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Urea can enhance the aqueous solubility of surfactant CTAB
(hexadecyltrimethylammonium bromide) when it shows the
hydrotrope action. It will show the hydrotrope-solubilization
action when the solubilized amount of n-CsH,,OH in O/W
microemulsion and that of water in W/O microemulsion are
increased. The mechanism of the hydrotrope-solubilization ac-
tion of urea is the increase of the stability of W/O and O/W
microemulsion and structural transition from the lamellar lig-
uid crystalline phase to the bicontinuous structure.
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Introduction

In 1916, Neubergl’2 found that aqueous solution of
certain salts possessed the ability to enhance the solubili-
ty in water of several otherwise water-insoluble sub-
stances. This phenomenon of increasing the aqueous sol-
ubility of substances nommally insoluble or sparingly solu-
ble in water, brought about by the third component or
additive, is termed hydrotropy or hydrotropism. Yet hy-
drotrope-solubilization is not the same concept as hy-
drotropy. Different from surfactant solubilization, which
is achieved by association of surfactants and solutes into
micelles, microemulsion droplets and liquid crystals,*®
hydrotrope-solubilization'®? is achieved by a phase tran-
sition.

Because the hydrotrope-solubilization action can be
applied in practice, people are interested in finding hy-
drotrope-solubilization agent of new type. In recent
years, we have reported systematic studies on the effect
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of Vitamin C*' as hydrotrope-solubilization agent in
CTAB/n-CsH;;OH/H,0 system. The hydrotrope-solu-
bilization mechanism obtained in these studies is that the
lamellar liquid crystalline phase is destabilized and
transformed into isotropic phase with bicontinuous struc-
ture by the presence of hydrotrope. As a continuation of
the above investigations, in the present paper the effects
of urea on the hydrotrope-solubilization behavior in
CTAB/ n-CsH;;OH/H,0 system have been studied.

The structure of urea is simple but its solubility and
polarity are strong. The investigations show that urea not
only increase the CMC of ionic and non-ionic surfac-
tants, but also lightly reduces the micropolarity at the
micellar interface of ionic micelles.'®'" Two different
ways have been used to explain the above results: an in-
direct mechanism and a direct mechanism.'® In recent
years, Camero Ruiz has reported systematic studies on
the effect of urea on the aggregation behavior of both
nonionic'® and ionic surfactants.?*?' Some interesting in-
formation about structural changes induced by urea in
micelles were found. However, the function as hy-
drotrope for urea has received little attention. In the pre-
sent paper, we investigate the hydrotrope-solubilization
actions of urea in CTAB system. The results reveal that
urea can act as hydrotrope or hydrotrope-solubilization
agent in the cationic surfactant CTAB system. The pres-
ence of urea stabilizes both W/0 and O/W microemul-
sion but destabilizes a lamellar liquid crystal and the
phase transition from the lamellar liquid crystalline phase
to bicontinuous structure happens.
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Experimental
Materials

The materials used are hexadecyltrimethyl-
ammonium bromide (CTAB) (Aldrich, 99+ %), sodi-
um dodecyl sulfate (SDS) (Aldrich, 99+ %), Triton
X-100  (Aldrich, 9+ %), wurea (CO(NH,),)
(Aldrich, 9+ %), n-pentanol (n-CsH;;OH)
(Aldrich, 99+ %), and S5-doxyl stearic acid (5-
DXSA) (Aldrich, 99+ %). Among the above, only
SDS was recrystallized twice in ethanol. Water used was
twice distilled.

Determination. of partial phase diagram

The isotropic regions of CTAB/n-CsH;;OH/H,0
system with and without urea are determined by observ-
ing the change point of sample from clarity to cloudy
_ when water or aqueous urea solutions were titrated into
the mixture of CTAB and pentanol or pentanol was titrat-
ed into the mixture of CTAB and water or aqueous urea
solution at 25 +0.1°C. The phase boundaries of lamel-
lar liquid crystal phase were determined with an optical
microscope with the sample between crossed polarizes
and by low angle X-ray diffraction measurements.

Measurement of micropolarity

The steady-state fluorescence spectrum is measured
by using pyrene as probe with the excitation wavelength
338 nm and the emission wavelength 384 nm at 25 +
0.1%C. The intensity ratio of the first to the third peak
in the fluorescence spectrum can show the microplarity of
probe microenviroment. Furthermore, the location of
urea in the microemulsion droplets can be determined
from the variety of I;/I; values. All the solution sam-
ples are deoxygenated by bubblingnitrogen about 15 min
before measurements. The pyrene concentration is 1.4 x
107 mol - !,

Low angle X-ray diffraction
Low angle X-ray diffraction measurements were ob-

tained from D/max-A X-ray diffractometer at room tem-
perature. A=0.15418 nm.

Determination of ESR spectra

Electron spin resonance ( ESR) experiments were
performed on a Varian E-115 X-band spectrometer at
25°C. All samples of the ESR experiments contained 2
x 10 mol- L' 5-DXSA and were deoxygenated with ni-
trogen before performance.

Determination of diffusion coefficient

A three-electrode arrangement in a conventional
three-compartment cell was used. A platinum foil-work-
ing electrode, a platinum foil-auxiliary electrode, and a
saturated calomel electrode (SCE) reference electrode
were used. All the solutions were deoxygenated by bub-
bling nitrogen. The potential was swept linearly at 36
myv's! at 25+0.1C.

Electrochemical experiments were performed using
an electrochemical analyzer system with an SHD-1 bipo-
tentiosat ( Yinbing Electrochemical Apparatus Co. ,
Jilin, China), rotating ring-disk electrode (Jiangsu
Fourth Meters Co. ). ‘

Results and discussion

1. Hydrotrope-solubilization action of urea

Fig. la—c illustrate the partial phase diagrams of
the CTAB/ n-CsH;;OH/CO(NH, ), (aq.) system. Fig.
1 shows that with the addition of urea there are three
changes in the CTAB/n-CsH;; OH/H,0 system;: (1)
The solubility of CTAB in water increases, which reveals
the hydrotrope action of urea for CTAB. But both the
solubility of CTAB and water in pentanol and pentanol in
water shows no obvious change. (2) The solubilized
amount of pentanol in the O/W microemulsion increases
and so does the maximum amount of water solubilized in
W/0 microemulsion. Thus, the region of W/0 and O/
W come close with the addition of urea and join with
each other when 30% urea solution is used through the
bicontinuous structure region (BI) which will be dis-
cussed later. (3) The area of the lamellar liquid crys-
talline phase region (LC) shrinks. It is obvious that the
existence of urea would stabilize the structure of O/W
and W/0, and the increase of film intensity of mi-
croemulsion droplets is the only way to strengthen the
stability of both O/W and W/0 microemulsion. So it
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can be concluded that urea should be located in the in-
terface of microemulsion droplets by some way.

H,0 CTAB

15%CO(NH2)2 CTAB

b

n-C5H110H

30%CONH2), CTAB

C

Fig. 1 Effect of urea on the phase behavior, I: Three-phase
region.

2. Mechanism of the hydrotrope-solubilization action of
urea

Location of urea in CTAB/ n-CsHy; OH/H,O microemud-
sion system

The location of urea in the microemulsion of
CTAB/ n-CsH;; OH/H,0 system can be verified by the

micropolarity of microemulsion droplets.'> The micropo-
larity can be determined by the I;/I; value of pyrene lo-
cated in the microemulsion droplets (Table 1). When
urea is added in the O/W microemulsion of CTAB/ n-
CsH;; OH/H,0 system, the value of I;/I3 decreases
from 1.24 (sample 1 in Table 1) to 1.16 (sample 4).
It is clear that the addition of urea can make the pyrene
transfer to the inside of the interface of the microemul-
sion droplets. As we know, pentanol can be used as co-
surfactant and usually exists among the polar groups of
surfactant molecules in the O/W microemulsion droplets
so that the decrease of I;/I; value must be caused by
the location of urea between the pentanol and pyrene in
the interface of O/W droplets. Similarly, because of the
location of urea in the W/O microemulsion droplets of
CTAB/n-CsH;; OH/H,0 system, pyrene transfers to
outside of interface of W/O droplets and the I;/1; val-
ues decrease from 1.13 (sample 5) to 1.06 (sample
6).

Since urea is located in the interface of the mi-
croemulsion droplets, the film intensity of the mi-
croemulsion droplets is strengthened. Hence, the stabili-
ty of both O/W and W/0O microemulsion of CTAB/n-
CsH;; OH/H,0 system is increased, as is reflected by
the expansion of O/W and W/O regions in the phase di-
agrams described in Fig. 1.

The location of urea in the microemulsion of
CTAB/ n-CsH;;OH/H,;0 system can be also verified by
the ESR technique.? The ESR spectrum of microemul-
sion is always made up of three peaks (Fig. 2). In the
analysis of the ESR spectra, the hyperfine splitting con-
stant (Ay) of probe is regarded as a useful micropolar
reporter and the rotational correlation time (t,) may be
taken as the time needed for a probe molecule to rotate
for an angle of ®. As an approximation, the rotational
correlation time can be calculated from the following
equation ;>

7,=6.6 x 107°Wo[ (ho/h1)"* + (ho/h1)* - 2]
(1)
where W, represents the peak line width of the ESR mid-
field line (in Gauss), and h_;, hg, h.; are the peak
to peak heights of the low-, mid-, high-field lines, re-
spectively. The data in Table 2 show that, with the ad-
dition of urea, the probe hyperfine splitting constants
(Ax) of both O/W and W/0 microemulsions of CTAB/
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Table 1 Effect of urea on the micropolarity (1;/13) for CTAB/ n-CsH;, OH/H,0 system

Samples CTAB (wt%) n-CsHy OH (wt% ) H,0 (wit%) CO(NH,), (wt%) Media L/,
1 5 3 92 o/w 1.24
2 5 3 87 5 o/w 1.22
3 5 3 72 20 oW 1.18
4 5 3 62 30 o/w 1.16
5 5 85 10 W/0 1.13
6 5 80 10 5 w/0 1.06

n-CsHy; OH/H,0 systems decrease. This reveals that
with the addition of urea the probe molecules are located
in a reduced micropolarity at the binding sites of the
probe in the microemulsion, as is reflected by the drop
of the I,/ I; value of pyrene described in Table 1. The
data in Table 2 also show that, the 7, values decrease

with the addition of urea. The possible reason for this
result is that urea molecules exist in the interface of the
microemulsion droplets, which leads to the film intensity
of the microemulsion droplets strenthened, but make the
probe molecules rotate in a relatively larger space, so
that the T, values decrease.

Table 2 Parameters, Ay, tcand S, for CTAB/ n-CsH; OH/CO(NH,),{aq. ) system

Somples Modia CO(NH,), CTAB/CO(NH,),(aq.) n-CsH;,OH content 7, (s) An s

(wt%) (W/W) (wt%) x 10%° (mT)

1 orw 0 0.14 5 2.32 1.51

2 orw 15 0.14 5 1.45 1.46

3 o/w 30 0.14 5 1.41 1.41

4 w/0 0 1.95 50 1.52 1.51

5 w/0 15 1.95 50 1.39 1.50

6 w/0 30 1.95 50 1.37 1.49

7 LC 0 1.00 20 0.57

8 LC 15 1.00 20 0.51

9 LC 30 1.00 20 0.42

Fig. 2 ESR spectras for CTAB/ n-CsH;; OH/H,0 system, (a)
0/W; (b) W/0; (¢) LC.

Location of urea in lamellar liquid crystal of CTAB sys-
tem

In lamellar liquid crystal, there is a relationship
between dy and d as follows:?*

d=do(1+R)/(1+aR) (2)

in which d is the interlayer space of the lamellar liquid
crystal and can be determined by small-angle X-ray
diffraction, dj is the interlayer space without the solvent
and can be obtained by extrapolating to a zero-solvent
content in Fig. 3, R is the volume ratio of the solvent to
other compositions, and a is a volume fraction of the sol-
vent penetration from the solvent layer to the amphiphilic
bilayer in the lamellar structure.

Algebraic manipulation gives a simple expression
for ;¥

a=1-(2d/2R)/dy (3)
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Fig. 3 shows the results determined by small-angle X-
ray diffraction for the CTAB/ n-CsH;; OH/CO(NH, ),
(aq.) system. The values of « and dy are shown in
Table 3. As Fig. 3 and Table 3 show, the higher the
aqueous concentration of urea is, the smaller the value
of dy. If most of the urea molecules existed in solvent
layer, the addition of urea would have increased the val-
ue of dj rather than decreased it. Besides, since urea is
insoluble in oil phase, it would not exist in oil layer.
Thus, some urea molecules should exist in the am-
phiphilic bilayer.

Table 3 Interlayer spacing  dy) and the solvent penetration ()
in the lamellar liquid crystal. CTAB/n-CsHy; OH =

2.33 (W/W)
CO(NH,), (wt%) “dy (nm) a
0 2.59 0.412
15 2.51 0.332
30 2.43 0.219
40 } CTAB/-CsHOH
38 2.33(Wiw) .
Urea concentration
J o 0 (wt%)
— 36 o lsywt%) A/
E 341 [a30(wt%) /9/
) =
£ ]
‘:‘; 30 ] /
S 28+ Q/E
[
T % —/
2 /
= 244
22 A
20 ]

00 01 02 03 04 05 06 07
Volume ratio of urea(aq.)/(CTAB+#-CsH;,OH)

Fig. 3 Effect of urea on the interlayer spacing of the CTAB/
n-CsH;;OH/H,0 lamellar liquid crystal.

On the other hand, the data in Table 3 show that
the values of solvent penetration o decrease with the in-
crease of urea concentration. The possible reason is that
urea molecules exist in the amphiphilic bilayer and some
water molecules go back to the solvent layer.

The existence of urea in the amphiphilic bilayer
would make the arrangement of surfactant molecules in a
lower order. As the result, the liquid crystal phase is
destabilized. This result can be verified by the ESR
technique. In lamellar liquid crystal, the anisotropic de-
gree of the probe rotating motion (S) can be calculated
from the following equation ; %

S=(T, =T )/[Tzz-172(Tix + Tyy) ] (4)

where Tzz, Txy and Tyy are measures of the probe hy-
perfine splitting vector along N—O spindle ( Tz = 3.2
mT, Txyy= Tyy =0.6 mT). T, and T| can be got
from ESR spectra directly. S =1 for solid, and S =0
for isotropic solution.

The data in Table 2 show that the values of the
anisotropic degree of the S decrease with the increase of
urea concentration. This means that with the addition of
urea the liquid crystal phase is destabilized. As the re-
sult, the region of lamellar liquid crystal shrinks and is
transformed into the isotropic region BI (Fig. 1).

Structure determination of the isotropic region

The electrode for the CTAB micelle solution is a re-
versible system. The diffusion coefficient of the CTAB
micelle can be calculated from the following equation at

25°C .7
i,=2.69x 10° n¥? CoDy?V'?A (5

in which i is the cathodic peak current in amperes, Cy
is the solution concentration in mol*cm™, v is the po-
tential sweep rate in V* s, A is the total surface area of

the Pt electrode, and Dy is the particle diffusion coeffi-

cient in the solution in cm’+s'. The electrons per

molecule oxidized or reduced, n, can be obtained from
the relation of the peak potentials E, to half-peak poten-
tials E,,. For the CTAB reaction at the platinum elec-
trode, n~1.%

Fig. 4 illustrates the typical curves of the diffusion
coefficient of CTAB micelles. From Fig. 4 we can see
that the diffusion coefficient increases with the increase
of the content of urea solution and there are two sudden
changes on the curves of the diffusion coefficient. Ac-
cording to the determination of the microemulsion struc-
ture with diffusion coefficient, the point of inflection is
corresponding to the structure change:” (1) When the
solvent content is lower, the diffusion coefficients in-
crease with a very low speed and the corresponding sys-
tems show W/O structure; (2) When the solvent content
is higher, the diffusion coefficients greatly increase with
solvent content and the corresponding structure is O/W;
(3) When the solvent content is medium, the corre-
sponding system shows bicontinuous structure (BI).
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Based on the above principle and by labeling the sudden
changes in the isotropic region in Fig. 1, the isotropic
region in Fig. 1 can be devided into three areas: W/O,
0/W and bicontinuous.

600 CTAB/s-CsH110H !
] (W/W)
500 o 35/65
1 [o30m0
A 41/59

D X102 (cm?/s)
W
>
<

00 02 0.4 0.6 0.8 1.0
Urea g, (Wi%)

Fig. 4 Diffusion coefficients of CTAB micelles with the con-
tent of urea solution (30 wt% ).

From Fig. 1, it is clear that between the lamellar
liquid crystal region and the isotropic region there exists
a three-phase region (I in Fig. 1) which is composed by
0/W, Bl and LC. With the addition of urea, the O/W
region increasesslightly, but the lamellar liquid crystal
region shrinks obviously and the bicontinuous region in-
creases apparently. It is obvious that in the three-phase
region the swell of the bicontinuous region is caused by
the reduce of the lamellar liquid crystal region. There-
fore, the existence of urea results in the phase transition
from the lamellar liquid crystalline phase to bicontinuous
structure .

Mechanism of the hydrotrope-solubilization action of urea

From Fig. 1 and the above discussion, with the ad-
dition of urea, the stability of microemulsions increases
but that of lamellar liquid crystal decreases. Hence, the
microemulsion regions increase but the lamellar liquid
crystal regions decrease. Obviously, the hydrotrope-sol-
ubilization action of urea is related to the effect of urea to
the stability of lamellar liquid crystal of CTAB/ n-CsH;;-
OH/H,0 system. So the mechanism of urea on the
CTAB/ n-CsH;; OH/H,0 system is that the lamellar lig-
uid crystal phase is transformed into the bicontinuous
phase with the addition of urea.
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