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We use imaging internal reflection ellipsometry (IRE) in combination with a microfluidic device to
study the adsorption of inorganic salt ions to silica-water interfaces. In our data analysis, the measured
polarization-dependent reflectivity is compared to calculations from a layer stack model, where the elec-
tric double layer is modeled as a separate layer. Due to the high resolution of our technique, we are able
to quantify the adsorption of Na* and Ca?* ions from aqueous solutions of their chloride salts as a function
of their bulk concentrations at pH 3 and 10. Our measurements demonstrate a preferential adsorption of
Ca?* counterions. The experimental results are well described by calculations using a triple layer surface
complexation model for the electric double layer with published equilibrium constants.
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1. Introduction

Changes of surface structure and function upon adsorption have
important consequences in many fields such as lubrication [1],
catalysis [2,3], oil recovery [4], drug delivery [5], nuclear waste dis-
posal [6], etc. Among these applications, the silicate mineral-water
system is particularly important because many chemical processes
in the aquatic ecosystem occur on mineral surfaces in the pres-
ence of organic or inorganic molecules. Experimental studies have
shown that ions, in particular divalent ions, can serve as a bridge
to stabilize organic molecules both at solid/liquid [7-11] and lig-
uid/liquid interfaces [12]. Some of these findings have important
implications for industry, like the low salinity water flooding pro-
cess in enhanced oil recovery [13-16]. Despite numerous studies,
the interactions between ions and solid surfaces are still incom-
pletely understood. They are the result of a complex interplay,
involving chemical and structural changes, as well as a dynamics
thatincludes not only the adsorption reaction but also the competi-
tion and exchange of ions and correlations amongst them. Ambient
conditions such as pH, ionic strength, the presence of competing
or promoting ions as well as the nature and the amount of sub-
strate, also have significant effects on the distribution of cations
and anions over the solid-solution interface [17].
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Many approaches, both experimental and computational, have
been developed to understand adsorption phenomena. Classical
potentiometric titration [18] and streaming potential measure-
ments [19] are widely used for characterizing ion adsorption to
solid substrates. And the results have been compared with pre-
dictions from competing theoretical approaches such as surface
complexation models (SCM) [20], density functional theory (DFT)
[25], Monte Carlo (MC) [21,22] and molecular dynamics (MD) sim-
ulations, and others [23]. Each of these theoretical approaches
has its advantages and limitations. For example, SCM is unable to
explain surface overcharging. Its application is limited to certain
electrolytes or oxides at restricted ionic strengths and surface cov-
erages. And the magnitudes of the equilibrium constants are not
always transferable to experiments without corrections for differ-
ences in site density, capacitances and surface area. DFT is restricted
by its use of very large surface unit cells, while MC and MD require
a huge computational effort and are subjected to limitations in
both the number of molecules they can deal with, and the time
range over which the molecular system can be studied. More details
can be found in detailed review of Rimola et al. [23]. Ellipsome-
try [24] and reflectometry [25] give insights into the distribution
and adsorption of ions. Recent progress in atomic force microscopy
(AFM) has provided the capability to study ion adsorption at the
molecular scale, revealing complex and striking behaviors [26,27].

Compared to AFM, optical techniques have the advantage of
being fast and non-intrusive, and they allow - under favor-
able conditions - chemically specific sensing and real-time signal
processing. Specific methods such as surface plasmon resonance,
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reflectometry, and ellipsometry all possess a very high sensitivity
that allows for the detection of fractions of monolayers of adsorbed
organic or inorganic material—provided that adsorbate and ambi-
ent solution have sufficiently distinct optical properties. In the
present work, we use ellipsometry to study the adsorption of ions
from an aqueous solution to solid-liquid interfaces based on the
changes in polarization state of the light upon reflection at the
interface. In particular, we use ellipsometry in an imaging mode in
combination with microfluidic channels that allow us to investigate
several fluid compositions in parallel.

Common ellipsometry operates in “external” mode, the incident
light comes from a low refractive index medium (air or liquid) to a
higher one (a solid or liquid) implying that the light passes through
the liquid phase. The latter aspect makes it difficult to combine
with microfluidic channels. Therefore, we operate ellipsometry in
internal reflection mode (so-called internal reflection ellipsometry
(IRE)) which is hardly affected by microfluidic structures on the
fluid side.

In this paper, we make use of an IRE setup to explore the effects
of concentration, salinity, and pH on the adsorption behavior of
mono- and divalent ions at silica-water interfaces. The amounts of
adsorbed ions at different pH conditions are determined by fitting
the ellipsometric angles using a suitable optical layer stack model.
Finally, optical thickness of the ion adsorption layer extracted from
the experiments is compared to predictions from a triple layer sur-
face complexation model (SCM).

2. Experimental details
2.1. Materials

CaCl,-2H,0 and NacCl (ACS reagent grade, Sigma Aldrich) and
deionized water with a resistivity of 18.2 MQ2.cm (Synergy-UV, Mil-
lipore) were used to prepare the solutions. The pH was adjusted
with HCl and NaOH standard solutions. BK-7 glass substrates with
a deposited Nb,Os layer (to enhance internal reflection) and an
additional silica layer on top were purchased from ST Instruments.
Before experiments, substrates were cleaned by rinsing with Milli-
pore water, ethanol and isopropanol and gently dried with N;. Then,
samples were exposed to an air plasma treatment (Harrick Plasma)
for 15 min. Roughness and morphology of the silica surface were
assessed by AFM in tapping mode (Icon, Veeco). The surface is very
smooth and reveals no spatial structure, with root-mean square
roughness smaller than 0.4nm (see the Supplementary informa-
tion).

2.2. Methods

The measurements were carried out on a commercial imaging
nulling-ellipsometer (EP3 Nanoscope, Accurion). The instrument is
additionally equipped with an equilateral prism and a home-made
microfluidic cell which enables parallel measurements under flow
injection conditions. For liquid handling, a peristaltic pump (REGLO
Digital MS-2/12) was used. Using the vacuum induced by the pump,
solutions are carefully sucked into the cell, to avoid the formation of
air-bubbles. A laser beam (A =658 nm) first passes through a polar-
izer and is then refracted into the prism, which provides coupling
of the light beam into the layer of Nb,Os. The silica layer is exposed
to an aqueous solution that is flushed through the microfluidic
channel, as shown in Fig. 1a. Close to the Brewster angle, the reflec-
tivity is very sensitive to the presence of thin adsorbed layers at
the solid-liquid interface and the angle ¥ displays a minimum,
as shown in Fig. 1b. IRE measures the polarization changes of the
reflected light, expressed in terms of ¥ and A. Optical properties

Table 1
Layer stack model for IRE data analysis.
Layer Parameters Comments
4. BK-7 glass n=1.515,k=0 Fixed during fitting
3.Nb,y 05 n=2.310,k=0 The values of d are obtained by
d: 70-80nm fitting IRE data for every new
2.Si0, n=1.456,k=0 sample, then both of them are
d: 15-25nm kept fixed for further fittings.
1. Adsorbed layer ng and d, to be
determined
0. Water " n=1.332,k=0 Fixed during fitting

Note: all optical parameters are at wavelength 658 nm.

" For the measurement with water in the flow cell, this layer is not included in
the model; in the analysis of adsorbed layer, region of n, is fixed between 1 and 2,
d, can be fixed anywhere between 0.5 nm and 5 nm, see the discussion for details.

" When other salt solutions are used, ny is obtained by fitting IRE data.

of samples can be obtained by inserting these two parameters in
Fresnel’s equation [28].

To achieve the highest sensitivity, one first has to find the crit-
ical angle from the dependence of the ellipsometric angles on the
Angle of Incidence (AOI). This is done under static conditions (i.e.
no flow) with deionized water in the flow cell. The ¥ and A angles
are recorded in the AOI range from 48° to 56°, the AOI is varied in
steps of 0.2° (Fig. 1b). At the minimum of ¥, A displays a max-
imum slope (Fig. 1b). This is the condition of optimum sensitivity.
Fig. 1b also shows the upward shift of the ¥ and A vs. AOI curves
by approximately 1° for a 1 M CaCl, solution (magenta) as com-
pared to pure water (olive). Experimentally, we can detect shifts
of ¥ and A down to approximately 0.01° and 0.05°, respectively.
To extract the optical properties, the sample (including adsorbed
layer) is represented by a one-dimensional layer stack (see Fig. 2c).
Each layer i is characterized by its thickness d; and its refractive
index n; (see Table 1). For the glass substrate, the Nb, 05 layer and
the SiO, layer, these properties are calibrated in initial measure-
ments with pure water. Subsequently, the properties of these layers
are kept fixed in the analysis of the ¥ and A curves obtained during
the ion adsorption measurements at variable fluid compositions.
The electric double layer forming at the solid-liquid interface has
a complex internal structure consisting of a Stern layer and a dif-
fuse layer with a resulting complex refractive index profile which is
related to the density profile (Fig. 2b). The ellipsometric measure-
ment captures only the net integrated effect of this profile. Hence,
we represent the entire electric double layer by a single adsorbed
layer with an effective refractive index n, and an effective thick-
ness dq (Fig. 2c), following the standard approach (see e.g. [29]).
Below, we will discuss some limitations of this approach regarding
the interpretation of the data in terms of simultaneously adsorbed
counter-ions and depleted co-ions.

The measured AOI dependent ¥ and A curves are fitted by
adjusting the values of n, and dg, as well as the bulk refractive index
Npulk- Fitting of the ¥, A curves is carried out using the commercial
software EP4 (Accurion).

In dynamic (i.e. time dependent) adsorption measurements, the
AOI is fixed at the value where ¥ is found to be minimal, i.e.
51° in our experiments with the silica exposed to pure water. A
measurement then consists of a continuous recording of ¥ and
A as a function of time, while solutions are flushed through the
microfluidic channels at typical flow rates of order of 1 pL/min.
Each recording of a (¥, A) data point takes approximately 9s. All
measurements were carried out in a temperature controlled room
(22 41 °C). The thickness of the bare silica layer is measured at the
beginning and at the end of the experiment for each sample. It is
typically found to vary by less than 0.1 nm. This indicates that nei-
ther dissolution of the silica layer nor permanent adsorption play
an important role in these measurements.
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Fig. 1. (a) Central part of the IRE setup, equipped with a microfluidic cell. The silica-
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oil. Fluids with adsorbing species are flushed through microfluidic channels, having the silica sensor surface as their ceiling; (b) a typical IRE measurement showing the
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lines guide the eye; (c) 6 parallel channels in the field of view. Light gray areas correspond to the channels filled with solution; the dark areas show the PDMS walls. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3. Results and discussion

To demonstrate the strength and sensitivity of the technique, we
studied the adsorption of ions to solid-liquid interfaces. As a well-
characterized system, we select aqueous solutions of NaCl, CaCl,
and silica surfaces. The adsorption behavior of both salts was stud-
ied while tuning the surface charge of the silica via the pH. At pH 3,
silica surfaces are essentially uncharged because this is close to the
point of zero charge [30]. At pH 10, the silanol groups are largely
deprotonated and the silica surface carries a negative charge [31].
To compensate this charge, cations need to adsorb to the interfaces.

Experimental data of ¥ and A vs. AOI for a variety of CaCl,
solutions at the two pH values studied under quasi-static condi-
tions are displayed in Fig. 3. In Fig. 4 dynamic (i.e. time dependent)

adsorption measurements for water and 0.5M CaCl, at two pH
conditions are shown. In the latter measurements, ¥ and A are
continuously recorded as a function of time, keeping the AOI fixed,
while solutions are flushed through the microfluidic channels. In
the present work, where ions are the adsorbing species, the typical
timescale of the adsorption process is (much) shorter than the time
resolution of our setup. So we only show the measurement at equi-
librium conditions as displayed by the plateaus in Fig. 4. Similar
results are obtained for NaCl and CaCl, solutions with concentra-
tions ranging from 0.01 M to 1 M (data not shown).

Variations of ellipsometric angle shifts vs. AOI or time when
flushing with ‘pure’ (without additional salt) water at pH 3 and
10 are indistinguishable, i.e. the addition of 0.1 M HCI or NaOH to
vary the pH has a negligible effect on the refractive index of the
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Fig. 2. (a) Schematic illustration of laser path inside the prism (BK-7 glass) and the electric double layer (EDL); (b) distribution of cations and anions in EDL; (c) refractive
index profile used in the analysis of IRE measurement: the dashed line representing the EDL is modeled as an effectively homogeneous layer.
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Fig. 3. Ellipsometric angles ¥ and A as a function of angle of incidence (AOI) for various concentrations of CaCl, at pH 3 (a) and pH 10 (b). Symbols are the experimental
data, and solid lines are calculations from a layer stack model. For (a) and the inset in (b), we used a four-layer model including the 1st, 2nd, 3rd and 5th layer in Table 1,
leaving npy as a fitting parameter. For the main panel of (b), we used a model which includes all five layers in Table 1, assuming d, as 0.5 nm and leaving ng, npy as fitting

parameters.

solutions below the detection limit of our instrument. This is espe-
cially clear in Fig. 4, where solutions at both pH conditions are
flushed and results are displayed in the same graph. Because the
pH induced variations of the surface charge alone remain unde-
tected, the observed variations of the signals in Figs. 3 and 4 must
be caused by the added salt. The A angle shifts are larger than those
of . For pH 3, the shifts in ¥ and A can be fitted quantitatively by
assuming variations of the bulk refractive index np, with the 4-
layer model: BK-7 glass — Nb,05 — SiO, — bulk solution (Fig. 3a).
The extracted ny values are the same as measured independently
by arefractometer (Fig. 5). Fig. 4 also shows that the adsorption and
desorption processes are perfectly reversible within the resolution
of our experiment.
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Fig. 4. Time dependent IRE measurement: A and ¥ angle shifts upon consecutive

flushing water and 0.5 M CacCl; (aq) at pH 3 and pH 10. Only the data obtained after
reaching equilibrium are shown.

This result is consistent with the general picture that
silica-water interfaces at pH 3 are uncharged and the adsorption
of ions thus negligible. At pH 10, however, following the same
approach to fit the shifts of ¥ and A observed is no longer pos-
sible (see insets of Fig. 3b). To fit the pH 10 data, we need to
add one additional layer representing the electric double layer
to the optical model. We leave n, and npy as fitting parame-
ters, d, is fixed at 0.5nm. As expected, the extracted values of
Npuk turn out to be consistent with the values measured with
the refractometer and also correspond well to the data for pH
3, see Fig. 5. This justifies use of the five-layer stack model at
pH 10. Fitted curves of other salt solutions look similar to those
in Fig. 3.
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Fig. 5. Comparison between refractive index values of CaCl, solutions: extracted
from modeling (cross, with the layer stack model used in Fig. 3 for pH 3 and 10,
respectively) and measured with refractometer (open square and circle). Black is at
pH 10, and red is at pH 3. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 6. Optical thickness of NaCl (square) and CaCl, (circle) vs. the salt concentration
at pH 10. The solid symbols are the experimental results and the lines are the cal-
culations from surface complexation model. For NaCl, three pKn, values are used:
2.65 (blue dash dot line), 1.65 (red solid line) and 0.65 (black dash line). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

As noted above, the resulting optical parameters n, and d,; of
the adsorption layer are effective values that represent the actual
refractive index profile. Following de Feijter et al. [29] we can
express them as:

_ [ n(2)(n(2) = Npui) dz
J (n(2) — npuy) dz

(1)
and

1
dg=——
Ng — Npylk

/("(Z) — Npyik) dz (2)

where the integrals extend from zero to infinity, i.e. from the sur-
face into the bulk liquid. Upon fitting the 5 layer stack model to the
experimental data, it turns out that the values obtained for n, and
dq are highly correlated. Fits of similar quality can be obtained for
0.5nm<dy <5nm and n, varying in such a manner that the excess
optical thickness Angdg = (ng — Npyk)da due to the ion adsorp-
tion remains essentially constant, i.e. independent of the choice of
dg. We find values Angdg; « 1 nm for all experimental conditions.
For such small values, it is well-known that ellipsometry does not
provide a reliable distinction between refractive index and thick-
ness [28,32,33]. Fig. 6 shows that Anyd, increases with increasing
(cation) concentration for both NaCl and CaCl; at pH 10. The excess
optical thickness for the CaCl, salt exceeds the one for NaCl by
approximately a factor four, indicating a much stronger adsorp-
tion for the divalent salts. For pH 3 the excess optical thickness
is found to be zero within experimental error for both salts at all
concentrations (data not shown).

To relate the measured excess optical thickness to the physi-
cal surface excess of adsorbed ions, we express the local refractive
index n(z) of the salt solution in terms of the local excess concen-
tration Ac;(z)=ci(z) — cjpuix for each ionic species i, as caused by
adsorption and depletion (see Fig. 2b).

1n(z) = Npyy + ZaiACi (2). (3)

Here, the sum runs over all species in the solution, i.e. the anions
and cations in our case. The coefficients «;=dn/dc; indicate the
increment of the refractive index with increasing concentration of
species i. Combining these equations with the standard definition
for the surface excess for each species

Fi:/ACi(z)dZ (4)

we can write

Ang dg = Zai r. (5)
i

where Ang = L1 fOL (n(z) — npyk) dz, with an arbitrary normaliza-
tion thickness L > d,. The excess optical thickness of the adsorption
layer thus has a direct physical meaning and expresses the com-
bined surface excess of all ions in the solution, each weighted by
its refractive index increment «;. For the specific case of our salt
solutions, Eq. (5) simplifies to

Ang da=a,Ts+a T —a, (m-%F)Jrgic’%r 6)
where I'y;_ and a,;_ denote the excess and the refractive index
increment of the cations and anions, z is the valence of cations
and dn/dc is the bulk increment of the refractive index upon
adding salt, which is known experimentally. For NaCl and CaCl;, we
use dn/dc Naq = 10-17 mL/mol and dn/dc|CaC12 = 23.59 mL/mol.

Moreover, we use ay,+ = 7.1mL/mol, a2+ =17.59mL/mol, as
reported by Porus et al. [21].

To compare our experimental results to a model, we calculate
the expected surface excess using the standard triple layer model of
the electric double layer [20,34]. Coupling the Poisson-Boltzmann
theory for the diffuse layer to surface complexation reactions
[35,36] including the equilibrium constants as specified in Table 2,
we can calculate the expected surface excess I'; for each ionic
species, as shown in Fig. 7. The solid lines in Fig. 6 show that
the resulting model predictions are in good agreement with the
experimental data. To illustrate the level of sensitivity, we also
plot two competing lines for NaCl adsorption assuming pKy, val-
ues one unit higher and lower than reported in Refs. [37,38]. The
resulting dashed and dotted lines in Fig. 6 are still compatible with
the experimental data, indicating the range of uncertainty in the
analysis.

Given the reasonable agreement between model and exper-
imental data, we explore the consequences of the surface
complexation model in more detail. In Fig. 7, we plot the excess
of cations and anions for the Stern layer and the diffuse layer sepa-
rately. Again, we only show the data for pH 10 because adsorption
at pH 3 is negligible. As expected, a strong positive excess is found
for the counter ions (i.e. the cations) in the Stern layer. Simulta-
neously, there is, however, a positive excess of counter ions and
depletion (negative excess) of co-ions from the diffuse layer, too.
All excesses display a finite dependence on the salt concentra-
tion for concentrations below approximately 0.2 M and saturate
for higher concentrations. Multiplying each excess with the cor-
responding refractive index increment, we find that the optical
thickness shown in Fig. 6 is dominated by the contribution from
the Stern layer, as concluded earlier by Porus et al. [25]. Yet, the
contribution of the diffuse layer is not negligible and amounts to
approximately 15% of the total excess of ions.

From Fig. 7, we also conclude that the total adsorption of Ca2*
(i.e. —SiO~ Ca%* and —SiO~(CaOH)* species together) to the surface
is much more pronounced than the adsorption of Na*. According to
the model this contribution is largely caused by the strong adsorp-
tion of CaOH* with its rather high pK value. This strong adsorption
implies an enhanced Ca-induced deprotonation of silanol groups,
which is required to preserve overall charge neutrality.

The use of the Poisson Boltzmann theory in combination with
surface complexation models has been criticized (see [44] for an
extensive discussion). In particular for divalent cations such as Ca2*
at elevated concentrations, extensions of the Poisson Boltzmann
theory that take into account lateral interactions with the adsorbed
layer, e.g. due to the finite volume of the ions, electrostatic and
hydrogen bonding interactions (see e.g. [45]) are generally relevant.
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Table 2
Surface complexation reactions and parameters used in triple layer model.
Surface complexation reactions Equilibrium constant, K; Capacitance (F/m?)[20,34,39]
(mol/L)
G G
H —SiOH < —Si0~ +H* 10-69[20,40,41]
Nacl —Si0~Na* <»—Si0~ +Na* 107165 [37,38,41] 1.0 0.2
CaCl, —Si0~Ca?* < —Si0~ +Ca?* 10-0-7 14 0.2
—Si0~(CaOH)* +H* < —Si0~ +Ca®* +H,0 [39,42,43] 1082

Site Density (nm~2): 8.0 [40]

Note: The site density is the surface concentration of silanol surface groups, indicating the maximum number of sites that can get deprotonated.

(a) 3 - —
— .cations in diffuse layer
— - anions in diffuse layer
2 —cations in stern layer
‘\‘r\
S
N 1 _
~
g = T e = s e
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NaCl concentration (M)

(b) *

I'(nm

0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 7. Calculation of Surface excess of cations in stern layer (black line), cations in diffuse layer (blue dash line), and anions in diffuse layer (red dash dot line) from surface
complexation model as a function of NaCl (a) and CacCl; (b) concentrations at pH 10. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Porus et al. [21] argue that any mean field theory is inadequate to
study such systems. Recent work on Ca2* adsorption on gibbsite
using a combination of high resolution atomic force microscopy
and density functional theory [25] also suggests a high degree of
complexity exceeding the present surface complexation analysis.
Nevertheless, the latter provides a reasonable description of the
adsorption data presented here that is consistent with various other
earlier potentiometric titration [46-48]. The data presented in this
work are insufficient to provide strong arguments in favor of any
of the competing models. Possibly our results could be equally
explained in terms of ion correlations, as in Ref. [21].

To disprove either of the theories, it would be important to
design experiments that can be described by one approach but not
by others. Next to a broader set of experimental data this will prob-
ably require the combination of several complementary probes,
including perhaps optical spectroscopies to detect beyond doubt
the presence of certain species at the interface. Another interest-
ing option is the combination of optical measurements (like the
present one) and force measurements. While the latter ones probe
the total charge in the diffuse layer, the former ones - as the present
experiments suggest — only probe cations from the salt but not
protons and hydroxyl ions. Exploring this complementarity in a
single experiment is expected to provide additional insights. Opti-
cal experiments in combination with microfluidics that allow for a
high degree of parallelization as demonstrated here are expected to
offer a pathway to the required rapid screening of large parameter
spaces of fluid compositions.

4. Conclusion

We presented a sensitive optical technique - internal reflec-
tion ellipsometry - for probing adsorption at liquid-solid interfaces
in combination with microfluidic channels. The sensitivity of this
technique is demonstrated by its ability to detect adsorption and
depletion of monovalent and divalent salt ions at silica-water

interfaces under various pH conditions. The adsorption and desorp-
tion reactions are found to be perfectly reversible. The measured
excess optical thickness of adsorbed ions is linked to the Gibbs
surface excess of each ion species. The presented adsorption
isotherms are successfully modeled using a mean field Poisson
Boltzmann theory in combination with a triple layer surface com-
plexation model. We anticipate that the combination with more
sophisticated microfluidics device will enable efficient high speed
screening of adsorption/desorption processes for a wide range of
applications.
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