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a b s t r a c t
We demonstrate a model-independent method for experimental determination of the relative surface
excess of inorganic ions in binary liquid mixtures, based on grazing-incidence X-ray fluorescence. For this
purpose, we probe the ion density profiles in a mixture of water and 2,6-dimethylpyridine containing a
hydrophilic salt, potassium chloride. Thereby we demonstrate that the proposed method quantifies in a
direct manner the difference between cation and anion excess adsorption in binary solvents with a resolution of one excess ion per 200 nm2 or better.
Ó 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
The surface composition of solutions is an important problem
within the field of colloid and interface science. Traditionally it is
described in terms of Gibbs adsorption isotherm, a very fundamen-
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tal concept first derived by Gibbs [1,2]. This well know relation
binds the surface tension (c) with the chemical potential (l) at
the equilibrium states of all chemical species in the system,

dc ¼

X

Ci dli :

ð1Þ

i

The third term, the so-called excess adsorption Ci , gives the surface
composition in terms of an excess adsorption of each specie i with
respect to its bulk concentration, and it can be either positive or
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negative depending on the nature of the ith component. For example, surfactants added to water adsorb at the liquid surface, giving a
positive C. This is in contrast to simple inorganic salts, which are
depleted from the interfacial region, resulting in negative values
of C.
Eq. (1) provides a conceptually straightforward approach to
experimentally determine the surface composition; by measuring
the surface tension as a function of chemical potential (in practice
activity or concentration), one can determine the net excess
adsorption. However, in this process one has to define the Gibbs
dividing surface, the exact placement of which affects the values
of Ci . In two-component systems it is convenient to use the relative
Fig. 1. A schematic layout of the setup in the GIXF experiment. Black arrows
represent the incident and reflected X-ray beams. The incoming beam hits the
liquid-vapor interface under shallow angles h, causing an evanescent wave (purple
symbol) to penetrate the liquid surface and excite the ionic species present in the
liquid sample, K+ and Cl in this study. The green wide arrow shows the
fluorescence emitted by the ions. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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surface excess C12 of the solute (2) with respect to the solvent (1),
by placing the dividing surface between liquid and vapor phases
such that C1 ¼ 0 for the solvent. Measurement of the surface tension then yields the excess adsorption, thus capturing the adsorption or depletion of solutes [3–6].
For multi-component systems the situation is not as straightforward. Considering binary solvents, for example, one would
need to know the interfacial concentration distributions of both
solvent components in order to set Csolvent ¼ 0 as a reference. For
such solvents surface tension measurements are not a convenient approach to determine the solutes’ excess adsorption,
and other methods must be developed. However, to date only
a few alternative approaches for determining C values have been
reported. The radiotracer technique is an early example [7,8],
which is hampered by experimental challenges and inaccuracy.
Surface-sensitive optical techniques such as ellipsometry can be
employed, although the data are not straightforwardly related
to the surface excess [9,10]. In principle the surface composition
could be determined at molecular scale using X-ray reflectivity
[11], but the method would rely on modeling of the concentration profiles. Neutron reflectivity using isotope substitution,
where the solvent is made ‘invisible’, provides the excess adsorption in a model-independent manner [12,13], but the approach is
challenging for multi-component solvents. For a comprehensive
review on alternative methods, see Ref. [14]. Clearly, the number
of techniques directly probing solute species in a mixed solvent
is limited.
In this article, we present a method for direct experimental
determination of the relative surface excess of solute species in
binary solvents, which does not depend on modeling of concentration profiles. We demonstrate the method by probing ion density
profiles at the liquid-vapor interface using grazing-incidence Xray fluorescence (GIXF, see Fig. 1), thereby determining the difference between cation and anion excess adsorption in a direct,
model-independent manner. Following our recent work [15] the
binary mixture is composed of water and 2,6-dimethylpyridine
(denoted 2,6-DMP) with 10 mM added potassium chloride (KCl).
For a schematic view of our system, see Fig. 2. Most importantly,
we demonstrate that GIXF can probe differences in the ions’ surface excess with a resolution of one excess ion per 200 nm2 or
better.
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Fig. 2. Schematic normalized density profiles at the liquid-vapor interface, with the
white and light blue regions depicting the vapor and liquid phases, respectively.
Profiles are shown for water (black solid line), 2,6-DMP (magenta solid line),
potassium (blue dashed line), and chloride (red dashed line). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

2.2. Sample cell
We kept the sample in a steel dish (diameter 100 mm, depth
2 mm) placed in a custom-made cylindrical sample cell. The sample cell had large entrance and exit windows made of Kapton, the
latter allowing us to monitor the specular X-ray reflectivity. Moreover, the cell had an opening on the top for the fluorescence detector. We kept the temperature of the sample stable within  0:1 K
using a chiller (Julabo) connected to the sample cell. See Fig. 3
for a picture of the sample cell.

2. Materials and methods
2.1. Materials

2.3. GIXF experiment

Following Ref. [15], the studied sample was composed of a binary liquid mixture of water (Millipore) and 2,6-DMP (SigmaAldrich, purity P 99%) with a 2,6-DMP volume fraction of
/ ¼ 0:3. As added salt we used potassium chloride (SigmaAldrich, purity P 99%). All chemicals were used without further
purification.

We carried out the GIXF experiment at the beamline ID10 of the
European Synchrotron Radiation Facility (ESRF, France), using an
incident X-ray energy of 8 keV. We collected data at several temperatures (T  295 . . . 301 K) and we kept the sample under helium
atmosphere in order to reduce parasitic argon fluorescence from
air. We recorded the fluorescence spectra using the Vortex

251

M. Witala et al. / Journal of Colloid and Interface Science 484 (2016) 249–253

Fig. 3. Cylindrical sample cell with Kapton windows used in the experiment. The
incident X-ray beam enters from the right, as shown by the arrow. During the
experiment the fluorescence detector is lowered close to the liquid surface.

energy-dispersive detector (SII NanoTechnology), which we placed
20 mm above the liquid surface in order to maximize the solid
angle of detection. For alignment and monitoring purposes, we also
measured the specular X-ray reflectivity from the liquid-vapor
interface using the VÅNTEC-1 detector (Bruker). The GIXF technique has been described elsewhere [16,17]. For a recent review
on the technique, see Ref. [18].
2.4. Data analysis
We carried out all data reduction and analysis in MATLAB
(MathWorks).
3. Results and discussion
3.1. Grazing-incidence X-ray fluorescence
In order to determine the near-surface composition we carried
out a GIXF experiment (see Fig. 1 for a schematic), which allows to
distinguish cations and anions through element-specific fluorescence emission. In GIXF the incident X-ray beam hits the liquidvapor interface at a grazing angle, inducing the propagation of an
evanescent wave in the sample. The evanescent wave, in turn,
causes excitement of ions and ensuing fluorescence emission. By
varying the angle of incidence h we tune the evanescent wave
propagation in the sample and thus the depth of probing, yielding
depth-dependent data. Below the critical angle of total reflection hC
(0:152 in the present experiment) the cation and anion distributions are probed within 5 nm from the surface, whereas by
increasing the incident angle to a larger value than hC one measures the bulk.
Formally the fluorescence intensity as a function of incidence
angle is described by

Z
I ðhÞ ¼ C  ðhÞ

0

1

I0 ðz; hÞn ðzÞ expðl zÞdz:

ð2Þ

We have defined the z axis normal to the surface and assumed the
liquid-vapor interface to be at z ¼ 0, with the liquid phase at
z P 0. 1 Here I0 ðz; hÞ is the intensity distribution of X-rays in the sample (the so-called illumination profile), n ðzÞ the ion number density
profiles, and l the tabulated [20] linear absorption coefficients for
1
Within the angular range of the GIXF experiment, we are not sensitive to the
roughness [19] of the liquid surface.

the ions’ fluorescence lines in the solvent. The other factors, such as
acceptance angle and quantum efficiency of the detector, do not
depend on the ion distributions in the sample and have been included
in the prefactor C  ðhÞ. Eq. (2) provides a relation between the GIXF
intensity I ðhÞ and the ion number density profile n ðzÞ, and hence
means to experimentally verify theoretical predictions of the ions’
near-surface composition. This was indeed the approach in our previous study on salt-containing binary solvents [15]. Here we will
demonstrate that the experimental GIXF data also provide useful
information on surface adsorption in a direct manner, without the
need of modeling.
GIXF has already been applied for pioneering surface composition studies of alkali-halide salts in aqueous solutions [21], providing the excess adsorption from recorded GIXF intensities.
Moreover, by considering relative GIXF intensities one can minimize systematic errors due to the prefactor CðhÞ of Eq. (2)
[15,22]. Here we combine these two approaches in order to determine the relative excess adsorption DC  Cþ  C from the experimental data in a direct, model-independent manner. In practice,
we follow the idea proposed by Padmanabhan and co-workers
[21], who expanded the normalized GIXF intensity of Eq. (2) in
terms of the effective inverse penetration depth a as

I ðhÞ / 1 þ

a ðhÞC
n0



a2 ðhÞ
n0

Z
0

1

½n ðzÞ  n0 zdz þ O½a3 ðhÞ;

ð3Þ

R1
where C ¼ 0 ½n ðzÞ  n0 dz is the excess adsorption, n0 the bulk
ion number density, and a ¼ 2Im½kz ðhÞ þ l  a þ l with kz the
normal component of the incident wave vector in the liquid phase,
while O represents higher-order corrections (a is readily calculated
[11] using tabulated optical constants [23]). Here we have for clarity
stated the h dependence explicitly, but it is implicitly assumed
throughout the paper. Note that since the effective penetration
depth is much larger than the characteristic length of the ion distributions, we can neglect the third term and higher-order corrections
in the right-hand side of Eq. (3). Below the critical angle for total
reflection, h < hC , the effective inverse penetration depth is dominated by the decay of the illumination profile, 1=a  5 nm, and
we may set aþ  a  a. For a symmetric electrolyte we further
have n0þ ¼ n0 ¼ n0 , leading to the relative GIXF intensity

Iþ 1 þ aCþ =n0

:
I 1 þ aC =n0

ð4Þ

From Eq. (4) we can finally obtain the relative adsorption excess as

DC  Cþ  C 

n
0

a

þ C




I
n0 Iþ
þ
1 
1 :
I
a I

ð5Þ

In the last part we have used the result n0 =a j C j, which is valid
when the effective inverse penetration depth (5 nm) is much larger than the range of inhomogeneities in n ðzÞ. Eq. (5) is the main
result of the present paper, showing that DC can be obtained
directly from the experimentally measured relative GIXF intensity
Iþ =I without any modeling.
3.2. GIXF experiment
In order to demonstrate the method for determining DC outlined above, we apply it to a mixture of water and 2,6-DMP containing 10 mM KCl. It has previously been found that 2,6-DMP
adsorbs at the liquid surface of this particular binary liquid mixture
[24]. Because of asymmetric solvation preferences of the ions [25]
one expects microscopic charge segregation, with the strongly
hydrophilic anions being expelled more strongly from the interface
than the weakly hydrophilic cations. This picture is schematically
presented in Fig. 2. Such a relative excess of cations compared to
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anions near the interface is expected to show up in the GIXF data,
as was indeed observed by us in a recent study [15].
In Fig. 4 we present typical fluorescence spectra showing Ka
and Kb lines of K+ ( 3.3 keV and 3.6 keV) and Cl ( 2.6 keV
and 2.8 keV). Data are presented for incidence angles both below
(h ¼ 0:07 ) and above (h ¼ 0:17 ) the critical angle (hc ¼ 0:152 ),
and the former data have been rescaled and offset vertically to
facilitate comparison. We note two important observations. First,
the simultaneous measurement of K+ and Cl fluorescence allows
us to determine the relative GIXF intensity Iþ =I , and hence to
determine the relative adsorption excess DC using Eq. (5). Second,
the fluorescence lines are well separated from the background
even for h < hc , implying that these experiments can be extended
to smaller salt concentrations than the 10 mM used here.
Following Ref. [26], we reduced the measured fluorescence
spectra by subtracting a linear background and fitting one Gaussian function to each fluorescence peak (black lines in Fig. 4). In
order to minimize the number of free parameters we used tabulated, element-specific values for the fluorescence peak positions
and the relative intensities of Ka to Kb fluorescence [27]. By monitoring the K+ and Cl Ka intensities as a function of incidence
angle h, normalizing the data at large h (which are proportional
to the bulk ion concentrations), and taking their ratio, we finally
obtain the relative GIXF data of Fig. 5 collected at several temperatures in the range  295 . . . 301 K. Importantly, the relative GIXF
intensity Iþ =I is larger than unity for angles smaller than the critical angle, i.e. h < hC , demonstrating the excess of cations compared
to anions near the interface [15]. The same effect is observed for all
temperatures studied here.

measured spectrum
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fitted Gaussian peaks

3000

× 5

2500

Intensity [arb. units]

252

θ = 0.07°

2000

1500

1000

Cl Kα

θ = 0.17

500

K Kα

°

0
2

2.5

3

3.5

4

Energy [keV]
Fig. 4. Typical GIXF spectra measured from a mixture of water and 2,6-DMP
containing 10 mM KCl, collected for incidence angles of h ¼ 0:07 and 0:17 . Red
symbols show the measured spectra, blue symbols the data after subtracting a
linear background, and black lines Gaussians fitted to the fluorescence signal of
potassium (K+ Ka  3:3 keV; K+ Kb  3:6 keV) and chloride (Cl Ka  2:6 keV; Cl
Kb  2:8 keV). The data for h ¼ 0:07 have been multiplied by a factor of five and
offset vertically by 1500 units for clarity. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

3.3. Relative ion adsorption excess
2.4

Finally, we are in the position to estimate the relative surface
excess between K+ and Cl ions, DC. By applying Eq. (5) on the
experimental data of Fig. 5 in the range h < hC , we obtain

4. Conclusions and outlook
We report an experimental, model-independent approach for
determining the relative adsorption excess of ions (or other
solutes) at liquid surfaces based on element-specific grazingincidence X-ray fluorescence. By measuring relative fluorescence
intensities from a binary solvent of water and 2,6-DMP containing
10 mM potassium chloride, we demonstrate that the method is
sensitive to one excess ion per 200 nm2. The present scheme is
complimentary to mature techniques such as ellipsometry [9,10]
and neutron reflectivity [12–14], with the added value that it pro-

Relative intensity I+ / I -

DC ¼ ð9:6  5:2Þ 1015 ; ð3:3  1:1Þ 1015 , and ð4:6  2:8Þ 1015
ions/m2 at 295, 298 and 301 K, respectively. The resolution of the
experiment is one excess ion per 200 nm2 or better, similar to previous GIXF studies on surface excess of ions [21]. To put this in perspective, for a dilute two-component system (solvent + solute) at
room temperature, a surface excess C of one solute molecule per
200 nm2 would correspond to a minute change of the surface tension, j Dc j K kB T C  0:02 mN/m (with kB denoting Boltzmann’s
constant), highlighting the sensitivity of the GIXF technique.
In practice, GIXF is applicable to elements in the third and
higher periods. As a consequence we were not directly sensitive
to the distribution of solvent components, H2O and 2,6-DMP, and
were limited to the relative ion excess DC. A possible improvement
would be to carry out simultaneous GIXF and X-ray reflectivity
experiments, where the latter may be sensitive to the solvent
structure. While the electron density contrast between H2O and
2,6-DMP is too small for a meaningful X-ray reflectivity study,
the technique may be sensitive to other solvent mixtures.
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Fig. 5. Relative GIXF intensity Iþ =I as a function of incidence angle h for the
mixture of water and 2,6-DMP containing 10 mM KCl. Experimental data are
collected at several temperatures, T ¼ 295, 298, and 301 K. The vertical dashed line
represents the critical angle of total reflection hC in this experiment. The two upper
curves are shifted vertically by a constant (blue squares by 0:3 and red triangles by
0:6) for clarity. The dotted horizontal lines indicate unity for each data set. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

vides model-independent adsorption data also for multicomponent solvents. We note, however, that the method can also
readily be applied to single-component solvents.
Previous applications of grazing-incidence X-ray fluorescence to
ion adsorption at liquid surfaces have focused on solute concentrations in the 100 mM range [21,22]. The data of Fig. 4 imply that the
technique can now be extended towards salt concentrations as
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small as 1 mM – a highly relevant concentration regime for applications within the field of colloid and interface science. We believe
grazing-incidence X-ray fluorescence will prove particularly useful
when addressing surface adsorption in solute-containing liquid
mixtures, i.e., when studying complex multi-component systems
where one can fully exploit the element specificity of the
technique.
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