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The adsorption of the surfactant Aerosol-OT (AOT) at the calcite–water interface has been investigated
using batch adsorption isotherms and neutron reflection. The adsorption isotherms showed that NaAOT
adsorption followed S-type adsorption behaviour with a maximum surface excess of 2.5 mg m�2 but the
method could not be used for the investigation of Ca(AOT)2 adsorption owing to the changes in the bulk
phase behaviour of the solution. The surface excess, determined by neutron reflection at the critical
micelle concentration (CMC), was 2.5 mg m�2 for Ca(AOT)2 and 1.8 mg m�2 for NaAOT. The time depen-
dence of the NaAOT adsorption suggests a slow conversion from the sodium to the calcium salt of AOT at
the calcite–water interface by binding calcium ions released from the slightly soluble calcite. The layer
thickness in both cases was 35 Å which indicates adsorption as bilayers or distorted micelles. At higher
concentrations of NaAOT (�10� CMC) adsorption of an AOT lamellar phase was evident from Bragg peaks
in the specular reflection.

To our knowledge, this is the first time that adsorption of a surfactant at the calcite–water interface has
been investigated by neutron reflection. The technique provided significant new insight into the adsorp-
tion behaviour of AOT which would not have been accessible using traditional techniques.

� 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license. 
1. Introduction

Calcium carbonate, one of the world’s most common minerals,
is of utmost industrial importance for its uses as a mineral filler
in paper, in lubrication or in the cement and building industries,
to name just a few. In these applications, calcium carbonate is used
in a mixture with various organic compounds. Hence, the adsorp-
tion of organic compounds to calcium carbonate has been
researched extensively [1–5]. Previously, such research has been
limited to techniques like depletion isotherms, thermogravimetric
analysis and ellipsometry [1,3,6]. Neutron reflection is a powerful
technique in the study of interfaces. The large penetration depth
of neutrons enables the investigation of buried interfaces with
molecular resolution in the direction of the surface normal. In a
recent paper we have demonstrated the applicability of the
method of neutron reflection to the calcite–liquid interface, over-
coming the challenges of surface roughness, cleanliness, dissolu-
tion and fragility of the crystals [7–9]. Here, the technique was
used to study the adsorption of the industrially relevant surfactant
Aerosol� OT (sodium bis(2-ethylhexyl)sulfosuccinate, AOT). AOT is
a branched dichain sulphonate surfactant; its structure is shown in
Fig. 1. It is an excellent wetting and dispersing agent and has many
industrial uses, including paint formulation, detergency and in the
paper and textile industries. AOT readily exchanges its sodium
counterion for multivalent cations, even when present in only
small concentrations [10].

It has been reported that NaAOT adsorbs on calcium carbonate
with a maximum surface excess of 2.4 mg m�2 (based on adsorp-
tion isotherms determined by the depletion method) [11]. This sur-
face excess is consistent with the formation of a bilayer with an
area per molecule of 60 Å2, although the structure has not been
measured directly [11]. However, neutron reflection has been used
to determine the structure of both NaAOT and Ca(AOT)2 at the
interfaces of water with air, silica and alumina [10,12–16]. At the
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Fig. 1. Molecular structure of NaAOT.
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interface of water with air and hydrophobic silica NaAOT was
shown to adsorb as a monolayer of 18 Å thickness (the length of
a fully extended molecule) with a surface excess of 0.9 mg m�2 at
the CMC (2.5 mM for NaAOT) [10,13–16]. Investigation of the
adsorption of Ca(AOT)2 at the air–water interface revealed a simi-
lar structure at the CMC (0.4 mM for Ca(AOT)2), with a layer thick-
ness of 18 Å but higher surface excess of 1.0 mg m�2. At the
interface between hydrophilic sapphire and water, NaAOT adsorbs
as a bilayer with a layer thickness of 41 Å and a surface excess of
2.6 mg m�2 at its CMC [12]. Adsorption of NaAOT lamellae was ob-
served at the air–water and sapphire–water interfaces when the
NaAOT concentration exceeded 22 mM, i.e. at concentrations
where the isotropic micellar phase co-existed with the lamellar
phase (L1) [17–19].

In this paper, we present the adsorption of both the sodium and
calcium salts of AOT on calcite as determined by batch adsorption
isotherms and neutron reflection.
2. Neutron reflection

The details of the neutron reflection technique can be found
elsewhere, e.g. [20]. Here the general approach is outlined. The
geometry of a neutron reflection experiment is illustrated in Fig. 2.

The momentum transfer of specularly reflected neutrons, qz, is
defined by

qz ¼ kf � ki

jqzj ¼
4p sin h

k

ki and kf are the wave vectors of incident and reflected neutrons
respectively and k is the wavelength.

Neutron reflection can be treated in an analogous way to the
reflection of visible light. The neutron refractive index of non-
absorbing materials can be defined as:
Fig. 2. In specular reflection, of interest here, the incident angle hi is equal to the
reflected angle hf and the scattering is elastic. ni and nt are the refractive indices of
the incident and transmitted media respectively. hi is the angle of transmission. ki

and kf are the wave vectors of incident and reflected neutrons respectively and qz is
momentum transfer of specularly reflected neutrons. Specular reflection provides
insight into the structure normal to a surface.
n ¼ 1� k2q
2p

where q is the scattering length density of the material, essentially
the variable that identifies how strongly a component scatters neu-
trons. It is defined as

q ¼
P

bcoh

vM

where vM is the molecular volume and bcoh the coherent scattering
length, a nuclear property that varies across the periodic table and
between isotopes.

Neutron reflectivity data analysis usually relies on fitting the
calculated reflectivity profile from a model structure of the inter-
face to the experimental data. The calculated reflectivity is com-
pared to the experimental data and structural parameters varied
until a best fit between calculated and experimental data is
obtained. In the optical matrix method the interface is divided into
layers with defined thickness and composition [21]. Reflection is
considered from each interface and the reflectivity determined
from interference of all reflected signals. Each layer can be repre-
sented by a characteristic matrix:

Ci ¼
eibi ri;iþ1eibi

ri;iþ1e�ibi e�ibi

 !

where bi ¼ 2p
k nidi sin hi, represents the phase change of the radia-

tion passing through the layer, and ri,i+1 is the reflection Fresnel
coefficient of the interface between layers i and i + 1.

rij ¼
ðpi � pjÞ
ðpi þ pjÞ

� e�0:5�q�
i
q�

i
r2

ij

where pi = ni sin(hi), qi ¼ 4p
k ni sinðhiÞ and rij is the Gaussian rough-

ness of the ij interface.
The reflection from a stack of layers is given by the product of

the layer matrices.

a b

c d

� �
¼ C0:C1:C2:C3 . . . Cn ¼

Yn

0

Ci

The reflected signal is given by c:c�
a:a�.

3. Materials and methods

Precipitated calcium carbonate (PCC) (Multifex-MM�) for batch
adsorption isotherms was obtained from Specialty Minerals Inc.
The crystal habit was calcite with a rhombohedral particle shape,
an average particle size of 70 nm and a specific surface area of
17 m2 g�1 (information supplied by the manufacturer and verified
by electron microscopy and nitrogen BET isotherm).

Calcite single crystals for neutron reflection were purchased
from P&S Calcite Export Ltd. and cut and polished by Crystran
Ltd. to a size of 45 � 45 � 15 mm3, exposing the stable (104) face
with a roughness of 8.5 ± 1 Å [7]. Crystals were cleaned by rinsing
in turn with 20 mL methanol, 20 mL heptane (both obtained from
Sigma-Aldrich, UK), 30 mL 18.2 MX deionised water pre-saturated
with calcium carbonate (Multifex as above) and again 20 mL meth-
anol. In a final step, they were cleaned by UV/ozone treatment for
15 min using a ProCleaner™ Plus (Bioforce Nanoscience). The sam-
ples were mounted in specifically designed sample cells immedi-
ately after UV/ozone treatment. The cells are described in more
detail elsewhere [9].

NaAOT (Sigma, P99% purity) was purified by liquid–liquid
extraction as described by Li et al. [16]. The purity was confirmed
from the absence of a minimum in the surface tension curve.
Ca(AOT)2 was prepared using the method proposed by Eastoe
et al. [22]. Hereby a 1 M solution of purified NaAOT in ethanol
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(Sigma–Aldrich, P99.8%) was mixed with a saturated aqueous
solution of CaCl2 (as dihydrate, Sigma–Aldrich, P99%). Ca(AOT)2

was extracted with diethyl ether (Sigma–Aldrich, P99.9%) and
washed repeatedly until addition of AgNO3 (Riedel-de Haën,
P99.5%) to the aqueous phase no longer produced cloudiness.
The purity was assessed by surface tension and elemental analysis.

The samples for adsorption isotherms were prepared using the
batch method. Hereby, various concentrations of adsorbate were
added to fixed volumes of a calcite dispersion. Homogeneity be-
tween samples was ensured by shearing the stock dispersion using
a Silverson L4R mixer. The surface excess of the adsorbate was
determined using the depletion method. The concentration of the
solute was determined after 24 h of equilibration by total organic
carbon analysis (TOC) using a GE InnovOX TOC analyser. The sur-
face excess could then be calculated from the difference between
known initial and measured final concentrations.

Neutron Reflection measurements were performed at the
instruments D17 at the Institut Laue-Langevin, France and CRISP
at ISIS, U.K. Detailed description of the instruments can be found
elsewhere [23,24]. Null reflecting water (NRW), i.e. water contrast
matched to the calcite substrate contained a mixture of D2O and
H2O in the ratio 0.78:0.22 v/v.

X-ray reflection measurements were performed at the beamline
I07 at Diamond Lightsource, U.K.
4. Results

4.1. Adsorption isotherms determined by TOC

The adsorption isotherm of NaAOT on PCC at a pH of 8.4 ± 0.1 is
shown in Fig. 3. The isotherm was found to be of sigmoidal type
(S-type) [25]. No adsorption was observed below a concentration
of 0.2 mM (�CMC/10). Adsorption then started to rise sharply up
to an equilibrium concentration of approximately 1.0 mM
(�CMC/2) where it levelled out to a plateau. The surface excess
at the plateau was 2.5 ± 0.2 mg m�2. Assuming formation of a dou-
ble layer, this corresponds to an area per AOT moiety of 60 Å2.
Visual inspection of the samples showed that the solid calcite
particles of the four samples with the lowest concentrations settled
immediately after agitation, whereas the three samples with the
highest concentrations (found near or at the adsorption plateau)
were stable for several hours after agitation.
Fig. 3. Adsorption isotherm of NaAOT (circles) and Ca(AOT)2 (squares) on calcite
from water at 0.5% w/w solid content. Note the concentration plotted is that of the
AOT anion.
The depletion of Ca(AOT)2 was qualitatively similar to that of
NaAOT at equilibrium concentrations below 0.3 mM. No Ca(AOT)2

was adsorbed up to a concentration of 0.04 mM. For concentrations
of 0.04–0.3 mM, adsorption occurred to a similar degree as ob-
served for NaAOT. At higher equilibrium concentrations, Ca(AOT)2

was mostly present as lamellar phase and could not be separated
from the solid after equilibration. It was therefore impossible to
determine equilibrium concentrations higher than 0.3 mM and
hence the adsorption of Ca(AOT)2 using the depletion method.
The dispersion stability was similar to that observed for NaAOT,
with the first five samples settling immediately after agitation,
and the last four samples being stable for several hours.

4.2. AOT adsorption at its CMC determined by neutron and X-ray
reflection

The structure of NaAOT and Ca(AOT)2 at the calcite/water inter-
face has been investigated by neutron reflection on the 3 different
crystals C-Nai (i = 1,2) and C-Ca. All crystals showed good cleanli-
ness (no reflected signal in NRW) with roughnesses in the range of
11–30 Å. The adsorption of NaAOT at its CMC of 2.5 mM was inves-
tigated on crystals C-Nai (i = 1–3) after different equilibration
times; the neutron reflectivity profiles are shown in Fig. 4. In all
cases the neutron reflectivity profile of the bare calcite/D2O inter-
face is shown for comparison. The increased reflected signal com-
pared to the bare crystal is indicative of an adsorbed layer. The
adsorbed NaAOT layer could always be fitted using a uniform sin-
gle layer model with a layer thickness of 35 Å. However, the degree
of solvent penetration varied between samples which suggests a
different extent of adsorption. The fitting parameters are summa-
rised in Table 1. Notably, the surface excess increased with equili-
bration time from 1.2 ± 0.1 mg m�2 after 2 h exposure to 1.8 ±
0.1 mg m�2 after 50 h exposure.

A separate crystal (C-Na3) was investigated by X-ray reflection
in the presence of NaAOT at its CMC in H2O after 18 h exposure;
the results are shown in Fig. 1. A pronounced difference in reflected
intensity is discernible at q > 0.025 Å�1. The substrate roughness
was 11.2 ± 0.5 Å and the adsorbed layer could be fitted with a sim-
ilar uniform layer model (35 Å thickness, 1.9 ± 0.4 mg m�2 surface
excess) with the fitting parameters given in Table 1.

The neutron reflectivity profile of C-Ca1 at the bare interface
and in the presence of 0.4 mM Ca(AOT)2 in the contrast of D2O is
shown in Fig. 6. The reflectivity in the presence of the surfactant
was markedly higher over the entire q-range (excluding the critical
edge and background). A smearing out of the critical edge is notice-
able and can be attributed to small angle scattering by Ca(AOT)2

micelles. The surfactant layer could be fitted as a uniform layer
of 35 Å thickness (as before) and a surface excess of 2.5 ±
0.4 mg m�2. The fitting parameters are summarised in Table 1.

4.3. Adsorption of NaAOT lamellar phase determined by neutron
reflection

NaAOT undergoes a transition from a purely micellar phase to a
two-phase regime where the micellar phase coexists with the
lamellar phase at a concentration of 29 mM (�10� CMC) [26].
The presence of the NaAOT lamellar phase is evident by clouding
of the solution.

C-Na1 has been exposed to a solution of 45 mM NaAOT and the
reflectivity has been recorded in the three contrasts of D2O, H2O
and NRW. The D2O contrast, recorded after 1 h equilibration, was
essentially identical to that in the presence of NaAOT at the CMC
described above (not shown) and could be fitted using the same
uniform layer model. The contrasts of H2O and NRW, recorded
after 48 and 68 h respectively, are shown in Fig. 7. In the contrast
of NRW, Bragg peaks are clearly discernible at q-values of
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Fig. 4. Neutron reflectivity profiles from (a) C-Na1/D2O interface: bare (white circles) and in the presence of 2.5 mM NaAOT (black circles) measured immediately (b) C-Na2/
D2O interface: bare (white circles) and in the presence of 2.5 mM NaAOT after 2 h exposure (black circles) and (c) C-Na2/D2O interface in the presence of 2.5 mM NaAOT after
2 h (crosses) and 50 h exposure (black circles); figures (b) and (c) were split for clarity, solid lines represent fits to the data. Error bars omitted for clarity.

Table 1
Summary of fitting parameters in uniform single layer model which were used to fit the respective AOT layers adsorbed at the calcite/water interface.

Contrasts Equilibration time/h Substrate roughness/Å AOT layer

Thickness/Å Roughness/Å Surface excess/mg m�2 Area per AOT moiety/Å2

C-Na1 2.5 mM NaAOT D2O 1.5 19 ± 3 35 ± 3 5 ± 2 1.2 ± 0.1 124 ± 15
C-Na2 2.5 mM NaAOT D2O 2 30 ± 4 35 ± 3 17 ± 3 1.5 ± 0.2 100 ± 19
C-Na2 2.5 mM NaAOT D2O, H2O, NRW 50 28 ± 1 35 ± 2 23 ± 4 1.8 ± 0.1 82 ± 6
C-Na3 2.5 mM NaAOT H2O (by XRR) 5 11.2 ± 0.5 35 ± 5 25 ± 1 1.9 ± 0.4 86 ± 27
C-Ca1 0.4 mM Ca(AOT)2 D2O 4 20 ± 3 35 ± 3 18 ± 5 2.5 ± 0.4 61 ± 14

I.N. Stocker et al. / Journal of Colloid and Interface Science 418 (2014) 140–146 143
0.029 Å�1 and 0.059 Å�1. Bragg diffraction occurs from a periodic
array at values of q where the Bragg condition d = 2np/q (d = spac-
ing of the repeat unit, n = integer) is met. The presence of Bragg
peaks at q-values in the sequence of q and 2q in the specular reflec-
tion of C-Na1/45 mM NaAOT/NRW implies the presence of a regu-
larly spaced array with a spacing of 220 ± 10 Å at the interface and
is consistent with adsorption of the lamellar phase of NaAOT. The
H2O and NRW contrasts were successfully fitted with a model that
included adsorption of a bilayer directly at the interface (as at the
CMC) and adsorption of at least three NaAOT lamellae. Table 2
summarises the best fit parameters for three to five adsorbed
lamellae, although higher numbers were possible. In all cases the
adsorbed lamellae consisted of a NaAOT bilayer of 40 ± 3 Å thick-
ness and an interlamellar water layer of 180 ± 5 Å. The combined
thickness of AOT bilayer and interlamellar water was 220 ± 8 Å,
consistent with the position of the Bragg peaks in the specular
reflectivity of the NRW contrast. The data could be fitted with a
varying number of adsorbed lamellae, whereby the hydration of
the AOT bilayer increased with the number of adsorbed lamellae.
5. Discussion

The adsorption isotherm of NaAOT on calcite was found to be of
S-type [25]. The result presented here is in remarkable agreement
with that reported by Saleeb: all features reported – no adsorption
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at very low concentration, a sharp rise in adsorption at a NaAOT
concentration of 0.2 mM, and a plateau of 2.5 mg m�2 being
reached at a concentration of 1.0 mM – were observed here as well
[11]. The adsorption behaviour of NaAOT on calcite from water is
typical for ionic surfactants adsorbing on a hydrophilic surface
[27,28]. At very low concentrations, surfactants adsorb by ion ex-
change and adsorption levels are below the detection limit of the
technique used here [29]. The ion exchange causes an increase in
the local surfactant concentration so that self-assembly equivalent
to micellisation in bulk solution can occur at the surface at concen-
trations significantly lower than the bulk CMC [27,28]. This ‘surface
micellisation’ gave rise to the sharp increase in adsorption at a con-
centration of 0.2 mM (�CMC/10). At the subsequent adsorption
plateau, the surface was saturated with respect to surfactant mol-
ecules so that no further adsorption could occur. The surface excess
2.5 mg m�2 is consistent with a close packed bilayer where each
AOT moiety occupies an area of 61 Å2. Such bilayer formation is ex-
pected on hydrophilic surfaces since termination by the hydropho-
bic tails would be unfavourable [27].
It was not possible to obtain an equivalent adsorption isotherm
of Ca(AOT)2 as the surfactant was depleted from solution by phase
separation close to and above its CMC. While the adsorption pla-
teau had not been reached for Ca(AOT)2 at the experimentally
accessible equilibrium concentrations, the steep rise in adsorption
level coincides with that of NaAOT. However, unless multilayer for-
mation occurs, the maximum surface excess must be similar to
that of NaAOT as the NaAOT layer was already close packed at
saturation. This assumption is further supported by the similar dis-
persion stability of the four highest concentrations of Ca(AOT)2.
This suggests that these four samples have similar adsorption lev-
els and implies that the adsorption plateau had already been
reached at an AOT concentration of 0.4 mM. It appears that at
low AOT concentrations, the adsorption behaviour is independent
of the counterion and that both NaAOT and Ca(AOT)2 behave very
similarly at this interface. Once adsorbed, NaAOT undergoes ion-
exchange with Ca2+ from the calcite surface so that at equilibrium
the adsorbed surfactant layer consists of Ca(AOT)2 irrespective of
which salt was used initially.

Conversely, the adsorption of NaAOT and Ca(AOT)2 appeared to
differ on calcite single crystals as evidenced by the differences in
the neutron reflection data with NaAOT yielding a smaller surface
excess than Ca(AOT)2. The surface excess of Ca(AOT)2 was
2.5 ± 0.4 mg m�2, in good agreement with literature and the exper-
imentally obtained adsorption isotherm [11]. NaAOT adsorbed to a
lesser extent on calcite single crystals, with the surface excess
ranging from 1.2 to 1.9 mg m�2 depending on exposure time; an
increase in surface excess of NaAOT on calcite has been noted for
increasing lengths of exposure as illustrated in Fig. 8. Unlike the
samples for the batch adsorption isotherms, neutron reflection
samples were not agitated during equilibration. Accordingly, the
kinetics of Na/Ca cation exchange and adsorption are slower so
that the surface excess was found to increase with exposure time.

We hypothesise that Na+ ions co-adsorb with AOT during the
initial stage of adsorption. As Ca2+ ions are released from the
slightly soluble calcite surface the adsorbed NaAOT converts to
Ca(AOT)2. The presence of the divalent cation reduces the electro-
static repulsion between the charged head groups and a closer
packing of the surfactant molecules is possible Even after 50 h
the surface excess of NaAOT has not reached the same value that
would be achieved if Ca(AOT)2 was added directly, although it ap-
pears to have reached an equilibrium value of 1.8 mg m�2. Given
that the batch adsorption isotherms revealed a surface excess of
2.5 mg m�2 when NaAOT was used, it is plausible that a true equi-
librium had simply not yet been reached over the course of the
neutron reflection experiment and that much longer equilibration
times are required in the absence of agitation.



Table 2
Summary of fitting parameters of C-Na1 in contact with 45 mM NaAOT in NRW and H2O for three models with 3–5 adsorbed NaAOT lamellae, consisting of an NaAOT bilayer and
an interlamellar water layer.

3 Repeats 4 Repeats 5 Repeats

Substrate roughness/Å 20 ± 2 20 ± 2 20 ± 2

Directly adsorbed NaAOT
Solvent penetration/% 42 ± 2 42 ± 3 42 ± 3
Thickness/Å 35 ± 2 35 ± 2 35 ± 2
Roughness/Å 15 ± 1 15 ± 1 15 ± 1

Adsorbed lamellar phase – NaAOT layer
Solvent penetration/% 59 ± 2 64 ± 1 69 ± 2
Thickness/Å 40 ± 3 40 ± 3 40 ± 3
Roughness/Å 2 ± 0.5 2 ± 0.5 2 ± 0.5

Adsorbed lamellar phase – water layer
Thickness/Å 184 ± 5 185 ± 6 183 ± 5
Roughness/Å 3 ± 0.5 2 ± 0.5 2 ± 0.5
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Fig. 8. Increasing surface excess of NaAOT at the calcite–water interface with
exposure time; solid line is a guide to the eye.
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The layer thickness was 35 Å in all cases. Taking into account
the length of a single AOT molecule of 17 Å (calculated from geo-
metrical considerations of the molecular structure), this layer
thickness is consistent with a bilayer structure of extended AOT
molecules or a layer of distorted micelles. An interdigitated bilayer
structure, another structure commonly adopted by ionic surfac-
tants, would have a layer thickness of 25 Å [27]. While such a
structure was considered during data analysis it did not yield a
good fit to the data. Since specular reflection has no lateral resolu-
tion, distinction between flattened micelles and extended bilayers
is not possible by this technique. The reasonably high layer rough-
ness of around 20 Å might be an indication that the structure
Fig. 9. Proposed structures of AOT adsorbed at calcite/water interface: (a) bilayer of AOT
groups (blue circles), calcite (light blue), water not shown. (For interpretation of the refer
article.)
consists of flattened micelles. However, additional experiments,
such as atomic force microscopy, would be required to understand
the adsorbed surfactant structure further. Here we conclude that
AOT adsorbs either as extended bilayer or as distorted micelles at
the calcite/water interface, as illustrated schematically in Fig. 9.
The layer can be considered close packed in the case of Ca(AOT)2,
with an area of 61 ± 14 Å2 per AOT moiety (122 ± 28 Å2 per
Ca(AOT)2 molecule). Such close packing has already been reported
for NaAOT at the sapphire/alumina interface (molecular area of
57 Å2) [12]. The area per AOT moiety is larger for NaAOT
(86 ± 14 Å2 at apparent equilibrium), consistent with the greater
electrostatic repulsion between charged head groups in the ab-
sence of the divalent Ca2+ counter ion.

The adsorption of the lamellar phase of NaAOT on calcite at a
solution concentration of 45 mM was evident from off-specular
reflection and the presence of Bragg diffraction peaks in the spec-
ular reflectivity profile. The calcite/water interface hence exhibits
similar behaviour toward the NaAOT lamellar phase as the air/
water, silica/water and sapphire/water interfaces [17,30]. The
specular reflectivity is consistent with the adsorption of a NaAOT
bilayer directly at the interface, as observed for NaAOT at its
CMC, and the presence of at least three reasonably well aligned
NaAOT lamellae. A schematic of the structure is shown in Fig. 10.
A minimum of three lamellae were required to obtain a fit to the
data but higher numbers lamellae were possible. Such an ambigu-
ity in the data has been reported under similar conditions at the
air/water interface [18].

Adsorption of the lamellar phase was found to be time depen-
dent. This may be attributed to the relatively high viscosity of
the solution [18]. No Bragg peaks were discernible in the contrast
of D2O recorded after 1 h of equilibration and the reflectivity was
identical to that observed in the presence of NaAOT at the CMC.
The H2O contrast, measured after 48 h of exposure, is relatively
molecules or (b) distorted AOT micelles; surfactant tail groups (brown lines), head
ences to colour in this figure legend, the reader is referred to the web version of this
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Fig. 10. Schematic representation of the NaAOT lamellar phase adsorbed at the C-
Na1/water interface: one NaAOT bilayer adsorbed directly at calcite/water interface
with 3–5 parallel aligned NaAOT lamellae consisting of a NaAOT bilayer and an
interlamellar water layer.
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insensitive to the presence of hydrogenous material so that the de-
gree of adsorption at this stage is unknown. However, Bragg peaks
were clearly evident in the contrast of NRW recorded after 68 h of
equilibration. The lamellar spacing was 220 ± 10 Å. Since no fur-
ther measurements could be made, it is unclear whether the struc-
ture after 68 h represents an equilibrium structure, and if so, at
what point equilibrium had been reached. The lamellar spacing
of 220 Å is slightly higher than in the bulk (210 Å), at the alu-
mina/water interface (200 Å), at the silica/water interface (185 Å)
and at the air/water interface (170 Å) at the same concentration
and at room temperature. Addition of electrolyte has previously
been reported to cause an increase in the lamellar spacing [30]. It
is plausible that the increasing ionic strength, resulting from the
continued dissolution of the calcite substrate, acts to destabilise
the adsorbed lamellar phase, which would explain the larger
lamellar spacing. The exchange of the AOT counterion from Na+

to Ca2+ with time is also expected to change the composition of
the lamellar phase and may be associated with a different lamellar
spacing.

6. Conclusions

The adsorption of AOT has been monitored by batch adsorption
isotherms and neutron reflection for both the sodium and calcium
salts of the surfactant. The surface excess of 2.5 mg m�2 is consis-
tent with a previous literature report [11]. Both salts were shown
to form a 35 Å thick layer, consistent with an extended surfactant
bilayer or distorted micellar structure. This structure has previ-
ously been reported on other hydrophilic substrates which sug-
gests that AOT adsorption at the hydrophilic solid–water
interface is reasonably independent of the nature of the surface
[12]. The time dependence of NaAOT adsorption suggests that
NaAOT converts to Ca(AOT)2 at the calcite–water interface owing
to the slight solubility of calcite. The adsorption of Ca(AOT)2 could
not be followed using traditional adsorption isotherms owing to
the early onset of the lamellar phase which led to phase separation.
Neutron reflection has provided unrivalled insight into the ad-
sorbed structure of an important surfactant at a mineralogically
significant surface. The methodology presented here has the scope
to open up new areas of scientific interest that were previously
inaccessible by traditional experimental techniques.
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