
ABSTRACT: A phase study was completed on aqueous
sodium dodecylbenzenesulfonate (SDBS) and tetra-n-butyl-
ammonium bromide (Bu4NBr) systems, and consolute bound-
aries were drawn through cloud points. Samples were se-
lected from both miscibility regions [under the lower
consolute boundary (LCB) and above the upper consolute
boundary (UCB)] for small-angle neutron scattering (SANS)
studies. In the first set of experiments, the effect of varying
Bu4NBr concentration on micellar parameters of 100 mM
SDBS was studied at 30°C. The pure SDBS micelle has an ag-
gregation number (ns) of 51, and the effective charge on the
monomer (α) is 0.17. With the addition of Bu4NBr, the ns of
SDBS micelles increases while α decreases. The system with
[Bu4NBr] = 39.5 mM (an above-UCB sample) showed clouding
near room temperature (≈29°C) and had a high ns value (300)
and a low α (= 0.09). The data indicated that the micelles lose
ionic character in the presence of Bu4NBr. The temperature
effect on this sample shows that α remains almost constant,
while ns decreases on heating. A similar effect was observed
with samples of lower Bu4NBr concentration (32 or 25 mM) in
the presence of 100 mM SDBS. The same type of temperature
effect was seen on a sample of under-LCB region (50 mM
SDBS + 32 mM Bu4NBr); the ns values increased significantly
as the LCB was approached. The overall SANS observations
suggest that the micelles have low ionic character together
with high ns values (a case of micellar growth) near LCB/UCB.
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The observation of partial miscibility in binary surfac-
tant/water micellar solutions is commonplace (1–5). Re-
ports of both lower and upper consolute curves for non-
ionic and zwitterionic surfactants are frequent (1,2). There
even exist a few reports of lower consolute curves for ionic
surfactants in water (3,6–8). 

The phase boundary curve of the miscibility gap is com-
monly known as the “cloud” or “consolute” curve (9) in view
of the pronounced turbidity of the solutions close to the
phase separation. Initially this clouding was ascribed to an
increase in size and aggregation number, ns (10), of the mi-
celles and to the formation of giant micelles, which were be-
lieved eventually to become insoluble in water (11). Later,
it was realized that the clouding results from the clustering
of micelles as a result of attractive intermicellar interactions,
and the term “coacervate curve” was coined for concen-
trated micellar solutions with a conjectured liquid-like pack-
ing of the micelles (12,13). In the last two decades consid-
erable attention has been paid to scattering behavior
(14–17) close to the critical point of these solutions. Hayter
et al. (15) concluded from small-angle neutron scattering
(SANS) experiments that the observed increase in the for-
ward scattering is due to the formation of larger particles
consisting of spherical micelles of fixed size. Strey and
Pakusch (18) suggested that the region of the isotropic so-
lution [below the lower consolute boundary (LCB)] may be
divided into three sections: a region of single spherical mi-
celles at low surfactant concentrations and low tempera-
tures, aggregates of micelles in an intermediate range at
higher mass fractions of the surfactant and higher tempera-
tures, and a critical region that is dominated by critical
point fluctuations. This picture is widely accepted for the
below-LCB region although presently there is little knowl-
edge about structures near the LCB. Kumar et al. (17) con-
cluded that micellar growth takes place as the system ap-
proaches the cloud point (CP) (17).

Recently interest has focused on the possibility that
upper or lower critical points could occur within clear re-
gions above or below the consolute boundaries (14,19–21).
An upper consolute loop within a lamellar phase has been
reported for binary anionic and cationic surfactants in
water. However, lower and upper consolute loops are much
rarer in the same system. Here, sections of lower and upper
consolute boundaries have been produced in experiments
in which the temperature was varied and the effect on the
visual appearance of solutions (prepared in H2O) was de-
termined. For this purpose, sodium dodecylbenzenesul-
fonate (SDBS) was used as the surfactant and tetra-n-butyl-
ammonium bromide (Bu4NBr) as the salt. SANS studies
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were performed in the clear region above the UCB and
below the LCB. For the SANS measurements, samples were
prepared in D2O (no phase study was conducted with D2O).
SANS data from 100 mM sodium dodecylsulfate (SDS) were
also collected for comparison purposes. 

EXPERIMENTAL PROCEDURES

SDBS (≥99%; TCI, Japan), SDS (>99%, Fluka, St. Gallen,
Switzerland), and Bu4NBr (≥99%; Fluka) were used as re-
ceived. Solvent D2O of 99.4% purity was supplied by the
Heavy Water Division, Bhabha Atomic Research Centre
(BARC;, Mumbai, India). Deionized double-distilled water
was used for phase studies (CP-measurements). The CP val-
ues for the sample solutions containing different fixed con-
centrations of SDBS and Bu4NBr were obtained by the
method reported elsewhere (6–8). The measurements were
performed on a SANS spectrometer having an accessible
wave-vector transfer, Q (= 4πsinθ/λ, where 2θ and λ are the
scattering angle and mean wavelength of incident neutrons,
respectively), range between 0.018 and 0.32 Å−1. The experi-
ments used λ = 5.2 Å with a sample-to-detector distance of
1.8 m. The angular distribution of the scattered neutrons
was recorded with a one-dimensional position-sensitive de-
tector.

The raw data were corrected for background, empty cell
scattering, and sample transmission. The corrected intensi-
ties were normalized to absolute cross-section units and thus
dΣ/dΩ vs. Q was obtained (22). The experimental data
points were fitted by adopting the routines described by
Hayter and Penfold (23) and Chen and coworkers (24,25).
The data have not been corrected for resolution effects.
Analysis of a limited set of data showed that resolution cor-
rections do not alter the ns of the micelle. The residuals in
the fitting were negligible.

The relevant SANS theory is summarized as follows: For
homogeneous monodisperse micelles of volume VP present
at a number density nP and of coherent scattering length
density ρP, dispersed in a medium of scattering length den-
sity ρm, the coherent differential scattering cross-section
(dΣ/dΩ) is written as (23,26,27)

dΣ/dΩ = nPV 2
P (ρP − ρm)2 · P(Q) · S(Q) + B [1]

where P(Q) is the single (orientationally averaged) particle
form factor, which depends on the size and shape of the par-
ticle, and S(Q) is the interparticle structure factor. B is a con-
stant term that represents incoherent scattering, which is
mainly due to hydrogen atoms in the sample.

For analysis, the micelles were assumed to be monodis-
perse, prolate ellipsoids (a = b ≠ c), where the sphere is a
special case. It may be mentioned, however, that elongated
micelles usually tend to be of varying size and may not be
monodispersed, but Equation 1 is not valid for polydis-
persed systems. It was further assumed that the micelles
have a hydrophobic core composed of dodecyl chains and a

hydrated hydrophilic shell composed of head groups
(–SO3

−), a fraction of Na+, Bu4N+, and solvent molecules
(D2O). The position and interactions of Bu4N+ near the an-
ionic micellar surface are detailed elsewhere (6–8). Al-
though there are limitations of such assumptions, it is not
possible to get information on size distribution of micelles
from the present data because of the involvement of too
many unknown parameters in the data analysis. Thus, in the
present analysis, the system is assumed to be monodisperse
to avoid additional complexities.

The ns for the micelle is related to VP by the relation n =
VP/v, where v is the volume of surfactant monomer. P(Q)
for anisotropic micelles (e.g., ellipsoidal) is given by

P(Q) = ∫[F(Q, µ)]2 dµ [2]

The form factor F(Q, µ) is given by

F(Q, µ) = 3(sin ω − ω cos ω)/ω3 [3]

where ω = Q[a2µ2 + c2(1 − µ2)]1/2 and µ is the cosine of the
angle between the axis of revolution and Q. Therefore, P(Q)
is dependent on both the semiminor (a) and semimajor (c)
axes.

The volume of SDBS monomer was taken to be 498 Å3,
as given by Tanford’s formula (28). S(Q) was calculated
using standard methods (27). This theory is applicable if
there is no angular correlation between the micelles, which
is reasonable for charged micelles. It may be mentioned
that a satisfactory data analysis method for charged rod-
shaped micelles has not yet been developed. In this analy-
sis, the calculated spectra have three parameters, viz., the
effective charge per monomer (α), a, and c or ns.

The SANS data were analyzed using the method dis-
cussed above and parameters α, a, c, and ns were computed.
Solid lines in dΣ/dΩ vs. Q curves are the calculated fits.

RESULTS AND DISCUSSION

The temperature /Bu4Nbr concentration phase diagrams
(Figs. 1, 2) show that the nature of the appearance of con-
solute boundaries is dependent on SDBS concentration.
With 50 mM SDBS, only LCB was realized whereas with 100
mM SDBS both LCB and UCB were realized by increasing
the temperature and Bu4NBr concentration. As mentioned
earlier, the SANS data were obtained with samples prepared
in D2O. However, no phase study was performed in D2O,
and it is believed that the samples chosen for SANS mea-
surements belong to the clear regions above the UCB and
under the LCB. 

Several SANS spectra were obtained with SDBS solutions
and compared with a 100 mM SDS solution (Fig. 3) before
the actual experiments were performed. Inspection of
Table 1 suggests that micelles are bigger in the case of SDS
than SDBS. Comparison of SDS and SDBS molecules shows
that SDBS molecule should be longer than SDS owing to
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the presence of a benzene ring in the former (Scheme 1).
But dΣ/dΩ is higher in the case of SDS (Fig. 3). The drop in
ns due to the ring may result from the presence of a volumi-
nous group in the head group region. As a result, the head
groups cannot come closer than a certain limit due to re-
pulsive interactions of the π-electron cloud of the benzene
rings present in the monomers of the micelles. To alleviate
these unfavorable electrostatic consequences, the hydrocar-

bon chains in the micelles of SDBS take on folded confor-
mations, and hence SDBS micelles would experience a rela-
tively wetter environment than the SDS ones. In compari-
son, the hydrocarbon chains could be more extended in
case of SDS, and the terminal CH3 group is buried deep in-
side the micellar core. Hence a of SDS is expected to be
more than that of SDBS. The higher values of ns and a for
SDS confirm these propositions (Table 1). 

SANS spectra of 100 mM SDBS with added Bu4NBr are
presented in Figure 4. Each spectrum contains a well-de-
fined interaction peak, characteristic of dispersions of
charged particles, which seems just to disappear at 39.5 mM
Bu4NBr. This change occurs because of micellar growth and
screening of the repulsive forces between the particles. The
micellar growth is consistent with the viscosity and SANS re-
sults obtained for the same salt added to aqueous SDS
(29,30). The higher ns and low α values are also consistent
with micellar growth in these systems with the addition of
Bu4NBr (Table 2).

On the basis of the studies just described, the system 100
mM SDBS + 39.5 mM Bu4NBr, which is expected to belong
to the clear region above the UCB (as phase studies in D2O
samples were not performed), was chosen. The system
showed CP ∼ 29°C. The SANS spectra of this system at dif-
ferent temperatures are given in Figure 5. At 30°C, dΣ/dΩ-
diverges in the region of low Q (<0.02 Å–1). This type of be-
havior usually occurs with ionic micelles at higher salt con-
centrations (31) or with nonionic micelles at higher tem-
peratures (32). With a higher value of ns and low α (Table
3), it can be safely assumed that the micelles in this system
have some characteristics of nonionic surfactant systems. In-
terestingly, at higher temperature (Fig. 5) there is a de-
crease in dΣ/dΩ in the low Q region, and at 80°C, an inter-
action peak starts reappearing. However, dΣ/dΩ remains in-
dependent of temperature in the region of large Q (>0.10
Å−1). To further substantiate the temperature effect, SANS
spectra were collected for lower concentrations of added
Bu4NBr (32 and 25 mM, Figs. 6 and 7, respectively). Lower-
ing of dΣ/dΩ also occurred in these cases, with well-defined
interaction peaks from which we can infer that the micelle

JOURNAL OF SURFACTANTS AND DETERGENTS, VOL. 9, QTR. 1, 2006

79

SANS STUDIES ON SDBS–TBAB SYSTEMS

FIG. 1. Temperature vs. Bu4NBr phase diagram for the 50 mM
SDBS/Bu4NBr/H2O system. The curve represents the lower consolute
boundary (LCB). Bu4NBr, tetra-n-butylammonium bromide; SDBS,
sodium dodecylbenzenesulfonate.

FIG. 2. Temperature vs. Bu4NBr concentration phase diagram for the
100 mM SDBS/Bu4NBr/H2O system. The two sections of curves be-
long to the LCB (n) and the upper consolute boundary (UCB, l). For
abbreviations see Figure 1.

TABLE 1
Micellar Parameters for x mM Surfactant Obtained
from Hayter–Penfold-Type Analysisa at 30°C

x (mM) ns α c (Å) a = b (Å) c/a

100 (SDS) 72 0.24 25.9 15.2 1.70
100 (SDBS) 51 0.17 34.1 13.3 2.56
50 (SDBS) 44 0.18 30.6 13.1 2.33

aSDS, sodium dodecyl sulfate; SDBS, sodium dodecylbenzenesulfonate;
ns, aggregation number; α, effective charge of the monomer; a–c, ellip-
soid dimensions.

SCHEME 1



characteristics are changed from nonionic to ionic with the
rise of temperature. This is also supported by the increased
α values obtained at higher temperatures (Table 5). How-
ever, this behavior is opposite to the behavior reported for

SDS + Bu4NBr system where dΣ/dΩ increases with the in-
crease in temperature (17). This may be due to the system’s
position in the phase diagram. The earlier reported system
(17) seemingly is under the LCB while the present ones are
above the UCB. This also shows that the position of a par-
ticular system in the phase diagram is important for the
overall behavior.

The temperature effect on a system that is expected to
be in the region under the LCB (50 mM SDBS + 32 mM
Bu4NBr; Fig. 8) is in sharp contrast with that observed with
the systems above the UCB.  Here, the temperature increase
causes an increase in dΣ/dΩ at low Q whereas dΣ/dΩ is inde-
pendent of the temperature in the large Q (>0.075 Å−1) re-
gion. The increase in dΣ/dΩ with temperature rise at lower
Q is, in a sense, similar to that observed in nonionic micel-
lar solutions where interactions are dominated by van der
Waals forces (32). Here, no interaction peak is observed
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FIG. 3. Small-angle neutron scattering (SANS) spectra from different
surfactant (SDS and SDBS) solutions at 30°C: (open hexagon with cen-
tered dot), 50 mM SDBS; (circle with cross), 100 mM SDBS; (diamond
with horizontal line), 100 mM SDS. Solid lines are theoretical fits based
on Hayter–Penfold-type analysis. SDS, sodium dodecyl sulfate;
dΣ/dΩ, coherent differential scattering cross-section; for other abbre-
viation see Figure 1.

FIG. 4. SANS spectra from 100 mM SDBS solutions with increasing
concentration (x) of Bu4NBr at 30°C: x = 0.0, (open square); 5, (open
triangle); 15, (open diamond); 25, (diamond with horizontal line); 32,
(open star); 39.5 mM, (open pentagon). Solid lines are theoretical fits
based on Hayter–Penfold-type analysis. For abbreviations see Figures
1–3.

TABLE 2
Micellar Parameters for 100 mM SDBS + x mM Bu4NBr Obtained
from Hayter–Penfold-Type Analysisa at 30°C

x (mM) ns α c (Å) a = b (Å) c/a

0 51 0.17 34.1 13.3 2.56
5 58 0.17 37.8 13.7 2.76

15 105 0.10 62.2 14.7 4.23
25 192 0.10 109.2 15.4 7.09
32 228 0.09 126.8 15.9 7.97
39.5 300 0.09 162.6 16.4 9.91
aBu4NBr, tetra-n-butylammonium bromide; for other abbreviations see
Table 1.

FIG. 5. SANS spectra from 100 mM SDBS + 39.5 mM Bu4NBr system
at different temperatures: 30, (open circle with centered dot); 40,
(open triangle); 50, (open diamond); 60, (diamond with horizontal line);
70, (right-pointing open triangle with centered dot); 80°C, (closed cir-
cle containing off-center open dot). Solid lines are theoretical fits
based on Hayter–Penfold-type analysis. For abbreviations see Figures
1–3.



with increase in temperature. Table 4 data for 30°C show
that, even with a low surfactant concentration, a significant
increase in ns has taken place. It is likely the effective salt
concentration plays a major role in deciding the final aggre-
gate morphology. The availability of limited data in this re-
gion (below LCB) does not permit any further comments.
Also, the effect of temperature (Fig. 8) could not be ana-
lyzed with the existing program.
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TABLE 3
Micellar Parameters for 100 mM SDBS + 39.5 mM Bu4NBr
Obtained from Hayter–Penfold-Type Analysisa

at Different Temperatures

Temperature (°C) ns α c (Å) a = b (Å) c/a

30 300 0.09 162.6 16.4 9.91
40 258 0.09 144.6 16.1 8.98
50 253 0.07 140.1 16.2 8.65
60 239 0.07 133.7 16.0 8.36
70 219 0.07 124.7 16.0 7.79
80 196 0.07 113.0 16.0 7.06
aFor abbreviations see Tables 1 and 2.

FIG. 6. SANS spectra from 100 mM SDBS + 32 mM Bu4NBr system at
different temperatures: 30, (open circle with centered dot); 60, (open
triangle); 80°C, (open diamond). Solid lines are theoretical fits based
on Hayter–Penfold-type analysis. For abbreviations see Figures 1–3.

FIG. 7. SANS spectra from 100 mM SDBS + 25 mM Bu4NBr system at
different temperatures: 30, (open circle); 60, (open diamond with cen-
tered dot); 80°C, (open hexagon with centered dot). Solid lines are
theoretical fits based on Hayter–Penfold-type analysis. For abbrevia-
tions see Figures 1–3.

TABLE 4
Micellar Parameters for 100 mM SDBS + 32 mM Bu4NBr
Obtained from Hayter–Penfold-Type Analysisa

at Different Temperatures

Temperature (°C) ns α c (Å) a = b (Å) c/a

30 228 0.09 126.8 15.9 7.97
60 169 0.09 97.1 15.6 6.22
80 126 0.09 75.6 15.3 4.94
30b 298 0.06 166.7 16.91 9.86
aFor abbreviations see Tables 1 and 2.
bParameters of this row are for 50 mM SDBS + 32 mM Bu4NBr belonging
to the below-LCB (lower consolute boundary) region. For other abbrevia-
tions see Tables 1 and 2.

TABLE 5
Micellar Parameters for 100 mM SDBS + 25 mM Bu4NBr
Obtained from Hayter–Penfold-Type Analysisa

at Different Temperatures

Temperature (°C) ns α c (Å) a = b (Å) c/a

30 192 0.10 109.2 15.4 7.09
60 123 0.10 73.2 15.1 4.85
80 80 0.12 52.8 14.7 3.59
aFor abbreviations see Tables 1 and 2.

FIG. 8. SANS spectra from 50 mM SDBS + 32 mM Bu4NBr system at
different temperatures: 30, (open circle); 40, (open triangle); 50°C,
(closed diamond). Solid lines are theoretical fits based on Hayter–Pen-
fold-type analysis. For abbreviations see Figures 1–3.
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