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bstract

Topical formulations undergo radical structural changes after application and the action on the skin is not directly related to the original structure
f the formulation. This fact has been well established in the scientific literature. However, and more essential, is the fact that these changes in
he formulation structure are not equilibrium ones. Especially so, with the hydroxy acids, which are widely used in cosmetic and dermatological
reatment of skin. The article reports the first investigation into the non-equilibrium conditions in a hydroxy acid system.

Different phases in the title system, which were not in mutual equilibrium, were brought in contact while avoiding convection. The transfer of
ubstance between them was estimated from the changes in volume of each phase.
The results showed, unexpectedly, that the systems were far from equilibrium even after prolonged times in contact. The kinetics of the changes
aried to significant degree, from extremely slow, when solid phases were involved to fast for liquid phases. In one case was observed a separated
ayer, which was not found in the phase diagram under equilibrium conditions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The different association structures in surfactant systems
nd their equilibria have been extensively investigated and pro-
ide thorough information about the subject (Ekwall, 1975;
chramm et al., 2003; Schick, 1992; Holmberg et al., 2002;
hah, 1998; Diamant and Andelman, 2004; Walstra, 1983;
riberg and Neogi, 1989). However, in a large number of indus-

rial processes, such as emulsification (Sjoblom, 2001; Julian
nd Clements, 2004) and extraction (Neogi et al., 1985; Friberg

t al., 1986a) the systems are far from equilibrium. In fact, the
uccess of many of these processes entirely depends on the non-
quilibrium conditions.
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In addition, a large number of commercial products are, per
e, non-equilibrium systems, such as emulsions (Larsson, 1994)
nd most of the vesicle solutions (Simonnet, 1994; Lasic, 1988)
o name but two of the best known examples. In spite of this
bvious importance, literature in this area is extremely sparse in
omparison with the vast information available for equilibrium
ystems. One fundamental treatment is by Neogi (Friberg et al.,
986b), who analyzed the basis of the appearance of a transient
amellar liquid crystal, which had a decisive influence on an
xtraction process (Ma et al., 2004). Neogi also reported on the
nfluence by a similar structure in the formation of microemul-
ions (Miller and Neogi, 2004). These reports were concerned
ith liquid systems, but a large number of commercial formula-

ions also involve solid compounds and we found a contribution

oncerning non-equilibrium phenomena in a system containing
lso a solid to be of interest. It seemed reasonable to expect the
olid compound to exert some influence on the transport pro-
esses different from the ones in an entirely liquid system.
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mailto:abeerbawab@yahoo.com
dx.doi.org/10.1016/j.ijpharm.2006.09.040


nal o

b
h
b
B
1
1
a
K
1
c
t
p
m
1
e
k
o
a

w
8

2

2

c
f
W
b

2

-

-
-

-
-

2

t
a
b
p
d
b
o

i
a

2

t
t
s
c
v
b
T
f
g

m
t
t
e

w
i
o
r
e
t

m
t
s
n
a
i
t
t
o
o
w

o
p
t
d

3

p
a
h
t
f

A. Al Bawab et al. / International Jour

A system with malic acid was chosen, because of the acid
elonging to the group called fruit acids. These acids, of which
ydroxy carboxylic acids are members, are well known for their
eneficial action on skin (Al-Bawab et al., 2002, 2004a; Al-
awab and Friberg, 2004b; Al-Bawab, 2006; Friberg et al.,
998; Friberg and Al-Bawab, 2006; Huber and Christoffers,
977) and their colloidal and macroscopic dispersions have
wide commercial use (Robert et al., 1980; Cannon, 1997;
aselionis, 1988; Kligman et al., 1996; Roeding and Artman,
996). The applications are almost exclusively topical and as a
onsequence the subsequent evaporation process may give rise
o non-equilibrium conditions. From a purely pharmaceutical
oint of view it has to be realized that the multitude of treat-
ents with hydroxy-acids (Inan et al., 2006; Bergfeld et al.,

997; Hood et al., 1999) depend on the phase changes during
vaporation and that these changes are not of the equilibrium
ind. With regard to this fact we found a more general treatment
f the non-equilibrium conditions of a representative hydroxy-
cid formulation to be of pharmaceutical interest.

In the present contribution, the malic acid was combined with
ater and a predominantly hydrophobic surfactant, Polysorbate
1; basically a penta-oxyethylene sorbitan mono-oleate.

. Materials and methods

.1. Materials

The following chemicals were used without further purifi-
ation, Tween 81, pentaoxyethylene sorbitan mono-oleate, was
rom Uniqema Co., ICI Surfactants (Wilmington, DE, U.S.A.)

ater was deionized and triply distilled. Malic acid (99%) cis-
utenedioic acid, was from Merck, Darmstadt, F.R. Germany.

.2. Instruments

The following instruments were used

LEITZ wetzlar microscope (Ortholux II Pol-BK) with
Orthomat camera.
Meiji ML 9400 Polarizing Microscope.
Mettler AJ150 Analytic Balance was used to determine the
weight.
Vibrofix VFI Electronic (shaker) was used to mix the samples.
SI TRON TINCA 4003 Centrifuge with maximum speed of
5500 min−1 was used to determine the extent of the solubility
regions by separating multi-phase compositions.

.3. Phase diagram determination

The solubility regions were determined by addition of water
o malic acid/surfactant combinations, noting points of clarity
nd turbidity. The extent of the solubility regions was confirmed
y centrifugation at 1500 rpm of samples and by preparing sam-

les close to the solubility limits, and storing them for several
ays at room temperature. The liquid crystal phase was detected
y observation of samples between crossed polarizers. The limits
f the phase were determined by observing samples microscop-

t
n
t
o
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cally between crossed polarizers after several days of storage
t room temperature.

.4. Non-equilibrium phase contacts

The phase with less density was carefully layered on top of
he one with greater density in a manner to avoid mixing. The
est tube was placed on a flat plate with insulation from the bench
urface to dampen any vibrations to the maximum extent. The
hange in the height of the layers was measured at suitable inter-
als using a millimeter scale and the test tubes were observed
etween crossed polarizers to detect any anisotropic material.
he amount of the different solutions are given in Table 1, the

ollowing comments to each experiment are useful to realize the
oal of each.

In the first instance, the samples were selected to obtain infor-
ation about the interaction between the pure compounds. With

hose results available, it was found that an opportunity existed
o obtain information about more complex situations and the last
xperiments illustrate these conditions.

In the first experiment, water was poured on top of the acid,
hich had been carefully melted and re-solidified to make a flat

nterface towards the water. In this case, there was no formation
f new phases and the information is only concerned with the
elative transport of the acid into the water and vice versa. In
xperiment 2, water was poured on the surfactant, to follow up
he formation of the liquid crystal.

In experiment 3, the surfactant was placed on the acid, which
eant that the only transport would be the penetration of surfac-

ant into the solid acid. The results showed this process to be too
low to be measured and experiment 4 repeated the process, but
ow with the surfactant on a solid solution of 5% of water in the
cid. Even now the process was too slow to be measured and the
mportance of the solid state for the mutual interaction between
he water and the surfactant was illustrated in experiment 5. Now
he surfactant was placed on a maximally concentrated solution
f the acid in water to give an opportunity to compare the rate
f formation of the solid acid solution of surfactant and water
ith the formation of the liquid crystal.
The results of this experiment indicated a very slow formation

f the solid solution and complementary measurements were
erformed. In these, the liquid crystal was layered on top of
he aqueous solution, experiment 6, and finally experiment 7, a
ispersion of the liquid crystal in water was placed on top of it.

. Results

The phase diagram is shown in Fig. 1. It contains four one
hase areas. The acid is soluble in water (MAS in Fig. 1) to
maximum of 57.4%, by weight. The surfactant, on the other
and, was not soluble in water to a noticeable extent, nor in
he aqueous solution of the acid. The surfactant and the water
ormed a lamellar liquid crystalline phase (LC) in the surfac-

ant percentage range between 75.1 and 78.4%. This phase did
ot solubilize the acid to an extent that could be observed in
he diagram. The surfactant proper (S) did not dissolve water
r the acid. The acid displayed a pronounced solubility for
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Fig. 1. The phase diagram of water, malic acid and Tween 81. LC, liquid crystal;
MAS, malic acid solution; AS, aqueous solution (acid–water); S, surfactant;
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, saturated aqueous malic acid solution; B, aqueous solution (acid–water);
, solid sample (surfactant–water–acid); E, solid sample (water–acid); D, two
hase sample (water–acid).

ater; 17.9% as well as for the surfactant; 23.6% as a solid
olution (MAS). The extremely limited solubilization of the
urfactant into the aqueous solution of the acid and the same
henomenon for the acid into the liquid crystalline phase as well
s into the surfactant gave rise to two-phase areas with some
nteresting features. At first, the two-phase area of the aque-
us solution and the lamellar liquid crystal (AS-LC) reveals a
uge variation of acid content in the aqueous solution; 38.8%
y weight, while the corresponding change in the liquid crystal
s too small to be marked in the diagram. The second two-phase
ealm of interest is the one in which the aqueous acid solution
s in equilibrium with the solid acid solution of surfactant and
ater (AS-MAS). For that part, one finds that a reduction of

he surfactant content in the solid from 20.7% to zero causes
he aqueous solution to accept more of the acid accompanied
y an increase of the water content of the acid solid solution.
he composition of the solid acid solution in equilibrium with

he aqueous acid solution with 36.4% of the acid was also in
quilibrium with the liquid crystalline phase forming a narrow
wo-phase area (MAS-LC). The same composition was also in
quilibrium with the surfactant forming a second three-phase
egion (MAS-LC-S). The surfactant in turn was in equilibrium
ith the solid acid solution with diminishing amount of water

MAS-S).
The focus of the investigation was to find the conditions,

hen two phases, not in equilibrium, were brought in contact
nd the simplest case is the water/acid part of the system. The
hange in relative heights of the aqueous layer and the solid acid
ayer, when the water was layered on top of the latter are given
n Fig. 2. The experiment was continued for more than 200 h,

ut the changes during the extended time were too small to be
ecorded. The amounts of acid and water were chosen so that the
ayers at equilibrium would be of equal size. The results, Fig. 2,
how both layers to approach this state. The form of the curves
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Fig. 2. The height fractions of the aqueous layer and the solid acid layer when
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he aqueous acid layer was layered on top of the solid acid layer vs. time. (�)
olid acid layer and (�) aqueous layer.

ndicates the process to be diffusion controlled. The process was
urprisingly symmetrical.

The experiment, when water was placed on top of the sur-
actant in amounts corresponding to the composition of the
iquid crystalline phase at equilibrium gave a more complex
esult, Fig. 3. An anisotropic layer was immediately formed and
ncreased to 6.7% of the total height within 17 h, while during
hat time the aqueous layer was reduced by 6.6%. The surfac-
ant layer was not reduced to measurable degree during that time
eriod. The microscopy photographs show the anisotropic layer
uring the first period in Fig. 4. The photo reveals only a small
mount of truly anisotropic material, but for the period after
7 h such material became prevalent (Fig. 5). Unfortunately, it
as not possible to obtain verifiable information for the process

fter the time period in Fig. 3. The interface between the lay-
rs became diffuse in spite of the most careful efforts to avoid
echanical disturbance of the samples.
The combination of surfactant and acid showed an extremely

low penetration of the surfactant into the acid and no measurable
hange in the heights of the layers was found during several days.
similar result was found, when the surfactant was placed on
op of a solid acid solution of the acid containing 5% water, E,
ig. 1.

a
t
l

ig. 3. The percentage of layer heights of water layer when placed on top of surfact
hase at equilibrium vs. time. (�) Anisotropic layer, (�) aqueous layer and (�) surfa
ig. 4. The initial anisotropic layer observed between crossed polarizers in opti-
al microscopy.

The next experiment was aimed at finding the kinetics of
he formation of the solid acid solution from the surfactant in
ontact with the aqueous liquid solution of the acid connects
o the surfactant. The surfactant, S, Fig. 1, was placed on top
f a concentrated solution of the acid in water, A, Fig. 1, in an
mount to result in the formation of a two-phase system of the
queous solution at B, Fig. 1 and the solid acid solution at C,
ig. 1. According to the phase diagram, the contact should lead

o a precipitation of a solid solution at C, Fig. 1. The removal of
he acid from the aqueous solution would reduce the amount of
he acid in the latter from A to B, Fig. 1. This did not happen.
nstead of finding a solid acid solution layer, the layer showed
nly the optical pattern of liquid crystal, Fig. 5. The percentage
f layer heights is shown in Fig. 6.

The resistance to form the solid acid compound was con-
rmed in experiment 6, when the liquid crystalline phase,
C, Fig. 1, was combined with the concentrated solution of
cid in water, A, Fig. 1. No solid layer was observed, even

fter prolonged exposure; instead a narrow layer of surfac-
ant was initially observed on top of the liquid crystalline
ayer.

ant layer in amount corresponding to the composition of the liquid crystalline
ctant layer.
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Fig. 5. The lamellar liquid crystal structure as observed crossed polarizers in
optical microscopy.
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ig. 6. The percentages of layers vs. time when the surfactant (S) was placed
n top of the concentrated aqueous solution of acid (A). (�) Liquid crystal
anisotropic), (�) aqueous solution and (�) surfactant layer.

This obstacle to the formation of the solid acid solution of
oth surfactant and water was confirmed when an aqueous dis-
ersion of the liquid crystal, D, Fig. 1, was placed on top of the
queous solution of the acid, A, Fig. 1, in amounts to provide an
queous phase at A, Fig. 1, and a solid acid solution at C, Fig. 1
experiment 7).

Fig. 7 shows the vesicle solution layer to be reduced, being

eplaced by an anisotropic layer of identical size. The size of the
queous layer was not reduced; instead a small but detectable
ncrease was observed, Fig. 7.

ig. 7. The percentage of layer heights vs. time when a liquid crystalline dis-
ersion (vesicles) was placed on top of a concentrated aqueous solution of malic
cid. (�) Vesicles layer, (�) anisotropic layer and (�) aqueous layer.

s

s
t
r
t
c
e
w
o
t
G
t
t
i
r
l
t

f Pharmaceutics 332 (2007) 140–146

. Discussion

The results show an extended array of different behavior
nd the following treatment will address the various phenomena
ccording to the complexity of the processes taking place. The
implest behavior was, as expected, found, when the acid and
ater were contacted. This combination cannot be expected to
ive rise to colloidal association structures, association probably
eing limited to the formation of dimers in the aqueous solution.
s shown by Fig. 2, there are no features to indicate any pro-

esses but mutual diffusion of the two compounds and the two
ayers approach the estimated equilibrium state in an expected

anner. The equations covering the case of mutual diffusion
ave been published (Leaist, 2002; MacEwan and Leaist, 2003),
ut for the present contribution the focus is instead on to which
xtent the extrapolation to infinite time of the curves provides
he expected value of 0.5.

An attempt was made mathematically to extrapolate the val-
es in Fig. 2. This approach appeared justified considering the
act that the points in Fig. 2 were the result of two independent
xperiments and that the change in values covers more than 70%
f the change, should the transport have continued to the equi-
ibrium state. The extrapolation to infinite time infinite time was

ade using modified Langmuir functions, based on the experi-
ental results.
The equations for the water (W) and acid (MA) layers height

ersus time read

W = 0.235 + 0.265t

t + 28.91
(1)

MA = 0.5 + 23.1

t + 23.1
(2)

n which FW and FMA are the fractions of total height and t is
ime in hours.

Both equations acceptably fit the experimental values, Fig. 1
nd both extrapolate to the value 0.5. The results offer a con-
incing corollary that the acid/water combination offered no
rocesses except the anticipated mutual diffusion of molecular
pecies.

The penetration of surfactant into the acid was an extremely
low process, illustrated by the fact that no change in the rela-
ive layer heights could be observed after weeks of storage. This
esult is referred to the structure of the surfactant. Its compara-
ively large molar volume combined with its more hydrophobic
haracter make the slowness of the transport a feature to be
xpected. It is of some interest that even the solid acid solutions
ith 5% of water gave the same result. Obviously, the presence
f water molecules did not change the crystalline structure of
he acid to a degree to influence the entering of the surfactant.
rinding the acid to small particle size gave a fast penetration of

he surfactant. The explanation for this modification of penetra-
ion kinetics was not pursued; the process being of only limited

nterest from a colloid point of view. It should be noted that
eplacing the single solid acid sample with small acid particles
eads to fast absorption of the surfactant into the acid due to
he presence of surface dislocations after grinding. The solu-
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ility of surfactant in the acid, Fig. 1, was determined in this
anner.
The kinetics of the system surfactant and water in contact,

n the other hand, is of colloidal relevance. In the experiment,
he amounts of the two compounds were selected to provide a
amellar liquid crystal at equilibrium and this structure was also
ormed but not with a simple time dependence. As revealed by
ig. 3, the process may be divided into two parts of which the

nitial one lasts the first 17 h. It is characterized by a slow forma-
ion of the liquid crystal dispersed in the water as demonstrated
y the microscopy photos, Fig. 4. After 17 h, the formation of
he lamellar phase accelerated (Fig. 5).

Before discussion the details of the processes, it is useful to
ake an estimation of the total process. The curves in Fig. 3

re fitted to simple second order equations with the following
esults. The fraction of the anisotropic layer of the total height
as described as

AN = 0.0002t2 + 0.00003t + 0.741 (R2 = 1.000) (3)

n which FAN is the height fraction of the anisotropic layer.
In the same manner the, fractions occupied by the aqueous

ayer, FAQ and surfactant layer, FS, were given in equations.

AQ = 2E − 19t2 + 0.0038t + 0.26 (R2 = 0.997) (4)

S = −0.0014t2 + 0.0019t + 0.741 (R2 = 0.999) (5)

simple test of the validity of these equations is to solve for the
ime for the expected final result, which means FAN = 1, while
S = FAQ = 0.

It is of course not expected to find any accuracy in such a
ighly approximated process, but the results gave the three times
0, 68 and 75 h, which must be judged as satisfactory.

With these results, it may safely be concluded that the for-
ation of the liquid crystalline phase took place in a fashion

ointing to a complete process within a realistic time. The
emaining feature to be discussed is, of course, the variation
f rate with time. At first, the reduction of the surfactant layer
s extremely slow in the initial stage and definitely unexpected
separate layer of suspended liquid crystal was observed.

The point to be noticed is the fact that an interface was
etected between the water layer and this solution. At present,
here is no explanation for these results; the matter is under inves-
igation to find the fundamental reason for the appearance of this
ayer. In lieu of reliable experimental evidence, it is only possible
o indicate some highly tentative explanations. The most plausi-
le of such conjectures would be that the surfactant, consisting
f a series of compounds, experiences a spontaneous separation
f its components in the initial stages, but that this separation is
inetically monitored and that the continued process reverses to
onditions governed by equilibrium conditions.

The experiment in which the surfactant, S, Fig. 1, was placed
n top of the most concentrated aqueous solution of the acid
, Fig. 1, gave results, which, during the process deviated from
he equilibrium conditions to a high degree. According to the
hase diagram, the expected behavior would be for the concen-
ration of the aqueous solution to be reduced from A, Fig. 1, to
oint B, Fig. 1. In this process of expelling the acid, the latter

b
w
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hould attract surfactant to form a solid acid solution varying its
oncentration along the line of its maximum content of, simul-
aneously, water and surfactant to end at point C, Fig. 1. The
iquid crystalline phase is not in equilibrium with the isotropic
iquid aqueous solution of the acid at the concentrations encoun-
ered. What was instead observed, Fig. 6, was a layer with the
haracteristics of liquid crystal and this was also found in the
icroscopy pattern, Fig. 5. In addition to the liquid crystalline

attern in the microscope images of crystals were also viewed.
side from the fact that liquid crystals were present the most

ssential result is the fact that both these vehicles were situated
ispersed in an aqueous layer and that this layer was separated
rom the aqueous solution of acid by an interface. The similar-
ty to the separate layer, when water was placed on top of the
urfactant is conspicuous. In that case an aqueous dispersion is
eparated from water; in the present case, a dispersion, contain-
ng two phases, is detached from a molecular aqueous solution
Fig. 4).

It is instructive to analyze the amounts in Fig. 6. The sur-
actant layer is gradually disappearing during the first 6 h of the
xperiment, which means 12% reduction in the height of that
ayer. During that time period, the anisotropic layer increases
2.5% and the aqueous layer is reduced by 2.5%. Reverting
hese numbers to equilibrium structures one finds a requirement
f water of between 4% (if it all formed a liquid crystal to lesser
alues if some, as happened, formed the solid acid solution.).
owever, removing any water from the aqueous solution means

hat its concentration of acid is changed to a value in excess of
ts maximum solubility and acid molecules must, with species
f acid available to form the solid acid solution of surfactant and
ater. Assuming this to be the probable process, an explanation

s in need for the primary formation of liquid crystalline struc-
ures instead of the solid solution of the acid. Thermodynamics,
bviously, cannot answer that question. The chemical potential
f both water and acid are identical in the solid acid solution
nd in the liquid crystal. The thermodynamic argument would,
ctually, favor the formation of the solid acid solution, because
he chemical potential of the surfactant is less in it, when in equi-
ibrium with the aqueous solution at concentrations in excess of
alue B, Fig. 1.

Hence, a final explanation will include kinetic factors. On
he other hand, the results provide an opportunity to estimate
he amount of solid crystals and liquid crystal in the anisotropic
ayer. The changes in layer size in Fig. 6 give the following
hanges in weights for the different layers. The aqueous layer is
educed by 0.065 of volume units, which translates to approxi-
ately 0.081 weight units (wu). The density of the anisotropic

ayer as well as the surfactant layer is assumed equal to one and
he changes in weight units become 0.180 and 0.125, respec-
ively. Of the total material lost from the aqueous solution 0.046
u:s consist of the acid. This acid fraction is assumed to react
ith water and surfactant to form the composition of the solid

cid solution in equilibrium with the liquid crystal. A case could

e made for it containing less water, if it were in equilibrium
ith the aqueous solution, but, since it is embedded in a liquid

rystalline matrix, the suggested composition is preferred. In
ddition to the acid, this solid solution will contain 0.002 wu:s
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f water and 0.013 wu:s of surfactant, leaving 0.112 wu:s of
urfactant to form a liquid crystal, which amount requires 0.037
u:s of water. 0.033 wu:s of water remains, and the agreement
ust be considered satisfactory considering the experimental

onditions.
The results of the experiment placing a liquid crystal dis-

ersion, D, Fig. 1, in contact with the concentrated aqueous
olution, A, Fig. 1 is in accordance with these conclusions, but
dd a confirming feature.

In this case, Fig. 7, similar layers are formed, but now an
ncrease is found in the size of the aqueous solution layer. This
hange is a rational consequence of the fact that the chemi-
al potential of water is lower in the aqueous solution than in
he liquid crystal dispersion. Hence, water is extracted from the
queous dispersion of vesicles (or small liquid crystal particles)
nto the concentrated acid solution and, as a consequence, the
iquid crystal particles (or vesicles) agglomerate to form a lamel-
ar liquid crystal. This interpretation is supported by the results,
hen the liquid crystal was placed on top of the solution in ques-

ion. The low chemical potential of water in the isotropic liquid
queous solution led to extraction of some water from the liquid
rystalline phase resulting in the separation of some surfactant.

. Conclusion

The investigation demonstrated that bringing phases, not in
utual equilibrium in contact could give rise to non-interfacial

ransport.
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