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Abstract

The incorporation of two ionic steroids, namely the sodium salts of hydrocortisone 21-hemisuccinate (HNa) and
prednisolone 21-succinate (PNa), at a silica/water interface in the presence of adsorbed cetyltrimethylammonium
bromide has been investigated first at a constant pH value. It is shown that this coadsorption effect is qualitatively
similar to the adsolubilization effect which is described for neutral molecules. The adsorption of the cationic
surfactant induces the coadsorption of the anionic drug molecules although the silica surface is negatively charged.
At surfactant equilibrium concentration above the critical micelle concentration the drug molecules are distributed
between the adsorbed aggregates and the free micelles. At larger surfactant concentration, the drugs may be
completely depleted from the silica/water interface. Based upon Langmuir-type isotherms, the equilibrium constants
of the drug molecules with the adsorbed aggregates and the free micelles are calculated. The constants are about three
times larger for the former than for the latter aggregates. The signification of such results is discussed. The
coadsorption of HNa at low surfactant surface coverage was also investigated in the pH interval between 3 and 9.
HNa is strongly coadsorbed at lower pH onto the silica surface. The coadsorption goes through a maximum at a pH
value which may be considered as equal to the apparent pK of the drug and decreases to zero at higher pH values.
A pK value equal to 4.2 is proposed for HNa. This behaviour is interpreted as the result of the interplay of the drug
dissociation and that of the surface silanol groups upon the change of pH. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Surfactants may adsorb at solid/water inter-
faces forming various type of aggregates depend-
ing upon the characteristics of the solid and of the
surfactant, as well as the physicochemical condi-
tions of the chemical system in terms of pH and
ionic strength. These surfactant aggregates may
incorporate drug molecules which otherwise
would not adsorb spontaneously onto the solid/
water interface. This phenomenon has been
coined cosorption (Rupprecht and Daniels, 1984),
coadsorption (Monticone and Treiner, 1995), ad-
solubilization (Yeskie et al., 1988), this last term
being more specifically applied to neutral
molecules. A number of investigations have re-
cently shown the main characteristics of this effect
which has applications in a variety of practical
applications from soil remediation to thin-film
formation (Sharma, 1995). In the cases of phar-
maceutical interest, many studies have been con-
cerned with silica as the solid substrate as it is
used with various dosage forms like suspensions,
emulsions and tablets (Rupprecht et al., 1976).
Drug molecules such as vitamin E (Golovkova et
al., 1995), a-tocopherol (Bidzlilya et al., 1996),
acetylsalicylic esters (Daniels and Rupprecht,
1985), genetisic acid (Bernard et al., 1990) or
various neutral steroids (Cherkaoui et al., 1998)
have been coadsorbed on silica using non ionic or
cationic surfactants. Other relevant investigations
have been concerned with other solid substrates
such as alumina (Clarke et al., 1993), acrylic
matrices (Buckton et al., 1991), albumin nanopar-
ticles (Zimmer et al., 1994), cynanoacrylate
nanoparticles (Harmia et al., 1986).

The main conclusion which has been derived
from these and other studies (Nayyar et al., 1994)
is that the adsolubilization phenomenon is
analogous to the classical solubilization effect.
Using a pseudo-phase model, it may be shown
that a partition coefficient may describe the inter-
action of the drug molecule with the surfactant
molecules of the adsorbed layers. It was demon-
strated that the coadsorption partition coefficient
Pads of neutral molecules is equal to the micellar
solubilization constant Pmic. However, for solutes
which may undergo protonation, Pads is larger

than Pmic even in a pH region remote by more
than 2 U from the pK of that solute (Favoriti et
al., 1996).

The case of molecules which may dissociate
depending upon the pH of the system has been
much less investigated than that of neutral
molecules (Nayyar et al., 1994). It concerns the
large classes of acids or bases. In order to investi-
gate the coadsorption of ionizable drugs, it was
thought of interest to adopt as model compounds,
the sodium salts of hydrocortisone 21-hemisucci-
nate (HNa) and the structurally closely related
Prednisolone 21-succinate (PNa). A porous hy-
drophilic silica dispersion was chosen with a large
specific surface area. The isoelectric point of silica
being near 2.5, the solid surface is predominantly
negatively charged above this pH value. Thus, the
charge on the surface is opposite to that of the
drug molecules in the pH region above their pK
value. Hydrocortisone which had been studied
under the same experimental conditions could be
used for comparison purposes (Cherkaoui et al.,
1998). The cationic surfactant used will be
cetyltrimethyammonium bromide (CTAB).

2. Materials and methods

Hydrocortisone 21-hemisuccinate, sodium salt
and Prednisolone 21-succinate sodium salt were
both from Sigma. CTAB was also a pure surfac-
tant from Sigma. The critical micelle concentra-
tion (cmc) as determined from conductivity
measurements was equal to 8.8×10−4 mol l−1 in
agreement with literature values. It was the same
surfactant sample as used previously (Cherkaoui
et al., 1998). The porous silica used was a pure
(\99.5%) sample of Aerosil 200 with a BET
surface of 200925 m2 g−1 (Degussa-France).
The added salt was NaCl (Sigma) at a concentra-
tion of 0.15 mol l−1 except when stated otherwise.
Water was purified by Aquatron A4S.

The method used has been described before
(Cherkaoui et al., 1998). It is a classical bath-
method, 0.2 g of silica was poured into 20 ml vials
and kept at 37°C for 24 h with protection from
light. The concentration of steroid was constant
and equal to 1.0×10−3 mol l−1. The pH of the
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system was 6.5 except when indicated otherwise.
Sodium hydroxide and hydrochloric acids were
used when adjusting the pH was necessary. A
combined glass electrode was used with a Taccus-
sel (France) potentiometer. After ultracentrifuga-
tion at 20 000 rpm for 1 h, the supernatant was
analyzed using a spectrophotometer Perkin-Elmer
l5. The wave-length was 248 nm for both com-
pounds and the value of the Beer-Lambert’s co-
efficient o is 15 390 and 14 070 l mol−1 cm−1,
respectively, for HNa and PNa.

3. Results and discussion

3.1. Adsorption isotherms at constant pH

Fig. 1 presents the adsorption isotherm of
CTAB at the silica/water interface together with
the coadsorption of HNa and of PNa as a func-
tion of the equilibrium (free) surfactant concen-
tration at pH=6.5. The adsorption is expressed
in mol g−1 of solid substance. The surfactant
isotherm presents the classical three regions
profile. In region 1, isolated surfactant molecules
adsorb flat on the solid surface. In region 2, small
admicelles are formed which may be viewed as
aggregated small bilayers, which grow in number
and size until, at the equilibrium cmc (region 3),
surface saturation occurs. Micelles start to form

and the monomer concentration remains
constant.

The coadsorption profile is qualitatively (at that
pH value) similar to that of neutral steroids. At
this pH value (6.5) the drug molecules do not
adsorb at the silica surface in absence of surfac-
tant (see below). As CTAB molecules begin to
adsorb, HNa as well as PNa are coadsorbed at
the silica/water interface. The coadsorption in-
creases up to the CTAB equilibrium cmc. Note
that all the drug molecules (1.0×10−3 mol l−1)
are then coadsorbed at the solid/water interface.
As free micelles are formed above the cmc, a
decrease of coadsorption is observed. The very
sharp increase of the coadsorption curve as the
drug is added to the dispersed system suggests
that pair wise complexes are formed between the
negatively charged drug ion and the cationic sur-
factant. The complex must indeed be surface ac-
tive and therefore remains at the silica/water
interface. Note that the concentration of drug
adsorbed at the maximum is practically equal to
the surfactant cmc, a fact which confirms the 1-1
complex formation between the two components
at the interface.

The decrease of drug adsorption above the cmc
has been noted before with neutral molecules and
the same interpretation may be put forward (Fa-
voriti et al., 1996): the drug molecules are dis-
tributed between the surfactant aggregates, the
free micelles and the aqueous solution. As the
steroid concentration is constant, increasing the
surfactant concentration above the cmc shifts the
solute distribution in favor of the free micelles,
hence the decrease of coadsorption.

It is interesting to put these observations on a
more quantitative basis. In the case of neutral
molecules, the coadsorption of the steroids on the
surfactant aggregates could be quantified in terms
of a solute partition coefficient using the pseudo-
phase model. This approach proved to be inade-
quate in the case of ionic solutes and also in the
present case. A more realistic model was used in
terms of Langmuir isotherm.

Thus, one can write:

u

1−u
=KbCeq (1)

Fig. 1. Adsorption isotherm of CTAB (�) and coadsorption
of HNa (	) as a function of surfactant equilibrium concentra-
tion. The arrow shows the surfactant cmc.
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Fig. 2. Representation of Langmuir isotherm by Eq. (2). PNa
(	); HNa (�).

umic

1−umic

=KmicCeq (4)

By definition, one has: Ctot=Cads+Ceq+Cmic

where the C ’s refer to the adsorbed, the free
(equilibrium) and the micellized solute
concentrations.

uA=Cads/Cads,max, and umic=Cmic/Cmic,max

Assuming next that uA�1 and umic�1, with
Cmic,max=pDmpic where Dmic is the micelle concen-
tration. p represents the number of site per micel-
lized surfactant (pB1). One may admit at a first
approximation that p is proportional to the de-
gree of counterion association. For CTAB, one
may use the value a=p=0.8 (Favoriti and
Treiner, 1998)

One finally obtains the relation:

Cads=
Ctot

1+
Kmicp(C eq

surf−cmc)
KbCads,max

surf

(5)

In Eq. (5), the only unknown quantity is Km p, all
other quantities being obtained by experiment or
calculated from experiment.

Fig. 3 and the Table 1 present the result of the
best fitted equation. The fit is indeed acceptable
and implies that the model used is essentially
correct. The data of the Table show again that Kb

is roughly twice as large as Kmic as found before
for ionizable, but in principle not ionized solutes
in the pH domain investigated.

An ad hoc hypothesis may be put forward to
interpret this behavior. The surface curvature of
micelles is much larger than that of a bilayer
adsorbed on a silica surface. In principle, the
Laplace pressure effect which was proposed by
Mukerjee (1970) to interpret the difference be-
tween the solubility of hydrocarbon molecules in
the small spherical micelles and in a bulk solvent
should not apply in the present case: Laplace

where u=Cads/Cads,max. After the classical rear-
rangement one obtains the equation:

1
Cads

=
1

Cads,max

+
1

KbCads,max · Ceq

(2)

The variation 1/Cads as a function of 1/Ceq should
be a straight-line provided there is no interaction
between the solute molecules and that only pair
wise interaction occurs between the solute and the
adsorption site on the substrate. Fig. 2 and Table
1 presents the results obtained for Cads,max, Kb and
Km. The results are undistinguishable for both
drugs.

The decrease of drug coadsorption may be de-
scribed starting with the same Langmuir isotherm
as applied to the interaction of the drug molecule
with the adsorbed aggregates or with the free
micelles.

One obtains, respectively, for the adsorbed
species:

uA

1−uA

=KbCeq (3)

and for the free micelles

Table 1
Characteristic parameters for the interaction of the anionic drugs with cetyltrimethylammonium bromide at the silica/water interface
(Kb) and in solution (Km) at 25°C

Km p (l mol−1)Kb (l mol−1)Cads,max×103 (mol l−1)Drug Km (l mol−1)

7.55 5075 2200 2750PNa or HNa
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Fig. 3. Coadsorption of PNa (	) and HNa (�) as a function
of CTAB equilibrium concentration. The full line represents
the fitted Eq. (5).

3.2. Drug adsorption at a function of pH

The conclusion reported above is valid at the
pH of the experiments, i.e. pH=6.5 where both
the silica surface and the drug molecules are
strongly ionized. It was of interest to investigate
the effect of pH on the drug coadsorption in the
whole pH region above the silica isoelectric point.
It is clear that below this pH value, the CTAB
molecules should desorb from the silica surface. It
was decided to screen the pH effect by conducting
series of experiments at (relatively) constant sur-
factant concentration. This would be difficult to
perform rigorously because surfactant adsorption
varies with the pH of the system as the result of
the ionization of the solid surface. However, it has
been recently shown that this effect, although real,
has not a great influence on the solute coadsorp-
tion provided one remains in the dilute surfactant
concentration range, i.e. in the region where only
isolated CTAB molecules are present onto the
silica surface, i.e. region 1 of the isotherm de-
picted on Fig. 1 (Favoriti and Treiner, 1998).

The experimental procedure was exactly the
same as before. Fig. 4 presents three different
curves as a function of pH. (i) The adsorption of
HNa in the absence of surfactant; (ii) the coad-
sorption of HNa (C=4.0×10−4 mol l−1) in the
presence of CTAB at a concentration of 6.0×
10−4 mol l−1 and a concentration of added salt
of 1.0×10−2 mol l−1; and (iii) the same isotherm
as before with a concentration of added salt of
1.0×10−1 mol l−1. As it was shown above that
PNa and HNa behave in a very similar manner,
only HNa coadsorption was studied as a function
of pH. In all three cases, it was verified that HNa
in solution does not precipitate in the pH region
of interest between 3 and 9.

The negatively charged steroid does not adsorb
on silica above a pH value of about 5 in the
absence of surfactant. In the presence of surfac-
tant and added salt at low concentration (1.0×
10−2 mol l−1 of NaCl) HNa is incorporated to
the silica/water interface as the consequence of the
coadsorption effect described above. However, a
maximum is observed around pH=5. The same
behavior has been recently described in the case of
weak acids coadsorbed on silica or weak bases
coadsorbed on alumina in the presence of a

Fig. 4. Variation of the ratio of adsorbed to free drug molecule
(total concentration C=4.4×10−4 mol l−1) as a function of
pH at constant CTAB concentration: (C=6.0×10−4 mol
l−1): (") no surfactant NaCl: (C=1.0×10−2 mol l−1). (	)
CTAB+NaCl (C=1.0×10−2 mol l−1); (�) CTAB+NaCl
(C=1.0×10−1 mol l−1). The arrow points out the pK of
succinic acid.

pressure should be nil for the essentially flat bi-
layer which is formed by the cationic surfactant
onto the silica surface. However hydrocarbons are
suppose to penetrate the interior of the hydrocar-
bon-like micelle, an effect which may partially be
opposed by the Laplace pressure; the steroid
molecules seem too large to be considered as
solubilized within the surfactant aggregates,
whether free micelles or adsorbed bilayers.
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cationic surfactant in the former case and of an
anionic surfactant in the latter (Monticone et al.,
in press). The maximum was systematically ob-
served around the pK of the solutes. The interpre-
tation which was proposed of this observation is
the following: At high pH values, the silica sur-
face is completely ionized so that the favorable
interaction between the negatively charged
molecule and the cationic surfactant is outbal-
anced by the repulsion between the anionic
molecule and the completely ionized silica surface.
As the pH of the system draws nearer to the pK
of the solute, the coulombic interaction between
the solute (say, anionic) and the cationic surfac-
tant increases as there are less anionic sites on the
silica surface and therefore less repulsion to the
approach of the dissociated molecule. Below the
pK, the decreased coadsorption is as a result of
the smaller interaction between the neutral acid
molecules and the adsorbed surfactant aggregates.
To summarize, increasing the pH from below the
pK increases the coadsorption because of the
ionization of the solute and above the pK, the
coadsorption decreases as a result of the silica
surface repulsion induced by the increasing ion-
ization of that surface.

To the best of our knowledge, the pK of these
drugs has not been determined before. However,
the pK of succinic acid is equal to 4.16. Therefore
it may be considered, by analogy with the previ-
ously studied acids, that the maximum observed
on Fig. 4 is closely related to the pK of HNa (or
PNa), i.e. pK=4.2. The comparison between
these two numbers suggests that the pK value
assumed above for HNa is most certainly correct.

The specific behavior encountered in the
present situation is the increase of coadsorption at
very low pH values. This is as a result of the fact
that HNa is strongly adsorbed on silica even in
the absence of surfactant as shown on Fig. 4. This
was not the case with the previously studied acids.

The effect of salt concentration is worth notic-
ing. At higher added salt concentration (1.0×
10−1 mol l−1 of NaCl) the coadsorption
decreases dramatically around pH=4 and the
maximum disappears. This is most certainly as a
result of a charge screening effect. The ionized
form of the drug molecules which was coadsorbed

as the result of the strong coulombic interaction
with the cationic surfactant at the silica/water
interface is partially screened by the added salt, an
effect which decreases the interaction with the
CTAB molecules. Addition of inorganic salt at a
constant pH value classically increases the adsorp-
tion of the surfactant. This in turn would increase
the coadsorption of the drug molecules. However,
the present experiments were performed at con-
stant CTAB adsorbed concentration, hence the
decrease of solute coadsorption as compared to
the values at lower ionic strength. At lower pH
values, HNa coadsorption increases again as with
the other two situations because of the favorable
interaction of the neutral form of the acid
molecule with the silica surface.

In the cases of the acids and of the bases
investigated previously (Monticone et al., 2000) it
could be demonstrated that the maximum coin-
cides with the pK of these solutes and a chemical
model was proposed to interpret this observation.
This model could not be applied in the present
case, as pointed out above, because of the strong
adsorption of the drug neutral form onto the
silica surface at low pH values which prevents the
determination of the partition coefficient of HNa
(nor PNa) in its neutral form. This quantity was
necessary in order to use the proposed model
(Monticone et al., 2000).

Finally it may be pointed out that adsorption
maximum for ionizable solutes at solid/water in-
terfaces may occur for a variety of certainly re-
lated reasons. Noteworthy is the classical case of
benzoic acid adsorbed on kaolinite in the absence
of surfactant (Clarke and Armstrong, 1972). If the
point of zero charge of kaolin plays an important
role, the fact that both positive and negative
charges are present on the solid dispersion com-
plicates somewhat the interpretation of such a
maximum.

4. Conclusions

The adsorption of a cationic surfactant such as
CTAB on silica may induce the coadsorption of
anionic drug molecules. At constant pH, above
the surfactant equilibrium cmc, HNa or PNa are
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distributed between the adsorbed surfactant ag-
gregates, the free micelles and the solution. It is
shown that the drug coadsorption partition coeffi-
cient is about three times larger than the corre-
sponding micellar constant. The difference in the
aggregates surface curvatures may be partly re-
sponsible for this behavior. Variation of the sys-
tem pH between 3 and 9 shows that the
coadsorption of HNa goes through a maximum at
a pH value close to the pK of the corresponding
acid. The maximum is interpreted as the result of
an increased silica surface ionization at higher pH
values which is unfavorable to the interaction
with the cationic surfactant and an unfavorable
interaction with the same components at low pH
values because of the formation of a neutral drug
species. Around the pK of the drug molecule,
both of these effects are at a minimized, hence the
adsorption maximum.
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