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An experimental procedure is presented to order kaolinite particles on substrates for interrogation of the
two basal plane surfaces by atomic force microscopy. Surface force measurements were performed
between a silicon nitride tip and each of the two faces (silica tetrahedral face and alumina octahedral
face) of kaolinite in 1 mM KCl solution at pH 4, 5, 6, 8 and 10, using atomic force microscopy. The colloidal
force measurements reveal that the silica tetrahedral face of kaolinite is negatively charged at pH > 4,
whereas the alumina octahedral face of kaolinite is positively charged at pH < 6, and negatively charged
at pH > 8. Such measurements have not been reported previously and the results suggest that the iso-
electric point of the silica tetrahedral face is at pH < 4, and that the iso-electric point of the alumina octa-
hedral face lies between pH 6 and 8. These results contradict the generally accepted view that basal plane
surfaces of kaolinite carry a permanent negative charge due to minor substitution of Al3+ for Si4+ in the
silica tetrahedral layer, and suggest some surface charge dependency of the two faces with respect to
solution pH. With this new information it may be possible to further explain the electrokinetic behavior
of kaolinite particles, and their interactions in aqueous suspensions.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The interaction of kaolinite [Al2Si2O5(OH)4] particles is of par-
ticular importance in widespread applications, e.g., in ceramics,
in the manufacture of paper (as a coating, pigment, and filler), in
inks and paints (as an extender), and as an additive in the produc-
tion of rubber and polymers [1–3]. Newer applications of kaolinite
include its use as a raw material in the production of fiberglass,
calcined kaolins, cosmetics and pharmaceuticals [2]. Kaolinite nat-
urally exists as micron-to-nanosized, pseudo-hexagonal, platy-
shaped, thin particles. The behavior of these nanosized kaolinite
particles in suspensions, pastes, and composite materials is con-
trolled by surface chemistry features. Analysis of the surface chem-
istry features, such as electrokinetic phenomena, is complicated by
the anisotropic, platy structure of the particles which manifests it-
self in edge surfaces and face surfaces. Even more so, the mineral
structure suggests that there should be two types of surface faces
defined by the 0 0 1 and the 00 �1 basal planes. In this way, one face
should be described by a silica tetrahedral layer and the other face
should be described by an aluminum hydroxide (alumina) octahe-
dral layer as shown in Fig. 1.

It is believed that the basal planes of kaolinite carry a perma-
nent negative charge due to isomorphous substitution of Al3+ for
Si4+ in the silica tetrahedral, and Mg2+ for Al3+ in the alumina octa-
hedral layer, whereas the edge surface carries a positive or nega-
ll rights reserved.
tive charge depending on the pH of the system. Therefore, it is
commonly assumed that the basal planes do not show a surface
charge dependency with varying pH. However, this assumption
has never been verified due to the difficulty in isolating the two
faces of kaolinite (silica tetrahedral and alumina octahedral faces),
and the lack of instrumentation to investigate the two faces when
dealing with nanosized particles.

Limited research has been reported on the experimental charac-
terization of these face surfaces, if the faces can even be distin-
guished from one another for that matter [4]. Frequently, the
surface potential and/or surface charge of the kaolinite particles
as measured by electrophoresis are reported in the literature [4–
8]. It is evident, however, that the electrophoretic measurement
does not take into consideration the particle shape and the struc-
tural anisotropic characteristics. In fact, it is not exactly clear what
the measured electrophoretic mobility of kaolinite represents.

A few studies have reported the averaged FTIR spectra of both
faces of kaolinite [3,9–11]. Recent developments of advanced
analytical techniques (XPS – X-ray photoelectron spectroscopy,
LEISS – Low energy ion scattering spectroscopy, and ToF-SIMS –
Time of flight-secondary ions mass spectroscopy) seem promising
to facilitate investigation of the two faces of kaolinite provided the
particles can be oriented, and that the instrumentation is suffi-
ciently surface sensitive to collect signals from just the very first
layer. For example, a recent study attempted ToF-SIMS analysis
to study the talc surface [12]. However, these results were aver-
aged over a few layers of talc. Recently, many researchers have
used scanning electron microscopy (SEM) [13,14], transmission
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Fig. 1. Side view (A) and top view (B) of kaolinite (0 0 1) surface structure. The silica tetrahedra (red: oxygen, blue: silicon) and alumina octahedra (yellow: aluminum, green:
hydroxyl) bilayers thought to be bound together via hydrogen bonding are illustrated in (A). (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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electron microscopy (TEM) [15,16] and atomic force microscopy
(AFM) [13,17,18] as imaging tools to characterize particle shape
and morphology.

It is now well established that AFM instrumentation can also be
used to measure surface forces between the cantilever probe/tip
and a selected substrate. In this regard, an experimental procedure
has been developed to organize a set of well ordered, nanosized
kaolinite particles for in situ AFM surface force measurements, fol-
lowing the approach of Drelich et al. [19] where they have prefer-
entially deposited silica nanoparticles on an alumina substrate, and
alumina nanoparticles on a silica substrate for AFM investigation.
The significance of these AFM surface force measurements is that
the electrokinetic characteristics of the face surfaces of nanosized
kaolinite particles can be described following earlier research in
which the cantilever probe/tip is used as a reference state to estab-
lish the electrokinetic features of a flat surface. Such measure-
ments have been reported for alumina [20–23] and for fluorite
[24].

The objective of this paper is twofold, (1) to describe an exper-
imental procedure to order kaolinite particles so that a selected
face is exposed for in situ examination, and (2) to characterize
the two faces of kaolinite (the silica face and the alumina face)
by surface force measurements using AFM. In order to order kao-
linite particles with the silica face exposed, a negatively charged
glass-substrate is used so that the alumina face might attach to
the glass-substrate as shown in Fig. 2. In contrast, to expose the
_ _ _ _ _ _ _ _ _ _ _ + + + + + + + + + + + +
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Fig. 2. Schematic representation for the organization and ordering of kaolinite
particles.
alumina face of the kaolinite particles a positively charged fused
alumina-substrate is used so that the silica face will attach to the
fused alumina-substrate as shown in Fig. 2.
2. Materials and methods

2.1. Sample preparation

A clean English kaolin (Imery Inc., UK) was obtained from the St.
Austell area in Cornwall, UK. The sample was cleaned with water
only using elutriation to achieve classification at a size of less than
2 lm. No other chemical treatment was done. Further details about
the kaolinite extraction and preparation are given in the literature
[25]. The kaolinite was used as-received in this research. The kao-
linite suspension (1000 ppm) was prepared in high purity Milli-Q
water (Millipore Inc.). The resistivity of the water was above
18 MX-cm in all experiments. Potassium chloride (1 mM solution)
was used as the background electrolyte for surface force measure-
ments. The pH was adjusted to its desired value using 0.1 M HCl or
0.1 M KOH solutions. All chemicals used were of ACS grade.

XRD analysis conducted on the kaolinite sample confirmed that
the kaolinite is the dominant mineral phase. EDAX analysis of the
kaolinite sample showed nearly 1:1 atomic distribution of alumi-
num (7.98%) and silicon (7.95%) with trace amounts of potassium
(0.35%), calcium (0.08%) and iron (0.15%).

2.2. Substrate preparation

Two substrates – a microscopic glass slide (Fisher Scientific Inc.)
and a fused alumina-substrate (Red Optronics, Mountain View,
CA), were used to order the kaolinite particles. Two cut pieces of
a microscopic glass slide (10 � 10 � 0.5 mm) were cleaned follow-
ing the SC1 procedure [26]. Briefly, the glass piece was cleaned in
5:1:1 mix of H2O:NH4OH:H2O2 solution, at 80 �C for 20 min, fol-
lowed by rinsing with a copious amount of high purity Milli-Q
water, and dried with ultra high purity N2 gas. On one glass-sub-
strate, a drop of kaolinite suspension at pH of 7.50 was air-dried
overnight in a petri-dish cover. A second glass-substrate was pre-
pared in the same way without kaolinite and used as reference
(referred to as glass-substrate) for surface force measurements.
Two fused alumina-substrates were prepared by cleaning in 10%
micro-90 solution at 85 �C for 3 h, followed by rinsing with a copi-
ous amount of high purity Milli-Q water. The alumina substrates
were sonicated in 1% NaOH solution for 10 min to remove excess



Fig. 3. SEM images of silicon nitride tip (A) oblique view at low magnification, (B) plan view of pyramidal tip at high magnification (indicated by arrow).
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surfactant, rinsed with a copious amount of high purity Milli-Q
water, and finally blown dry with ultra high purity N2 gas. A few
drops of kaolinite suspension (1000 ppm) at pH of 5 were air-dried
overnight on the one alumina substrate in a petri-dish cover,
whereas the second alumina substrate was used as reference (re-
ferred to as fused alumina-substrate) for the surface force mea-
surements. All substrates were attached to a standard sample
puck for the surface force measurement using double-sided tape.
The fused alumina-substrate was cleaned in ultra-violet light clea-
ner (Bioforce Nanoscience Inc., IA) for 10 min just before surface
force measurements. Kaolinite particles attached to glass and alu-
mina substrates were each sonicated for 1 min in Milli-Q water to
remove loosely adhered kaolinite particles, washed with Mill-Q
water, and gently blown with N2 gas before AFM surface force
measurements.
R

D

L

r

α
β

Substrate

Tip

Fig. 4. Diagram showing the conical end portion of the silicon nitride tip with a
spherical cap. Angles a and b are the geometrical angle of the spherical cap at the tip
apex and conical tip, respectively, with a + b = 90�. D is the separation distance from
the tip end to the substrate. L is the distance between a differential surface section
of the tip and the substrate, r is the radius of the tip at a given vertical position, R is
the radius of the spherical cap at the tip apex.
2.3. Atomic force microscopy

A picoforce AFM with Nanoscope V controller (Veeco Instru-
ments Inc., Santa Barbara, CA) was used with a PF-type scanner de-
signed for picoforce measurements. Triangular beam silicon nitride
(Si3N4) cantilevers (Veeco Instruments Inc., Santa Barbara, CA),
having pyramid-shaped tips with spring constants of about
0.15 N/m were used. The spring constant was determined using
the thermal tuning method provided in Nanoscope v 7.20 software.
The spring constants were determined after all the force measure-
ments were made. Prior to force measurements, the tip curvature
and the conical angle of the pyramid-shaped tip (Fig. 3) were
determined from the images captured with a field emission scan-
ning electron microscope (FEI, Hillsboro, Oregon). SEM images
were taken after the cantilever was glued with a carbon tape on
the tilted specimen stage to capture the side view of the top-por-
tion of the tip as shown in Fig. 3. The tip apex curvature was deter-
mined by fitting two circles to the curvature of the tip. The radii of
the two circles were determined, and an average value of the two
radii representing the tip curvature, was calculated.

The force measurements were made in 1 mM KCl solution at pH
4, 5, 6, 8 and 10 using the picoforce AFM equipped with a fluid cell.
First, an image of the substrate with or without particles was ob-
tained, and then using the point and shoot feature of the Nano-
scope software the surface forces of particles and substrates were
measured. The contact mode of operation was used to obtain
images of the surface. The raw data (deflection in volts versus dis-
tance in nanometers) were then corrected for the baseline (zero
force, i.e., when the silicon nitride tip is far away from the sub-
strate) and constant compliance to convert into force versus sepa-
ration distance curves [27]. At least 50 force measurements were
made on glass and alumina substrates at 10 random locations with
5 repetitions at any given location. More than 75 surface force
measurements were made on 15 different kaolinite particles at-
tached to each glass and alumina substrate. The force measure-
ments were made on kaolinite particles which are at least 2–3
times larger than the cantilever tip to minimize the influence of
the substrate. All the force measurements were performed at a
scan rate of 1 Hz and captured at a resolution of 512 points/mea-
surement. Approach force curves (when the cantilever is approach-
ing the substrate or the particles) were analyzed to determine the
colloidal interaction forces between the silicon nitride tip and the
substrate. Maximum repulsive forces were recorded just before
the silicon nitride tip jumps-in contact to the substrate. The inter-
action range between the silicon nitride tip and the substrate were
determined when the repulsive or attractive forces (from their
maximum value) were within the 10% of the zero force. Zero force
was determined from the average of 100 force data points when
the cantilever is far from the substrate.

2.4. DLVO (Derjaguin-Landau-Verwey-Overbeek) Model

The cantilevers used for the surface force measurements have
pyramidal-shaped silicon nitride tips. The shape of the tips can
be reasonably approximated as conical with a spherical cap at its
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apex (see Fig. 4). The DLVO theory accounts for electrostatic and
van der Waals (vdW) forces that may be of significance between
the silicon nitride tip and the substrate or kaolinite particle faces.
The derivation of the DLVO theory for a pyramidal-shaped tip
and a flat substrate is given in the literature [28], and only the final
equations are listed below:

FDLVO ¼ FElectrostatic þ FvdW

van der Waals force:

FvdW ¼ A
6
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L1 ¼ Dþ Rð1� cos aÞ; a0 ¼ jR� 1; a1 ¼ jR cos a� 1; a2

¼ a0 þ 0:5; a3 ¼ a1 þ 0:5

a and b are the geometrical angles of the spherical cap at the tip
apex and the conical tip, respectively, with a + b = 90�. D is the sep-
aration distance from the tip end to the substrate. L is the distance
between a differential surface section of the tip and the substrate, r
is the radius of the tip at a given vertical position, R is the radius of
the spherical cap at the tip apex, e is the dielectric constant of the
solution in this system, e0 is the permittivity of a vacuum, j�1 is
the Debye length, w is the surface potential, A is combined Hamaker
constant of the tip-solution-substrate system, and subscripts S and
T refer to substrate and tip, respectively.

With these equations (Eqs. (1) and (2)), the DLVO model (con-
stant potential) was fitted to the experimental force curves obtained
between a silicon nitride tip and the substrates (the glass-substrate
and the fused alumina-substrate) or the two faces of kaolinite
particles (the silica tetrahedral face and the alumina octahedral
face). The surface potential of the silicon nitride tip at varying pH
was taken from the literature [29]. The surface potential of the sub-
strates or each of the two faces of kaolinite was estimated by
matching the DLVO model to the experimental force curves. The
parameters used for the DLVO model are: R = 120 nm, b = 36.5�,
Asilicon-nitride = 1.62 � 10�19 J [29], AKaolinite = 6.80 � 10�20 J [30],
Aalumina = 1.52 x 10�19 J, Aglass = 6.50 � 10�20 J, and Awater = 3.70 �
10�20 J [31]. The surface potential was then converted to surface
charge density (r) using the Grahame equation as follows:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8c0e0ekBT

p
� sinh

ew
2kBT

� �
ð3Þ

where c0 is the bulk ion-number concentration of the salt, kB is the
Boltzmann constant, e is the electronic charge, and T is the absolute
temperature.
3. Results and discussion

3.1. Interaction forces at reference substrates

AFM images of the glass and fused alumina-substrates are
shown in Fig. 5. The root-mean-square surface roughness values
for the glass and fused alumina-substrates were determined as
0.37 nm and 0.34 nm, respectively. The interaction forces between
the silicon nitride tip and the glass and the fused alumina-sub-
strates are shown in Fig. 6. The iso-electric point (pH at which
the surface carries zero net electric charge) of the silicon nitride
tip as determined from the interaction between a silicon nitride
tip and a silicon nitride wafer was taken as pH 4 [29]. Therefore,
silicon nitride is expected to be negatively charged at pH > 4,
though, a few studies have reported an iso-electric point of silicon
nitride in between pH 5–7, depending on the treatment of the sur-
face [32–34].

Five force curves are shown for each pH value of interest to
establish the good reproducibility between the experimental force
curves (see Fig. 6). A 10–20% variation in the magnitude of colloidal
forces is commonly observed in AFM studies [28]. As expected,
repulsive interactions dominate between the silicon nitride tip
and the glass-substrate at all pH > 4 (see Fig. 6 and Table 1). At
least 50 force curves were analyzed at any given pH of the system,
unless otherwise stated. The magnitude of repulsive forces (indi-
cated by positive forces) increased by a factor of 5 (+0.24 to
+1.22 nN) with increasing pH from 4 to 8, in good agreement with
the DLVO theory. At pH 10, a slight reduction in the repulsive
forces to +0.94 nN was observed, which may be related to the dis-
solution of glass at higher pH. At distances >2 nm, the long-range
electrostatic double layer repulsion dominates the interaction be-
tween a silicon nitride tip and the glass-substrate which extend
up to 20–30 nm with increasing pH values. At distances <2 nm,
the snap-in contact between the silicon nitride tip and the glass-
substrate was observed due to short-range van der Waals attrac-
tion. The van der Waals force is attractive and this dominant force
causes the snap-in contact between the silicon nitride tip and the
glass-substrate. At these distances, electrostatic repulsion is the
dominant interaction compared to short-range interaction due to
van der Waals hydration and solvation forces which are negligible.
The interaction range between a silicon nitride tip and the glass-
substrate was nearly constant to 22–28 nm at all pH values (Ta-
ble 1). The colloidal interaction forces indicate that the iso-electric
point of the glass-substrate is at a pH value <4. This is in good
agreement with the iso-electric point of pH 3.5 for glass as re-
ported in the literature [35]. A few researchers have also deter-
mined the iso-electric point of a silica surface using AFM surface
force measurement considering silica as the substrate or the probe
attached to the cantilever. Raiteri et al. [36] found that SiO2 films
(>100 nm thick) had an iso-electric point of pH 3.5 as determined
by surface force measurements under similar solution chemistry
conditions. Sokolov et al. [34] also determined the iso-electric
point of silica at less than pH 4.0 from the surface force measure-
ments between a silica probe and a polyurethane substrate.

In contrast to the glass-substrate, attractive interaction domi-
nates between a silicon nitride tip and the fused alumina-substrate
at pH < 6, whereas repulsive interactions were observed at pH 8
and 10 (see Fig. 6 and Table 1). At pH < 6, the attractive forces
(indicated by negative sign in forces) dominated by electrostatic
attraction between a silicon nitride tip and the fused alumina-sub-
strate decreased by a factor of 4 (�0.49 nN to �0.12 nN) with
increasing pH from 4 to 6, whereas electrostatic repulsive forces
of the order of 0.30 nN were observed at pH 8 and 10. Again, a good
fit between experimental force curves and the DLVO theory was
observed at all pH values. There is no significant dependence of
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interaction range on solution pH (Table 1), though short-range
attractive interaction was observed at pH 6. The force curves indi-
cate that the iso-electric point of fused alumina-substrate is be-
tween pH 6 and 8, in good agreement with the iso-electric point
of alumina at pH 7–9 as reported in the literature [35,37]. Similar
to our finding, Veeramasuneni et al. [20] and Yalamanchili et al.
[22] also observed such similar trends in surface force measure-
ments between the silica probe and the a-alumina substrate, i.e.,
attractive interaction at pH 5.5, 6.4 and 8.6, and repulsive interac-
tion at pH 10.2 and 10.8, in de-ionized water adjusted to different
pH values. However, they observed over one order of magnitude
larger surface forces between the silica probe and the a-alumina
substrate, which could be related to differences in the probe size
and composition (4.8 lm silica probe used in their work versus
120 nm silicon nitride tip used in this work). In research reported
by Hupka [37] the repulsive force between a 1 lm silica sphere
and a flat surface was found to increase by a factor of about 5 when
the silica sphere colloidal probe was increased to 20 lm in
diameter.

3.2. Interaction forces at kaolinite faces

The two faces of kaolinite are the silica face (0 0 1 basal plane)
and the alumina face (00 �1 basal plane), as discussed in the intro-
duction. Therefore, it is expected that the 0 0 1 face of kaolinite will
behave like the glass-substrate, and will be negatively charged at
pH > 4.0. Also, it is expected that the 00 �1 face of kaolinite will be-
have like the fused alumina-substrate, and will be positively
charged at pH < 6.0 and negatively charged at pH 8.0 and 10.0. In
this way, kaolinite particles which attach to the glass-substrate
FGlass-Substrate
A2A1

B2B1

Fig. 5. Topographic height images of glass-substrate (A1 and B1 above) and fused alum
mode. The white cross-bars on the A1 and A2 images show the location where force m
will expose the 0 0 1 face (silica tetrahedral layer) and the kaolinite
particles which attach to the fused alumina-substrate will expose
the 00 �1 face (alumina octahedral layer) to the silicon nitride tip
(see Fig. 2).

The topographic images of kaolinite particles on glass and fused
alumina-substrates are shown in Fig. 7. Both the images confirm
the pseudo-hexagonal shape and platy features of the kaolinite
particles. Kaolinite particles consist of several layers of the silica–
alumina bilayers, though in some images single bilayers of kaolin-
ite (0.7 nm thick) were also observed (images not shown). The
interaction forces between the silicon nitride tip and the two faces
of kaolinite are shown in Fig. 8. Again, a good reproducibility of
force curves is shown by five replicates performed on different
particles. Similar to a glass-substrate, when the silica tetrahedral
layer of kaolinite is exposed a repulsive interaction dominates be-
tween the silicon nitride tip and the 0 0 1 face of kaolinite at all pH
values, which indicates an iso-electric point of pH < 4 for the silica
face of kaolinite The long-range electrostatic repulsive forces be-
tween the silicon nitride tip and the silica face of kaolinite fit well
with the DLVO model. The magnitude of electrostatic repulsion in-
creased nearly over a magnitude from 0.15 to 1.28 nN with
increasing pH. This is an interesting result as an increase in nearly
over a magnitude repulsive force could not be explained solely by
the increasing surface potential and/or surface charge density of
silicon nitride tip with increasing pH. This suggests some contribu-
tion from the pH-dependent surface charge density sites on the sil-
ica tetrahedral layer of kaolinite and contradicts the assumption
that the silica tetrahedral face of kaolinite carries a permanent neg-
ative charge and does not show a dependency on pH. Note that the
traditional position accounts for the negative charge due to minor
used Alumina-Substrate

ina-substrate (A2 and B2), as obtained by AFM using a silicon nitride tip in contact
easurement between the silicon nitride tip and the substrate were performed.



Fig. 6. Interaction forces measured between a silicon nitride tip and the glass-substrate (left), and the fused alumina-substrate (right) in 1 mM KCl solution at increasing pH.
Five replicates (red circles) of force curves at different locations on the substrate along with DLVO fit (black-line) are shown. (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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substitution of Al3+ for Si3+ in the silica tetrahedral layer and does
not account for the possibility of broken bonds which may explain
some surface charge dependency on pH variation. The interaction
range between a silicon nitride tip and the silica face of kaolinite
does not change appreciably with increasing pH, in agreement
with the results obtained on the glass-substrate (Table 2).



Table 1
Experimental interaction forces and the interaction range measured between a silicon
nitride tip and the substrates.

pH Glass-Substrate Fused alumina-substrate

Force (nN) Range (nm) Force (nN) Range (nm)

4 +0.241 ± 0.087 22.30 ± 4.51 �0.486 ± 0.286 11.81 ± 9.16
5 +0.562 ± 0.082 28.08 ± 3.83 �0.272 ± 0.097 17.49 ± 4.00
6 +0.538 ± 0.211 27.09 ± 6.05 �0.119 ± 0.060 2.73 ± 1.08
8 +1.226 ± 0.347 28.40 ± 5.58 +0.303 ± 0.057 24.33 ± 3.94

10 +0.943 ± 0.195 28.05 ± 3.86 +0.281 ± 0.036 19.03 ± 3.71

Note that the average ± standard deviations were calculated from 50 experimental
forces between a silicon nitride tip and the substrates at 10 different locations with
5 repetitions at any given location. Positive and negative forces indicate repulsion
and attraction, respectively.
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Similar to the pH dependency of our AFM measurements and
our calculated surface densities for the basal planes of kaolinite,
Zhou and Gunter [38] observed that the surface charge of kaolinite
particles determined from potentiometric titration are over one or-
der of magnitude greater than can be predicted by varying the sur-
face site concentration on the edge faces of kaolinite. Even, adding
the structural charge of kaolinite particles determined from the
cationic exchange capacity in acidic solutions [39] does not match
the surface charge density determined from the potentiometric
titration, which led the authors to conclude that ‘‘basal faces of
kaolinite are ionizable in aqueous solutions”.

As expected, the interaction forces obtained on the silica face of
kaolinite are comparable to that obtained on the glass-substrate
with slightly decreased forces on the silica face of kaolinite at pH
ASilica Face of Kaolinite
A1 A

BB1

Fig. 7. Topographic height images of kaolinite particles deposited on glass (left) and fuse
tip in the contact mode. The white cross-bars on A1 and A2 images show the locations wh
4 and 10, and slightly increased forces at pH 5, 6 and 8. It should
be noted that the glass-substrate is mainly composed of SiO2 be-
side other metals oxides such as Na2O, CaO, MgO, Fe2O3/FeO,
K2O, and A12O3 [40], whereas the silica face of kaolinite is com-
posed of SiO2 only. These slight variations in the magnitude of
repulsive forces are expected from the difference in the composi-
tion of the glass-substrate and the silica face of kaolinite.

In contrast to the silica tetrahedral face of kaolinite, attractive
interaction dominates between a silicon nitride tip and the alu-
mina octahedral face of kaolinite at pH 4, 5 and 6. At higher pH
of 8 and 10, repulsive interactions were observed. The attractive
interaction forces only decreased by a factor of 1.5 (�0.31 to
�0.22 nN) with increasing pH from 4 to 6, and turned repulsive
to +0.57 nN at pH 8 and +0.26 nN at pH 10 (Table 2). The range
of interaction also decreased from 10 nm to 4.5 nm with increasing
pH from 4 to 6, and remains constant at 12 nm at higher pH of 8
and 10. The force curves seem to be in accordance with the DLVO
theory, as shown in Fig. 8. These results suggest that the iso-elec-
tric point of the alumina face of kaolinite (00 �1 basal plane) lies be-
tween pH 6 and 8. The force curves on the alumina face of kaolinite
and the fused alumina-substrate are comparable, and of the similar
magnitude.

Interestingly, at pH 4 the attractive force field of the alumina
face of kaolinite (�0.30 nN) is greater than the repulsive force field
of the silica face (+0.15 nN), whereas at pH > 5 the repulsive force
field of the silica face dominates over the attractive force field of
the alumina face (the magnitude of the repulsive force on the silica
face is greater than the attractive force on the alumina face of kao-
linite). Also, the long range of electrostatic repulsion on the silica
face is significantly greater (by at least 10 nm) than the range of
lumina Face of Kaolinite
2

2

d alumina (right) substrates respectively, as obtained by AFM using a silicon nitride
ere the forces between the silicon nitride tip and the kaolinite faces were measured.



Fig. 8. Interaction forces measured between a silicon nitride tip and silica tetrahedral face (left), and alumina octahedral face (right) of kaolinite in 1 mM KCl solution at
increasing pH. Five replicates (red circles) of force curves on different particles along with DLVO fit (black-line) curves are shown. (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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electrostatic attraction for the alumina face of kaolinite. This im-
plies that the repulsive force field on the silica face starts to have
a significant influence at greater separation distances, and domi-
nates over the attractive force field from the alumina face of kao-
linite at pH > 5. Hypothetically, if we ignore any contribution
from the edge surfaces of the kaolinite particles, then it can be said
from the combined interaction of the silica and the alumina faces
of kaolinite, that kaolinite particles will be positively charged at



Table 2
Experimental interaction forces and the interaction range measured between a silicon
nitride tip and the two faces of kaolinite.

pH Silica face of kaolinite alumina face of kaolinite

Force (nN) Range (nm) Force (nN) Range (nm)

4 +0.147 ± 0.073 20.85 ± 3.57 �0.308 ± 0.102 12.47 ± 5.67
5 +0.817 ± 0.168 25.24 ± 2.58 �0.406 ± 0.084 6.71 ± 2.42
6 +0.667 ± 0.183 30.05 ± 5.99 �0.217 ± 0.049 4.91 ± 1.36
8 +1.282 ± 0.296 20.80 ± 3.05 +0.568 ± 0.099 12.15 ± 1.51

10 +0.604 ± 0.070 23.63 ± 4.20 +0.263 ± 0.033 17.05 ± 8.08

Note that the average ± standard deviations were calculated from 50 experimental
forces on at least 10 different particles, with five measurements at one location on
each particle.
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pH 4, and will be negatively charged at pH > 5. It is commonly ac-
cepted that edge surfaces of kaolinite contain a pH-dependent sur-
face charge due to broken silica and alumina bonds with an iso-
electric point at neutral pH of 7. In this way, the iso-electric point
of kaolinite can be determined from the combined silica tetrahe-
dral face and the alumina octahedral face along with the edge con-
tribution. Such analysis is currently under investigation.
Nevertheless, the present work on the surface force measurements
demonstrates that the two faces of kaolinite – the silica face and
the alumina face – differ significantly in their surface chemistry
characteristics.
3.3. Surface potential and surface charge

The surface potentials and surface charge densities determined
from the DLVO fits to the experimental force curves on the
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Fig. 10. Surface potential and surface charge density of the silica face (A
glass-substrate and the fused alumina-substrate are shown in
Fig. 9. Zeta-potential values of silica and alumina particles as deter-
mined by electrophoresis are also shown in Fig. 9 [35]. The surface
potential of the silicon–nitride tip varied from �25 to �75 mV with
increasing pH from 4 to 10. The surface potential of the glass-sub-
strate varied from �56 to �92 mV with increasing pH from 4 to 8
and slightly decreased to �77 mV at pH 10. In contrast, the surface
potential of the fused alumina-substrate varied from +60 to
�39 mV with increasing pH from 4 to 10. The surface potentials
of the glass-substrate as estimated from surface force measure-
ments are in reasonably good agreement with the zeta-potential
of silica particles as determined by electrophoresis. Whereas, the
surface potential values of fused alumina-substrate estimated from
surface force measurements are somewhat lower than the zeta-po-
tential of alumina particles determined by electrophoresis. This
difference may be related to the purity of the fused alumina-sub-
strate versus that of the alumina particles.

Fig. 10 shows the surface potential and the surface charge den-
sity of the two faces of kaolinite (the silica face and the alumina
face) estimated from surface force measurement via DLVO model
fitting. For the first time, we are presenting here that the surface
potential and/or surface charge of the silica tetrahedral face and
the alumina octahedral face of the kaolinite particles are depen-
dant on solution pH (see Fig. 10), as opposed to the existing belief
that the two faces of kaolinite carry a fixed negative structural
charge. Furthermore, the alumina octahedral face of kaolinite
shows an iso-electric point in between pH 6 and 8, whereas the sil-
ica tetrahedral face of kaolinite shows an iso-electric point at
pH < 4. The surface potential of the alumina octahedral face varied
from +50 to �37 mV with increasing pH from 4 to 10, whereas the
silica tetrahedral face showed negative surface potential over the
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entire pH range, which varied from �36 to �67 mV with increasing
pH from 4 to 8, and a slight decrease at pH 10. This new informa-
tion should be helpful to explain the electrokinetics of kaolinite.
Further research is in progress to accommodate the surface charge
of the edge surfaces and the two basal plane surfaces to better
understand the electrokinetic behavior of kaolinite particles.

4. Summary

The electrokinetic characteristics of kaolinite are typically con-
sidered based on electrophoretic measurements. It is evident that
the electrophoretic measurements are compromised by the shape
and anisotropic character of kaolinite particles and do not reveal
too much surface chemistry detail. The present work describes a
procedure to expose the two faces of kaolinite (silica tetrahedral
face and alumina octahedral face) by ordered deposition of the
kaolinite particles on glass and alumina substrates, respectively.
In this way, the 0 0 1 and 00 �1 basal plane surfaces were interro-
gated using AFM for surface force measurements. The surface
forces were explained using the DLVO theory and the magnitude
of the surface forces and the interaction range were compared.
Clearly, the present work demonstrates the different behavior of
the two faces of kaolinite – the silica tetrahedral face and the alu-
mina octahedral face. On this basis the iso-electric point of the sil-
ica tetrahedral face and the alumina octahedral face were
determined and found to be <pH 4 for the silica face and between
pH 6 and 8 for the alumina face.

The electrokinetic properties of kaolinite will have a contribu-
tion from both faces of kaolinite (silica tetrahedral face and alu-
mina octahedral face), as well as from edge surfaces. AFM surface
force results are encouraging and the surface charge density and
surface potential of kaolinite faces provide more detail regarding
the surface chemistry of kaolinite. With this new information it
may be possible to further explain the electrokinetic behavior of
kaolinite particles, and their interactions in aqueous suspensions.
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