiEj has not been always obvious compared to that of hydrophilic chain length j. 

Therefore, three different hydrophobic chain length of CiEj namely, C8E5, C10E5 and 

C12E5 were also employed in this study. It has been demonstrated that there are 

appreciable effects of the hydrophobic chain length on the adsorption and micelle 

formation in several aspects of thermodynamic properties. 

 

2.2 Experimental 

 

2.2.1 Materials 

 

Pentaethylene glycol monodecyl ether (C10E5) and pentaethylene glycol 

monododecyl ether (C12E5) were purchased from NIKKO CHEMICALS CO.,LTD., 

and pentaethylene glycol monooctyl ether (C8E5) from BACHEM Feinchemikalien 

AG.. Both C8E5 and C10E5 were purified by recrystallizing them from hexane 

solutions [39]. C12E5 was used without further purification. The purity of the 

surfactants was confirmed by gas-liquid chromatography and the absence of a 

minimum on the surface tension versus concentration curves in the vicinity of cmc. 

The purified surfactants were dried by silica gel and stored in the frozen state in a 

dark bottle. Water used in surface tension measurement was distilled three times from 

alkaline permanganate solution.   

 

2.2.2 Surface Tension Measurement 

 

 The surface tension of the surfactant aqueous solution was measured by drop 

volume technique. The experiment consists of measuring the mass of a drop which 

has just detached itself under the influence of gravity alone from the horizontal tip of 

a sharply cut and polished capillary of accurately known radius. Surfactant solution 

was carefully filled in a known radius micro-syringe whereas its tip was sharply cut 

and polished. Air bubbles entering the inlet side were discarded. The syringe was 
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mounted vertically in clamp holder which was then placed in constant temperature 

bath. A drop at capillary tip was made by plunging the movable needle into the 

solution. The plunged distance was accurately measured by micrometer. The drop 

volume, V , was calculated by lπr2, where l is the plunged distance, r  is capillary 

radius. The surface tension was calculated by Harkins and Brown equation [40]. 

 

  F
r

g)(V ρ∆
=γ         (2.1)  

where      γ    =  surface tension (N.m-2); 

 ∆ρ =  density difference between fluid and surrounding 

  = )1(g.cm00117709970470airOH2

−−=ρ−ρ .. ; 

  g   =  gravity = 980.665 (cm s-2); 

  V   =  drop volume   =  lπr2 (cm3); 

  l   =  plunged distance of needle (cm); 

  r    =  radius of capillary (cm); 

  F    =  correction factor which was calculated by  

           = 0.14782 + 0.27896 ( r

V
1
3

) – 0.166( r

V
1
3

)2  

 

The surface tension of the surfactant aqueous solution was measured as a 

function of temperature at various concentrations around the cmc under atmospheric 

pressure [41,42]. The surfactant concentration was varied over the range 0 to 1.90 

mmol.kg-1. The measurement was carried out in the controlled temperature water bath 

at a various temperature from 15 to 35 oC. The temperature was controlled within 0.01 

K. The experimental error was ± 0.05 mN m-1.   
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Figure 2.2 Equipment for surface tension measurement by drop weight volume 

method.    

 

 

2.3 Results and Discussion 

 

2.3.1 Temperature Effect on Surface Tension of C10E5  

 

The surface tension γ of the aqueous solution of C10E5 was plotted against 

temperature T at constant surfactant concentration 1m  and pressure from a low 

concentration to a high concentration in Figures 2.3a to 2.3c. Those reveal that γ 

decreases with increasing T at all concentrations. These results are similar to those of 

other nonionic surfactants [29,32] and ionic surfactants [37,43-45] in a rough 

appearance. However, there exist some significant differences among them as 

mentioned later. Looking more closely at the experimental results, the curve is slightly 

concave upward at low 1m , linear at high 1m , and has a break point at the cmc, 

respectively. Figure 2.3b shows an apparent declination of the temperature effect on γ 

Needle 
 
Syringe 
 
Surfactant 
solution 
 
 
Drop 

Micrometer 
 
 
 
 
 
Digital 
Monitor 
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at the temperature above the break point. Taking into account that the physical 

quantities inherent in the interfacial region do not change appreciably at the cmc, the 

declination is responsible for the change in the bulk solution, that is, the micelle 

formation. It should be noted that at the concentration above cmc, the curves have 

rather the same magnitude of slope and parallel to the curves at a high molality. So do 

the curves below the break point.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3a Surface tension versus temperature curves of C10E5. (1) 1m = 0 mmol kg-1, 

(2) 0.10, (3) 0.15, (4) 0.20, (5) 0.25, (6) 0.30, (7) 0.35, (8) 0.40, (9) 0.45, 

(10) 0.50, (11) 0.55, (12) 0.60, (13) 0.65, and (14) 0.70. 
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Figure 2.3b Surface tension versus temperature curves of C10E5. (15) 1m  = 0.75 

mmol kg-1, (16) 0.80, (17) 0.85, (18) 0.90, (19) 0.95, (20) 1.00, (21) 

1.05, (22) 1.10. 
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Figure 2.3c Surface tension versus temperature curves of C10E5. (23) 1m  = 1.20 

mmol kg-1, (24) 1.30, (25) 1.40, (26) 1.50, (27) 1.60, (28) 1.70, (29) 

1.80, (30) 1.90.    
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 2.3.2 Temperature Effect on cmc 

 

The results are also shown as a plot of γ versus 1m  at constant T in Figure 2.4. 

The γ decrease with increasing 1m  and the curves have a distinct break point at the 

cmc. Figure 2.5 depicts the cmc versus T curve. It shows the gradual decrease of cmc 

upon the increasing temperature. This is caused by high temperature inducing the 

dehydration around hydrophilic part. It provides the surfactant molecules to form 

micelle conveniently. The concave upward of the curve shows that cmc is more 

strongly dependent on T at a low temperature than at a high temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Surface tension versus molality curves of C10E5. (1) T = 288.15 K, (2) 

293.15 K, (3) 298.15 K, (4) 303.15 K, and (5) 308.15 K. 
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Figure 2.5 Critical micelle concentration versus temperature curve of C10E5. 

 

2.3.3 Temperature Effect on Surface Density 

 

The thermodynamic equations developed and proved previously were applied 

to examine the thermodynamic properties of nonionic surfactant adsorption and 

micelle formation [32,37,43]. The thermodynamic quantities of the air/water interface 

are defined with respect to the two diving planes, making the excess numbers of 

moles of water and air zero [38]. By assuming the aqueous solution to be ideally 

dilute and the molality of the surfactant in the aqueous solution to be equal to the total 

molality of the surfactant at the concentration below the cmc because the quantity of 

adsorbed surfactant molecules are negligibly small, the surface excess density 
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H
1Γ can be calculated by applying the equation 

 

pTmγRTm ,11
H

1 )/)(/( ∂∂−=Γ  (2.2) 

 

The calculated H
1Γ of the C10E5 is drawn as a function of 1m  at the different 

temperatures under atmospheric pressure in Figure 2.6. The curves show the increase 

of H
1Γ with increasing 1m  and H

1Γ reach the maximum at a concentration near the 

cmc. The dependence of the H
1Γ on T has been clearly shown: the raising temperature 

increases appreciably the value of surface density. That means the dehydration effect, 

caused by raising temperature, diminishes the head size of the surfactant molecules 

and then provides the closer packing. Therefore, at the concentration below the cmc, 

the higher temperature is, the higher H
1Γ becomes at the interface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Surface density versus molality curves of C10E5. (1) T = 288.15 K, (2) 

293.15 K, (3) 298.15 K, (4) 303.15 K, and (5) 308.15 K. 
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This result is very important from two points of view; first, it is usually found 

that the surface density decreases with increasing temperature due to the increase in 

thermal motion of molecules for ionic surfactants and some nonionic surfactants, for 

example, alkylsulfinyl ethanol OSE [32] and alkylmethylsulfoxide OMS [29] and 

second, the temperature dependence of H
1Γ  for CiEj systems is still controversial 

[33-36]. On the other hand, this result gives curiosity to understand the reason 

supporting that phenomenon. A concept describing it by using the difference in the 

amount of dehydration was then proposed. Because of long head of CiEj, it is bounded 

by large amount of hydration in the solution. Upon heating, large amount of 

dehydration provides a closer packing and then a higher H
1Γ . Comparing to other 

surfactants with a small nonionic and an ionic head group which are bounded by a 

small hydration in the solution, the dehydration reduces the head size rather small 

compared to the thermal motion effect, then gives lower H
1Γ at a high temperature. 

 

2.3.4 Entropy Associated with Adsorption 

 

From the previous paper, the entropy associated with the adsorption from the 

monomeric state in the aqueous solution )1(∆s is defined by 

 

1
H

1
H)1(∆ sss Γ−=  (2.3) 

 

where Hs and 1s  are the surface excess entropy per unit surface area and the partial 

molar entropy of the monomeric surfactant in the aqueous solution, respectively [41].  

At the concentration below the cmc C, the )1(∆s can be evaluated by 

)1(∆)/(
1, sTγ mp −=∂∂            Cm <1  (2.4) 

 

at the given total molality. At the concentration above the cmc, the concentration of 

monomeric surfactant in the bulk phase is close to C and the relation that describes 

the entropy change is given as below (see derivation of equation in Appendix B) 
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pmp TCCRTsTγ )/()/()1(∆)/( H
1, 1

∂∂−−=∂∂ Γ   Cm ≥1     (2.5) 

 

 This equation informs the entropy of adsorption at the interface that is in 

equilibrium with the micelle in the bulk solution. For the micellar solution, )M(∆s  

is the entropy change of the adsorption of surfactant from the micellar state per unit 

surface area and defined by 

 

)/()M(∆ M
1

MH
1

H Nsss Γ−=  (2.6) 

 

where M
1N and Ms  are the excess number of surfactant molecules in a micelle 

particle and excess molar entropy of micelle particle, respectively.  It should be 

noted that the micelle formation is treated as if a macroscopic bulk phase appears in 

the solution by introducing the concept of the excess thermodynamic quantities with 

respect to a spherical dividing surface [37]. Here )M(∆s can be evaluated by 

 

)M(∆)/(
1, sTγ mp −=∂∂        Cm >1        (2.7) 

 

 The entropies of adsorption are estimated by applying eqs. 2.4 and 2.7 to the γ 

versus T curve in Figure 2.3 and plotted against 1m  at constant temperature in Figure 

2.7. It should be noticed that at the concentration below the cmc, the shown values are 

the entropy of adsorption at the air/water interface from monomeric surfactant )1(∆s . 

It is seen from Figures 2.6 and 2.7 that the value of )1(s∆ increases with increasing 

the molality, that is, with increasing the H
1Γ .  Even though, it is usually perceived 

that the surfactant orientation at the interface provides the decrease of the entropy and 

this concept has been proved for ionic surfactants [31,37,43-45]. Therefore, it is 

opposite to the nonionic surfactant both CiEj system and sulfoxide system, OSE and 

OMS [29,32]. This suggests a different phenomenon which accompanies an increase 

in entropy. This is attributed to the adsorption at the interface accompanied with the 
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dehydration around surfactant molecules and provides an increase in the value of 

entropy. Therefore, the change in entropy is responsible for, at least, two competitive 

factors; orientation and dehydration. For nonionic surfactant, the dehydration effect 

has a priority over the orientation effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Entropy of adsorption vs. molality curves of C10E5. (1) T = 288.15 K, (2) 

293.15 K, (3) 298.15 K, (4) 303.15 K, and (5) 308.15 K. 

 

The progression of the entropy change with the increasing molality at a given 

T was observed. The entropy change )1(∆s  defined by Eq. 2.3 is expressed also in 

terms of the partial molar entropy changes, ii ss −I , and the interfacial densities of 

component molecules as [38] 

)())(/())(/(/)1( 1
H
1a

I
a

H
1

I
aW

I
W

H
1

I
W

H
1 ssssΓΓssΓΓΓs −+−+−=∆  (2.8) 

where the subscripts w and a refer to water and air and the superscript I shows that the 
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quantities are inherent in the interfacial region. The interfacial density of air 

molecules is negligible small that the second term can be neglected. Now, as 

demonstrated in Figure 2.8, the value )1(∆s  is positive, increases with increasing 

surface density H
1Γ until H

1Γ  reaches an almost saturation value, and then followed 

by a decrease with further small increase in H
1Γ . The positive value of )1(∆s  at 

H
1Γ = 0 shows w

I
w ss > . Furthermore, since the surface density of water goes down 

with increasing H
1Γ , the contribution of the first term to )1(∆s  is diminished with 

increasing H
1Γ . Therefore, the positive value of )1(∆s  even at a high H

1Γ suggests 

the inequality 1
H
1 ss > ; the partial molar entropy of surfactant is increased by the 

adsorption from the solution irrespective of the orientation of surfactant molecule at 

the interface. This is of cause attributable to the increase in entropy due to the 

dehydration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Entropy of adsorption vs. surface density of C10E5. (1) T = 288.15 K, (2) 

293.15 K, (3) 298.15 K, (4) 303.15 K and (5) 308.15 K. 
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 Taking account of these situations, it is said that the increase in )1(∆s  with 

increasing H
1Γ  probably corresponds to the increase in the amount of dehydration. 

In the region of almost saturation value of H
1Γ , even a small increase in H

1Γ is 

expected to bring about further oriented structure, and this leads a decrease in H
1s  

and then in )1(∆s .  

 

 In the presence of micelle particles, Eq. 2.5 shows that mpTγ ,)/( ∂∂ is 

composed of not only )1(∆s  but also the second term. Therefore the abrupt change 

of mpTγ ,)/( ∂∂ from the peak to the ground is attributable to micelle formation. 

 

 In the viewpoint of the temperature effect, both surface density and entropy 

change depend but conversely on the temperature as Figures 2.6 and 2.7 demonstrate; 

the surface density of the C10E5 increases while the value of )1(∆s decreases at the 

elevated temperature. The analysis focused on the significance of the dehydration in 

the bulk solution and that at the interfacial region as follows [39]. 

 

The thermal agitation at a higher temperature enhances the dehydration of 

surfactant molecules in the interfacial region and also in bulk phase. This brings about 

the increase in both Hs and 1s  values at a higher temperature. However, Figure 2.7 

performs a lower value of entropy at a higher temperature, which informs that the 

increasing rate of 1s  is larger than that of Hs . The explanation may be more 

substantiated by interpreting the results in Figure 2.8 at a given surface density. Since 

the entropy Hs  is expected to be not so different at the fixed H
1Γ  while the value of 

1s  grows up at higher temperature, then, the value of s∆  decreases along the 

increasing temperature. The assumption on higher value of 1s  at higher temperature 

has been proved by the titration calorimetry, it showed that the water-surfactant 

interaction decreases remarkably with increasing temperature [40]. This means high 
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dehydration at higher temperature bringing a higher 1s .  

The contrary phenomenon between the ionic surfactant and nonionic 

surfactant in the viewpoint of entropy has been elaborated. We have proposed the 

main criteria to explain the contrast. That is the difference in charge density of 

hydrophilic groups between two types of the surfactants. Ionic surfactant bears a 

strong interaction between water and charged head in the solution. Then, small 

amount of the dehydration can occur in the adsorption process and then decrease the 

entropy accompanied by the adsorption.  In the case of nonionic surfactants, a 

comparatively small attraction between water and the non-charged head causes a 

significant dehydration at elevated temperature and provides the increase in the 

entropy of the adsorption by overcoming the decrease of the entropy accompanied by 

the orientation during the adsorption. 

At concentrations above the cmc, the value is the entropy of adsorption at the 

air/water interface from micellar state of surfactant )M(∆s . It is shown that 

)M(∆s is independent of T and 1m . This means that the microcircumstances in 

adsorbed film and in micelle are rather similar to each other. 

 

2.3.5 Entropy of Micelle Formation 

 

The entropy of micelle formation per mole of surfactant from the monomeric 

state in aqueous solution was evaluated by 

1
M

1
MM

W /∆ sNss −=  (2.9) 

 

This term describes the entropy changes per mole of surfactant in micelle and that of 

monomeric surfactant in the aqueous phase. By using Eqs. 2.4 to 2.7, the sM
W∆  can 

be calculated by two methods of the following equations [37] 
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H
1

M
W /)]M(∆)1(∆[∆ Γsss −=  (2.10) 

and pTCCRTs )/()/(∆ M
W ∂∂−=  (2.11) 

 

The sM
W∆  can be determined by both of Eqs. 2.10 and 2.11 ( )M(∆s from Eq. 2.7) 

and the deviation of those results justify the validity of the thermodynamic treatment. 

The calculated results obtained by the two independent ways are shown in Figure 2.9. 

The solid line represents the calculated results from Eq. 2.11 and Figure 2.5 and the 

circles represent the results from Eq. 2.10 and Figure 2.7. The result shows the 

considerably different at low temperatures and gets closer in value as the temperature 

increases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Entropy of micelle formation vs. temperature curve of C10E5. 
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 (ο) H
1

M
W /)]M(∆)1(∆[∆ Γsss −= , (−) pTCCRTs )/)(/(∆ M

W ∂∂−= . 

 

 This means that the treatment of micelle behavior as an appearance of 

macroscopic bulk phase by introducing the concept of the excess thermodynamic 

quantities inherent in the micelle becomes more reasonable at high temperatures. 

Although there exists such a difference, it is sure that the sM
W∆ is positive and 

decreases with increasing temperature. Regarding to the dependence of sM
W∆ on 

temperature, it obviously shows that the increasing temperature provides the decrease 

of sM
W∆ . That is also upon the dehydration effect. 

 

2.3.6 Comparison among the CiE5 

 

In the followings, the effect of hydrocarbon chain length on the adsorption and 

micelle behavior of CiE5 are illustrated by comparing the thermodynamic properties 

among C8E5, C10E5 and C12E5.   

 

 First, a comparison of the surface tension γ versus ln[ 1m /mmol kg-1] was 

examined. From Figure 2.10, it is certainly proved that CiE5 with longer hydrocarbon 

chain can decrease the γ value and cmc of the solution more than those having shorter 

hydrocarbon. This is based on that a long hydrocarbon chain functions as an oil-like 

part of the molecule and then has more tendency to participate in micelle that has an 

oil-like core.  

 

Second, the surface density at the cmc CΓ H,
1 of all CiE5, are plotted against T 

in Figure 2.11. We found that at constant T, the CΓ H,
1 is in the order of 

 

 C8E5 < C10E5 < C12E5. 
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Figure 2.10 Surface tension vs. natural logarithm of molality curves at 298.15 K. (1) 

C8E5, (2) C10E5, (3) C12E5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 Surface density at cmc versus temperature curves. (1) C8E5, (2) C10E5,  

(3) C12E5. 
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It shows that the longer the hydrocarbon chain is, the more attractive force 

between the hydrocarbon chains is induced and packed to each other. The curves also 

emphasize the dependence of the H
1Γ on the temperature. It is noted that the 

dehydration effect adds up the attractiveness effect and then provides the higher 
H

1Γ at higher temperature. Hence, the value of CΓ H,
1 for all CiE5 increase with 

increasing the temperature. 

 

The interesting results on the comparison of the entropy change per mole at 

the cmc Cs∆ of CiE5 are demonstrated by the C

Cs
,H

1

∆
Γ

versus T plots in Figure 2.12.  

The curves elucidate that the increase of C

Cs
,H

1

∆
Γ

with decreasing hydrocarbon chain 

length is in the order as; 

   C8E5 > C10E5 > C12E5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 C

Cs
,H

1

∆
Γ

versus temperature curves. (1) C8E5, (2) C10E5, (3) C12E5. 
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This means that the longer hydrocarbon chain make the surfactant molecules 

at the interface more ordered and reduce the entropy H
1s . Therefore, it is again 

justified on two competitive factors, the orientation and the dehydration. In this case, 

the orientation takes more effects on entropy for the longer hydrocarbon chain.   

 

The micelle formation among three CiE5 are compared. Figure 2.13 shows the 

ln[C/mmol kg-1] versus T curves. The effects of the chain length and temperature on 

the cmc are essentially the same that CiEj molecules tend to be more accumulated at 

the interface with increasing chain length and temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 Natural logarithm of critical micelle concentration vs. temperature curves. 

(1) C8E5, (2) C10E5, (3) C12E5. 
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 2.3.7 Enthalpy of Micelle Formation 

 

 Regarding to the enthalpy change associated with the micelle formation hM
W∆ , 

it is defined and can be calculated from the entropy values because the chemical 

potentials of the components are uniform throughout the system by the following 

equation 

H
1

H
1

M
W /)]M(∆)1(∆[/)]M(∆)1(∆[∆ ΓΓ ssThhh −=−=     (2.12) 

With the reference to Eqs. 2.10 and 2.11, hM
W∆  is also calculated by 

pTCCRTh )/()/(∆ 2M
W ∂∂−=  (2.13) 

Figure 2.14 shows the plots between hM
W∆  versus T.  Each curve shows 

positive value of hM
W∆  that implies the endothermic process in micelle formation.  

Since the slope is negative, it is said that at the higher temperature, where 

surfactant molecule has a smaller head size, the consumption energy to form micelle 

is lower than that when the surfactant has a big head size at the lower temperature. 

The results can be explained clearly in term of the heat capacity associated with the 

micelle formation defined by 

pCTh M
W

M
W ∆/∆ =∂∂   

       monomic
pp

CC −=        (2.14) 

where mic
p

C   and mono
p

C  are the heat capacity of micellar state and that of 

monomeric state, respectively. Owing to the negative slope, the heat capacity of 

monomer is larger than that of micelle. This suggests the difference in contact area 

with water between monomer and micellar states, that is, the former is larger than the 

latter. At the higher temperature, mono
p

C decreases because of the dehydration and 

gives a decrease of hM
W∆ . The comparison among surfactants shows the magnitude of 

decreasing rate of hM
W∆  at elevated temperature in the order of  

   

  C8E5 > C10E5 > C12E5 
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Figure 2.14 Enthalpy of micelle formation versus temperature curves. (1) C8E5, (2) 

C10E5, (3) C12E5. 

 

 The decreasing rate appears to be increased with increasing the alkyl chain 

length. Since the core of micelle particle is akin to liquid paraffin and then the 

difference in the magnitude of the heat capacity of micelle core among CiE5 is 

negligible compared with the difference in pCM
W∆ . The difference in pCM

W∆ may 

arise from the difference in the mono
p

C value; the increase of the hydration around the 

hydrophobic part with increasing chain length increase the value of mono
p

C . Therefore, 

CiE5 with long chain has low hM
W∆ . 
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2.4 Conclusion  

 

In the surfactant solution, there are two competing effects on the 

thermodynamic quantity changes. One is the orientation effect that diminishes the 

entropy of the system and the other is the dehydration effect that increases the entropy.  

For CiEj nonionic surfactant that has a long head group, the increasing temperature 

strongly influences amount of the dehydration and then results in the increasing 

surface density at the interface. The increase of entropy changes along the increase of 

adsorption is acquired by the priority of dehydration over orientation effect, which is 

opposite to an ionic surfactant. The higher temperature attenuates both the entropy of 

adsorption and micelle formation, however, with the positive in entropy value for all 

changes. Studies undertaken for the hydrocarbon chain length effect can reveal the 

trend that the longer hydrocarbon chain aids in packing closer of surfactant molecules 

and increases the surface density but decreases the surface tension, cmc, entropy and 

enthalpy changes. That demonstrated the importance of the effect of hydrophobic part 

to the behavior of nonionic surfactant solution besides that of hydrophilic part. 

 

 



CHAPTER 3 

 

EFFECT OF PARAMETERS ON CLOUD POINT OF POLYOXYETHYLENE 

NONYL PHENYL ETHER 

 

3.1 Introduction 

 

Polyoxyethylene nonyl phenyl ether surfactant series (PONPE) is presently the 

most extensive line of available products due to its stability in working condition. The 

excellent stability of this surfactant in general is demonstrated by their use in acid-

cleaning formulation for metals, in highly alkali detergent systems, and in the high-

temperature application found in oil-drilling needs [11]. During the last decade, 

PONPE have been used in virtually all fields of analytical chemistry in order to 

improve existing methods and to develop new analytical procedures [16-19]. 

Moreover, many separation processes mediated by PONPE have been developed, 

particularly, applications including high-performance liquid chromatography (HPLC), 

extraction, gel filtration, ultracentrifugation, and electrokinetic capillary 

chromatography have open new possibilities for the separation of molecules in certain 

research areas such as analytical biotechnology, public health or the study of 

environmental pollutant [46].  

 

Aqueous micellar solution of polyoxyethylenated nonionic surfactant is 

completely soluble in water at normal room temperature. However, it displays an 

inverse solubility-temperature relationship in water [10,11]. As the solution 

temperature increases, the solubility of polyoxyethyleneated surfactant decreases. It is 

in contrast to the solubility of other substances that the solubility increases with 

increasing temperature. In water, the long hydrophilic part of polyoxyethylene is 

bounded with a large amount of water in order to be soluble in water. The rise in 

solution temperature yields large amount of dehydration which provides a closer 

packing of surfactant in micelle and a larger in size and more hydrophobic of micelle. 

Then, micellar growth and increased intermicellar attraction cause the formation of 

particles that are so large that the solution becomes visibly turbid. The temperature at 

which the solution turns turbid is called the cloud point (CP).  
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There are many parameters that can alter the cloud point temperature of 

polyoxyethylenated aqueous solution such as electrolyte concentration, surfactant 

concentration, and pH of the solution. Salting-in and salting-out effects are applied to 

explain the alteration of cloud point as described in Chapter 1.  Salting–out effect 

reflects in a collapsing of cloud point temperature of surfactant solution while as 

salting-in reflects the controversial in an opposite effect.  

 

Surfactant in most cases, industrial products, is prepared via series of 

polymerization reactions and it is a mixture of a variety of components. Thus, 

PONPE-9 is a mixture of polyoxyethylene nonyl phenyl ether that the average number 

of oxyethylene is 9. This type of surfactant can be separated according to the length of 

the alkyl chain by reversed-phase chromatography or according to the length of the 

ethoxy chains usually by normal-phase chromatography.  

 

Since one molecule of PONPE surfactant has an aromatic nuclei, phenyl 

group, which could absorb an ultraviolet spectrum at 277 nm, thus, the assay of 

PONPE surfactant can be achieved by using UV-spectrophotometric method.  

 

Presented are the preliminary studies on the properties of PONPE-9 used as 

the separation media of this work. First, an analysis of ethoxyoligomer distribution of 

PONPE-9 using normal-phase HPLC was conducted. Second, quantitative 

determination of PONPE-9 using UV-spectrophotometric method was performed. 

Then, various effects on PONPE-9 concentration in water-rich phase after CPE were 

illustrated.   Finally, the cloud point as the upper temperature limit of solubility and 

phase diagram of PONPE-9 were determined. Moreover, a various parameters which 

affect cloud point of PONPE-9 were also investigated. 

 

3.2 Experimental 

 

3.2.1 Materials  

 

Polyoxyethylene nonyl phenyl ether (HO(CH2CH2O)nC6H4C9H19, PONPE-9) 

provided by Rhodia (Thailand), Co. Ltd. was used as received. Reagent grade gold 

(III) chloride solution was purchased from Fluka (Thailand) Co. Ltd., HPLC grade 
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isopropyl alcohol and n-hexane (Marlinkquot) was purchased from Lab System Co. 

Ltd. Nitrogen gas was obtained from Thai Industrial Gas Public Company Limited 

(TIG). All materials and reagent were of analytical-reagent grade unless specified 

otherwise. A metal solution was prepared by dissolving an appropriate amount of 

HAuCl4.4H2O in dilute hydrochloric solution. De-ionized water was used throughout. 

A solution of PONPE-9 was prepared by dissolving PONPE-9 in water. Solution pH 

was adjusted with hydrochloric solution and sodium hydroxide solution. 

 

3.2.2 Determination of Ethoxylate Oigomer Distribution  

 

PONPE-9 was diluted by isopropyl alcohol and filtered through 0.20-µm 

Millipore filters. All solvents were thoroughly degassed with nitrogen gas before use. 

The high-performance liquid chromotograph setup consists of a single-piston pump 

(Shimadsu HPLC Model SIL-10A) and a single-wavelength UV/visible detector 

(Model SPD-10A). The sample was injected into the chromatographic system by 

using the automatic sampler. Separations were performed on a sodium type of Shim-

pack ISC-30 (gel type), sulfonic acid ion exchange resin of a styrene-divinyl benzene 

copolymer, 6 mmφ x  100 mm,  5 µm particle size column, protected by a guard 

column of the same phase and particle size. Eluent A was isopropyl alcohol and eluent 

B was n-hexane. Gradient flow of isopropyl alcohol and n-hexane with the increase of 

isopropyl alcohol at 5% per minute was used. The UV-Detector was set at 277 nm. 

Data processing and quantification were performed by using the computer software. 

 

3.2.3 Spectrophotometric Determination of PONPE-9  

 

0.1 g of PONPE-9, weighed to the nearest milligram, was introduced into a 

100-mL volumetric flask. Some distilled water was added and swirled to give clear 

solution. Solution pH was adjusted by adding NaOH or HCl. A Mettler Toledo pH/ion 

analyzer Model MA 235 was used for pH measurements. Then, the mixture was 

diluted with distilled water and solution pH was measured for a precision data. This 

solution was diluted if necessary to obtain an absorbance at 277 nm between 0.2 and 

1.2. The adsorption spectrum was recorded on Unicam UV-visible Heλios which is a 
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double beam spectrophotometer with 1.0 cm quartz cells. The solution was scanned 

against water as a blank from 190 nm to 320 nm. 

 

3.2.4 Cloud Point Determination and Electrolyte Effect 

 

Cloud point of a series of PONPE-9 aqueous solution was determined by 

observing the temperature required for the onset of turbidity upon heating a 4.0-mL 

aqueous solution of the surfactant in a small test tube that had been placed in a 

controlled temperature water bath. The temperature was raised in small increment 

until the clear solution began to be cloudy. The cloud point temperature reported is 

the average of duplicate measurements. For the study of the electrolyte effect on cloud 

point of PONPE-9, PONPE-9 concentration was fixed at 1% (w/v) and a series of 

electrolytes and organic substance was separately added to obtain a stipulated 

concentration. The electrolytes and organic substances used in this work were listed in 

table 3.1. The solution was mixed thoroughly and left in the room temperature at least 

10 minutes. Cloud point temperature was measured according to the procedure 

described above. 

 

3.2.5 Cloud Point Extraction Procedure 

 

Aliquots of aqueous solution containing the PONPE-9 in the range of 1-2.5 % 

(w/v) and gold (III) ion 10 ppm were well mixed in 25-mL cylindrical tubes at room 

temperature. The mixed solution was then placed in the constant temperature water 

bath and allowed to separate into two phases at a stipulated temperature for a certain 

time. The volume of both the surfactant-rich phase and water-rich phase were read on 

the volumetric cylinder. The PONPE-9 and metal contents in the aqueous phase were 

determined by UV-spectrophotometer (Unicam UV-visible Heλios) and atomic 

absorption spectrophotometer (Varian Spectra 300/400), respectively. The PONPE-9 

and metal concentrations of surfactant-rich phase were then calculated on the basis of 

mass balance.  
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Table 3.1 Lists of inorganic salts and organic substance used in the study of 

electrolyte effect. 

        Chemicals Formula 

1. Ammonium carbonate    

2. Ammonium chloride  

3. Ammonium hydroxide (NH4OH) 

4. Ammonium oxalate    

5. Sodium chloride    

6. Lithium chloride   

7. Sodium carbonate   

8. Sodium hydrogen carbonate   

9. Sodium sulfate   

10. Sodium phosphate   

11. Sodiumacetate   

12. Sodium oxalate   

13. Sodium citrate   

14. Dimethyl Glyoxime (DMG)  

 

 

15. Butanol 

 

16. Sodium Lauryl Sulfate (SLS) 

 

17.  Poly Vinyl Alcohol  (PVA)  

 

18. Di-Sodium Ethylene Diamine 

Tetraacetic Acid (di-sodium EDTA) 

 

19.  Ethylene Glycol (EG) 

 

20. Glycerol 

 

21. Polyethylene glycol (PEG) 

(NH4)2CO3 

NH4Cl 

NH4OH 

(NH4)2C2O4 

NaCl 

LiCl 

Na2CO3  

NaHCO3 

Na2SO4 

Na3PO4 

NaC2H3O2 

Na2C2O4 

Na3C6H6O5 

 

 

 

CH3CH2CH2CH2OH 
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3.3 Results and Discussion 

 

  3.3.1 Polyoxyethylene Oligomer Distribution 

 

PONPE-9 solution was injected into HPLC system, the separation was 

obtained. Figure 3.1 shows a chromatogram of such separation.  Gradient elution high 

performance liquid chromatography was found to be a good method for the analysis 

of PONPE-9. The shorter ethylene oxide units are eluted at relatively shorter retention 

times than the longer ethylene oxide ones. The peak areas obtained from HPLC 

chromatogram, and the percentage of each ethoxylated component can be calculated 

using computer analysis program. The polyoxyethylene oligomer distribution of 

PONPE-9 is presented in Table 3.2. The highest peak, percentage of peak area is 21%, 

responses the polyoxyethylene oligomer which possesses nine series of oxyethylene. 

Therefore, percent of PONPE-9 in commercial PONPE-9 is about 21%. 

                                                                                                                                                         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 HPLC chromatogram of PONPE-9. Solvent gradient from isopropyl 

alcohol 5 % to 100 % with convergence –2 in 20 minutes, flow rate = 1.0 

mL/min, detection wavelength = 277 nm. 
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Table 3.2 Polyoxyethylene oligomer distribution of PONPE-9 solution 

Peak 

number 

Time 

(min) 

Area Height %Concentration EO 

number 

1 4.822 98018 2904 5.01 ≤4 

2 5.067 70928 2966 3.63 5 

3 5.683 145046 4799 7.42 6 

4 6.708 307612 5745 15.73 7 

5 8.301 355267 5871 18.16 8 

6 10.269 410101 6005 20.97 9 

7 12.951 332790 3440 17.01 10 

8 17.050 236202 1804 12.08 ≥11 

 

 

3.3.2 Spectrophotometric Determination of PONPE-9 

  

An aqueous solution of 0.01% (w/v) PONPE-9 was prepared and its pH was 

then measured. The absorption spectra measured between 190 and 320 nm against 

water is shown in Figure 3.2. Absorption peaks are at 199, 223, and 276 nm, 

respectively. The absorption at 276 nm performs the absorption of phenyl group in 

PONPE-9 molecule and similar observations were reported by some investigators 

[17,18,47-48]. A wavelength of 276 nm was used in the subsequent measurement for 

calibration curve study.  

 

 

 

 

 

 

 

 

 

Figure 3.2 Absorption spectra of PONPE-9 in absence of HCl. [PONPE-9] = 0.01% 

(w/v), pH = 6.28. 
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Since the extraction of gold (III) with PONPE-9 via CPE was carried out in 

HCl solution, the examined solution consisted of HCl, gold (III) ion, and PONPE-9. 

The direct measurement of PONPE-9 can be achieved only if other species have no 

interference at determined wavelength. Then, the followings are the studies of effects 

on PONPE-9 adsorption. 

  

a) Effect of pH on Spectrum of PONPE-9 

 

A series of 0.1% (w/v) PONPE-9 at various pH (0.61 – 6.28) was prepared 

and the solution pH was adjusted with HCl solution. A solution of PONPE-9 in the 

absence of HCl was used as reference (pH = 6.28). The solutions were subjected to 

measure its absorption against water and the results are shown in Figure 3.3. It is 

shown that the absorption spectra of PONPE-9 are identical for the solution in the 

stipulated pH range from 0.60 to 6.28 (pH = 0.60, 0.86, 0.98, 1.36, 1.90, 2.85, 3.71, 

4.38, 6.28). This suggests that HCl has negligible absorption at 276 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Absorption spectra of PONPE-9 solution in presence of HCl at various pH 

(1) pH = 0.60, (2) 0.86, (3) 0.98, (4) 1.36, (5) 1.90, (6) 2.85, (7) 3.71, (8) 

4.38, (9) 6.28, [PONPE-9] = 0.01% (w/v). 

 

(1), (2), (3), (4), (5), (6), (7), (8), (9) 
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The negligible effect of HCl on PONPE-9 adsorption was ensured by the 

measurement of the adsorption of HCl aqueous solution.  Figure 3.4 shows the 

adsorption spectra of an aqueous solution of 0.01 M HCl and 0.01 M NaOH in the 

absence of surfactant. The spectrum (1) shows that HCl has no adsorption while 

spectrum (2) exhibits a high adsorption of NaOH in the range of 240 – 280 nm. This 

substantiates that HCl does not interfere the quantitative measurement of PONPE-9 at 

276 nm whereas NaOH does. 

 

Therefore the determination of PONPE-9 concentration in HCl solution can be 

achieved by direct adsorption at 276 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Absorption spectra of aqueous solution in the absence of PONPE9 (1) 

0.01 M HCl at pH = 2, (2) 0.01 M NaOH at pH = 13. 

 

 

  b) Effect of Gold Ion on Spectrum of PONPE-9 

 

In order to investigate the absorption of PONPE-9 in the presence of gold (III) 

ion, a series of solution was prepared. The concentration of PONPE-9 and gold (III) 

ion was 0.03% (w/v) and 333 ng/mL, respectively. Figure 3.5 illustrates the 

absorption spectra of 0.03 % (w/v) PONPE-9 (1), 0.03 % (w/v) PONPE-9 and 333 

ng/mL Au3+ (2), 0.02 % (w/v) PONPE-9 and 333 ng/mL Au3+ (3), and 333 ng/mL 

Au3+ (4). Regarding to the spectra of (1) and (2), the presence of gold ion in PONPE-9 

(1) 

(2) 
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solution has negligible effect on the absorption spectra of PONPE-9. From Figure 3.5, 

the solution of gold (III) ion in the absence of PONPE-9 (4) exhibits no absorption at 

the 276 nm.  

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Absorption spectra of PONPE-9 solution in absence and presence of Au3+ 

ion. (1) 0.03 % (w/v) PONPE-9, (2) 0.03 % (w/v) PONPE-9 in 333 ng/mL 

Au3+in 0.03 % (w/v) PONPE-9, (3) 333 ng/mL Au3+ in 0.02 % (w/v) 

PONPE-9, (4)  333 ng/mL Au3+. 

 

 

From the above observation, there is the negligible effect of HCl concentration 

and gold (II) ion on the absorption of PONPE solution. Thus, a wavelength of 276 nm 

is used in the direct quantitative determination of PONPE-9 concentration in the 

presence of gold ion and HCl. The limitation range of PONPE-9 concentration for this 

purpose was studied for linear adsorption on PONPE-9 concentration according to 

Beer’s Law [48]. 

 

The absorbance at 276 nm for a series of PONPE-9 solutions at various 

concentration in the range of 0 to 0.10% (w/v) was measured. The data was plotted 

against concentration as depicted in Figure 3.6. The calibration curve is linear in the 

range of 0-0.04 % (w/v) PONPE-9. Then, the quantitative measurement of PONPE-9 

was achieved by direct measurement of the UV absorbance in the concentration range 

of 0-0.04 % (w/v) according to Beer’s law.   

(1) 
      (2)  
          (3) 

 
(4) 
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Figure 3.6 Calibration curves for spectrophotometric determination of PONPE-9 at 

276 nm. [PONPE-9] = 0 – 0.04% (w/v), pH = 6.28. 
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3.3.3 Effects of Initial PONPE-9 Concentration and Temperature on 

PONPE-9 Concentration in Water-Rich Phase 

 

A series of cloud point extraction experiments with fixed gold (III) ion 

concentration of 10 ppm and initial PONPE-9 concentration, [PONPE-9]o, in the 

range of 0.5 – 3.0% (w/v) was conducted at a settling temperature between 55 and 

80oC. After the separation into two phases reached equilibrium, the PONPE-9 

concentration in the aqueous solution of water-rich phase, [PONPE-9]w, was 

measured by using the spectrophotometric method as described above. The 

concentration of PONPE-9 in surfactant-rich phase, [PONPE-9]s, was then calculated 

based on mass balance (see Appendix C). The results of [PONPE-9]w and [PONPE-

9]s after CPE at 60oC were plotted against [PONPE-9]o as shown in Figure 3.7. It can 

be seen that PONPE-9 in water-rich phase is slightly dependent of the initial 

concentration of PONPE-9 and that in the surfactant-rich phase is in linear proportion 

to the initial concentration of PONPE-9.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 PONPE-9 concentration in the water-rich (■) and surfactant-rich phases 

(○) versus initial concentration of PONPE-9. [PONPE-9]o = 0.5 – 3.0% 

(w/v), [ Au3+]o = 10 ppm, T =  60 oC. 
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The effect of settling temperature on [PONPE-9]w was investigated. In this 

series of experiments, [PONPE-9]o and gold (III) ion was fixed at 2.5% (w/v) and 10 

ppm, respectively. CPE was conducted at the temperature range of 55 to 80oC. The 

results are shown in Figure 3.8. The lowest [PONPE-9]w is found for the CPE 

conducted between 65 to 75 oC. This suggests that the settling temperature affects the 

concentration of PONPE-9 in both phases of CPE. The concentration of PONPE-9 in 

water-rich phase at various settling temperature are shown in Table 3.3. It should be 

mentioned that a solution in which PONPE-9 concentration correspond to the table 

list was prepared and used as the reference the determination of gold (III) ion 

concentration in water-rich phase by atomic absorption at a given temperature, so the 

effect of viscosity on the analytical signal was minimized.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Effect of temperature on concentration of PONPE-9 in water-rich after 

CPE. [PONPE-9]o  =  2.5% (w/v), [Au3+]o =  10 ppm, T =  55 - 80 oC. 
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Table 3.3 The concentration of PONPE-9 in water-rich phase after CPE for various 

pH 

Settling Temperature (oC) [PONPE-9]w (%w/v) 

56 0.10 

60 0.03 

65 0.02 

70 0.01 

75 0.01 

80 0.02 

 

 

3.3.4 Cloud Point of PONPE-9 and Phase Diagram 

  

A series of cloud point determination experiments was undertaken using a 

various concentrations of PONPE-9 in the absence and presence of gold (III) ion. 

Mole ratio of gold (III) ion to PONPE-9 was fixed at 7.4 : 1. Figure 3.9 shows the 

phase diagram, i.e. plots of the temperature at which the single isotropic solution 

converts to the two coexisting isotropic phases, as a function of surfactant 

concentration of the solution for the aqueous solution of PONPE-9 in the absence and 

presence of gold (III) ion. Both coexistence curves are concave-upward bell shape. 

The critical temperature, Tc, and the critical surfactant concentration, Xc, for aqueous 

solution of PONPE-9 in the absence of gold are 53.3±0.5 oC and 2.5-4.0% (w/w), 

respectively. Across the concentration range studied, the presence of gold (III) ion 

decreases the CP of PONPE-9. The decrease is marked for the surfactant 

concentration below 2% (w/w). At the concentration of PONPE-9, 2.5 to 10.0% 

(w/w), the different between cloud point temperatures is approximately the same. 

However, the effect of gold is diminished toward the higher concentration of the 

surfactant above 13% (w/w). Specifically, the critical temperature Tc and the critical 

surfactant concentration , Xc, for aqueous solution of PONPE-9 in the presence of 

gold (III) ion, at mole ratio of gold ion to PONPE-9 is 7.4 : 1, are 52.4 oC and 2.0-

4.4% (w/w).  
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Theoretically for the separation between two phases of surfactant at a given 

temperature higher than the cloud point temperature, the surfactant concentrations in 

the two coexistence phases, surfactant-rich and water-rich phases, can be determined 

from Figure 3.9 by locating the intersections of the horizontal tie line corresponding 

to that temperature with the coexistence curve. The concentrations of surfactants read 

from the coexistence curve present the ones in the water-rich phase and the surfactant-

rich phase, consequently. From Figure 3.9, as (T – Tc) increases, the difference in the 

surfactant concentrations in each phase increases. This scenario will be investigated in 

detail in chapter 4.  

                                        

                                        

                                        

                                        

                                        

                                        

0 5 10 15 20 25
30

35

40

45

50

55

60

65

2L

L

 

 

C
lo

u
d
 P

o
in

t 
(o C

)

% PONPE (w/w)

 
Figure 3.9 Phase diagram of surfactant PONPE-9 in aqueous solution in absence (●) 

and presence of gold (III) ion (■). L = single isotropic phase region, and 

2L = two isotropic phase region, [PONPE-9] = 0.04 – 25% (w/v), pH   = 

6.58, [Au3+/ PONPE-9] =  7.4 : 1. 

 

 a)  Effect of pH 

  

  In order to recover gold (III) ion in the hydrochloric solution with PONPE-9 

using CPE, the effect of pH on the cloud point of PONPE-9 was investigated. 
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Therefore, a series of cloud point determination experiments in which the 

concentration of PONPE-9 was 2.5% (w/v) and pH of the solution was varied in the 

range of 1 to 12 was carried out. The effect of pH on the cloud point temperature of 

PONPE-9 solution in the absence and presence of gold (III) ion is shown in Figure 

3.10. Cloud point of PONPE-9 does not change in the pH range of 2 to12. However, 

at high hydrogen ion concentration, pH = 1-2, the cloud point temperature rises. It is 

attributed to the oxonium ions which are formed at the ether oxygens in the very low 

pH solution. This imposes the salting-in effect according to the repulsive force among 

surfactant head group and results in increasing CP of PONPE-9 [11]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Effect of pH on cloud point of PONPE-9 in absence (●) and in presence 

(■) of gold (III) ion, 5 ppm. [PONPE-9] = 2.5 %(w/v), pH =1.44 – 

12.48. 

 

b) Effect of PONPE-9 to Au3+ Ratio  

 

Since one important parameter influenced the extraction efficiency of gold 

(III) ion using CPE method is the ratio of PONPE-9 to gold (III) ion, the effect of that 

ratio to cloud point temperature of PONPE-9 was investigated. A series of cloud point 

determination experiments with a PONPE-9 concentration of 2.5% (w/v) and 



 

 

68

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

0 500 1000 1500 2000 2500 3000 3500
30

35

40

45

50

55

60

65

(2)

(1)

 

pH

CP

 

[PONPE-9/Au3+]

C
lo

u
d
 P

o
in

t 
(o C

)

0

2

4

6

8

10

12

14

pH

concentration of gold (III) ion in the range of 1 to 18 ppm, was carried out. In Figure 

3.11, curve (1) shows that cloud point of PONPE-9 is roughly constant in the range of 

ratio of PONPE-9 to Au3+ of 700 to 3200 and slightly increase in a high gold 

concentration solution. It is noteworthy that stock gold (III) ion was dissolved in 

hydrochloric acid. The addition of gold ion in the solution increases HCl 

concentration. Then, the higher amount of gold ion in the solution, the lower the pH 

of the solution as shown in curve (2). As the concentration of gold ion increases and 

the ratio of PONPE-9 to Au3+ is lower than 700, the cloud point slightly raises in the 

same manner of pH effect (see Figure 3.10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Effect of ratio of PONPE-9 to gold (III) ion on cloud point temperature 

(1) and pH (2). [PONPE-9] = 2.5 %(w/v), [Au3+] = 1 – 20 ppm, pH =  

1.44 – 12.48. 

 

  c) Effect of Electrolyte 

 

In this series of cloud point determination experiments, the concentration of 

PONPE-9 was fixed at 1% (w/v) and various types of salts and organic substances 

were individually added and mixed thoroughly. Inorganic salts and organic substances 

used in this study were listed in Table 3.1. The results of the study of inorganic salt 

effects are shown in Figures 3.12 and 3.13. Figure 3.12 shows the effect of a number 

of inorganic salts (LiCl, NH4Cl, NaCl, Na2CO3, Na2SO4, and Na3PO4) on cloud point 



 

 

69

                                        

                                        

                                        

                                        

                                        

                                        

0.0 0.5 1.0 1.5
0

10

20

30

40

50

60

70

 

 

C
lo

u
d
 P

o
in

t 
(o C

)

Concentration (Molar)

of PONPE-9. It can be seen that the inorganic salts presented in the PONPE-9 

aqueous solution decrease the cloud point temperature. It is attributed to the salting-

out effect that ions from salt solution promotes the dehydration of surfactant 

molecule.  This lowers the temperature required for the coacervation of surfactant and 

decreases CP of surfactant. Figure 3.12 also shows the effectiveness of ion type that 

the anion causes the lowering of cloud point temperature. This is clearly shown by the 

small difference of salting-out power of LiCl, NH4Cl, and NaCl and the marked 

differences in salting-out power of sodium salt, NaCl, Na2CO3, Na2SO4, and Na3PO4. 

For comparison, the order of effectiveness of ions is shown in table 3.4 and similar 

results were reported by Saito [10], and Schick [11]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 Effect of inorganic electrolyte on the cloud point temperature of PONPE-

9. [PONPE-9] = 1%(w/v), [LiCl] (○), [NH4Cl] (∇), [NaCl] (■), [Na2CO3] 

(●), [Na2SO4] (□), [Na3PO4] (▲). 

 

 

From Figure 3.13, the effect of ammonium compound and ammonium salts  

(NH4OH, NH4Cl, (NH4)2CO3, and (NH4)2C2O4) on cloud point are illustrated. It is 

suggested that the salting-out power of anions is in the order of C2O4
2-> CO3

2- > Cl- > 
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OH-. It is described that high hydrated ions affect on high dehydration of surfactant 

molecules.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 Effect of ammonium salts concentration on cloud point temperature of 

PONPE-9. [PONPE-9] = 1%(w/v), [NH4OH] ( ), [NH4Cl] (●), 

[(NH4)2CO3] (■),  [(NH4)2C2O4] (○). 

 

 

Table 3.4 Approximately salting-out effectiveness of ions on cloud point temperature 

of PONPE-9 a 

Anions Cations Carboxylate ions 

OH- 

Cl- 

CO3
2-   

C2H3O2
- 

PO4
3- ≅ SO4

2- 

Li+ 

NH4
+ 

Na+ 

 

 

C2H3O2
-  

C2O4
2-  ≅  C6H6O5

3-  

  

aEffectiveness increase with lower position in table 
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  The declining of cloud point with the increasing organic sodium salts 

concentration is shown in Figure 3.14. It should be noted here that sodium acetate, 

sodium oxalate and sodium citrate posses 1, 2, and 3 carboxylic groups respectively. 

Then, the effectiveness of carboxylate ions on the cloud point of PONPE-9 is in the 

order of  C2O4
2- ≅ C6H6O5

3- > C2H3O2
-. It suggests the little effect of carboxylic group 

on cloud point of PONPE-9. This may be due to the interaction between the poly-

carboxylic group and the ether oxygens of PONPE-9 and then micellization is not 

favored.  

  From this work, the results are in accordance with Debye-McAulay equation 

that the upper temperature limit of solubility of polyoxyethylene in water is lowed in a 

manner proportional to the salt concentration and the valencies of the salt ions [11]. 

Also, the small hydrated ion should be more effective than the large hydrated ions in 

salting out the polymer. 

 

 

  

 

  

  

 

 

 

 

 

 

 

 

 

Figure 3.14 Effects of organic sodium salts concentration on cloud point temperature 

of PONPE-9. [PONPE-9] =  1%(w/v), [NaC2H3O2] (■), [Na2C2O4] (▲), 

[Na3C6H6O5] (●). 
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  For the addition of organic substance to aqueous solution of PONPE-9, the 

changes in cloud point temperature are shown in Figure 3.15. For the presence of SLS 

(sodium lauryl sulfate; anionic detergent), PEG (polyethylene glycol), EDTA 

(ethylenediaminetetraacetic acid), and glycerol, the cloud point of PONPE-9 is 

lowered according to the salting-out effect. In contrast, ethylene glycol, polyvinyl 

alcohol, and dimethyl glyoxime raise the cloud point of PONPE-9 solution due to 

salting-in effect. The strong hydrogen-bonding affinity of ether oxygens of the 

polyoxyethylene chains can be attracted with the hydroxyl groups of additive 

molecules and gives more hydrophilic surfactant molecules. Therefore, the cloud 

point of the solution is increased.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 Effects of organic substance on cloud point temperature of PONPE-9. 

[PONPE-9] = 1% (w/v), DMG (▲), PVA ( ), EG (●), Glycerol (■), 

SLS (◆), EDTA (○), Butanol (◇), PEG (▽). 
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3.4 Conclusion 

 

Commercial PONPE-9 used in this work has 21% polyoxyethylene of 9 

separated by normal phase HPLC using gradient flow of isopropyl alcohol and 

hexane. PONPE-9 absorbs an ultraviolet spectrum via the phenolic group in its 

molecule at 277 nm and the concentration of HCl and gold (III) ion do not interfere 

the adsorption. Thus, direct quantitative determination of PONPE-9 using UV-

spectrophotometric measurement can be achieved. The settling temperature has 

insignificant influence on the concentration of PONPE-9 in water-rich phase after 

applying CPE. Cloud point of PONPE-9 solution depends on not only its 

concentration but also electrolyte concentration. It was found that many inorganic 

salts and some organic substance decrease cloud point temperature of PONPE-9. The 

declining of CP was also observed in the mixture of PONPE-9 and gold (III) ion. 



CHAPTER 4 

 

CLOUD POINT EXTRACTION OF GOLD (III) ION USING 

POLYOXYETHYLENE NONYL PHENYL ETHER 

 

4.1 Introduction 

 

Aqueous solutions of polyoxyethylenated nonionic surfactants heated above a 

certain temperature, become turbid like cloud phenomena. The temperature at which 

clouding occurs is called Cloud Point (CP). Above the cloud point, the solution 

separates into two phases: one, the surfactant-rich phase which is very small in 

volume; and the other, the water-rich phase, in which the surfactant concentration is 

approximately equal to its critical micelle concentration (cmc) [8]. Any analytes that 

can interact with and bind the micellar entity will become concentrated in the 

surfactant-rich phase upon heating the solution above CP. This phenomenon has been 

utilized in the design of some extraction and preconcentration schemes. The 

methodology applied for separating some analytes to the surfactant-rich phase is 

known as Cloud Point Extraction (CPE). Almost all of nonionic surfactant used as the 

media in the CPE study are isooctyl phenoxy polyethoxy ethanol (TRITON X series), 

and polyoxyethylene-4-nonyl phenyl ether (PONPE series). 

 

 This general approach, originally introduced by Watanabe et al., has been 

utilized for the extraction of nickel in soil and zinc in tap water using PONPE-7.5 and 

an appropriate chelating agent namely 1-(2-pyridylazo)-2-naphthol (PAN) [12]. The 

function of the chelating agent is to form an insoluble or sparingly water soluble 

complex with the metal ion and introduce some selectivity into the process. 

 

 Many works have applied CPE to preconcentrate trace amounts of metal ion 

into the surfactant-rich phase to increase the precision of the instrumental analysis.  In 

these studies, chelating agent were employed to form an insoluble or sparingly water 

soluble complex to introduce some selectivity to the target metal ion which was then 

separated to the surfactant-rich phase. Pinto et al. employed a complexant system of 

chelating agent, 1-(2-pyridylazo)-2-naphthol (PAN) and Triton X-114 to entrap 

chromium ion in the sample and the concentration was subsequently measured by 
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using flame atomic absorption spectrophometric method [22]. Fernandez Laespada et 

al. determined a small amount of uranium using the complexant system of PAN and 

Triton X-114 [23]. Moreover, the determination of nickel and zinc after 

preconcentration by CPE using PAN and Triton X-114 were reported by Oliveros et 

al. [24]. It is clear that PAN is not a specific complexant for metal ion. Therefore 

appropriate masking reagent must be employed for practical determination of target 

metal ion. Recently, other complexants have been reported to support the 

determination of some metal ions. Silva et al. used the complex form of Erbium (III)–

2-(3,5-dichloro-2-pyridylazo)-5-dimethylaminophenol to analyze the trace amount of 

urbium by CPE methodology [25]. Vaidya and Porter determined a small amount of 

cadmium in water using a chromogenic crown ether in a mixed micellar solution [26]. 

Moreover, Mesquita de Silva et al. developed the method of determination of silver 

and gold ion in geological samples by flame atomic absorption spectrometry after the 

CPE using Triton X-114 mixed with ammonium o,o-diethyldithiophosphate [27].  

 

Despite many successful applications of CPE, relatively little work has been 

devoted to investigate the extraction process scheme for extracting target analytes. 

Akita et al. proposed the scheme of gold ion recovery from printed substrate by CPE 

using PONPE-7.5 without complexant  [28]. However, it seems to have a difficulty in 

the separation of gold from PONPE-7.5 to obtain the purified metallic gold and 

organic solvent like chloroform which was used for stripping gold from PONPE-7.5 

was the disadvantage in the view point of harmful inhalation for human.  

 

Although most works for gold recovery purpose have utilized PONPE-7.5, it is 

suspected that this type of surfactant with other chain length can be used for the same 

purpose with high efficiency obtained. Thus, PONPE-9 was selected because the 

cloud point of the solution is about 53±0.5 oC and the temperature for settling the 

solution is not too high. The aim of this work is to study the effect of variables for 

extracting gold (III) ion from hydrochloric acid solution using PONPE-9 as the 

extraction media. The effect of the variables including PONPE-9 to gold ion ratio, 

equilibration time and temperature, and pH of the solution on CPE efficiency were 

investigated. Moreover, a process scheme for recovering gold (III) ion from 

multimetals solution was proposed. 
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4.2 Experimental 

 

 4.2.1 Materials 

 

Polyoxyethylene nonyl phenyl ether (n=9) (HO(CH2CH2O)nC6H4C9H19, 

PONPE-9) provided by Rhodia (Thailand), Co.Ltd. was used as received. Reagent 

grade gold (III) chloride solution, ZnCl2, NiCl2 and CuCl2.H2O were purchased from 

Fluka (Thailand) Co.Ltd,. A metal solution was prepared by dissolving an appropriate 

amount of HAuCl4.4H2O in dilute hydrochloric solution. Solution pH was adjusted 

with hydrochloric solution and sodium hydroxide solution. All chemicals used were 

of reagent grade. 

 

 4.2.2 Cloud Point Extraction Procedure 

 

Typically, an aqueous solution containing the PONPE-9 in the range of 1 to 

2.5 % (w/v) and gold (III) ion in the range of (6.3-25.3) x 10-5 M was well mixed in 

25 cm3 calibrated cylinder at room temperature. Solution pH was adjusted by HCl and 

NaOH solution. The mixed solution was then placed in the constant temperature water 

bath and allowed to separate into two phases at a prescribed temperature for a certain 

time. The volume of both the surfactant-rich phase and water-rich phase was read on 

the volumetric cylinder. The metal content in the aqueous phase was determined by 

atomic absorption spectrophotometer (Varian Spectra 300/400). The metal 

concentration of surfactant-rich phase was calculated on the basis of mass balance.  

 The percent extraction was calculated by the following equation: 

 

       )]CVCV/(CV100[)]MM/(M100[%E WWSSSSWSS +=+=      (4.1)  

 

Cs  = concentration of gold (III) ion in surfactant-rich phase 

Cw =  concentration of gold (III) ion in water-rich phase 

Ms  =  mass of gold (III) ion in surfactant-rich phase 

Mw = mass of gold (III) ion in water-rich phase 

Vs  = volume of surfactant-rich phase 

Vw =  volume of water-rich phase 
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It should be noted that the greater amount of gold in the surfactant-rich phase, 

the higher the extraction efficiency that could be obtained. The CPE of gold was 

carried out at various ratios of PONPE-9/gold, temperature, time, and pH to obtain the 

optimum condition. 

 

 4.2.3 Cloud Point Extraction from Multimetal Solution 

 

 The separation of gold from multimetal solution was also studied at various 

solution pH. Mixed metal ion solution of copper (II) ion, nickel (II) ion, Zinc (II) ion 

as well as gold (III) ion was prepared. The gold, copper, nickel, and zinc 

concentration is 5.0, 100.9, 8.25, and 0.8 ppm, respectively. This solution is the 

representative of printed substrate and dilute liquor. CPE was conducted in 25 cm3 

calibrated cylinder at the optimum condition. Metal content in both water-rich phase 

and surfactant-rich phase were determined by atomic absorption spectrometer. The 

percent extraction of each metal thus can be calculated according to the Eq. 4.1. 

 

 4.2.4 Gold Recovery Process by CPE in 1-liter Column 

 

 The CPE of gold was also performed in one liter settle column. The inner 

glass column with diameter of 12.0 cm have a valve for draining solution at the 

bottom and the outer acrylic column with 20.0 cm diameter was circulated with 

constant temperature water.  

 

 First, the mixed metal ion feed solution (see Table 4.1) was passed to the 

extraction column No.1. The CPE at the optimum condition (settling temperature = 65 
oC, solution pH = 3, ratio of PONPE-9 to gold = 1500) was conducted in order to trap 

gold ion into the surfactant-rich phase. When the phase separation equilibrium was 

reached, the surfactant-rich phase was transferred to the extraction column No.2 and 

adjusted to pH 7. The CPE was conducted at the minimum separation efficiency 

condition obtained from the experimental result (settling temperature = 65 oC, pH = 

7). It should be noted that the CPE conducted in the extraction column No.2 was to 

remove gold from the surfactant-rich phase. Thus, the chosen operating condition was 

the condition that yielded the lowest percent extraction of gold in the surfactant-rich 
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phase. The water-rich phase was then tranfered to a precipitation bath where metallic 

gold was precipitated. The gold-free surfactant solution was reused in the process. 

 

Table 4.1 Metal contents of printed substrate and diluted liquor used as mixed metal 

solution feed. 

 Gold 

ion 

Copper 

ion 

Nickel 

ion 

Zinc 

ion 

Aqueous feed for this work (ppm) 

 

Substrate (mg/g-solid)* 

Aqueous feed for gold recovery process* 

(ppm) 

5 

 

5.9 

59 

 

100.9 

 

119.8 

1183.6 

 

8.25 

 

9.8 

98.8 

 

0.08 

 

0.09 

0.9 

 

*According to Akita et al. [28] 

 

 

 4.2.5 Metal Determination and Analysis 

 

Gold contents in water-rich phase were determined by atomic absorption 

analysis method at wavelength 242.8 nm. Varian Spectra 300/400 equipped with a 

standard air-acetylene burner and hollow-cathode lamps (Varian) was employed. 

Blank was prepared by diluting PONPE-9 to 0.02 %. This was based on the result of 

the PONPE-9 determination in water-rich phase using UV-spectrophotometer (see 

Table 3.3). The standard solution of gold was prepared by diluting the standard 

solution of gold (1000 ppm) with distilled water and added with PONPE-9 to obtain 

the final gold concentration in the range of 1 to 10 ppm with 0.02 % PONPE-9. 

 

 Scanning electron microscope (SEM) mounted with Electron Dispersion X-ray 

(EDX) was used for investigating the surface and analyzing the percent purity of gold 

in precipitated gold. The gold powder was carefully mounted on SEM stub using 

double-sided tape and then examined under microscope Model JSM-6400, operated at 

20 kV.  
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4.3 Results and Discussion 

 

 4.3.1 Cloud Point Extraction of Gold 

 

 Figure 4.1 shows a CPE experiment conducted in 25-cm3 calibrated cylinder 

with aqueous solution of PONPE-9 2.5% (w/v) and 10 ppm gold (III) ion, and the 

solution pH is 1.86. The well-mixed solution of gold (III) ion and PONPE-9 is a 

homogeneous clear phase solution (see Figure 4.1a) which shows yellow color of gold 

(III) ion in hydrochloric acid. After the temperature of the solution was raised to CP 

(48.5 oC), the solution turns turbid as shown in Figure 4.1b. The two phases of the 

solution was obtained after leaving the solution at the temperature above CP for a 

specific time (see Figure 4.1c).  

 

 
       (a)                 (b)      (c) 

 

Figure 4.1 An experiments on cloud point extraction of gold using PONPE-9 as a 

separation media at pH = 1.87. [PONPE] = 2.5% (w/v), [Au3+] =  10 ppm, 

T=  56 oC. 

 

 It can be seen that the surfactant-rich phase at the bottom is yellow, while the 

water-rich phase is a clear solution. This suggests that gold (III) ion is concentrated 

into the surfactant-rich phase due to the interaction between gold (III) ion and 

PONPE-9 which takes place at the polyoxyethylene chain in PONPE-9 molecules. It 

can be explained that polyoxyethylene nonionic surfactants are protonated at ether 
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oxygens to form oxonium ions, yielding positive charged groupings that can be 

adsorbed onto negative charge analytes [10]. It should also be noted that gold (III) ion 

presents in hydrochloric acid in form of tetrachloro auric ion [AuCl4
-] which possess 

one negative charge [49]. Thus, it is possible that gold (III) ion is incorporated into 

the polyoxyethylene chains of micelle of PONPE-9 and provides good result on 

percent extraction.  

 

 Figure 4.2a, 4.2b, and 4.2c show the CPE experiments carried out with 

aqueous basic solution of PONPE-9 2.5% (w/v) and 10 ppm gold (III) ion. The pH of 

the solution was adjusted with NaOH. It can be seen that the well-mixed solution of 

PONPE-9 in the presence of gold ion and NaOH is purple in color (see Figure 4.2a).  

The turbid phenomena of the solution is illustrated in Figure 4.2b. The separation 

between phases is shown in Figure 4.2c, surfactant-rich phase is enriched with gold 

and shows purple color at the bottom phase.  

 

 Figure 4.2d, 4.2e, and 4.2f show the distinct phenomenon of CPE of gold in a 

solution of pH 7.  The initial solution of gold (III) ion and PONPE-9 at pH 7 is purple 

likewise those at basic pH solution, then the solution is turbid after raising 

temperature to 52.5oC. However, it is shown in Figure 4.2f that after reaching the 

equilibration time for partitioning between phases, surfactant-rich phase is clear thick 

solution, while the water-rich phase is purple color of gold in NaOH. This informs 

that at pH 7, gold ion prefers retaining in water-rich phase to retaining in surfactant-

rich phase. It is attributed to the fact that the neutral form of polyoxyethylene chain 

cannot interact with gold-complex ion. This phenomenon is of interest and being the 

criteria for gold recovery process design as described in next section. 
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               (a)                    (b)    (c)  

  

 
         (d)                                 (e)                                       (f)             

 

Figure 4.2 An experiment on cloud point extraction of gold using PONPE-9 as a 

separation media in a presence of NaOH in the basic pH range (a-c), in 

the solution pH of 7 (d-f). [PONPE] = 2.5% (w/v), [Au3+] = 10 ppm, T  =  

56 oC. 

 

 

 4.3.2 Effect of Equilibration Time  

 

 It should be mentioned that many research works of CPE spent a long period 

of time such as overnight to make sure that the separation reached the equilibrium 

separation between phases. Therefore, the time required for allowing the equilibrium 

separation between phases was one of the important parameters that suggest the 
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feasibility of the process scheme. The time of equilibration was optimized by finding 

the shortest time period required for complete separation of the phases.  

 

 In this series of experiments, the concentration of PONPE-9 was kept constant 

at 2.5 % (w/v) and gold concentration was 5 and 10 ppm. The pH of the solution was 

in the range of 2.52 to 2.89. The temperature was controlled at 56, 60 and 65 oC. The 

results of these experiments are presented in Figure 4.3. wAu,C  is the concentration of 

gold ion in the water-rich phase, and oAu,C is the initial concentration of gold ion in the 

solution. From Figure 4.3, the ratio of oAu,wAu, CC decreases rapidly with time and 

reach the equilibrium. At the settling temperature of  56, 60 and 65 oC, the results 

show the effect of temperature on the separation rate between phases. The higher the 

settling temperature, the shorter period of time required to reach separation 

equilibrium between phases. It is attributed to the dehydration rate upon the settling 

temperature. It is known that heat supplied to the surfactant solution causes 

dehydration from the surfactant moiety, surfactant aggregation, and consequently 

separation of surfactant from aqueous phase. Therefore, the dehydration rate depends 

on the amount of energy gained from supplied heat. Then, aggregation rate of the 

surfactant in surfactant-rich phase increases with increasing temperature. All curves 

suggest the required time of 6 h for the complete separation between phases 

  

 4.3.3 Effect of PONPE-9 to Gold Ion Ratio 

 

In these experiments, the gold concentration was varied over the range of 1 to 

18 ppm. The PONPE-9 was 1, 2.5% (w/v). The temperature was kept constant at 60 
oC.  The solution pH was in the range of 2.52 to 2.89. From Figure 4.4, the percent 

extraction of gold increases with increasing the ratio of PONPE-9 to gold ion from 400 

to 1500. This result is based on the fact that the higher amount of surfactant, the more 

rooms available for gold ion to occupy. At the PONPE-9/gold ratio higher than 1500, 

the percent extraction shows insignificant change that suggests the excess of PONPE-9 

required for binding with gold ion. The ratio of the surfactant PONPE-9 to gold (III) 

ion that provides the highest efficiency (98.78%) with a small amount of surfactant is 

about 1500.  
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Figure 4.3 Effect of equilibration time on oAu,wAu, CC at T = 56 oC ( ■ ), T = 60 oC 

(● ), T = 65 oC (▲). oAu,C is the initial concentration of gold ion in the 

mixed solution, wAu,C  is the concentration of gold ion in the water-rich 

phase at any time, [PONPE-9] = 2.5% (w/v), [Au3+]= 5,10 ppm, pH =  
1.87.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Effect of ratio of PONPE-9 and Au3+on percent extraction. [PONPE-9] = 

1% (w/v) ( ■ ), [PONPE-9] = 2.5 % (w/v) (● ),  [Au3+] = 1 - 18 ppm, pH = 

2.52 to 2.89, T = 60oC, t = 6 h. 
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 4.3.4 Effect of Settling Temperature 

The experiments were carried out in the temperature range 56 to 80 oC with 

PONPE-9 concentration of 2.5 % (w/v). The gold concentration was 5 and 10  ppm. 

The pH of the solution was adjusted to 1.97 and 2.98. The result of the dependence of 

the percent extraction of gold on the settling temperature is depicted in Figure 4.5. 

The percent extraction of gold initially increases, levels off, and then decreases as the 

settling temperature increased. The similar temperature effect result was observed for 

the extraction of 1-hexanol with Igepal CA-620 by Frankewich et al. [1] and for the 

extraction of gold in HCl with PONPE-7.5 by Akita et al.[28]. This behavior is 

ascribed to poor phase separation due to too small and too large temperature 

difference between the CP and settling temperature [28]. From Figure 4.5, the settling 

temperature in the range of 65 to 70 oC provides high percent extraction of gold. The 

range of the settling temperature could substantiate the conclusion published 

elsewhere that the greatest effect of equilibration temperature on the extent of 

extraction occurs when the equilibration temperature is less than 15-20 oC which is 

greater than that of the cloud point temperature [1]. Therefore, the settling 

temperature of 65 oC which gives the highest percent extraction (99.0%) with low 

energy consumption, is appropriate for the gold recovery scheme.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Effect of temperature on percent extraction. [PONPE-9/Au3+] = 1599 at 

pH = 2.98 ( ■ ), [PONPE-9/Au3+] = 1599 at pH = 1.97 ( ● ), [PONPE-9 

/Au3+] = 799 at pH = 2.98(▲), t = 6 h. 
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 4.3.5 Effect of pH 

 

The interesting result was obtained in the study of effect of solution pH. In this 

series of experiments, the solution pH was varied over the range of 1 to 12. The 

PONPE-9 and gold concentration were kept constant at 2.5 % (w/v) and 5 ppm, 

respectively (the ratio of PONPE-9 to gold is 1599). The experiments were carried out 

at the settling temperature of 56, 65 and 80 oC. It is found that all experiments 

conducted at the pH of the solution in both of the acidic and basic solutions provide 

high percentage of extraction with maximum at pH 3, ca. 98-99 % of gold. It is in 

sharp contrast to gold extraction conducted at pH 7 that only 21-25 percent extraction 

can be achieved. This result suggests the pH influences on gold complex moiety 

involving the interaction between gold-complex ions and PONPE-9. At a low ionic 

strength condition, pH 7, a neutral form of surfactant does not interact with and bind 

the gold-complex. Therefore, a lesser amount of gold ion is extracted in surfactant-

rich phase and the percentage of extracted gold decreases at pH 7.  

 

 Therefore, the solution pH affects the surfactant and the gold-complex ion 

structures. It is known that gold (III) ion exists in hydrochloric acid as tetrachloro 

gold (III) ion at low pH while gold (III) hydroxide is formed at high pH [49]. Both 

forms of the gold complex with ionic moiety can bind with PONPE-9 in micelle 

aggregation. It is controversial at pH 7, where the gold-complex ion and also 

surfactant exist in the neutral meioty. Thus, the interaction of PONPE nonionic 

surfactant and metal ion has been driven by both the dipole interaction between 

complex ion and polyoxyethylene of PONPE.  

 

 Though, the extraction of some target analytes from the surfactant-rich phase 

is not difficult, the removal of entrapped analytes from the mediated surfactant is 

encountered by the strong interaction between surfactant and analytes. From this 

experimental result, the CPE at pH 7 can be used as the method of separation of the 

gold-complex ion from PONPE-9.  
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Figure 4.6 Effect of pH on percent extraction at T = 56 oC ( ■ ), T = 60 oC (● ),         

T =  80 oC (▲). [PONPE-9] = 2.5% (w/v), [Au3+] = 5 ppm, [PONPE-9 

/Au3+] = 1599, t = 6 h. 

  

 From this work, the appropriate conditions for the CPE of gold (III) ion are as 

follows: 

1. The equilibration time for separation between phases is 6 hours. 

2. The ratio of PONPE-9 to gold ion is 1500 : 1.  

3. The settling temperature is 65 oC.   

4. The maximum and minimum efficiency for recovering gold ion were at the 

solution pH of  3 and 7, respectively.  

 

 One of the aims of this work is to develop the process for recovering gold 

from mixed metal ions using a convenient method without using toxic organic 

solvent. The experiments for extracting gold from mixed metal ion solution were 

carried out at various pH. Mixed metal ion solution of copper (II) ion, nickel (II) ion, 

Zinc (II) ion as well as gold (III) (see Table 4.1) was used. This solution represents 

the solution etched from electronic printed substrate [28]. The extraction condition 

was at 65oC and the ratio of PONPE-9 to gold ion of 1500. Figure 4.7 shows the 
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effect of pH on the percent extraction of each metal. It can be seen that the extraction 

of other metals is depressed and complete extraction of gold ion (98.8 %) is obtained 

in the same manner as that for the single metal system at the same pH region (see 

Figure 4.6). The percent extraction of gold ion (80- 95%) at lower pH (pH 1 to 2) is 

less than that at the pH 2 to 3.9 (98.8 %). Little change in the percent extraction of the 

undesirable metals is observed for the investigated pH range. Thus, the solution pH 3 

was chosen to be the appropriate operating condition for the extraction of gold from 

multimetal solution. The obtained percent extraction of gold, copper, nickel and zinc 

are 98.8, 4.3, 10.0 and 0.0 %, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Effect of pH on percent extraction of metal ions. Au3+ ( ■ ), Ni2+ (▲), Cu2+ 

( ● ), Zn2+ ( × ), [PONPE-9] = 2.5 % (w/v), [Au3+]o = 5 ppm, [Cu2+]o = 

100.9   ppm, [Ni2+]o  =  8.25   ppm, [Zn2+]o = 0.08   ppm, pH = 1-3.8, T = 

65 oC, t = 6 h.  
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 The effect of NaCl concentration on percent extraction of gold of CPE was 

investigated. The concentration of PONPE-9 and metal ions (Au3+, Cu2+,Ni2+, Zn2+) 

were the same as the previous experiment (see Table 4.1). The NaCl used as an 

electrolyte was varied in the range of 0 to 0.8 mol L-1 and the extraction condition was 

performed at 65oC.  The results are shown in Figure 4.8. It can be seen that NaCl 

added in the multimetal solution lowers the extraction efficiency of gold than that in 

the absence of NaCl. Even the CP of solution in the presence of NaCl is lowered than 

that in the absence of NaCl which should provides higher percent extraction according 

to the larger difference between settling temperature and cloud point. It is attributed to 

the poor phase separation caused by NaCl [28]. In particular, a solution with 1.0 M 

NaCl results in ambiguous phase separation, with the surfactant-rich phase being 

formed as an upper phase in the region of low pH. The effect of NaCl found in this 

work is in accordance with the result obtained from the CPE of gold using PONPE-

7.5 reported by Akita et al. [28]. 

 It should be noted that the high extraction efficiency of gold (III) ion is 

obtained without the addition of any complexing agents and NaCl. It may be an 

advantage from the viewpoint of process economics.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Effect of NaCl concentration on percent extraction of metal ions. Au3+ 

( ■ ), Ni2+(▲), Cu2+ ( ● ), Zn2+ ( × ), [PONPE-9] =  2.5 % (w/v), [Au3+]o 

= 5 ppm, [Cu2+]o= 100.9 ppm, [Ni2+]o =  8.25 ppm, [Zn2+]o = 0.08 ppm,       

pH = 3, T  = 65 oC, t = 6 h. 
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  4.3.6 Gold Recovery Process by CPE 

 

             The recovery of gold by CPE in a scale-up process was carried out in one liter 

extraction column. The time required for allowing the equilibrium separation between 

phases was determined. In this series of experiments, the concentration of PONPE-9 

was 2.5 % (w/v) and gold concentration was 5 ppm. The temperature was maintained 

at 65 oC. The results are presented in Figure 4.9. wAu,C  is the concentration of gold 

ion in the water-rich phase, and oAu,C is the initial concentration of gold ion in the 

solution. From Figure 4.9, the ratio of oAu,wAu, CC decrease rapidly with time in the 

same manner as that for the experiment performed in 25-cm3 graduated cylinder (see 

Figure 4.3). The curve suggests the required time of 6 h for the complete separation 

between phases in 1-liter column. 

 

As the result of the effect of variation of solution pH, large amount of gold is 

extracted into the surfactant-rich phase at pH 7 while the amount extracted is very 

small at pH 7. The result at pH 7 suggested the condition being suitable for separating 

gold from gold-entrapped surfactant. The process scheme was designed and named as 

the pH-switching method for recovering gold as shown in Figure 4.10. The process 

mainly consists of three steps: (i) extraction of gold ion from multimetals solution into 

the surfactant-rich phase in column No.1 (ii) separation of gold from gold-entrapped 

surfactant in column No.2 (iii) precipitation of gold metal. 

 

Figure 4.11 shows the gold extraction in the extraction column No.1. The 

mixed solution appears clear blue color of copper ion as shown in Figure 4.11a. It is 

noteworthy that the mixed metal solutions contain copper and nickel much larger 

amounts than gold. Figure 4.11b shows the turbid phenomena at pH 3 after the 

increase in temperature to CP (65oC). Figure 4.11c and 4.11d illustrate the two phases 

at equilibrium separation after 6 h. Here, the gold ion is extracted into the surfactant-

rich phase which shows yellow color of gold while other ions (Cu2+, Ni2+, and Zn2+) 

exist in the water-rich phase which shows blue color. 
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Figure 4.9 Ratio of oAu,wAu, CC as a function of time. oAu,C is the initial concentration 

of gold ion in the mixed solution, wAu,C  is the concentration of gold ion in 

the water-rich phase at any time, [PONPE-9] = 2.5 % (w/v), [Au3+]o = 5 
ppm, pH = 3, T= 65 oC.    

 
 

 
Figure 4.10 Process scheme of gold (III) ion recovery using CPE with PONPE-9. 
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           (a)           (b)   (c)   (d) 

Figure 4.11 Gold extraction from multimetal solution in 1-Liter column. (a) the initial 

multimetal solution in the extraction column No. 1 before heating, (b) 

turbid phenomena after increasing the temperature to CP, (c) the two 

phases after equilibrium separation, (d)  close-up picture shows the 

interface between surfactant-rich phase and water-rich phase. 

 

After the surfactant-rich phase was transferred into separation column No. 2, 

water was added and the solution pH was adjusted to pH 7 (see Figure 4.12a).The 

CPE was then applied at temperature of 65oC for 6 h. It should be noted here that gold 

(III) ion surrounding with hydroxide ion in PONPE-9 shows purple color. Figure 

4.12b illustrates the separation between phases after the CPE at pH 7. It shows purple 

color of the water-rich phase enriching with gold ion. The CPE of surfactant-rich 

phase was repeated at pH 7 (see Figure 4.10). It is clearly shown that the gold-free 

surfactant settles in the surfactant-rich phase of white color. Therefore, total percent 

recovery of gold in the water-rich phase was 63.3%. 

 

The gold solution was then transferred to the precipitation bath and 

precipitated by ascorbic acid as reducing agent. The percentage recovery of gold in 

each step is summarized in Table 4.2. The recovery of metallic gold was obtained 

with 98.01% purity determined by SEM mounted with EDX.  Figure 4.13 shows the 

scanning electron micrograph of the surface of the high fineness gold powder 

precipitated.  
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                   (a)        (b) 

Figure 4.12 Phase separation after CPE in the column No. 2.  

 

  

 

Table 4.2 Percent extraction of gold from the multimetal solution. 

Column  

number 

Operation Condition Cycle 

number 

Percent of 

gold 

Column 

1 

Gold extraction pH = 3 

T = 65 oC 

Time = 6 h 

[PONPE-9/Au3+] = 1500 

1 98.8 

Column 

2 

Gold separation from 

surfactant-rich phase 

pH = 7 

T = 65 oC 

Time = 6 h 

2 63.3 
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Figure 4.13 Scanning electron micrograph of precipitated gold metal (x 1000). 

 

 

It should be noted here that relatively high loss of gold is occurred from the 

draining step of the thick solution of surfactant-rich phase from the column. It is 

possible that when the thick solution of surfactant-rich phase was drained off through 

the valve at the bottom of the column, the aqueous solution of water-rich phase which 

flows over the top moved through the lower phase due to its weight.  Thus, the thick 

solution of surfactant-rich phase cannot be completely separated from the column, 

consequently, 63.3 percent gold recovery was obtained in this work. 

 

4.4 Conclusion 

 

 PONPE-9 provides a good efficiency for recovering gold ion from multimetal 

solution. The proposed pH-switching process scheme consists of two batches of CPE 

performed at different solution pH. The first batch is to extract gold ion from other 

metal ions at pH 3. The second is conducted at pH 7 for separating gold ion from 

gold-entrapped surfactant. Metallic gold is finally precipitated. Advantages cited for 

the use of pH switching method include (i) the extraction can be carried out without 

organic solvent for metal stripping and (ii) after the extraction of gold from others 

metal ions by applying CPE at pH 3, it is much easier (compare to organic solvent 
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extraction) to separate gold by applying subsequently CPE at pH 7.  Moreover, the 

separation efficiency can be improved by introducing a multistage process that 

deserves a further study. Therefore, it can be a choice for the gold ion recovery from 

expired electronic parts under the environmental saving concept.  



CHAPTER 5 

 

INTERACTION BETWEEN PONPE-9 AND GOLD (III) ION IN ADSORBED 

FILM AND MICELLE 

 

5.1 Introduction 

 

 By means of the extraction of gold with PONPE-9 via cloud point extraction, 

gold (III) ion was incoorporated into micelle of PONPE-9 and  concentrated into  the 

surfactant-rich phase. The existence of the interaction between gold (III) ion and 

surfactant imposes the percent extraction of gold. It is under curiosity whether the 

changes in adsorption and micelle formation studied by thermodynamic approach can 

suggest the interaction between gold ion and PONPE-9. Hence, the thermodynamic 

equations are developed and proposed to study the interaction between gold ion and 

PONPE-9.   

  
 In the study on CPE of gold (III) ion using PONPE-9 in chapter 4, the 

remarkable dependence of the extraction efficiency on pH is shown that it is very high 

not only in acidic condition around pH 3 but also in basic one around pH 10, and is 

the lowest around pH 7 (see Figure 4.6). Presented is the study on interaction between 

PONPE-9 and HAuCl4 in adsorbed films and micelles in the solution of some pH 

values by applying the thermodynamic method developed previously for mixed 

surfactant systems [4,5,50-53]. 

 In the previous studies on mixed surfactant systems, on the other hand, it has 

been shown that the thermodynamic analysis of the surface tension data is useful to 

elucidate the interaction between ionic and nonionic surfactant,  nonionic surfactant 

and some electrolytes such as HCl and NaCl [5]. Then, also in this study, the 

thermodynamic method [4,51] is applied to examine whether there exists the 

interaction between PONPE-9 and gold and also to shed light on the correlation 

between the results from the CPE and those from the surface tension measurements. 

 The thermodynamic equations were applied to the surface tension data of the 

aqueous solution of the PONPE-9 and HAuCl4 mixtures at pH 3, pH 7, and pH 10. 

The results were discussed from the viewpoint of the interaction between PONPE-9 
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and gold not only in the adsorbed film but also in the micelle. The comparison among 

the results at three pH values of the solution was performed and provides satisfactory 

correspondence to the results of the extraction efficiency.  

 

5.2 Experimental 

 

 5.2.1 Materials 

 

 PONPE-9 was obtained from Rhodia (Thailand) Limited., and used without 

further purification. Hydrogen tetrachloroaurate (III) tetrahydrate (HAuCl4.4H2O) was 

purchased from Nacalai Tesque, Inc., Japan. Water used in the surface tension 

measurement was purified by the distillation of three times from alkaline 

permanganate solution. NaOH and HCl solution were used for pH adjustment. 

 

 5.2.2 Surface Tension Measurement 

 

 The surface tension of the aqueous solution of PONPE-9 and the mixture were 

measured as a function of the total molarity m  at pH 3, 7 and 10 by the drop volume 

technique at 298.15 K under atmospheric pressure [41,42] (detail in Chapter 2.2.2). 

The temperature was controlled within ±0.01 K by a controlled temperature water 

bath. The experimental error of the surface tension was within 0.05 mN m-1.    

 

 5.2.3 Cloud Point Extraction Procedure  

 

 The cloud point extraction of gold (III) ion was carried out as follows: an 

aqueous solution containing given amount of PONPE-9 and gold (III) ion was 

prepared at the specified pH at room temperature. Then the solution was heated to a 

desired temperature at which the solution was separated into the water-rich and 

surfactant-rich phases. After the separation reaches the equilibrium, the concentration 

of gold in the water-rich phase Cw was determined by atomic absorption instrument 

(AA) and then that in the surfactant-rich phase Cs was calculated on the basis of mass 
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balance. The percent extraction, %E, were calculated by using the gold concentrations 

and the equilibration volumes of both the surfactant-rich and water-rich phases, Vs 

and Vw, as       

 

   E(%)  =  100 VsCs / (VsCs + VwCw).               (5.1) 

 

5.3 Results and disscussion 

 

 5.3.1 Thermodynamic Equations 

 

 The studied systems were composed of PONPE-9, HAuCl4, and HCl at pH 3, 

and on the other hand PONPE-9, HAuCl4, and NaOH at pH 7 and 10, respectively. 

According to the potential-pH equilibrium diagram of the gold-water system [49], it is 

said that gold is dissolved as hydroxide Au(OH)3  in the pH range from 2 - 11. 

However, the visual observation under the presence of PONPE-9 showed that the 

color of the aqueous mixture was pale yellow at pH 3 and purple at pH 7 and 10.  

Therefore, we looked on the dissolved species of gold as AuCl4
- at pH 3 and Au(OH)3 

in the colloidal form stabilized by PONPE-9 molecules at pH 7 and 10, respectively.  

 

 At pH 3, therefore, the total molality of the solution m  defined by  

 

  POAuPOAuClH 2-
4

mmmmmm +=++= +    (5.2) 

 

and the mole fraction of PONPE-9 and gold in the mixture by  

  mmX POPO =   (5.3) 

 and 

  m/mX AuAu 2=   (5.4) 

are employed as the concentration variables according to the thermodynamic 

viewpoints [4,51]. Here Aum  and POm  are the molalities of HAuCl4 and PONPE-9, 

respectively.  

 At pH 3 the chemical species in the air/aqueous solution system are air, +H , 
−Cl , −

4AuCl , PONPE, −OH , and OH2 , and then 
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−−−−−−+++ ++=γ−
444 AuClAuClAuClClClClHHH dddd m)/m(Γm)/m(Γm)/m(Γ/RT                             

                      airairairOHOHOHPOPOPO ddd m/)/m(Γm)/m(Γm)/m(Γ +++ −−−              

                        OHOHOH 222
d m/)/m(Γ+                                                        (5.5) 

 

According to the two dividing surface convention, 0air =Γ  and 0OH2
=Γ , and the 

very small concentration ( 1110−≈ ) at this pH, the fourth term −−− OHOHOH d m)m/(Γ  is 

negligible. Using the concentration of gold complex, Aum  and that of HCl for 

adjusting pH, HClm , and assuming the complete dissociation of gold complex, we 

have the relation 

  AuHClH mmm +=+ , HClCl mm =− , AuAuCl4
mm =−  (5.6) 

 

Since the concentration of HCl HClm  is kept constant, then 

           AuAuHClH ddd m)m(mm =+=+ , 0dd HClCl ==− mm                    (5.7) 

 

Therefore, the interfacial tension is given as a function of the concentrations of the 

gold complex and the PONPE at constant HCl concentration, 

 

POPOPOAuAuClAuClAuHH dddd
44

m)m/(Γm)m/(Γm)m/(ΓRT/ ++=γ− −−++   (5.8) 

 

 Here, the surface density of gold is defined by  

   −

−

+
+

=
4AuCl

AuHCl

Cl
Au 1

Γ
)/mm(

Γ
Γ                (5.9) 

Then, the Eq. 5.8 is simplified as 

                       POPOPOAuAuAu )()(d md/mΓmd/mΓRT/ +=γ− .          (5.10) 

 

 At pH 7 and 10, the chemical species are air, +H , +Na , −Cl , −OH , 3Au(OH) , 

and OH2 , and then by using the two dividing surface convention, we have 

−−−++++++ ++=γ− ClClClNaNaNaHHH d)(d)(d)(d m/mΓm/mΓm/mΓ/RT  

        −−−+++ OHOHOHPOPOPOAu(OH)Au(OH)Au(OH) d)(d)(d)(
333

m/mΓm/mΓm/mΓ  (5.11) 
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60
a

Now +Hm  is very small ( 710−≈  at pH7, 1010−≈  at pH10) irrespective of the Aum  

value, and the concentration of the chemical species are  

 NaOHNa mm =+ , AuCl 4 mm =− , AuAu(OH)3
mm = , NaOHOH mm =− .              (5.12) 

 

Since the concentration of NaOH NaOHm  is kept constant, then  

 0dd NaOHNa ==+ mm , 0dd NaOHOH ==− mm .                                   (5.13) 

 

Then, the surface tension at constant NaOH concentration is given by 

 

POPOPOAuAuAu(OH)AuAuCl dddd
3

m)m/(Γm)m/(Γm)m/(ΓRT/ ++=γ− − . (5.14) 

 

Here, the surface density of gold is defined by  

  
3OH)AuClAu (ΓΓΓ += −  (5.15) 

Then, the Eq. 5.14 is simplified as 

 

            POPOPOAuAuAu )()(d md/mΓmd/mΓRT/ +=γ− .                (5.16) 

 

 Comparing Eqs. 5.9 and 5.10 to Eqs. 5.15 and 5.16, it should be noted that we 

have apparently the same equation at different pH, although AuΓ  consists of a surface 

density of different type of ions, +H  or −Cl , besides the surface density of gold. 

 

 Here, m  and POX  at pH 7 and 10 are also defined according to  Eqs. 5.3 and 

5.4, respectively for the convenience, although it is not necessary to use these 

definitions because gold is dissolved as nonionic hydroxide [4,51]. 

 

 5.3.2 Effect of pH and Surfactant Concentration  

 

 The experiments were carried out in the solution of pH 3, 7 and 10. In this 

series of experiments, the surface tension of the solution of PONPE-9 in the absence 

and in the presence of HAuCl4 was measured. The concentration of PONPE-9 was 
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varied over the range of 0 to 0.12 mmol.kg-1 and mole fraction of gold, AuX , was fixed 

at 0.47. The surface tension of PONPE-9 solution was plotted against PONPE-9 

molality, POm , as shown in Figure 5.1. Hereafter, the solutions in the absence of 

HAuCl4 and in the presence of HAuCl4 are called the reference and the mixture, 

respectively. It is seen that the surface tension decreases with increasing the molality 

POm  and there is a distinct break point at the critical micelle concentrations (cmc). It 

should be noted that there exists the appreciable difference between the two curves at 

pH 3 and pH 10, but no appreciable one at pH 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1a  Surface tension versus surfactant molality curves of the mixture at pH 3 

(▲) and the reference ( × ). 
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Figure 5.1b Surface tension versus surfactant molality curves of the mixture at pH 7 

(•) and the reference ( × ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1c  Surface tension versus surfactant molality curves of the mixture at pH 10 

(■) and the reference ( × ). 
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 Figure 5.2 shows the γ vs the total concentration m  plots of the mixtures and 

the references at the three pH values of the solution. The cmc was determined from 

Figures 5.1 and 5.2; let C  , AuC , and POC are referred to the total molality, gold and 

surfactant molality at the cmc of the mixture and o
POC is referred to the surfactant 

molality at the cmc of the reference, respectively. The numerical values are 

summarized together with the surface tension at the cmc, Cγ , in Table 5.1. It is 

important to note that the cmc of the mixtures are in the order of  

 

)7 pH()01 pH()3 pH( POPOPO CCC <<  

 

and furthermore,   o
POPO CC <   at pH 3 and pH 10, while o

POPO CC ≅  at pH 7. 

 

  

Table 5.1 The cmc and surface tension at the cmc at the three pH values of the 

solution. 

pH   C  AuC  POC  o
POC  Cγ  o,Cγ  

  mmol kg-1 [mN m-1] 

mixture 1.030 0.479 0.065 ⎯ 32.1 ⎯  

3 reference  ⎯ ⎯ ⎯ 0.083 ⎯ 31.4 

mixture 1.350 0.620 0.084 ⎯ 31.2 ⎯  

7 reference  ⎯ ⎯ ⎯ 0.082 ⎯ 31.4 

mixture 1.225 0.575 0.078 ⎯ 31.3 ⎯  

10 reference  ⎯ ⎯ ⎯ 0.085 ⎯ 31.8 
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Figure 5.2a  Surface tension versus total molality curves of the mixture at pH 3 (▲) 

and the reference ( × ). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2b Surface tension versus total molality curves of the mixture at pH 7 (•) 

and the reference ( × ). 
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Figure 5.2c Surface tension versus total molality curves of the mixture at pH 10 (■) 

and the reference ( × ). 

 

 The interaction between gold and surfactant from the two aspects was 

explored in both the adsorbed film and in the micelle. With respect to the adsorbed 

films, the surface densities of components and their compositions play an important 

role. Taking account of the experimental conditions that the −OH concentration was 

negligibly small and HCl concentration for adjusting pH HClm  was constant at pH 3, 

and that the +H concentration was negligibly small irrespective of Aum  and NaOH 

concentration for adjusting pH NaOHm  was kept constant at pH 10, the total 

differentials of the surface tension  are expressed formally both at pH 3 and at pH 7 

and 10 as  

 

  POPOPOAuAuAu d)(d)(d mm/Γmm/ΓRT/ +=γ−  (5.17) 

 

 In the present experiments, however, since the surface tension was measured 

at a fixed composition POX , it is appropriate to employ POX  as  the one of the 
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thermodynamic independent variables and rewrite Eq. 5.17 as a function of POX  and 

the total molality m  as 

 

  POPO
H
POPOAu

HH d))((d)(γd XXXXX/Γmm/ΓRT/ −+=−   (5.18) 

 

or as a function of POX  and the molality of surfactant POm  as  

 

 PO
H
AuPOAuPOPO

H d)1(d)(d XΓX/Xm/mΓRT/ −=γ−  (5.19) 

 

 The total surface density HΓ  and the mole fraction of the surfactant in the 

adsorbed film H
POX  are defined by 

  H
PO

H
Au

H ΓΓΓ +=  (5.20) 

and  

  HH
PO

H
PO / ΓΓ=X , (5.21) 

 

respectively.  Then the total surface density HΓ is evaluated by applying either the 

equation 

  
PO

))((H
Xp,T,m/RTm/Γ ∂γ∂−=   (5.22) 

 

to the m−γ  plots in Figure 5.2 or the equation 

 

  
PO

))(( POPO
H

p,XT,m//RTmΓ ∂γ∂−=    (5.23) 

 

to the POm−γ  plots in Figure 5.1. Furthermore, the mole fraction H
POX  and the 

surface density of gold are respectively evaluated from Eq. 5.18 by 

 

  γ,,POPOAuPO
H
PO )/)(/( pTXmmXXXX ∂∂−=    (5.24) 

 

and from Eq. 5.19 by 
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   The surface density of PONPE-9 of the reference oH,
POΓ  and the total surface 

density of the mixture HΓ are plotted against the surfactant molality POm  at different 

pH values in Figure 5.3. It is clearly demonstrated that the surface density increases 

both at pH 3 and 10 ( oH,
PO

H ΓΓ > ), but does not change at pH 7 ( oH,
PO

H ΓΓ ≈ ) by 

adding the gold complexes into the surfactant solutions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3a  Surface density versus surfactant molality curves of the mixture at pH 3 

(▲) and the reference o, H
POΓ (×). 
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Figure 5.3b  Surface density versus surfactant molality curves of the mixture at pH 7 

(•) and the reference o, H
POΓ (×). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3c  Surface density versus surfactant molality curves of the mixture at pH 10 

(■) and the reference o, H
POΓ (×). 
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 Furthermore, Figure 5.4a and 5.4b reveal that the magnitude of the increase, 
oH,

PO
H ΓΓ − , goes up at pH 3 and 10, while keeps almost zero at pH 7, with increasing 

not only the gold  concentration Aum but also the surfactant concentration POm . These 

findings strongly suggest an existence of interaction between gold and PONPE-9 at 

pH 3 and pH 10.  

 

    Taking account of the definition H
PO

H
Au

H ΓΓΓ +=  given by Eqs. 5.10 and 5.16 

and the surface densities of +H  and −Cl are negligibly small even in the presence of 

the adsorbed film of ethylene oxide groups [5], it is said that the change in 
oH,

PO
H ΓΓ − may involve two contributions: the change in surface density of PONPE-9, 

H
POΓ , and that of gold, H

AuCl-4
Γ or H

Au(OH)3
Γ . The surface tension measurements confirmed 

that the surface density of the gold complexes was slightly negative in the absence of 

PONPE-9. Therefore, if the salting-out effect on the adsorption of PONPE-9 due to 

the presence of gold in the aqueous solution is responsible for the increase in 
oH,

PO
H ΓΓ − , the surface density of gold, H

AuCl-4
Γ or H

Au(OH)3
Γ  remains zero or even 

negative.  

 

 On the other hand, if the interaction between PONPE-9 and gold in the 

adsorbed films is responsible for the increase in oH,
PO

H ΓΓ − , H
AuCl-4

Γ or H
Au(OH)3

Γ should 

take positive values. Looking at Figure 5.1, It is noticed that the surface tension 

decreases with decreasing POX  at a given POm  below the cmc at pH 3 and 10, but it 

does not change or even increases very slightly at pH 7. This means from Eq. 5.25 

that the H
AuΓ  value is definitely positive at pH 3 and 10 but almost zero or very 

slightly negative at pH 7. Therefore it is concluded that an attractive interaction 

between PONPE-9 and gold in the adsorbed film is responsible for the increase of 
oH,

PO
H ΓΓ − and enhances the adsorption of PONPE-9 and gold ions at pH 3 and pH 10. 

Furthermore, the larger increase in oH,
PO

H ΓΓ −  at pH 3 than at pH 10 suggests the 

stronger interaction at pH 3 than at pH 10.   
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Figure 5.4a Increase in surface density versus molality oH,
PO

H ΓΓ −  vs Aum . pH 3 

( ▲ ), pH 7 ( • ), pH 10 ( ■ ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4b Increase in surface density versus molality oH,
PO

H ΓΓ −  vs  POm . pH 3 

( ▲ ), pH 7 ( • ), pH 10 ( ■ ). 
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 The interaction in micelle particles is examined by using the thermodynamic 

relation 

   

pT
C
C

C
C

X

,Au

PO

PO

Au

M
PO

1

1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

−
=   (5.26) 

which is derived from the Gibbs-Duhem equation of the mixed micelle [4,51]. It is 

note worthy that this equation can be applied to suggest the difference among the M
POX  

value between mixture solution and reference for each pH value of the solution.  By 

referring the AuC  and POC  values in Table 5.1, POC  is smaller than o
POC  and give the 

trend that ( )AuPO CC ∂∂ < 0 and M
POX <1 consequently. Therefore gold are incorporated 

into micelle at pH 3 and pH 10. On the other hand, it is suggested that M
POX ≥ 1 and 

therefore no gold is incorporated into micelle at pH 7. These findings undoubtedly 

correspond to the extraction results demonstrated in Figure 5.6. Furthermore the 

equation [4,51]  

  pT
CCC XRTXXXX ,PO

,H
POAu

M
PO

H,
PO )/)(/( ∂∂−= γΓ  (5.27) 

and the Cγ value in table 5.1 give the results on the relation between the composition 

of adsorbed film CX H,
PO and that of micelle M

POX at the cmc as 

 M
PO

H,
PO XX C >   at pH 3, M

PO
H,
PO XX C ≈  at pH 7, M

PO
H,
PO XX C <  at pH 10. 

   It is important to note that CX H,
PO and M

POX  are different from each other at pH 3 

and pH 10, while almost the same as each other at pH 7. Although the reason for the 

difference between pH 3 and pH 10 is obscure, the existence of the difference itself 

makes it decisive that there exists interaction between gold and surfactant both in the 

adsorbed film and in the micelle. 

 

5.4 Conclusion 

 

 The important points about whether there exists the attractive interaction 

between gold and PONPE-9 in the adsorbed film and in micelle are as followed.  

1. An appreciable difference of the POm−γ  curves between the mixture and the 

reference was observed at pH 3 and pH 10, but it was not observed at pH 7.  
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2. The increase of the surface density of PONPE-9 and the decrease of the cmc by 

adding the gold to the reference were observed at pH 3 and pH 10 and larger at pH 

3 than at pH 10. But they were not observed at pH 7. 

3. The compositions of PONPE-9 both in adsorbed film and micelle were smaller than 

unity at pH 3 and pH 10, but they were almost equal to or even slightly larger than 

unity at pH 7. 

4. The composition in the adsorbed film was different from that in micelle at pH 3 and 

pH 10, but almost the same (unity) at pH 7. 

 These points make it certain that there exists attractive interaction between 

gold and PONPE-9 in the adsorbed film and micelle at pH 3 and pH 10 and the 

interaction is stronger in the order of pH 3 > pH 10 > pH 7. 

      The percent extraction of gold via CPE using PONPE-9 as a separation media 

is in the order of pH 3 > pH 10 > pH 7 as demonstrated in Figure 4.6 and coincides 

with the order of the interaction between gold and PONPE-9 in the adsorbed film and 

micelle. Therefore, although the surfactant rich phase under the actual extraction 

condition is not simple spherical micellar solution, but more complex fluids 

containing self-organized surfactant assemblies like liquid crystals, the efficiency on 

CPE is probably dominated by the interaction between gold and PONPE-9 in the 

organized surfactant layers from which all the self-organized assemblies are 

constructed.  

 

 Judging from the experimental finding that the composition in the adsorbed 

film having flat interface and that micelle having curved one is different from each 

other, the structure of the assemblies is expected to be influential in the efficiency on 

CPE. Furthermore the dissolution states of gold in the aqueous solution may change 

with the solution conditions, like pH, the concentration of surfactants, and 

temperature, and therefore affect on the efficiency of CPE. Actually, the color of the 

mixture changes from pale yellow at pH 3 to purple at pH10; and therefore gold 

complex ion −
4AuCl  is predominant at pH 3 and maybe gold colloidal particle 

stabilized by PONPE-9 molecules at pH 10. The structure of the surfactant-rich phase 

and the dissolution state of gold are still open questions in this study but may help to 

understand the extraction process, efficiency, and mechanisms.   



CHAPTER 6 

 

CONCLUSION AND RECOMMENDATION 

 

6.1 Conclusion 

 

Gold recovery is one effort of saving valuable materials. Many efficient 

extraction techniques, less expensive and reusable work substance and minimal 

energy consumption have been investigated. Cloud point extraction (CPE) is a 

relative novel separation method based on an aqueous two-phase system with 

polyoxyethylene nonionic surfactants. CPE utilizes partitioning of the solute between 

surfactant-rich phase and water-rich phase.  If an aqueous solution containing a 

nonionic surfactant and solute is subjected to phase separation upon temperature 

alteration, then the solutes is distributed between the two phases by some interactions 

with the surfactant.  

In this work, the thermodynamic quantity changes associated with the 

adsorption and micelle formation of nonionic surfactant were investigated in the 

theoretical and experimental viewpoints. Polyethylene glycol monoalkyl ether CiEj of 

various hydrophobic chain lengths were employed to study the temperature effect on 

dehydration. It was found that the increasing temperature strongly influences amount 

of the dehydration and then results in the increasing surface density at the interface. 

The increase of entropy changes along the increase of adsorption was acquired by the 

priority of dehydration over orientation effect, which was opposite to an ionic 

surfactant. Those results supported much intrinsic information which was described 

in Chapter 2. 

In Chapter 3, cloud point extraction technique to recover gold from the 

aqueous solution of HCl and from the solution leached from printed substrate that 

contains copper, nickel, zinc, and gold ions was investigated. Before starting the 

experiment on CPE of gold, the study on properties of PONPE-9 which was used as a 

separation media had been carried out to support the information of that surfactant. It 

was found that many inorganic salts and some organic substance decreases cloud 

point temperature of PONPE-9 as stated in Chapter 3. The declining of CP was also 

observed in the mixture of PONPE-9 and gold (III) ion that supported a good 

understanding on the basic physical properties of nonionic surfactant.  
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In Chapter 4, the CPE of gold using PONPE-9 was investigated. It was found 

that, in HCl media, the maximum percent extraction of 98.78% was obtained at 65 oC, 

solution pH of 3, equilibration time of 6 hours, and the ratio of 1500 : 1 for PONPE-9 

to gold ion. The selective cloud point extraction of gold (III) ion from several heavy 

metals was achieved with 98.8, 4.3, 10.0 and 0.0 % for gold, copper, nickel and zinc 

ions, respectively. The optimum experimental results obtained were applied to design 

the process scheme to overcome the drawback of the difficulty to separate gold from 

gold-entrapped surfactant. The process scheme has two CPE batches at two different 

pH values. The first batch is for extracting gold from others metal ions at pH 3. The 

second is conducted at pH 7 for separating gold ion from gold-entrapped surfactant. 

This process thus can be called the pH-switching method for gold (III) ion recovery 

by the CPE technique. The precipitation of metallic gold was obtained by using 

ascorbic acid as a reducing agent. By introducing this proposed scheme to recover 

gold from multimetal solution in a small-scale of 25 cm3 of solution, satisfactory of 

gold with a high yield of 63.3% and purity of 98.01% could be obtained. Presented 

also substantiated feasibility of the process scheme by making a scale-up settling 

column (1-liter capacity) and the acceptable percent recovery of gold was 68%. It has 

been acceptable for the preliminary column design. As mentioned in Chapter 4 that a 

relatively high loss of gold was occurred from the transferring step due to that high 

weight of an aqueous solution of water-rich phase, which loads on the top, causes an 

incomplete taking target solution.  

In Chapter 5, the interesting result was obtained by applying the 

thermodynamic equations to describe the interaction between gold (III) ion and 

PONPE-9 in various solution pH and compared the results to the experimental 

extraction studies from Chapter 4. The increase of the surface density of PONPE-9 

and the decrease of the cmc by adding the gold ions to the PONPE-9 solution were 

observed at pH 3 and pH 10 and larger at pH 3 than at pH 10. But they were not 

observed at pH 7. The composition in the adsorbed film was different from that in 

micelle at pH 3 and pH 10, but almost the same at pH 7. Those can make a conclusion 

that the interaction between PONPE-9 and gold (III) ion is stronger in the order of pH 

3 > pH 10 > pH 7.  

Finally, it should be stated here that CPE is such a comparative technique to 

those conventional techniques. The advantageous of this process scheme are that the 

procedure is simple, easy to handle without an employment of toxic organic solvent 
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and supports the scale-up with capable of high selectivity. Therefore, it can be an 

alternative for the gold ion recovery from expired electronic parts under the 

environmental protection concept.   

 

6.2  Recommendation 

 

For the improving of percent gold recovery and the understanding on the 

conformation of surfactant structure including the interaction between PONPE-9 and 

gold (III) ion, further study should be given to the following aspects. 

1. A modification on the settling column that suitable for draining the 

aqueous solution (upper phase) which is much easier than the concentrated surfactant 

phase (bottom phase). That will promote the percent recovery of gold to the utmost. 

2. The study on NMR spectrum of the mixture of PONPE-9 and gold (III) 

ion. The adsorption shifts of oxygen atom response if there are the interaction 

between gold (III) ion and the oxygen atom in polyoxyethylene. 

3. The feasibility of using of PONPE-9 to extract gold from underground soil 

exits in the Petchaboon province via CPE approach.  

4. The recovery process for others precious metals contained in the leaching 

solution from printed substrate, copper, nickel, and zinc ions. Those may encourage 

an ideal process for taking care of world environment. 
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Table A-1 Raw data of PONPE-9 in water-rich phase after CPE at various (Chapter 3) 
 

T                           [PONPE-9]w  
  (oC) 1 2 3 4 5 mean SD 

56 0.108 0.104 0.116 0.08 0.096 0.1008 0.0137 
60 0.025 0.02 0.025 0.02 0.025 0.0230 0.0027 
65 0.02 0.016 0.02 0.014 0.02 0.0180 0.0028 
70 0.018 0.018 0.01 0.008 0.008 0.0124 0.0052 
75 0.012 0.012 0.012 0.012 0.008 0.0112 0.0018 
80 0.02 0.01 0.016 0.014 0.018 0.0156 0.0038 

 
 

Table A-2 Raw data of phase diagram determination (Chapter 3) 
 

T1 T2 T(mean) SD %w/w  T1 T2 T(mean) SD %w/w 

 56.1 56.4 56.25 0.212132 0.94 
 

53.7 53.6 53.65 0.070711 5.77 

54.6 54.4 54.5 0.141421 1.85 
 

53.7 53.5 53.6 0.141421 6.62 

53.7 53.4 53.55 0.212132 2.25 
 

53.6 53.4 53.5 0.141421 6.89 

53.5 53.5 53.5 0 2.82 
 

53.6 53.8 53.7 0 7.35 

53.3 53.4 53.35 0.070711 3.46 
 

54.5 54.6 54.55 0.070711 7.86 

53.3 53.4 53.35 0.070711 3.92 
 

55.2 55.3 55.25 0.070711 9.8 

53.3 53.3 53.3 0 4.45 
 

55.5 55.5 55.5 0 10.87 

53.2 53.6 53.4 0.2 4.94 
 

 



 

Table A-3 Raw data of phase diagram determination for mixture PONPE-9 + HAuCl4  (Chapter 3) 
 

T1 T2 T(mean) SD %w/w  T1 T2 T(mean) SD %w/w 

53.9 54.1 54 0.141421 0.065 
 

52.7 53.5 53.13333 0.404145 7.91 

53.1 53.7 53.26667 0.378594 0.24 
 

53.9 53.8 53.85 0.070711 9.09 

52.9 52.7 52.66667 0.251661 0.69 
 

55.5 55.4 55.36667 0.152753 10.88 

52.4 52.4 52.4 0 1.17 
 

56.5 56.5 56.5 0 12.95 

52.2 52.3 52.25 0.070711 1.9 
 

52.3 52.3 52.3 0 3.09 
 

52.5 52.4 52.45 0.070711 3.48 
 

52.4 52.4 52.4 0 3.96 
 

52.4 52.3 52.35 0.070711 4.35 
 

52.5 52.5 52.5 0 5.13 
 

51.8 51.7 51.85 0.129099 5.47 
 

52 52.7 52.4 0.360555 6.17 
 

52.6 52.7 52.65 0.070711 6.57 
 

52.7 52.7 52.7 0 7.02 
 

52.6 52.6 52.5 0.173205 7.46 
 

 



 

Table A-4 Raw data of effect of organic substance on cloud point temperature of PONPE-9 (Chapter 3) 
 
Glycerol

 % 
CP 
(oC) 

EG   
% 

CP 
(oC) 

PVA 
 % 

CP 
(oC) 

SLS  
% 

CP 
(oC) 

PEG 
 % 

CP 
(oC) 

EG  
 % 

CP 
(oC) Butanol %

CP 
(oC) 

0 52 0 52 0 50 0 52 0 50 0 52 0.52 52 

6.305 48.5 5.545 54 0.1 50 0.356 48 0.1 49 0.1 60 486 14 

12.61 46.5 11.09 54.5 0.2 51 0.712 47.5 0.2 47 0.2 72   

25.22 43 22.18 58 0.4 51 1.068 46.5 0.4 45 0.3 82   

27.742 39 33.27 67 0.6 53 1.424 45 0.6 43.5     

50.44 28.5 44.36 73 0.8 54 1.78 44.5 0.8 42     

63.05 18     2.492 44       



 

Table A-5 Raw data of effect of organic substance on cloud point temperature of PONPE-9 (Chapter 3) 
 
NaC2H3O2 

M 
CP 
(oC) 

Na3C6H6O5 
M 

CP 
(oC)

Na2C2O4 
M 

CP 
(oC)

(NH)4C2O4
M 

CP 
(oC) 

NaCl
M 

CP 
(oC)

Na2CO3
M 

CP 
(oC)

Na2SO4
M 

CP 
(oC)

Na3PO4 
M 

CP 
(oC) 

0 50 0 50 0 50 0 50 0 52 0 52 0 52 0 52 

0.010545 48.5 0.00697 48 0.00403 48.5 0.007095 48 0.1 45 0.05 41.5 0.0275 44 0.0103 44 

0.04218 48 0.02788 45.5 0.01612 47 0.02838 46.5 0.2 42 0.1 38.5 0.055 31 0.0205 36 

0.08436 46 0.05576 42 0.03224 45 0.05676 43 0.3 41 0.15 32 0.1375 29 0.0615 34 

0.12654 44.5 0.08364 40 0.04836 43 0.08514 42 0.4 38.5 0.25 28.5 0.22 24 0.1025 29 

0.16872 43.5 0.11152 37.5 0.06448 42 0.11352 40 0.6 37 0.4 18 0.275 22 0.164 27 

        0.8 34 0.5 13   0.205 22 

        1 32.5       

        1.3 30       

        1.5 27.5       
 



 

Table A-6 Raw data of effect of organic substance on cloud point temperature of PONPE-9 (Chapter 3) 
 

NH4Cl 
M 

CP 
(oC) 

LiCl 
M 

CP 
(oC) 

NaHCO3 
M 

CP 
(oC) 

(NH4)2CO3 
M 

CP 
(oC) 

0 52 3.7164 32 0.9378 30 0 52 

0.336 42 3.22088 32 0.87528 31 0.0250725 49 

0.56 41 2.72536 33 0.81276 33 0.050145 48 

0.784 36 2.22984 34 0.75024 34 0.10029 46 

1.12 34 1.73432 35 0.68772 34.5 0.150435 44 

1.68 32 1.2388 37 0.6252 36 0.250725 41.5 

  0.74328 41.5 0.56268 36.5 0.351015 40 

  0.24776 44 0.50016 38 0.451305 36 

  0 52 0.37512 41.5 0.551595 34 

    0.25008 43 0.651885 33.5 

    0.12504 47 0.752175 32 

    0 52   
 
 
 
 
 
 
 



 

Table A-7 Raw data of effect of organic substance on cloud point temperature of PONPE-9 (Chapter 3) 
 
 

Ratio 

[PONPE-9/Au3+] 

CP 

(oC) pH 

3198.05 48.5 2.77 

2132.03 48.0 2.51 

1599.03 47.9 2.29 

1279.22 48.5 2.44 

999.39 48.0 1.96 

799.51 47.7 2.09 

666.26 48.5 1.87 

639.61 48.8 2.13 

571.08 48.5 1.84 

499.70 48.5 1.79 

444.17 47.8 1.74 

399.76 48.0 1.77 

363.41 47.8 1.70 



 

 Table A-8 Raw data of CPE at 53 oC, PONPE-9 = 2.5% w/v (Chapter 4) 
 

(%) (mg) (mole) (ppm) (mg) (mole)    (oC)   (ppm) (mg) (Molar) (mole)   

PO PO PO Auo  Auo Auo pH CP (PO/Au)o Auw  Auw Auw Auw %E 

2.5 250 4.058E-04 5 0.05 2.538E-07 2.05 48 1599.03 1.3934 0.0111 7.073E-06 5.659E-08 77.71 

2.5 250 4.058E-04 8 0.08 4.061E-07 1.96 48 999.39 1.8579 0.0149 9.431E-06 7.545E-08 81.42 

2.5 250 4.058E-04 10 0.1 5.076E-07 1.89 48.5 799.51 1.9772 0.0154 1.004E-05 7.828E-08 84.58 

2.5 250 4.058E-04 10 0.1 5.076E-07 1.89 48.5 799.51 1.8956 0.0148 9.622E-06 7.505E-08 85.21 

2.5 250 4.058E-04 12 0.12 6.091E-07 1.87 48.5 666.26 2.1529 0.0168 1.093E-05 8.513E-08 86.02 

2.5 250 4.058E-04 12 0.12 6.091E-07 1.87 48.5 666.26 2.1152 0.0165 1.074E-05 8.364E-08 86.27 

2.5 250 4.058E-04 14 0.14 7.107E-07 1.84 48.5 571.08 2.2948 0.0179 1.165E-05 9.086E-08 87.21 

2.5 250 4.058E-04 14 0.14 7.107E-07 1.84 48.5 571.08 2.0537 0.0160 1.043E-05 8.132E-08 88.56 

2.5 250 4.058E-04 16 0.16 8.122E-07 1.66 48 499.70 2.4253 0.0189 1.231E-05 9.603E-08 88.18 

2.5 250 4.058E-04 16 0.16 8.122E-07 1.66 48 499.70 2.3098 0.0180 1.172E-05 9.145E-08 88.74 

2.5 250 4.058E-04 18 0.18 9.137E-07 1.74 47.5 444.17 2.2931 0.0179 1.164E-05 9.079E-08 90.06 

2.5 250 4.058E-04 18 0.18 9.137E-07 1.74 47.5 444.17 2.3977 0.0187 1.217E-05 9.493E-08 89.61 

2.5 250 4.058E-04 20 0.2 1.015E-06 1.59 47.5 399.76 2.4981 0.0195 1.268E-05 9.891E-08 90.26 

2.5 250 4.058E-04 20 0.2 1.015E-06 1.59 47.5 399.76 2.7032 0.0211 1.372E-05 1.070E-07 89.46 

2.5 250 4.058E-04 22 0.22 1.117E-06 1.7 47.5 363.41 2.6320 0.0205 1.336E-05 1.042E-07 90.67 



 

Table A-9 Raw data of CPE at 56 oC, PONPE-9 = 2.5% w/v (Chapter 4) 
 
(%) (mg) (mole) (ppm) (mg) (mole)    (oC)   (ppm) (mg) (M) (mole)   

PO PO PO Auo  Auo Auo pH CP (PO/Au)o Auw  Auw Auw Auw %E 

2.5 250 4.058E-04 5 0.05 2.538E-07 2.17 46.5 1599.03 0.2675 0.0022 1.358E-06 1.113E-08 95.61

2.5 250 4.058E-04 5 0.05 2.538E-07 2.17 46.5 1599.03 0.1895 0.0016 9.617E-07 7.886E-09 96.89

2.5 250 4.058E-04 10 0.1 5.076E-07 1.97 47 799.51 2.1007 0.0172 1.066E-05 8.744E-08 82.77

2.5 250 4.058E-04 10 0.1 5.076E-07 1.97 47 799.51 1.7274 0.0142 8.769E-06 7.190E-08 85.84

2.5 250 4.058E-04 16 0.16 8.122E-07 1.82 46.5 499.70 1.1312 0.0094 5.742E-06 4.766E-08 94.13

2.5 250 4.058E-04 16 0.16 8.122E-07 1.82 46.5 499.70 1.0587 0.0088 5.374E-06 4.461E-08 94.51

2.5 250 4.058E-04 20 0.2 1.015E-06 1.74 45.5 399.76 1.4042 0.0115 7.128E-06 5.845E-08 94.24

2.5 250 4.058E-04 20 0.2 1.015E-06 1.74 45.5 399.76 1.2761 0.0105 6.477E-06 5.311E-08 94.77

 



 

Table A-10 Raw data of CPE at 60 oC, PONPE-9 = 2.5% w/v (Chapter 4) 
 

(%) (mg) (mole) (ppm) (mg) (mole)  (oC) 
 

(ppm) (mg) (Molar) (mole)  

PO PO PO Auo  Auo Auo pH CP (PO/Au)o Auw Auw Auw Auw %E 

2.5 250 4.058E-04 5 0.05 2.538E-07 2.17 46.5 1599.03 0.0613 0.0005 3.111E-07 2.738E-09 98.92

2.5 250 4.058E-04 5 0.05 2.538E-07 2.17 46.5 1599.03 0.1839 0.0016 9.334E-07 8.214E-09 96.76

2.5 250 4.058E-04 10 0.1 5.076E-07 1.97 47 799.51 0.6241 0.0054 3.168E-06 2.724E-08 94.63

2.5 250 4.058E-04 10 0.1 5.076E-07 1.97 47 799.51 0.5294 0.0046 2.687E-06 2.311E-08 95.45

2.5 250 4.058E-04 16 0.16 8.122E-07 1.82 46.5 499.70 0.8358 0.0072 4.243E-06 3.649E-08 95.51

2.5 250 4.058E-04 16 0.16 8.122E-07 1.82 46.5 499.70 0.9584 0.0082 4.865E-06 4.184E-08 94.85

2.5 250 4.058E-04 20 0.2 1.015E-06 1.74 45.5 399.76 1.1869 0.0102 6.025E-06 5.181E-08 94.90

2.5 250 4.058E-04 20 0.2 1.015E-06 1.74 45.5 399.76 1.1590 0.0100 5.883E-06 5.060E-08 95.02
 



 

Table A-11 Raw data of CPE at 70 oC, PONPE-9 = 2.5% w/v (Chapter 4) 
 
(%) (mg) (mole) (ppm) (mg) (mole)  (oC)  (ppm) (mg) (M) (mole)  

PO PO PO Auo Auo Auo pH CP (PO/Au)o Auw  Auw Auw Auw %E 

2.5 250 4.058E-04 5 0.05 2.538E-07 2.22 48.5 1599.03 0.5020 0.0046 2.548E-06 2.345E-08 90.76

2.5 250 4.058E-04 5 0.05 2.538E-07 2.22 48.5 1599.03 0.4145 0.0038 2.104E-06 1.946E-08 92.33

2.5 250 4.058E-04 10 0.1 5.076E-07 2.04 48 799.51 1.8593 0.0171 9.438E-06 8.683E-08 82.89

2.5 250 4.058E-04 10 0.1 5.076E-07 2.04 48 799.51 1.4302 0.0130 7.260E-06 6.607E-08 86.98

2.5 250 4.058E-04 16 0.16 8.122E-07 1.89 49 499.70 3.1319 0.0285 1.590E-05 1.447E-07 82.19

2.5 250 4.058E-04 16 0.16 8.122E-07 1.89 49 499.70 2.9451 0.0271 1.495E-05 1.375E-07 83.07

2.5 250 4.058E-04 20 0.2 1.015E-06 1.78 48.5 399.76 3.2137 0.0294 1.631E-05 1.493E-07 85.30

2.5 250 4.058E-04 20 0.2 1.015E-06 1.78 48.5 399.76 3.0123 0.0277 1.529E-05 1.407E-07 86.14

 



 

Table A-12 Raw data of CPE at 80 oC, PONPE-9 = 2.5% w/v (Chapter 4) 
 

(%) (mg) (mole) (ppm) (mg) (mole)  (oC)  (ppm) (mg) (M) (mole)  

PO  PO PO Auo Auo Auo pH CP (PO/Au)o Auw Auw Auw Auw %E 

2.5 250 4.058E-04 5 0.05 2.538E-07 2.22 48.5 1599.03 0.1109 0.0010 5.630E-07 5.236E-09 97.94

2.5 250 4.058E-04 5 0.05 2.538E-07 2.22 48.5 1599.03 0.0584 0.0005 2.963E-07 2.756E-09 98.91

2.5 250 4.058E-04 10 0.1 5.076E-07 2.04 48 799.51 1.0741 0.0099 5.452E-06 5.044E-08 90.06

2.5 250 4.058E-04 10 0.1 5.076E-07 2.04 48 799.51 1.2055 0.0112 6.119E-06 5.660E-08 88.85

2.5 250 4.058E-04 16 0.16 8.122E-07 1.89 49 499.70 3.2341 0.0301 1.642E-05 1.527E-07 81.20

2.5 250 4.058E-04 16 0.16 8.122E-07 1.89 49 499.70 3.3275 0.0309 1.689E-05 1.571E-07 80.66

2.5 250 4.058E-04 20 0.2 1.015E-06 1.78 48.5 399.76 4.5593 0.0424 2.314E-05 2.152E-07 78.80

2.5 250 4.058E-04 20 0.2 1.015E-06 1.78 48.5 399.76 4.4308 0.0412 2.249E-05 2.092E-07 79.40
 



 

Table A-13 Raw data of CPE at 53 oC, PONPE-9 = 1% w/v (Chapter 4) 
 
(%) (mg) (mole) (ppm) (mg) (mole)   (oC) (mL) (mL)   (ppm) (Molar)   

PO PO PO Auo Auo Auo pH CP Vs Vw (NP/Au)o Auw Auw %E 

1 100 1.623E-04 1 0.01 5.076E-08 2.85 49 0.8 9.2 3198.05 0.2452 2.663E-07 95.17373 

1 100 1.623E-04 1 0.01 5.076E-08 2.85 49 0.8 9.2 3198.05 0.1895 1.003E-07 98.18263 

1 100 1.623E-04 2.5 0.025 1.269E-07 2.52 48 1 9 1279.22 0.8626 1.013E-06 92.81446 

1 100 1.623E-04 2.5 0.025 1.269E-07 2.52 48 1 9 1279.22 0.9584 1.379E-06 90.22345 

1 100 1.623E-04 5 0.05 2.538E-07 2.06 49 0.85 9.15 639.61 3.1205 9.62E-06 65.31898 

1 100 1.623E-04 5 0.05 2.538E-07 2.06 49 0.85 9.15 639.61 3.1260 9.641E-06 65.24241 

1 100 1.623E-04 10 0.1 5.076E-07 1.88 48.5 0.8 9.2 319.81 3.9719 1.287E-05 76.6824 

1 100 1.623E-04 10 0.1 5.076E-07 1.88 48.5 0.8 9.2 319.81 3.7864 1.216E-05 77.96435 

 



 

Table A-14 Raw data of CPE at 56 oC, PONPE-9 = 1% w/v (Chapter 4) 
 
(%) (mg) (mole) (ppm) (mg) (mole)  (oC) (mL) (mL)  (ppm) (Molar)  

PO PO PO Auo Auo Auo pH CP Vs Vw (PO/Au)o Auw Auw %E 

1 100 1.623E-04 1 0.01 5.076E-08 2.93 48 0.7 9.3 3198.05 0.3455 1.754E-06 67.87 

1 100 1.623E-04 1 0.01 5.076E-08 2.93 48 0.7 9.3 3198.05 0.3678 1.867E-06 65.80 

1 100 1.623E-04 2.5 0.025 1.269E-07 2.47 47.5 0.7 9.3 1279.22 0.5015 2.546E-06 81.34 

1 100 1.623E-04 2.5 0.025 1.269E-07 2.47 47.5 0.7 9.3 1279.22 0.3566 1.810E-06 86.73 

1 100 1.623E-04 5 0.05 2.538E-07 2.12 48 0.7 9.3 639.61 0.9640 4.893E-06 82.07 

1 100 1.623E-04 5 0.05 2.538E-07 2.12 48 0.7 9.3 639.61 0.9027 4.582E-06 83.21 

1 100 1.623E-04 10 0.1 5.076E-07 1.91 47.5 0.7 9.3 319.81 1.6382 8.316E-06 84.76 

1 100 1.623E-04 10 0.1 5.076E-07 1.91 47.5 0.7 9.3 319.81 1.6550 8.401E-06 84.61 

 



 

Table A-15 Raw data of CPE at 60 oC, PONPE-9 = 1% w/v (Chapter 4) 
 
(%) (mg) (mole) (ppm) (mg) (mole)  (oC) (mL) (mL)   (ppm) (M)  

PO PO PO Auo Auo Auo pH CP Vs Vw (PO/Au)o Auw Auw %E 

1 100 1.623E-04 1 0.01 5.07614E-08 2.93 48 0.45 9.55 3198.05 0.1282 6.506E-07 87.76 

1 100 1.623E-04 1 0.01 5.07614E-08 2.93 48 0.45 9.55 3198.05 0.1282 6.506E-07 87.76 

1 100 1.623E-04 2.5 0.025 1.26904E-07 2.47 47.5 0.45 9.55 1279.22 0.4736 2.404E-06 81.91 

1 100 1.623E-04 2.5 0.025 1.26904E-07 2.47 47.5 0.45 9.55 1279.22 0.4681 2.376E-06 82.12 

1 100 1.623E-04 5 0.05 2.53807E-07 2.12 48 0.35 9.65 639.61 1.3652 6.930E-06 73.65 

1 100 1.623E-04 5 0.05 2.53807E-07 2.12 48 0.35 9.65 639.61 1.5580 7.909E-06 69.93 

1 100 1.623E-04 10 0.1 5.07614E-07 1.91 47.5 0.3 9.7 319.81 1.6048 8.146E-06 84.43 

1 100 1.623E-04 10 0.1 5.07614E-07 1.91 47.5 0.3 9.7 319.81 1.6382 8.316E-06 84.11 

 



 

Table A-16  Raw data of CPE at 70 oC, PONPE-9 = 1% w/v (Chapter 4) 
 
(%) (mg) (mole) (ppm) (mg) (mole)  (oC) (mL) (mL)  (ppm) (M)  

PO PO PO Auo Auo Auo pH CP Vs Vw (PO/Au)o Auw Auw %E 

1 100 1.623E-04 1 0.01 5.076E-08 2.85 49 0.3 9.7 3198.05 0.0780 3.960E-07 92.43 

1 100 1.623E-04 1 0.01 5.076E-08 2.85 49 0.3 9.7 3198.05 0.0390 1.980E-07 96.22 

1 100 1.623E-04 2.5 0.025 1.269E-07 2.34 50 0.3 9.7 1279.22 0.5405 2.744E-06 79.03 

1 100 1.623E-04 2.5 0.025 1.269E-07 2.34 50 0.3 9.7 1279.22 0.6018 3.055E-06 76.65 

1 100 1.623E-04 5 0.05 2.538E-07 2.21 49.5 0.3 9.7 639.61 2.2456 1.140E-05 56.43 

1 100 1.623E-04 5 0.05 2.538E-07 2.21 49.5 0.3 9.7 639.61 0.9083 4.611E-06 82.38 

1 100 1.623E-04 10 0.1 5.076E-07 2.06 50 0.3 9.7 319.81 5.8899 2.990E-05 42.87 

1 100 1.623E-04 10 0.1 5.076E-07 2.06 50 0.3 9.7 319.81 5.5890 2.837E-05 45.79 

 



 

Table A-17 Raw data of CPE at 80 oC, PONPE-9 = 1% w/v (Chapter 4) 
 
(%) (mg) (mole) (ppm) (mg) (mole)  (oC) (mL) (mL)  (ppm) (M)   

PO PO PO Auo Auo Auo pH CP Vs Vw (PO/Au)o Auw Auw %E 

1 100 1.623E-04 1 0.01 5.076E-08 2.85 49 0.3 9.7 3198.05 0.0056 2.829E-08 99.46 

1 100 1.623E-04 1 0.01 5.076E-08 2.85 49 0.3 9.7 3198.05 0.0000 0.000E+00 100.00 

1 100 1.623E-04 2.5 0.025 1.269E-07 2.34 50 0.3 9.7 1279.22 0.1003 5.091E-07 96.11 

1 100 1.623E-04 2.5 0.025 1.269E-07 2.34 50 0.3 9.7 1279.22 0.1616 8.203E-07 93.73 

1 100 1.623E-04 5 0.05 2.538E-07 2.21 49.5 0.3 9.7 639.61 1.0086 5.120E-06 80.43 

1 100 1.623E-04 5 0.05 2.538E-07 2.21 49.5 0.3 9.7 639.61 0.5684 2.885E-06 88.97 

1 100 1.623E-04 10 0.1 5.076E-07 2.06 50 0.3 9.7 319.81 5.4330 2.758E-05 47.30 

1 100 1.623E-04 10 0.1 5.076E-07 2.06 50 0.3 9.7 319.81 5.4553 2.769E-05 47.08 

 



 

 
Table A-18 Raw data of temperature effect on percent extraction of gold  (Chapter 4) 
 
 Settling Temperature = 60oC  Settling Temperature = 65oC 

 Time Ci/Co  Time Ci/Co 

0.00 1.000 0 1 

0.50 0.444 0.5 0.3226 

1.00 0.112 1 0.1094 

1.50 0.114 1.5 0.0802 

2.00 0.163 2 0.0663 

2.50 0.137 2.5 0.03 

3.00 0.148 3 0.0286 

6.00 0.070 3.5 0.0202 

11.00 0.065 6 0 

  11 0 

 

 



 

Table A-19 Raw data of NaCl concentration effect on percent extraction of multimetals (Chapter 4) 

 

[NaCl]  Percent Extraction  

M Zn2+ Cu2+ Au3+ Ni2+ 

0 0 0 84.005 1.68999 

0.2446 0 0 87.225 1.52028 

0.4891 0 0.045 83.5 1.64049 

0.7337 0 0.04 77.695 2.36881 

 

Table A-20 Raw data of NaCl concentration effect on percent extraction of multimetals (Chapter 4) 

  Percent Extraction  

pH Au3+ Cu2+ Ni2+ Zn2+ 

2.935 92.39 0 12.8 0 

3.9 96.47 0 10 0 

3.085 96.8 4.29 10 0 

2.065 94.77 2.8 10 0 

1.41 85.87 0 9.98 0 

0.97 81.35 0 9.97 0 

 



 

Table A-21  Raw data of surface tention of PONPE-9 in the absence of gold (III) ion (Chapter 5), syringe information, r=0.10425 
mm and V3/L = 0.01138586 cm3/mm 

 

mPO m Surface Tension  mPO m Surface Tension 
0.005 0.005 57.69  0.083 0.083 31.49 
0.01 0.01 51.02  0.084 0.084 31.36 
0.011 0.011 50.14  0.085 0.085 31.45 
0.013 0.013 47.46  0.087 0.087 31.43 
0.017 0.017 44.90  0.093 0.093 31.38 
0.02 0.02 43.11  0.099 0.099 31.34 
0.026 0.026 41.00  0.114 0.114 31.21 
0.03 0.03 39.56  0.12 0.12 31.19 
0.034 0.034 38.66  
0.038 0.038 37.53  
0.042 0.042 36.85  
0.051 0.051 35.84  
0.057 0.057 34.77  
0.065 0.065 33.77  
0.069 0.069 33.22  
0.074 0.074 32.45  
0.075 0.075 32.27  
0.077 0.077 31.68  
0.079 0.079 31.94  
0.08 0.08 31.64  
0.08 0.08 31.49  
0.082 0.082 31.38  

    
 



 

Table A-22  Raw data of surface tention of PONPE-9 in the presence of gold (III) ion at pH = 3, syringe information, 

r=0.10425 mm and V3/L = 0.01138586 cm3/mm (Chapter 5) 

mPO m Surface Tension 
0.005 0.079 57.52 
0.01 0.158 50.02 
0.013 0.198 46.80 
0.016 0.251 44.59 
0.02 0.313 42.52 
0.022 0.351 41.97 
0.028 0.439 39.10 
0.033 0.519 38.08 
0.039 0.608 37.02 
0.045 0.704 35.19 
0.05 0.788 34.85 
0.06 0.942 32.93 
0.064 1.014 32.38 
0.07 1.101 32.15 
0.075 1.185 32.38 
0.077 1.214 32.48 
0.08 1.259 31.96 
0.087 1.377 31.96 
0.099 1.557 32.04 

 



 

Table A-23  Raw data of surface tension of PONPE-9 in the presence of gold (III) ion at pH = 10, syringe information, r=0.10425 

mm and V3/L = 0.01138586 cm3/mm (Chapter 5) 

mPO m Surface Tension mPO m Surface Tension 
0.005 0.078 58.03603 0.062 0.981 34.10961 
0.005 0.079 56.61055 0.0645 1.016 33.00218 
0.01 0.157 55.59978 0.065 1.026 34.0405 
0.01 0.156 48.9758 0.07 1.109 32.36607 
0.015 0.238 47.52756 0.074 1.166 31.84469 
0.015 0.236 44.95503 0.078 1.227 32.19237 
0.0176 0.277 44.70825 0.08 1.256 33.09461 
0.02 0.31 43.43863 0.081 1.282 31.68231 
0.025 0.394 42.35725 0.085 1.34 31.25277 
0.025 0.392 40.66227 0.0875 1.38 31.54306 
0.03 0.474 39.42633 0.09 1.412 31.96063 
0.034 0.539 39.81225 0.094 1.486 31.05521 
0.035 0.55 38.14109 0.1 1.577 32.53968 
0.0395 0.623 39.3014 0.1 1.568 31.1482 
0.04 0.629 39.38091 0.103 1.619 30.92732 
0.045 0.712 36.26824 0.11 1.745 31.05521 
0.045 0.705 36.24535 0.115 1.805 31.36892 
0.05 0.788 34.70798 0.12 1.9 31.56628 
0.055 0.868 35.19055 0.12 1.859 31.1482 
0.055 0.867 33.93681 0.125 1.996 31.276 
0.059 0.937 33.67168 0.13 2.053 31.12495 
0.062 0.981 34.10961 

 

 



 

Table A-24  Raw data of surface tension of PONPE-9 in the presence of gold (III) ion at pH = 7, syringe information, 

r=0.10425 mm and V3/L = 0.01138586 cm3/mm (Chapter 5) 

 

mPO m Surface Tension mPO m Surface Tension 
0.005 0.079 57.309 0.08 1.26 32.182 
0.01 0.157 52.435 0.082 1.292 31.728714 
0.015 0.235 45.907 0.084 1.323 31.392 
0.0173 0.273 45.279 0.084 1.32 31.055214 
0.0225 0.355 42.532 0.085 1.337 31.543 
0.025 0.394 42.103 0.0875 1.372 31.334078 
0.03 0.473 40.155 0.088 1.38 31.532 
0.035 0.555 38.790 0.089 1.406 31.590 
0.04 0.633 37.878 0.0895 1.403 30.648089 
0.047 0.738 36.069 0.093 1.47 30.996 
0.053 0.829 34.966 0.094 1.47 30.787735 
0.058 0.913 34.321 0.099 1.565 30.950 
0.062 0.979 33.871 0.101 1.58 30.648089 
0.0675 1.063 33.421 0.103 1.624 31.206 
0.069 1.092 33.213 0.11 1.729 31.194 
0.073 1.145 32.704 0.116 1.832 31.090 
0.075 1.182 32.240 0.116 1.816 31.334078 
0.079 1.241 31.844691 0.124 1.946 31.148 
0.08 1.26 32.182 0.143 2.239 31.217915 

 



 143

APPENDIX B 
Thermodynamic Relation for Surface Adsorption and Micelle Formation of 

Surfactant. 
 

 Since the system under consideration consists of air and the aqueous solution 
of nonionic surfactant 1, the Gibbs-Duhem equation of the system is given by 
 
 0Ps aa11WW =µ+µ+µ+γ+− dndndnAdvddT  (B1) 
 
where   γ  =  surface tension  
  A  = area of plane surface 
  s =  entropy  
  v  =  volume  
  n  =  number of mole 

µ =  chemical potential  
Subscript w, 1 and a designate water, surfactant 1 and air, respectively.   
  
 The fundamental equation describing adsorption behavior of the surfactant at 
the water/air interface is written in the following form 
 
  1

H
1

HH µ−+−=γ dΓdpvdTsd   (B2) 
 
where Hy is the surface excess quantity per unit area and defined with respect to the 
two dividing planes making the excess numbers of mole of water and air zero 
simultaneously, and H

1Γ is the surface density of surfactant. Assuming the aqueous 
solution of surfactant to be ideally at a concentration around the cmc and adopting T, 
p and the molality of monomeric surfactant 1m as the independent variables, the total 
differential of the chemical potential of surfactant 1µ is expressed as 
  

  w
1

w
1111 dm)m/RT(dpvdTsd ++−=µ ,  (B3) 

 
where 1y is the partial molar thermodynamic quality of monomeric surfactant in the 
solution. Substituting of Eq. B3 into Eq. B2 and gives 
 

  w
1

H
1

1

(1)(1) dmΓ
m
RTdpvdTsd w+∆+∆−=γ   (B4) 

where  
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  1
H
1

H(1) yΓyy −=∆   (B5) 
 
 Since w

1m is equal to the total molality of surfactant 1m , below the cmc, 
H

1Γ value is calculated by applying the following equation to the γ  versus 1m curve. 

  
p,TmRT

mΓ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
γ∂

−=
1

1H   (B6) 

  
Entropy Change Associated with the Adsorption of Surfactant s∆  
 
 From the experimental viewpoint, the total molality of surfactant 1m is more 
appropriate than w

1m as the variable. From Eq.B4, therefore, (1)s∆ relates to the 
derivative of γ  against T at constant 1m  under atmospheric pressure: 

 
11

)()((1))( 1
w

11 m,p
ww

m,p T/mΓm/RTsT/ ∂∂+∆−=∂γ∂   (B7) 

Since the micelles are not expected to exist in the solution at concentrations below the 
cmc (C), w

1m is equal to 1m , and Eq. B7 is reduced to 

 (1))(
1

sT/ m,p ∆−=∂γ∂       Cm <1   (B8) 

At concentration above the cmc, since the w
1m value is approximately equal to 

molality at the cmc, then 

11
)()((1))( w

1 m,pm,p T/CΓC/RTsT/ ∂∂+∆−=∂γ∂   Cm ≥1  (B9) 

  When micelle is assumed to be treated thermodynamically as a macroscopic 
phase, the behavior of micelles in a limited concentration range near the cmc is 
determined solely by T and p. So the total differential of the chemical potential of 
micelle Mµ  is expressed as  
  dpvdTsd MMM +−=µ ,  (B10) 
where My is the excess thermodynamic quantity of micelle which is defined with 
reference to spherical dividing surface, making the excess number of moles of water 
zero. Since the monomeric surfactants are in equilibrium with surfactants in micellar 
state, chemical potential of micelle Mµ  is given by 
  1

M
1

M µ=µ N ,  (B11) 
where M

1N  is the number of surfactant molecules in the micelle. 
Substituting Eqs. B10 and B11 into Eqs B2, then, gives 
  dpvdTsd (M)(M) ∆+∆−=γ ,  (B12) 
where (M)y∆  is the thermodynamic quantity of adsorption of surfactant from the 
micellear state per unit surface area defined by 



 145

  )N/y(yy M
1

MH
1

H(M) Γ−=∆ .  (B13) 
 
 The temperature dependence of surface tension gives (M)s∆ at concentration 
above the cmc, therefore the following equation is obtained 

  (M))(
1

sT/ m,p ∆−=∂γ∂   (B14) 

 
Consequently, from Eqs. B8 and B14, the value of )( T/ ∂γ−∂ provides (1)s∆  
below the cmc and )M(s∆  above the cmc. The (1)s∆  value and (M)s∆  value, 
which are respectively estimated by applying Eqs. B8 and B14 to the γ  versus T 
curves. 
 The entropy change associated with the micelle formation sM

w∆  defined by 
 
  1

M
1

MM
W∆ sN/ss −= .  (B15) 

 
Combination of Eqs. B5, B13, and B15 results on the relation of 
 
  H

1
M
W (M)]∆(1)[∆ Γ/sss −∆= .  (B16) 

 
 Comparing Eqs.B9 and B14, it is found that the difference between (1)s∆  
and (M)s∆  at the cmc is related to the temperature dependence of cmc by the 
equation 

  pT/CC/RT/Γss ))(((M)](1)[ H
1 ∂∂−=∆−∆   (B17) 

 As a consequence, the sM
w∆  value can be evaluated by two ways, that is, one 

way is by use of the left hand side of Eq. B17, the other is by use of the right hand 
side of Eq. B17.   
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APPENDIX C 

The Calculation of PONPE-9 in Surfactant-Rich Phase 

  

 

     
 

[PONPE]s   =          100
V

9]-[PONPE  V- 9]-[PONPEV

s

wwot
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
   

 

where  [PONPE-9]o  = initial PONPE-9 concentration  

 [PONPE-9]w = PONPE-9 concentration in water-rich phase after CPE 

(%(w/v)) 

 [PONPE-9]s = PONPE-9 concentration in surfactant-rich phase after CPE 

 Vt           = total volume  (cm3) 

 Vs          = the volume of surfactant-rich phase (cm3) 

 Vs          = Vt- Vs   (cm3) 

 

Water-rich phase 
 
 
 
 
 
 
Surfactant-rich phase
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