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The association of many classes of surface-active molecules into
micellar aggregates is a well-known phenomenon. Micelles are in
dynamic equilibrium, constantly disintegrating and reforming. This
relaxation process is characterized by the slow micellar relaxation
time constant, 7, which is directly related to the micellar stability.
Theories of the kinetics of micelle formation and disintegration have
been discussed to identify the gaps in our complete understanding
of this kinetic process. The micellar stability of sodium dodecyl
sulfate micelles has been shown to significantly influence techno-
logical processes involving a rapid increase in interfacial area, such
as foaming, wetting, emulsification, solubilization, and detergency.
First, the available monomers adsorb onto the freshly created inter-
face. Then, additional monomers must be provided by the breakup
of micelles. Especially when the free monomer concentration is low,
which is the case for many nonionic surfactant solutions, the micel-
lar breakup time is a rate-limiting step in the supply of monomers.
The Center for Surface Science & Engineering at the University
of Florida has developed methods using stopped flow and pressure
jump with optical detection to determine the slow relaxation time of
micelles of nonionic surfactants. The results showed that the ionic
surfactants such as SDS exhibit slow relaxation times in the range
from milliseconds to seconds, whereas nonionic surfactants exhibit
slow relaxation times in the range from seconds (for Triton X-100)
to minutes (for polyoxyethylene alkyl ethers). The slow relaxation
times are much longer for nonionic surfactants than for ionic sur-
factants, because of the absence of ionic repulsion between the head
groups. The observed relaxation times showed a direct correlation
with dynamic surface tension and foaming experiments. In con-
clusion, relaxation time data of surfactant solutions correlate with
the dynamic properties of the micellar solutions. Moreover, the re-
sults suggest that appropriate micelles with specific stability or 7,
can be designed by controlling the surfactant structure, concen-
tration, and physicochemical conditions (e.g., salt concentration,
temperature, and pressure). One can also tailor micelles by mixing
anionic/cationic or ionic/nonionic surfactants for a desired stability
to control various technological processes.  © 2002 Elsevier Science
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1. INTRODUCTION

1.1. Micellization

Since the beginning of the study of surfactant solutions,
has been recognized that the physical properties of surfact:
solutions, such as surface tension, osmotic pressure, electri
conductivity, and solubility (as a function of temperature), shov
an abrupt change in the neighborhood of a critical concentr
tion when surfactant aggregation begins to occur. This unust
behavior of fatty acid salts in dilute aqueous solution was firs
investigated by McBain (1, 2) in the 1910s and 1920s and lat
by Hartley (3) in the 1930s. Other evidence for molecular aggrt
gation was obtained from vapor pressure measurements and

1 To whom correspondence should be addressed. E-mail: shah@che.ufl.&glubility of organic material. The formation of colloidal-sized
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clusters of individual surfactant molecules in solution is now begroup (10). In general, the greater the hydrocarbon chain leng
ter known as micellization. Although first suggested by McBaiof the surfactant molecules, the greater the aggregation numt
(1), the earliest concrete model for spherical micelles is aif micelles. Also, those factors that increase the aggregatic
tributed to Hartleyet al. (4). In a typical surfactant solution sur-number tend to decrease the CMC. For example, increasing t
factant molecules disperse as monomers in the aqueous phakg] chain length of a surfactant decreases the CMC. The pre
form aggregates (micelles), or adsorb as a film at the air/liquiahce of electrolyte also decreases the CMC, due to the so-call
interface and at the solid/liquid interface of the containefsalting out” effect. The work required to accommodate a non
The surfactant is in dynamic equilibrium between these statpslar solute in a given volume of water is increased in electrolyt
implying that the rates of adsorption and desorption are equsblution because of strong water/ion interactions. When surfa
Thus, at a given temperature, pressure, and concentration, tdre monomers are salted out by the presence of an electroly
number of monomers adsorbed at the air/water interface and thieellization is favored and the CMC is decreased. Another fac
number of monomers and micelles present in solution is fixéor favoring micellization in electrolyte solutions is the shield-
under equilibrium conditions. The concentration of monomeisg of charges between ionic head groups (in the case of ion
and micelles changes with equilibrium conditions such as pres#factants) (10). It is important to emphasize that CMC reg
sure, temperature, or surfactant and salt concentration. resents the concentration of free surfactant monomers in a n
The process of surfactant clustering or micellization is preellar solution under given conditions of temperature, pressur
marily an entropy-driven process (5, 6). When surfactants aaed composition.
dissolved in water, the hydrophobic group disrupts the hydrogen-
bonded structure of water and therefore increases the free &/2. Structure of a Micelle
ergy of the system. Surfactant molecules therefore concentrat -
at interfaces, so that their hydrophobic groups are removed o?n the p_as; couple of decades,_ the r_ecog_nmon that surfa
directed away from the water and the free energy of the solutifi assouanc_m structgres can mimic biological structures h
is minimized. The distortion of the water structure can also arked con3|derabl.e m_terest in sel-assembled sqrfactant ‘
decreased (and the free energy of the solution reduced) by ggates such as cylinarical, Iamgllar, and reverse mlgelles (L
aggregation of surface-active molecules into clusters (micell zymes, for example, are protein molecules into which a sul

with their hydrophobic groups directed toward the interior of thah ate fits to form a reactive intermediate. The highly efficien

cluster and their hydrophilic groups directed toward the waté'f}nd specific catalytic effect of enzymes makes their investig:

However, the surfactant molecules transferred from the bgggn an interesting area of biomedical and detergent resear

solution to the micelle may experience some loss of freed S enzymes are often "’.‘dde.d o laundry detergents to impro
from being confined to the micelle. In addition, they may e)gerformance) (12, 13). Likewise, cell membranes not only cor

perience an electrostatic repulsion from other similarly Charggartmenta_llze b'0|09'c_al syst_ems but also perfqrm a variety (
g@ctlons in cellular biochemical and physiological processe:

surfactant molecules in the case of surfactants with ionic he i
factant structures can be used as model systems to mimic b

groups. These forces increase the free energy of the sys q b Linid tes k i
and oppose micellization. Hence, micelle formation depenggzymes and membranes. Lipid aggregates known as iposon
e common in physiological systems, and specially designe

on the force balance between the factors favoring micellizati qf | drug-deli hicl
(van der Waals and hydrophobic forces) and those opposin SOmes are used, for exampie, as drug-aetivery venicies
cosmetics (14). Self-assembled structures such as micelles

(kinetic energy of the molecules and electrostatic repulsion). T d micell factant i ith hvdrophilic he:
explanation for the entropy-dominated association of surfactafit €'S€d Micelles (surfactant aggregates with hydrophilic he:

molecules is called the “hydrophobic effect” or “hydrophobi@rOUps shielded from, and lipophilic tails sticking out to an or-
bonding” (7) ganic solvent) also play an increasingly important role in cata

The concentration at which micelles first appear in solution SIS and separation processes in engineering and environmer

called the critical micelle concentration (CMC) and can be dépfnt?]e and fChT‘O'ﬁgy (%5_%7)' based h i
termined from the discontinuity or inflection pointin the plot of eory or miceflar structure, based upon the geometr

a physical property of the solution as a function of the surfacta}(i:]ft various micellar shapes and the space occupied by

concentration (8, 9). hydrt;)philicc;amd Tydrgpgot:ic grcl)uphs qtfthle su(rjfal\(;lt.?nr: nlwlolec(;JIe:
Representing the surfactant I8/ the micellization process as been geveloped by Israglachal al. an tehetl an

- : Ninham (18, 19). In aqueous media, for example, surfactan

can be described by the reaction . - ;
with bulky or loosely packed hydrophilic groups and long, thir
nSe S, [1] hydrophobic groups tend to form spherical micelles, while thos
with short, bulky hydrophobic groups and small, close-packe
where S, is a micellar aggregate composed rofsurfactant hydrophilic groups tend to form lamellar or cylindrical micelles.
molecules. The so-called aggregation numbegwhich rep- At concentrations slightly above the CMC, micelles are consic
resents the number of surfactant molecules in a micelle) hered to be of spherical shape (20). Changes in temperature, <
been found to increase with increasing length of the hydrophfactant concentration, or additives in the solution may change tt
bic group and decrease with increasing size of the hydrophitize, shape, aggregation number, and stability of the micelle
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The structure of a micelle could vary from spherical to rod- afensation is equal to the rate of evaporation. The same princij
disc-like to lamellar in shape. In concentrated solutions (mutiolds for a micellar solution. Under equilibrium conditions, the
higher than the CMC), lamellar micelles form, such that wateate of micelle formation is equal to the rate of disintegratiol
molecules occupy the region between parallel sheets of surfate surfactant monomers.

tants. Micelles may also form long cylinders packed togetherMicellar relaxation kinetics show dependence on temperatur
(known as lyotropic mesomorphs or liquid crystalline phasepjessure, and concentration, as well as on the addition of oth
at high surfactant concentrations (21, 22). The structure and species such as short-chain alcohols. It was shown thas tife
bility of micelles significantly influence the dynamic propertiean SDS micelle decreases with increased concentration-of C
of the system, as will be discussed in this paper. Cs alcohols (48). These kinetics have been studied by variol
techniques such as stopped-flow, temperature-jump, presst
jump, and ultrasonic absorption (23-30). The two relaxatio
times can be used to calculate two important parameters o

The association of many classes of surface-active molecufeisellar solution: (a) the residence time of a surfactant molecu
into micellar aggregates is a well-known phenomenon. Micell&sa micelle and (b) the average lifetime or stability of a micelle
are often drawn as static structures of spherical aggregates of ori-
ented surfactant molecules. However, micelles are in dynamic 3. DEVELOPMENT OF THE THEORY
equilibrium with individual surfactant molecules that are con- FOR MICELLAR KINETICS
stantly being exchanged between the bulk and the micelles.

Additionally, the micelles themselves are continuously disin- As was mentioned in Section 1, the study of surfactant aggr
tegrating and reassembling. There are two relaxation procesgation began in the 1910’s, and the concept of micelles and
involved in micellar solutions (23—47). The first is a fast re“critical micelle concentration” was put forth in the 1930s (1-4)
laxation process referred to as (generally on the order of However, at that time micelles were thought of as static and st
microseconds), which is associated with the quick exchangeld¢ surfactant aggregates. It was not until more than 30 yee
monomers between micelles and the surrounding bulk phakéer in the 1960s and 1970s that researchers first discovered:
This process can be considered to be the collision between flyserved the dynamic aspect of surfactant association and dis
factant monomers and micelles. The second relaxation tigne Ciation by various experimental methods such as pressure-jun
(on the order of milliseconds), is attributed to the micelle fotemperature-jump, concentration-jump (i.e., stopped-flow), ar
mation and dissolution process (i.e., the lifetime of the micellg)ltrasonic relaxation studies. In 1965, Mijnlieff and Ditmarsct
It has been shown that in certain surfactants such as noniofd¢) reported results on the rate of formation of sodium alky
surfactants and mixed surfactant systems;an be as long as sulfate micellesin water studied by the pressure-jump techniqt
minutes! For example, the of a 0.80 mM solution of the non- They did not at first distinguish between fast)(and slow ¢)
ionic surfactant Synperonic A7 is 150 s (24). Figure 1 showslaxation times. This report was soon followed by temperatur
the two characteristic relaxation times, and t», associated jump (32-35), ultrasound (36-39), and stopped-flow (40-4:
with micellar solutions. Micelle formation and disintegration istudies on micelle association/dissociation kinetics. These st
analagous to the equilibrium between water and water vapor & showed that there are well-defingdandz, values for each
given temperature and pressure. For a closed system contairsiagactant system and that the time scalefovas on the order of
liquid water and water vapor in equilibrium, the number of watenicroseconds while that af was on the order of milliseconds.
molecules per unit area per second evaporating from the surface

is equal to the number of water molecules condensing at tBd. Micelle Association by Stepwise Incorporation

surface. Thus, the total number of molecules in the vapor phas@f Monomers

or in the liquid does not change with time, so the rate of con- Experimental research on the kinetics of micellization reache
its peak in the 1970s, when attention switched focus to anal

1, sis of the relaxation process in micellar solutions on the bas

g%% — g%o + ™o of stepwise formation and disintegration of micelles (43-46

The primary breakthrough in this area was the discovery

Fast relaxation time, microseconds the existence of two (fast and slow) relaxation processes (4

36, 46) and the development of a model for the kinetic prc

w0 o % cess of micelle formation and disintegration by Aniansson ar
%ﬁ — %@ + Mo = + o iy ,r‘p co-workers (49-51).
T

The first major assumption of this seminal work, which wa:
derived for nonionic surfactants and later supplemented |
Lessneret al. (52) and Hall (53) to include ionic surfactants,

FIG.1. Mechanisms for the two relaxation times,andz,, for a surfactant Was that the free surfactant monomers are assumed to be cc
solution above CMC. pletely dissociated and the size distribution of the aggregates

2. DYNAMIC PROPERTIES OF SURFACTANT SOLUTIONS

Slow relaxation time, milliseconds
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11 tremely narrow section (Region Il in Fig. 2). The diffusion of
material through the narrow tube was considered to be the slo
rate-limiting step in the reaching of equilibrium between the twc
thick ends. Likewise, the extremely low concentration of tran
o sient intermediate submicellar aggregate states (Region Il) th
surfactant monomers must passthrough (i.eA&A; ... An_1

in Eq. [2]) when a micelle is formed from, or disintegrated into,
free monomers is the rate-limiting step in the formation or dis
integration of a micelle. Assuming the aggregation number

to be a continuous variable and applying the above analogy

mass transfer, Aniansson and coworkers derived the express

FIG. 2. Typical size distribution curve of aggregates in a micellar solufor the fast relaxation process
tion according to the Aniannson—Wall model of stepwise micellar association.
Region (I) corresponds to monomers and oligomers; Region (lll) to abundant 1 k™ o2 . C -CMC
micelles with a Gaussian distribution around the mean aggregation number, (1 + F ) , Witha = W»
and Region (l1) to the connecting “wire” (heat transfer analogy) or “tube” (mass

transfer analogy) between Regions (1) and (). whereo is the half-width of the distribution curve of micellar
sizes (assumed to be Gaussian, Figk?2)is the stepwise disso-
a surfactant solution is assumed to have the shape schematici#ion rate constant, which is assumed to be independeribof
shown in Fig. 2, wher&€(A,) denotes the total concentrationthe micellar regiong is the total surfactant concentration, and
of aggregates containimgmonomers and is a function of tem-CMCis the critical micelle concentration. Equation [3] predicts ¢
perature T), pressure [f), and total surfactant concentratiorlinear relationship betweer't; and the total surfactant concen-
(C). Notice the existence of three distinct regions where ofition, in agreement with pressure-jump and sound absorpti
can find monomers and oligomers (Region ), proper micell€¥periments (51, 54). It is obvious that as the total surfactal
(Region IlI), and a narrow passage connecting monomers gfhcentration increases, so too does the number of micelles,
micelles (Region I1). In other words, only monomers and propé&tilting in a decrease in intermicellar distance. Hence, the tim
micelles are assumed to be present in the solution in signific&@guired for a monomer to collide with a micelle is shorter a
quantities. higher surfactant concentration. The magnitude diepends on
The second major assumption Aniansson and co-workéRe length of the hydrocarbon tail of the surfactant—the shorts
make is that the association and dissociation of micelles the chain length, the faster the relaxation time—since micelle
a stepwise process involving the entry and departure of o@@mposed of shorter-chain surfactants are more loosely pack
monomer at a time from the micelle. Thus, there is a series gfuctures due to smaller van der Waals attractive forces and le
equilibria, hydrophobic effect.
Using the same analogy of diffusion through a tube as de
ks scribed above, an expression for slow relaxation timevas

A+ Ant k:f An N=234..., derived and simplified to

C (Al‘l)

S(Tp.O)

1I

=]

Aggregation number n ——

==5 3

71 0’2

2 2\ !
whereA, denotes an aggregate containmmonomers andk i __ " (1 + G_a> , [4]
andk; are the forward and reverse rate constants for a given step, 2 CMCxR n

respgctiv_ely. Therefore, when the equilibrium of a surchtaWhere R is a term which may be visualized as the resistanc
solution is perturbed (e.g., by temperature or pressure jump),fow through the critical region (i.e., Region Il in Fig. 2)

the excess population has to move through regions of diﬁer‘?fbtnnecting the monomers to the micelles and is given by
aggregation numbers (Region Il of Fig. 2). According to Eq. [2],

this occurs in steps that are very small compared to the distance 2 1
in aggregate space traveled. Therefore, the process will have the R= ki A,
characteristics of a flowing system, which isimportant because it
allows the kinetics of the abstract process of micelle aggregatiwhere n is the aggregation number of some particle aggre
to be studied in terms of the more familiar phenomena of hegdte andA, is the equilibrium concentration of aggregates of
and material flow. ordern. The dependence of/1, upon ionic strength, concen-
The kinetic equation was first put into a form analogous toation, and temperature has been interpreted in terms of th
a heat conduction problem (49) and later (more appropriatebffect onR. Interestingly, the two relaxation times can be uset
into a form analogous to a mass-transfer diffusion problem (519. calculate two important parameters of a micellar solution
Using this second analogy, the mechanism of micelle aggrega) the residence time of a surfactant molecule in a micelle ar
tion was likened to mass flow through a tube of variable width-b) the average lifetime or stability of micelles (29, 55-57). The
two wide ends (Regions | and Il in Fig. 2) connected by an exesidence time of a surfactant monomer in a micelle is equal

(5]

n=n;+1
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n/k~, wheren is the mean aggregation numbeiirf Fig. 2) and such as SDS are added to water, the surfactant molecules dis
k= the dissociation rate constant of a monomer from a miceligate into negatively charged dodecyl sulfate molecules and the

The average micellar lifetim&, is given by (58):

na
o2
1+ Fa

Tn=1 ~ NTo. [6]

positively charged counterions. These counterions are presen
solution as a cloud surrounding the negatively charged micell
At low surfactant counterion concentration, the micelles are st
ble with respect to coagulation due to repulsive electrostat

forces. Consequently they can grow only by stepwise incorp

When the concentration of surfactant is much greater than CM@tion of monomers according to Eq. [2] above.
the micellar lifetime is approximately equal tay. As more and more surfactant is added into the system, tl
counterion concentration also increases, which compresses
3.2. Micelle Association by Coagulation of Submicellar electrical double layer and reduces charge repulsion, allowir
Aggregates Due to a Fusion—Fission Mechanism the micelles to come closer to each other so that attractive d

Although first derived for nonionic surfactants, the resulf€rsion forces (i.e., van der Waals forces) lead to a reversit
of Aniansson and Wall's theory on micellar aggregation kinefusion—fission coagulation according to
ics were compared primarily with experiments on ionic sys- Kl =i 7]
tems, simply because it was much easier to detect the relaxation ’

times in ionic systems than in nonion_ic systems. Even so, theerek andl are classes of submicellar aggregates.
agreement between theory and experiment was, in general, sak ahiweit (61) then represented the micelle formation reactio
|§factory in the regime of low surfactant congentranons (49). '?Jath by two parallel resistorsgRnd R (Fig. 3b), and compared
higher concentrations, however, the theory did not match exp&fz formation of micelles to the discharge of a capacitor throug
mental results (52). Equation [4] predicts thashould increase (o parallel resistors (63), so that the change in the monom
with concentra_ltlo_n of a surfactant. Howe_:ver_, ithas been reportgghcentration with time was given by

that for some ionic surfactant systemsfirst increases, passes
through a maximum, and then decreases again (47, 52, 59).
This behavior in the slow relaxation process of ionic micelles is
not predicted in the Aniansson—Wall model. Kahlweit and co- ] .
workers, using their owiT -jump andp-jump results (60—62), Wher_er21 refe_rs to the reaction path in Eq. [2] angb to the
concluded that in ionic surfactant systems at high concentratiéaction path in Eq. [7]. _ _
the reaction path for the formation of micelles must be different Atlow surfactant concentration, and hence at corresponding
than that at low concentration. Therefore, the following mod&W counterion concentration s very high due to electrostatic

was proposed explaining the occurrence of a maximuns in rgpulsiog between submicellar aggregates, SO stepwise aggre
(Fig. 3): lonic micelles, including submicellar aggregates, can §@n dominates andr; (the same resistance term proposed b

considered charged particles. When ionic surfactant molecufé@iansson and Wall in Eq. [5]) determines the rate of micell
formation. Equation 4 above can therefore be written as

A+ A 2A

—dIn A 1 1
— -4 [8]
dt T T2

2 -1
2) ! n 1+—a> , [9]

(143
CA) 721 CMCx Ry n

R which is identical to Eq. [4] derived by Annianson and Wall.

T 2 As the surfactant concentration is increased, the counteri
concentration also increases, and hef@ncreases aR, de-
creases. The concentration wh&e=qualsR; is the pointwhere
R, 1/7, passes through a minimum amnglis highest (for the SDS

a micelle, this occurs at 200 mM) (64). If the counterion concen
tration is still further increased®; becomes so high thag,
determines the rate of micelle formation according to the rea
b) tion mechanism in Eq. [7],

R,
A 1 =fna 1+62a - with a—C_CMC
R, ‘522_ n ’ - cMmC ’

Aggregation number n ——

IIA1

[10]

) . . . where S is a measure for the mean dissociation rate consta
FIG. 3. Schematic representation of the two possible reaction paths for the

formation of micelles (a) and the corresponding resistances (b): (1) formation'&( Eq. [7]and is a funcj“(_)n of Cqumenon C(_)ncentratlon' T_hlf
incorporation of monomers (Eq. [2]) and (2) formation by reverse coagulatié®SUlt holds only at sufficiently high counterion concentratior
of submicellar aggregates (Eq. [7]) (40). A detailed explanation g8 and its functionality with counterion
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concentration has been provided in Ref. (64). This theoreticdsembly. However, DeBold and Kollman (73) were able t
development by Kahlweit and co-workers has helped to explaibserve aggregation of alcohol molecules in an octanol/wat
the existence of a maximum i of ionic surfactants. system within a 2.0 ns MD simulation. Nowadays, due to the in

For ionic surfactant systems, the concept of one of two paxease in computer power and due to algorithmic advances, it h
sible reaction pathways available depending on surfactant (dy@tome possible to simulate the self-aggregation of surfactar
counterion) concentration does a good job of predicting abg using atomistic MD simulations. Mailledt al. (74) simu-
explaining the experimental maxima of slow relaxation timdated the self-aggregation of both short- and long-chain ioni
found in ionic surfactant micelles (Fig. 6). The model also asurfactants, while others (75-77) have shown self-aggregati
curately predicts a shift of the maximutp to lower surfactant of dodecylphosphocholine (DPC) surfactant molecules in watt
concentrations by the addition of electrolyte and by the additiamo a single micelle, either spherical or worm-like, dependin
of nonionic amphiphiles such as alcohols (47, 52). on the surfactant concentration.

In the case of nonionic systems, electrostatic repulsion forcesThe main stochastic computer simulation technique is th
are absent, and both reaction paths compete right from the CMtonte Carlo method. It is essentially a stochastic sampling e
on. Because of this, no pronounced maximunuiiis ever en- periment involving the generation of random numbers followe
countered. Instead, the shape oftheersus concentration curveby a limited number of arithmetic and logical operations, whict
resembles that of an adsorption isotherm with an asymptotic are often the same at each step. This method aims to gener
crease to a maximum value and no decrease, &t higher a trajectory in phase space which samples from a chosen sta
concentrations. tical ensemble. Several different variables, including chemic:

Alimitation present in both Aniansson’s and Kahlweit's modpotential and number of molecules, can be fixed while the pos
els is the absence of the consideration of intermicellar distartcens and momenta of molecules can be followed over a serit
and conformational changes (e.g., changes from sphericalofsteps to an equilibrium state (78).
cylindrical or lamellar structures) in the micelle. The fusion— Extensive studies of the equilibrium properties of surfactar
fission process of submicellar aggregation proposed by Kahlwgjtstems using Monte Carlo simulations have been performed
was studied for elongated micelles by Turner and Cates (65) ¢hd past (79—-83). However, work on the dynamics of micelliza
Waton and his co-workers (66, 67). In each case an increaséiam is very limited (84—88). Recently there have been studie

micellar lifetime was encountered. on the dynamic properties of micelles at equilibrium and of th

micellization process (84-87). There have also been studies

3.3. Computer Simulations of the Kinetics of Micelle the exchange kinetics between the bulk solution and a spheric
Formation and Disintegration absorbent (88).

Computer molecular simulations have recently been used to

complement experimental studies and further our understanding4, IMPORTANCE OF MICELLAR RELAXATION TIME

of surfactant structure and aggregation behavior at a molecular [N VARIOUS TECHNOLOGICAL PROCESSES
level. The basic idea of computer simulation is that one may ex-

plicitly follow and statistically analyze the trajectory of a system The importance of micelle breakup in processes involvin
involving many degrees of freedom to simulate the behavior af increase in interfacial area was first reported by Mijnlief
areal assembly of particles (68). However, computer capacitiasd co-workers (31). For many years researchers tried to cc
while growing, are finite. This implies that one may consideelate the relaxation time, with equilibrium properties such
only a finite number of particles and a trajectory of finite lengtlas surface tension and surface viscosity, but no correlation w
Two general classes of simulations exist: molecular dynarfiound. However, a strong correlation ef with various dy-
ics and stochastic simulations. The most widely used molecutamic processes such as foamability, wetting time of textile:
simulation technique presently in use is the molecular dynamiagbble volume, emulsion droplet size, and solubilization rate ¢
(MD) simulation, in which forces derived from an assumed pdsenzene in micellar solutions was found by Shah and co-worke
tential are used to generate phase space trajectories from wifizh 89). Figure 4 shows schematically the importance of m
observable properties are calculated by using statistical thermselle breakup in foaming processes. When air is blown throug
dynamics principles (69). a surfactant solution, a substantial amount of new interfaci:
Most MD simulations performed on micellar aggregation tarea is created in the form of bubbles. The increased interf
date have focused on the structure, shape, and size of miceltés. area has to be stabilized by an adsorbed film of surfacta
More recently, however, there has been interest in using Mbolecules. These molecules come from the bulk solution, whic
to study the kinetics of micellar self-assembly (70-77). Smitbntains monomers and (if above CMC) micelles. As monomel
and co-workers (71, 72) have used simplified models of surfatiffuse to the newly created surface, the equilibrium conditiol
tants and a Lennard—Jones solvent to examine micelle fornb@tween monomers and micelles is disturbed, which forces e
tion. Because micelle formation takes a long time (millisecondssting micelles to break up to provide additional monomers t
compared to atomic time scales, it requires great computatiottad surface. Very stable micelles are not able to augment the fl
power to use fully atomistic MD models to reproduce such selftecessary to stabilize the newly created interface, and therefo
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FIG. 6. The slow relaxation timer,, of SDS micelles at various surfactant
T concentrations. A maximun itp is found at 200 mM (cme-8.3 mM at 25C).

More stable micelles — Less monomer flux =\ 0re\w is the work doney is the surface or interfacial tension

Lower foamability at the air/water or oil/water interface, amdA is the change
FIG. 4. Schematic representation of adsorption of surfactant onto tll1@ interfacial area'_lf the WOI’k_ ona Sy_Stem IS_ kept cons_tant,
newly created air/water interface due to disintegration of micelles during fod@Wer surface tension results in more interfacial area (either k
generation. decreasing the bubble size or by increasing foam volume). Tht
one would expect a larger emulsion droplet size when micelle

foamability will be less. The micelle breakup process is alsy€ very stable. _
important in fabric wetting. When a piece of fabric is placed The micellar stability of sodium dodecyl sulfate (SDS) solu:

to float on top of a surfactant solution, the solution begins ffNS was determined by Oh and Shah (91) by using pressu
penetrate the interfiber spaces of the fabric. The monomers }&0P With electrical conductivity detection (92). Figure 6 shows
posit onto the hydrophobic sites of the surface and at the saffig Micellar relaxation time; a as function of SDS concen-

time decrease the interfacial tension between the water and f4Btion- Maximum micellar stability was found at 200 mM
ric. More stable micelles will cause less monomer flux to tHg2 = S S€€), in agreement with previous observations (64
fabric surface, which will slow down the wetting process angi9ure 7 presents the various phenomena exhibiting minim
result in a longer wetting time. A picture similar to Fig. 4 cand maxima at the liquid/gas interface. At 200 mM SDS, min
be drawn for micelle breakup during emulsification process8Um foamability, maximum single film stability, maximum

(Fig. 5). When mechanical energy is applied to increase the fn9le bubble volume, and a minimum frequency of bubbl
terfacial area between oil and water to produce oil droplets, the

newly created interface must be stabilized by the adsorption of

monomers from the aqueous phase. More stable micelles causg
less monomer flux, which leads to a higher interfacial tension at

the oil/water interface. The relationship between surface tension
or interfacial tension and the amount of interfacial area created

in foams or emulsions can be given by (90)

Frequency of Bubble
Generation

Volume of Single Bubble

200 mM

W =yAA, [11]
Single Film Stability
Water Foamability
Oil
Droplet '
P o 6}“0 e ‘3% :

i Slow Micellar Relaxation
i Time, 12

More stable micelles & Less monomer flux—>
Higher interfacial tension—» Larger droplet size SDS CONCENTRATION

FIG.5. Schematic diagram for the adsorption of surfactant monomers fromFIG. 7. Liquid/gas phenomena exhibiting minima and maxima at 200 mM
the bulk to the oil/water interface during emulsification. SDS concentration.
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generation were found. These phenomena were explained b&8B& concentration. Although the absolute magnitude of th
upon the monomer flux to newly created interfaces. If the mivetting time depends on the fabric, the maximum occurrin
celles in solution are very stable, they cannot provide monomets200 mM is a property of the SDS solution and not of the
to the interface quickly enough and thus the interfacial tensidabric. The liquid/liquid and solid/liquid phenomena can also b
remains higher. Therefore, lower foamability, larger single bulexplained based upon the monomer flux necessary to stabili
ble foam volumes, and a minimum frequency of bubble gea-newly created interface. Very stable micelles result in hig
eration were found (93, 94). Very unstable micelles, howevalynamic surface tensions, and hence, larger droplet sizes &
provide monomers to the surface fast enough, resulting in lowlenger wetting times are obtained (98, 99). The solubilizatiol
interfacial tension. A maximum single film stability was foundate of benzene in SDS solutions, as well as the detergency
at 200 mM, i.e., when the micelles were most stable (95). Aemoval of orange OT dye from the surface of a fabric, shows
important factor influencing single film stability is the micellamaximum at 200 mM concentration. The time required to reac
structure inside the thin liquid film, which has been investigatezhturation of the SDS solution upon the addition of benzene
by Wasan and co-workers (96, 97). The stratification of thim minimum at 200 mM SDS concentration. This suggests th
liquid films can be explained as a layer by layer thinning ofery stable micelles (i.e., tightly packed micelles) are more e
ordered structures of micelles inside the film. This structurdective in the solubilization of oil (91). This can be explained
phenomenon is affected by micellar effective volume fractioby examining the interior of the micelles. The interior of rigid
stability, interaction, and polydispersity. Therefore, the resulfse., tightly packed) micelles is more hydrophobic than that o
from this study indicate that very stable micelles contribute toosely packed micelles, and hence, the stronger hydrophot
the stability of thin liquid films. core causes more rapid partitioning or solubilization of benzer
Interfacial phenomena occurring at the liquid/liquid andnd Orange OT into the micelles at 200 mM SDS concentratio
solid/liquid interfaces in SDS solutions are shown in Fig. 8. In conclusion, the maximum stability of SDS micelles at
The wetting time and droplet size in emulsions exhibit maxin200 mM concentration manifests itself in various processes il
at 200 mM. The wetting time is the time during which the fabvolving an increase in interfacial area such as foaming, bubb
ric floats on a surfactant solution before it actually sinks intgeneration, rate of solubilization, detergency, wetting, and emt
the solution. During this time, water penetrates into the fabriification (24, 89).
structure to replace the air until the gravitational force exceeds
the buoyancy of the entrapped air. When micelles are very sta-
ble, the flux of monomers decreases and hence the wetting pro- 5- INTERMICELLAR COULOMBIC REPULSION
cess slows down. Different types of fabrics, such as polyesters, MODEL (ICRM)
Dacron, Nylon, cotton, and silk, were investigated. The maxi-

o ; ; ; The maximum micellar stability resulting in the most rapid
mum wetting time of the investigated fabrics occurs at 200 mM ="~ =™ X
9 9 solubilization and detergency at 200 mM SDS can be explaine

by the following proposed intermicellar coulombic repulsion
model (ICRM). Knowing the aggregation number of the SDS
micelles and the total SDS concentration, one can calculate t
Time to Reach Saturation number of micelles at a specific SDS concentration in the sol
of SDS Solution by Benzene 4, By dividing the solution into identical cubes equal to the
number of micelles, one can equate the distance betweenthe c
Detergency, ters of the adjacent cubes to the average intermicellar distan
Removal of Orange OT dye By this approach, the intermicellar distance was found to be 13
100, and 78.8\, respectively, at 50, 100, and 200 mM SDS con-
centration. This suggests that the adjacent micelles are one dia
Solubilization Rate of eter apart at 200 mM concentration. The small gap of about 4
Benzene A between the surfaces of adjacent micelles causes Coulom|
repulsion and hence induces a rapid uptake of counterions
minimize the charge repulsion between adjacent micelles. Th

Droplet Size in Emulsions provides considerable stability to the micellar structure, resul
i ingin alongrelaxationtime. Above 250 mM SDS concentration
Wetting Time astructural transition from spherical to cylindrical SDS micelles
i occurs. However, this structural transition is gradual and hence
! 200 mM this concentration range (250—400 mM) the solution consists

a mixture of spherical and cylindrical micelles (22, 100). Sinc
the number of spherical micelles is less than at 200 mM conce

FIG. 8. Liquid/liquid and solid/liquid phenomena exhibiting minima andtr_ation: as some of them. have _becom(_? cylindrical m.iCEf”eS, tr
maxima at 200 mM SDS concentration. distance between spherical micelles increases, which leads

SDS CONCENTRATION
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FIG.9. Schematic diagrams showing micellar packing at 50, 100, 200,
250 mM SDS concentration.

shorter relaxation times. In a binary mixture, it is the most labi

is pressurized. Hence, in the case of ionic surfactants, the el
trical conductivity increases with pressure. When the pressu
is instantaneously released to atmospheric pressure, monon
will associate to form new micelles, which can be followed as a
exponential decay in electrical conductivity with time. For non
ionic surfactants, however, the electrical conductivity is not |
sensitive parameter. Because of this, conductometric techniqt
are not an effective way of measuring the kinetics of micell
formation and breakup for nonionic micelles. Therefore, spe
troscopy with the use of a dye is necessary to obtain informatic
about the micellar kinetics of nonionic surfactants. A numbe
of dyes or fluorescent compounds, such as Merocyanine, Eos
Rhodamine, and Sudan, show an appreciable change of extil
tion coefficient depending on whether the dye resides inside
outside the micelle in the aqueous phase (49, 101). This effe
is often used to determine the CMC (8, 9), but it also provides
way of following the relaxation kinetics upon a fast temperature
pressure, or concentration jump by employing spectrophotome
ric detection methods.

Eosin Y in water shows a maximum absorbankgaf) at
518 nm. However, increasing the surfactant concentration caus
the dye to partition between the water and the micelles, causi
the maximum absorbance to shift to approximately 530 nn
This shift is caused by a change in the microenvironment of tt
dye. Figure 10 shows the shift in absorbance for a Triton X-10
surfactant solution.

Itis possible that the absorbance shift can be influenced by t
ar%ggregation state of the dye itself. For example, a dye monon
may exhibit different absorbance characteristics than an agg
gate of dye molecules. For this reason, it is important to us
the lowest concentration of dye possible. Also, testing light al

rbance at various dye concentrations is advisable to ens|

structure (i.e., spherical micelles) which responds quickly to tl?ﬁat the dye itself does not play a significant role in the relax

change in pressure in the pressure-jump studies, as compareé{igh

measurements. Careful measurements were carried ou

cylindrical micelles (92). The intermicellar distances Obtaine&hsure that the shift in absorbance was caused by the breal
from the procedure at various SDS concentrations are Showrbjﬂnicelles and not by a change in the aggregation state of

Fig. 9. This model also explains the shift of the maximum m

Bye itself. Several experiments were performed by diluting th

cellar stability to lower concentrations of SDS by the addition

of salt or cosurfactants (64).

In summary, SDS solutions exhibit maxima and minima fo

various properties at 200 mM concentration due to maximui o7

stability of SDS micelles at this concentration. Most ionic
surfactants may exhibit such a characteristic concentration
which the micellar stability will be maximum due to an in-
crease in Coulombic repulsion and reduction in intermicell
distance.

o
Absorbance

6. RELAXATION KINETICS OF NONIONIC MICELLES
AS COMPARED TO IONIC MICELLES

In the previous section, a micellar relaxation time in the
range of milliseconds to seconds was measured for SDS so
tions by the pressure-jump technique with electrical conductiv-

ity detection. This technique takes advantage of the fact that thgi. 10. Absorbance spectra of Eosin Y dye in water and 2 mM Triton

0.6

0.4

0.3

0.2

0.1

Dye/water
solution

N

Dye/surfactant solution
(2 mM TX-100)

Due to micelle
formation

450 480 500 520
518 nm

Wavelength (nm)

540 560
542 nm

CMC shifts to higher concentration when a surfactant solutio100 solution (Eosin Y concentration: 0.019 mM).
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dye only, mixing two dye solutions, mixing two surfactant so- 100
lutions with and without dye, etc. These experiments clearly & 90 T+ [ Stopped-Flow st%o -4
showed that the shift in absorbance is truly due to the breakup g 80 T mPressure-Jump T T
of micelles, indicating the slow micellar relaxation time. In case E 0T :
the dye did show any form of aggregation, the time scale would RO o0
have been too short to measure with the stopped-flow apparatusg # S0
The shift in wavelength observed due to the presence ofn,; T
micelles can be used in the determination of the slow relaxation 3 32
constantg,, for nonionic surfactants using the stopped-flow di-
. . . . 10 T 35 43
lution technique. Stopped-flow is a method designed to measure a T :
the kinetics of fast reactions (23). The apparatus employs two Triton X-100 Brij 35

separate syringes which can be filled with reactants, which are
pushed instantaneously into a transparent cell. The change in a¥G. 11. Validation of relaxation constantsp, by pressure-jump and
sorbance can be detected with a very sensitive photomumpw@pped-ﬂow technique, both with optical detection (Dye: Eosin Y, 0.019 mM).
detector as the reaction progresses. When one solution contain-
ing micelles and dye is instantaneously diluted with anotheompared to those exhibiting a millisecond time scale (usuall
solution containing water and dye of the same dye concenti@nic surfactants). The relaxation times obtained for the ultre
tion, the absorbance peak associated with dye in micelles wilire nonionic surfactants;&§EO) and G,(EQO)g are relatively
decrease as micelles break up, indicating the relaxation timesofiall as compared to those for the Synperonics (respectively
micelles. This exponential decay can be fitted to a first-ordend 4 s as compared to 150 s). The difference might be attribut
reaction, resulting in the associated time constant to the broad molecular weight distribution and the presence «

Micelles of nonionic surfactants show a much longer relaimpurities. Itis known that Synperonic A7 contains a significan
ation time () than those of ionic surfactants, presumably be&mount of long-chain alcohols that apparently contributes to tf
cause of the absence of ionic repulsion between the head grospability of the micelles.
Table 1 shows the slow relaxation timgsmeasured for avari-  The surfactants Synperonic A7, Brij 35, and Synperonic A5
ety of nonionic surfactant micelles using the stopped-flow dilirave comparable alkyl chain lengths but increasing degrees
tion technique. As indicated in Table 1, the relaxation time caathoxylation. It is clear that increasing the number of ethylen
vary from 2 to 150 s depending upon the molecular structure @ftide units decreases the relaxation time, which was also o
the nonionic surfactant. Because of its long relaxation time sérved for octylphenyl polyoxyethylenes by Lang and Eyrin
150 s, Synperonic A7 can be described as a frozen micelle(262).

In the stopped-flow dilution technique the number of micelle:

TABLE 1 decreases and thus the kinetics of micelle breakup is measur
Micellar Relaxation Constants, 7,, Measured by the Stopped-Flow ~However, inthe pressure-jump technique, the kinetics of micell
Dilution Technique (Dye: Eosin Y, 0.019 mM) formation is measured after the pressure is released to ambi
pressure. For a surfactant solution in equilibrium, the rate ¢
Surfactant Structure Conc. (mM)  CMfe (MM) 72 (S)  mijcellar dissociation equals the rate of association. Therefor
Tween 20 Sorbitan laurate 047 0.042 both techniques should yield the same r_elaxation consgaiﬁo N
ester (EQo) show that both micelle breakup and micelle formation exhibi
Tween 22 Sorbitan laurate 0.37 0.084 2 the same relaxation kinetics, pressure-jump studies with optic
ester (EQo) detection were performed (103) on Triton X-100 and Brij 35
Tween 80 Sorbitan oleate 0.49 0.028 8_1Qsolutions.
Triton X-100 OS;GF:PSE%) 0.40 0.20 35 Figure 11 shows the relaxation time of Triton X—lOO and
ether (EQo) Brij 35 measured by stopped-flow and pressure-jump with of
Synperonic A7 Go—C;ss alkanol 0.80 0.050 150 tical detection. It is evident that the relaxation time measure
) ether (EQ) for each surfactant is the same as that measured by both te;
Brij 35 '-a“rﬁ" alcohol 0.50 0.068 80 nigues within the experimental error. This suggests that the r
Synperonic A50 @jiglg(j(kzjr)]ol 0.40 0,084 0 Iaxat.ion timeg,, reflect_; th.e formatic_)p or disintegration kinetics
ether (EQo) of micelles under equilibrium conditions.
C12(EOR Lauryl alcohol 0.80 0.060 10
ether (EQ) 7. RELATIONSHIP BETWEEN DYNAMIC SURFACE
C12(EOR '-a;’trg('ef'(chqt‘;" 0.40 0.072 4 TENSION AND STABILITY OF MICELLES

aPure (monodisperse) nonionic surfactant. Merocyanine 540 dye was use_cl:)yn"jlmIC surfaqe tenS|o_n '_S a physical quantity aSSOC|6‘_tE
for the CMC andr, determination. Both Eosin Y and Merocyanin resulted ifVith '_[he _deformaﬂo_n of ﬂL_"d _mterfaces when a surface-activi
the same CMC and, data. species is present in the liquid. The understanding of dynam
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Very stable micelles

FIG. 12. Effect of micellar stability on dynamic surface tension.

the surface activity of the solution. The denominatqy £ yeq)

can be considered to be the effectiveness of the surfactant (1
Whenyp = yeq, @ = 0, which indicates that the surfactant con-
centration at the surface of the bubble is the same as that un
equilibrium conditions. Assuming that micelles do not adsor
at the air/water interface (106), this implies that diffusion an
adsorption of surfactant monomer to the interface is quick, pr
sumably due to very unstable micelles (i.e., smgll However,

whenyp = yy, 0 =1, indicating that no surfactant is present a
the interface of the bubble (i.e., at high bubble frequency ar
very stable micelles). Values between 0 and 1 are ameasure of
surfactant concentration at the surface and, hence, the stabi
of micelles, assuming the diffusion time of monomers to be ne

surface tension is important in any technological applicatidigible (94, 107). The more stable the micelles, the less monom
where a new gas/liquid or liquid/liquid interface is rapidly beflux and hence® values closer to 1 are obtained. The less stab
ing created in a surfactant solution. In most cases the equilibrigh& micelles, the more monomer flux and he@a@lues closer

surface tension is never reached and the actual surface tensiorero are obtained. In this study, the dynamic surface tensi
experienced at the interface is much higher. The dynamic sbehavior of three nonionic surfactants—Synperonic A7, Brij 3&
face tension can be measured by the maximum bubble pressuniéd Synperonic A50—was studied. These three surfactar
method (104, 105) and depends on several factors: monorhave comparable structures and very similar CMCs (Table 1
concentration (CMC), micellar stability, diffusion rate of the surFigure 13 shows the dimensionless paramgtegrsus the bub-

factant molecule to the interface, and surfactant concentratibie lifetime for 2 mM solutions of Synperonic A7, Brij 35,

The measurement of dynamic properties is relevant to techramd Synperonic A50 (with relaxation times, 150, 80, and 40 :
logical processes where new interfaces are being formed, suchegpectively). It is clear that Synperonic A7 shows the slowe

foaming or film formation, as well as to situations where surfac-
tants diffuse to a new liquid/liquid interface, such as emulsifica-
tion, or to a solid/liquid interface, such as fabric wetting. During
the formation of bubbles, surfactant monomers adsorb onto the
freshly created interface from the bulk solution. If the monomer
is depleted by the adsorption process, micelles must break up to
provide additional monomers. If the micelles in solution are very
stable, they cannot provide monomers fast enough and the dy-
namic surface tension remains higher. However, if the micelles
are relatively unstable, their disintegration supplies the depleted
monomers and lower dynamic surface tensions are obtained.

In summary, for long bubble lifetimes (or small bubble fre-
quency), the equilibrium surface tension determines the interfa-
cial tension at the air/water interface. However, when the bubble
lifetime decreases (i.e., high bubble frequency), more and more
monomer is depleted from the bulk solution and thus micelles
have to break up to provide additional monomers. In that case,
the breakup of micelles and thus the micellar stability determines
the surface tension lowering. This is schematically illustrated in
Fig. 12.

To show the importance of micellar breakup in the dynamic
surface tension measurement, a dimensionless parafnetes
introduced,

_ YD — Veq

0 )
Yw — Yeq

[12]

whereyp is the dynamic surface tensiopy is the equilibrium
surface tension as measured by the Wilhelmy plate method, a

nlglG. 13.

a) 1
0.9 ——Synp. A7
0.8 —=—Brij 35
0.7

—— Synp. A 50

Bubble Lifetime (s)

—-—Synp. A7
—=—Brij 35
55 —— Synp. A 50

60

D.S.T. (mN/m)

Bubble Lifetime (s)

This equation normalizes the surface tension with respectai@ Synperonic A50.

. . A (a) Dimensionless dynamic surface tension and (b) dynamic su
Yw IS the surface tension of pure water at 25°C (72.96 MN/Mce tension vs bubble lifetime for 2 mM solutions of Synperonic A7, Brij 35,
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sulting in6 values close to 1. On the other hand, Synperonic A50

shows a faster adsorption of surfactant molecules, indicated by

the loweré values. In conclusion, dynamic surface tension is

a useful tool to confirm the relaxation or micellar stability data

obtained either by stopped-flow dilution or by the pressure-jump% 25 mM SDS + 1.25 mM C,,0H, 1, = 230 ms.
technique with optical detection.

rate of surfactant adsorption due to the stability of micelles, re-
25 mM SDS, 7, =1 ms.

8. TAILORING MICELLAR STRUCTURE AND STABILITY 25 mM SDS + 10 mM C,,TAB, T, = 2000 ms.
TO CONTROL SURFACE PROPERTIES

OF MICELLAR SOLUTIONS
FIG. 15. Tailoring SDS micellar stability by the addition of 1-dodecanol

The ability to determine the micellar stability of ionic as welfC120H) or alkyltrimethylammonium bromide (GTAB).

as nonionic surfactants allows us to tailor micelles to specified
stabilities. It was shown recently (108) that the stability of SD#®r ionic/nonionic surfactant mixtures, which are currently un-
micelles can be greatly enhanced by the addition of 1-dodecadel investigation.

(C120H). Infact, any long-chain alcohol will increaggand mi-

cellar stability below 150 mM SDS due to the strong ion/dipole 9. EFFECT OF THE FOAMING METHOD ON FOAMING
interactions between the SDS and the alkyl alcohol (Fig. 14).  ABILITY AND FOAM STABILITY IN RELATION
However, above approximately 150 mM SDS, all alcohols ex-  TO MICELLAR STABILITY, DYNAMIC SURFACE

cept G,0OH decrease micellar stability due to mismatching of TENSION, AND MICELLAR STRATIFICATION

the alkyl chains (108). When the chain length of the alcohol IN THIN FILMS

and SDS are not equal, the excess hydrocarbon chain exhibits

thermal motion, thereby increasing the area per molecule inltwas shown in Section 4 that the micellar stability of SDS so
micelles as well as at the air/water interface. Even more signifitions significantly influences foaming properties. More stabl
cant is the effect of cationic alkylammonium bromides on SD®icelles result in less monomer flux and hence lower foan
micellar stability (109). In this case, ion/ion interactions anthg ability. The same relationship is expected to hold for th
charge neutralization between the SDS molecules and a srifailee nonionic surfactants Synperonic A% & 150 s), Brij 35
amount of cationic surfactants are introduced, causing the rtiiz = 80 s), and Synperonic A5@4 = 40 s). Figure 16 shows
celles to become even more stable. The effect of 5 moj9@8

and G,TAB on 25 mM SDS solutions is shown in Fig. 15. The 400

slow micellar relaxation time, increases from 1 to 230 ms after 250 | Yoo = 28mNM
the addition of 5 mol% GOH. In the case of 5 mol% GTAB . Yoq'= 38.7 MNIM
a relaxation time of 2000 ms was found, a 2000 times increas, 300 + o
Thus, the ability to induce ion/dipole or ion/ion (Coulombic)in-§ 250
teractions allows us to control the dynamic surface tension arS g 200 + S
in turn dynamic interfacial processes, such as foaming, emulsi§ 150 1
cation, wetting, and solubilization. Similar effects are expecte™ A
100 + Teg=49.5MNM | .
gle Capillary
10 £ 50 + Method
E: 0 -
1 60
14
_— 3 50 .
) e ,=80s
S 01 ¢ -m-SDS + C120H 5 40 + %_V/
l_) —_ e~
—$DS + G100H St %/
T ——8DS + C140H g = 30 + ’ /
0.01 ¢ ~+—SDS + CBOH i % =150's /
I ——8DS + C160H 20 + /
T ——SDS % Shaking
0.001 +—¢——F—F+—F+—+—+— 10 + / Method
0 25 50 75 100 125 150 175 200 225 0 . /% ‘
Concentration SDS (mM) Synp.A7 Brij 35 Synp. A50

FIG. 14. Effect of long-chain alcohols (5 mol%OH for n=8, 10, 12, FIG. 16. Effect of foaming method on foamability of 2 mM solutions of
14, and 16) on the SDS micellar stability. Synperonic A7, Brij 35, and Synperonic A50.
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the foam volumes generated by two different foaming methodm stepwise association of surfactant monomers. Hence the n
(a) air blowing through a single capillary submerged in the supr parameters in this model are the CMC and the total conce
factant solution and (b) vigorous hand shaking. Interestinglyation of the surfactant in solution.
the amounts of foam generated using each method show opp0At higher surfactant (and hence counterion) concentration
site results. Synperonic A7 produces the most foam when tixgperimental results begin to deviate from Aniansson’s mode
single bubble capillary foam column is used. However, it pra<ahlweit’s fusion—fission model takes into account the concel
duces the least amount of foam when used in the shaking tésttions and ionic strengths of the counterions in these solutio
The results can be explained using the dynamic surface tensgom proposes that, as the counterion concentration increases,
data shown in Fig. 13 and their micellar stability. charge-induced repulsion between micelles and submicellar e
When sufficient time is allowed for the interface to forngregates decreases, leading to coagulation of these submice
(in case of single bubble foam generation), the dynamic surfaaggregates.
tension approaches the equilibrium surface tension values (longn both of these previous studies, the effect of intermicella
bubble lifetimes). Since the equilibrium surface tension dafistance as well as the distance between submicellar aggrege
Synperonic A7 (29 mN/m) is significantly lower than that fohas not been taken into account. As the surfactant concentrat
Brij 35 (38.7 mN/m) and Synperonic 50 (49.5 mN/m), the foars increased, the average distance between aggregates decre
volumes produced will be in the order Synperonic A7 > Brij 35 ¥see ICRM model in Section 5 above), thereby increasing tt
Synperonic A50, according to Eq. [12]. probability of collision between aggregates. To date, this aspe
However, in very-high-shear-rate processes (e.g., vigoroofsmicellar association kinetics has not been thoroughly inve:
hand shaking) where a large interfacial area is created veigated. The effect of change of micelle shape (i.e., from sphe
quickly, the breakup time of micelles determines the flux d€al to cylindrical and lamellar micelles) and the correspond
surfactant molecules to the interface and hence the foamabilihg change inr, must be carefully studied. Most importantly,
Since the micelles of Synperonic A7 are more stable (longte dissociation kinetics of these complex nonspherical micell;
relaxation timeg,) than the micelles of Brij 35 and Synperonicsystems must be systematically investigated, as many produ
A50, higher dynamic surface tensions are attained and thus lass supplied in concentrated form in household and industri
foam is generated with Synperonic A7. Therefore, at large budpplications to subsequently be diluted by water for their appl
ble lifetimes, the equilibrium surface tension determines tloations.
amount of foam generated, whereas at short bubble lifetimes
(high bubble frequencies), the micellar breakup (i.e., micellar
stability) determines surface tension lowering and hence the
foamabllltY' . » The authors convey their sincere thanks to the National Science Foundati
Interestingly, it has also been found that the stability (or perant NSF-CPE 8005851), to the NFS Engineering Research Center for Parti
sistence) of a foam also depends on the method used to geneseitece and Technology at the University of Florida (Grant EEC 94-02989
it. Foam that is formed slowly tends to have a greater stabili d to ICI Corporation, Alcoa Foundation, and Dow Corning Company fo

For example foam created from a 200 mM SDS solution h ir partial support of this research. We also wish to convey our thanks ai
’ appreciation to Professors Stig Friberg, Heinz Hoffman, Krister Holmberg, ar

half'llve_s ranging from 250_mm for low (12 L/h) air fIC'WrateSWiIheIm Knoche, to Drs. Patricia Aikens, Kevin Penfield, and Y. K. Rao, and th

to 60 min for fast (48 L/h) air flowrates (110). reviewers of this manuscript for their very helpful discussions and suggestior
Micellar stability is also a factor when foam stability is con-
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