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                                                                    CHAPTER 1 

1.1 Motivation 

Diffusiophoresis is the isothermal migration of colloidal particles in aqueous media 

induced by cosolutes concentration gradients such as salts (see Figure 1).1-7 This transport 

mechanism has attracted much attention since controlling the motion of colloidal particles in 

liquids is important for many applications including microfluidics,8-12 separation and 

purification techniques,12-15 coating industry,16, 17 enhanced oil recovery,18-21 drug delivery,22, 

23 and detergency.24, 25 

 

Figure 1. Colloidal particle (yellow) in a salt concentration gradient (orange background). 

Black arrow indicates the migration of the particle due to diffusiophoresis from high to low 

salt concentration. 

Experimental studies regarding diffusiophoresis of charged particles are widely 

reported in recent literature but there is no experimental investigation on colloidal particles 

that are electrically neutral. An important class of water-soluble colloidal particles is 

represented by hydrophilic neutral particles whose interfacial properties are modified or 

governed by polyethylene glycol (PEG). PEG is a neutral water-soluble polymer that has been 

employed for coating the surface of inorganic nanoparticles,26, 27 proteins,28 micelles,29, and 

vesicles30, 31 (see Figure 2 left). Due to the low toxicity of this synthetic polymer, PEG-based 

nanoparticles are extensively used in industrial and pharmaceutical applications. Thus, it is 

important to determine and understand the mechanism of salt-induced diffusiophoresis for this 
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type of colloidal particle. We are particularly interested in the diffusiophoresis of non-ionic 

micelles formed by tyloxapol as a model PEG-based globular colloidal particle (see Figure 2 

right) in the presence of gradients of salts with salting-out properties at room temperature. 

 

Figure 2. Example of PEGylated particle (left) and PEG-based non-ionic micelle (right). 

Tyloxapol (see Figure 3) is a commercially available nonionic surfactant that was 

chosen in this investigation because it has the advantage of a very low critical micelle 

concentration ( *C  = 0.0358 g L-1) and low polydispersity. Hence, it forms thermodynamically 

stable spherical micelles with a negligible amount of free surfactant in aqueous solutions.  

 

Figure 3. Chemical structure of tyloxapol. 

In general, micelle diffusiophoresis is important because these colloidal particles can 

host nonpolar molecules. Hence, understanding micelle diffusiophoresis is also important for 

manipulating the motion of small guest molecules, relevant to detergency,29 extraction,32 

catalysis,33, and applications as carriers for the delivery of therapeutic agents.34 Furthermore, 

controlling the motion of micelles by salt-induced diffusiophoresis would be also valuable for 
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enhancing micelle insertion into dead-end pores, with applications in the extraction of 

hydrocarbons from porous rocks10, 21 relevant to enhanced oil recovery19 and soil 

remediation.32  

Sodium and magnesium sulfates were chosen as salts with salting-out properties.35  In 

general, sulfate salts are known to significantly affect thermodynamic and transport properties 

of aqueous PEG solutions.6 Thus, we hypothesize that these cosolutes can also produce 

diffusiophoresis of PEG-based colloidal particles in water. 

This dissertation is outlined in the following way: 

In Chapter 2 we provide an introduction on surfactants and their aqueous solutions. 

Chapters 3 to 5 focus on our experimental investigation on micelle thermodynamic stability 

and the effect of salts on the thermodynamic stability of micelles. It is well-known that 

micellization occurs above a well-defined surfactant concentration known as critical micelle 

concentration, (cmc or *C ). However, the value of cmc may depend on cosolute concentration 

and type. In our case, it is important to assess how salts affect the cmc of non-ionic surfactants. 

Hence, we introduce a novel method for cmc determination that was successfully used to 

determine the effect of salts on surfactant cmc.  In general, we also need to determine the range 

of experimental conditions in which micelles are thermodynamically stable and 

diffusiophoresis measurements can be performed. Thus, for completeness, it is important to 

note that salts, at high concentrations, may also affect thermodynamic stability of aqueous 

surfactant solutions leading to phase separation (cloud point). Our cloud points experimental 

results at 25 ºC will be given in Chapter 11.   
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Chapters 6 to 8 provide the theoretical background on isothermal diffusion in 

multicomponent liquid systems based on non-equilibrium thermodynamics, diffusiophoresis, 

and their relationship to thermodynamic properties. We also introduce the concept of salt 

osmotic diffusion and how this is important to explain the diffusiophoresis results, based on 

the preferential hydration of PEG. Related equations will be used to describe and theoretically 

examine the experimental results reported in Chapter 11. 

Chapters 9 to 12 focus on the experimental investigation of diffusiophoresis of 

tyloxapol micelles in the presence of sodium and magnesium sulfate at 25 ºC. These 

experimental results are theoretically examined using non-equilibrium thermodynamics and a 

preferential-hydration model. Additionally, since sulfate salts were also found to enhance 

surfactant self-assembly in water, the role of salt-induced aggregation on micelle 

diffusiophoresis was also theoretically examined using a two-state aggregation model. Finally, 

a mass-transfer model was employed to evaluate micelle diffusiophoresis in the presence of 

steady-state salt concentration gradient. 
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CHAPTER 2 

SURFACTANTS 

2.1 Micellization of Surfactants 

Surfactants or tensides, are amphiphilic organic molecules with a hydrophobic chain 

covalently linked to a hydrophilic group. The chemical nature of the hydrophilic group is 

commonly used to classify surfactants as ionic, non-ionic, or amphoteric (see Figure 4).36 

Surfactants are widely used in applications that include drug solubilization,37 drug delivery,38 

enhanced oil recovery,39, 40 detergency,41 catalysis,42 soil remediation,43 and protein 

crystallization and purification.44 

 

Surfactant Unimer Ionic 

(Cations, anions) 

Non-Ionic 

(Polyoxiethylene) 

Zwitterionic 

(Sulfobetaines) 

 
 

Sodium Dodecyl Sulfate 

 

Triton X-100 

 

Alkyl Betaine 

 

Figure 4. Surfactant unimer and classification by the hydrophilic group. 

 

In an aqueous solution, and above a specific concentration known as critical micelle 

concentration (cmc or *C ), surfactants unimers form aggregates. These aggregates are 

considered self-assembled colloids and are subdivided into several subgroups such as micelles, 

vesicles, and bilayer membranes (see Figure 5). Each subgroup plays an important role in many 

Polar headNon-polar tail
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aspects of colloid and surface science, both as model probes that help us to understand the 

basic principles of molecular interactions and in the practical applications of those principles.45  

 

 

Figure 5. Most common surfactants aggregate structures.45 

 

In this work, we are particularly interested in micelles in aqueous solutions. Micelles 

are in a dynamic equilibrium with the surfactant unimers in the bulk solution. The average 

number of unimers within a micelle is known as the aggregation number. Micellization in 

water is a consequence of the hydrophobic effect.46 This produces globular nanoaggregates 

with the nonpolar hydrophobic chains forming the core of the micelle and the hydrophilic 

groups positioned at the micelle-water interface, thereby optimizing micelle interaction with 

its surrounding aqueous fluid (see Figure 6).  

 

Figure 6. Surfactant micellization equilibrium (mass-action model, see Section 2.2). Left: 

surfactant (tenside) unimer (T). Right: Spherical micelle (M). 

 

Micelle Vesicle Bilayers
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In concentrated micellar solutions, micelle-micelle interactions lead to structures with 

higher aggregation numbers. Correspondingly, the geometric shape of surfactant aggregates 

changes from spherical to rod-like (worm-like) to lamellar (see Figure 7). The thermodynamic 

stability of structures with higher aggregation numbers also depends on temperature and 

solution ionic strength.47, 48 

 

Figure 7. Types of surfactant aggregates forming in solution.48 

 

2.2 Thermodynamics of Micellization  

Micelle formation is typically described by two primary models that allow us to 

understand the energetics of the process of self-association or micellization. The first model is 

the mass-action model (see Figure 6), in which the micelles (M) and free surfactant (T, for 

tenside) are considered to be in chemical equilibrium ( T Mm ), where m  is the aggregation 

number. The second model is the phase separation model, in which micelles are considered to 

constitute a new phase (pseudo-phase) formed in the mixture at and above the cmc ( *C ). Note 

that cmc is a saturation concentration for the surfactant unimers and essentially represents their 

“solubility”. 36, 45, 49 The phase separation model and cmc can be deduced from the mass-action 

model thermodynamics by considering chemical equilibrium between free unimers and 

Spherical Rod Lamellar

Surfactant Concentration
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micelles.  To make connection between the two models, we start by considering the simpler 

case for dimer formation ( 2m = ). Here, we can write: 

2
2 2

d 1

1

( )

C

K C
 = =                                                                                     (2.1) 

where 
2C  and 1C  indicate the equilibrium molar concentrations of dimers and unimers, 

respectively,  and 2  is the dimer equilibrium formation constant and dK is the corresponding 

dissociation constant with the units of concentration. We then generalize eq. (2.1) for arbitrary 

m: 

M

1

d 1

1

( )
m m m

C

K C


−
= =                                                                                      (2.2) 

where MC  is the micelle concentration and m  is the micelle formation constant. We now show 

that dK in eq. (2.2) becomes the micelle critical concentration when m>>1. This limit is 

relevant to micellization because m is typically large.  

The total concentration of surfactant, pC , is linked to micelle and free surfactant concentration 

by the mass balance: 

P 1 M= +C C mC                               (2.3) 

If we use eq. (2.2) to substitute 
MC  in eq. (2.3), we can write: 

1
P 1 1 1 1

d

( )
( )

m
m

m

C
C C m C C m

K


−
= + = +                                                                                    (2.4) 
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If we then take the first derivative of eq. (2.4) with respect to 1C , we obtain: 

1

2P 1

1 d

1

m

dC C
m

dC K

−

 
= +  

 
                   (2.5) 

Finally, we take the reciprocal of eq. (2.5), to write: 

1

1

P 2 1

d

1

1

m

dC

dC C
m

K

−
=

 
+  

 

                  (2.6) 

Equation (2.6) is now examined in the case of 1m . If 1 dC K ,  
2 1

1( / ) 1− mm C K  in the 

denominator. This leads to: 

1

P

1=
dC

dC
                    (2.7) 

Integration of eq. (2.7) starting from P 0=C  yields:   

1 =C C               when   
P dC K                                         (2.8) 

This means that all the surfactant is in the unimer form when 
P dC K .  

We then consider the case of P dC K . Here, we have: 
2 1

1 d( / ) 1mm C K −   in eq. (2.6). This 

means that: 

1

P

0=
dC

dC
                                                                                                                       (2.9) 



10 

 

Integration of eq. (2.9) starting from P dC K=  yields: 

1 dC K=       when  
P dC K                                                             (2.10) 

From eqs. (2.11) (2.10), we can appreciate that dK  is a saturation concentration, i.e., the 

surfactant cmc. The phase-separation model will be further discussed in section 2.3. 

For the case of ionic surfactant, we have to consider the more complex equilibrium. 

For example, in the case of negatively charged unimers ( T− ) with monovalent inorganic 

cations ( C+ ) we have: 
( )T C (T C ) m q

m qm q− + − −+ . Since each surfactant head is negatively 

charged, micellization occurs along with partial counterion adsorption, to reduce head-head 

electrostatic repulsion. Typically, the number of counterions adsorbed on micelle is smaller 

than micelle aggregation number. This implies that micelle net charge remains negative. 

Although the mass-action model for this case is more complex than the one previously shown 

for neutral surfactant, a critical micelle concentration can be deduced also in this case. 

However, it is important to note that the cmc of ionic surfactants is predicted to strongly 

decrease with salt concentration due to the common-ion effect 36, 45. On the other hand, the 

effect of salt concentration on the cmc value of non-ionic surfactants is not well understood 

and may strongly depend on salt type. 
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2.3  Critical Micelle Concentration 

As previously mentioned, the minimal surfactant concentration above which micelles 

form is known as the cmc, here denoted as *C . The *C  value of a surfactant plays a crucial 

role in characterizing and optimizing the thermodynamic stability of micelles and 

solubilization of drugs, substrates, or petroleum-related compounds. Thus, the experimental 

determination of *C  values has always been a primary goal of surfactant characterization.45, 47 

The presence of additives such as salts typically causes a decrease in the *C  value of ionic 

surfactants. Historically, *C  values have been determined from the plot of a solution’s physical 

property (surface tension, absorbance, fluorescence, turbidity, colligative properties, 

equivalent conductivity, self-diffusion, nuclear-magnetic, and electron paramagnetic 

resonance),29, 50-58 as a function of surfactant concentration.59 The resulting curve normally 

exhibits a sharp change of slope when micelles start to form. Figure 8 illustrates several 

physical properties such as osmotic pressure, light scattering, surface tension, conductivity, 

and self-diffusion are plotted as a function of surfactant concentration.  

 

Figure 8. General behavior of several physical properties as a function of surfactant 

concentration (ionic/non-ionic) at constant temperature.60 
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At low surfactant concentrations, most surfactant properties are similar to those of 

common solutes such as inorganic salts or neutral osmolytes in water. However, all surfactant 

properties shown in Figure 8 exhibits an abrupt change at a particular concentration that is 

consistent with a “phase transition”; i.e., the formation of micelles. The surfactant 

concentration at which a sudden change in a measured property is observed is taken as the 

value of *C . These techniques usually require multiple-sample preparation (at different 

concentration) and analysis; some are restricted to ionic surfactants (conductivity) or involve 

the use of probes and/or lacked the precision needed to accurately determine the effect of 

cosolute concentration on *C  . Due to the limitations of individual methods and the urgency 

of surfactant characterizations, there is a continuous demand for the development of new 

methods for rapid and precise *C  determination.61-67  

In our case, we are interested in sulfate salts for the diffusiophoresis experiments. Thus, 

we want to determine how sulfate salts affect the critical micelle concentration of non-ionic 

surfactants with PEG functional groups. This presented an opportunity for us to develop a 

novel methodology that allows not only to determine *C  but also to precisely determine *C  as 

a function of salt concentration and surfactant type (ionic or non-ionic).  

In the sections below, we demonstrate that the diffusion-driven dilution of micelles into 

solvent inside a vertical channel can be used to observe disaggregation at a well-defined 

vertical position.68 Specifically, we show that the diffusion-based spreading of the boundary 

between a micellar aqueous solution and pure water yields a one-dimensional spatial profile of 

surfactant concentration that can be then used to identify the value of the *C . This approach is 
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precise, noninvasive, applicable to both ionic and nonionic surfactants, and yields *C  values 

from single experiments without the need for multiple-sample preparation. 

2.4 Diffusion-Driven Dilution of Micellar Aqueous Solution  

In this section, our basic theoretical model, demonstrating why diffusion-based 

boundary spreading can be used to determine *C values, is outlined. Specifically, the one-

dimensional concentration profile, P ( , )C x t , produced by the isothermal diffusion-based 

spreading of the boundary between a micellar aqueous solution of concentration P max=C C  

(with *

max C C ) and water (
P 0=C ) is theoretically examined, with x and t being the position 

perpendicular to boundary and time, respectively (see Figure 9).  

 

 

Figure 9. Diffusion-driven dilution of micellar aqueous solution. (A) Initial boundary, top 

(pure water) and bottom (micelle) solutions, at t = 0. (B) Boundary spreading, micelle 

dissociation by dilution. (C) Initial P ( , )C x t profile. (D) Boundary spreading P ( , )C x t profile. 

Inset: Sharp slope change due to micelle dissociation and diffusion enhancement. 
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To derive the theoretical expression of 
P ( , )C x t , we apply the pseudo-phase separation 

model (see Section 2.2) to a non-ionic surfactant. Micelle dissociation is expected to be 

sufficiently fast that can be assumed to instantaneously occur69 as surfactant concentration 

becomes lower than *C  due to dilution.  

 According to Fick’s first law of diffusion (see Chapter 7, Section 7.1, for more diffusion 

details), the mutual-diffusion coefficient, PD , for a surfactant-water mixture, is given by:69, 70 

1 M
P 1 M

P P

   
= +   

   

dC dC
D D D

dC dC
                                  (2.11) 

where 
1D  and MD  are the free surfactant (unimer) and micelle diffusion coefficients, 

respectively. We shall assume that these two parameters are constant and identifiable with the 

corresponding tracer-diffusion coefficients (See chapter 7, Section 7.1) and with MD  

significantly smaller than 
1D  due to the relatively large hydrodynamic radius of micelles 

compared to free surfactant unimers.71 Correspondingly, 1C  and 
MC  are the surfactant 

concentrations in the unimer and micellar states, with 
P 1 M= +C C C  being the total surfactant 

concentration. According to eq. (2.11), PD  is a weighted average of 
1D  and MD , with the 

derivatives, 1 P
dC dC and 

M P
dC dC , being the corresponding weights. These total derivatives 

originate from the concentration gradients of the individual species (free surfactant and 

micelle). 

According to the pseudo-phase separation model,72 we have 
M 0=C  and 1 P=C C  for 

CP < *C , and 1C = *C  for CP > *C . Hence, eq. (2.11) can be rewritten in the following way: 
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* *

P 1 M( ) ( )= − + −D D H C C D H C C                                                                                           (2.12) 

where H(z) is the Heaviside step function with H(z)= 0 and H(z)= 1 when z < 0 and z > 0, 

respectively. Based on this description, the mutual diffusion coefficient of a surfactant-water 

system exhibits a jump discontinuity point at the critical micelle concentration.69, 70, 73 This 

behavior is distinct from that of the self-diffusion coefficient, ( ) ( )P 1 P 1 M MP
= +D C C D C C D

,50, 56, 73, 74 which remains continuous at *

P =C C  because it is a weighted average based on 

species concentrations instead of their derivatives as shown in eq. (2.11).   

The concentration profiles, 
P ( , )C x t , are e tracted from Fick’s second law.73 According 

to eq. (2.12) this can be written in the following way: 

 
2

P P
1 2

 
=

 

C C
D

t x
              *

P( )C C                                                (2.13) 

 
2

P P
M 2

 
=

 

C C
D

t x
              *

P( )C C                                                 (2.14) 

The general solution of eqs. (2.13) and (2.14) is given by:75 

 
1/2

P 1erf ( )−= +C A B D y               *

p( )C C                                                          (2.15) 

 1/2

p Merf ( )− = +C A B D y                *

p( )C C                                                          (2.16) 

where y ≡ (1/2)xt-1/2 is the reduced position, erf(z) ≡ (2π-1/2)∙
2

0

z se ds−  is the error function, and 

A,B,A´, and B´ are constants to be determined.  
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If we set PC = 0 and P max=C C  at y = -∞ and y = +∞, respectively (free-boundary 

condition75, 76), we deduce that A - B = 0 and A´+ B´ = maxC . Thus, eqs. (2.15) and (2.16) 

become: 

1/2

P 1[1 erf ( ) ]−= +C A D y    *

P( )C C                                                           (2.17) 

1/2

P max M( ) erf ( )− = + −C A C A D y   *

P( )C C                                                          (2.18) 

To identify A and A´, we observe that CP = *C  corresponds to a unique reduced 

position, *y , attainable from both eq. (2.17) and eq. (2.18), with y ≤ *y  and y ≥ *y  

corresponding to CP ≤ *C and CP ≥ *C , respectively. Thus, by applying the continuity condition 

of CP = *C  at y = *y to eqs. (2.17)  and (2.18) we obtain: 

1/2 1/2
* * * *1 M

P max max1/2 * 1/2 *

1 M

1 erf ( ) 1 erf ( )
( ) ( ) ( )

1 erf ( ) 1 erf ( )

− −

− −

   + −
= − + − − −   

+ −   

D y D y
C C H y y C C C H y y

D y D y
          (2.19) 

Note that the behavior of CP(y) described by eq. (2.19) is equivalent to that predicted 

for the diffusion of a solute through two different media interfaced at *y .75 However, the 

position, *y , is typically known in this mass transfer problem, contrary to our case. 

After choosing values of *C , 
MD , and 1D , eq. (2.19) can be used to generate theoretical 

profiles of surfactant concentration, CP(y), provided that *y  is also known. The value of *y  

can be linked to that of *C  by imposing that diffusion flux (see chapter 7, section 7.1), J, is 

also a continuous function at *=y y due to mass conservation: 

* *y y y y
J J− +→ →

=                                                                                                                                                      (2.20) 
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To obtain the explicit form for eq. (2.20), the two limiting expressions of the concentration 

gradient, dCP/dx at *−→y y and *+→y y  can be deduced from eq. (2.19): 

 

*2
1

*

/1/2
1/2 *P 1

1/2 *

1

( )
1 erf ( )


−

−−
−

−

→

=
+

y D

y y

dC D e
t C

dx D y
                                                          (2.21) 

 

*2
M

*

/1/2
1/2 *P M

max1/2 *

M

 ( ) ( )
1 erf ( )


+

−−
−

−

→

= −
−

y D

y y

dC D e
t C C

dx D y
                                                              (2.22) 

After inserting eq. (2.21) and (2.22) into Fick’s first law, J = -DP∙dCP/dx,77  with DP =
1D  for 

*−=y y  and P M=D D  for *+=y y , eq. (2.20) yields the following relation between *C  and *y

: 

*2

M 1

1/2 1 11/2 **

M 1

* 1/2 *

max 1 M

1 erf ( )

1 erf ( )

 
− − − 

 

−

  +
=  

− − 

y
D DD D yC

e
C C D D y

                                                                                  (2.23) 

It is important to observe that values of y cannot be experimentally identified before 

*C  determination. Indeed, the reference position of y = 0 varies with respect to that fixed by 

an external reference frame (see Chapter 7. Section 7.2), depending on the value of *

maxC C . 

It is therefore convenient to introduce the experimentally accessible position, Y, with the 

reference value of Y = 0 always corresponding to the profile midpoint at max 2=C C . 

Correspondingly, we replace y with Y + yc in (2.19), with yc being the value of y at max 2=C C . 

The value of yc can be linked to that of *y  after substituting max 2=C C  in eq (2.19). If 

experiments are designed such that Cmax/2 > *C , we have: 

1/2 *
1/2 M

M c *

max

1 erf ( )
erf ( ) 1

2(1 / )

−
− −

= −
−

D y
D y

C C
                                                                                        (2.24) 
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In summary, eq. (2.19) shows the link between the surfactant concentration profile 

caused by diffusion-based boundary spreading and *C . While CP(y) is a continuous function, 

this model predicts that its first derivative, dCP/dy, displays a discontinuity point at *=y y  due 

to the sharp change in diffusion coefficient, see eq. (2.12), at this location. In chapter 4, result 

section 4.2, we will show a modification of the model to fit our experimental data. 
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  CHAPTER 3  

MATERIALS AND METHODS  

3.1 Materials 

We determine *C for three well-known surfactants in water at 25 °C. These surfactants 

are Triton X-100 (TX-100), as an example of a nonionic surfactant, sodium dodecyl sulfate 

(SDS), as an example of an ionic surfactant, and poly(oxyethylene) (4)-Lauryl Ether (Brij-30) 

to examine method sensitivity as this nonionic surfactant has a significantly low *C value. TX-

100 (647 g∙mol-1) and Brij-30 (362.55 g∙mol-1) were obtained from Sigma-Aldrich and SDS 

(288.37 g∙mol-1) was obtained from Merk. We also characterized the dependence of *C on salt 

type and concentration for the case of TX-100. The salts are sodium chloride (NaCl; 58.44 

g∙mol-1), sodium sulfate (Na2SO4; 142.04 g∙mol-1), and sodium thiocyanate (NaSCN; 81.07 

g∙mol-1), all obtained from Merck. Sodium thiocyanate was heated in an oven at 100 oC for 7 

hours and kept in a desiccator. The other materials were used as received without further 

purification. Deionized water was passed through a four-stage Millipore filter system to 

provide high-purity water (0.06S) for all the experiments.  

3.2 Solution Preparation 

In the case of Na2SO4, a binary salt-water stock solution was prepared due to salt 

hygroscopicity. Its composition was determined from density measurements and the known 

density-composition relation:78  

2 4

0

Na SO s

0 1.5 0 2 0 2.5

s s s

0.997045 0.129483( )

0.0086616( ) 0.0061207( ) 0.0007909( )

d m m

m m m m m m

= +

− − +
                               (3.1) 
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where ms is salt molality and m0 ≡1 mol/kg.  All other salts and surfactant solutions were 

prepared by weight using a Mettler-Toledo AT400 analytical balance. Molar concentrations 

were obtained from the density of solutions and reported molecular weights.  

3.3 Density Measurements 

All density measurements were made with a Mettler-Paar DMA40 density meter, 

thermostated with water from a large, well-regulated (±0.001ºC), water bath. The densitometer 

has a vibrating tube with the temperature controlled by a thermostat attached to a water bath 

that is 25.00±0.01°C. The solution density, d, is related to the period of vibration of the tube, 

Tv , by the following: 

2

vd A BT= +                                                                                                                                (3.2) 

where A, B are two instrumental constants. The determination of these constants is based on 

the period of two reference systems: air (dair = 0.00115 g cm-3) and water (dwater = 0.997045 g 

cm-3). An accurate value of the density of air was estimated by a state equation that shows 

dependence on the pressure, temperature (25.00 °C), and humidity. 

3.4 Boundary Spreading Experiments.  

All diffusion-based boundary spreading experiments were made with the high-

precision Gosting diffusiometer operated in its Rayleigh interferometric optical mode.76, 79-81 

A boundary-spreading experiment begins with the preparation of a sharp boundary (using a 

peristaltic pump) between a surfactant-water solution (bottom solution) and water (top 

solution) inside a vertical channel of a Tiselius cell (Figure 10a). For experiments with TX-

100 in the presence of salts, a surfactant-salt-water solution (bottom solution) is interfaced with 
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a salt-water solution (top solution) at the same salt concentration. Except for the Brij-30 case, 

all surfactant aqueous solutions exhibit higher density than the corresponding surfactant-free 

solutions, and they are therefore located at the bottom of the vertical channel to prevent 

convection.  

As diffusion occurs, boundary broadening occurs (Figure 10b). Experiments are completed 

before the boundary spreads throughout the diffusion channel so that the compositions at the 

two-channel extremities remain the same within the experimental error and the free-boundary 

condition applies. 

 

Figure 10. Diffusion-based boundary spreading between (a) two solutions within a Tiselius 

cell. (b) Concentration profile evolution, CP(x,t), as boundary spreads. (c) Interferometry 

pattern measured by Gosting diffusiometer. 

The light source used for generating the Rayleigh interference pattern is a He−Ne 

Uniphase laser with wavelength λ = 543.5 nm. A cell holder is located inside a water bath. The 

temperature of the bath was regulated (±0.001 °C) at 25.00 °C. The cell holder has the function 

to support a Tiselius cell, where diffusion occurs, and a mask, which consists of a double 

window. Here, the laser beam is split into two parts: one going through the diffusion channel 
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of the Tiselius cell and one passing through the water bath (reference channel). A pair of two-

cylinder lenses focus the diffusion channel onto the detector, where the Rayleigh interference 

pattern is observed and recorded (Figure 11).  

Figure 11. Scheme of Gosting diffusiometer operating in Rayleigh interferometric optical 

mode. 

If a homogeneous liquid (solution or water) occupies the entire diffusion channel, then 

a set of vertical parallel Rayleigh fringes will be generated. For liquid mixtures with a vertically 

nonuniform concentration, Rayleigh fringes shift horizontally as the refractive index inside the 

diffusion channel changes with vertical height. This gives direct information about the 

refractive index versus vertical position and leads to the determination of the surfactant 

concentration profile, as discussed below. 

Data from the Rayleigh interference patterns were collected with a linear charge-

coupled device (CCD) array (6000 pi els, 10 μm × 10 μm pi els), mounted vertically on a 

precision stage. For a given experiment, at least 10 interference patterns were collected at 

different times. For a given interference pattern, vertical positions along the recorded pattern 

were converted into the actual positions inside the diffusion channel, X, using the known 

magnification factor of 1.7108. Vertical positions were then converted into the corresponding 

reduced positions, Y ≡ X·(2t)−1/2, where t is the time at which the position was recorded after 
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the experiment start. The stage with this vertical array was stepped horizontally through the 

two-dimensional interference pattern to collect the data necessary to characterize a surfactant 

concentration profile.  

Data acquisition was controlled via computer, which also performed the subsequent 

data reduction. If one starts from a fringe location corresponding to the surfactant-free solution 

(CP = 0) inside the diffusion channel and vertically moves toward the surfactant solution (CP = 

Cmax) through the pattern, the horizontal shift of the fringe can be determined until becomes as 

large as the distance between two adjacent fringes. At this vertical position, one fringe is 

crossed. As the location of the initial surfactant solution is finally reached (CP = Cmax), a total 

of, J, fringes will be crossed. Note that the total number of fringes, J, is not an integer in general 

because it is directly proportional to the difference in refractive index between the surfactant 

solution and water. At a given reduced position, Y, a recorded fringe shift, j, is given by the 

sum of the number of fringes crossed and the fractional shift of a fringe. The vertical position 

associated with j = J /2 is set to correspond to Y = 0. 

To extract the corresponding surfactant concentration profile, CP(Y), we set CP/Cmax = 

j / J at any given Y. In other words, we assume that the solution refractive index is a linear 

function of surfactant concentration. This is an approximation since the refractive-index 

contribution of a free surfactant molecule is slightly different from that of a micellar surfactant 

molecule.73 Both approximations are not expected to affect the determination of *C within the 

method experimental error. An individual interference pattern obtained during a boundary-

spreading experiment can be separately analyzed for the determination of *C . Thus, the 

analysis of multiple interference patterns associated with a single experiment was used to 

extract the average and standard deviation of all *C  values extracted. 
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CHAPTER 4   

RESULTS AND DISCUSSION  

 

4.1 Boundary Spreading Characterization 

Representative concentration profiles, CP(Y), characterizing boundary spreading 

between micellar aqueous solutions and water are illustrated in Figure 12 A-C for TX-100, 

SDS, and Brij-30, respectively. The concentration gradients, dCP/dY, were numerically 

deduced from the CP(Y) curves. These are shown under the corresponding concentration 

profiles. 

 

Figure 12. Sigmoidal concentration profiles, CP(Y), are characterizing boundary spreading 

between a surfactant-water solution and water at 25 °C for TX-100 (A), SDS (B), and Brij-30 

(C). The bottom figures show the corresponding profiles of the concentration gradient, dCP/dY. 

Vertical dashed lines locate Y*, while the corresponding horizontal dashed lines locate *C . 

Solid curves are fit through the experimental data, which are discussed further below. 
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In the absence of micelle dissociation, the CP(Y) sigmoidal curves are expected to be 

described by CP = (Cmax/2)· [1+erf(DM
-1/2Y)].75 Correspondingly, first derivatives should be 

described by a centrosymmetric Gaussian function: dCP/dY = Cmax·(πDM)-1/2·exp(-Y 2/ DM)]. 

However, our experimental data of CP(Y) (see Figure 12, top) show a significant deviation from 

this behavior due to dilution-induced micelle dissociation. This deviation becomes especially 

noticeable when inspecting the corresponding dCP/dY profiles (see Figure 12, bottom). Here, 

we can observe an abrupt change in slope at a well-defined value of Y = Y*. This is then used 

to identify the value of *C  for the surfactant in the corresponding C(Y) curve (see dashed lines 

in Figure 12). Since experiments were designed such that *C  < Cmax/2, Y* is located on the left 

side of the maximum of dCP/dY. Note that a sharp slope change occurs between Y* and the 

location of the maximum at Y ≈ 0. Although the direct inspection of our experimental data is 

expected to give critical micelle concentrations by graphic interpolation, it is convenient to 

identify a mathematical expression that yields the value of *C  by applying the method of least 

squares to experimental data. This is described in the following section. 

4.2 Modified Pseudo-Phase Separation Model 

The basic theoretical model discussed in Chapter 2, Section 2.4, represents the starting 

point of this analysis. However, dCP/dY is predicted to exhibit a discontinuity point at Y = Y* 

according to the pseudo-phase separation model (see Chapter 2, Section 2.4), in disagreement 

with the experimental behavior in Figure 12 A-C.  This deviation, which makes the direct 

application of eqs. (2.19), (2.23), (2.24), in Section 2.4, to experimental data not practicable, 

is mainly related to a shortcoming of the pseudo-phase separation model. Indeed, it is expected 

that mass-action-law models82 more realistically describe the behavior of the diffusion 

coefficient as a function of surfactant concentration around Y = Y*. According to mass-action-
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law models, the diffusion coefficient DP(CP) in eq. (2.11) will exhibit an inflection point around 

C = *C .69-71, 83 Correspondingly, the gradient, dCP/dY, is expected to remain a continuous 

function at Y = Y*. However, the implementation of these models significantly increases 

mathematical complexity, making them also impracticable for our data analysis. Furthermore, 

even with a hypothetically exact thermodynamic description of micellization, the 

corresponding model for DP(CP) would remain approximate due to the assumption that 
1D  and 

MD  are constants, independent of concentration.73 Finally, in the case of ionic surfactants, the 

presence of the counterion further increases model complexity due to the common-ion effect, 

electrostatic dragging effects, counterion partial binding to micelles, and electrostatic and 

electrophoretic interactions.73, 84 Since we are specifically interested in the determination of 

*,C  it is practically convenient to retain the pseudo-phase separation model for non-ionic 

surfactants and introduce corrections that would make this model suitable for examining 

experimental data for both non-ionic and ionic surfactants. 

As a first modification to the pseudo-phase separation model, we impose that dCP/dY 

is a continuous function at Y = Y*. This is achieved by assuming that DP is a continuous function 

at C = *C  as expected from the chemical-equilibrium model. If we then set DP to be the same 

at y → y*- and y → y*+, eq. (2.20) (see Section 2.4) becomes a continuity condition for the 

concentration gradient: dCP/dy|y→y*
- = dCP/dy|y →y*

+, consistent with the experimental behavior. 

Correspondingly, eq. (2.23) must be replaced by: 

*2

M 1

*

*

1/2 1 11/2 *
M 1

1/2 *
max M1

1 erf ( )

1 erf ( )

 
 
 
 

−
− − −

−

 
 
 

+
=

− −

y
D DD yDC

e
C C D D y

                                                                               (4.1) 

In Figure 13 we show theoretical concentration profiles calculated from eq (2.19) with 

*C /Cmax =0.25 and 
1 M/ 10=D D . For comparison, we have applied both eq. (2.23) (dashed 
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curves) and eq. (4.1) (solid curves). We can see that CP(Y) for the modified pseudo-phase 

separation model smoothly changes around Y = Y*. Correspondingly, dCP/dY remains a 

continuous function at Y = Y*. Note that the slope of dCP/dY retains its discontinuity at Y = Y* 

as we can appreciate from the more rapid increase of dCP/dY after Y = Y*.  

 

Figure 13. Left, theoretical concentration profile, CP(Y), extracted from eq. (2.19) based on 

the modified model (eq (4.1); solid curve) with 1 M/D D  =10 and *

max/C C  =0.25. For 

comparison, the corresponding concentration profile of the basic model (eq. (2.23); dashed 

curve) is included. The right figure shows the corresponding profiles of the concentration 

gradient, dC/dY. Vertical dashed lines locate Y*, while the corresponding horizontal dashed 

line locates *

max/C C . 

Furthermore, we can see that an inflection point in the behavior of dCP/dY occurs at Y 

> Y* followed by a maximum, in qualitative agreement with the experimental behavior in 

Figure 12A-C. On the other hand, the dCP/dY curve generated from the basic pseudo-phase 

separation model exhibits a marked discontinuity at Y = Y* with dCP/dY sharply increasing. 

Moreover, the slope of dCP/dY (d2CP/dY2) even switches signs from positive to negative as Y 

increases. Due to this discontinuity point, the behavior of dCP/dY lacks the inflection and 

maximum points that emerged in the curve generated from the modified model.  
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The proposed modification alone Is not sufficient for a satisfactory application of the 

method of least squares to our data as it fails to correctly describe the magnitude and location 

of the experimental maximum of dCP/dY. This failure is also caused by a concentration 

dependence of DM, a problem that becomes especially important for ionic surfactants such as 

SDS. In this case, the counterion dragging effect on micelle diffusion, which is ignored in our 

model, makes micelle diffusion significantly increase with surfactant concentration.73, 84 To 

overcome this issue, a second modification is introduced in the model by revisiting eq. (2.24), 

which links yc (Y = 0) to y* (Y = Y*). We specifically generalize eq. (2.24) into: 

*

1/2 *
1/2 M

cM

max

1 erf ( )
erf ( ) 1

2 (1 / )

−
− −

= −
−

D y
D y

C C
                                                                                                             (4.2) 

Where we have introduced a new fitting parameter, α (with α =1 in eq. (2.24)). Replacing eq. 

(2.24) with eq (4.2) makes CP(Y) theoretical curves no longer satisfy the condition of C = Cmax 

/2 at Y = 0 in general. Thus, we chose to apply the method of least squares to experimental 

values of CP(Y) on the left side of the maximum of dCP/dY, ending around dCP/dY inflection 

point as shown by the solid curves in Figure 13A-C. On the other hand, the lowest experimental 

value of CP(Y) to be e amined was chosen to correspond to ≈5% of Cmax, to reduce errors 

associated with experimental noise. Furthermore, this lower limit significantly reduces 

deviations of experimental data from the theoretical behavior of CP(Y) in the case of ionic 

surfactants, for which a strong concentration dependence of D1 at very low surfactant 

concentrations is known73 to occur. Despite these two chosen boundaries, the number of 

experimental data points to be analyzed around the critical micelle concentration remains large. 

Extracted values of *C  for the three investigated surfactants are reported in Table 1. These are 
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in excellent agreement with the corresponding literature values 85-89 within the experimental 

error. 

Table 1. Values of *C  of surfactant-water solutions at 25 °C 

Surfactant Cmax/mM *C /mM 

SDS 32.00 8.03±0.06 a 

Brij-30 0.2551 0.051±0.002 

TX-100 1.689 0.236±0.008 

a Values of C* are averages of values extracted from different interference 

patterns. Corresponding errors are 2×standard deviations. 

 

 

4.3 Effect of Salt on Critical Micelle Concentration 

As mentioned in chapter 1, we are interested in studying diffusiophoresis of tyloxapol 

micelles. Hence, we were looking to determine the effect of salts on tyloxapol cmc. However, 

the very low cmc of this surfactant (an order of magnitude lower than our method detection 

limit) did not allow us to detect the cmc for this surfactant from the concentration profiles. 

Nonetheless, because tyloxapol ( see Figure 3) is an oligomer of triton X-100 (see Figure 7) 

we decided to study the effect of salt on TX-100 cmc.  This characterization is relevant to 

tyloxapol because of similarities in surfactant chemical structures (PEG groups). 

The precision of *C  data. (≈3% for TX-100) is sufficiently high that the effect of salt 

concentration and type on *C  could be successfully characterized in the case of this nonionic 

surfactant. We have specifically considered Na2SO4, as representative sulfate salt that will be 

used for the diffusiophoresis studies. Additionally, for completeness, we considered   NaCl, 

and NaSCN due to their relevance to the Hofmeister series.83, 90, 91  In this series, anions such 
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as SO4
2− display a great salting-out strength favoring the precipitation of water-soluble 

macromolecules such as proteins and PEG, whereas Cl− is regarded as a mild anion located 

approximately at the midpoint of the Hofmeister series, separating salting-out from salting-in 

anions such as SCN−. This ranking was also observed in the case of polyethylene glycol (PEG) 

in water,5, 92 which represents the hydrophilic group of TX-100. However, PEG hydrophilic 

groups are not expected to undergo major environment changes upon micelle formation. Thus, 

salt effects should be mainly caused by ion interactions with hydrocarbon groups. Based on 

this argument, micelle disaggregation shares more similarities with protein unfolding. Here, 

anions such as SO4
2− hinder protein unfolding and stabilize its native folded state while the 

SCN− anion should favor unfolding.71 For micelles, a salt-induced decrease ln C* corresponds 

to an increase in micelle thermodynamic stability.90  

 

Figure 14. The logarithm of critical micelle concentration, ln *C , as a function of ion 

concentration, for TX-100 at 25 °C in aqueous NaCl (circles), Na2SO4 (squares), and NaSCN 

(diamonds). Solid curves are fitting through experimental data. 
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Our experimental results of ln *C  are plotted in Figure 14 as a function of salt (S) 

osmolarity, S Sv C , where Sv  is the number of ions per formula unit and 
SC  is salt molar 

concentration. In the Na2SO4 and NaCl cases, ln *C  decreases as ion concentration increase 

with the salting-out effect induced by Na2SO4 being about three times larger than that induced 

by NaCl. On the other hand, the effect of NaSCN on ln *C  was found to be negligible within 

the experimental error. The determined effect of anion type on *C , which follows the 

Hofmeister series, is in good agreement with the literature.90 Extracted values of *C  for each 

salt are reported in Table 2. 

Table 2. Values of *C  of Triton-X100-salt-water solutions at 25 °C. 

Salt 
Cmax/mM *C /mM 

NaCl, 0.10 M 1.716 0.211±0.009 

NaCl, 0.20 M 1.708 0.205±0.005 

NaCl, 0.30 M 1.705 0.199±0.007 

NaCl, 0.45 M 1.537 0.174±0.009 

Na2SO4, 0.05 M 1.681 0.205±0.007 

Na2SO4, 0.10 M 1.687 0.184±0.005 

Na2SO4, 0.20 M 1.670 0.154±0.003 

Na2SO4, 0.25 M 1.702 0.146±0.003 

Na2SO4, 0.30 M 1.640 0.139±0.003 

NaSCN, 0.20 M 1.690 0.247±0.010 

NaSCN, 0.30 M 1.694 0.232±0.007 

NaSCN, 0.40 M 1.700 0.231±0.005 

NaSCN, 0.50 M 1.711 0.238±0.005 
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CHAPTER 5 

CONCLUSIONS 

 

Experimental one-dimensional concentration profiles, CP(Y), characterizing the 

spreading of the boundary between micellar aqueous solutions and water were successfully 

determined and analyzed for the determination of critical micelle concentrations, *C , in three 

surfactant cases (TX-100, SDS, and Brij-30). Position of *C can be identified by visual 

inspection of the corresponding concentration-gradient profiles, dC/dY (see Figure 12A-C). In 

the TX-100 case, CP(Y) was also characterized in the presence of a uniform salt concentration 

of Na2SO4, NaCl, and NaSCN.  

To precisely determine *C , a theoretical expression of CP(Y) was developed by 

considering the pseudo-phase separation model for non-ionic surfactants as a starting point. 

Modifications were then incorporated into the theoretical expression of CP(Y) allowing for 

limitations of the pseudo-phase separation model. This keeps mathematical complexity still 

adequate for applications to experimental data analysis of both non-ionic and ionic surfactants 

using the method of least squares. Due to model shortcomings, *C values are expected to be 

method dependent. Nevertheless, they were found to fall within the range of *C data reported 

in the literature. Within the framework of our method, the precision of the determined values 

of *C was found to be ≈3% and ≈0.01 g·L-1 represents the lowest value of *C  that can be 

detected by Rayleigh interferometry based on Brij-30 results.  

While Rayleigh interferometry was employed for the characterization of CP(Y) in our 

experiments, concentration profiles can be in principle also extracted using other techniques 

such as absorption spectroscopy. This work provides the foundation of diffusion-based 
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methods for the determination of *C . These are non-invasive, require single-sample 

preparation, and apply to both non-ionic and ionic surfactants. 

Finally, the cmc of tyloxapol could not be detected from the concentration profiles due 

to its cmc been too low (0.003 g·L-1). Nonetheless, tyloxapol is an oligomer of TX-100 and we 

can assume that Na2SO4 also reduces the cmc of tyloxapol. This allows us to neglect the 

amount of free surfactant present in solution for the diffusiophoresis studies. 

Future directions for this method are to characterize the cmc of mixed surfactant 

micelles. Mixed micelles allow to enhance the properties of the micellar system by combining 

more than one surfactant, potentially broadening their applications. 
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CHAPTER 6 

 THERMODYNAMIC THEORY BACKGORUND 

 

6.1 Ternary Colloidal Particle(P)-Salt(S)-Water(W) System 

The thermodynamic behavior of solutions plays an important role in the interpretation 

of diffusion and diffusiophoresis. Since micelles are colloidal particles, we review the 

thermodynamic theory of colloidal particles in water in the presence of salt in this chapter. We 

shall use the terms P, S and W to denote colloidal particles, salt and water (solvent), 

respectively.  It is also important to note that colloidal particles are electrically neutral and 

large compared to salt ions and water. 

Ternary systems can be described by four thermodynamic variables: pressure (p), 

temperature (T), and two composition variables such as molar concentrations of particles and 

salt, CP and CS. In our case, p and T are constant so they will be omitted to shorten notation. 

We will focus on the case in which concentration of colloidal particles is low (diluted 

suspensions of colloidal particles with volume fractions less than 1%), while there is no 

limitation on salt concentration.  

To describe the thermodynamics of ternary systems, we start with Gibbs free energy. 

The Gibbs free energy (G) of a ternary solution consisting of Pn moles of colloidal particle, n
S  

moles of salt, and n
W

moles of water can be expressed as:93 

P W P P W WS S S( , , )   = + +G n n n n n n                            (6.1)                                                                      
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The corresponding chemical potentials ( m j with j=P,S,W) then are: 

S W

P

P ,


 

  
 n n

G

n
                  (6.2) 

P W

S

S ,


 

  
 n n

G

n
                   (6.3) 

P S

W

W ,


 

  
 n n

G

n
                                                    (6.4)                                                                                          

The Gibbs-Duhem relation shows how changes in chemical potentials are related to 

each other: 

 P P S S W W 0  + + =n d n d n d                   (6.5)                                                                                                 

Since the chemical potential of a component in the mixture cannot change independently from 

the chemical potential of the other components, we need only two chemical potentials to 

describe ternary systems. In our case, we choose particle and salt chemical potential. We can 

express the system chemical potentials for the particle,
P , and for the salt, m

S
, as a function 

of particle concentration, 
PC , and salt  concentration

SC : 

0

P P S P P P P S( , ) [ln ln ( , )] = + +C C RT C f C C                 (6.6)                                                                          

0

S P S S S S S P S( , ) [ln ln ( , )]  n= + +C C RT C f C C                            (6.7)                                                                          
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where 
0

P  and m
S

0
 are the standard chemical potentials, 

Pf  and f
S
 are the activity coefficients 

for the particles and the salt, respectively, R is the ideal gas constant and n
S
correspond to the 

number of ions from the salt. In our case, n
S

= 3 for Na2SO4 and S 2n =  for MgSO4. 

Activity coefficients satisfy the ideal-dilute conditions: 

P S0, 0 P P Slim ( , ) 1→ → =C C f C C             (6.8) 

P S0, 0 S P Slim ( , ) 1→ → =C C f C C                                  (6.9)                                                                             

In the context of diffusion (see chapter 7, section 7.1), thermodynamic driving forces are linked 

to the first derivatives of chemical potentials. We therefore deduce expressions of first 

derivatives from (6.6) and (6.7): 

S S

P P
PP

P P P

ln
1

ln




     
  = +   

      C C

fRT

C C C
                                                          (6.10)                                                                                                          

P P

P P
PS

S S S

ln

ln




    
 =   

    C C

fRT

C C C
                            (6.11)                                                                    

S S

S S S
SP

P P P

ln

ln

 n


    
 =   

    C C

RT f

C C C
                 (6.12)                                                                  

P P

S S S
SS

S S S

ln
1

ln

 n


     
  = +   

      C C

RT f

C C C
                           (6.13)                                                               

It is important to note that SP  (see eq. (6.12)) and PS  (see eq. (6.11)) are mathematically 

linked to each other. To show this, it is convenient to introduce two new composition variables: 
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P P W
/m n n                    (6.14)                                                                                                                                      

S S W/m n n                                            (6.15)                                                                        

We then take the cross-derivative, 
PP S( )  mm of the particle chemical potential (eq. (6.3)): 

WSP
P

P

PS S ,


    
    

    
     

  
=

  
n nm

m

G

m m n
                  (6.16)

And substitute  Pn  with 
P Wm n (see eq. (6.14)) in eq. (6.16) to obtain: 

WSP
P

P

W PS S ,

1
    
    

    
     

  
=

  
m nm

m

G

m n m m
                            (6.17)                                                              

Following the same approach for the other cross-derivative, 
SS P( )  mm , (see eq. (6.3) and 

substituting 
S S W=n m n (see eq. (6.15)), we obtain: 

S P W
S

S

P W P S ,

1
   
   

    
     

  
=

  
m m n

m

G

m n m m
                          (6.18) 

The expressions in the square brackets in eqs. (6.17) and (6.18) are two mixed second-order 

partial derivatives of G that are equal to each other. This implies that 

SP

SP

S P

   
=   

    mm
m m

                              (6.19)                                                                                                 

Equation (6.19) is used to relate SP (see eq. (6.12))  to PS  (see eq. (6.11)) in the following 

way. We first write the total differentials for both chemical potentials: 
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S P

P P
P P S PP P PS S

P S

 
  

   
= + = +  

    C C

d dC dC dC dC
C C

                   (6.20)                             

S P

S S
S P S SP P SS S

P S

 
  

   
= + = +  

    C C

d dC dC dC dC
C C

                                                         (6.21)                                            

We then take four partial derivatives of P  and S  with respect to both 
Pm  and m

S
: 

S S S

SP P
PP PS

P P P


 

      
= +     

       m m m

CC

m m m
                                                                              (6.22)                                                          

P P P

SP P
PP PS

S S S


 

      
= +     

       m m m

CC

m m m
                                                                              (6.23)                                                      

S S S

S SP
SP SS

P P P


 

      
= +     

       m m m

CC

m m m
                                                                                (6.24)                                                             

P P P

S SP
SP SS

S S S


 

      
= +     

       m m m

CC

m m m
                                                          (6.25)                                                                          

At this stage, we need to find and expression for each / i jC m  ( , km k j ) in eqs. (6.22) to 

(6.25). This requires us to examine how the volume, V, of a ternary system depends on 

composition. We therefore write: 

P S W P P S S W W( , , ) = + +V n n n n V n V n V                                                                                          (6.26)  
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where,                                                                                              

S W

P

P ,

 
  

 n n

V
V

n
                                                                          (6.27)                                                                                  

P W

S

S ,

 
  

 n n

V
V

n
                                                                                        (6.28)                                                                                                                                 

SP

W

W ,

 
  

 n n

V
V

n
                                           (6.29)                                                                       

are the partial molar volumes of the three system components. Thus, molar concentrations can 

be written as follows: 

P P P
P

P P S S W W P P S S W

= = =
+ + + +

n n m
C

V n V n V n V m V m V V
                                                                 (6.30)                                                

S S S
S

P P S S W W P P S S W

= = =
+ + + +

n n m
C

V n V n V n V m V m V V
                                                             (6.31) 

We use these expressions of concentration (eqs. (6.30) and (6.31)) to take partial derivatives 

with respect to pm  and m
S

. Keeping in mind Gibbs-Duhem equation: 

P P S S W W 0n dV n dV n dV+ + =  or equivalently, P M S S W 0m dV m dV dV+ + = . We obtain: 

S

WP P P
P P2

P P P S S W P P S S W

1
(1 )

( )

 
= − = − 

 + + + + m

nC V m
V C

m m V m V V m V m V V V
                                   (6.32) 

P

S P WP
S P2

S P P S S W( )

 
= − = − 

 + + m

V m nC
V C

m m V m V V V
                                                                     (6.33)                                               
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S

S P S W
P S2

P P P S S W( )

 
= − = − 

 + + m

C V m n
V C

m m V m V V V
                                                                     (6.34)                                                                 

P

S S S W
S S2

S P P S S W P P S S W

1
(1 )

( )

 
= − = − 

 + + + + m

C V m n
V C

m m V m V V m V m V V V
                                    (6.35)                    

Substituting eqs. (6.32) to (6.35) into eqs. (6.22) to (6.25) allows us to write: 

S

WP
P P PP S P PS

P

(1 )


 
 

 = − −    m

n
V C V C

m V
                (6.36)                                                                       

P

WP
S S PS S P PP

S

(1 )


 
 

 = − −    m

n
V C V C

m V
                          (6.37)                                                                                  

S

S W
P P SP P S SS

P

(1 )


 
 

 = − −    m

n
V C V C

m V
                                                                       (6.38)                                                 

P

S W
S S SS S P SP

S

(1 )


 
 

 = − −    m

n
V C V C

m V
                                                                       (6.39) 

Finally, substitution of eq. (6.37) and (6.38) in eq. (6.19), which related PS with SP , yields: 

S S PS S P PP P P SP P S SS(1 ) (1 )   − − = − −V C V C V C V C                                                (6.40) 

Equation (6.40)  can be rearranged in the following way: 

SP PS PP
P P S S P S S P

SS SS SS

(1 ) (1 )
  

  
− = − + −V C V C V C V C                                                           (6.41) 
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Interestingly, the ratio SP SS/   in eq. (6.41) is a salt partitioning coefficient. Indeed, we can 

write: 

S S SP P P

SP S S S S S S

SS P S S P S P 

  

  

               
= = − = −          

               C C C C

C C C C

C C C C
                                     (6.42)

In the limit of P
0→C , eqs. (6.10) and (6.13)  reduce to: 

S S

PP P P
P

P P P P

ln1 1 1
1

       
  = + =   

      C C

f
C

RT RT C C C C
                                                       (6.43)                 

P P

SS S S S S S
S

S S S S

ln1
1

  n n     
  = + =   

      C C

f y
C

RT RT C C C C
                                                            (6.44)                                                                      

where  
P PS S 0 S S( ) lim 1 ( ln / ln )→

  +   C Cy C f C   is a salt non-ideality thermodynamic factor 

with 
S 0 S Slim ( ) 1C y C→ = . For many salts, S S

( )y C  can be calculated from available 

thermodynamic data on binary salt-water systems. 

Furthermore, in the limit of P 0→C , eq. (6.41) becomes: 

P P

SP PS S
0 S S 0 P S

SS SS S S

lim (1 ) limC C

V
V C V C

y

 

  n
→ →

 
= − + − 

 
                                                           (6.45) 

To shorten notation, it is convenient to introduce the following quantitites: 

P P

S

SP S
SP 0 0

SS P

lim lim






→ →

 
 = −  

 
C C

C
C

C
                                                                                    (6.46) 

P

PS
0

SS

lim





→ C                                                                                                                           (6.47) 
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P P S S S( / )n −V V V y                                                                                                                    (6.48) 

where SPC  characterized equilibrium salt distribution,   is a thermodynamic parameter that 

will be further discussed below and in section 6.2 and P PV V  is a good approximattion for 

coloidal particles because P SV V . This allows us to rewrite eq. (6.45)  in the following 

compact form: 

SP S S P S(1 ) = − +C V C V C                                                                                                         (6.49) 

Equation (6.49) is an expression that allows us to describe equilibrium salt distribution 

as the summation of two components that are essentially related to the particle partial molar 

volume and the thermodynamic parameter,  . 

In the remaing part of this section, we show that also   is a salt partition coefficient. If 

we introduce salt partitioning by employing Pm and Sm  instead of PC  and 
SC , we can use 

thermodynamic relations to show that: 

S P

P PS

S P P SS S S PS S P PP

P S S S S S S SS S P SP

( / ) ( / ) (1 )

( / ) ( / ) (1 )


   

   

   − −
= − = − = − 

   − − 

m m

m m

m mm V C V C

m m m V C V C
                                (6.50)   

In the limit of P 0→C , Eq (6.50) can be rearranged in the following way: 

P

S

S S S
0 S

P S S

lim
1



 →

 
= − + 

 − 
C

m V C
y

m V C
                                                             (6.51) 

The second term on the right side of eq. (6.51) is approximately equal to S SV C  while the first 

term is of the order of P SV C . Thus, the second term is relatively small because the molar volume 
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of small inorganic salts is small compared to that of colloidal particles. This implies that we 

can approximately write: 

P

S

S
0

P

lim



 →

 
 −  

 
C

m

m
                                                                                  (6.52) 

In section 6.2, we will explain how to interpret values of   by introducing a two-

domain model for particle-salt thermodynamic interactions. 

6.2 Two-Domain Model 

Within the sophistication of this model, the volumetric contribution of salt is ignored. 

Thus, the approximation in eq. (6.52) is removed and we directly write:94 

P

S

S
0

P

lim



 →

 
= −  

 
C

m

m
                                                                        (6.53)                                                                                            

In the two-domain model, a local domain, represented by the salt-water layer 

surrounding a globular colloidal particle, is in chemical equilibrium with a bulk domain, 

representing the salt-water remaining solution. Since the colloidal particle interacts with the 

salt ions and water molecules in their vicinity, the salt concentration in the local domain is 

different from that of the unperturbed bulk domain. If the salt concentration in the local domain 

is higher than in the bulk domain, then the number of salt ions is in excess compared to the 

bulk-domain composition. On the other hand, salt depletion implies that the number of salt 

ions are lesser compared to the bulk-domain composition. 

The composition of the local domain is linked to the composition of the bulk domain 

by introducing a partitioning coefficient *( )K : 
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* S W

S W

/

/

n n
K

C C

 
=                                                                                                                                 (6.54) 

where ¢n
S
 is the number of salt ions divided by Sn  and ¢n

W
 is the number of water molecules 

in the local domain. In eq. (6.54), C
S
 and C

W
are the salt and water concentrations in the bulk 

domain. If *K  > 1, salt preferentially interacts with the colloidal particle (preferential salt 

binding), while, if *K  < 1, water preferentially interacts with the colloidal particle (preferential 

hydration). The special case where * 0K =  means that salt is fully depleted from particle 

surface. 

We want to express eq. (6.53) as a function of *K . To achieve our goal, we consider 

the total number of moles of particles, salt and water in the ternary system: Pn , Sn  and Wn , 

and denote as *

Sn  and *

Wn  the corresponding number of moles in the binary salt-water bulk 

domain with: 

*

S S

*

W W

C n

C n
=                                                                                                                                      (6.55)                                            

In the limit of P 0→C , we can write: 

P P P

SS

*

S W SS S P

*0 0 0
W W W P W P

( / )
lim lim lim

( / )



→ → →

          
− = = =        

        
C C C

n n mn n n

n n n n n m
                                    (6.56) 

We use eq. (6.56) to determine the expression of    in the following way.  We first write the 

following mass balances: 

*
PS S S= +n n n n                                                                                                                                (6.57)                                
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*
W W P W= +n n n n                                                                                                                             (6.58)                                              

Substituing eq. (6.57) and (6.58) into eq. (6.56): 

P P

S

P

P

* * *

S W S S P S W W P

* *0 0
P W W W P W P

* * *

S S P W W P S

*0
P M W

* * * *

S W S S
S W* *0

P P W W

( / )
lim lim

( / )

lim

lim

C C

C

C

n n n n n n n n n

n n n n n n n

n n n n n n n

n n n

n n n n
n n

n n n n


→ →

→

→

  

−

− − − − − − − − − −

  + +
= − =  

 +   

  + +

− − − − − − −

= − =
 

 
 = + − − = 

 
− − − −

−

−

− − − −
*

*S S
S W W*

W W

( 1)
n C

n n n K
n C

−   = −− − − − = −

                                                    (6.59)             

We finally obtain: 

* S
W

W

( 1)
C

n K
C

 = − −                                                                                                                (6.60)               

Since Wn  and *K  cannot be separately determined, it is convenient to introduce the 

water thermodynamic excess as 
*

W W (1 )N n K −  and write: 

S
W

W

C
N

C
 =                                                                                                                             (6.61)                 

 The parameter WN  describes the number of water molecules in excess near a colloidal 

particle compared to bulk.95, 96 If salt is fully depleted in the local domain ( * 0K = ), then 

W WN n=  becomes the number of water molecules in the local domain. If the local domain has 

the same composition as the bulk domain (no preferential interaction, * 1K = ), then W 0N = . 

Finally, if salt preferentially binds to the colloidal particle ( * 1K  ), then W 0N   means that 
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there is a depletion of water molecules near the colloidal particle. The ratio C
S

/C
W

 in the limit 

where P 0→C  is: (V
W
C

S
) / (1-V

S
C

S
). If we ignore the volumetric contribution of salt, we can 

write S S1 1V C−   and W W1/C V . This leads to: 

 W W SN V C =                                                                                                                             (6.62) 

showing that   is approximately directly proportional to SC . Similarly, we can deduce from 

eq. (6.49), see Section 6.2, that ( )SP P S P W W SC V C V N V C + = +  is also approximately directly 

proportional to SC . These two thermodynamic parameters can be experimentally obtained 

from multicomponent-diffusion measurements at different salt concentrations. In Chapter 8, 

we link this thermodynamic relations   and SPC  shown in this chapter to diffusiophoresis and 

multicomponent diffusion in general. 

6.3 Spinodal Condition for Colloidal Solutions 

The thermodynamic stability of surfactant aqueous solution decreases in the presence 

of salts with salting-out properties. This ultimately leads to phase separation (cloud point) even 

in dilute solution of colloidal particles. Thus, it is important to examine the thermodynamic 

properties of a Particle(P)-Salt(S)-Water(W) system in the context of liquid-liquid phase 

separation (LLPS). In the isothermal phase diagram, LLPS is described by the binodal curve: 

P S( )C C , which separates the one-phase domain (low SC ) from the two-phase domain (high 

SC ). As we further increase salt concentration within the two-phase domain, phase separation 

from metastable (nucleation driven) becomes unstable (spinodal decomposition). The 

boundary separating metastability and instability domains is known as spinodal boundary.97, 98 
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Compared to binodal boundary, the spinodal boundary is more straightforwardly connected to 

chemical-potential derivatives and diffusion.   

According to thermodynamics, the determinant of the 2×2 matrix of chemical-potential 

derivatives, ,( / )
kij i j C k jC      (with i,j=P,S and k≠j), must be zero on the spinodal curve. 

PP PS

SP SS

0
 

 
=                   (6.63) 

For colloidal particles, one may equivalently examine thermodynamic behavior using osmotic 

compressibility instead of chemical-potential derivatives. The expression of osmotic 

compressibility is:  

S

P PC y

RT

 
= 

 
                 (6.64) 

where   is the osmotic pressure due to colloidal particles (not salt) and Py  is a non-ideality 

thermodynamic factor, with P 1y =  in the limit of P 0C →  at any salt chemical potential, S . 

We will now show that P 0y =  on the spinodal curve.  If we use the Gibbs-Duhem equation,  

P P S S 0d C d C d −  + + = , we obtain: 

S S

P P P P
P

P P

C
y

RT C RT
 

  



    
= =   

    
               (6.65) 

where P P PV C =  is particle volume fraction. The chemical-potential derivative SP P( / )C    

can be rewritten as: 

S S

PP PSS SPP
PP PS PP PS

SP SSP P SS SS

1C

C C
 

 
   

  

   
= + = − =   

    
                                               (6.66) 

If we replace eq. (6.66) in eq. (6.65), we obtain: 
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PP PS

SS P

SP SS P

RT
y

C

 


 
=                 (6.67) 

For a dilute solution of colloidal particles SS S S S/RT y C n  (see (6.13)) is different from zero. 

This implies that eq. (6.63) is equivalent to P 0=y . In chapter 8 section 8.5, we will relate the 

spinodal condition to particle diffusion. 
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CHAPTER 7  

DIFFUSION IN BINARY SYSTEMS BACKGROUND 

 

7.1 Brownian Motion 

The simplest case of diffusion in liquids is represented by diffusion of one colloidal 

particle through a solvent treated as a continuum. In the absence of external forces, the velocity 

of a colloidal particle is continually changing direction, as a result of random collisions with 

solvent molecules.99 Consequently, the colloidal particle pursues a complicated and irregular 

zig-zag path, described by the random trajectory specified by position, ( )r t , where t is time. 

When the particles are large enough compared to solvent molecules, this random motion is 

referred to as Brownian motion, after the botanist who first observed this phenomenon with 

pollen grains suspended in water.100  

The mean Brownian displacement, 2| |r  , of a particle from its original position after 

a time t allows us to introduce the Brownian mobility or tracer diffusion coefficient of a particle 

from a microscopic point of view. Specifically, the tracer diffusion coefficient of a colloidal 

particle, 0

PD  ( 2 -1m s ), may be defined as
0 2

P (1/ 6) lim ( | | / )tD r t→   . 

From a macroscopic point of view, diffusion describes the tendency for particles to 

migrate from a region of high concentration to a region of lower concentration and this is a 

direct result of particle Brownian motion. Diffusion is one of the transport phenomena that 

describes the net motion of colloidal particles under the influence of a macroscopic force, 

which we denoted here as the driving force, . In vacuum, a particle subjected to a force will 

accelerate, while a frictional force , will oppose the driving force in the presence of 
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surrounding media. In this case, a transport process such as diffusion can be thought to occur 

in a quasi-stationary regime in which the thermodynamic driving force equals the opposing 

frictional force. Since the frictional force is directly proportional to the particle drift speed, 

, we can write: 

                                                                                                                                     (7.1)                  

where f ( -1kg s ) is a proportionality constant called the frictional coefficient.  

The mechanical equilibrium condition, , implies that an ensemble of colloidal 

particles will move at a constant overall speed, known as drift velocity. From eq. (7.1), the drift 

velocity is: 

                                                                                                                                      (7.2)                                                                                                   

According to Stokes’ law for a rigid spherical particle (large compared to solvent 

molecules), the frictional coefficient is related to the particle hydrodynamic radius and the 

viscosity of the surrounding medium by: 

P6=f R                                                                                                                                   (7.3)                                                                            

where  is the fluid viscosity (e.g., viscosity of binary salt-water solution in the case of 

micelles), treated as a continuum, and 
PR is the Stokes hydrodynamic radius of the particle. In 

general, eq. (7.3) is employed also for non-spherical particles. In this case, there are well-

established models to convert Stokes radii extracted from eq. (7.3) into actual particle 

dimensions.   
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The macroscopic driving force of diffusion is the gradient of colloidal-particle chemical 

potential: , where Ñº (¶/ ¶x + ¶/ ¶y + ¶/ ¶z)  and P  is the particle chemical 

potential. In the limiting case of ideal-dilute solutions, we can neglect solute particle-particle 

interactions and write: 

m
P

= m
P

0 + k
b
T ln(C

P
C0)                                                                                                           (7.4)                                                         

where C
P

is the particle concentration, m
P

0  is the chemical potential in the standard state, bk  is 

the Boltzmann constant and C0  is the standard concentration (e.g., 1 M). We can differentiate 

eq. (7.4) at constant temperature and pressure and obtain: 

( ) P
P b

P




= − = −d

C
F k T

C
                                                                                                           (7.5)                                                             

After substituting eq (7.5) into eq (7.2), we write: 

                                                                                                                            (7.6)                                             

It can be shown that 
0 2

P (1/ 6) lim ( | | / )tD r t→    leads to 
0

P b /D k T f=  (Einstein’s 

equation). This implies that: 

0 P
P P

P

v
C

D
C


= −                                                                                                                     (7.7)                                                              

Diffusion is often described by employing particle molar flux, J
P

= A-1 dn
P
dt( ) (

-2 -1mol m s ), where A is the cross-section though which particles are diffusing (e.g., in m2
). 
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After multiplying this expression by /dx dx , we can relate flux to drift velocity, Pv  , and molar 

concentration, PC  by: 

                                                                                                                (7.8)                                                      

From eqs. (7.6)-(7.8) we can deduce Fick’s first law as J
P

= -D
P

0ÑC
P
. Here, the flux of a solute 

is parallel and directly proportional to its concentration gradient. Although Fick’s first law was 

deduced for colloidal particles at infinite dilution, this law is known to be valid also at finite 

concentration of colloidal particles and, in general for binary solute-solvent mixtures, 

independent of solute particle size. We therefore write: 

J
P

= -D
P
ÑC

P
                                                                 (7.9)                                                                              

Equation (7.9) also applies to binary salt-water mixtures (the subscript P is replaced by S in 

this case; e.g., SD  instead of D
P
). Note that D

P
 is often referred as mutual diffusion 

coefficient. Here, the term “mutual’ emphasizes that D
P
 not only describes solute diffusion in 

a given direction but also solvent diffusion in the opposite direction. This will be further 

examined in the following section.  

While eq. (7.9) (Fick’s first law) is generally valid,  
0

P b /D k T f=  (Einstein’s equation) 

with 
P6=f R  (Stokes’ law) can be used only for relatively large colloidal particles (e.g., 

micelles, vesicles, proteins and inorganic nanoparticles) at low concentration. In this case, we 

can write: 

0 b
P

P6

k T
D

R
=                                                                                                                                                       (7.10) 
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Equation (7.10) is important because it allows us to obtain particle size from diffusion 

coefficients provided that viscosity of particle surrounding medium is knows. It also 

qualitatively shows that the diffusion coefficient of a particle is expected to be significantly 

smaller than that of a cosolute with relatively low molecular weight. In our case, the diffusion 

coefficient of micelles is significantly smaller than that of inorganic salts. 

7.2 Reference Frames 

The drift velocity of solute particles can be defined only if a given reference frame is 

introduced. Hence, the flux, PJ , must be described with respect to a reference frame. This 

implies that diffusion coefficient in eq (7.9) also depends on the choice of reference frame. 

Since different reference frames lead to different values of diffusion coefficients, it is 

convenient to use reference frames that may be readily connected to experiments and theory. 

Hence, the volume-fixed (subscript V) and solvent-fixed (subscript W) reference frames are 

typically introduced.77, 101 

In the volume-fixed reference frame, is assumed that the fluxes of the components are 

defined with respect to center of volume of the system. For a binary system, this corresponds 

to the condition: 

W W P P( ) ( ) 0+ =V VV J V J                                                                                                               (7.11) 

The volume-fixed reference frame diffusion coefficients are experimentally determined 

because the center of system volume corresponds to the fixed center of the cell in which 

diffusion occurs. It is important to note that this correspondence is based on the (excellent) 

approximation that the total volume of the system does not change during diffusion.  
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We will now show that the solvent diffusion coefficient is equal to that of solute in the 

volume-fixed reference frame. If we insert the flux expression given by eq. (7.9) in eq. (7.11), 

we can write: 

W W W P P P( ) ( ) 0 +  =V VV D C V D C                                                                                                (7.12)                                                                                          

To relate 
WC with C

P
 we know that: 

W W P P 1+ =V C V C                                                                                                                          (7.13)                                                                                

Since W W P P 0+ =C dV C dV , from Gibbs-Duhem equation, eq. (7.13) gives: W W P P = − V C V C

. Thus eq. (7.12) finally yields: 

W P( ) ( )=V VD D                                                                                                                            (7.14)                                                                                                                           

Equation (7.14) implies that displacement of solute particle must be compensated by an 

equivalent displacement of solvent molecules: i.e., mutual diffusion. 

In the solvent-fixed frame, the average drift velocity of solvent molecules is set to be 

zero. Thus, the flux of the solvent is zero: W W( ) 0=J . The solvent-fixed reference-frame 

diffusion coefficients are more directly related to thermodynamics driving forces. Hence, it is 

convenient to relate the solvent-fixed reference frame with the experimentally accessible 

volume-fixed reference frame as shown below.  

 The velocity of the solute in the solvent-fixed frame is related to the velocities of the 

solvent and the particle in the volume-fixed frame by: 

P W P W(v ) (v ) (v )= −V V
                                                                                                               (7.15)                                                                                         

If we multiply eq. (7.15) by C
P

, we obtain: 
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P P W P P P W(v ) (v ) (v )= −V VC C C                                                                                                   (7.16)                                                                            

Based on eq (7.8), eq (7.16) can be rewritten in the following way: 

P
P W P W

W

( ) ( ) ( )= −V V

C
J J J

C
                                                                                                           (7.17)                                                                                                      

Using eqs. (7.9), (7.13), and (7.16) we obtain: 

( )PP
P W P P P W P

W P P

( ) ( )
1

 
 =  −  =  

− 

V
V

DC
D C D C C C

C C V
                                                              (7.18)                                             

We, therefore, conclude that:  

P
P W

P P

( )
( )

1
=

−

VD
D

C V
                                                                                                                      (7.19)                                                                   

From eq. (7.19), we can see that in the limit of ideal-diluted solution 
0

P W P P( ) ( )= =VD D D . In 

general, we have: P W P( ) ( ) VD D  because diffusion of solute particles in the solvent-fixed 

frame is measured with respect solvent diffusion occurring in the opposite direction. In the 

following chapter we are going to extend the diffusion theory to the case of ternary systems 

which will then allow us to introduce diffusiophoresis.  
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CHAPTER 8  

DIFFUSION AND DIFFUSIOPHORESIS IN TERNARY SYSTEMS BACKGROUND 

 

8.1 Diffusion and Fick’s First Law in Ternary Systems 

Fick’s first law can be e tended to ternary systems as follows: 

P PP P PS SJ D C D C− =  +                                                                                                             (8.1)                                                                 

S SP P SS SJ D C D C− =  +                                                                                                              (8.2) 

where PC and C
S

 are molar concentrations, and 
PJ  and J

S
 are molar fluxes of the colloidal 

particle and salt, respectively. The four ijD  (with i,j = P, S) are the ternary diffusion 

coefficients. To specify volume-fixed or solvent-fixed reference frames, we shall append the 

subscripts V or W, respectively, as shown in the previous section.  

The diffusion coefficients, PPD  and SSD , describe the flux of colloidal particles and 

salt, due to their own concentration gradients. These two coefficients are expected to be closely 

related to the corresponding binary diffusion coefficients, PD  and SD , associated with the 

binary colloid-water and salt-water systems, respectively. In the limit of P
0→C , we have: 

0

PP P S( )D D C→  and W SSP S( ( ))D D C→ . The coefficients, PSD  and SPD , are denoted as cross-

diffusion coefficients, with PSD  describing the flux of colloidal particle due to the 

concentration gradient of the salt, and SPD  describing the flux of salt due to the concentration 

gradient of the colloidal particle. In the limit of P
0→C , SP 0=D  because 

S 0=J .  
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For ternary systems, the solvent-fixed diffusion coefficients are related to the 

corresponding volume-fixed diffusion coefficients as in the case of binary systems. For PPD , 

we start with a velocity equation similar to eq. (7.16): 

 
P W P W(v ) (v ) (v )= −V V

                                                                                                                            (8.3) 

If we multiply eq (8.3) by P
C , we obtain: 

P P W P P P W(v ) (v ) (v )= −V VC C C                                                                                                       (8.4) 

Equation (8.4) can be then rewritten as: 

P
P W P W

W

( ) ( ) (J )= −V V

C
J J

C
                                                                                                                     (8.5) 

Substituting W(J )V  by W P W S S W(J ) ( ) (J ) ( )− −V VV V V V  , P W( )J  by eq (8.5), and 
P( )VJ  by 

PP P PS S( ) ( ) + V VD C D C   in eq (8.5) and solving for 
PP W( )D we obtain: 

P
PP W PP W PP S SP

W W

( ) ( ) ( ) ( ) = + + V V V

C
D D V D V D

C V
                                                                       (8.6) 

Since W W S S P P1= − −C V C V C V , we can finally write: 

PP W PP P P P S S P PP S SP( ) ( ) [ / (1 )][ ( ) ( ) ]= + − − +V V VD D C C V C V V D V D                                              (8.7) 

Following a procedure similar to that shown for deriving (8.7),  we can obtain the following 

other three relations: 

PS W PS P P P S S P PS S SS( ) ( ) [ / (1 )][ ( ) ( ) ]= + − − +V V VD D C C V C V V D V D                                               (8.8) 
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SP W SP S P P S S P PP S SP( ) ( ) [ / (1 )][ ( ) ( ) ]= + − − +V V VD D C C V C V V D V D                                               (8.9)          

SS W SS S P P S S P PS S SS( ) ( ) [ / (1 )][ ( ) ( ) ]= + − − +V V VD D C C V C V V D V D                                           (8.10)          

In our case, the solvent-fixed diffusion coefficients, which are more directly connected to 

chemical-potential derivatives, are calculated from experimentally accessible volume-fixed 

diffusion coefficients using (eqs (8.7)-(8.10)). The connection between solvent-fixed diffusion 

coefficients and chemical-potential derivatives will be examinated the following section. To 

alleviate notation, the subscript W will be omitted. 

8.2 Non-Equilibrium Thermodynamics 

In general, non-equilibrium thermodynamics provides the theoretical basis for 

understanding diffusion transport of multicomponent systems.102 Here, we will see that ternary 

diffusion coefficients (in the solvent-fixed reference frame) are linear combinations of 

fundamental thermodynamic (chemical-potential derivatives) and transport (Onsager transport 

coefficients) parameters.77, 103 For binary colloid-water or salt-water systems, we can write: 

P W PP P( ) − = J L                                                                                                                                    (8.11) 

WS SS S( ) − = J L                                                                                                                                          (8.12) 

where the PPL  and SSL  terms are fundamental transport parameters known as Onsager 

transport coefficients (in the solvent-fixed reference frame).104, 105 Note that eqs. (8.11) and 

(8.12) are consistent with Fick’s first Law with the difference that the driving force for 

diffusion, the chemical potential gradient, is explicitly employed. Combining eq. (8.6) and eqs. 

(8.11)-(8.12), we obtain: 
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P W PP PP( ) =D L                                                                                                                                 (8.13) 

WS SS SS( ) =D L                                                                                                                                             (8.14) 

Equations (8.11)-(8.12) can be extended to ternary systems in the following way: 

P PP P PSW S)(  − =  + J L L                                                                                                                     (8.15) 

PS SP SSW S)(  − =  + J L L                                                                                                                       (8.16)                                                                             

where the four Lij (with i,j = P, S) terms represent the Onsager transports coefficients for ternary 

systems. It is important to note that PS SP=L L ; this is known as the Onsager reciprocal relation 

(ORR) or, equivalently, as the third law of non-equilibrium thermodynamics. If we combine 

eqs (8.13)-(8.14) with eqs (8.15)-(8.16), we obtain: 

PP PP PP PW S SP( )  = +D L L                                              (8.17)                                                          

PPPS PS PW S SS( )  = +D L L                                                 (8.18)                                                           

PPSP SP SW S SP( )  = +D L L                                           (8.19)                                                                

SS SP PS SW S SS( )  = +D L L                                                                                                                           (8.20) 

These equations show that our four diffusion coefficients are linear combinations of chemical-

potential derivatives. In the next section, we are going to describe how the cross-diffusion 

coefficients, 
PS W( )D , is related to diffusiophoresis coefficient of a colloidal particle. The other 

cross-diffusion coefficient, 
SP W( )D , is related to another phenomenon known as salt osmotic 

diffusion. Salt osmotic diffusion will be introduced in subsection 8.3.2. 
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8.3 Diffusiophoresis and Salt Osmotic Diffusion 

In this section, we examine particle diffusiophoresis and salt osmotic diffusion by 

employing the formalism of non-equilibrium thermodynamics.  

8.3.1  Diffusiophoresis coefficient, PSD̂ .  

For a diluted solution, the particle drift velocity (in the solvent-fixed frame) is given by the 

following linear law: 5, 106, 107  

0 S
P P P PS

ˆv ln
RT

D C D
 

= −  + 
 

                                                                                                            (8.21) 

The term 
Pln C  describes the Brownian restoring entropic force acting against 

diffusiophoresis. The reduced diffusiophoresis coefficient, PSD̂ , which characterizes the 

relative magnitude of diffusiophoresis compared to particle Brownian mobility ( 0

PD ), is a 

proportionality constant linking the thermodynamic driving force of diffusiophoresis,
 
∇s, 

with resulting drift velocity, 
Pv . Note that ∇s/RT =vsys/Cs (see eq. (6.44)).6, 108 This 

description of diffusiophoresis is analogous to that of electrophoresis or sedimentation where 

an external electrical- or gravitational- potential gradient drives the motion of a colloidal 

particle due to it electric charge or mass. 

We are now going to show how PSD̂  is directly related to the thermodynamic parameter, 

g  , introduced in the thermodynamic section 6.1, by using eq. (8.15) . In this equation, there 

are two chemical-potential gradients, one for the salt and another one for the colloidal particle.  

We need to deduce the mathematical relation that allows us to substitute P in eq. (8.15) with 



62 

 

PlnC . To achieve our goal, we differentiate 
P P S( , )  C  as shown below:  

S P P

P P P
P P S P S PP P S

P S S

( , )



  
    

 

      
 =  +  =  +     

       C C

C C C
C

                                   (8.22) 

The term ( )
P

P S  
C

in eq (8.22) can be expressed as: 

P

PP

P SP PP

S S S SS

( )

( )

C

CC

C

C

 

  

  
= = 

   
                                                                                                                    (8.23)

where ( )
i

ij i j C
C    . In the limit where P 0→C , PS P/RT C =  and PS SS/  = (see 

thermodynamic section 6.1). We can then consider this limits to rewrite eq (8.22) in the 

following way: 

P P SlnRT C   =  +                                                                                                                      (8.24) 

After taking 
PPL  as a common factor in eq. (8.15), and considering that the particle drift 

velocity is P P Pv /= J C , we obtain: 

PSPP
P P S

P PP

v  
 

= −  +  
 

LL

C L
                                                                                                               (8.25)

Note that 
P

0

0 PP P Plim ( / ) /C L C D RT→ =  in eq. (8.25). If we then substitute eq. (8.24) into eq. 

(8.25) and define: 
P 0 PS PPlim ( / )C L L →= − , we obtain: 

0 S
P P Pv ln ( )

RT
D C


 

 
= −  + − 

 
                                                                                                  (8.26) 

Comparison of eq. (8.21) with eq. (8.26) allows us to realize that: 

PS
ˆ  = −D                                                                                                                                               (8.27) 
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Equation (8.27) shows that the diffusiophoresis coefficient is a difference between a 

thermodynamic parameter () and transport parameter ().  

We will now describe how we obtain the diffusiophoresis coefficient, PSD̂ , from 

experimental multicomponent diffusion coefficients. If we take eq. (8.18) for the cross-

diffusion coefficient PSD and divided it by PP SSL we have: 

P

PS PS

0
PP SS PP

W

S

P

S

Sl
)

i
(

m
C L

D L

L


 

 →
= + = −                                                                                                     (8.28) 

From eq. (8.28) we can see how the diffusiophoresis coefficient, PSD̂ , is directly related to the 

experimentally obtained cross-diffusion coefficient PSD . Furthermore, in the limit of P 0→C , 

we have: 

 

0

P P
PP SS S S

S

 =
C D RT

L y v
RT C

                                                                                                                     (8.29) 

Thus, the diffusiophoresis coefficient can be expressed as: 

P

PS S
PS 00

P S S P

W( )ˆ lim
C

C
D

C v y D

D

→
                                                                                                                   (8.30) 

where 0

PD  is the previously mentioned Brownian diffusion coefficient of the colloidal particle 

(tracer diffusion coefficient), in an aqueous solution at infinite dilution. The term y
S
 is a 

thermodynamic factor of the binary salt-water system (see eq. (6.44)). Both 0

PD  and y
S
 are a 

function of salt concentration, C
S
, at a constant temperature. Values y

S
(C

S
)  are available 

through the literature. Values 0

P S( )D C  can be obtained using dynamic light scattering (DLS, 

see chapter 11, section 11.2).109, 110  
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The 
PSD value, in eq (8.30), corresponds to the solvent-fixed reference frame. Because 

we experimentally measure PS( )VD (see Chapter 7 Section 7.2) , it is possible to calculate 

PS W( )D in the solvent-fixed frame diffusion coefficient through the following relation (see also 

eq. (7.19)): 

PS W PS S SS PS
S S W

P P S S P

( ) ( ) ( ) ( )
( )

(1 )

   
= + = +   

−   

V V VD D V D D
V D

C C C V C
                                                                  (8.31) 

We can rewrite eq (8.30) as: 

P

PS S
PS 0 0

P P S S

( )1ˆ lim V S

C

D V C
D

D C v y→

 
= +  

 
                                                                                            (8.32) 

where the �̅�S/α term represents a small positive correction accounting for the change from 

volume-fixed to the solvent-fixed reference frame, with �̅�S being the salt partial molar volume, 

α≡ 0

PD  /DS is a particle-to-salt diffusion ratio.  

8.3.2 Osmotic Diffusion Coefficient, SPD̂ .    

 

In this section, we are going to introduce another cross-diffusion phenomenon which 

is more directly related to particle-salt thermodynamic interactions. To introduce this 

coefficient, we begin by considering an equilibrium dialysis system. In equilibrium dialysis 

(see Figure 15), we have a ternary particle-salt-water solution inside a first compartment (left) 

in chemical equilibrium with a salt reservoir in a second compartment (right). The 

compartments are separated by a membrane permeable to salt and water only.  If the salt 

concentration is initially the same on both sides (Figure 15A), the existing concentration 

gradient of colloidal particles at the interface will introduce a corresponding gradient of salt 
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chemical potential. This, in turn, induces salt diffusion (salt osmotic diffusion) between the two 

compartments until the chemical potential of salt is the same in both compartments (Figure 

15B).  

 

At equilibrium, the net flux of salt is zero, S W( ) 0=J , and by applying this to eq. (8.16),  we 

can write: 

P
SP

0
SS

SP W

W

( )

( )
lim
C D

D
C

→
=                                                                                                                           (8.33) 

where CSP ≡ −limCP→0(CS/CP)S, is a thermodynamic coefficient93 characterizing equilibrium 

salt distribution along a static particle concentration gradient (see Section 6.1, eq. (6.49)). The 

subscript m
S
 describes that salt chemical potential is the same in both compartments. The 

negative sign in the definition of CSP ensures that this parameter assumes positive values in 

salting-out conditions. According to eq. (8.33), salt osmotic diffusion provides information on 

the thermodynamic component of particle diffusiophoresis.4, 6, 107 

It is important to note that diffusion can occur in the absence of membranes. 

Nonetheless, diffusion of relatively large colloidal particles is sufficiently slow in comparison 

      

Figure 15. Equilibrium dialysis setup with two compartments separated by a semipermeable 

membrane (dashed line). Colloidal particles (green spheres) are present in the left compartment 

only. (A) Initial salt concentration is equal in both compartments (uniform orange color). (B) The 

difference in particle concentration between the two compartments leads to salt osmotic diffusion 

from left to right (difference in color intensity between the two compartments).  
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with that of salt ions that we can expect eq. (8.33) to remain approximately valid even in the 

absence of membrane. Hence, the salt component virtually reaches equilibrium (Ñm
S

= 0) in 

the presence of an infinitely slower dissipating colloidal particle concentration gradient. It is, 

therefore, convenient to introduce the salt osmotic diffusion coefficient, SPD̂  as: 

P

SP
SP SP

0
SS

W

W

( )ˆ lim
( )C

D C
D

D

→
                                                                                                                                        (8.34) 

We can see in eq. (8.34) how SPD̂  is directly related to the cross-diffusion coefficient, SPD . 

This coefficient is approximately equal to a thermodynamic partitioning coefficient and 

describes how salt spatially distributes along a slowly dissipating colloidal particle gradient.  

Non-equlibrium thermodynamics can be used to rigorously link SPD̂  to SPC  without 

neglecting mobility of colloidal particles. If we take eq. (8.19) and divide it by L
SS

m
SS

, we 

obtain: 

SP SM PP

SS SS SS SS S

SP W

S

( ) L

L L

D  

  
= +                                                                                                                       (8.35) 

Multiplying the second term in eq. (8.35) by PP PPL L  we have: 

SP SP PP PP

SS SS SS PP

S

SS S

P

S

W( ) L L

L L L

D  

  
= +                                                                                                             (8.36) 

In the limit of  P 0→C , we know that 
SS SS SSS W( )DL D = =  (see eq. (8.14)). Thus, 

SP W SSS SS P W SS W SP( ) ( ) ( ) ˆ/ /L D DD D = = . Hence, the left-hand side term in eq. (8.36) 

corresponds to SPD̂ . The SP SS/  term on the right-hand side represents the partition 

coefficient described in the thermodynamic section 6.1 by eq. (7.45). Furthermore, since 
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0

PP PP SS SS P S/ /L L D D  = =  and SP PP/L L = − (defined in section 8.3.1), we can rewrite eq. 

(8.36) in the following way: 

SP SP S S P S
ˆ (1 )D C V C V C    = − = − + −                                                                                                 (8.37) 

where �̃�P ≡�̅�P−(nSyS)−�̅�S (see section 6.1) is experimentally accessible from density 

measurements. As previously mentioned, �̃�P=�̅�P is an excellent approximation because the salt 

molar volume is significantly smaller than �̅�P. In eq. (8.37),  the term, a l , is small compared 

to SPC , consistent with eq. (8.34). 

According to eqs. (8.27) and (8.37), measurements of SPD̂  and PSD̂  as a function of salt 

concentration allow us to extract the thermodynamic parameter  g (C
S
)  and the transport 

parameter l(C
S
). Since SPD̂  becomes a thermodynamic quantity in the hypothetical limit in 

which the micelle-to-salt diffusion ratio,  , is zero, the determination of SP S
ˆ ( )D C  (salt osmotic 

diffusion) is a prerequisite for understanding the thermodynamic component of particle 

diffusiophoresis PS S
ˆ ( )D C . 

As in the diffusiophoresis case, it is possible to calculate SP W SS W( ) / ( )D D  from the 

experimentally measured volume-fixed frame diffusion coefficient (see eq. (7.19)), through 

the following relation:  

P P

SP W SP S P

0 0
SS W SS S S

( ) ( )
lim lim

( ) ( ) 1

V

C C
V

D D C V

D D C V


→ →
= +

−
                                                                                                        (8.38) 

In this way, eq (8.34) becomes:  
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P

SP S P
SP

0
SS S S

( )ˆ lim
( ) 1

V

C
V

D C V
D

D C V


→
= +

−
                                                                                                        (8.39) 

In the next section, we revisit the preferential hydration model in order to obtain an expression 

for the  /  , which is important for understanding particle diffusiophoresis. 

 

8.4 Preferential Hydration Model for Diffusiophoresis 

In this section, we revisit the preferential hydration model in order to provide a physical 

interpretation for the transport parameter, . As a starting point, we consider the equilibrium 

two-domain model, described in the thermodynamic section 6.2, and modify it in order to 

consider diffusiophoretic transport. In the presence of diffusiophoresis, a slip surface boundary 

surrounding the particle becomes operational. As shown in Figure 16, it is expected that the 

local domain of the particle extends beyond its slip surface because only strongly interacting 

(larger than thermal energy) salt and solvent molecules can be dragged towards the surface. 

We, therefore, split the local domain into an inner local domain (I) enclosed by the slip surface, 

and an outer local domain (II), characterizing the fraction of the local domain beyond the slip 

surface.93, 94  

The composition of the inner (I) and outer (II) local domains are linked to the 

composition of the bulk domain by formally introducing partitioning coefficients, K ( I)
and 

K ( II)
, with: 

                                                                                                                                       (8.40) K ( I) =
n

S

( I) n
W

(I)

C
S
C

W
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K ( II) =
n

S

(II) n
W

(II)

C
S
C

W

                                                                                                                                    (8.41) 

where n
S

(I)
, n

W

(I)
, n

S

(II)
, and n

W

(II)
 are the salt and water number molecules in domains I and II, 

respectively. 

 

Figure 16. Schematic of spherical colloidal particle surrounded by the remaining solution: 

local inner domain (I), local outer domain (II), and bulk domain (left). Salt partitioning in the 

local domain (I) and (II) and the bulk (right). 

In general, it is expected that interactions between cosolute and particle are relatively 

weak in the outer local domain. In other words, we have  K(I) < K(II) because salt partitioning is 

expected to be more pronounced in the inner domain than in the outer domain. Water 

accumulation in the local domain (preferential hydration) corresponds to K(I) < K(II) <1, with 

K(I) = K(II) = 1 in the absence of salt partitioning, and K(I) = K(II) = 0 if salt is completely excluded 

from the local domain. Starting from 107: 

¢n
S

= n
S

(I) + n
S

(II)
                                                                                                                                          (8.42) 

¢n
W

= n
W

(I) + n
W

(II)
                                                                                                                                              (8.43) 

we can deduce that: 

Bulk

(I)

(II)

Particle Surface

N
S

(I) N
W

(I)

N
S

( II) N
W

(II)

C
S
C

W

Slip Boundary
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                                                                                            (8.44) 

Equation (8.44) is a generalization of eq. (6.62) from section 6.1. Note that the sign of g is the 

same as that of 1- K ( I) because the ratio (1- K (II) /1- K ( I) ) is expected to be positive. For 

example If K (I) >1 them also K (II) >1 and vice-versa. To derive the corresponding expression 

of l , we rewrite eq (8.25) in terms of the particle chemical potential gradient, and the transport  

coefficient as follows: 

0 SP
P Pv




 
= − − 

 
D

RT RT
                                                                                                                   (8.45) 

We now remark that the diffusing particle is the complex species ( I) ( I)

W S{P} P(W) ( ) n nS

, which includes the salt and solvent molecules within the slip surface (inner local domain). 

This will have an impact on the sign and physical meaning of l . In this model, we assume 

that the drift velocity is directly related to the chemical potential of {P}and that its dependence 

on the gradient of salt chemical potential comes entirely from the chemical potential of {P}. 

We therefore write:  
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{P}0

P Pv


= −D
RT

                                                                                                                                     (8.46) 

where  
(I) (I)

P W W S SP
    =  +  + n n . The Gibbs-Durham equation can be then used to 

write:  W W P P S SC C C   = −  −  , which yields:  
(I) (I)

P S W S W SP
( / )n n C C   =  + −   when 

P 0C → . According to eq. (8.40), (I) (I)

S W S W/n n C C−  is (I) (I)

W S W(1 ) /n K C C− − . Thus, eq (8.46) 

can be rewritten in the following way: 

(I) (I) S SP
P P W

W

v (1 )
 

= − − − 
 

C
D n K

RT C RT
                                                                                             (8.47)  

Comparison of eq (8.47) with eq (8.45) allows us to finally write: 

l = n
W

(I)(1- K ( I) )
C

S

C
W

                                                                                                                               (8.48) 

According to eq. (8.48), l  is positive in the presence of preferential hydration ( (I) 1K  ). In 

summary, eqs. (8.44) and (8.48) provide mathematical expressions for g and l . If we then 

take the ratio between eq (8.48) and (8.44), we have: 

l

g
= 1+

n
W

(II)

n
W

(I)

1- K ( II)

1- K ( I)

é

ë
ê

ù

û
ú
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= 1+
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(I)

é

ë
ê

ù

û
ú

-1

                                                                                              (8.49) 

Equation (8.49) shows that l / g  is related to the ratio between the water excesses in the inner 

N
W

(I) = n
W

(I)1- K (I)
 and outer N

W

(II) = n
W

(II)1- K (II)
 local domains. While a water excess may be 

significantly depending on the nature of both salt and colloidal particle, we expect this ratio 

exhibits a relatively weak dependence on solute chemical nature. 
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Finally, we can more simply express PSD̂  and SPD̂  as a function of the total excess 

water molecules N
W

, described in the thermodynamic section. Considering that 

N
W

º N
W

(I) + N
W

(II)
 and V

W
=1/C

W
, where V

W
 is the molar volume of water, eqs (8.44) and 

(8.48) become: 

g = (N
W

(I) + N
W

(II) )
C

S

C
W

= N
W
V

W
C

S
                                                                                                         (8.50) 

l = N
W

(I) CS

C
W

= N
W

(I)V
W
C

S
                                                                                                                         (8.51) 

(I)

W

W

N

N




=                                         (8.52) 

Substitution of eqs. (8.50)  and (8.51) into eqs. (8.27) and (8.37), allow us to also obtain: 

(I)

PS W W W S
ˆ ( )= −D N N V C                                                                                                               (8.53)                                                     

(I)P
SP W W W S

W

ˆ 
 

= + − 
 

V
D N N V C

V
                                                                                                  (8.54)                                              

From eqs. (8.53) and (8.54) we can better appreciate how PS S
ˆ ( )D C  and SP S

ˆ ( )D C  are related to 

the excess of water molecules in the inner and outer domains surrounding the colloidal particle 

(see Figure 16).  

8.5 Spinodal Condition and Diffusion 

In section 6.3, we examined the thermodynamic behavior of a ternary system on the 

spinodal curve. We are now going to connect multicomponent diffusion with thermodynamics 

of spinodal condition.97, 111 The 2×2 matrix of multicomponent diffusion coefficients in the 
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solvent-fixed reference frame, 
W( )ijD , is the product of the symmetric 2×2 matrix of Onsager 

transport coefficients, ijL , and the 2×2 matrix of chemical-potential derivatives, ij : 

PP W PS W PP PS PP PS

SP W SS W SP SS SP SS

( ) ( )

( ) ( )

 

 

     
=     

     

D D L L

D D L L
             (8.55) 

The same relation can extend to matrix determinants: 

PP W PS W PP PS PP PS

SP W SS W SP SS SP SS

( ) ( )

( ) ( )

 

 
=

D D L L

D D L L
              (8.56) 

Since the determinant of the Onsager transport coefficients is not infinitely large, (see eq. 

(6.63), section 6.3), we deduce that: 

PP W PS W

SP W SS W

( ) ( )
0

( ) ( )
=

D D

D D
                 (8.57) 

We can covert the solvent-fixed diffusion coefficients, W( )ijD , into the corresponding volume-

fixed diffusion coefficients, ijD , (see section 7.2) by using: 

PP PS PP W PS WP P P S

SP SS SP W SS WS P S S

( ) ( ) ( ) ( )1
det( )

( ) ( ) ( ) ( )1

V V

V V

D D D DC V C V
D

D D D DC V C V

 − −   
 =     

− −    
                     (8.58) 

This implies that: 

PP W PS W

P P S S

SP W SS W

( ) ( )
det( ) (1 )

( ) ( )

D D
D C V C V

D D
= − −                                 (8.59) 

If eq. (8.57) holds, then: 

P Sdet( ) 0D D D= =                  (8.60) 
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where 
PD  and 

SD  are the lower and higher eigenvalues of the diffusion-coefficient matrix (in 

the volume-fixed reference frame. If SS PP( ) ( )V VD D  and PS SP( ) ( ) 0V VD D  , we have: 

PP SS SS PP PS SP
P 2

SS PP

( ) ( ) ( ) ( ) 4( ) ( )
1

2 2 [( ) ( ) ]

V V V V V V

V V

D D D D D D
D

D D

+ −
= − +

−
                     (8.61) 

PP SS SS PP PS SP
S 2

SS PP

( ) ( ) ( ) ( ) 4( ) ( )
1

2 2 [( ) ( ) ]

V V V V V V

V V

D D D D D D
D

D D

+ −
= + +

−
                                 (8.62) 

Equation (8.60) leads to: 

P 0D =                    (8.63) 

S SS PP( ) ( )V VD D D= +                  (8.64) 

Finally, we can also verify that SS PP( ) ( )V VD D  and PS SP( ) ( ) 0V VD D   imply that 

PP P( ) 0VD D−  . After subtracting eq. (8.61) to PP( )VD , we obtain: 

SS PP PS SP
PP P 2

SS PP

( ) ( ) 4( ) ( )
( ) 1 1

2 [( ) ( ) ]

V V V V
V

V V

D D D D
D D

D D

 −
− = + −  − 

                       (8.65) 

In eq.(8.65), we can appreciate that the factor in parenthesis is positive because 

PS SP( ) ( ) 0V VD D  and PP P( )VD D=  when PS SP( ) ( ) 0V VD D = . In Chapter 11 Section 11.4, we 

will compare the calculated PD  with the experimentally obtained PP( )VD . 
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CHAPTER 9  

DIFFUSIOPHORESIS INTRODUCTION 

 

The phenomenon of diffusiophoresis has its origins from the work of Derjaguin on a 

related phenomenon known as capillary osmosis. This work theoretically demonstrated that 

within the diffuse section of an adsorption layer at a solution-solid interface, a phenomenon 

arises that is similar to that observed in capillary electrophoresis, but with the distinction that 

these phenomena did not depend on the gradient of an external electric potential, but upon the 

gradient of the chemical potential of a solute such as a salt.112 Specifically, a solution is 

observed to flow inside a capillary not only by imposing an electric potential difference 

between the two capillary extremities but also by establishing a solute concentration gradient 

without external electric field. Similarly, a colloidal particle in water not only can migrate in 

the presence of gradient of electrical potential (electrophoresis) but also in the presence of a 

gradient of chemical potential of a solute such as a salt (diffusiophoresis). Since the discovery 

of diffusiophoresis by Derjaguin in 1947, it is not until 50 years later that diffusiophoresis 

started to gain more relevance in the scientific community with 80% of the research regarding 

diffusiophoresis being done in the last 20 years, and over 40% of that research been 

consolidated in the last 5-7 years.  The current advances in microfluidic devices have especially 

contributed to experimentally observing how diffusiophoresis can be used to address a wide 

variety of real-life problems. A detailed literature review of diffusiophoresis studies in 

microfluidics is shown in ref 11. 

Depending on the surface properties of a colloidal particle (electrically charged or 

neutral) and the chemical nature of the cosolute (electrolyte or non-electrolyte), 
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diffusiophoresis in water can be caused by two mechanisms: electrophoretic and preferential 

hydration. 5, 107, 113 In the presence of electrolytes, the electrophoretic mechanism is the 

dominant cause of diffusiophoresis of charged particles at low salt concentration. In this case, 

particle transport is caused by an internal electric field emerging from the difference in mobility 

between salt counter-ion and co-ion (Figure 17A). On the other hand, the preferential hydration 

mechanism occurs for both charged and neutral colloidal particles at relatively high 

concentration of cosolute (electrolyte or non-electrolyte). In this case, particle transport from 

high to low cosolute concentration is caused by repulsive particle-cosolute interactions in 

water. Clearly, diffusiophoresis relates to particle hydrophilicity.  It is important to remark that 

preferential hydration mechanism is virtually the sole mechanism responsible for 

diffusiophoresis of neutral hydrophilic particles (Figure 17B).  

 

All diffusiophoresis studies found in the literature reported by other research groups 

focus on charge particles and no experimental report mentions about non-charged particles.4, 5, 

7, 13, 114-116 Recent studies regarding diffusiophoresis included applications on conducting 

droplets for drug delivery, 117-120 transport in and out of dead-end pore geometries for enhanced 

              

  ADIENT

  −   +

 

                          

SALT   ADIENT

Figure 17. (A) Electrophoretic mechanism: positively charged particle in the presence of NaCl 

concentration gradient. (B) Preferential hydration mechanism: neutral particle in the presence 

of a salt concentration gradient. 
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oil recovery,121, 122 continuous particle separation,123, 124 particle self-organization,125 

maintaining bacteria-free surfaces,11 stratification of drying films,126, 127 and self-propelling in 

active colloids.128-130 

As mentioned in Chapter 1, we are interested in the diffusiophoresis of PEG-based 

nanoparticles (tyloxapol micelles). Previous studies from our research group on free PEG 

chains represent an important reference point for understanding the diffusiophoresis of our 

PEG-based neutral colloidal particles. A recent study from our research group has shown that 

diffusiophoresis of free PEG chains131 can be induced in the presence of salting-out salts such 

as sodium sulfate (Na2SO4) and also sodium chloride (NaCl),6 or osmolytes like 

Trimethylamine N-oxide (TMAO).107 In these cases, diffusiophoresis is related to PEG 

preferential hydration and follows the Hofmeister series, analog to what is observed in the case 

proteins.92, 132 

As discussed in Chapter 8, preferential hydration represents the excess of water 

molecules near a colloidal particle relative to bulk water concentration. It quantifies 

macromolecule-cosolute repulsive interactions (salting-out strength), which are ultimately 

responsible also for aggregation and phase separation. In other words, PEG diffusiophoresis 

from high to low cosolute concentration is driven by the higher affinity of this macromolecule 

for water compared to cosolutes, in salting-out conditions.  

In Chapter 8 of this dissertation, we have shown that diffusiophoresis can be described 

in the context of multicomponent diffusion.106, 133-135 For example, the transport properties of 

a ternary PEG-salt-water mixture are characterized by a 2×2 diffusion-coefficient matrix, in 

which one of the two cross-term diffusion coefficients relates to PEG diffusiophoresis ( PSD̂ ) 
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while the other cross-term characterizes salt diffusion ( SPD̂ ) induced by PEG concentration 

gradients.6 This second transport mechanism, denoted as salt osmotic diffusion, is closely 

related to PEG-salt thermodynamic interactions and plays a central role in discerning the 

thermodynamic ( ) and transport (  ) components of salt-induced particle diffusiophoresis. 

Diffusiophoresis studies of neutral and globular PEG-based colloidal particles have not 

been reported. A well-known example of this type of material is represented by the non-ionic 

micelles formed by polyoxyethylene surfactants, which are regularly employed in the 

household, chemical, and pharmaceutical industries.136 We are therefore interested in 

determining salt-induced diffusiophoresis of these PEG-based micelles and how it compares 

to diffusiophoresis of free PEG chains.  

An important property of polyoxyethylene surfactants (and PEG) in water is the 

existence of a lower cosolute temperature (cloud point) in the surfactant-water phase 

diagram.111, 137, 138 The temperature dependence of the self-aggregation of nonionic surfactants 

is especially important since the head group interaction is essentially totally hydrogen bonding 

in nature. If a dilute solution of nonionic surfactants is heated, then above a critical temperature 

(or salt concentration) strong light scattering is observed, and the solution becomes cloudy. 

This temperature, at which cloudiness occurs, is designated as the cloud point, about which the 

surfactant aqueous solution phase separates. This separation is caused by an increase in 

micelle-micelle attractive interactions with temperature, and results in the formation of 

microdroplets (coacervates) at high surfactant concentration. Correspondingly, the mixture 

becomes visibly turbid 45. Although this phase transition is typically observed at high 

temperatures, cloud-point temperature decreases as the concentration of salting-out salts 

increases.139, 140 Hence, it can be observed at room temperature in the presence of a sufficient 
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amount of salt. Since salt-induced diffusiophoresis requires salting-out conditions, it is also 

important to examine this transport mechanism in the proximity of the cloud point.  

In this investigation, the tyloxapol micelle was chosen as a model PEG-based colloidal 

particle. Tyloxapol is a nonionic surfactant mostly used in marketed ophthalmic products and 

as a mucolytic agent for treating pulmonary diseases. It has also been investigated as a nano-

carrier for ophthalmic and anti-tubercular drug delivery.140-142 Tyloxapol is essentially an 

oligomer of octoxynol 9 (Triton X-100). Its micelles are spherical colloidal particles with a 

diameter of 7 nm, and their size and shape do not change significantly for concentrations as 

high as 10% by weight according to cryo-transmission electron microscopy.142 Moreover, 

tylo apol has a critical micellar concentration of 0.0385 g∙L-1 in water at 25 °C.142 This value 

is much lower than that of Triton X-100 and is expected to further decrease in the presence of 

salts.68 This allows us to neglect the presence of free surfactants within our experimental 

domain. Finally, the cloud point of aqueous tyloxapol (0.5-5% w/w) is 93-94 oC but occurs at 

room temperature in the presence of a sufficient amount of salting-out salts.140 In summary, 

tyloxapol micelles represent a good model for neutral PEG-based globular nanoparticles that 

are stable in water due to a very low critical micelle concentration value.  

Previous work has established that unimer-micelle dynamic equilibration is fast enough 

to maintain chemical equilibrium along a diffusion path.143, 144 This implies that solute fluxes 

in the presence of their concentration gradients are successfully described by Fick’s diffusion 

laws because the condition of local chemical equilibrium can be applied. 73, 145, 146 

In the following sections, we experimentally determine the 2×2 diffusion-coefficient 

matrix for the ternaries tyloxapol-Na2SO4-water and tyloxapol-MgSO4-water systems at 25 °C 

at several salt concentrations. These data will allow us to characterize salt-induced 
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diffusiophoresis of tyloxapol micelles in the presence of two common sulfate salts, known to 

be strong salting-out agents,92 as shown in the Hofmeister series.147 Our experimental data 

were described using the preferential-hydration model discussed in Chapter 8. Interestingly, at 

high salt concentrations, micelle size was found to significantly increase with salt 

concentration. Since salt-induced aggregation may potentially affect micelle diffusiophoresis, 

we also developed a model that accounts for the observed increase in micelle size and evaluated 

contribution of salt-induced aggregation to diffusiophoresis of micelles. 
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CHAPTER 10 

 MATERIALS AND METHODS  

 

10.1 Materials 
 

Tyloxapol (BioXtra; 4.5 kg mol/l), sodium sulfate (Research Products International 

Corp, Na2SO4; 142.04 g/mol, purity 99.0%), magnesium sulfate (MgSO4; 120.40 g/mol, purity 

99.0%), and polyethylene glycol (PEG; 20 kg/mol) were purchased from Millipore-Sigma, 

Fisher Scientific, and Sigma-Aldrich respectively. These materials were used as received 

without further purification. Deionized water was passed through a four-stage Millipore filter 

system to provide high-purity water (0.06 S) for all the experiments.  

10.2 Solution Preparation 

Binary salt-water stocks solution (Na2SO4-water and MgSO4-water) were prepared due 

to salt hygroscopicity. Their composition was determined from density measurements and the 

known density-composition relations (see eq (3.1) for Na2SO4):
148  

4

0 0 1.5 0 2

MgSO s s s0.997045 0.122482( ) 0.0062708( ) 0.00342034( )d m m m m m m= + − −    (10.1) 

were ms is salt molality and m0 is 1 mol/kg.   

Tyloxapol-water stock solutions were prepared by weight using a Mettler-Toledo 

AT400 analytical balance. Slow stirring was used util complete dissolution (3h). Ternary 

tyloxapol-Na2SO4-water, and tyloxapol-MgSO4-water solutions were prepared by adding 

precise masses of the respective tyloxapol solution and salt stock solution to flasks and then 

diluted with pure water to reach the final target concentrations. To determine molar 

concentrations, solution densities were measured with a Mettler-Paar DMA40 density meter, 
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thermostated with a well-regulated (±0.001 0C) water bath. Buoyancy corrections were also 

applied to weights (see Chapter 3, Section 3.3 for density measurement details). 

10.3 Dynamic Light Scattering 

Dynamic light scattering (DLS) is a technique that is used to determine the diffusion 

coefficient of colloidal particles in solution. Diffusion coefficients are obtained by measuring 

the temporal fluctuations of solution scattered intensity. DLS experiments were performed on 

a light-scattering apparatus at 25.0±0.1 °C built using the following main components: He-Ne 

laser (35 mW, 632.8 nm, Coherent Radiation), manual goniometer and thermostat (Photocor 

Instruments), multi-tau correlator, APD detector and software (PD4042, Precision Detectors). 

All solutions were filtered through a 0.02 mm filter (Anotop 10, Whatman) to remove 

dust and placed in a test tube. All measurements were performed at a scattering angle of 90°. 

The scattering vector, q = (4p n/)sin(q /2), was calculated using the laser wavelength of 

=632.8 nm and the refractive index of water, n =1.3314. To take into account the effect of 

salts on the refractive index, small corrections were calculated based on previously reported148 

refractive-index increments. The scattered-intensity correlation functions were analyzed using 

a regularization algorithm (Precision Deconvolve 32, Precision Detectors).6 All scattered-

intensity distributions were found to be monomodal and the corresponding z-average diffusion 

coefficient, DM, was calculated.109 

10.4 Rayleigh Interferometry 

Multicomponent diffusion coefficients were measured at 25.00±0.01 ºC with the 

Gosting diffusiometer operating in the Rayleigh interferometric optical mode.79, 149, 150 In brief, 

a typical diffusion experiment starts by preparing a sharp boundary between two uniform 

solutions of slightly different solute concentrations located inside a vertical channel with inside 
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width a = 2.5 cm (see Chapter 3, Section 3.4 for more description of the method). Rayleigh 

fringes shift horizontally as the refractive index inside the diffusion channel changes along the 

vertical position, x. This gives direct information about the refractive index, n(x). The 

difference in refractive index, n, between the two solutions is obtained from the total number 

of fringes, J, using n = J  /a. We obtain refractive-index profiles at fifty different values of 

time, t, during each experiment. The experimental refractive-index profile is then described by 

the normalized anti-symmetric function f(y) ≡ 2[n(y) -�̅�]/ Dn, where �̅� is the average refractive 

index between the two solutions, y ≡ x ∙t-1/2/2 and 0 ≤ f ≤ 1. 

 Note that the precision of a diffusion coefficient increases with the number of fringes, 

J. In most of our experiments, differences in concentration between the bottom and top 

solutions were chosen such that J ≈ 50.150 A minimum of two experiments is required for 

determining the four diffusion coefficients at a given set of mean mass concentrations. These 

two experiments must have different combinations of solute concentration differences across 

the diffusion boundary. To verify reproducibility, two other duplicate experiments were 

performed at each set of mean concentrations (see appendix A for solution preparation data).  

The four ternary diffusion coefficients in the volume-fixed reference frame, Dij, were 

obtained by applying a method of the non-linear least squares.151 Due to tyloxapol molecular-

weight polydispersity, a corrective procedure80 was applied to our ternary experiments to 

remove the contribution of polydispersity from the measured refractive-index profiles. This 

procedure is based on the n(y) profile determined by interfacing a bottom solution with 

tyloxapol concentration at 1.85 mM with a top solution at 0.15 mM in the absence of salt. 
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10.5 Cloud Point Measurements 

All e periments were performed by incubating samples (≈10 g) in a well-regulated 

(±0.001ºC) water bath at 25.0 ºC for about one hour. An exploratory set of tyloxapol-salt-water 

mixtures was initially prepared by weight, with tyloxapol and salt concentrations ranging from 

0.1 to 2.0 mM and 0.05 to 1.00 M, respectively. By visual inspection, it was determined that 

the cloud points were within the salt concentration range of 0.60-0.70 M (Na2SO4) and 0.85-

0.95 M (MgSO4) at all surfactant concentrations.  

To precisely determine the phase boundary, the second set of ternary mixtures was 

prepared with a salt concentration fixed at 0.70 M (Na2SO4) and 0.95 M (MgSO4) and 

tyloxapol variable concentrations, again ranging from 0.1 to 2.0 mM.  At this salt 

concentration, all mixtures were observed to be cloudy. Small amounts of water (≈0.02 g) were 

then added in series to each sample. A given water addition was followed by measurement of 

sample total weight, stirring, and incubation at 25.0 ºC. The minimum water amount yielding 

clear homogenous samples by visual inspection was used to identify the composition of the 

phase boundary. Note that after 24h of incubation Na2SO4 solutions remained clear (below the 

phase separation boundary composition). For MgSO4 solutions, cloudy samples were observed 

as low as 0.75 M, after 24h. Hence all experiments are performed in freshly prepared solutions.  

Cloudy samples were observed under a light microscope (Axioskop 40, Zeiss) using 

phase-contrast microscopy. Images were taken using a digital camera (Axiocam MRc, Zeiss) 

interfaced by a computer with software (Axiovision AC 4.5, Zeiss). 
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CHAPTER 11 

RESULTS AND DISCUSSION 

11.1 Isothermal Phase Diagram 

As mentioned in Chapter 1, salts affect surfactant properties such as cmc and cloud 

point. In Part I of this dissertation, we showed the effect of salt on surfactant cmc. In this 

section, our experimental results on the phase diagram (cloud point) of tyloxapol aqueous 

solutions in the presence of Na2SO4 and MgSO4 at 25 °C. This data allows us to identify the 

stability domain of one-phase ternary tyloxapol-salt-water liquid mixtures.  

The phase boundary is shown in the (CS, P) phase diagram of Figure 18A, where CS 

is salt molar concentration and P  is surfactant volume fraction. The latter is calculated by 

multiplying surfactant molar concentration, CP (based on tyloxapol molar mass of 4.5 kg/mol), 

by the known80, 152 tyloxapol molar volume of �̅�P=3.98 dm3·mol-1 (also based on the molecular 

weight of 4.5 kg·mol-1). Our experimental surfactant volume fractions range from 0.02% to 

0.7% in this study. 

Within our low volume fraction range (0.02% - 0.7%), clouding occurs at CS≈0.65 M 

(Na2SO4) and CS≈0.90 M (MgSO4) and weakly depend on P (Figure 18A). Our results are 

consistent with cloud points previously reported by Schott at relatively high tyloxapol 

concentrations.140 As shown in Figure 18B, these two salt concentrations approximately 

correspond to osmolarities of nSCS≈1.8 M (MgSO4)  and ≈2.0 M (Na2SO4). Thus, our cloud-

point results indicate that MgSO4 is a salting-out agent that is somewhat stronger than Na2SO4 

when data are compared with respect to total ion concentrations. 
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Figure 18.  Isothermal phase diagram of tyloxapol volume fraction (P) as a function of (A) 

salt concentration and (B) osmolarity, showing binodal phase boundary for MgSO4 and 

Na2SO4 Cases. (C) Phase-contrast microscope image showing formation of surfactant-rich 

spherical microdroplets. 

 

The surfactant concentration selected for the multicomponent-diffusion experiments is 

1.00 mM (based on tyloxapol molecular weight) or P = 0.4%. Note that the critical point for 

tyloxapol is estimated to be located at  P≈10%,138 which is well above our experimental P 

values. Thus, in our experimental conditions, sample scattering beyond the binodal curve is 

caused by a small amount of surfactant-rich phase. To confirm this description, a sample was 

prepared at CS= 0.7 M (Na2SO4) and P= 0.4% and then observed by phase-contrast light 

microscopy.  

As we can see in Figure 18C, this sample consists of spherical droplets with a diameter 

of ≈5 m, sparsely dispersed in the background liquid. The formation of surfactant-rich 

droplets is driven by salt-induced inter-micellar attractive interactions.111, 153 These interactions 

are responsible for strong thermodynamic non-ideality, which are expected to also affect 

multicomponent-diffusion properties of ternary surfactant-salt-water mixtures. From the 
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binodal curves, the maximum salt concentration in our diffusiophoresis experiments was 

selected to be ≈0.7 M.  In sections 11.2 and 11.3, our experimental results on the effect of salt 

on micelle diffusion coefficient and related hydrodynamic (Stokes) radius was experimentally 

determined using DLS.  

11.2 Effect of Na2SO4 concentration on Micelle Diffusion Coefficients and 

Hydrodynamic Radius  

In Figure 19A, we plot the DLS diffusion coefficient, DP (experimental values are 

reported in Appendix A1), as a function of surfactant volume fraction, P, ranging from 0.08% 

to 0.40%, at constant Na2SO4 concentrations, CS, ranging from 0 to 0.65 M, near surfactant 

cloud point (see Figure 18A for comparison). At the highest surfactant volume fraction of 

P=0.40%, we can see that increasing salt concentration from CS=0 to 0.65 M makes the value 

of DP to dramatically reduces, becoming, at 0.65 M, only 18% of its value in water. The 

observed trends are qualitatively consistent with previous studies performed on different 

surfactants in the presence of electrolytes79, 110, 143.  

A decrease in DP is a consequence of Na2SO4 salting-out effect and it can be related to 

both a change in micelle size (aggregation number) and an increase in inter-micellar attractive 

interactions.110, 154  The effect of salt concentration on inter-micellar interactions can be 

determined by using the linear relation, DP =
0

PD (1+KP), where the unitless normalized slope, 

K(CS), is known109 to decreases as inter-micellar attractive interactions increase. To assess the 

effect of salt over micelle size, at any given CS, 0

PD (CS) is converted into the corresponding 
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hydrodynamic radius, RP, using the Stokes-Einstein relation (see chapter 7, section 6.1, eq. 

(7.10)) for spheres109 and the known viscosity74 of the binary Na2SO4-water system. 

 

Figure 19. (A) DLS diffusion coefficient, DP, as a function of tyloxapol volume fraction, P, 

at constant sodium sulfate concentration, CS/M = 0 (○), 0.10 (∆), 0.20 (◊), 0.30 (∇), 0.45 (□), 

0.60 (×), 0.65 (+)at 25 °C. Solid lines are linear fits through the data. (B) Micelle hydrodynamic 

radius, RP (○), and slope, K (□), as a function of salt concentration. Curves are eye guides. 

In Figure 19B, we plot RP and K as a function of CS. According to experimental results, 

we can identify two regions based on salt concentration. For Na2SO4 concentrations up to 0.3 

M, we find that RP ≈3.5 nm is appro imately constant. Correspondingly, the value of K is 

observed to linearly decrease from +6 at CS=0 to -40 at CS=0.3 M. The positive value of K at 

CS=0 is consistent with inter-micellar interactions being repulsive109 in water. This is attributed 

to both steric interactions and hydrophilicity of PEG groups on the micelle surface. As CS 

increases, K becomes negative consistent with inter-micellar interactions becoming more 

attractive in salting-out conditions. 

At salt concentrations higher than 0.3 M, Rp starts to significantly rise, reaching the 

value of Rp=7.8 nm at CS=0.65 M. According to geometric considerations based on surfactant 
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molecular structure,154 large RP values require an increase in micelle ellipticity. Thus, the 

observed increase in RP may reflect micellar growth leading to the formation of relatively larger 

aggregates which is accompanied by a change in particle shape. In this salt concentration range, 

the value of K decreases more rapidly, becoming -135 at the highest salt concentration.  

11.3 Effect of MgSO4 concentration on Micelle Diffusion Coefficients and 

Hydrodynamic Radius 

We also determined DP (P,CS) in the MgSO4 case (experimental values are reported 

in Appendix A2). The observed behavior of our experimental (see Figure 20A) data follows 

the same trend observed in the Na2SO4 case (see section 11.2).  

 

Figure 20. (A) DLS diffusion coefficient, DP, as a function of tyloxapol volume fraction, P, 

at constant magnesium sulfate concentration at 25 °C. Solid lines are linear fits through the 

data. (B) Micelle hydrodynamic radius, RP (○), and slope, K (□), as a function of salt 

concentration. Curves are eye guides. 

In the case of MgSO4, the calculated RP from Stokes-Einstein equation (using known 

viscosity data155 on the binary MgSO4-water system) is approximately constant when CS < 0.5 

M, , with RP ≈3.5 nm. Correspondingly, the value of K is observed to linearly decrease from 
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+6 at C2=0 to -76 at CS=0.5 M. At salt concentrations higher than 0.5 M, Rp starts to 

significantly rise, reaching the value of Rp=6.7 nm at CS=0.70 M. In this salt concentration 

range, the value of K further decreases, becoming approximately -128 in the salt range 0.69-

0.7 M. 

11.4 Ternary Diffusion Coefficients  

In this section we report our experimental results on the ternary diffusion coefficients 

obtained from Rayleigh interferometry. Except for one composition, our data were obtained at 

the same tyloxapol concentration of CP=1.00 mM (P= 0.4%), which is sufficiently high to 

achieve satisfactory precision in our diffusion measurements (error of ≈5% or less). At this 

surfactant concentration, our mixtures are dilute micellar solutions (P<<1).   

In Table 3 and Table 4 we report our ternary diffusion coefficient data in the volume-

fixed reference frame for Na2SO4 and MgSO4, respectively. To alleviate notation, the 

subscripts “V” appended to diffusion coefficients (see Chapter 8) are omitted. At the highest 

Na2SO4 concentration (CS =0.64 M), the preparation of macroscopic salt concentration 

gradients required the use of slightly opaque samples. Nonetheless, the presence of a few 

dispersed micro-droplets did not significantly affect laser transmission through the diffusion 

cell and the precision of our interferometric measurements.  

For both salts, their main-term diffusion coefficient, DSS, is at least 10-fold larger than 

the surfactant main-term, DPP. This is consistent with micelles being significantly larger than 

inorganic ions. The surfactant main-term diffusion coefficient, DPP, significantly decreases as 

CS increases, for both salts. This is consistent with what we observed for 0

PD (CS) in section 

11.2 and 11.3.  
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Table 3. Ternary diffusion coefficients, Dij, in the volume-fixed reference frame at for the 

tyloxapol(P)-Na2SO4(S) aqueous system at tyloxapol molar concentration of CP=1.00 mM and 

25 °C. 

C2 /M DPP 

10-11 m2·s-1 

DSS 

10-11 m2·s-1 

DPS/CP 

10-11 m2·s-1·M-1 

DSP/ DSS 

0 6.96±0.01 - - - 

0.10 6.46±0.01 97.3±0.1 68±1 0.93±0.02 

0.20 5.85±0.01 91.3±0.1 64±1 1.83±0.03 

0.30 4.92±0.01 86.4±0.2 59±1 2.88±0.06 

0.50 2.74±0.01 78.1±0.3 54±2 5.51±0.05 

0.60 1.99±0.01 74.5±0.3 60±3 6.52±0.09 

0.64 1.68±0.01 73.5±0.3 56±3 6.70±0.08 

0.60 a 2.08±0.02 75.1±0.5 56±7 6.90±0.30 

                             a Tyloxapol concentration is 0.65 mM instead of 1.00 mM. 

Table 4. Ternary diffusion coefficients, Dij, in the volume-fixed reference frame at for the 

tyloxapol(P)-MgSO4(S) aqueous system at tyloxapol molar concentration of CP=1.00 mM and 

25 °C. 

 

 

 

 

 

CS 

/M 

DPP 

10-11 m2·s-1 

DSS 

10-11 m2·s-1 

DPS/CP 

10-11 m2·s-1·M-1 

DSP/DSS 

0 6.96±0.01 - - - 

0.10 6.33±0.02 58.5±0.1 59±1 1.18±0.15 

0.30 5.14±0.03 48.9±0.1 50±1 3.09±0.06 

0.50 3.51±0.02 44.2±0.2 54±3 5.57±0.06 

0.65 2.33±0.01 42.2±0.2 39±4 7.08±0.05 
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At CS=0.65 M, DPP becomes only 24% and 33% of its value at CS=0 for Na2SO4 and 

MgSO4, respectively. A significant decrease in DPP(CS) can be related to a corresponding 

increase in osmotic compressibility as the surfactant cloud point is approached (see chapter 8, 

section 8.6).111 In other words, micelle concentration gradients become less effective in 

dissipating surfactant-rich domains in the proximity of phase separation. 

On the other hand, it is important to note that the values of DSS are just slightly lower 

(Na2SO4:1.0-1.6%, MgSO4:1.5-2.6%) than those measured in the binary salt-water system at 

the same salt concentrations (diffusion coefficients of binary salt-water systems are reported 

in Appendix B1). This slight difference, which can be attributed to a small obstruction effect156 

exerted by the micelles on the diffusion of salt ions, indicates that micelles have a negligible 

effect on salt thermodynamic non-ideality.  

Based on eqs. (8.30) and (8.32) in chapter 8 (section 8.3), cross-term diffusion 

coefficients are reported as DPS/CP and DSP/DSS. Both coefficients, in all cases, are positive 

implying that micelle diffusiophoresis occurs from high to low salt concentration and salt 

osmotic diffusion occurs from high to low micelle concentration, respectively. At low 

surfactant concentration, DPS/CP and DSP/DSS can be assumed4 to be independent of CP, within 

the experimental error. Thus, they are used to calculate �̂�PS and �̂�SP according to eqs. (8.30) 

and (8.34) (see section 8.3) and their behavior will be further discussed in section 11.5. 

To rule out the presence of appreciable dependence of cross-terms on CP, ternary 

diffusion coefficients were also determined at the lower tyloxapol concentration of CP=0.65 

mM and CS=0.60 M (Na2SO4), where micellar osmotic compressibility is expected to 

significantly deviate from ideality even for dilute micellar solutions. Values of DPS/ CP and 

DSP/DSS at CS =0.65 mM (last row in Table 3) was found to be essentially the same as those at 
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1.00 mM and the same salt concentration within the experimental error. Hence, we assume that 

DPS/CP and DSP/DSS values are independent of CP, consistent with previous studies.4  

To further examine the behavior of DPP and its connection to surfactant cloud point, we 

consider the determinant of chemical-potential derivates: det()=PPSS -PSSP with 

ij≡(i/Cj)Ck (with i,j=P,S and k≠j). The condition of det()=0 defines the locus of the 

spinodal curve (see eq. (6.63), Chapter 6, Section 6.3), which represents the boundary between 

metastable and unstable domains inside the mixture miscibility gap. Note that this condition is 

equivalent to stating that (/CM)S=0, where  is the micelle osmotic pressure (see eq. 

(6.64), Chapter 6, Section 6.3).111  The condition, det()=0 , implies that the lower eigenvalue 

of the 2×2 diffusion-coefficient matrix, �̃�P is also zero (see Chapter 8, Section 8.5).157-160 Thus, 

we include the plot �̃�P as a function of salt concentration in Figure 21.  

In Figure 21, the behavior of �̃�P closely follows that of DPP, with DPP=�̃�P for the binary 

tyloxapol-water system (CS=0). Their difference, DPP-�̃�P, slightly increases with salt 

concentration. This is the mathematical consequence of DPSDSP>0 (see Chapter 8, Section 8.5). 

At CS=0.64 M, near the cloud point, �̃�P becomes 76% of DPP and only 18% of its value at CS=0. 

A simple linear extrapolation indicates that �̃�P = 0 corresponds to CS =0.75 M. This salt 

concentration, which is also included in the phase diagram (see Figure 18) estimates the 

position of the spinodal boundary at P = 0.4%. 
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Figure 21. The main-term diffusion coefficient, DPP (□), describing micelle diffusion due to 

its concentration gradient, and lower eigenvalue of the diffusion-coefficient matrix, �̃�P (●), as 

a function of sodium sulfate concentration, CS. A solid line is a linear fit through �̃�P data at CS 

=0.30 M and higher salt concentrations. 

11.5 Theoretical examination of Micelle Diffusiophoresis and Salt Osmotic Diffusion 

for micellar aqueous solutions. 

In this section, we examine micelle diffusiophoresis and salt osmotic diffusion 

revisiting the formalism of non-equilibrium thermodynamics discussed in Chapter 8, Section 

8.2. This is especially important to address the roles of micelle aggregation number and inter-

micellar interactions in dilute micellar solutions near surfactant cloud point. It is important to 

remark that PC  is here defined as the surfactant molar concentration based on the molecular 

mass of surfactant unimer (4.5 kg/mol for tyloxapol). In other words, the actual molar 

concentration of micelles is PC   divided micelle aggregation number. 

We start by first writing an expression for osmotic compressibility (see Section 6.3 in 

Chapter 6) that is relevant to micellar aqueous solutions: 

 
 
 

 



95 

 

S
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RT

 
= 

 
                 (11.1) 

where P S( , )m C  can be interpreted as an apparent micelle aggregation number, generally a 

function of surfactant concentration, PC , and salt chemical potential, S . For example, m  may 

increase with PC  due to inter-micellar interactions and with S  due to an increase in average 

micelle aggregation number with salt concentration, SC .  

If we use the Gibbs-Duhem equation at constant pressure and temperature, 

P P S S 0d C d C d −  + + = , we can rewrite eq. (11.1) replacing the osmotic pressure,  , with 

the surfactant chemical potential, P  (based on unimer molecular weight): 
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The differential of P P S( , )C   and eq. (11.2) can be then used to obtain the following 

expression for P , as:  
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Substitution of eq. (11.3) into eq. (8.25) yields: 
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LRT L
C m

mC L RT
             (11.4) 

Equation (11.4) is a generalization of eq. (8.21), which applies at finite surfactant 

concentrations and includes apparent micelle aggregation number, m . For surfactants in which 

critical micelle concentration is very small compared to experimental concentrations, 

extrapolations of thermodynamic and transport quantities at P 0C →  will practically yield 
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infinite-dilution values of micellar particles. Thus, the apparent micelle aggregation number 

can be rewritten as 

S

P P S

( )

( , )

m
m

y C




=                  (11.5) 

where ( ) (0, )S Sm m   is the infinite-dilution average micelle aggregation number and 

P P S( , )y C   is a thermodynamic factor, essentially describing inter-micellar interactions, with 

P S(0, ) 1y  =  and P 0y =  on the spinodal boundary. We can then rewrite eq. (11.4) in the 

following way: 
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            (11.6) 

Note that the factor multiplying S / RT  in eq. (11.6) is related to micelle diffusiophoresis 

and is independent of Py . In the limit of P 0C → , we know that 0

PP P P/RT L mC D→ . We then 

redefine: 
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m



→

 
  

 
                                                             (11.7) 

P

PS

0
PP

lim
C

L
m

L


→
 −                                                                                                                     (11.8) 

Substituting eqs. (8.39) and (8.40) in eq. (8.38) we recover our initial eq. (8.21). In this limit, 

we also note that eq. (8.35) becomes: 

SP
P

1
ln C

RT m m RT

  
=  +                  (11.9) 

and eq. (8.26) can be rewritten as: 
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0 SP
P Pv




 
− = − 

 
D m

RT RT
              (11.10) 

A micellar colloidal solution may be sufficiently diluted such that 

0

PP P( / )( / )RT m L C D , 
PP S( / )     Cm  and PS PP/m L L  −  are good approximations. 

However, it may still exhibit large osmotic compressibility (e.g., near the cloud point). This 

implies the thermodynamic factor, Py , is significantly smaller than one and cannot be omitted. 

In this case, eq. (8.26) should be replaced by: 

0 0S S
P P P P P P P PS

ˆv ln ( ) ln
 

 
    

−   + − =  +   
   

D y C D y C D
RT RT

          (11.11) 

In eq. (11.11), P Plny C  describes normal diffusion and PS S
ˆ /D RT  diffusiophoresis. Since 

yP decreases as spinodal boundary is approached (yP=0) at high salt concentrations, the 

diffusiophoresis term in eq. (11.11) becomes relatively more important compared to normal 

diffusion in the proximity of cloud point.  

For the salt osmotic coefficient, as in the case of diffusiophoresis, we need to address 

the roles of micelle aggregation number and inter-micellar interactions in dilute micellar 

solutions near surfactant cloud point. We, therefore, combine eq. (8.16) with 

S SP SS S( ) ( ) ( )W W WJ D C D C− =  +   to obtain (see also Chapter 8): 

SP SP PP SS SP

SS SP PS SS SS

( )

( )

W

W

D L L

D L L

 

 

+
=

+
             (11.12) 

We then rearrange eq. (11.12) in the following way: 

SP PS PP PP

SP SS PP SS SS

PS PP PSSS

PP SS SS

( )

( )
1

W

W

L L

D L L

L LD

L L

 

 





+

=

+

              (11.13) 
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where we have also replaced SPL  with PSL  (ORR). We then use the differential of P P S( , )C   

and eq. (11.2) to rewrite the thermodynamic factor, PP , in the numerator of eq. (11.13) in the 

following way: 

S S S

S MS SPP P P
PP P

P P S P P SS

1

C CC

RT
C

C C C C m RT


    


 

          
 = + = +        

           
                   (11.14) 

For diluted surfactant solutions, the terms PP PPL   and SS SSL   can be rewritten as: 

0 0 0PS SP PS SP
PP PP P P P P P P P P

P SS SS

1 1
( )L mC D C D y C D y

C m RT RT

   


 

   
 + = +    

   
        (11.15) 

SS SS SL D                  (11.16) 

where SD  is the salt diffusion coefficient of the binary salt-water system in the solvent-fixed 

reference frame. Thus, we have: 

PP PP
P

SS SS

L
y

L





                                                  (11.17) 

where 
0

P S/D D   is a mobility ratio. The denominator in eq. (11.13) reduces to: 

0

PS PP PS PS PSP P

PP SS SS SS S

1 1 1
L L L mC D

L L L D RT

 


+  +              (11.18) 

Thus, eq. (11.13) can be rewritten as: 

SP SP PS
P

SS SS PP

( )

( )

W

W

D L
y

D L





 +               (11.19) 

If we use the definition given by eq. (11.8) and define the preferential-interaction coefficient 

as 

S

S SP
SP

0
P SS

lim
C

C
C

C




→

 
 − = 

 
              (11.20) 
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We can then write: 

SP
SP P

SS

( )

( )

W

W

D
C y

D m


 −                (11.21) 

where the second term in eq. (11.21) is small compared to SPC . Thus, SP SS SP( ) / ( )W WD D C  

weakly depends on Py . 

Finally, in the limit of P 0C → , we can set P 1y =  and write: 

PSD̂  = −                 (11.22) 

SP SPD̂ C
m


= −                (11.23) 

In Part II Chapter 6, the preferential-interaction coefficient SPC  was linked to   by eq. (6.49)

. To consider micelle aggregation, number, we replace   with / m  and rewrite eq. (6.49) in 

the following way: 

SP S S S P(1 )


= − +C C V C V
m

                                                                                                          (11.24) 

where  �̃�P ≡�̅�P−(nSyS)−�̅�S/m ≈ �̅�P with �̅�P being the surfactant molar volume based on 

surfactant molecular weight. 

11.6  Effect of Na2SO4 and MgSO4 concentration on Micelle Diffusiophoresis and Salt 

Osmotic Diffusion 

The cross-diffusion parameters, DPS/CP in Table 5 (Na2SO4) and Table 6 (MgSO4) were 

converted into the corresponding diffusiophoresis coefficient, PSD̂ , eq. (8.32), by employing 

the mobility values, 
0

PD , extracted from DLS measurements and available108, 148 

thermodynamic data on aqueous Na2SO4  (Appendix C1) and MgSO4 (Appendix C2). On the 
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other hand, the salt osmotic diffusion coefficient, SPD̂  , was directly taken as equal to the ratios 

DSP/DSS in Table 3 (Na2SO4) and Table 4 (MgSO4). Values of PSD̂  and SPD̂  are reported in 

Table 5 for the Na2SO4 case and Table 6 for the MgSO4 case. Extracted values of CSP and /m 

are also included in Tables 5,6. The procedure to extract these thermodynamic parameters will 

be further discussed in the next section.  Furthermore, values of / m  will be used to determine 

water thermodynamic excess using the preferential hydration model (see Chapter 8 in Part II). 

Table 5. Diffusiophoresis, salt osmotic diffusion and related parameters for the tyloxapol-

Na2SO4 aqueous system. 

CS/M ˆ
PS

D  ˆ
SP

D  
0

PD  

10-11 m2·s-1 

 
SPC   / m  

0.10 0.46 0.96 6.92 0.0703 0.99 0.60 

0.20 0.95 1.88 6.66 0.0712 1.96 1.17 

0.30 1.56 2.96 5.82 0.0661 3.07 1.89 

0.50 3.76 5.61 3.87 0.0482 5.77 3.83 

0.60 6.72 6.61 2.94 0.0384 6.74 4.44 

0.64 7..83 7.08 2.56 0.0337 7.20 4.76 

 

Table 6. Diffusiophoresis, salt osmotic diffusion and related parameters for the tyloxapol- 

MgSO4 aqueous system. 

CS/M ˆ
PS

D  ˆ
SP

D /m 
0ˆ
P

D  

10-11 m2·s-

1 

 
SPC /m  / m  

0.10 0.52 1.23 7.04 0.1231 1.33 0.94 

0.30 1.72 3.23 5.85 0.1178 3.47 2.28 

0.50 4.02 5.76 4.53 0.0994 6.12 4.15 

0.65 5.71 7.26 2.84 0.0658 7.56 5.00 
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11.6.1 Micelle diffusiophoresis at low salt concentration  

We will first focus on the behavior of micelle diffusiophoresis and salt osmotic 

diffusion for Na2SO4 concentrations up to 0.3 M. Within this salt concentration range, micelle 

size can be assumed to be approximately constant (see section 11.2 and Fig. 19B for behavior 

of RP). Correspondingly, we may assume that micelles are colloidal particles with a fixed 

aggregation number within this salt concentration range. In Figure 22, we plot PSD̂  and SPD̂  

as a function of Na2SO4 concentration. Both coefficients linearly increase with CS and 

approach zero at CS=0 as expected6 for neutral colloidal particles (see Part II Chapter 8). 

Positive values of PSD̂  and SPD̂  imply that micelle diffusiophoresis occurs from high to low 

salt concentrations and salt osmotic diffusion occurs from high to low micelle concentration, 

respectively. 

 

Figure 22. Micelle diffusiophoresis coefficient, �̂�PS (●), and salt osmotic diffusion coefficient, 

�̂�SP (■), as a function of Na2SO4 concentration, CS. Solid lines are linear fits through the data 

with zero intercept. 
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The observed behavior of PS S
ˆ ( )D C  and PS S

ˆ ( )D C  requires that the thermodynamic and 

transport coefficients,  (CS) and (CS), must also linearly increase with CS with  (0) =(0) 

=0. To physically interpret this behavior, we will theoretically examine the behavior of  

PS S
ˆ ( )D C  and SP S

ˆ ( )D C  using eqs. (11.22) and (11.23) in section 11.4.  

The coefficient,  , can be then extracted from salt osmotic diffusion because SPD̂  is 

related to the preferential-interaction coefficient, CPS, (see eq. (11.20)), which is 

thermodynamically linked to   by eq. (11.24). We can then interpret the behavior of (CS) and 

(CS) by considering a hydration model previously described in Chapter 8. This 

thermodynamic parameter, which can be regarded as a constant, represents the number of water 

molecules near the colloidal particle in excess with respect to bulk per surfactant unit (Section 

8.4); it quantifies the cosolute salting-out strength. Satisfactory values of W can be directly 

obtained from SPD̂  data using �̂�SP≈CSP≈(�̅�P+W�̅�W)∙CS, making this parameter approximately 

independent of m. 

The ratio    is the second parameter that can be extracted from �̂�PS and �̂�SP data and 

can be regarded as a constant. Contrary to W, its value will appreciably depend on m. In our 

hydration model, eq. (8.77), represents the fraction of the inner local domain. The ratio of 

NW
(II)(1− K(II))  to NW

(I)(1− K(I))), which describes a reduction in water excess as we move from 

the inner to the outer local domain. It is expected to have a relatively weak dependence on 

cosolute chemical nature compared to W. Previous diffusiophoresis studies on PEG chains in 

water showed that W significantly depends on cosolute nature. 6, 107 Specifically, the water 

excess per ethoxy group was found to be 7.8, 2.4, and 5.7 in the presence of Na2SO4, NaCl, 
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and TMAO, respectively.6, 107 On the other hand, the corresponding values of   were all 

similar to each other ( =−). These results represent an important reference point for 

our analysis. 

To determine W and   from our data in Figure 22, we use the aggregation number 

value of m=7 based on previous light-scattering work from our research lab.152 Note that the 

value of m is somewhat small due to the oligomeric nature of tyloxapol. Indeed, this 

aggregation number corresponds to ≈50 Triton X-100 units. We obtain: W =332±13 and 

 =0.885±0.004 from our Na2SO4 data. If we assume that tylo apol consists of ≈50 etho y 

groups based on its chemical structure,142 we determine that this W value corresponds to a 

thermodynamic excess of 6.6 water molecules per ethoxy group. For comparison, the value of 

7.8 was extracted for PEG with the same salt.6 This reduction of 15% may be attributed to a 

somewhat reduced solvent-accessible area of micellar PEG chains compared to free PEG 

chains. In the case of , we essentially find the same value obtained for PEG with Na2SO4 

(0.884). This is consistent with this ratio being a weak function of particle chemical nature.  

As previously mentioned, the calculated value of   depends on m. If we set:  m=6 

and m=8, we obtain: / =0.866 and 0.900, respectively. If we set m=1 and ignore micelle 

formation altogether, we calculate  =0.16±0.03, which is considerably different from those 

previously reported. This analysis shows how the   value at  m=7 reflects the correct 

colloidal osmolarity of tyloxapol solutions.  

In the MgSO4 case, micelle size is approximately constant for salt concentrations up to 

≈0.5 M according to Figure 20B. We extract W =450±30 from our CSP data (Table 6). 

Correspondingly, we determined a thermodynamic e cess of ≈9 water molecules per etho y 
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group in the presence of MgSO4, which is higher than that of ≈7 extracted in the Na2SO4 case. 

Note that our comparison considers the difference in number of salt ions (nS=2 for MgSO4 and 

nS=3 for Na2SO4) because   is defined with respect to S, not CS. This trend is qualitatively 

consistent with cloud-point results showing that MgSO4 is a somewhat stronger salting-out 

agent than Na2SO4 (see Section 11.1). For tyloxapol in the presence of MgSO4, we determine 

 =0.89±0.03 with m=7. This result is also consistent with this ratio being a weak function 

of particle chemical nature. 

11.6.2 Diffusiophoresis and Salt Osmotic Diffusion near Surfactant Cloud Point 

In Figure 23, we plot the micelle diffusiophoresis coefficient, �̂�PS, as a function of Na2SO4 

concentration, CS, up to 0.64 M, near surfactant cloud point. Here, we can see that the behavior 

of �̂�PS(CS) exhibits a significant deviation from linearity, with a marked upward curvature, as 

CS approaches the binodal curve (see Figure 18).  

 

This behavior is related to the significant decrease in micelle tracer-diffusion 

coefficient, 
0

PD (CS), as CS increases, which is a consequence of the increase in micelle radius 

illustrated in Figure 19B. To confirm this, we calculate �̂�PS(CS) by using the same value of 
0

PD

(0) in water at all salt concentrations. As we can see in Figure 23, the recalculated values of 

�̂�PS(CS) linearly increases with CS, consistent with the behavior discussed at low salt 

concentration. A comparison of the two sets of data in Figure 23 shows that the value of �̂�PS 

near the cloud point is 2.6-fold larger than that linearly extrapolated from �̂�PS data at low salt 

concentration.  

 



105 

 

 

Figure 23. Micelle diffusiophoresis coefficient, �̂�PS (●, solid curve) as a function of sodium 

sulfate concentration, CS. Values of �̂�PS (○, dashed curve) calculated using the same micelle 

mobility, 
0

PD (0), instead of DP(CS) for all salt concentrations are included. Curves are fit 

through the experimental data. 

In Figure 24, we plot salt osmotic diffusion coefficient, �̂�SP, as a function of Na2SO4 

concentration, up to 0.64 M. For comparison, we also show the corresponding values of salt 

partition coefficients, CSP. These are just 2-4% larger than �̂�SP, illustrating that this transport 

coefficient is essentially a thermodynamic quantity. Both quantities exhibit a slight upward 

curvature at high CS, corresponding to a moderate increase of ≈20% in the value CSP/CS near 

the cloud point. 

The observed growth in micelle hydrodynamic radius, RP, at high salt concentrations 

(CS>0.3 M) should reflect a corresponding increase in the aggregation number with salt 

concentration. Thus, the hydration model discussed in Section 8.4 may be potentially less 

accurate at high salt concentrations. Nonetheless, we tentatively use the value of 
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 = extracted at low CS to gauge the values of m at high CS. We find m≈9 at CS=0.5 M 

and m ≈13 at the highest salt concentrations, qualitatively consistent with micellar growth. 

 

 

Figure 24. Salt osmotic diffusion, �̂�SP (■, solid curve) as a function of sodium sulfate 

concentration, CS. For comparison, values of CSP (□, dashed curve) were calculated using eq. 

(11.24) are included. Solid curves fit through the data. 

 

In Figure 25 we show �̂�PS(CS) and �̂�SP(CS) for the MgSO4 case. As in the Na2SO4 case, 

the upward curvature in the behavior of �̂�MS(CS) is mostly related to the significant decrease 

of micelle mobility 
0

PD (CS) occurring at high salt concentrations as indicated by the behavior 

of RP(CS) in Figure 20. We also include the values of CSP using the aggregation number value 

of m=7.152 Values of CSP are found to be just 3-8% larger than �̂�SP, thereby showing again that 

�̂�SP is approximately a thermodynamic quantity.  
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Figure 25. Micelle diffusiophoresis coefficient, �̂�PS (●), salt osmotic diffusion coefficient, �̂�SP 

(■), and preferential-interaction coefficient, CSP (□) as a function of magnesium sulfate 

concentration, CS. Curves associated with �̂�PS (solid curve), �̂�SP (solid line) and CSP (dashed 

line) are fits through the data. 

For both salts, the observed increase in micelle hydrodynamic radius, RP, at high salt 

concentrations describes a salt-induced change in the surfactant aggregation state, which may 

also affect interpretation of micelle diffusiophoresis. In other words, micelle diffusiophoresis 

may not only be caused by preferential hydration but also by another fundamental mechanism 

arising from salt-induced aggregation. The description of this newly identified mechanism and 

its contribution to micelle diffusiophoresis will be further discussed in Section 11.7. 

11.7 Effect of Salt-induced Surfactant Aggregation in Micelle Diffusiophoresis 

We have used the preferential-hydration model to describe micelle diffusiophoresis in 

the presence of salt concentration gradients. However, this model, which assumes that micelles 

can be treated as fixed colloidal particles, is expected to be valid if micelle size is independent 

of salt concentration. As shown from our DLS results, we can identify a salt concentration 

range in which RP is approximately constant and a relatively high salt concentration range in 

 
 

 
 

 



108 

 

which RP significantly increases with CS. The observed strong upward convexity of RP / RP
0
 

indicates that salt is not promoting a stepwise growth in aggregate size but a substantial 

cooperative change in surfactant aggregation state. We can approximately describe this self-

assembly process by assuming that surfactant aggregation can occur in two distinct aggregation 

states in chemical equilibrium. At low salt concentrations, spherical micelles are more 

thermodynamically stable. As CS increases, micelle thermodynamic stability decreases due to 

preferential hydration. As a critical salt concentration, 
*

SC , is reached, a different aggregation 

state involving a relatively large number of surfactants unimers becomes thermodynamically 

more stable than the micelle.  

In other words, relatively large aggregates can better sustain harsh salting-out 

conditions. For instance, these aggregates may optimize contacts between PEG chains and 

reduce their exposure to salt ions by having a relatively large curvature radius compared to 

micelles.  Furthermore, according to geometric considerations based on surfactant molecular 

structure,154 surfactant aggregates that are large compared to micelles cannot be spherical. 

Indeed, an increase in micelle ellipticity occurs, thereby leading to the formation of worm-like 

aggregates with a thickness comparable with micelle diameter. Micelle (M) and the proposed 

worm-like aggregate (A) are illustrated in Figure 27.  

 

Figure 26. Spherical micelle (M) and worm-like aggregate (A). 

 

M A
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From a qualitative point of view, an increase aggregate concentration with CS should 

produce diffusiophoresis from low to high salt concentration. This corresponds to a negative 

contribution to the value of  �̂�PS(CS). To explain this mechanism, we consider two aqueous 

solutions in contact with each other with the same surfactant concentration but at different salt 

concentrations, as schematized in Figure 28. Since the extent of aggregation is higher in the 

compartment at high salt concentration, there exists a difference in micelle concentration 

causing micelle diffusion from low to high salt concentration. Correspondingly, there is also a 

difference in aggregate concentration responsible for aggregate diffusion in the opposite 

direction. However, this is less important because the mobility of aggregates is low compared 

to that of relatively smaller spherical micelles. Thus, the net effect is surfactant diffusiophoresis 

from low to high salt concentration.   

 

 
 

Figure 27. Aqueous surfactant solution at a low salt concentration (left side) in contact with a 

solution at a high salt concentration (right side). The salt gradient is portrayed as a color 

contrast for simplicity. Both solutions share the same surfactant concentration and the 

aggregate (elongated particle) on the right side corresponds to the mass of three micelles. The 

number of micelles on the left side is higher than that on the right side due to the aggregate 

formation. 
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Since it is not clear how salt-induced aggregation contributes to diffusiophoresis, this aspect 

will be further examined below quantitatively. Specifically, we have developed an aggregation 

model that properly describes the observed behavior of hydrodynamic radius.  

11.7.1 Aggregation Model 

In Chapter 2 (section 2.2), we described micellization as a chemical equilibrium 

between the surfactant unimers and the micelles. Here we introduce a mass-action model to 

include the contribution of large aggregates. Specifically, we assume that surfactant unimers 

(T) can reversibly make both spherical micelles (M) and larger aggregates (A) with well-

defined aggregation numbers.  

In our model, the micelle radius is a weighted average between micelle and aggregate 

radius. These equilibria can be described by considering the following reversible reactions:

T Mm  and T Aam , where m is the micelle aggregation number and a is the ratio of 

aggregate-to-micelle aggregation numbers. The total surfactant concentration is:  

P M1 A= + +C C mC amC                          (11.25) 

where 1
C , 

M
C , and A

C  are the concentrations of free surfactant (T), micelles (M), and 

aggregates (A), respectively. In principle, the fraction of aggregates and micelles becomes zero 

in the limit of  
P 0→C  as all surfactants should occur as free unimers at infinite dilution. 

Furthermore, dilution also favors micelles with respect to aggregates because aggregate 

formation requires a larger number of unimers compared to micelles. However, the range of 

surfactant concentrations in which disaggregation becomes favored may be sufficiently low 

that cannot be accessed experimentally. 
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Using a surfactant with a sufficiently low cmc, such as tyloxapol, we can neglect 1
C  in 

eq. (11.25) and assume that extrapolation to 
P 0→C  of experimental data yields 

physicochemical quantities that relate to micelles and larger aggregates but not to surfactant 

unimers. Thus, we approximate eq. (11.25) to: 

P M AC mC amC= +                (11.26) 

Correspondingly, the fraction of aggregated surfactant is: 

A A
A

P M A

a mC a mC
X

C mC amC
= 

+
              (11.27) 

while the fraction of micellar surfactant is A1− X . In our model, the increase in micelle 

hydrodynamic radius, P S
( )R C , is caused by an increase in AX  with salt concentration. Our goal 

is to determine a mathematical expression for 
AX . 

Micelle-aggregate chemical equilibrium can be described by: 

1
*

A P

M

a

a

C C

C m

−

 
=  

 
                (11.28) 

where 
* 1

P( / ) aC m −
 is the equilibrium constant, rewritten so that 

*

PC  is a critical surfactant 

concentration above which aggregates become favored with respect to micelles. We can then 

introduce the fraction of aggregated surfactant in eq. (11.28) and write: 

1

A M

*

A P1

a

X mC
a

X C

−

 
=  

−  
                          (11.29) 

To introduce the effect of salt concentration on micelle-aggregate chemical 

equilibrium, we assume that 
*

PC  depends on salt concentration, SC . Since salt promotes the 

formation of aggregates at high salt concentration, 
*

PC  must decrease as salt osmolarity 
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increases. This salting-out effect can be described by assuming that 
*ln C  linearly decreases 

as SC  increases: 

* 0* '

P P S Sln lnC C K C= −                                                 (11.30) 

where 
0*

PC  is the value of 
*

PC  in the absence of salt and the slope, 
'

SK , is as a salting-out 

constant. Within the framework of preferential-hydration formalism, 

' (M) (A)

S S W W W/ ( )n  −K N N V , where 
(M)

WN  and 
(A)

WN  are water excesses in the micellar and 

aggregate state, respectively. The positive parameters, 
(M)

WN  and (A)

WN , characterize how 

surfactant chemical potential in micelle and aggregate states increases with salt concentration.  

If the surfactant chemical potential in the micelle state increases more rapidly than that in the 

aggregate state (
(M) (A)

W WN N ), then 
'

S 0K  . This implies that there exists a salt concentration 

above which aggregates become more stable than micelles.  

Based on eq. (11.30), the ratio, 
*

M P/mC C  in eq. (11.29), can be now rewritten in the following 

way: 

'
SM M P P

A* * 0*

P P P P

(1 )= = − SK CmC mC C C
X e

C C C C
                        (11.31) 

We are interested in the behavior of eq. (11.31) in the limit of 
P 0C → . To ensure that 

AX  and 
*

M P/mC C  remain finite in this limit, we should interpret both 
*

PC  and 
0*

PC  as infinitely 

small with the ratio 
0*

P P/C C  being a finite quantity. We expect that 
0*

P P/ 1C C   as 

aggregates are negligible compared to micelles in water. However, as salt concentration 

increases, the factor 
'

S0*

P P( / ) SK C
C C e  increases thereby making the fraction of aggregates no 
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longer negligible. It is convenient to introduce a salt concentration 
*

SC  such that 

' *
S0*

P P( / ) 1SK C
C C e = . We can then rewrite eq. (11.31) in the following way: 

' *
S S( )M

A*

P

(1 ) SK C CmC
X e

C

−
= −              (11.32) 

This expression *

M /mC C  is then inserted in eq. (11.29) to obtain:   

*
S S S( )

A A(1 )
−

= −
K C CaX a X e                (11.33) 

with 
'

S ( 1) − SK a K . 

The chemical equilibrium condition between micelles and aggregates can be then 

written in the following way: 

*A
S S S

A

/
ln ( )

(1 )
= −

− a

X a
K C C

X
                                                                                                      (11.34) 

If the parameters a , SK  and *

SC  are known, eq. (11.34) can be numerically solved by 
AX  

using Newtown’s method starting from 
A 0=X .161 To establish that this model is consistent 

with the increase in the hydrodynamic radius, we need to have a mathematical expression for 

particle hydrodynamic radius, 
P S( )R C , together with one for the particle diffusiophoresis 

coefficient, 
PS S
ˆ ( )D C , and their relation to 

AX . This will be shown in the next section. 

11.7.2 Effect of Aggregation on Particle Hydrodynamic Radius and Diffusiophoresis 

To describe the effect of aggregation on surfactant diffusion, we assume simple Fick’s first 

law for individual diffusion of micelle and aggregate: 

M M M= − J D C                           (11.35) 

A A A= − J D C                (11.36) 



114 

 

where 
MJ  and 

AJ  are micelle and aggregate fluxes, and MD  and AD  the corresponding 

diffusion coefficients. According to mass balance (see eq. (11.26)) the total surfactant flux is 

given by: 

P
M A M M A A

J
J a J D C a D C

m
= + = −  −              (11.37) 

Assuming rapid equilibrium, the concentration gradients 
MC  and AC  can be related to PC  

and SC  by: 

S P

M M
M P S

P SC C

C C
C C C

C C

   
 =  +   

    
                       (11.38) 

S P

A A
A P S

P SC C

C C
C C C

C C

   
 =  +   

    
                        (11.39) 

Accordingly, eq. (11.37) becomes: 

P PP P PS S= −  − J D C D C              (11.40) 

where: 

S S

M A
PP M A

P PC C

C C
D m D ma D

C C

    
= +   

    
            (11.41) 

P P

M A
PS M A

S SC C

C C
D m D ma D

C C

    
= +   

    
            (11.42) 

The four partial derivatives that appear in eqs. (11.41)-(11.42) can be expressed as functions 

of AX . Since A P A( / )=aC C m X  and 
M P A( / ) (1 )C C m X= − , we can first write: 

S S

M A
A P

P P

(1 )

C C

C X
m X C

C C

    
= − −   

    
             (11.43) 
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S S

A A
A P

P PC C

C X
ma X C

C C

    
= +   

    
                        (11.44) 

P P

M A
P

S SC C

C X
m C

C C

    
= −   

    
                         (11.45) 

P P

A A
P

S SC C

C X
ma C

C C

    
=   

    
                                    (11.46)  

We can then deduce the expressions of 
SA P( / )CX C   and 

PA S( / )CX C   from eq. (11.33) 

reported below: 

S S

*
SA A A

S A

P P PA1

   
   
   

 
= − −

 − 
C C

dCX a X X
K X

C X C dC
                                                                   (11.47) 

P P

A A A
S A

S A S1
C C

X aX X
K X

C C

    
= − +   

 −    
                                                        (11.48) 

To determine 
*

S P/dC dC  in eq. (11.47), we observe that *

SC   is defined such that 

* 0*

S S P Pln( / )K C C C= − . This implies that 
*

S S P P( / ) ( 1)(1/ )K dC dC a C= − − . Thus, the final 

expressions of 
SA P( / )CX C   and 

PA( / )S CX C   are: 

S

A A A

P P A

( 1) (1 )1

1 ( 1)
C

X a X X

C C a X

  − −
= 

 + − 
             (11.49) 

P

A A A
S

S A

( 1) (1 )

1 ( 1)
C

X a X X
K

C a X

  − −
= 

 + − 
                        (11.50) 

Substitution of eqs. (11.49)-(11.50) into eqs. (11.43)-(11.46)  allows us to rewrite eqs. (11.41)

-(11.42) in the following way: 
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A M A A
PP

A A

(1 )

(1 )

X D aX D
D

X aX

− +
=

− +
              (11.51) 

S S A A
PS P M A

A A

( 1) (1 )
( )

(1 )

a K X X
D C D D

X aX

n− −
= − −

− +
                                            (11.52) 

assuming that A 1X  when S 0C = ,we have PP M=D D  in the absence of salt. In eq. (11.51) 

we can assume PP MD D  if A 1X . This condition is approximately achieved in the absence 

of salt ( S 0=C ).  

Since the hydrodynamic radius 
P S( )R C  is inversely proportional to PPD , we obtain: 

P A A

0

P A A

1

1 

− +
=

− + a

R X aX

R X a X
                         (11.53) 

where 
0

P P (0)R R  and 
A M/ a D D  is a mobility ratio. According to eq. (11.53), PR  increases 

with 
AX  when 1 a

. It is interesting to observe that the same expression of 
PR  can be 

obtained in dynamic light scattering by assuming that micelles and aggregates are not in 

chemical equilibrium. Indeed, Aa X  represents the light-scattering weight of the aggregates.  

To obtain the expression of the diffusiophoresis coefficient, PSD̂ , Equation (11.33) can 

be combined with eq. (11.53) as shown below: 

PS S A SA A
PS S

S PP P A A S

(1 )(1 )ˆ
1 a

D C KX X
D C

D C X aX



n  n

−−
= = −

− +
                       (11.54) 

To calculate PS S
ˆ ( )D C , we need to know the values of a , a , SK  and AX , with AX  obtained 

from  a ,  SK  and 
*

SC  using eq. (11.33). To reduce the number of parameters, we can set the 

value of a  equal to a few representative values: 10=a , 20 and 100  and calculate a  from 

a  by assuming that micelles are spheres and aggregates are prolate ellipsoids with minor 
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semiaxis equal to micelle radius, MR , and major semiaxis, A MR R . The diffusion-coefficient 

ratio can then be written as: 

A M

2 1/3

M A M( )
a

D R

D R R
 = =                                                                                                         (11.55) 

where   is the Perrin shape factor.162, 163 For a prolate ellipsoid, it is known that: 

22/3
M AM A

2
M AM A

1 1 ( / )( / )
ln

( / )1 ( / )

R RR R

R RR R


+ −
=

−
                                                                            (11.56) 

Assuming micelle and aggregate share the same density, the ratio of aggregate-to-micelle 

volume 
2 3

A M M A M/ /=R R R R R  is equal to the ratio of aggregate-to-micelle aggregation 

numbers, a . This leads to 

( )2

2

ln 1

1


+ −
=

−
a

a a

a
                                                                                                        (11.57) 

Thus, for a given value of a , a  is directly obtained using eq. (11.57). We then can use 

experimental data of P ( )SR C  to extract SK  and 
*

SC . Specifically, we combine eqs. (11.33) and 

(11.53) to write: 

*
S S S

*
S S S

( )

P A

0 ( )
P A

1 ( 1) (1 )

1 ( 1) (1 )

−

−

+ − −
=

+ − −

K C C a

K C C a

a

R a a e X

R a a e X
                                                                   (11.58) 

According to eq. (11.58), 
0

P P/R R  depends on two variables, SC  and AX , while SK  

and 
*

SC  being the two parameters to be determined. However, the set of values of AX  to be 

used on the right side of eq. (11.33) is initially unknown as they depend on  SK  and 
*

SC . We 

therefore can choose two approximate values of  SK  and 
*

SC , and calculate AX  at each 
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experimental SC  from eq. (11.33). Specifically, we can numerically solve eq. (11.33) using 

Newton’s method161 starting with 
(0)

A 0=X : 

*
2 2 2

*
2 2 2

( )( 1) ( 1)
( ) ( 1) A A
A A ( )2 ( 1) 1

A

(1 )

1 (1 )

−− −
−

−− −

− −
= −

+ −

K C Ci i a
i i

K C Ci a

X a X e
X X

a X e
 with 1,2,3,...=i                                (11.59) 

The method of least squares based on eq. (11.58) is then applied to P S A( , )R C X  data and new 

values of 
SK  and 

*

SC  are extracted. These are then used to recalculate the set of values of 
AX  

using eq. (11.59). This procedure is repeated until values of SK  and 
*

PC   remain the same within 

their statistical uncertainties. 

11.7.3 Application of Aggregation Model to Experimental hydrodynamic Radius 

 

In Figure 26, we show the normalized behavior of RP (CS) experimentally obtained in 

both MgSO4 and Na2SO4 cases, with RP
0
 being RP at CS =0. We can use the two-state model 

discussed in the previous section together with the experimental behavior of RP/RP
0
 shown in 

Figure 26 to quantitatively evaluate the role of salt-induced aggregation on diffusiophoresis. 

Since the formation of aggregates becomes appreciable only at high salt concentrations, we 

assume that XA<<1 at CS=0. After numerically solving eq. (11.59) for the chemical-equilibrium 

condition between micelles and aggregates, we can obtain XA(CS). 

To establish that this model is consistent with the observed increase in hydrodynamic 

radius, we used the mathematical expression for RP/RP
0
, see eq. (11.58) with three representative 

values of aggregate size, corresponding to a = 10, 20 and 100. We then apply the method of 

least squares to experimental RP/RP
0
 in order to extract the values of salting-out constant, KS, 

and critical salt concentration, 
*

SC .   
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Figure 28. Normalized hydrodynamic radius, RP/ RP
0
, as a function of salt concentration, CS, 

with RP
0
 being RP at CS =0 (Na2SO4, ●; MgSO4, ■). Curves are fit through the data based on 

Eqs. (11.57) and (11.58). Employed values of a are appended to each curve. 

 

In Figure 29, we include the best fits based on eq. (11.54) with three mentioned values 

of a. As we can see from this figure, theoretical curves reasonably describe experimental 

behavior. Note that the observed two-fold increase in RP/RP
0 

shown in Figure 27 will not be 

described well by eq. (11.58) if a is too small (a<10). This is related to the dependence of a 

on a, which is in general weaker than a ~a-1. The obtained values of KS and 
*

SC  are reported 

in Table 7 below for both salt cases.  

Table 7. Parameters extracted by applying the method least squares based on eq. (8.142). 

a  a  SK /M-1 (Na2SO4) 
*

SC /M-1 (Na2SO4) SK /M-1 (MgSO4) 
*

SC /M-1 (MgSO4) 

10 0.3008 19±3 0.72±0.02 16±3 0.89±0.03 

20 0.1846 15±2 0.91±0.03 13±3 1.08±0.08 

100 0.0530 12±2 1.3±0.1 11±3 1.5±0.2 
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The values of KS and 
*

SC  in Table 7 can be then used to calculate �̂�PS(CS) using eq. 

(11.54). As we can see from Fig. 29, calculated values of �̂�PS(CS) are small compared to the 

experimental values of �̂�PS. This analysis allows us to conclude that aggregation dynamics 

play a marginal role in surfactant diffusiophoresis compared to preferential hydration. 

 

 

Figure 29. Reduced diffusiophoresis coefficients, �̂�PS, as a function of salt concentration, CS, 

(Na2SO4, solid curves; MgSO4, dashed curves). Employed values of a are appended to each 

curve. 

11.8 Significance of Micelle Diffusiophoresis 

Altogether our results show that diffusiophoresis becomes the dominant diffusion 

mechanism responsible for the transport of micelles near cloud point. To assess the 

significance of diffusiophoresis, numerical simulations are generally needed. Nonetheless, 

there is a simple case in which diffusiophoresis can be examined. Specifically, we may 

consider a steady-state diffusion process that is appropriate for colloidal particles in the 
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presence of salt.6 As illustrated in Figure 30A, a horizontal tube positioned between x=0 and 

x=l is sandwiched between two reservoirs consisting of pure water (CS=0, left compartment, 

x≤0) and a binary salt−water solution (CS=CS
(max), right compartment, x ≥l), respectively.  

To cover our experimental salt concentration range, we set: CS
(max)=0.65 M. Two 

membranes, not permeable to colloidal particles, seal the two tube extremities. Hence, the 

condition, Pv =0, must be respected throughout the tube in steady-state conditions. In this case, 

we write: 

P

S

ln
= −

d C
w

dC
                                                                       (11.60) 

where w≡nSyS�̂�PS/CS.  In the absence of diffusiophoresis, w=0 and particle concentration, CP, 

inside the tube is uniform at C
0
P. 

In the presence of diffusiophoresis, a particle concentration profile, C
0
P(x), develops in 

steady-state conditions, with C
0
P =l−1∫

l
0CPdx. We approximate our experimental data on micelle 

diffusiophoresis to the function: w=w0=10 M-1 for CS ≤ Ĉ =0.4 M and w=w0+w’·(CS−Ĉ) with 

w’= 50 M-2 for CS ≥ Ĉ. Since the salt concentration profile can be described by CS=CS
(max)·(x/l), 

integration of lnCP with respect to CS, yields CP(x). 

Our results, which are described in Figure 30B, show that micelle concentration is 

enhanced (6.5-folder larger than C
0
P) and depleted (0.2% of C

0
P) near the left and right 

membrane locations, respectively. Note that logCP is also curving down towards the salt-water 

reservoir. This behavior is related to the upward curvature of �̂�PS(CS) as CS approaches the 

cloud point. This analysis shows a nearly quantitative displacement of micelles from the region 

with salt concentrations near the surfactant cloud point. 
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Figure 30. (A) The schematic diagram for examining particle diffusiophoresis in steady-state 

conditions. A tube of length l containing a micellar solution is connected to two salt reservoirs 

with salt concentrations CS=0 and CS=CS
(max)=0.65 M. The dashed line with a positive slope 

describes the salt concentration profile, CS= CS
(max)·(x/l). Vertical dashed lines at the tube 

extremities denote two membranes not permeable to micelles. (B) Logarithmic diagram 

showing particle concentration profile (CP/C
0
P, solid curve) as a function of position (x/l) inside 

the tube calculated using the w(CS) function reported in the text. The dashed horizontal line 

corresponds to w=0. 
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CHAPTER 12 

CONCLUSIONS 

 

Electrophoretic diffusiophoresis has been widely studied for charged colloidal 

particles.5, 9, 13, 164, 165 However, there is no e perimental studies regarding diffusiophoresis of 

non-charged particles.26, 28, 136 An important class of non-charged colloidal particles are those 

functionalized with hydrophilic PE  chains. For these particles, diffusiophoresis may be 

established based on PE  hydrophilicity not particle charge. Here we reported the first 

e perimental study on diffusiophoresis of a neutral PE -based globular particle. Specifically, 

we have successfully characterized diffusiophoresis of tylo apol micelles in the presence of 

two sulfate salts (Na2SO4, MgSO4), known to be strong salting-out agents.  

We e amined this transport phenomenon within the framework of multicomponent 

diffusion. We found that micelle diffusiophoresis occurs from high to low salt concentrations 

due to PE  preferential hydration for both sulfate salts. Furthermore, the obtain 

multicomponent diffusion data allowed us to characterize the salt osmotic diffusion, which is 

usually ignore in colloidal science, and crucial for unraveling the thermodynamic and transport 

components of the diffusiophoresis coefficient.  

We applied a preferential-hydration model to the data of diffusiophoresis coefficient 

and salt osmotic diffusion as a function of salt concentration. This allows us to determine the 

thermodynamic e cess of water molecules in the micelle local domain (Na2SO4 ~ 7 

H2O/etho y group, MgSO4 ~ 9 H2O/etho y group) and the inner domain fraction (Na2SO4 

0.884  = , MgSO4 0.89  = ). The latter parameter was found to be similar to values 

e tracted for free PE  chains in previous work within our group.6 This suggests that 
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diffusiophoresis of PE -based nanoparticles can be estimated from that of free PE  chains.  

Near the surfactant cloud point we found that micelle diffusiophoresis becomes the 

dominant mechanism due to a two-fold increase in micelle size and a large osmotic 

compressibility. This motivates us to do more systematic diffusiophoresis studies on any other 

neutral and charged colloidal particles near binodal curves. 

Dynamic light scattering results showed that micelle size significantly increases at high 

sulfate salts concentrations. A two-stage aggregation model was therefore developed to 

describe the effects of these salts concentrations on the Stokes’ radius of tylo apol micelles. 

E tracted parameters describing observed salt-induced surfactant aggregation were then use to 

theoretically calculate diffusiophoresis as a function of salt concentration, ignoring the 

contribution from preferential hydration. The magnitude of calculated negative values of 

diffusiophoresis were found to be small compared to the corresponding e perimental values, 

indicating that preferential hydration is the main mechanism causing micelle diffusiophoresis.  

 esult showed that concentration gradients of salting-out agents such as MgSO4 and 

Na2SO4 may be employed for achieving migration of PE -based colloidal particles such as 

those utilized as drug carriers and e tracting agents with applications in the fields of 

microfluidics,11 particle insertion into dead-end pores for enhanced-oil recovery,19 soil 

remediation,166 and diffusion-based controlled release technologies.22, 23 

Future work could include further study if the correlations observed between free PEG 

chains and PEGylated colloidal particles can be obtained for other types of polymers and their 

respective functionalized colloidal particles. Additionally, complementary studies of PEG-

based colloidal particles in the presence of other salts such as MgCl2 and CaCl2 should also be 

included. Indeed, we have recently reported that gradients of MgCl2 induce large 
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diffusiophoresis of proteins due the strong non-ideality thermodynamic factor of this salt.5 

Furthermore, it has been reported that divalent cations such as Ca2+ can form complexes with 

the ether groups of PEG chains of non-ionic micelles promoting a salting-in effect. 137, 167, 168 

Studies on diffusiophoresis with this type of salts would allow us to examine the effect of 

cation adsorption on neutral PEG-based colloidal particles on diffusiophoresis. Since cation 

binding induced a positive charge on colloidal particles, the electrophoretic mechanism 

mentioned in Chapter 9 (see Figure 17) is also expected to contribute to overall 

diffusiophoresis. Finally, an ongoing direction in our research lab is the development of 

devices that can use steady-state salt concentration gradients to induce diffusiophoresis of 

colloidal particles, with application to the separation of different colloidal particles based on 

charge or hydrophilicity.  
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APPENDIX A 

Table A1. DLS diffusion coefficients of tyloxapol in aqueous solutions of Na2SO4 at 25 ºC 

 0=
S

MC  0 10=
S

. MC  0 20=
S

. MC  0 30=
S

. MC  0 45=
S

. MC  0 60=
S

. MC  0 65=
S

. MC  

M
/ MC  11 2 1

M /10 m s− −D  11 2 1

M /10 m s− −D  11 2 1

M /10 m s− −D  11 2 1

M /10 m s− −D  11 2 1

M /10 m s− −D  11 2 1

M /10 m s− −D  11 2 1

M /10 m s− −D  

0.20 6.71±0.09 6.66±0.06 6.09±0.05 5.45±0.04 4.02±0.03 2.62±0.02 2.19±0.02 

0.40 6.73±0.04 6.57±0.02 6.10±0.08 5.27±0.01 3.56±0.01 2.19±0.01 1.81±0.01 

0.70 6.78±0.03 6.49±0.05 5.92±0.07 4.97±0.04 3.17±0.02 1.80±0.01 1.52±0.04 

1.00 6.82±0.02 6.39±0.03 5.80±0.02 4.74±0.02 2.67±0.01 - 1.11±0.01 

 

Table A2. DLS diffusion coefficients of tyloxapol in aqueous solutions of MgSO4 at 25 ºC 

 0=
S

MC  0 10=
S

. MC  0 20=
S

. MC  0 30=
S

. MC  0 50
S

. MC =  0 60=
S

. MC  0 69
S

. MC =  

M
/ MC  11 2 1

M /10 m s− −D  11 2 1

M /10 m s− −D  11 2 1

M /10 m s− −D  11 2 1

M /10 m s− −D  11 2 1

M /10 m s− −D  11 2 1

M /10 m s− −D  11 2 1

M /10 m s− −D  

0.20 6.71±0.09 6.76±0.05 6.22±0.05 5.55±0.03 4.23±0.03 3.03±0.02 2.26±0.02 

0.3 - - 6.19±0.05 5.43±0.01 3.93±0.03 - - 

0.40 6.73±0.04 6.68±0.05 6.06±0.05 5.38±0.01 3.80±0.03 2.54±0.01 1.92±0.01 

0.5 - - - 5.24±0.02 - - - 

0.70 6.78±0.03 6.59±0.02 5.88±0.02 5.15±0.02 3.51±0.02 2.15±0.01 1.58±0.01 

0.75 - - 5.85±0.02 - - - - 

1.00 6.82±0.02 6.50±0.03 5.80±0.02 - 3.25±0.01 2.02±0.01 1.44±0.01 

 

 0 71
S

. MC =  0 73
S

. MC =  

M
/ MC  11 2 1

M /10 m s− −D  11 2 1

M /10 m s− −D  

0.20 2.07±0.02 2.04±0.02 

0.40 1.75±0.01 1.84±0.01 

0.70 1.46±0.01 1.58±0.01 

1.00 1..35±0.02 1.45±0.01 
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APPENDIX B 

Table B1. Solution preparation data for the binary systems Na2SO4-water at 25 oC. 

Na2SO4 0.1 M 0.2 M 0.3 M 0.5 M 0.6 M 0.64 M 

3 1

0 (dm mol ) −
 1.00955 1.02209 1.03426 1.05831 1.07023 1.07443 

S
/MC  0.1000 0.1999 0.3000 0.4993 0.5982 0.6161 

S
M/C  0.057919 0.057740 0.057719 0.059629 0.056468 0.057567 

3

top
g dm/ −

 1.006017 1.018489 1.030754 1.053179 1.068858 1.030741 

3

bot
g dm/ −

 1.013362 1.025543 1.037829 1.060303 1.075370 1.037832 

 

Table B2. Solution preparation data for the binary systems MgSO4-water at 25 oC. 

MgSO4 0.1 M 0.3 M 0.5 M 0.65 M 

3 1

0 (dm mol ) −
 1.00912 1.03245 1.05569 1.07238 

S
/MC  0.1000 0.3001 0.5000 0.6499 

S
M/C  0.048222 0.047481 0.048152 0.048075 

3

top
g dm/ −

 1.006239 1.030009 1.053157 1.069629 

3

bot
g dm/ −

 1.012034 1.035528 1.058459 1.074799 
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Table B3. Solution preparation data for the binary systems tyloxapol-water at 25 oC. 

Tyloxapol 1.0 mM 

3 1

0 (dm mol ) −
 0.99772 

M
/MC  0.1000 

M
mM/C  1.5396 

3

top
g dm/ −

 0.997126 

3

bot
g dm/ −

 0.997868 

 

Table B4. Solution preparation data for the ternary system tyloxapol-Na2SO4-water at Cs=0.1 

M and 25 oC. 

Exp N0 0
1( )  

0
2( )  

1
1( )  

1
2( )  

M
/mMC  0.9999 0.9999 0.9999 0.9999 

S
/MC  0.09997 0.09999 0.09988 0.1000 

M
mM/C  -0.000245 -0.000169 1.692282 1.692243 

S
M/C  0.057858 0.057879 0.000246 -0.000021 

3

top
g dm/ −

 1.006514 1.006472 1.009754 1.009743 

3

bot
g dm/ −

 1.013788 1.013803 1.010685 1.010669 
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Table B5. Solution preparation data for the ternary system tyloxapol-Na2SO4-water at Cs=0.2 

M and 25 oC. 

Exp N0 0
1( )  

0
2( )  

1
1( )  

1
2( )  

M
/mMC  0.1000 0.9999 0.9999 0.9999 

S
/MC  0.2000 0.1999 0.1999 0.1999 

M
mM/C  -0.000420 -0.000387 1.692240 1.692262 

S
M/C  0.057817 0.057816 0.000019 0.000006 

3

top
g dm/ −

 1.019025 1.019056 1.022142 1.022140 

3

bot
g dm/ −

 1.026126 1.026178 1.023056 1.023056 

 

Table B6. Solution preparation data for the ternary system tyloxapol-Na2SO4-water at Cs=0.3 

M and 25 oC. 

Exp N0 0
1( )  

0
2( )  

1
1( )  

1
2( )  

M
/mMC  0.1000 0.1000 0.9999 0.9999 

S
/MC  0.3000 0.3000 0.3000 0.3000 

M
mM/C  -0.000525 -0.000498 1.692275 1.692272 

S
M/C  0.057742 0.057754 -0.000016 -0.000013 

3

top
g dm/ −

 1.031341 1.031395 1.034395 1.034395 

3

bot
g dm/ −

 1.038313 1.038395 1.035248 1.035248 
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Table B7. Solution preparation data for the ternary system tyloxapol-Na2SO4-water at Cs=0.5 

M and 25 oC. 

Exp N0 0
1( )  

0
2( )  

1
1( )  

1
2( )  

M
/mMC  0.9996 0.9996 0.9995 0.9997 

S
/MC  0.4998 0.4999 0.4998 0.4999 

M
mM/C  0.000249 0.000206 1.691382 1.691774 

S
M/C  0.059630 0.059610 -0.010095 -0.010004 

3

top
g dm/ −

 1.054975 1.055051 1.058699 1.058735 

3

bot
g dm/ −

 1.061963 1.061994 1.058231 1.058467 

 

Table B8. Solution preparation data for the ternary system tyloxapol-Na2SO4-water at Cs=0.60 

M and 25 oC. 

Exp N0 0
1( )  

0
2( )  

1
1( )  

1
2( )  

M
/mMC  0.9998 1.0000 1.0000 1.0000 

S
/MC  0.5999 0.6000 0.6000 0.6000 

M
mM/C  0.000166 0.000204 1.692421 1.692417 

S
M/C  0.052725 0.052761 -0.00998 -0.010006 

3

top
g dm/ −

 1.067034 1.067257 1.070496 1.058735 

3

bot
g dm/ −

 1.073159 1.073424 1.070246 1.058467 
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Table B9. Solution preparation data for the ternary system tyloxapol-Na2SO4-water at Cs=0.64 

M and 25 oC. 

Exp N0 0
1( )  

0
2( )  

1
1( )  

1
2( )  

M
/mMC  0.9998 0.9998 0.9999 0.9999 

S
/MC  0.6399 0.6399 0.6399 0.6399 

M
mM/C  -0.000008 0.000038 1.692098 1.692090 

S
M/C  0.059514 0.059541 -0.010002 -0.010002 

3

top
g dm/ −

 1.071424 1.071362 1.075066 1.075065 

3

bot
g dm/ −

 1.078311 1.078301 1.074781 1.074781 

 

Table B10. Solution preparation data for the ternary system tyloxapol-MgSO4-water at 

Cs=0.10 M and 25 oC. 

Exp N0 0
1( )  

0
2( )  

1
1( )  

1
2( )  

M
/mMC  1.0000 1.0000 1.0000 1.0000 

S
/MC  0.1000 0.1000 0.1000 0.1000 

M
mM/C  -0.000190 0.000220 1.539943 1.539726 

S
M/C  0.048215 0.048215 0.000078 0.000068 

3

top
g dm/ −

 1.006811 1.006811 1.009232 1.009224 

3

bot
g dm/ −

 1.012368 1.012368 1.010199 1.010097 
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Table B11. Solution preparation data for the ternary system tyloxapol-MgSO4-water at 

Cs=0.30 M and 25 oC. 

Exp N0 0
1( )  

0
2( )  

1
1( )  

1
2( )  

M
/mMC  0.9996 0.9995 0.9998 0.9998 

S
/MC  0.2999 0.2999 0.2999 0.2999 

M
mM/C  0.000009 -0.000055 1.538380 1.538389 

S
M/C  0.0482007 0.048178 0.000188 0.000185 

3

top
g dm/ −

 1.030484 1.030429 1.032832 1.032855 

3

bot
g dm/ −

 1.036078 1.035955 1.033637 1.033646 

 

Table B12. Solution preparation data for the ternary system tyloxapol-MgSO4-water at 

Cs=0.50 M and 25 oC. 

Exp N0 0
1( )  

0
2( )  

1
1( )  

1
2( )  

M
/mMC  1.0000 1.0000 1.0000 1.0000 

S
/MC  0.5002 0.50023 0.5001 0.5001 

M
mM/C  -0.000181 -0.000077 1.954776 1.954810 

S
M/C  0.048148 0.048183 -0.012624 -0.012621 

3

top
g dm/ −

 1.053405 1.053425 1.055975 1.055974 

3

bot
g dm/ −

 1.058683 1.058781 1.055554 1.055554 
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Table B13. Solution preparation data for the ternary system tyloxapol-MgSO4-water at 

Cs=0.65 M and 25 oC. 

Exp N0 0
1( )  

0
2( )  

1
1( )  

1
2( )  

M
/mMC  1.0000 1.0000 1.0000 1.0000 

S
/MC  0.6503 0.6503 0.6503 0.650255 

M
mM/C  -0.000011 -0.000006 1.955217 1.955258 

S
M/C  0.048241 0.048238 -0.012523 -0.012527 

3

top
g dm/ −

 1.070247 1.070247 1.073123 1.073123 

3

bot
g dm/ −

 1.075637 1.075638 1.072707 1.072708 
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APPENDIX C 

Table C1. Thermodynamic and transport properties of aqueous Na2SO4 at 25 ºC. 

S / MC  
3 1

S / cm mol−V  Sy  
11 2 1

S, /10 m s− −VD  r /% 
r  

0.10 17.1 0.735 983 -1.0 1.045 

0.20 19.6 0.696 923 -1.1 1.090 

0.30 21.5 0.671 874 -1.1 1.138 

0.45 - - - - 1.216 

0.50 24.5 0.636 794 -1.6 1.244 

0.60 25.7 0.623 754 -1.2 1.301 

0.64 26.2 0.619 747 -1.6 1.325 

0.65 - - - - 1.331 

  

Table C2. Thermodynamic and transport properties of aqueous MgSO4 at 25 ºC. 

S / MC  
3 1

S / cm mol−V  Sy  
11 2 1

S, /10 m s− −VD  r /% 
r  

0.10 1.17 0.538 572 -1.5 1.072 

0.30 4.65 0.498 496 -1.5 1.221 

0.50 7.14 0.500 454 -2.6 1.399 

0.65 8.73 0.518 429 -1.6 1.568 
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Salt-induced diffusiophoresis is the migration of a colloidal particle caused by salt 

concentration gradients in water. A common example of colloidal particles is represented by 

those with interfacial properties governed by polyethylene glycol (PEG) functionalities. This 

dissertation provides the first report showing salt-induced diffusiophoresis of a neutral PEG-

based colloidal particle. The nonionic micelle of tyloxapol, a commercially available 

polyoxyethylene surfactant that is an oligomer of Triton X-100, was chosen in this 

investigation. This dissertation also includes the development of a new single-sample method 

for the determination of surfactant critical micelle concentration (cmc) based on the diffusion-

driven dilution of a micellar solution. This method was sufficiently precises to show that the 

cmc of non-ionic surfactant Triton X-100 decreases as concentration of salting-out salt Na2SO4 

increases. 

 Salt-induced diffusiophoresis of Tyloxapol micelles in water was experimentally 

characterized for two salt cases, Na2SO4 and MgSO4. Specifically, multicomponent-diffusion 

coefficients were measured at 25 °C for the ternary tyloxapol-salt-water system using Rayleigh 

interferometry. Measurements of cloud points allowed us to establish the experimental 



conditions for our diffusiophoresis studies. Dynamic-light-scattering diffusion coefficients 

were used to determine the effect of salt concentration on micelle mobility and size, salt-

induced micelle diffusiophoresis and salt osmotic diffusion induced by micelle concentration 

gradients. In both salt cases, micelle diffusiophoresis was found to occur from high to low salt 

concentration (positive diffusiophoresis). Interestingly, diffusiophoresis becomes the 

dominant mechanism responsible for micelle transport near surfactant cloud point. This is 

related to an increase in both micelle size and osmotic compressibility with salt concentration. 

A preferential-hydration model was employed to theoretically describe the effect of salt 

salting-out on micelle diffusiophoresis and salt osmotic diffusion. Although micelle 

diffusiophoresis can be attributed to preferential hydration of PEG surface groups, salting-out 

salts also promote an increase in the size of micellar aggregates. This complicates 

diffusiophoresis description because it is not clear how surfactant aggregation contributes to 

micelle diffusiophoresis. We therefore developed a two-state aggregation model describing the 

observed salt concentration effect on the size of tyloxapol micelles and theoretically evaluated 

the contribution to diffusiophoresis. Our analysis shows that aggregation promotes micelle 

diffusiophoresis from low to high salt concentration (negative diffusiophoresis). However, we 

also find that this mechanism marginally contributes to overall diffusiophoresis, indicating that 

preferential hydration is the main mechanism causing micelle diffusiophoresis. We believe that 

concentration gradients of salting-out agents such as MgSO4 and Na2SO4 may be employed 

for achieving migration of PEG-based colloidal particles such as those utilized as drug carriers 

and extracting agents with applications in the fields of microfluidics, enhanced-oil recovery, 

soil remediation, and controlled release technologies. 


