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A b s t r a c t  The aggregation of 
dodecyltrimethylammonium 
hydroxide (DTAOH) aqueous 
solutions has been studied by several 
methods. It is stepwise and four 
critical points were found. At CT = 
(2.51 _+ 0.10) x 10 -4 tool .dm -3 the 
surface excess becomes zero, at CT = 
(1.300 _+ 0.041) x 10 -3 mol .dm -3 
small aggregates form, which grow 
with concentration. At CT = 
(1.108 _+ 0.010) x 10 -2 mol .dm -3 
true micelles form (CMC) and at 

(3.02 _+ 0.28) x 10 .2 mol .din -3 the 
structure of micelles probably 
changes affecting their properties. The 
D TA O H  micelles are highly ionized 
(e = 0.8) at the CMC, and decreases 
to reach very small values when the 
total concentration increases. 
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Introduction 

Knowledge of the properties of hydroxide surfactants is of 
great interest in the theoretical interpretation of micellar 
catalysis [1, 2] and other phenomena as the origin of the 
discrepancies when alkyltrimethylammonium bromides 
critical micelle concentrations (CMC) are determined with 
bromide and with alkyltrimethylammonium (RTA +) ion- 
selective electrodes. 

There are discrepancies in the literature about the 
CMC of the alkyltrimethylammonium hydroxides 
(RTAOH). Lianos and Zana [3] found the hexadecyl- 
trimethylammonium hydroxide (CTAOH) CMC = 
1.8 x 10 -3 mol .dm -3, whereas other authors [4, 5] 
found 7.7 x 10 -4 tool.din -3. The CTAB CMC is 
9 x 10 -4 tool. din-  3 [6-8]. For dodecyltrimethylammoni- 
um hydroxide (DTAOH) Lianos and Zana [3] found the 
CMC = (3.05 + 0.30)x 10 -2 rnol.dm -3 by conductivity 
measurements, and (2.95 _+ 0.20) x 10- 2 tool. dm 3 by pH 
measurements. However, surface tension measurements 
give much smaller values [9]. DTAB CMC ranges from 

0.011 mol.  d m -  3 [6] with DTA ~--ion selective electrode to 
0.0175mol.dm -3 [11]. Other DTAB CMC's values are 
0 .014mol .dm -3 [6], 0 .0154mol.dm -3 [11] and 
0.0146 mol .dm -3 [12]. 

Since the determined CMC values for RTAOH differ 
significantly from each other depending on the measure- 
ment method, in this work the DTAOH aggregation was 
studied by methods that measure properties of the system 
as a whole (conductivity), properties mainly depending 
o n  the single-dissolved species activity (surface tension, 
DTA + ion-selective electrode, pH electrode) and on the 
micelles (solubilization, density, viscosity). The goal was to 
elucidate the origin of the literature discrepancies. 

Experimental 

Preparation of the hydroxile surfactant 

Much care was taken to avoid contamination with atmo- 
spheric CO2 in this work. Surfactant solutions preparation 
and measurements were performed in a plastic sealed 
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chamber which had several dishes with concentrated 
N aOH solution inside. This chamber had two plastic 
gloves to work inside. After introduction of the material, 
a flow of N2 was passed, which previously bubbled 
through Na OH solution. All work inside the chamber 
started 2 h after the chamber was closed and nitrogen 
passed in. All runs were performed at 25.0 _+ 0.1 ~ by 
water circulation from a thermostat. 

The water employed was double-distilled, boiled 1 h to 
expel dissolved CO2 and left to cool in a N2 atmosphere. 

A concentrated DTAOH solution was prepared by 
passing DTAB solution through an ion-exchange column. 
This column was prepared in a 50 mL burette filled by 
Amberlite IRA-400 (OH) (Carlo Erba). The total elimina- 
tion of Br-  was verified with a AgNO3 + HNO3 solution. 
The whole system was sealed to avoid CO2 contamination. 

The final DTAOH concentration was determined three 
times by conductimetric titration with HC1. 

All runs were performed in duplicate. 

Surface tension measurements 

The surface tension measurements were performed with 
a Du N6uy (Kr/iss) tensiometer, which was put into the 
chamber. It took 1 h to stabilize the surface tension (a) of 
the more dilute solutions. When the CMC was reached, 
the surface tension stabilized in less than 2 min. 

DTA + ion-selective measurements 

The DTA + ion-selective electrode was made by dissolving 
0.3 g of carrier (dodecyltrimethylammonium dodecylsul- 
phate) and 0.06 of dibutylphthalate (plastizicer) in 10 mL 
of tetrahydrofuran. 0.3 g of PVC were added, and the 
solution was let to evaporate in a Petri dish, covered 
by a filter paper. The elastic film obtained was glued to 
a PVC tube with tetrahydrofuran. The inner electrode 
was Ag/AgC1, and the tube was filled with NaBr 
0.001 tool-din -3 + LTAB 0.001 mol-dm -3 solution. All 
measurements were performed against a calomel saturated 
electrode and a Tacussel millivoltmeter. 

The carrier was prepared by mixing equimolar quantit- 
ies of DTAB and SDS solutions. Then the precipitate was 
filtered, washed until no Br-  was detected, and dried. 

The electrode was checked by measurements on DTAB 
solutions, giving results which were in agreement with the 
literature [6]. 

Glass electrode measurements 

O H -  determinations were made with an Orion glass elec- 
trode and pH-meter. 

Computations based on electrode data 

The activity coefficients 7 were computed using the Davies' 
equation [13]: 

log7 = - 0.5115x/1/(1 + x/ I )  - 0 .15I ,  (1) 

where I is the ionic strength. Only the unmicellized ions 
were considered to compute I. The unmicellized am- 
phiphilic ion (DTA +) and counterion (OH-)  concentra- 
tions, and the mieellized material concentration (M) (on 
a momomeric basis) were computed from the E vs. CT 
curves by literature methods [-14]. Then, the effective 
charge per micellized surfactant molecule, e = 1 - m / n ,  
was computed, where m/n is the O H -  to DTA + ratio in the 
micelles: 

CT -- [ O H -  ] m/n = (2) 
C~ - [DTA + ] 

Conductivity measurements 

Conductivity measurements were performed with an im- 
mersion cell and an automatic conductimeter, namely an 
Antares I! from Instrumentalia. 

Dye solubilization measurements 

Sealed tubes with Sudan II! or Sudan Black B and 
DTAOH and DTAOH solutions of different concentra- 
tion were left for a week in a constant temperature bath, 
with periodic stirring. Then the tubes were centrifuged and 
the supernatant absorbance was measured with a Spectro- 
nic-20 UV-Vis spectrophotometer at 488 nm (Sudan III) 
or 600 nm (Sudan Black B). 

Modification of dye color and fluorescence 

A series of tubes was prepared and in each one DTAOH 
solution of different concentration and a drop of Rho- 
damine 6G solution were poured to detect micelle forma- 
tion [15-18]. 

This dye showed differences in color and fluorescence 
between micellar and non-micellar solutions, similar to 
that shown by Sky Blue FF [15]. 

Viscosity measurements 

A constant temperature Ostwald viscometer was employed, 
using double-distilled water as a reference substance. 
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Density measurements  

The density measurements  were performed at 20 ~ with 
a Chainomat ic  density balance, using double-distilled 
water as a reference substance. 

Computa t ions  

When straight lines were obtained, they were treated with 
the least squares method.  Averages were obtained with the 
min imum variance linear unbiased estimation method 
[19]. A confidence level of 0.90 and Students t distribution 
function were employed in all error estimations. 

Resul ts  

Figure 1 shows the D T A  + ion-selective electrode results. 
The aggregation of  surfactant ions occurs at 
(1.3 + 0.1)x 10 -3 too l .d in  -3. 

Figure 2 shows the glass electrode results. The aggrega- 
tion of  O H -  ions onto  D T A  + aggregates occurs at 
CT = (1.20__ 0.01) X 10 -2 mol .  L -1. As in other RTAX, 
the break in the D T A  + ion-selective electrode curve occurs 
at a concentra t ion less than that  of the counter ion [6]. 

Figure 3 shows the unaggregated surfactant ion 
(DTA +) and counter ion ( O H - )  concentrat ion and aggre- 
gated surfactant concentra t ion (M) (on a m o n o m e r  basis) 
as a function of  CT. The charge per micellized surfactant 
m o n o m e r  e was plotted in Fig. 4 vs. CT. It may  be seen 
that D T A O H  aggregates are first strongly ionized, but the 
charge diminishes as the total concentra t ion increases. 

F r o m  the surface tension results plotted in Fig. 5, four 
linear zones can be seen, whose equations are: 

line I: 

a(mN/m) = - 37.5 + 1.4 - (21.31 + 0.31)log CT 

r = -- 0.9932 

line II: 

a(mN/m) = 40.04 _+ 0.95 + (0.38 __+ 0.35)log CT 

r = 0.1384 

line III:  

G(mN/m) = 81.1 + 3.0 + (20.7 + 1.9)log CT 

r = 0.9551 

line IV: 

a(mN/m) = 49.66 + 0.54 + (0.39 + 0.50)log CT 

r = 0.2046 
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Fig. 1 DTA + ion-selective electrode potential vs. saturated calomel 
electrode, as a function of the concentration of DTAOH 
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Fig. 2 Glass electrode potential vs concentration of DTAOH 
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Fig. 4 The fraction of charge, e, per micellized surfactant molecule, 
as a function of the concentration of DTAOH 
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Fig. 6 The specific conductivity of DTAOH solutions vs. total con- 
centration. The upper curve is an amplification of the small square at 
low concentration 

70--o__ 

Iv 

_ 

I I I I 1 .... 

Io 9 CT/reel.. k "! 

Fig. 5 Surface tension vs. the logarithm of the concentration of 
DTAOt:I. Explanations in the text 
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Fig. 7 Equivalent conductivity of DTAOH solutions vs. square root 
of the concentration 

The three intersections are at (2.78 • 0.69) x 
10-4 m o l . d m  -3 at CT = (1.06 _+ 0.45) X 10 -2 m o l . d m  -3 
and CT = (3.1 + 1.2)X 10 _2 m o l . d m  -3. This plot is very 
similar to Fig. 14 of  the paper of  Zimmels and Lin [20], 
who worked with sodium dodecanoate.  

Conduct iv i ty  measurements  are shown in Figs. 6 
and 7. Figure 6 shows the specific conduct iv i ty  against  
the total concentra t ion,  and it is similar to Fig. 2 of 
Zimmels et al. [21]. Figure 7 shows the equivalent  
conduct ivi ty  vs. the square roo t  of the total concentra-  
tion, this is also very similar to that  obta ined  by Zimmels 
and Lin [20] with sodium oc tanoa te  and  dodecanoa te  
in water. Changes  in conduct iv i ty  occur  at CT= 
(2.5 + 0.1)• 10 - 3  m o l . d m  -3, (1.0 -I- 0.1)x 10 -2 mo l -dm -3 
and (5.3 • 1.1)x 10 -2 mo l -dm -3. 

In Fig. 8, the concentra t ion of solubilized Sudan I l l  (in 
arbitrary units) was plotted vs. CT. The solutions below 

Fig. 8 Sudan III solubilization vs. the logarithm of the total concen- 
tration of DTAOH 
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D T A O H  2 .5x  1 0 - + m o l . d m  -3 are colorless. At abou t  
3.0 x 10 -+ tool .  d in -3  a slight solubil ization m a y  be detec- 
ted, which is easily noticeable at concentra t ions  over  
(1.00 _+ 0.05) x 10 -3 mol  .dm -3. 

The use of Sudan I I I  is not  completely  free of contro-  
versy, because its molecule has a phenol  group  which has 
an acid character.  Since D T A O H  solutions are alkaline, 
the phenol  group  m a y  be ionized thus increasing the 
solubility of  the dye in water. It  possibly m a y  alter the 
D T A O H  C M C  and micelle structure.  This is why we also 
used Sudan Black B, whose molecule is neutral  in alkaline 
solutions. Figure 9 shows the absorbance-concen t ra t ion  
curve with this dye. The solution is colorless below 
1.05 x 10 -3 m o l . d m  -3. At 5 x 10 -3 m o l . d m  -3 the solu- 
bility increases very rapidly. 
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Fig. 11 Density of DTAOH solutions vs. the total concentration 
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Figure 10 shows the relative viscosity qR = N/No VS. the 
total  amphiphi le  concentrat ion.  Here,  N is the viscosity of 
the solution and N0 that  of the solvent ( taken as that  of  the 
water). There are two different straight lines, whose equa-  
tions are: 

Line I: 

N/No = 0.9940 ___ 0.0011 + (0.53 + 0.31)CT 

r = 0.8068 

Line II: 

q/No = 0.9759 + 0.0012 + (2.3879 _ 0.0045)CT 

r = 0.9947 

The intersection is at (1.89 +_ 0.50)x 1 0 - 2 t o o l . d i n  3. 
A second run gave similar results, with a break  at 
(2.8 + 3,4) x 10 -2  m o l . d m  -3 

Figure 11 shows the results of  density measurements  
with two straight lines whose equat ions are: 

Line I: 

8 ( 9 . c m  -3) = 0.99781 _ 2.5 x 10 -5 - (7 _+ 19)x 1 0 - 4  CT 

r = -- 0.8723 

Line II: 

6 ( g . c m  -3)  = 0.998456 __+ 2.8 x 10 -5 

- (19.56 __+ 0.19) x 10 -3 CT 

r = -- 0.9922 

the break being at (3.40 +__ 0.38)x 10 -2  m o l . d m  -3 
In Table  1, we summar ize  the C M C  values f rom the 

l i terature and the values found in this work. 
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Table 1 Literature critical 
micelle concentration for 
DTAOH and DTAB aqueous 
solutions at 25 ~ 

Surfactant CMC Reference 
(mol. dm- 3) 

LTAOH 0.0305 _+ 0.0030 [4] 
0.0295 + 0.0020 [43 
0.00077 [-4, 5] 
0.033 [50] 

LTAB 0.0175 [8] 
0.011 [-1] 
0.014 [11 
0.o154 [11] 
0.0146 [I 2] 

Critical points found in this work on LTAOH-water solutions (mol. dm -3) 

Method Point a Point b Point c Point d 

Surface 2.78 • 10 -4 1.06 x 10 -2 3.1 x 10 -2 
tension +_0.69x10 4 •  _+1.2x10-2 

Conductivity 2.5 x 10 -3 1.0 x 10 -2 5.3 x 10 -2 
_+ 0.1 x 10 -3 +_ 0.1 x 10 -2 _+ 1.1 x 10 -2 

Glass 1.20 x 10- 2 
Electrode +_ 0.01 x 10 2 

DTA+-ion selective 
electrode 

Solubility 
(Sudan III) 

Solubility 
(Sudan Black B) 

Viscosity 

Density 

Average 
values 

2.50 x 10 - 4  

1,05 • 10 -3 

1.3 x 10 - 3  

q- 0.1 X 10 -3 

1.00 X 10- 3 
• 0.01 x 10 - 3  

5.0 X 10 -3 

2.506 x 10 -4 1.896 x 10 -3 
_+0.099x10 -4 • -3 

1.89 x 10 - 2  

+ 0.50 x 10- 2 
2.8 x 10 - 2  

+ 3.4 x 10 -2 

3.40 x 10- 2 
+ 0,38 x 10-2 

1.108 x 10 -2 3.02 x 10 -2 
+0.010xl0 2 •  

Discussion 

Aggregation 

The various results show the occurrence of phenomena  
related to aggregation at four different concentrat ions.  
The average values are point a: CT -- (2.51 • 0.10) x 10 -4  
m o l . d m  -3, point b: (1.300 _+ 0.041) x 10 -3 m o l . d m  -3, 

point c: CT = (1.108 _+ 0.010) x 10 -2 m o l . d m  -3, and point 
d: (3.02 _+ 0.28) x 10 -2 tool .d in  -3. 

M a n y  authors  have reported on systems which have 
multiple critical concentra t ions  [-See ref. 21 and references 

therein, 22-25]. In  particular,  there is conclusive evidence 

about  the format ion of premicellar aggregates as dimers 

[6, 20, 26, 27] and larger aggregates [28, 29]. 

Bun ton  et al. [9] found that  hexadecyltr imethytam- 
m o n i u m  hydroxide (CTAOH) and fluoride (CTAF) sys- 

tems show a large range of aggregate sizes. There are small 
particles at low concentrat ions,  but  their size increases 
with surfactant concent ra t ion  unti l  they become true 

micelles. 
Between a and b the surface excess of amphiphi le  ions 

(F) is zero, which means that  the surface and bulk concen- 

t ra t ion are equal and  increase by the same a m o u n t  [30]. 
This is commonly  interpreted as an evidence of the exist- 
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ence of micelles, but it is not the only possible interpreta- 
tion. It may be due to a modification of the structure of the 
solution affecting the activity coefficients. The results of 
Sudan III solubilization may indicate that some modifi- 
cation may occur, which affects the adsorption at the 
solution-air interface. 

The DTA + ion-selective electrode, which is sensitive to 
single DTA § ions activity, indicates that the aggregation 
of these ions starts at point b. 

The conductivity and surface tension data obtained are 
similar to those of Zimmels et al. [-20, 21]. According to 
these authors, this type of behavior corresponds to a step- 
wise aggregation, in which point b indicates the start of 
premicellar aggregation, point c indicates the conventional 
CMC, in which the aggregates have the properties of true 
micelles, and point d indicates a change in micelle struc- 
ture. 

Bunton et al. [9] measured the specific conductivity of 
CTAOH vs. concentration and they found a linear relation 
below Cv = 1.3x 10 - 3 m o l . d m  3, then the plot was 
curved and remained linear at concentrations above 
3x  1 0 - 3 m o l . d m  -3. In general, the break is not well 
enough defined to determine accurately the intersection of 
the two straight lines. These authors found the CTAOH 
CMC = 8 . 6 x l 0 - 4 m o l . d m  -3, close to that of other 
CTA + salts. Therefore, the break in the specific conductiv- 
ity vs. C~ plot found by Bunton et al. at -~ 1.5x 
1 0 - 3 m o l . d m  -3 is similar to point d in DTAO H  solu- 
tions, and may be due to changes in micellar structure. 

The solubility data of Sudan III indicates a probable 
interaction between premicellar DTAOH aggregates 
and the dye, which has an acidic character, at 
-- 3 x 10 .4  mol. dm -3. Both dyes (Sudan Ill  and Sudan 

Black B) show unequivocally micellar solubilization at 
point c. 

The experiment with Rhodamine 6G detected micelles 
at concentrations larger then point c, but no micelles were 
detected below this concentration. 

The viscosity experiments also indicate that micelles 
form at point c, and the glass electrode results show that at 
this point the counterions join the aggregates. 

Many other systems (soaps, bile salts, bolaform am- 
phiphiles) show evidence of postmicellar critical points 
[22-24, 31-37]. The critical point found by Lianos and 
Zana for DTAOH systems (3 x 10 -a mol .dm -3) is close 
to our point d. 

Micelle ionization 

The values of e for RTAOH in the literature are high 
(0.74-0.63) [2, 3], whereas that of the corresponding bro- 
mides are 0.19-0.30 [38-41]. We found that ~-~ 0.8 at 
point c, but di/ninishes as the surfactant concentration 

rises. Similar results are in the literature for RTAOH and 
RTAF [42, 43]. e is 0.19-0.30 for DTAB [38, 39], which 
confirms the assertion that RTAOH micelles are more 
ionized than those of RTAB. Bunton et al. [9] found 

= 0.40-0.48 for CTAOH by Evans' method, at about 
1.5x 1 0 - 3 m o l . d m  -3, about two times the CMC. This 
method is probably inapplicable to RTAOH solutions, 
due to the high conductivity of counterions and the small, 
fully ionized aggregates. However, our results are not 
completely free of criticism: the exact nature of premicellar 
aggregates is not known, and this affects in an unknown 
amount the computation of the activity coefficients. This 
affects the computation of the concentration of ions from 
the ion,selective electrodes results. Then, both the absolute 
concentrations in Fig. 3 and the c~ values in Fig. 4 are only 
estimations with some uncertainty, but the general trends 
are probably true. 

The reduction of ~ with the rise of the surfactant 
concentration is a consequence of the growth of the 
micelles and the increment in their concentration. The 
interpretation may be that the concentration increment 
compresses the ionic atmosphere, which is equivalent to 
increasing its concentration [9], or that the structure of 
micelles changes with the counterion concentration, affect- 
ing the counterion bonding to the micelles' Stern layer 
[44]. This change occurs in a wide range of concentrations 
with hydrophilic ions such as O H -  or F -  [42, 43], and in 
a narrower one with hydrophobic ions as Br -  [9]. 

In agreement with theories on the factors which affect 
micellar size and shape [45], at the CMC the DTAOH 
micelles must be smaller than DTAB micelles. The micelle 
aggregation number for DTAOH is n = 20 [3], and n = 57 
for DTAB [46-49], as expected. 

Since micelles are small and highly charged [2], their 
contribution to the total conductivity of the system must 
be high. The conductivity of the small micellized O H -  
counterions is very high, so the real CMC is almost 
undetectable by conductivity measurements. At CT = 
5.3 x 10 -2 mol .dm -3 a break in the specific conductiv- 
ity-concentration plot is seen. It is near to the value found 
by Llanos and Zana (0.0305 mol. dm 3) which was inter- 
preted by these authors as the D TA O H  CMC. At about 
the same concentration there are anomalies in the surface 
tension (at Ca- = 3.1 x 10- 2 mol. din-  3) and density (Ca- = 
3.4 x 10 -2 tool.din -3) measurements. These anomalies 
occur at very low ~ values (about 0.05). This may mean 
that the micelle structure changes. 

Conclusions 

DTAOH has a stepwise aggregation at four different 
concentrations. The average values are point 
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a: C T = ( 2 . 5 1 _ + 0 . 1 0 ) x l 0 - 4 m o l - d m  -3  which is of 

uncer ta in  in terpre ta t ion ,  po in t  b: CT = (1.300 _+ 0.0410) x 
10 _3 m o l . d m  -3, which cor responds  to the fo rmat ion  of 

small  aggregates  which grow with increasing concen-  
t rat ion:  po in t  c: CT = (1.108 + 0.010)X 10 -2  m o l . d m  -3, 

which cor responds  to the fo rmat ion  of true micelles 
(CMC) and po in t  d: (3.02 _+ 0.28) x 10 -2  m o l . d m  -3, in 

which p robab ly  the s tructure of micelles changes affecting 

their  propert ies .  
The D T A O H  micelles are highly ionized (~ -- 0.8) at  

the C M C ,  close to the l i terature  values (cr = 0.74-0.68) 

[2, 3]. However ,  c~ decreases to reach very small  values 
when CT increases. 

W o r k  is in progress  to e lucidate  the s t ructure  of 
micelles and  premicet lar  aggregates.  
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