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The s low relaxation t ime (T2) of sodium dodecyl  sulfate  
(SDS) micelles, measured by the pressure-jump technique, 
was  m a x i m u m  at 200 m M  concentrat ion at 25°C, in- 
dicating that  the mos t  stable micelles are formed at this 
concentration. This is presumably related to the opt imum 
molecular packing in the micelle. The rate of  solubiliza- 
t ion of benzene and Orange OT dye into SDS solut ions  
was  also m a x i m u m  at 200 m M  concentration. The results 
are explained as follows: The distance between micelles 
(i.e., intermicellar distance} decreases as the surfactant  
concentration (or the number of micelles) increases, result- 
ing in a stronger electric repulsion between micelles. 
Therefore, the ndcelles become more rigid, due to  the com- 
pressive force of intermicellar repulsion, as the con- 
centration increases up to  200 m M  SDS. With  further 
increase in the  SDS concentration,  the micellar shape 
changes  from spherical to  cylindrical to  accommodate  
more surfactant molecules in the solution and to minimize 
the free energy of the system.  The interior of the t ightly  
packed micel les  is more hydrophobie than that  of  loosely  
packed micelles and, therefore, the t ightly packed micelles 
induce rapid solubil ization of nonpolar molecules  (e.g., 
benzene, Orange OT) into these  micelles.  

KEY WORDS: Detergency, electrical conductivity, intermicellar 
distance, micellar lifetime, pressur~jump technique, rate of solubiliza- 
tion, rigidity of micelles. 

Solubilization is defined as the spontaneous formation of 
a thermodynamical ly  stable isotropic solution of a sub- 
strate (the solubilizate), normally insoluble or only slightly 
soluble in a given solvent, by the addition of a surfactant  
(1). Solubilization into aqueous media is of major practical 
importance in the formulation of products  containing 
water-insoluble ingredients, where it can replace the use 
of organic solvents or cosolvents; in detergency, where 
solubilization is believed to be one of the major mech- 
anisms involved in the removal of oily soil; and in the 
separation of materials for manufactur ing or analytical 
purposes. Solubilization into nonaqueous media is of 
major importance in dry-cleaning (2). The solubilization 
of materials in biological systems sheds light on the mech- 
anisms of the interaction of drugs and other pharma- 
ceutical materials with lipid bilayers and membranes (3). 

The location in the micelle where solubilization occurs 
varies with the nature of the solubilized materials and is 
impor tant  in  tha t  it reflects the type  of interaction tha t  
occurs between surfactant and solubilizate Solubflization 
is believed to occur at a number of different sites in the 
micelle: (i) on the surface of the micelle, at  the micelle- 
solvent interface; (ii) between the hydrophilic head groups; 
(iii) in the so-called palisade layer of the micelle between 
the hydrophilic groups and the first few carbon atoms of 
the hydrophobic groups tha t  comprise the outer core of 
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the micellar interior; (iv) more deeply in the palisade layer; 
and (v) in the inner core of the micelle (4). These loci of 
solubilization are determined mainly from studies on the 
solubilizate before and after solubilization, through X-ray 
diffraction (5), ultraviolet (UV) spectroscopy (6) and 
nuclear magnetic resonance (NMR) spectrometry (7). Dif- 
fraction studies measure changes in micellar dimensions 
on solubilization, whereas UV and NMR spectra indicate 
changes in the environment of the solubilizate on solu- 
bilization. 

The amount  of solubilizate tha t  can be solubilized in 
the micellar solution depends on such conditions as the 
s t ructure  of surfactant,  s t ructure  of solubilizate, tem- 
perature and additives. Nonionic surfactants  are bet ter  
solubilizing agents than  ionic in dilute solutions because 
of their lower critical micelle concentration (CMC) (8). For 
hydrocarbons and long-chain polar compounds tha t  are 
solubilized in the interior of the micelle or deep in the 
palisade layer, the amount  of material solubilized gener- 
ally increases with an increase in the size of the micelles. 
Therefore, an increase in the chainlength of the hydro- 
phobic port ion of the surfactant  generally results in in- 
creased solubilization capacity for hydrocarbons (9). 
Klevens (10) pointed out that ,  in most  cases, increasing 
the length of the alkyl chain, either in a s traight  chain 
or subst i tuted on a benzene ring, decreases the solubil- 
ity in a miceUar solution and that  unsaturated compounds 
are more soluble than their saturated counterparts .  In 
most  cases, the amount  of solubilization increases with 
temperature  due to changes in the aqueous solubility of 
the solubilizate and changes in properties of the micelles 
(11). For ionic micelles, the addition of electrolyte causes 
an increase in micellar size and a decrease in the CMC. 
Therefore, the addition of electrolyte generally increases 
the amount  of solubilization (12). 

Previous research (13) indicated that, like the surfactant 
monomers, the solubilized molecules are not  rigidly fixed 
in the micelle but  have a freedom of motion tha t  is depen- 
dent  to some extent  on the solubilization site. The resi- 
dence time of benzene molecules in sodium dodecyl sulfate 
(SDS) micelles was measured by analyzing the NMR 
signal of SDS solutions saturated with benzene. However, 
the lifetime of the solubilized molecule within the micelles 
was too short to be determined by this technique, but  was 
t h o u g h t  to be no longer than  10 -4 s. Other  studies 
showed tha t  the lifetime of t-butyl-(1,1-dimethylpentyl)- 
nitroxide in SDS micelles was 3.3 > 10 -8 s by electron 
spin resonance (14). Also, the lifetime of solubilizate in 
micelles increases with the increase of hydrocarbon 
chainlength in sodium octyl, decyl and tetradecyl  sulfate 
solutions (15). 

Micelles are in dynamic equilibrium with monomers in 
the solution; namely, miceUes dissociate into monomers 
and monomers reaggregate into micelles continuously. 
These micellar kinetics have been studied by stopped-flow 
(16), temperature-jump (17}, pressure-jump (18) and ultra- 
sonic absorption (19) methods since Aniansson and Wall 
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(20) developed a theoretical model about the kinetics of 
micellization. There are two relaxation processes--the first 
one is the fast  relaxation process with a relaxation t ime 
(TI, in the microsecond range) tha t  is associated with the 
fast  exchange of monomers between micelles and bulk 
aqueous phase. This process can be seen as the collision 
between surfactant  monomers and micelles. The second 
relaxation t ime (T2, in the millisecond range) is related to 
micelle dissociation kinetics (Fig. 1). The average micellar 
lifetime is given by the following expression (21,22): 

, _ °' {, ÷ a } - '  
"c 2 AIR 

n a  
T(m) = v 2 ~ [2] 

1 +  
n 

where T(m) is the average micellar lifetime, n is the ag- 
gregation number, o is the distr ibution width of the dis- 
t r ibut ion curve of micellar sizes and a = (Ato t - A1)]A1, 
where Ato t and A~ are the total  surfactant  concentration 
and mean monomer concentration, respectively, as shown 
in the distribution curve of aggregates of surfactant  
molecules (Fig. 2). R is given by: 

R = :]E 1/(kslAs) [3] 
s = s l + l  

where s is the aggregation number  of a part icular  aggre- 
gate, k [  1 is the dissociation rate constant  of this ag- 
gregate and A, is the equilibrium concentration of aggre- 
gates of aggregation number s. The dependence of T2 on 
ionic strength, concentration and temperature  can be in- 
terpreted in terms of their effect on R. When the surfac- 
tant  concentration is much greater than the CMC, miceUar 
lifetime is approximately equal to nT2 (23}. 

In this paper, the effect of micellar lifetime on the rate 
of solubilization and detergency in SDS solutions was in- 
vestigated by measuring the rate of movement of the in- 
terface between benzene and SDS solution, the rate of 
change in electrical conductivity after adding benzene into 
SDS solution and the rate of dye removal from cotton into 
SDS solution. 

(1) Fast relaxation time, microseconds 
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(2) Slow relaxation time, mil l iseconds 
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FIG. 1. Schematic illustration of the mechanisms for fast and slow 
relaxation times of micelles in solution. 
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FIG. 2. A typical distribution curve for the aggregates of surfac- 
tant monomers above the critical micelle concentration. 

EXPERIMENTAL PROCEDURES 

Micellar lifetime. Sodium dodecyl (C1~) sulfate, supplied 
by Sigma Chemical Company (St. Louis, MO) (purity 
99%), and double-distilled water were used to make 
micellar solutions. The micellar lifetime was measured 
with a pressure-jump apparatus with conductivi ty detec- 
tion from Dia-Log Corporation (Dtisseldorf, Germany), as 
described in the previous paper {24). 

Relaxation amplitudes in the pressure-jump machine 
first decrease with increasing surfactant  concentration to 
become rather small within a limited concentration range, 
but  then they increase again with fur ther  increasing con- 
centration to approach an apparently constant value that  
is proportional to (Oln m/0P) T, where m denotes the 
mean aggregation number of the proper miceUes. As long 
as (aln m/0P)w is different from zero, the relaxation 
measurements can be extended to high concentration (25). 
Several studies have been reported with micellar relaxa- 
tion times in the range of 100-500 mM SDS concentra- 
tion (26). 

Movement of the benzene/surfactant solution interface. 
Benzene (Fisher Chemical Co., Cincinnati, OH; 99%) 
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FIG. 3. Experimental set-up for the measurement of the rate of move~ 
ment of the benzene/sodium dodecyl sulfate (SDS) solution interface 
by stirring. 

(5 mL) was added to 50 mL of SDS solution in a flask 
(Fig. 3). The SDS solution in the bot tom was agitated 
gently by magnetic stirrer, and the rate of upward move- 
ment  of the interface was measured. 

Solubilization of benzene by electrical conductivity. The 
electrical conduct ivi ty of 50 mL of SDS solution was 
measured with a conduct ivi ty  bridge (YSI model 31) 
(Fisher Scientific Co., Fairlawn, NJ) until there was no fur- 
ther change of conductivity while stirring, indicating that  
the system had reached the equilibrium state at ambient 
conditions. Benzene (1 mL) was added to the SDS solu- 
tion. The electrical conductivity of the benzene/SDS solu- 
tion mixture was measured as a function of time. If there 
was no more change in conduct ivi ty  with time, we con- 
sidered tha t  t ime as the t ime required to solubilize ben- 
zene into SDS solution up to its saturat ion limit. 

SDS detergency rate for Orange OT adsorbed on cot- 
ton. Orange OT (0.05 g) was dissolved in 5 mL benzene; 
0.4 mL of this dye solution was applied to cot ton pieces 
(5" × 5"). The benzene was removed from the cot ton by 
drying. The cot ton pieces were submerged in 250 mL of 
SDS solution in a Tergotometer (United States Testing Co., 
Inc,  Hoboken, NJ). The Tergotometer was operated at 
25 °C. A small amount  of surfactant  solution (3 mL) was 
withdrawn from the Tergotometer at different t imes to 
measure the absorbance of light at 505 nm in order to 
measure the concentrat ion of Orange OT. 

RESULTS AND DISCUSSION 

The micellar lifetime of SDS solution has been reported 
by several investigators (21,26,27). The lifetime of SDS 
micelles increases as the concentrat ion of SDS increases 
up to 200 mM, and then decreases. This result suggests 
tha t  the most stable micelles are formed at 200 mM SDS 
at  25°C (Fig. 4). Lessner and Frahm (25) reported that  the 
most  stable micelles of cesium dodecyl sulfate (CsDS) 
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Concentration of SDS (mM) 

FIG. 4. The slow micellar relaxation time (T2) VS. concentration of 
sodium dodecyl sulfate (SDS) at 25°C. 

were formed at 100 mM surfactant  concentration. The T 2 
values of CsDS micelles measured by the pressure-jump 
technique were in the range of 0.001-I0 s, similar to those 
of SDS micelles {0.005-10 s). 

Figure 5 shows the rate of upward displacement of in- 
terface between benzene and SDS solutions. The rate was 
maximum at 200 mM concentration, a level at which the 
most  stable micelles are formed. Figure 6 shows the elec- 
trical conductivity change after adding benzene into SDS 
solution at 200 mM concentration. Electrical conduc- 
tivities of mixtures at other concentrat ions also decay in 
a similar way, bu t  it took a longer t ime to reach equilib- 
rium than at 200 mM SDS concentration. The decay curve 
of conduct ivi ty can be used as a measure of the rate of 
solubilization because the solubilization of benzene de- 
creases the CMC and, hence, monomer concentration (28}. 
This results in a decrease of electrical conductivity. The 
electrical conductivity of the mixture of benzene and SDS 
solution reaches the equilibrium value in minimum time 
for 200 mM SDS concentration. This indicates tha t  the 
highest rate of solubilization of benzene into SDS solu- 
tions occurred at 200 mM SDS concentrat ion (Fig. 7). 

In detergency, solubilization of soil from fabric into the 
detergent  solution is one of the most  impor tant  events. 
The rate of dye {Orange OT) removal from cotton to SDS 
solutions in the Tergotometer was maximum at 200 mM 
concentrat ion {Fig. 8). 

Chan et al. (29) proposed a theory of solubilization 
kinetics in micellar solution, based on an analysis of five 
steps. Surfactant  molecules diffuse to the surface as 
micellar species {step 1). These molecules adsorb on the 
surface of the solubilizate {step 2), and the surfactant  and 
solubilizate form mixed micelles {step 3). The mixed 
micelles are dissolved {step 4), and they diffuse away into 
the bulk solution {step 5). However, the most  rapid 
solubilization and detergency at 200 mM SDS concen- 
t ra t ion in our s tudy can be explained by the follow- 
ing proposed intermicellar coulombic repulsion model 
(ICRM). 

ICRM. The intermicellar distance in SDS solution 
decreases as the surfactant  concentrat ion increases, due 
to the increase in the number of micelles. The intermicellar 
distance was calculated as follows: Divide the solution into 
cells (or cubes) of the same volume, and the number  of 
cubes is the same as the number  of micelles. Each cube 
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FIG. 5. The amount of benzene solubilized into sodium dodecyl sulfate (SDS) solutions 
at various times. 

contains a micelle, as shown in Figure 9. The number of 
micelles (N~,) in the solution is given by Equation 4. 

(Cto t -- CMC)  X N O 
N m = [4] n 

where Cto t is the total  concentration of surfactant 
(moles/L), N o is the Avogadro number and n is the ag- 
gregation number of the micelle. If the volume of surfac- 
rant solution (V) is 1 L (Le., 1000 × 1024 ~,3), then the 
volume of the cell occupied by each micelle is V/Nm. 
Therefore, the average intermicellar distance if) or the 
length of the cube is given by (V/N=) 1/3. The intermicellar 
distances obtained from this procedure at various SDS 
concentrations are shown in Figure 9 for a micellar 
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FIG. 6. The electrical conductivity change after adding benzene into 
sodium dodecyl sulfate solution at 200 mM concentration. 

aggregation number of 64 (30). The intermicellar distance 
at 50 mM SDS concentration is 130 J~, which is equivalent 
to 3.6 times the micellar diameter, but at 200 mM con- 
centration it is 78.6 ~,, equiv~ent  to approximately twice 
the micellar diameter (=40 A) {31). The micellar lifetime 
at 200 mM is more than 1,000 times larger than that at 
50 mM. It is possible that  binding of sodium ions to 
micelles increases to decrease the coulombic repulsion be- 
tween micelles as they become closer, and the stability 
of micelles increases. It appears that  micelles pack very 
closely in the SDS solution at 200 mM concentration. 
Above 200 mM SDS concentration, the structural tran- 
sition from spherical to cylindrical shape occurs to 
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FIG. 7. Time required to solubilize 1 mL benzene into 50 mL of 
sodium dodecyl sulfate (SDS) solutions at different concentration 
as obtained by the electrical conductivity method. 
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FIG. 8. The rate of solubilization of Orange OT from cotton into sodium dodecyl sulfate 
(SDS) solution in the Tergotometer. 

accommoda te  more sur fac tan t  molecules into the  solution 
and  minimize the  free energy  of the  sys tem.  Moreover,  
EkwaU (32) has  shown t h a t  the  t rans i t ion  f rom spherical  
to  cylindrical  micelles occurs  over a wide concen t ra t ion  
range. As  this s t ruc tura l  t rans i t ion  proceeds, the  concen- 
t ra t ion  of spherical  micelles decreases, and  the  inter- 
micellar d is tance  be tween  spherical  micelles increases. 
Cylindrical  micelles are likely to  be more  s table  t h a n  
spherical  micelles. Hence, in solut ions con ta in ing  b o t h  
spherical  and cylindrical  micelles, the  re laxat ion  t ime is 
p r edominan t ly  de te rmined  by the  spherical  micelles be- 
cause spherical miceUes are more labile compared  to cylin- 
drical micelles. Because the intermicellar dis tance between 
spherical  micelles increases in such sys t ems  (above 
200 m M  SDS; Fig. 9D), the  relaxat ion t ime decreases due 
to  less coulombic repulsion between the spherical micelles. 

The  micelles become more  and more rigid and stable as 
the  SDS  concen t ra t ion  and, due to coulombic  repuls ion 
be tween them, increases up to 200 mM, and concomi-  
t a n t l y  increases in the  b ind ing  of sod ium ions to  the  
micellar surface. Reiss-Husson and Luzzat i  (33) found the  
s t ructura l  change  of SDS micelles f rom spherical  to cylin- 
drical shape by X-ray scat ter ing at 250 m M  and 27°C. Our 
s tudies  were carr ied ou t  at  25 ° C, and  this  t r ans i t ion  m a y  
occur  at  200 mM. The interior of r igid (i.a, t igh t ly  packed) 
micelles becomes  more  hydrophobic  compared  to  t h a t  of 
loosely packed micelles. The s t ronger  hydrophobic  core of 
the  r igid micelles causes  rapid solubi l izat ion of benzene 
and  Orange  OT into the  micelles a t  200 m M  S D S  con- 
centra t ion.  

I n  conclusion, the  relatively more stable micelles (longer 
re laxat ion time, r2) are formed at 200 m M  SDS concen- 
t ra t ion  at  25 o C, and the  rate  of solubil izat ion of benzene 
and  Orange OT into the  SDS micelles is m a x i m u m  at  
200 m M  concentra t ion.  Therefore, we conclude t h a t  more  
s table micelles are more  favorable for rapid solubil ization 
of oil and efficient detergency. 
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