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CHAPTER 1

1.1 Motivation

Diffusiophoresis is thésothermalmigration of colloidal particles in aqueous media
induced by cosoluteconcentration gradients such as sése Figure 1y’ This transport
mechanism haattracted much attention sincentrolling the motion of colloidal particles in
liquids is important for man applicationsincluding microfluidics®'? separation and
purification technique$*® coating industry® ”enhanced oil recovef??! drug delivery??

23 and detergency* %

Salt Gradi e

()

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

Black arrow indicates the migration of the particle due to diffusiophohesis high to low

saltconcentration

Experimental studies regarding diffusiophoresis of charged padicee widely
reported inrecentliteraturebut there is noexperimental investigation otolloidal particles
that are electrically neutralAn important class of wataoluble colloidal particles is
represented byydrophilic neutralparticles whose interfacial properties are modified or
governed by polyethylene glycol (PEG). PEG is a neutral veateible polymethathas been
employed for coiing the surface of inorganic nanopartictes’ proteins?® micelles?®, and
vesicles® 3! (see Figure left). Dueto the low toxicity ofthis synthetic polymer, PEGased
nanoparticles are extensivalged in industrial angharmaceutical applications. Thus, it is

important to determine and understamel mechanism of sailhduced diffusiophoresis for this



type of colloidal particle.We are particularly interested in the diffusiophoresis of-iooic
micelles formed by tyloxaol as a model PEGasedylobularcolloidal particle(see Figure

right) in the presence of gradients of salts with salbngproperties at room temperature

PEGy!I| &Ptagd i cl e NodA onic Surfact e
O
[’ 3
5 Ol TR e,
\/\0’('\/ }%/\OH e ‘ ........... O\/\O{\/O}\/\OH
- l Fln.y-.-a--r..--.(-)-.up.--H-.I--.-ln.ul.u.é ------ P E

Figure 2. Example ofPEGylatedparticle (left) andPEGbased nofionic micelle(right).
Tyloxapol (see Figure 3)s acommercially availablenonionic surfactanthat was
chosen in this investigation becausehas the advantage o& very low critical micelle
concentratiorfC" = 0.0358 g ) andlow polydispersityHence, iforms thermodynamically

stable spherical micebavith a negligible amount of free surfactaniqueousolutiors.

L —n

n@o0 m@b

Figure 3. Chemicalstructure of tyloxapol.

In general, ntelle diffusiophoresis is important because these colloidal parivees
host nonpolar moleculeblence understanding micelle diffusiophoresisaisoimportant for
manipulating the motion of small guest moleculedevant to detergendy, extraction®?
catalysis®3, and applicationss carriers for the delivenf therapeutic agenfé.Furthermore,

controlling the motion of micelles saltinduceddiffusiophoresis would be also valuable for

2



enhancing micelle insertion into deadd pores, with applications in thextraction of
hydrocarbons fromporous rock¥: 2! relevant to enhanceail recovery® and soil

remediatior??

Sodium and magnesium sulfates were chosen asagtitsaltingout properties® In
general, sulfate saltge known to significantly affect thermodynaraied transpornproperties
of aqueous PEG solutiofisThus, we hypothesize that these cosolutes ciso @roduce

diffusiophoresis of PEased colloidal particles in water.
This dissertation is outlined in the following way:

In Chapter2 we provide an introduction on surfactants and their aqueous solutions.
Chapters 3 t®d focuson our experimental inveigfation on micelle thermodynamic stability
and the effect of salton the thermodynamicstability of micelles It is welFknown that
micellization occurs above a walkfined surfactant concentration known as critical micelle
concentration(cmc orC"). However, the value of cmmay depend on cosolute concentration
and typeln our caseit is important taassess howalts affecthe cmaof nonionic surfactants.
Hence we introduce a novel method for cmc determination that was successfully used to
determine the effect of salts on surfactant cim@eneralwealsoneed to determine the range
of experimeral conditions in which micelles are thermodynamically stable and
diffusiophoresis measurements can be perforrids, for completeness, it is important to
note that salts, at high concentrations, may also affect thermodynamic stability of aqueous
surfactat solutions leading to phase separation (cloud point). Our cloud points experimental

results at 25 °C will be given Chapter 11



Chapters6 to 8 provide the theoretical background oisothermal diffusion in
multicomponentiquid systemsased on nowequilibrium thermodynamicsliffusiophoresis
and their relationshipto thermodynamigoroperties We also introduce theoncept of salt
osmotic diffusion and how this is important to explain the diffusiophoresis rebatedn
the preferential hydration of PERelatedequations will be used to describe @neloretically

examinethe experimentatesultsreportedn Chapter 11.

Chapters9 to 12 focus on the experimentahvestigation 6 diffusiophoresisof
tyloxapol micelles inthe presenceof sodium and magnesium sulfate at 25 9Mhese
experimental results are theoretically examined usingegpmibrium thermodynamics and a
preferentialhydration model Additionally, since sulfate salts were also found to enhance
surfactant selhssembly in water, the role of saitluced aggregation on micelle
diffusiophoresis was also theoretically examinsohg a twestate aggregation modéiinally,

a masdrarsfer model was employed tvaluate micelle diffusiophoresis in tpeesence of

steadystate salt concentration gradient.



CHAPTER 2

SURFACTANTS
2.1Micellization of Surfactants

Surfactantor tensdes, are amphiphilic organic molecules with a hydrophobic chain
covalently linked to a hydrophilic group. The chemical nature of the hydrophilic group is
commonly usd to classify surfactants as ionic, nmmic, or amphoteridseeFigure 4).3¢
Surfactants are widely used in applications that inctirdg solubilizatior?’ drug delivery®®
enhancedoil recovery?® % detergency' catalysis*?> soil remediatiorf® and potein

crystallization and purificatiaff

Surfactant Unimer lonic Non-lonic Zwitterionic

(Cations, anions) (Polyoxiethylene) (Sulfobetaines)

CH3

Non-polar tail Polar head ‘
HaC " 9 YY@ Tt T e e,
FO YAV | H/\O SN o’C°o

N

SodiumDodecy! Sulfate Triton X-100 Alkyl Betaine

Figure 4. Surfactant unimer and classification tme hydrophilic group.

In an aqueous solutigrand above a specifiboncentratiorknown as critical micelle
concentration(cmc or C'), surfactants unimers formaggregates. These aggregates are
considered seldssembled colloids and are subdivided into several subgroups such as micelles,

vesicles, and bilayer membrar{sseFigure5). Each subgroup plays an important role in many



aspects of colloid and surface science, both as model probes that help us to understand the

basic principles of molecular interactions andhi& practical applications of those principtes.

Micelle Vesicle Bilayers

Figure 5. Most common srfactants aggregate structufes

In this work, we are particularly interestednmcelles in aqueous solutionddicelles
are in a dynamic equilibrium with the surfactant unimers in the bulk solution. The average
number of unimers within anicelle isknown as theaggregation numbemMicellization in
wateris a consequence dhe hydrophobic effedf This produces gibularnanoaggregates
with the nonpolar hydrophobic chaiforming the core of the micelle and the hydrophilic
groupspositioned at the miceleater interface, thereby optimizingicelle interaction with

its surroundingaqueoudluid (seeFigure6).

M—*_,/}F:

Figure 6. Surfactanmmicellizationequilibrium (massaction modelsee Section 2)2Left:
surfactan{tenside)unimer (T) Right: Spherical micelle (M).



In concentratednicellar solutions micellemicelle interactiond¢eadto structures with
higher aggregation numbeiSorrespondingly, the geometric shape of surfactant aggregates
changedrom spherical to rodike (worm-like) to lamellar(seeFigure7). The thermodynamic
stability of structures with higher aggregation numbers also dependsnmperatureand

solutionionic strengtkf’: 48

Sherical

Qrfactant Concentration

Figure 7. Types of surfa@nt aggregate®rming in solutiorf®

2.2Thermodynamics of Micellization

Micelle formation is typically described by primary modelsthat allow us to
understad the energetics of the process of sedfociation or micellization. The finstodelis
the massaction model(seeFigure 6), in which the micellegM) andfree surfactantT, for
tensidg are considered to be in chemical equilibriumiT(= M), wherem is the aggregation
number. The secondodelis thephase separation modeh which micelles areonsidered to
constitute a new phagpseudephaseformed in themixtureat and abovéhecmc(C’). Note
that cmas a saturation concentration for thefactant unimerand essentially represents their
i s ol u.B%*1*he phase separatiomodel anccmccan bededuced from the masgtion

model thermodynamics byconsideringchemical equilibrium betweenfree unimers and



micelles To make connection between the two modelks,start by considerinthe simpler
case for dimeformation(m=2). Here, we can write

_G

1
b,=—
© Ky (€

2.1)

where C, and C, indicate theequilibrium molar concentrationsf dimers andunimers
respectively,and b, is the dimer equilibrium formation constant aliglis the corresponding

dissociation constantith theunits of concentrationVe then generalize efR.1) for arbitrary

bm = :Ir-n—l = CM m
K7 (C)

2.2)

whereC,, is the micelle concentratiand b,, is the micelle formation constaite now show
that K,in eq. (2.2)becomes the micelle critical concentration whes>1. This limit is

relevant to micellizatiotbecausenis typically large

Thetotal concentration of surfactar(fp ,is linked to micelle and free surfactant concentration

by themass balance:
C.=C, #nG, (2.3)

If we useeq (2.2) to substituteC,, in eq (2.3), wecan write

Go=C, m(Q & ) @4



If we thentake the first derivative of e2.4) with respect tcC,, we obtain:

° 51
dc, ,8C, 6
dG, oKy 2
Finally, we takehe reciprocal of eq2.5), to write:
d 1
dgp = - 1 (2.6)
1+ 5 8

Equation(2.6) is now examinedn the casef m> 4. If C,<K,, m*(G/ K)™*< 4 in the

denominator Thisleadsto:

ac 2.7)

Integrationof eq (2.7) starting fromC, =0 yields
c,=C when C,<K, (2.8)
This mans that all the surfactant is in the unimer fovhenC, <K.

We thenconsider the casaf C, > K,. Here, we havem?(C / K,)™*> 3 in eq (2.6). This

meanghat:
d—ci =0 (2.9
dG,



Integrationof eq (2.9) starting fromC, = K, yields

C =K, when C,>K; (2.10

From egs. (2.11) (2.10), we can appreciate tRatis a saturatiorconcentrationj.e., the

surfactant cmcThe phaseseparation modetill be furtherdiscussedn section2.3.

For the case of ionic surfactant, we have to consider the more complex equilibrium
For example, in the case of negatively charged unim&r3 (ith monovalent inorganic
cations(C") we have: mT™ + oC "2 (TmCq)™ @ . Sinceeachsurfactanthead is negatively

charge, micellizationoccurs along wittpartial counterionadsorptionto reduce heathead
electrostatic repulsionTypically, the number of counterions adsorleedmicelle is smaller
than micelle aggregationumber This implies that micelle net chargemains negative.
Althoughthe massactionmodel for this case is more colap than theonepreviouslyshown
for neutral surfactanta critical micelle concentrationan bededuced also in this case
However, it is important to note th#tie cmc of ionic surfactard is predicted to strongly
decrease witlsalt concentrationlue tothe commonion effect®® 4% On the other hand, the
effect of salt concentration on tleenc value of norionic surfactants is not well understood

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

As previaisly mentioned,ite minimal surfactant concentration above which micelles
form is known as themc, here denoted a&'. 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 petrolengtated compounds. Thus, the experimental
determination ofC" values has always been a primary goal of surfactant characteriZatfon.
The presence of additives such as salts typicallyses a decrease in te value of ionic
surfactantsHistorically, C" valueslavebeenl et er mi ned from t he pl ot
property (surface tension, absorbamcfluorescene, turbidity, colligative properties,
equivalent conductivity, seHdiffusion, nucleatmagnetic, and electron paramagnetic
resonancg? °°°® as a function of surfactant concentratt®he resulting curve normally
exhibits a sharp change of slope when micelles start to féiigure 8 illustratesseveral
physical properties such as osmotic pressure, light scattering, surface tension, conductivity,

and seldiffusion are plotted as a function of swti@nt concentration.

Osmotic Pressure

Light Scattering

Surface Tension

Conductivity

Physical Property

Self-diffusion

Surfactant Concentration

Figure 8. General khavior of several lpysical propertes as a function of surfactant

concentratior{ionic/norionic) at constant temperatut@.
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At low surfactantconcentrations, most surfactant properties are similar to those of
commonsolutes such as inorganic salts or neutral osmolytes in.\itderever, all surfactant
properties show in Figure 8 exhibits an abrupt change at a particular concentration that is
consistent witha Aphase t r the $ormatiorooh icelles The surfactant
concentration at which sudden change in a measured properiyberved is taken as the
value of C'. Thesetechniques usuallyequire multiplesample preparatioffat different
concentrationpnd analysis; somearestricted to ionic surfactanfsonductivity)or involve
the use of probeand/or lacked the precision needed to accurately determeneffect of
cosolute concentration o@" . Dueto the limitations of individual methods and the urgency
of surfactant characterizations, thels a continuous demand ftre development of new

methods for rapid and preci€g determinatiorf®’

In our case, wareinterested irsufate salts for the diffusiophoresis experimeritsus,
we want to determinéow sulfate salts affe¢he critical micelle concentratioof nonionic
surfactantswvith PEG functional groupsThis presented an opportunifgr usto develop a
novel methodology that allows not only to determifiebut also to pecisely determine&C” as

a function of salt concentration angractanttype (ionic or nonionic).

In the sections belowe demonstrate that tlffusiondrivendilution of micellesnto
solventinside a vertical channalan be used to observe disaggregation at a-deéied
vertical positiorf® Specifically, we show that the diffusidsased spreading of the boundary
between a micellar aqueous solution and pure water yieldsdimeasional spéil profile of

surfactant concentration that can be then used to identify the vahe®©f. This approach is

12



precise, noninvasive, applicable to both ionic and nonionic surfactants, and @ielddues

from single experiments without the need for multgdenple preparation.

2.4 Diffusion-Driven Dilution of Micellar Aqueous Solution

In this section,our basic theoretical model demonstrating why diffusiecbased
boundary spreading can be used to detern@ihealues is outlined. Specifically, the ore

dimensional concentration profileC,(x t), produced by the isothermal diffusibased
spreading of the boundary between a micellar aqueous solution of concenBGata@, .,
(with C,. > C ) and water C, = 0) is theoretically examined, withandt being the position

perpendicular to boundary and time, respectiyegeFigure9).

r

(A) (B) (C) \
©
= Cp=0 X
()
=]
2 ._n' 'qi*" “t “IBoundary
o o r L e 1 R
_ ('P:('mnx Boundar _ﬂp.;ﬁi\' Spread
R » ; p
— Al
o |t Fgh o .-_\J’._ﬁ' . l
o NS e Ny
di »
—_ N '\k
A w7 —
= .;qk. » .;E ‘@“ «) = ui\v ‘;

Figure 9. Diffusion-driven dilution of micellar agqueous solution. (Kjitial boundary, op
(pure water) and bottom (micelle) solutipreg t = 0. (B) Boundary spreadingmicelle
dissociationby dilution. (C)Initial C,(x, t) profile. (D) Boundary preadingC,(x, t) profile.

Inset Sharp slope change due to micelle dissociation and diffusion enhancement.
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To derive the theoretical expression@f(x,t), we apply the pseudohase separation

model (see Section 2.2) to a nonrionic surfactant. Micelle dissociation is expected to be
sufficiently fast that can be assumed to instantaneously $asisurfactant concentration

becomes lower tha@” due to dilution.

Accor di n §rstiawof dfiustok(seeChapter 7Section 7.1for morediffusion

details) the mutuadiffusion coefficient,D, , for a surfactantvater mixture, is given b$?:

_adc, 9 | dg,
D, ==L B, D,, 211
cdG % +@ N

where D, and D,, are the free surfactanurfimer) and micelle diffusion coefficients,

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

corresponding tracetiffusion coefficients(See chapter 7Section 7.1)and with D,,
significantly smaller thanD, due to the relatively large hydrodynamic radius of micelles
compared to free surfactant unimérsCorrespondingly,C, and C,, are the surfactant
concentrations in the unimer and micellar states, Witk C, 4C,, being the total surfactant
concentration. According to e.11), D, is a weighted average dp, and D,,, with the
derivatives,dC,/ dC,and dC,/ dG,, being the corresponding weights. These total derivatives
originate from the concentration gradients tbé individual speciegfree surfactant and
micelle)

According tothe pseudghase separation modélywe haveC,, =0 and C, = C, for

Cp< C',andC,= C forCp> C'. Hence, eg(2.11) can be rewritten in the following way:

14



D,=D,H(C" -C) B,H(C GC) (2.12

where H(2) is the Heaviside step function with(z)= 0 andH(2= 1 whenz < 0 andz > 0,
respectively. Based on this description, the mutual diffusion coefficient of a surfaetizemt
system exhibits a jump discontinuity point at the critical micelle concent@tiéh/3This
behavior is distinct from that of the seliffusion coeficient, D, =(C,/C,) D, £C,/C.) D,
2096, 73, 4which remains continuous at, = C' because it is a weighted average based on

species concentrations instead of their derivatives as shown(2i L.

The oncentration profilesC,(xt),ar e extract ed f.FPAcoordiag ck 6s

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

KC, _ e C.<C 213
T - (Co<C) (213
K _p, ﬁ; (C.>C) (214
it K

The general solution of eg®.13) and(2.14) is given by™
C.=A Berf(D"y) (C,<C) (2.15
C,= A +B arf(D, "2y (C,>C) (2.16)

wherey [  ( x%/?i2 the reduced position, ezf( [\ i ¥ ds is the error function, and

A,B,A",andB” are constants to be determined.
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If we setC,= 0 andC,=C,_, aty=-b anxd+b, r espe choundag/l y

condition’™ 79, we deduce thad - B=0 andA’+ B" = C__ . Thus, egs(2.15) and(2.16)

become:
C.= A[1 +erf(D;*?y)] (C.<C) (217)
C.=A HC. Aerf(D,"*y (C.,>C) (2.18)

To identify A and A", we observe tha€r = C’ corresponds to a unique reduced
position, y*, attainable from both eq2.17) and eq (2.18), withy ¢ andy @
corresponding t€ OC andCr O C’, respectively. Thus, by applying the continuity condition

of Cp= C" aty=y to eqs(2.17) and(2.18) we obtain:

é1+erf(D, "%y) ~ \ é 1-erf®, “?y) g .
=é ~C - A M2 C ) 219
P Elterf(D ?y") El(y ) +qu 1 -erf©, “*y )( Chax ©) Huuy y (219

Note that the behavior @&r(y) described by e2.19) is equivalent to that predicted

for the diffusion of a solute through two different media interfaceg 4t However, the

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

After choosing values of”, D,,, andD,, eq.(2.19) can be used to generate theoretical

profiles of surfactant concentratio@p(y), provided thaty™ is also known. The value of

can be linked to that of™ by imposingthat diffusion flux(see chapter 7, section 7.1) is

also a continuous function gt= y due to mass conservation

N, =, .. (2.20)

y-y |Y' y
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To obtain the explicit fornfor eq.(2.20), the two limiting expressions of the concentration

gradientdCe/dxat y- y andy- y* can be deduced froey.(2.19):

-12 o+ ¥2ID
S L M (2.21)
dx |y - 1+erf(D77y)
d ) D 1/2 - y?/Dy .
9& = (pt) V? ——(Cpax -C) (2.22)
dx |, 1- erf(D, V?y)

After insertingeq.(2.21) and(222)i nt o Fi c kJ& sDpACi/dk,’$ with Dre=®,, for

y=y andD, =D, for y=y™, eq.(2.20) yields the following relation betweed" and y’

FU{'—‘

c  _aD, 01+erf(D “Zy)e“

= 2.23
Cox-C ¢ D 21 -erf(D,?y) (223

It is impoitant to observe that values yptannot be experimentally identifidskfore
C" determination. Indeed, the reference positby = 0 varies with respect to that fixed by
an external reference fran@@eeChapter 7. Section 7.2)lepending on the value & /C, . .
It is therefore convenient to introduce the experimentaflgessible positiony, with the
referencevalue of Y = 0 always corresponding to the profile midpoint@t=C,_,,/2.
Correspondingly, we replagewith Y + yc in (2.19), with y. being the value ofjatC=C,_,/2.
The value ofy: can be linked to that of/’ after substitutingC =C,_,./2 in eq (2.19). If

experiments are designed such Ba$/2 > C, we have:

-1/2,
1 1- erf(D, Y ) (2.24)

erf(D, 7y, =1 S
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In sunmary, eg (2.19) shows the link between the surfactant concentration profile
caused by diffusiofrased boundary spreading a@d. While Ce(y) is a continuous function,
this model predicts that its first derivativiCe/dy, displays a discontinuity point gt=y due

to the sharp change in diffusion coefficiesge eq(2.12), at this locationIn chapter 4, result

section 4.2, we wilshow a modification of the modt fit our experimental data.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials

We determineC’ for threewell-known surfactants in water at 25 °C. These surfactants
areTriton X-100 (TX-100), as an example afnonionic surfactant, sodium dodeslfate
(SDS), as an example ahionic surfactantand poly(oxyethyleneg)-Lauryl Ether (Bri}30)
to examine method sensitivity as this nonisgucfactant has a significantly lo@ value TX-
100 ( 6 4Y7andgBAiBOq3d 6 2 . 5 5') werk ohtained from Sigmaldrich and SDS
(2 8 8. 3 7Y wastobtaired from Merk\Ve alsocharacterized the dependencedbn salt
type and concentratiofor the case of TXLO0. The saltsare sodium chloride (NaCl58.44
g A it $odium sulfate (N&Q;; 1 4 2 . 0)4andgsddinm thiocyanate (NaSCN; 81.07
g A it dll obtained from Merck. Sodium thiocyanate was heated in an oven &€1007
hours and kept in a desiccator. The other materials were usedeaged without further
purification. Deionized water was passed through a-$tage Millipore filter system to

provide highpurity water(0.0618) for all the experiments.
3.2 Solution Preparation

In the case of N&Qu, a binary salivater stock solution veaprepared due to salt
hygroscopicity. Its composition was determined from density measurements and the known

densitycomposition relatiorf®

dy, s0, =0.997045 +0.129488(/ n? )

31
- 0.0086616(1,/nf )° - 0.00612074/ nf ) +0.0007908)( rf *¢ &)
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wherems is salt molalityand m” [ 1 mol/kg. All other salts and surfactarsiolutions were
prepared by weight using a Mett€oledo AT400 analytical balance. Molar concentrations

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

3.3Density Measurements

All density measurements were neadith a MettlerPaar DMA40 density meter,
thermostated with water from a large, wiedgulated (+0.001°Cjvater bath The densitometer
has a vibrating tube witthe temperatureontrolled by a thermostat attached to a water bath
that is 25.00+£0.01°C. Theolution densityd, is related to the period of vibration of the tube

Tv, by the following:
d=A BT (3.2)

whereA, B are two instrumental constants. The determination of these constants is based on
the period otwo referencesystemsair (dair = 0.00115g cni®) and water @water= 0.997045y
cmi®). An accuratevalue of thedensity of air was estimated by a state equation that shows

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

3.4Boundary Spreading Experiments.

All diffusion-based boundary spreading experiments were made with the high
precision Gosting diffsiometer operated in its Rayleigh interferometric optical m&det!
A boundaryspreading experiment begins with the preparation of a sharp boundary (using a
peristaltic pump) between a surfactawdter solution(bottom solution)and water(top
solution) inside a vertical channel of a Tiselius ogllgure10a). For experiments with TX
100 in the presence of saltslafactarisaltwater solutior{bottom solution)s interfaced with
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a saltwater solutiontop solution)at the same salt concentrati&@xcept forthe Brij-30 case,
all surfactant aqueous solutions exhibit higher density than the correspsaodiactantfree
solutions, and they artherefore located at the bottom of the vertical channel to prevent

convection.

As diffusion occurs, boundary broadening ocg&igure10b). Experiments are completed
before the boundary spreads throughbetdiffusion channel so that the compositions at the
two-channekextremities remain the same within the experimental error arfdegaboundary

conditionapplies.

Needle Peristaltic
(@) Pump (b)Concentration on Boundary  (C) Interferometry

Profile, t, Spreading Pattern
Open X X
«—
Close Diffusion Initial
Channel Boundary

Reference

Channel
«—> —

] Top Solution B Bottom Solution

Figure 10. Diffusion-based boundary spreadibgtween(a) two solutions withina Tiselius
cell. (b) Concentration profileevolution, Ce(x,t), as boundary spreadéc) Interferometry

pattern measured l§yosting diffusiometer
The light source used for generatitige Rayleigh interference pattern is abNe

Uniphase laserwithvavel ength & = 543.5 nm. A c &hel hol d
temperature of thieath was regulated (£0.001 °C) at 25.00T&e cell holder has the function
to support a Tiselius cell, whedffusion occurs, and a mask, which consists of a double

window. Here, the laser beam is split into two parts: one going througdifthsion channel
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of the Tiselius cell and one passing throughwheer bath (reference channel). A pair of two
cylinder lenses focus th#ffusion channel onto the detector, where the Rayleigh interference

pattern is observed and recordédjurel1l).

Reference
Channel
. Z
. ).
Light %
) :
Source % Diffusion ' '

Main Lens % Channel Cylinder
Lenses

Figure 11. Scheme ofGosting diffusiometeroperatingin Rayleigh interferometric optical

mode

If a homogeneous liquid (solutiaw water) occupies the entire diffusion channel, then
a set of verticgbarallel Rayleigh fringes will be generated. kguid mixtureswith a vertically
nonuniform concentration, Rayleigh fringes shift horizontally asdfractive index inside the
diffusion channel changes with vertichkight. This gives direct information about the
refractive index versusertical position and leads to the determination of the surfactant

concentration profile, as discussed below.

Data from the Rayleigh interference pat®e were collected with &near charge
coupled device (CCD) arernaypi(x6e0l0s0) ,p inxoeu nst,e dl Ov
precision stage. For a givaxperiment, at least 10 interference patterns were collected at
differenttimes. For a given intezfence pattern, vertical positions along tbeorded pattern
were converted into the actual positions inside dtifusion channel X, using the known
magnification factor of 1.7108/ertical positions were then converted into the corresponding

reduced psitions,Y W X-(2t)' 12, wheret is the time at which thposition was recorded after
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the experiment start. The stage with théstical array was stepped horizontally through the
two-dimensionainterference pattern to collect the data necessathidoacterize surfactant

concentration profile.

Data acquisition was controlled vemmputer, which also performed the subsequent
data reduction. If onstarts from a fringe location corresponding to the surfad¢taasolution
(Cp=0) inside the diffsion channel and vertically movesvard the surfactant solutio@f =
Cmax through the pattern, thrizontal shift of the fringe can be determined until becomes as
large as the distance between two adjacent fringes. At this vertical postenfringe is
crossed. As the location of the initial surfactant soluisoimally reached@r = Cmay), a total
of, J, fringes will be crossed. Notbat the total number of fringes,is not an integer in general
because it is directly proportional to tt#ference in refractive indelsetween the surfactant
solution and water. At a given reducgasition,Y, a recorded fringe shift, is given by the
sum of thenumber of fringes crossed and the fractional shift of a fringevéheal position

associatd withj = J /2 is set to correspond 6= 0.

To extract the corresponding surfactant concentration pr&#lg), we setCp/Cmax=
j /' J at any givenY. In other words, we assume tliagé solution refractive index is a linear
function of surfactantconcentration. This is an approximation since the refraatidex
contribution of a free surfactant molecule is slightly different fromdhatmicellar surfactant
molecule’® Both approximations are not expected to affect the determinati@iwithin the
method experimental error. An individual interferemagtern obtained during a boundary
spreading experiment can Iseparately analyzed for the determination®f. Thus, the
analysis ofmultiple interference patterns associated with a single experimenuseasto

extract the average and standard deviation afalaluesextracted.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Boundary Spreading Characterization

Representative concentration profileSp(Y), characterizing boundary spreading
between micellar aqueous solutions and water are illustratégyume 12 A-C for TX-100,
SDS, and Bri30, respectively. The concentration gradierd€p/dY, were numerically

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

profiles.
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Figure 12 Sigmoidal concentration profile€p(Y), are characterizing boundary spreading
between a surfactamtater solution and water at 25 °C for %0 (A), SDS (B), and BHBO
(C). The ottom figures show the corresponding profiles of the concentration gratiefady.
Vertical dashed lines locaté, while the corresponding horizontal dashed lines loite

Solid curves are fit through the experimental gatiaich are discussed further below.
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In the absence of micelle dissociation, @€Y) sigmoidal curves are expected to be
described byCp = (Cma¥2)- [1+erfOm2Y)].”® Correspondingly, first derivativeshould be
described by a centrosymmetric Gaussian funct@dY = Cmax (" Dm) Y2-exp¢Y %/ Dw)].
Howeverourexperimental data @r(Y) (seeFigurel2, top) show a significant deviation from
this behavior due to dilutiemduced micelle dissociation. This deviation becomes especially
noticeable when inspecting the correspondi@g/dY profiles (seeFigure 12, bottom) Here,
we can observe an abrupt change in slope at ade@iied value off = Y. This is then used
to identify the value ofZ" for the surfactant in the correspondi@gy) curve (see dashed lines
in Figure12). Since experiments were designed such@iat Cna’2, Y is located on the left
side of the maximum aofCe/dY. Note thata sharp slope changecurs betweely’ and the
location of the maximum at&  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 valug dfy applying the method of least

squares to experimental dafdis is described in the following section.
4.2 Modified PseudePhase Separation Model

Thebasictheoretical model discussed@mapter 2 Section2.4, represents the starting
point of this analysis. HowevedCr/dY is predicted to exhibit a discontinuity point\at Y
according to the pseudguhase separation modske Chapter 2,e8tion 2.4) in disagreement
with the experimental behavior FFigure 12 A-C. This deviationwhich makes the direct
application of egs(2.19), (2.23), (2.24), in Section 2.4to experimental data not practicable,
is mainly related to a shortcoming of the pseptiase separation model. Indeed, it is expected
that massactionlaw model§? more realistally describe the behavior of the diffusion

coefficient as a function of surfactant concentration arotnd”. According to masaction
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law models, the diffusion coefficieB(Cr) in eq (2.11) will exhibit an inflection point around

C = C .5%71. 8 Correspondingly, the gradierdCe/dY, is expected to remain a contous
function atY = 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

correspondingnodel forDp(Cp) would remain approximate due to the assumption fhatnd
D,, are constants, independent of concentrafidiinally, in the case of ionic surfactants, the

presence of the counterion furthecreases model complexity due to the com#moneffect,
electrostatic dragging effects, counterion partial binding to micelles, and electrostatic and
electrophoretic interactior’$. 2*Since we are specifically interested in the determination of

C’, it is practically convenient to retain the pseyalmse separation model for Rmmic

surfactants and introduce corrections that would make this model suitable for examining
experimental data for both n@onic and ionic surfactants.

As a first modification to the pseugihase separation model, we impose t@&{dY
is a continuous function ¥t=Y". This is achieved by assuming tBatis a continuous function
atC = C" as expected from the chemigajuilibrium model. If we then sép to be the same
atyY y-andyY y*, eq (2.20) (seeSection 2.4)becomes a continuity condition for the
concentration gradienttCe/dylyv v+~ = dCrldyjy v y+*, consistent withheexperimental behavior.

Correspondingly, ed2.23) must be replaced by

° -2 * &1 1 8y

C ap,, 0 1+erf(D;Y?y") &, o ¢
——— &~ 0 ~esM e 4.1
Con-C 20 0 1 e, %) @

In Figure13 we showtheoretical concentration profiles calculated fron{29) with

C' /Cmax =0.25 andD, / D,, =10. For comparison, we have applied both @23) (dashed
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curves) and eq4.1) (solid curves). We can see thag(Y) for the modified pseudphase
separation model smoothly changes arotthe Y. CorrespondinglydCq/dY remains a
continuous function a¥ = Y. Note that the slope @iC//dY retains its discontinuity af = Y"

as we can appreciate from the more rapid incread€dY afterY = Y".

CP / Cmax

Figure 13. Left, theoretical concentration profil€p(Y), extracted from eq2.19) based on
the modified model (eq4.1); solid curve) with D,/D,, =10 andC"/C,, =0.25. For

comparison, the corresponding concentration profile of gscbmodel (eq(2.23); dashed
curve) is included. Theight figure shows the corresponding profiles of the concentration
gradient,dC/dY. Vertical dashed lines locaté, while the corresponding horizontal dashed
line locatesC”™ / C,__, .

Furthermore, we can see that an inflection point in the behava€=dY occurs aty
> Y followed by a maximum, in qualitative agreemevith the experimental behavior in
Figure 12A-C. On the other hand, tlCo/dY curve generated from the basic pseptiase
separation model exhibits a marked discontinuity aY" with dCs/dY sharply increasing.
Moreover, the slope afCe/dY (d°Cp/dY?) even switches sigrfrom positive to negative ag

increases. Due to this disdouity point, the behavior oiCr/dY lacks the inflection and

maximum points that emerged in the curve generated from the modified model.
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The proposed modification alohg 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 afCe/dY. This failure is also caused kay concentration
dependence ddw, 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 concentfatibio
overcome this issue, a second modification is introduced in the model by revisit{@g gy
which linksyc (Y = 0) toy” (Y =Y). Wespecifically generalize e2.24) into:

1- erf(D,, Y?y")

erf (D, “?y,)=1 22(0-C IC.)

(4.2)

Where we have introduced a new fitting parameiéwith U=1 in eq (2.24)). Replacing eq

(2.24) with eq(4.2) makesCp(Y) theoretical curves no longer satisfy the conditiof® 6fCmax

/2 atY = 0 in general. Thus, we chose to apply the method of least squares to experimental
values ofCp(Y) on the left side of the maximum d€q-/dY, ending aroundCe/dY inflection

point asshown by the solid curves iigurel3A-C. On the other hand, the lowest experimental
value ofC(Y) t o be examined was ¢ hCqags ®medutecerrotsor r e s |
associated with experimental noise. Furthermore, this lower limit significantly reduces
deviations of experimental data from the theoretical behavi@rQf) in the case of ionic
surfactants, for which a strong concentration dependencBi10&t very low surfactant
concentrations is knowhto occur. Despitethese two chosen boundaries, the number of
experimental data points to be analyzed around the critical micelle concentnat#ons éarge.

Extracted values of” for the three investigated surfactants are report@alite 1 These are
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in excellent agreement with the corresponding literavataes®>8°® within the experimental

error.

Table 1. Values of C" of surfactantwater solutions at 25 °C

Surfactant  CmaxmM C'/mM

SDS 32.00 8.03+0.06
Brij-30 0.2551 0.051+0.002
TX-100 1.689  0.236+0.008

2Values ofC" areaverages of values extracted from differiamérference
patternsCorresponding errors are 2xstandard deviations.

4 3 Effect of Salton Critical Micelle Concentration

As mentioned in chapter 1, we are interestestuilyingdiffusiophoresis of tyloxapol
micelles. Hence we were looking to determine the effectsalts on tyloxapol cmddowever,
the very low cmaf this surfactantan order of magnitude lower than ourtha detection
limit) did not allow us to dete¢he cmc for this surfactaritom the concentration profiles.
Nonethelessbecause tyloxapol ( sédgure3) is an oligomer of triton XL00 (seeFigure7)
we decided to study the effect of salt on-IB0 cmc This characterization is relevant to

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

The precisionofC' d at a. ( &10is kudficiently Kigh that the effect of salt
concentration and type a@” could be successfully characterized in the cagki®honionic
surfactant We have specifically considered p&0, as representative sulfate séat will be
usedfor the diffusiophoresis studiegdditionally, for completeness, we considerddaCl,

and NaSCN due to their relevance to the Hofmeister $8ri@s®? In this sefes, anions such
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as SQ? " display a great saltingut strength favoring the precipitation of wasaluble
macromolecules such as protearsd PEG whereas Clis regarded as a mild anion located
approximately at the midpoint of the Hofmeister series, re¢ipg saltingout from saltingin

anions such as SCNThis ranking was also observed in the cagmlyfethylene glycol (PEG)

in water> °2which represents the hydrophilic group of -&0. 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 o
this argument, micelle disaggregation shares more sirekwith protein unfolding. Here,
anions such as S®'hinder protein unfolding and stabilize its native folded state while the
SCN anion should favor unfolding.For micelles, a saihduced @creasén C corresponds

to an increase in micelle thermodynamic stabfiity.

-1.3

In (C*/ mM)

Figure 14. The lbbgarithm of critical micelle concentration, @, as a function of ion
concentration, fof X-100 at 25 °C in agueous NaCl (circles) 8@ (squares), and NaSCN

(diamonds). Solid curves aretiiitg throughexperimentatiata
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Our experimental results & C™ are plotted inFigure 14 as a function ofalt (S)

osmolarity, vsCg, Where vy is the number of ions per formula unit a@ is salt molar

concentration. In the N8QO; and NaCl casednC’ decreases as ion concentration increase
with the saltingout effect induced by N&Q4 being abouthree times larger than that induced
by NaCl. On the other hand, the effect of NaSCNmad" was found to be negligible within
the experimental error. The determined effect of anion typeConwhich follows the
Hofmeister series, is in good agreement with the liter&fUEstracted values o€ for each

saltare reported iTable2.

Table 2. Values ofC" of Triton-X100-saltwater solutions at 25 °C

CnamMM  C"/mM
Salt

NaCl, 0.10 M 1.716 0.211+0.009

NacCl, 0.20 M 1.708 0.205+0.005

NacCl, 0.30 M 1.705 0.199+0.007

NacCl, 0.45 M 1.537 0.174+0.009
NaSQ;, 0.05 M 1.681 0.205+0.007
N&SQy, 0.10 M 1.687 0.184+0.005
NaSQ;, 0.20 M 1.670 0.154+0.003
NaSQ;, 0.25 M 1.702 0.146+0.003
N&SQ,, 0.30 M 1.640 0.139+0.003
NaSCN, 0.20M 1.690 0.247+0.010
NaSCN, 0.30M 1.694 0.232+0.007
NaSCN, 0.40M 1.700 0.231+0.005

NaSCN, 0.50M 1.711 0.238+0.005
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CHAPTER 5

CONCLUSIONS

Experimental on&limensional concentration profileCe(Y), characterizing the
spreading of the boundary between micellar aqueous solutions and water were successfully
determinedand analyzed for the determination of critical micelle concentrationsn three
surfactant cases (FX00, SDS, and Bri{30). Position of C can beidentified by visual
inspection of the corresponding concentratipadient profilesdC/dY (seeFigure12A-C). In
the TX-100 caseCr(Y) was also characterizénlthe presence of a uniform salt concentration
of NaeSQy, NaCl, and NaSCN.

To precisely determineC’, a theoretical expression dfp(Y) was developed by
considering the pseueuhase separation model for Rmmic surfactants as a starting point.
Modifications were then incorporatedtanthe theoretical expression &k(Y) allowing for
limitations of the pseudphase separation model. This keeps mathematical complexity still
adequate for applications to experimental data analysis of bottonicrand ionic surfactants
using the method déast squarePue to model shortcomings;’ values are expected to be
method dependent. Nevertheless, they were found to fall within the ragjelata reported
in the literature. Within the framework of omethodthe precision of the determined values
of cwas found to bergmesentsthedlowdsOvalfelof thak dan be
detected by Rayleigh interferometry based on-80ijesults.

While Rayleigh interferometry was employed for the characterizati@p(@ in our
experiments, concentration profiles canit@rinciple alsoextracted using other techniques

swch as absorption spectroscophhis work provides the foundation of diffusimased
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methods for the determination of’. These are noemvasive, require singisample
preparation, and apply to both nmmic and ionicsurfactants.

Finally, the cmc of tyloxapol could not be detecfeain the concentration profiledue
to its cmc been too low (0.0@BL™). Nonethelesgyloxapol is an oligomer oFX-100and we
can assumehat NaSQy also reduces the cmc tfloxapol This allows us taneglect the
amount of free surfactaptesent in solution for the diffusiophoresis studies.

Future directions for this method are to charactetii'ee cmc of mixedsurfactant
micelles. Mixed micelles allow to enhance the prapsrf the micellasystemby combining

more than one surfactapiotentially 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 solutigplaysan important role in thmterpretation
of diffusion and diffusiophoresisSince micelles are colloidal particles, we review the
thermodynamic theory of colloidal particles in water in the presence af $hi$ chaptelWe
shall use the terms P, S aiWd to denote colloidal particles, salt and wafeolvent)
respectively. It is also important to note that colloidal particles are electrically neutral and

largecomparedo saltionsand water.

Ternary systems can be described by four thermodynamicblesigpressurepy,
temperatureT), and two composition variablesich as molar concentrations of particles and
salt,Cr andCs. In our casgp andT are constant so they will be omittem shorten notatian
We will focus on the case in which concentration of colloidal particlel®vis (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 systevesstartwith Gibbs free energy

The Gibbs free energyj of a ternary solution consisting 8f moles of colloidal particlen

moles of salt, andl, moles of water can bexpressed as

G(1p, 15, Ny)= N7p R Ry (6.)
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The corresponding chemical potentialgjwith j=P,S,W thenare:

(6.2)

=
Fe) g o
=15
7l O: O

[}

S
b
|- O: O

®

(6.3)

o

3
B

5]

(6.4)

The Gbbs-Duhem relatiorshowshow changes in chemical potensialre relatedo

each other
ndm+nd m+n,d gy G (6.5)

Sincethe chemical potential @component in the mixture cannot dge independently from
the chemical potential of the other compongemts need only two chemical potentials to

describe ternary systems. In our case, we choose patrticle and salt chemical paterdéad.
express the system chemical potentials for thegbarg,, and for the salt/1], as a function

of particle concentratiorg,,, and salt concentraties:
m(C,,C)= pRTIn C, In f{C, C) (6.6)

m(C,C)= g+ ®T[In C; I f(C, CJ 6.7)
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Whereﬂi and ”2 are the standard chemical potentiais,and fS are the activity coeitients
for the particles and the salt, respectiy@lys the ideal gas constant andcorrespond to the
number of ions from the salt. In our cage= 3 for N&xSQy and /15 = 2 for MgSQu.

Activity coefficients satisfy the idedalilute conditions:

M oc. o f(CnCQ =1 (6.8)
Iimcp- 0,Cs- 0 fs(cp Cs) =1 (6.9)

In the context of diffusiofsee chapter 7, section 7,.tjermodynamic driving forces are linked
to the first derivatives of chemical potentials. We therefore dedupeessions of first

derivatives fron(6.6) and(6.7):

aum 6 RT® i f,
M 0 ¢ & FC (610
] ga?icp c GCog Co .
a 0 RT f

m o}
®CHC ¢ G WG

G

0 _ART fnfg
Mep Z:EU-CP (ZO C. ﬁ C. . (6.12

Sum &
ms* im 8 -@RTél b fo (6.13)
(;.HCS & Cs g Cs o

It is important to note that?d, (see eq(6.12)) and /75 (see eq(6.11)) are mathematically

linked to each other. To show this, it is convenient to introduces&ma@omposition variables:
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myt n/ n, (6.14)
m ! ng/n, (6.15)

We then take therossderivative (LUT,!/ Ifﬂs)mP of the particlechemical potentialeg.(6.3)):

aqum 6 Suago 2
O _aHaB o 4 (6.16)
%%EB mEm 8
TS 5 g MC Hen, g
And substitute n, with m,n,, (see eq(6.14)) in eq.(6.16) to obtain:
o ~ é o = ﬂ
a 0O_lgpa @ O )
il
¢ M 5 o6 T

Following the same approadbor the other crosslerivative (ung/ mp)rTb , (see eq(6.3) and

substitutingns = myn,, (see eq(6.15)), we obtain:

dug 6_1Spadp o J (6.18)
B R gmER E, |

The expressions in the square bracketscs. (6.17) and(6.18) are two mixedsecondorder

partial derivatives o6 that are equal to each other. This implies that

o 60 6
&ﬁﬁ @:&gg 0 (6.19)
¢y = ¢ M &

Equation(6.19) is used to relatd?d(see eq(6.12)) to /7)s (see eq.(6.11)) in the following

way. We first write the total differentials fdwothchemical potential
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5 Aum o

A=t 50C, te §dC mdC, 4wC (6.20)
QP-CP (2 ¢ p:s C+P
o 6 o 6

dm=g—2 §dC, ter2 5dC, TgdC, gxC (6.21)
kG < ¢ Bs ¢

dyg 6_ @, 0 pCa
& =M B — @ (6.22)
GHT: s " ‘ﬁ mo m’gns
3 o} o} C. &
aew—n 6= M —@a@ 6’&75bae (6.23)
Qumsni &n\: - rgg%
dumg 6_ 8, 8 (1.4
& =M BB — (6.29)
am & f L, s me,
3 0 0 a
W Do M fg (629
Qumsni @% - rg%

At this stage, w need to find and expression for ead§ / m (M., k, |)in egs.(6.22) to

(6.25). This requires us texaminehow the volumeV, of a ternary system depends on

composition. We therefore write:

V(n,ng, )= nY, 0 1, (6.26)
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where

(6.27)

<
o) )
i
Tl O: O

o

I
i
7 O: Ot

(6.29)

=

2

o

OFT
T O: Ot

z

V,, t (6.29)

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

be written agollows:

T

k A T (6.30)

C,=—+fF =—— i — = S
TVt nV, Y, myom\ Y,

= - M (6.31)
BVt Vs M, mV m\ ¥

N
1
<|7

We use these expressionscohcentratior(egs.(6.30) and(6.31)) to take partial derivatives

with  respect to M, and M. Keeping in mind Gibb®uhem equation
ndV, + ndV; +n, d\, & or equivalently,m,dV,, + m d\{ +dy, &. we obtain:

O

= — = — - 6.32
Tm CTmv Mm% Y, (Y MY WV (632
aYC, 0 _ AL “Muy o
gim 2 (mY v s v o
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i bm Mg (6.34)
cim = (MY m\, ¥)* vV Yo
auCs 0 _ 1 AL Ny

- — — = =1 VL) (6.35)
chmy 2T mV, mV X, (mV m\ W Y
Substituting eqg6.32) to (6.35) into eqs.(6.22) to (6.25) allows us to write
a o}
gew“’—r’i 6 = gL V.C)m, VLo (6.36)
: 0
?ww_ing %@(l VCS)mDS VCP”ZP (6.37)
A 0 n
gew“’—i é = 8L VeCo)m, Vo (6.39)
: 6 n,. = _
S 6= 81 Yicoms Vm, (639

Finally, substitution of eq6.37) and(6.38) in eq (6.19), which relatd /T3swith /73, yields

(1' \7scs)mps -VSCPngP @1 \_/'FC} % V-Q s (6.40)

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

1-V.c.) % 1 vcs)— WC, C”ZPE (6.41)

S
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