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Abstract
Clays are not only ubiquitous in nature, but they are also used in huge quantities in a broad range of industrial applications, such
as thixotropic drilling fluids, ore pelletizers, waste disposal sealants, or fillers in polymer nanocomposites. In order to model
environmental processes or to design newmaterials on a rational base, it is of prime importance to determine and possibly modify
the interfacial properties of clay platelets at the solid/electrolyte interface. In this context, the fundamental question rises how far
the stoichiometric interlayer charges as determined by the composition of the silicate layer correlates with the diffuse double-
layer properties. Here, this question is addressed by means of a series of purposely synthesized sodium 2:1 layered silicates with
defined composition and hence interlayer charge densities, respectively. Platelets of layered silicates of large enough diameter to
perform AFM colloidal probe measurements were produced by melt synthesis. For comparison also, a natural muscovite mica
has been included in this study. The diffuse layer properties in electrolyte solution have been determined by direct force
measurements using the colloidal probe AFM technique and by electrokinetic measurements, respectively. We find that the
diffuse layer potential decreases with increasing interlayer charge of the 2:1 layered silicates. This counterintuitive finding is
attributed to ion adsorption and was further corroborated by determining the quantitative adsorption of polyelectrolytes, namely
poly(amidoamine) dendrimers.
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Introduction

Layered silicates are not only omnipresent in nature but also
have a wide range of important applications, such as for thixo-
tropic drilling fluids, ore pelletizers, waste disposal sealants,
or fillers in polymer nanocomposites to improve their proper-
ties as gas barriers and flame retardants [1–7]. For many of
these applications, it is not only important to tune properties
such as size or aspect ratio but also their swelling behavior and
surface charge density, respectively. A typical example would
be the rheological properties of colloidal clay suspensions.
However, mostly only indirect methods to determine the
charge of the clay platelets have been applied so far [8, 9].
The commonly used technique for determining the cation ex-
change capacity (CEC) of clay minerals is based on the inser-
tion of ammonium in the interlayer [8–10]. Neglecting poten-
tial contributions of accessory minerals and the CEC capacity
of edges, charge densities can then be derived from the CEC.
Alternatively, they can be determined directly by the so-called
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Lagaly method applying n-alkylammonium cations of in-
creasing equivalent area [11]. While the ammonium method
can only provide average charge densities, the Lagaly method
is capable of indicating the degree of surface charge heteroge-
neities for the bulk of the sample. Both methods, however, fail
to deliver information at the level of a single platelet.
Moreover, neither of the two approaches provides information
on the effective surface charge that is responsible for the for-
mation of the electrical double layer in electrolyte solution,
which determines interparticle interactions and dispersibility.
However, in how far the stochiometric layer charge and dif-
fuse layer charge are directly related is still an open question,
in particular as ion adsorption has to be taken into account.
Hence, it would be important to have a dataset comprising
both charge densities, as well as the effective diffuse layer
charge density for a highly defined interlayer charge density.
Here, we utilize purposely synthesized 2:1 silicates with var-
iable but defined charge density and large diameter of the
platelets. Thereby, we can exclude distortions due to the edge
contribution of the clay platelets, which have different surface
chemistry and thus may carry different charges [12].

In colloid science, the surface charge of particles is often
determined by electrokinetic methods [13]. The most prominent
and commonly used electrokinetic technique is the measurement
of the electrophoretic mobility where colloidal particles migrate
in an external electrical field [14]. However, this technique is
most quantitative if the particles have a geometrically well-
defined spherical shape. Unfortunately, this condition is not ful-
filled for inorganic platelets, although suitable approximations
exist [15, 16]. For such colloidal objects, the measurement of
the streaming current provides a more suitable approach [17,
18]. While this technique does not provide quantitative zeta-po-
tentials, it allows for the determination of the isoelectric point
and it is to a large degree independent from the geometry of
the particles [19]. Common to all electrokinetic techniques is that
the plane of shear cannot be determined in an unambiguous
manner. In order to obtain accurate results hydrodynamic effects,
which are incorporated in the Henry or the O’Brien and White
theory, have to be taken into account [20]. By contrast, direct
force measurements based on the colloidal probe technique with
the atomic force microscope (AFM) allow for determining the
diffuse layer properties in an unambiguous manner provided that
the colloidal probe has been “calibrated” beforehand in a sym-
metric measurement in the sphere-sphere geometry. While this
technique iswell-established for large, flat surfaces [21, 22], there
is an increasing interest to use it also for the characterization of
individual inorganic clay platelets [12, 23, 24].

Here, we will use direct force measurements by means of
the colloidal probe technique in order to determine the surface
charge properties in a much more direct manner than it would
be possible using cation exchange or the Lagaly method, re-
spectively. These measurements will be compared to electro-
phoretic mobility and streaming current detection,

respectively. We compare three different 2:1 silicates that
have been synthesized by recently published procedures,
namely a sodium brittle mica (cf. ref. 25) and two sodium-
fluorohectorites (cf. ref. 26, 27) with different composition.
Moreover, we included the naturally-occurring muscovite mi-
ca as an additional claymaterial and reference sample, as it is a
commonly used 2:1 silicate material.While muscovite mica as
natural material shows a large variety in properties, it is nev-
ertheless the clay material for which the most reference data in
terms of direct force and streaming potential measurements
have been reported [28–36]. The main point to be addressed
is the question in how far the diffuse layer properties correlate
with the interlayer charge based on the stochiometric compo-
sition. So far, there is only a very limited number of suitable
data sets available, for example for hematite [37].

A further, independent assessment of the effective diffuse
layer charge is carried out by the adsorption of highly defined
polyelectrolytes to the clay platelets. The adsorption of
poly(amidoamine) (PAMAM) dendrimers can be easily de-
tected by AFM [38–40]. Their physicochemical behavior
has been described in detail by experiments and simulations
[41, 42]. Moreover, the adsorption can be described by means
of the random sequential adsorption (RSA) model [43–46].
Utilizing a recent extension of the RSA model, the so-called
3-body RSA, which takes the influence of a charged collector
surface into account, allows to evaluate in how far polyelec-
trolyte adsorption is influenced by the differences in the dif-
fuse layer properties for the different types of clays.

Experimental

Melt synthesis of clays

All three layered silicates with target compositions of
[Na1.0]

inter[Li1.0Mg5.0]
oct[Si8]

tetO20F4 (Na1.0, cf. ref. 26),
[Na1.7]

inter[Li1.7Mg4.3]
oct[Si8]

tetO20F4 (Na1.7, cf. ref.
27), and

[Na4]
inter[Mg6]

oct[Si4Al4]
tetO20F4 (Na4.0 or also known as

“brittle mica,” cf. ref. 25) were synthesized via the melt possi-
bly followed by long term annealing. Details of the synthesis
and characterization have been published previously.

Briefly, the educts were mixed according to the nominal
composition (≈ 0.1 mol) in a glovebox under argon into Mo-
crucibles. The Mo-crucibles (Plansee, Austria) were first heat-
ed in a radiofrequency induction furnace to remove remaining
traces of water. The crucible was then closed with a conical lid
and sealed by welding. Subsequently, the crucible was trans-
ferred to an argon floated graphite rotary kiln (60 rpm)
(Graphit HT-1900, Linn High Therm) and was ramped to
1750 °C (15–20 °C min−1), held at this temperature for 60–
70 min, cooled to 1300–1250 °C (cooling rate 50–
55 °C min−1), and then slowly (cooling rate < 10 °C min−1)
below the melting point (800–1050 °C). Finally, it was
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quenched by switching off the power. The fluorohectorites
(Na1.0 and Na1.7) were at last annealed at 1045 °C for
6 weeks while the brittle mica was used as received.

For reference purpose natural muscovite mica (M-mica) of
V3 grade (Plano GmbH) was used as received. Prior to sample
preparation all clays were pestle grinded and sieved through a
stainless-steel sieve with 0.125 mm mesh.

Immobilization of clay platelets

For AFM and colloid probe measurements the clays were
dispersed in Milli-Q water (1–2% w/w). Glass slides for opti-
cal microscopy were used as substrates, which were modified
by means of amino-terminated silane in order to obtain posi-
tively charged but at the same time flat surfaces [47]. Here, a
silane with one ethoxy-group has been used to secure the
formation of a silane-monolayer only [48]. The drop of the
suspension with the clay platelets was put on an amino-
silanized glass slide and subsequently dried at 200–250 °C
on a hot plate. To remove weekly adsorbed platelets, the slide
was then rinsed with water and dried as before. RCA-cleaned
[49] glass substrates were modified by a gas phase silanization
(1 mbar, 4 h) with 3-aminopropyl-diisopropylethoxy-silane
(abcr GmbH, Germany).

AFM imaging of native clay platelets

The surface topography of the immobilized clay platelets was
determined by tapping mode AFM in air (Dimension 3100
equipped with a NanoScope V controller, Bruker). These
measurements were performed with cantilevers (OMCL-
AC160TS, Olympus) preselected for a tip radius below
10 nm. This selection has been performed by imaging a
Nioprobe standard (Aurora Nanodevices, BC, Canada).

Colloid probe preparation and calibration

Colloid probes (CP) were prepared by recently described
sintering technique using tipless silicon cantilevers (NSC12,
MikroMasch, Bulgaria) and silica particles (∅ = 6.8 μm,
Bangs Laboratories Inc.), respectively [50]. There a “neck”
made of ludox silica nanoparticles (Ludox AM-30, Sigma-
Aldrich) ensures the high mechanical stability of the attached
colloid to the cantilever. The spring constant of the used can-
tilevers was calibrated using the thermal noise method for the
sintered colloid probe [51]. The calibration of the colloidal
probes’ diffuse layer properties has been achieved in the sym-
metrical sphere-sphere geometry, whereby the diffuse layer
potential as well as the regulation parameter for the silica
particle have been determined. For that similar silica particles
were sintered in an analogous manner to the surface of a
quartz slide.

Direct force measurements with colloid probe AFM

The measurements were conducted in the semi-closed fluid
cell at MFP-3D (Asylum Research, Santa Barbara, CA). After
mounting a slide with immobilized platelets in the fluid cell, it
was filled with the degassed working solution (I = 1.2 mM,
pH 5.5). Removal of dissolved gas was accomplished in two
steps: firstly, nitrogen was purged through the electrolyte so-
lution, and secondly, a HPLC- degassing unit was used direct-
ly before the measurements (FLOM Gastorr BG12).

The interaction force profiles were acquired for a given pair
CP-clay platelet for at least 50 times in approach and retraction
cycles with a velocity of 0.8 μm/s. For the given pair, no
differences between the first and the last curve could be ob-
served. The maximum loading force was in the order of 10–
12 nN. Three colloid probes (k = 0.112–0.540 N/m) were
used, and each probed at least 5 platelets of given types of
clays.

The measurement of the interaction forces between two
silica particles in the sphere-sphere geometry has been per-
formed in the same way as for CP versus clay platelet. The
two particles, one attached to the probe and one attached to the
substrate, were first coarsely aligned by optical microscopy;
the following fine alignment was achieved by a procedure
similar to force volume plots. Further details are given else-
where [52, 53].

The measured deflection versus piezo displacement curves
were converted to force versus distance profiles by custom
written procedures in IGOR PRO (Wavemetrics) based on
standard algorithms [21]. In order to determine the diffuse
layer potential of a platelet, 30–40 force profiles attributed to
one pair interaction were averaged and normalized by the
effective radius R. The F/R vs. distance profiles were fitted
to the full-solution of the Poisson-Boltzmann equation with
charge regulation approximation. In symmetric system, two
parameters, namely diffuse double layer potential and charge
regulation parameter, are being determined. In the asymmetric
system, those parameters must be fixed for one surface to
obtain the two parameters for another substrate [54–56].
More details are given in the Supporting Information.
Routinely, the Debye-length obtained from these fits is com-
pared to the nominal ionic strength of the electrolyte solution.
The observed deviations for the presented results were smaller
than 10%.

Electrophoretic mobility

For electrophoretic mobility measurements, we used aqueous
dispersions with ca. 0.05%w/w of grinded clays (pH 5.5, total
ionic strength I = 5 mM). The freshly prepared dispersion
were allowed to sediment for at least 30 min in order to sep-
arate the light fraction with platelets of sub-10-μm size,
resulting in a solid content of the supernatant suspensions of
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0.03–0.04% w/w, which was determined gravimetrically. The
supernatant was measured immediately after immersing in the
cell using a commercial microelectrophoresis device
(ZetaView PMX 100, ParticleMetrix GmbH). Measurement
data were collected at the stationary planes for at least three
times. The details on the procedure can be found elsewhere
[57].

Streaming current detection

Shortly, a streaming current setup consists of a Teflon cell
with two incorporated electrodes and a Teflon piston. While
the clay dispersion is put into the cell the piston makes reverse
translational motion to create a flow. Since colloid platelets
tend to adsorb onto hydrophobic Teflon surfaces the resulting
flow voltage is measurable. Upon addition of titrant the volt-
age between the electrodes is changing, so one can calculate
the approximate surface charge and hence the potential on the
surface of charged colloid species in the dispersion [17, 18].

For the measurements involving streaming current detec-
tion, aqueous dispersions with 0.1–0.2%w/w of grinded clays
(pH 5.5, I = 100 (50) mM) were prepared. The streaming cur-
rent detection has been performed by means of a commercial
device (StabiSizer® PMX 200C, Particle Metrix GmbH),
which has been used in the charge titration mode.

PAMAM dendrimer adsorption on clay platelets

PAMAM dendrimers of generation G10 were obtained from
aqueous solutions (Dendritech, Midland, MI). For all dendri-
mer solutions, a concentration of 10 mg/L in Millipore water
was used. An ionic strength of 0.1 mMwith pH 4was adjusted
with HCl for dendrimer adsorption and subsequent washing
solutions, respectively. Silicon wafers (CrysTec GmbH,
B e r l i n , G e r m a n y ) w e r e s i l a n i z e d u s i n g 3 -
aminopropyldimethylethoxysilane (abcr GmbH, Karlsruhe,

Germany) in a gas phase silanization procedure and then heat-
ed at 80 °C for 60 min. Dispersions of different types of
layered silicates were placed on modified silicon wafers for
30 min and then dried in a stream of pure nitrogen. For den-
drimer adsorption, these silicon wafers or freshly cleavedmica
sheets were immersed into the dendrimer solution for 30 min
and afterwards transferred into a pure solution of pH 4 for 30 s
twice. Otherwise, the procedure was analogous to the one
reported previously for mica sheets [40, 58].

AFM imaging after PAMAM adsorption

PeakForce tapping mode AFM images were taken in air using
a Dimension Icon (Bruker Nano Inc.). Images were acquired
using ScanAsyst Air cantilevers (Bruker Nano Inc.) with a
nominal spring constant of 0.4 N/m and a resonant frequency
of 70 kHz. Scan sizes of 1 × 1 μm2 were used for the evalua-
tion of the number of absorbed dendrimers. The PeakForce
setpoint was adjusted to 0.02 V, the PeakForce amplitude
50 nm and the PeakForce frequency 2 kHz, respectively.

The AFM images were processed with NanoScope
Analysis 1.80 (Bruker Nano Inc.). The data was leveled with
a first order plane fit and was flattened by subtracting a first
order polynomial background. Adsorbed dendrimers were
manually counted using Fiji (ImageJ) with the Cell Counter
Plugin.

Results and discussion

In this study, we concentrated on three different synthetic
layered silicates with a 2:1 structure (cf. Fig. 1a) but different
interlayer charges. These silicates carry a permanent negative
charge at the basal surfaces originating from isomorphous
substitution of octahedral or tetrahedral cations. The basal
surfaces are terminated by chemically inert oxygen atoms that

Fig. 1 Structure of 2:1 layered
silicates like hectorites, micas,
and brittle micas. a Stack of
silicate layers comprising a
platelet with interlayer space and
external basal surface. b Top view
of the tetrahedral layer
representing the a typical external
basal surface with a,b dimensions
of the unit cell depicted. c
Chemical structures of the 2:1
layered silicates studied here
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connect two tetrahedrons via edge sharing (Fig. 1b). Melt
synthesis yields platelets representing stacks of hundreds of
individual silicate layers with diameters exceeding 10 μm.
The edges of the platelets tangling OH-groups are located
and hence the edges carry a pH-dependent surface charge with
points of zero charge in the range 6–7. Additionally, natural
muscovite mica (M-mica) has been included as a ‘reference’
material.

The nominal layer charges as resulting from the average
composition of the unit cells for Na1.0, Na1.7, M-mica, and
Na4.0 were 1.0, 1.7, 2.0, and 4.0, respectively. These compo-
sitions cover a wide range of charge densities of the interlayer
and external basal surfaces. The effective charge densities of
the interlayers as derived from experimentally determined in-
terlayer concentrations and a,b-unit cell dimensions amount to
2.20 e/nm2, 3.06 e/nm2, 4.26 e/nm2, and 6.65 e/nm2 for Na1.0,
Na1.7, M-mica, and Na4.0, respectively. The charge density
of the last layer in the stack representing the external basal
planes is, however, only half of the values of these interlayer
charge densities. The diffuse layer properties of M-mica have
been determined extensively by electrokinetic techniques and
direct force measurements [28–36]. Thus, M-mica provides a
suitable “reference” to test the methodology applied in the
present study.

In order to immobilize those silicate platelets to a solid
substrate, it is sufficient to provide an oppositely charged sur-
face for physisorption (cf. Fig. 2a). Figure 2b shows an exem-
plary AFM-image of an immobilized Na1.0 platelet. The
platelet has an extension of more than 10 μm in both lateral
directions. Moreover, the platelets showed a low surface
roughness, albeit with a number of small terraces that bear
typically a thickness over several hundreds of nanometers.
The flatness of hectorite is further demonstrated by the inset
in Fig. 2b, which represents a 2-dimensional zoom-in on the

surface of the hectorite platelet. Themonolayer steps and large
areas without any corrugations are clearly visible. Similar low
surface roughness has been found for the other two types of
silicate platelets and freshly cleaved M-mica, respectively.

Direct force measurements

Figure 3 schematically outlines the general approach that has
been followed to determine the diffuse layer (DL) properties
of single hectorite platelets: firstly, the diffuse layer properties
of the colloidal probe have been obtained in a completely
symmetric system, namely in the sphere-sphere geometry be-
tween a silica colloidal probe and a silica particle sintered on a
flat transparent substrate (cf. Fig. 3a). This determination
provides the diffuse layer potential and charge regulation
parameter of the probe, which is a prerequisite for a quantita-
tive evaluation of force profiles as determined between differ-
ent silicates and comparable colloidal probes (asymmetric
combination). Secondly, the colloidal probe technique has
been used to determine the interaction force profiles on vari-
ous synthetic layered silicates and M-mica, respectively. Due
to the large diameter of the hectorite platelets, these measure-
ments can be considered as taking place in the sphere-plane
geometry (cf. Fig. 3b).

Determining the diffuse layer properties of the
colloidal probes

A quantitative analysis of direct force measurements between
two dissimilar surfaces requires the accurate knowledge of the
diffuse layer properties for one of the surfaces. Commonly,
the colloidal probe is the “known” surface and its properties
have been determined beforehand in a separate set of measure-
ments. Here, we used colloidal probes prepared by a sintering

Fig. 2 a Schematic representation of the immobilization of hectorite
platelets on a silane-modified glass surface. b AFM images of an
immobilized Na1.0 platelet. Both images have been acquired in

Tapping Mode in air under ambient conditions at room temperature with
a scan rate of 0.4 Hz (scan size of 20 × 20 μm2 and 5 × 5 μm2,
respectively)
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method, which provides a defined silica surface chemistry due
to the heat-treatment and an enhanced mechanical stability
without using any glue, which is prone to contaminations in
the system [50]. In order to determine their diffuse layer prop-
erties in a completely symmetric system, we performed mea-
surements in the sphere-sphere geometry [52, 53].

Figure 4 shows a representative force profile as acquired at
pH 5.5 and an ionic strength of 1.2 mM with a sintered col-
loidal probe (cf. inset of Fig. 4) and an immobilized colloidal
particle, respectively. Thus, the interaction geometry corre-
sponds to a symmetric sphere-sphere geometry. The interac-
tion forces as acquired during approach were averaged from
30 to 40 individual force profiles and have been normalized to
the effective radius Reff, which is given by 1/Reff = 1/R1 + 1/R2,
where R1 and R2 are the radii of the colloidal probe and the
immobilized particle, respectively. Such a normalization al-
lows to compare differently sized particle pairs and different
interaction geometries (sphere-sphere vs. sphere-plane). It is
based on the Derjaguin approximation, which relates the mea-
sured interaction forces F(D) at a separation D with the free
interaction energy W(D) between two infinitely extended
plates at the same separation by:

F Dð Þ ¼ 2πReff W Dð Þ

The interaction force profiles F(D) have been fitted to the
full-solutions of the Poisson-Boltzmann (PB) equation, in-
cluding the classical boundary conditions of constant charge
(CC) and constant potential (CP) [59–61]. These two

boundary conditions are represented by the dashed lines in
Fig. 4. Additionally, we included the constant regulation
(CR) approximation that takes the charge regulation between
the approaching surfaces into account [54]. For the latter, the
surface chemistry is summarized by means of the so-called
regulation parameter p that has typically values in the range
from 0 to 1. It can be shown that p = 0 corresponds to the
boundary of CP and p = 1 to CC, respectively [54].

At large separation distances D, which can be considered
here D > 20 nm, the solutions for the different boundary con-
ditions (CP, CC, and CR) coincide. In this regime, the inter-
action forces are decaying in an exponential manner and the
decay constant is given by the so-called Debye-length κ−1,
which is defined by

κ−1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ϵϵ0kBT
2NAe2I

r

where ϵϵ0 is the total permittivity of water, kBT is the thermal
energy of the system, NA is the Avogadro’s number, e is the
elementary charge, and I is the total ionic strength of the elec-
trolyte solution [59, 61].

From fits to the interaction forces in a completely symmet-
ric, i.e., between two silica particles (cf. Fig. 4), we obtain
diffuse layer potentials of ψd = − 50.3 ± 0.5 mV and a regula-
tion parameter of p = 0.74 ± 0.04. Both values fall in the range
reported also by other groups, albeit the regulation parameter
is slightly higher than reported elsewhere for silica particles in

Fig. 4 Exemplary force versus distance profile upon approach between a
silica colloidal probe and another colloidal silica particle immobilized on
a quartz slide. The force profile has been acquired at pH 5.5, I = 1.2 mM
and has been averaged from about 30–40 single force profiles. The solid
line indicates the fit to the full-solutions of the Poisson-Boltzmann (PB)
equation including the constant regulation approximation. By contrast,
the dashed lines represent the solution to classical boundary conditions of
constant charge (top) and constant potential (bottom), respectively. The
insert shows SEM picture of a typical colloidal probe

Fig. 3 Schematic illustration of the experimental approach to determine
the diffuse layer properties of single silicate platelets. a First, the diffuse
layer properties of the silica colloidal probe are obtained from direct force
measurements against another silica particle. b Second, the diffuse layer
properties of the different silicates are determined by direct force
measurements on the platelets using silica colloidal probes with known
diffuse layer properties
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KCl [62]. However, we find that the regulation parameter
scattered to a much larger extend than the diffuse layer poten-
tials of the silica particles used here, which have been heat-
treated during the sintering procedure [50, 63]. This treatment
does lead to a different surface chemistry [20]. We attribute
the scattering to the fact that the regulation is taking place for
small separation distances where additional factors, such as
surface roughness, play a stronger role [63–66]. However,
the diffuse layer properties are not critically dependent on
the regulation parameter as in this study only the interaction
forces at separation distances larger than κ−1 have been eval-
uated. Charge regulation is known to take place primarily at
separation distances < κ−1. The diffuse layer potential ψd de-
termined here is in good agreement with values reported in
other studies for silica particles under comparable conditions.

Direct force measurements on layered silicate
platelets

Figure 5a shows some exemplary interaction force profiles
acquired by a silica colloidal probe on individual layered sil-
icate platelets of varying charge densities. All force profiles
compiled in Fig. 5a have been obtained by the same colloidal
probe and under exactly the same electrolyte conditions (i.e.,
pH 5.5 and I = 1.2 mM). Moreover, it has been taken care to
measure the interaction forces at the center of the platelets.
Platelets with large lateral dimensions (i.e., > 10 μm) have
been specifically selected in order to exclude contributions
of the edges and the underlying substrate, which is oppositely
charged due to the aminosilane-modification. As mentioned
above, the solution pH of the measurements is slightly below
the point of zero charge of the edges. The edges will carry a
positive surface charge while the basal plane carries a perma-
nent pH-independent negative surface charge [12, 67]. As the
lateral dimensions of the platelets are much larger than the
interaction area, we nevertheless can safely assume that the
measured interaction is exclusively taking place in a sphere-
plane geometry, the latter represented by the external basal
surface.

Already a first qualitative examination of Fig. 5 shows that
the strength of the repulsive interaction varies significantly for
the different types of silicates: The force profiles show at
separation distances larger than 12–15 nm the same exponen-
tial decay constant as expected for the same ionic strength and
thus identical κ−1. Moreover, the repulsive nature of the inter-
action is in line with negative surface charges as expected for
phyllosilicates of the 2:1 structure family [1]. Thus, the vary-
ing strength of repulsion has to be attributed to different dif-
fuse layer potentials. The repulsion decreased in the order
Na1.0, Na1.7, and Na4.0. This order is, however, opposite
to expectations based on the interlayer charge within the plate-
lets. A quantitative evaluation based on fits to the full solu-
tions of the PB equation is given below, but the order of the

diffuse layer potentials is already evident from the force pro-
files shown here. At smaller separation distances, charge reg-
ulation leads to interaction forces that are falling between the
classical boundary conditions CC and CP. Only for Na4.0, we
find an additional repulsive force at separation distances
smaller than 5 nm. The absence of attractive forces at small
separation distances due to van der Waals forces is attributed
to the significant roughness of the silica particles [52, 63] and
has been reported previously for a variety of surface

Fig. 5 a Representative interaction force profiles between a silica
colloidal probe and the three different synthetic layered silicates Na1.0,
Na1.7, and Na4.0, respectively. Dashed lines represent the constant
charge and constant potential boundary conditions, while the solid lines
correspond to the fit of the data by constant regulation approximation. b
Diffuse layer potentials obtained from the fits to the full-solutions of the
Poisson-Boltzmann equation from interaction force profiles (cf. Fig. 5a)
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combinations, including cases where the second surface is
atomically flat on a local scale [66, 68].

The force profiles have been quantitatively evaluated by
fits to the full-solutions of the PB equation in an analogous
manner as for the silica particles (cf. Fig. 4). Again, the solid
lines in Fig. 5a indicate fits to the CR-approximation that
describes the measured interaction forces better, especially at
small separation distances. However, it has to be pointed out
that the fits are limited to separation distances larger than
20 nm and therefore the diffuse layer potentials obtained from
these fits are only weakly depending on the regulation behav-
ior of both surfaces involved [54, 55]. Figure 5b summarizes
the diffuse layer potentials as obtained for platelets of the
different types of charge density. The data shown in Fig. 5b
have been compiled from diffuse layer potentials acquired on
different silicate platelets (at least 3 each) and different colloi-
dal probes (at least two different), respectively. The obtained
diffuse layer potentials vary between the different types of
investigated silicates. The difference in the average values
are significant even despite the large standard deviations in
the diffuse layer potentials for each individual type of charge
density. Additionally, for comparison, the data obtained by
colloidal probe measurements onM-mica have been included.
This type of natural layered silicate has been well studied by
direct force measurements [28–30] as well as by electrokinetic
methods [31–36]. Most likely due to the pristine K+ counter
cation, as in contrast to Na+ for the synthetic layered silicates
used here, an offset in the absolute values is expected and the
DL potentials cannot be compared. M-mica rather is included
to validate our methods. Moreover, also a time dependence in
the zeta potentials has been reported previously [30, 34, 35],
which could be also observed here (cf. Fig. 5b). Within about
30 min, the DL potential, as determined by fits to the full
solutions of the PB equation increased by as much as
60 mV. The DL potentials of M-mica as observed here, are,
however, well in the range for the values reported previously
in literature validating our method [32, 36].Moreover, also the
time dependence of the diffuse layer potentials has been re-
ported previously [30, 36].

Variability of diffuse layer potentials

For all types of layered silicate studied here, we observed a
rather large variation in the diffuse layer potentials, which is in
the order of 15–25% of the average DL potential. The origin
of these large variations in diffuse layer potentials demands
further consideration, in particular in respect to the question if
the variations arise within each individual platelet or whether
it rather reflects differences between platelets. Figure 6a sum-
marizes the DL potentials measured for different positions of a
grid on a single platelet of Na1.0 in a so-called force-volume
plot. The different potentials obtained from full-fits to the PB-
equation are represented here by a grayscale. There is no clear

correlation for the position on the platelet and the observed
diffuse layer potential. It should be pointed out that due to the
featureless surface topography of platelets any topographic
influence cannot be made responsible for the observed varia-
tions. We find similar trends also for platelets of the other
types of layered silicates investigated. A set of measurements
comparing the intra-platelet variation with the inter-platelet
variation indicates that the observed variations have to be
attributed to a large extend to variations within each individual
platelet (cf. Fig. 6b).

Electrokinetic methods

In order to corroborate the counterintuitive sequence of the
diffuse layer potentials, which is just opposite to the one ex-
pected from the stochiometric interlayer charge, we utilized
two independent electrokinetic techniques: electrophoretic
mobility and streaming current detection. Measurement of
the electrophoretic mobility represents a standard technique,
also for clays [69], which allows to determine the so-called ζ-
potential [14]. This potential is directly related to the diffuse
layer potential as it corresponds to the latter at the plane of
shear of the liquid streaming around a particle while it is mov-
ing due to an externally applied electrical field [13, 14]. In the
case of sufficiently large particles and ionic strengths, the
Smoluchowski limit is given by κR > 100 [13, 14]. In the case
of platelets instead of spherical particles, this limit can never-
theless be utilized in an approximate manner provided that the
aspect ratio of the platelets is large enough and that the ionic
strength of the electrolyte solution is high enough. Therefore,
the ionic strength has been increased from 1.2 to 5 mM in
order to suppress, at least partially, geometric contributions
of the non-spherical shape of the platelets. Figure 7 a summa-
rizes the electrophoretic mobility μeff for the different types of
silicates. The same sequence for the electrophoretic mobility,
which is approximately proportional to the ζ-potential, has
been obtained for the different types of layered silicates. The
layered silicate with the lowest stoichiometric interlayer
charge density shows the highest mobility and vice versa. In
order to exclude that the dimensions of the platelets of the
different layered silicates have a significant influence on the
electrophoretic mobility, we utilized an additional electroki-
netic technique, the so-called streaming current detection.
This method detects the streaming current resulting from
platelets adsorbed to the hydrophobic surface from a stamp
cell while moving a piston [17, 18]. Hence, it is intrinsically
independent of the platelet dimension but only semi-
quantitative in terms of the streaming potentials retrieved. It
is used commonly to detect the iso-electric point of inorganic
suspension of non-spherical shape. Here, it can be used to
estimate the streaming potential of the different types of 2:1
layered silicates. By estimating the streaming potential from
the streaming current via a linear relation, we have been able
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to confirm also by this method the sequence Na1.0, Na1.7,
and Na4.0. Again, high ionic strengths have been necessary in
order to guarantee a sufficiently high bulk conductivity for the
streaming current [18, 19].

In Fig. 7b, the results from measurements by the different
techniques have been summarized. In order to allow for a
comparison, we assumed as 1st-order approximation a linear
relationship between electrophoretic mobility and zeta poten-
tial as well as between streaming current and streaming poten-
tial, respectively. Hence, all measurement data can be consid-
ered to some degree of accuracy as related to the “potential” of
the diffuse layer, albeit at different positions within the diffuse
layer. We normalized the respective values from the different
methods to those obtained for Na1.0, which has been set ar-
bitrarily to 1.0. It becomes obvious that independent of the
method and the solution ionic strength, the sequence of the
charging states for different types of 2:1 layered silcates in
solution remains constant (cf. guides to the eye in Fig. 7b).
Hence, we exclude at the present state that the inverse relation
between diffuse layer charge and stochiometric charge has to

be attributed to measurement errors. While the sequence for
the potential obtained does not change independently from the
technique used, we find no perfect quantitative match for the
normalized potentials of the 2:1 layered silicates. However, it
should be noted that due to the different ionic strength used for
the various analytical techniques, such a deviation would be
expected on base of the Grahame equation, which already in
its linearized form would stipulate a dependence of the poten-
tial on ionic strength by means of ψ = 2πκσ, where σ is the
diffuse layer charge density on the silicate platelet. The latter
can be assumed to be constant in a first order approximation.

Visualizing surface charge by adsorption ofmacroions

The adsorption of polyelectrolytes as macroions depends also
on the surface charging state of the collector surface [70, 71].
Due to their highly defined shape and low polydispersity
poly(amidoamine) (PAMAM) dendrimers are particularly
well suited for adsorption studies by AFM [38–40]. Here,
PAMAM dendrimers of generation G10 have been adsorbed

Fig. 6 a Force map composed
from 4 × 4 force vs. distance
curves acquired on an individual
Na1.0 platelet. The false color
scale has been attributed on base
of the diffuse layer potentials
(DL) determined from the fits to
PB-equation for the single force
profiles. b Comparison of DL
potentials acquired on individual
platelets of different layered sili-
cate types (Na1.0, Na1.7, and
Na4.0) at different positions

Fig. 7 a Electrophoretic mobility
of different types of layered
silicates as determined by micro-
electrophoresis. The dashed line
is a guide to the eye only. b
Comparison of the data obtained
by the different techniques (AFM
in green, electrophoretic mobility
in red and streaming current in
blue, respectively). The dashed
lines indicate guides to the eye. In
order to allow for a comparison,
we normalized the data obtained
by different values for the ones
obtained for Na1.0 to 1 (further
explanation is found in the text)
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to the external basal surface of the various types of layered
silicate platelets under the same conditions, i.e., pH 4 and I =
0.1 mM, as reported previously [40]. Figure 8 a shows an
image of the topography of PAMAM G10 dendrimers
adsorbed to a M-mica surface. The cross sections shown in
Fig. 8b illustrate the narrow size distribution and thus low
polydispersity for these dendritic structures. The observed di-
ameter is compatible with the dimensions reported previously.

It should be noted that the diameter in the AFM image is
convoluted with the shape of the AFM tip, thus, the
dendrimers appear broader. For the following calculations,
we used a diameter of 9.15 nm in the adsorbed state [40].

Figure 9 a illustrates the adsorption onto layered silicate
platelets immobilized to an amino-modified solid substrate
(cf. Fig. 9a). Figure 9 b shows in an exemplary manner an
AFM image for Na1.0, while Fig. 9c shows a single Na1.0

Fig. 9 a Schematic representation of a substrate with the immobilized
hectorite platelets on which the adsorption of dendrimers has been carried
out. b AFM image of bare Na1.0 platelets immobilized on an amino-
modified wafer before the adsorption. c AFM image of a single Na1.0
platelet after adsorption of PAMAM G10. The single dendrimers are
clearly visible. d, e Schematic representation of the influence of the

surface charge density on the adsorption process. According to the 3-
body RSA model, the adsorption of PAMAM dendrimers on higher
charged surfaces are expected to be higher (d) and thus showing a higher
surface coverage. Lower surface charge density (e) are expected to adsorb
smaller amounts as the inter-dendrimer repulsion is larger due to the
higher effective Debye-screening length (see images at bottom of d, e)

Fig. 8 a AFM image of the surface topography of PAMAM G10
dendrimers adsorbed to M-mica. The image has been acquired by
PeakForce Tapping mode in air. The white lines indicate the positions

where cross-sections have been taken. b Cross- sections illustrating the
narrow size distribution of PAMAM dendrimers used in this study. Each
color belongs to one cross section
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platelet covered with PAMAM G10 after the adsorption pro-
cedure. The single dendrimers can be easily distinguished on
flat parts of the platelet. The low fractional surface coverage is
characteristic for the adsorption of PAMAM dendrimers in a
highly charged state under low ionic strength conditions [40].
We could recently demonstrate that PAMAM dendrimers can
be also used due to their unique shape and molecular weight
distribution as probe for the surface chemistry of clay platelets
[72].

Three-body RSA

The adsorption of dendrimers to charged surfaces follows the
so-called 3-body RSAmodel, which takes also the electrostat-
ic influence of the collector surface into account. Thus, the
adsorption of dendrimers represents a versatile approach to
probe the surface charge density of the different surfaces
[58, 73, 74]. The adsorption can be also described quantita-
tively on base of an extended RSA model [73].

The adsorbed amount of PAMAM dendrimers represents
an additional, independent indicator to indirectly probe the
diffuse layer charge density of the 2:1 layered silicates:
According to the 3-body RSA model, the adsorption of
PAMAM dendrimers on higher charged surfaces should be
higher (cf. Fig. 9d, e inspired by ref. 58). The presence of more
counter ions near the highly charged interface leads to an
additional screening, which can be expressed by means of
an reduced effective Debye-length [58, 73]. The effective
screening length can then be utilized to provide a quantitative
description of the adsorption in terms of the extended RSA-
model as introduced by Adamczyk and coworkers [44]. Thus,
the 3-body model assumes a non-ideal collector-surface in
difference to the classical or extended RSA model. Thus, the
adsorbed amount or fractional surface coverage of PAMAM
dendrimers, easily accessible by AFM imaging (cf. Fig. 9c)
allows to probe the surface of layered silicate platelets. Due to
the large diameter of the platelets synthesized here, we can
easily determine the number density on areas as large as 1 ×
1 μm2 that are well separated from the platelet’s edges.

Figure 10 a and b shows exemplary images of PAMAM
dendrimers G10 adsorbed on Na1.0 and Na1.7 platelets, re-
spectively. The adsorption has been carried out at pH 4.0 and
an ionic strength I = 0.1 mM. The image size of 1 × 1 μm2

only represents a small area of the respective silicate platelets.
For comparison, we additionally imaged the dendrimers on a
cm-sized sample of M-mica (cf. Fig. 8c). Based on at least 5
different platelets of Na1.0 and Na1.7, respectively, and at
least two independent adsorption experiments, we obtained
the surface coverages summarized in Table 1.

Again counterintuitive and opposite to expectations but in
line with the measurement of the DL properties, the
dendrimer adsorption experiments showed that the silicate
platelets with the higher stoichiometric interlayer charge den-
sity behave as if they have a lower surface charge density.
Thus, the adsorbed amount of PAMAM G10 on Na1.7 is
about 40% lower than for Na1.0. The adsorbed amount on
M-mica is slightly higher than for Na1.7 and thus follows
the order observed in the DL properties. Moreover, we find
that for M-mica the fractional surface coverage is in very good
agreement with previously published results under the same
adsorption conditions.

Conclusions

The colloidal probe technique based on the AFM is an ana-
lytical technique that allows to probe the diffuse layer proper-
ties of clays on the single platelet level. In difference to elec-
trokinetic techniques, it is not necessary to make additional
assumptions about the plane of shear as the full interaction

Fig. 10 PeakForce Tapping Mode AFM images of different types of adsorbed PAMAM dendrimers on a Na1.0, b Na1.7, and cM-mica, respectively.
Such images have been used to determine the number density for the different layered silicates (cf. Table 1)

Table 1 Surface coverage with PAMAM for the different surfaces

Na1.0 Na1.7 M-mica

Number PAMAM per μm2 523 ± 11 300 ± 16 451 ± 4

Fractional coverage θ 0.138 0.079 0.119
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potential is measured.Moreover, despite the micrometer-sized
colloidal probes, it is still possible to determine the diffuse
layer properties in a laterally resolved manner and thereby to
address questions like the heterogeneity of the charge distri-
bution on single platelets.

Here, we studied three purposely synthesized types of 2:1
layered silicates with large platelet diameters. The most im-
portant finding of this study is that the stochiometric interlayer
charge does not correspond to the diffuse layer charge as de-
termined by the colloidal probe technique and two different
electrokinetic methods. We attribute this difference to the ad-
sorption of ions onto the silicate surface. These ions are tightly
bound in the Stern layer. Similar mechanisms have been re-
ported previously [37, 67]. This effective diffuse layer poten-
tial is also the one responsible for the adsorption of polyelec-
trolytes as we could demonstrate by the adsorption of highly
defined PAMAM dendrimers. The findings are of high rele-
vance especially for a rational understanding of the design and
processing of composite materials, for example in relation to
their rheological properties [2, 75].
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