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Streaming potential measurements provide valuable information for the validation and interpretation of 
interfacial phenomena that occur at flat macroscopic surfaces. Planar substrates have been extensively used 
for the interpretation of events, which occur at particulate surfaces; however, these flat surfaces are often only 
questionably representative of their particulate counterparts due to variations in surface chemistry and 
topography. In this study, the zeta potential from planar macroscopic surfaces of PM MA. mica, graphite, 
fluorite, and calcite have been calculated from streaming potentials measured in aqueous solutions using an 
asymmetric clamping cell. These zeta potentials have been found to significantly contribute to understanding 
and interpretation of interfacial phenomena influenced by Coulombic interactions including adsorption, surface 
forces, and the structure of surface micelles.

Introduction

The importance of surface charge in understanding interfacial 
phenomena such as adsorption . 1 3 crystallization, and coagula­
tion/dispersion has been well established for many systems. 1 The 
zeta potential, formally defined as the electric potential at the 
plane of shear in the electric double layer structure, provides 
considerable insights regarding the charging behavior of solid 
surfaces and colloidal particles immersed in aqueous solutions.

Surface charge at mineral surfaces can be generated by one or 
more mechanisms such as dissociation of surface acid groups.4 *’ 
lattice substitution. 7-9 and preferential hydration of surface 
lattice ions. 10 12 In some cases, a surface may be charged by 
the orientation of dipoles or by surface polarization.

There are four fundamental methods used to determine the 
zeta potential. These methods include the measurements of 
streaming potential, sedimentation potential, electro-osmosis, 
and electrophoresis. Of these, electrophoresis measurements 
are mainly used to determine the zeta potential of particles. 
The electrophoretic mobility measured is converted to the zeta 
potential value generally based on the Henry or Smoluchowski 
approximation . 13 There are several reported theories and 
experimental procedures for obtaining the zeta potential at 
flat plates using the streaming potential measurement techni­
que. 14 22 Traditionally, the streaming potential technique is 
often applied to membranes and thin films because the mem­
brane and thin film surfaces are smooth and of sufficient size to 
form the desired measuring channels. Recently, the advent of 
an asymmetric clamping cell14 promotes research for streaming 
potential measurement of flat plates by circumventing the 
requirements that the flat plate samples must be easy to cut 
and drill, and be of sufficient dimensions.

A laminar flow at steady state is required to calculate zeta 
potentials from streaming potential. For smooth flat plates, the 
traditional Helmholtz-Smoluchowski approach is applied. For 
the porous membrane, an additional term is necessary to 
describe the wall effect.20 22 It has been found that the zeta

potential calculated from the streaming potential measurement 
is generally lower than that obtained from the electrophoretic 
mobility measurement23-25 and the magnitude of the zeta 
potential varies with change in the background electrolyte 
solution26 2S and the operating mode.

Interfacial phenomena are often probed on a more funda­
mental level through modern diagnostic tools such as AFM. 
surface spectroscopy (FTIR. SFG). etc.. in which case flat 
surfaces frequently are required for study rather than particles. 
Some ambiguity may exist when electrophoretic mobility data 
are used to explain surface force measurements and surface 
spectroscopy analysis of planar surfaces.29 30 Because the 
surfaces of a small particle are not defined with respect to a 
specific crystallographic orientation, the exposed surface atoms 
with different orientations are not necessarily the same. The 
zeta potentials measured using mineral particles can be sig­
nificantly different from those measured using a flat mineral 
plate with a specific crystallographic orientation .31 For exam­
ple. it was reported that the IEP of sapphire single crystals was 
between pH 5.0 and pH 6.0 while the IEP of alpha alumina 
powder was found to be pH 9.0.31 In this regard, streaming 
potential measurements for the flat plate geometry would be 
more appropriate for zeta potential determination in some 
studies. In this paper we report zeta potential calculation for 
flat surfaces as determined from streaming potential measure­
ments for some selected systems using a novel asymmetric 
clamping cell and compare the calculated flat plate zeta 
potentials with those calculated from particle electrophoretic 
mobility measurements. The significance of these results is 
discussed with respect to various observations made from 
AFM  and surface spectroscopy experiments.

Experimental
Materials

High purity Milli-Q water (+18 MiJ cm) was used throughout 
the experiments.
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Calcium diolcatc spheres were prepared in our lab following 
the procedures described in previous publications.32 33 Cetyl- 
trimethylammonium bromide (CTAB, >99%  purity) was 
purchased from Sigma Aldrich and used as received. Analytical 
grade KOH and HC1, purchased from Mallinckrodt, were used 
for pH modification. Sodium dodecyl sulfate (SDS, purity 
higher than 99%) was purchased from Fluka. Analytical grade 
KC1 was purchased from Mallinckrodt.

Calcite and fluorite crystals used for surface force measure­
ments were purchased from the Rockpick Legend Co., Salt 
Lake City, Utah. The crystals were clear and of optical quality. 
The crystallographic orientations of calcite and fluorite sam­
ples for the interfacial force measurements were, respectively, 
with the (1014) and (111) planes exposed. The surface orienta­
tions of all crystal samples were determined from X-ray 
diffraction analysis. The surfaces for the interaction force 
measurements were cleaved just before experiments. The fluor­
ite crystal used for streaming potential measurements was a 
FTIR window purchased from Pike Technologies, Inc. The 
surface roughness of this window was ~ 5  nm as measured by 
X-ray reflectivity (XRR).

Graphite particles were obtained from Lonza Inc. The 
diameter of these particles, determined using a dynamic light 
scattering technique, was found to be 1.0903 ±  0.303 nm. The 
pyrolytic graphite (HOPG) planar surface (35 mm x 20 mm x
2 mm) used in the streaming potential measurements was 
purchased from GE Advanced Ceramics.

The muscovite mica sheet was purchased from Alfa Aesar.

Flat plate steaming potential measurements (FPSP)

The theoretical and experimental details for streaming poten­
tial measurements using an asymmetric clamping cell can be 
found in the literature . 14 15 The zeta potential at a flat plate can 
be calculated from the following equation

AU± _eeo  / w  +  C sampled _^
A P “V V  2 J “ ^ W,VS

(rer and Sample arc the zeta potentials at the PMMA reference 
and test sample surfaces, respectively, A i s  the streaming 
potential, AP  is the applied pressure, /i is the dynamic viscosity 
of the solution, e0 is the permittivity of free space, e is the 
dielectric constant of the solution, k is the solution conducti­
vity. The zeta potential of the reference PMMA surface, 
was measured first. Then the average potential o f reference and 
sample surfaces, 4'avg. was measured. Finally, the zeta potential 
of the test sample surface, C«unpfc> was calculated by the 
following equation:

S a m p le  a v;‘ a r d  ( 2 )

The asymmetric clamping cell to measure the streaming po­
tential of flat substrates was purchased from Anton Paar, 
Graz, Austria. The clamping cell was attached to a commercial 
streaming potential analyzer (EKA, Brookhaven Instruments). 
The background electrolyte used was 1 mM KC1 for the 
measurements when the concentration of KC1 was not speci­
fied. Before each measurement, the cell was flushed in each 
direction four times. The surface of the plate was equilibrated 
with solution for about 20 min. Before the measurements, the 
pH, conductivity and electrode potential were calibrated care­
fully. Macroscopic bubbles were also meticulously removed 
from the apparatus. The potential w. pressure curves were 
shown to have good linearity. All streaming potentials were 
measured using a pressure ramp mode from 0-300 mbar.

There are basically two operating modes for the measure­
ment of streaming potential: constant pressure and ramp 
pressure. In this research, the constant pressure mode and 
ramp pressure mode have been compared and no significant 
difference in the streaming potential results was observed.

Images were captured using a Nanoscope III A atomic force 
microscope (Digital Instruments) using standard silicon nitride 
cantilevers (Digital Instruments) with a spring constant of 
0.12 N  m-1 . Prior to imaging all cantilevers were cleaned by 
exposing them to UV light for 5 to 15 min. Images presented 
are deflection images showing the error in the feedback signal, 
with the integral and proportional gains set around 0.5 and 
scan rates of about 12 Hz. Images are presented as obtained 
and no filtering was performed except that inherent in the 
feedback loop. The substrates were left in contact with the 
solutions of interest for 30 min prior to imaging. All measure­
ments were performed at a temperature of 23 ±  2 C and the 
laser used for detecting the cantilever deflection was found to 
have a minimal effect on the temperature of the sample under 
the cantilever.

Interfacial force measurements

The interfacial force measurements were performed using a 
Nanoscope III atomic force microscope (AFM) from Digital 
Instruments Inc. All measurements were performed in a fluid 
cell using freshly prepared solutions and freshly cleaved miner­
al surfaces of about 10 mm in size. The triangular shaped 
cantilevers used in this research had a spring constant 0.58 N  
itT 1, and were purchased from Digital Instruments.

Spherical colloidal probes were fashioned on the tip of the 
cantilevers using an optical microscope and micromanipula­
tion by the method of Dueker et al,34 The attachment was 
performed one day prior to the interfacial force measurements. 
The interfacial forces were measured using contact mode. A 
deflection of the cantilever relates to the forces acting between 
the glued particle and the mineral surface. The range of 
cantilever deflection is monitored by the laser-photodiode 
system. Because the spring constant of the cantilever is known, 
the deflection can be converted to a force value. After inter­
facial force measurements the cantilever with attached sphere 
was taken for SEM imaging. The diameters of these spheres 
were measured from the SEM images. The force values in this 
research were normalized by the sphere radius.

Microelectrophoretic measurements (MEP)

Electrophoretic mobilities of the graphite particles and fluorite 
particles were measured using a Brookhaven ZetaPALS appa­
ratus using the Phase Analysis Light Scattering technique 
(P A L S) to determine the electrophoretic mobility of charged 
particles. The PALS technique does not require the application 
of large electric fields which may result in thermal problems 
since in the measurement of phase change the particle needs to 
move only a fraction of its own diameter for good results. The 
velocities of the charged particles are measured and the elec­
trophoretic mobility is determined by dividing the measured 
velocity by the electric field strength applied. Before measure­
ments, the solid particles were equilibrated in surfactant solu­
tions. Six consecutive measurements were taken for each 
sample at room temperature and averaged.

Results and discussion
Validation of the streaming potential measurement procedure

This research uses the novel asymmetric clamping cell for the 
streaming potential measurements as described in the Experi­
mental section. The zeta potentials at reference PMMA sur­
faces and at mica surfaces in the presence of 
dodecyltrimethylammonium bromide (DTAB) were first cal­
culated based on streaming potential measurements. The curve 
for the zeta potential as a function of pH at the PMMA 
reference surface is quite similar to that reported in the

AFM soft contact imaging

Th i s  j o u r n a l  i s © T h e  O w n e r  S o c i e t i e s  2 0 0 5 Phy s .  Ch e m .  Ch e m .  Phy s . ,  2 0 0 5 ,  7,  6 7 8 - 6 8 4 679



Fig. 1 Zeta po tentials for P M M A  reference surface m easured in this 
research and reported  in the litera ture  as a function  o f solution pH . The 
concen tration  o f background electrolyte KC1 was 10 m M .

Fig. 2 C om parison o f zeta po tentials a t m uscovite mica surfaces as a 
function  o f the dodecyltrim ethylam m onium  brom ide (D TA B ) concen­
tra tio n  m easured in the curren t research w ith those reported in the 
lite ra tu re .35

literature .14 See Fig. 1. For the DTAB/mica system, the zeta 
potential reversal has been observed at almost the same DTAB 
concentration as reported using the traditional streaming 
potential cell (rectangular) and experimental procedure ,35 
which is shown in Fig. 2. The slight difference in the zeta 
potential curves in Fig. 2 is attributed to the different electro­
lyte solution and variation of the mica surface used in the 
current research. The validation of this new streaming poten­
tial measurement procedure has also been confirmed by agree­
ment of the zeta potential at the surface of the NF-70 
membrane obtained using asymmetric clamping cell with re­
sults obtained using the traditional rectangular cell as reported 
in the literature .14

The validation of this new streaming potential measurement 
procedure has also been extended to other systems in this 
research. A summary is presented in Table 1. From  Table 1, 
a good agreement was established, giving confidence in the 
current technique.

Zeta-potential of surface micelles adsorbed at graphite surfaces

It is reported that the solution c.m.c is about 0.9 mM for 
CTAB and 8 mM for SDS .41 44 The direct AFM  images in 
Fig. 3 show that hemicylindrical micelles are formed at con­
centrations below their c.m.c at the graphite surface. At these 
surfactant concentrations the zeta potential of the graphite 
surface does not significantly change with change in concen­
tration as shown in Fig. 4, corresponding well with surface 
micelle formation at the graphite surfaces. For both cationic

and anionic surfactants, the AFM  images show the adsorbed 
surfactant structures as hemicylindrical surface micelles 
although this graphite surface is negatively charged as pre­
sented in Table 1. Similar structures were identified for SDS by 
Wanless and Ducker.45 From  the fact that the surfactants form 
similar micellar structures at the negatively charged graphite 
surface irrespective of the charge on the surfactant head group, 
it is concluded that adsorption is mainly due to the van der 
Waals interaction and/or hydrophobic attraction between the 
nonpolar graphite surface and the hydrophobic alkyl chain of 
the surfactant molecules while the electrostatic interaction 
between the graphite and surfactant molecules plays a non­
dominant role in the micellar formation. Adsorption at the 
planar graphite surface occurs in the form of hemicylindrical 
micelles, where the adsorbed hydrocarbon chains lie down on 
the graphite surface.

Since these hemicylindrical micelle structures of SDS and 
CTAB are formed at graphite surfaces, zeta potentials of the 
micelle covered graphite surface should represent the zeta- 
potential of the surface micelles. Both the streaming potential 
and electrophoretic measurements show that the zeta-poten- 
tials for SDS and CTAB surface micelles at the graphite surface 
are about -8 0  and +70 mY, respectively. These zeta-potential 
values are very close to the available data reported in the 
literature for micelles formed in the bulk solution phase.46-50 
Also it is found that the zeta potentials calculated from 
streaming potential measurements in the presence of CTAB 
agree well with the zeta potentials obtained from the electro­
phoretic mobility measurements.

Table 1 The signs o f zeta po tentials a t neu tral pH  and various surfaces determ ined in this research using the FPSP  procedure and com pared with 
values reported in the literature using M E P and SP

System FPSP M E P SP

Calcite N egative and small" N egative bu t sm all36
M ica/W ater Negative" N egative37 N egative38
M ica/D TA B F ro m  negative to positive" F ro m  negative to positive35
S i/S i0 2 Negative" N egative39’40
G raph ite  H O P G Negative" Negative"
P M M A Negative" N egative14
A lum ina Positive" Positive41 Positive42
N F-70 M em brane N egative14 N egative14

" This research.
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Fig. 3 A F M  images (200 nm  x 200 nm) show ing the surface micelles 
on p lanar H O P G  graphite surfaces in 6 m M  SDS (image A) and 0.5 
m M  CTAB (image B) solutions a t pH  (5.3-5.8) and tem peratu re 23 °C.

Adsorption of amine surfactants at the muscovite mica-water 
interface

Muscovite mica is an aluminosilicate mineral of layered struc­
ture as shown in Fig. 5. The bases of the tetrahedra are 
symmetrically opposed so that two opposite hexagonal rings 
outline a large cavity into which a potassium atom is situated 
with twelve-fold coordination. The potassium ions are used to 
neutralize the negatively charged sheets due to substitution for 
some of the Si4+ within the silica tetrahedra. When muscovite 
is cleaved, the surface of the sheet carries a fixed or constant 
negative charge that essentially depends only on the degree of 
Al/Si substitution in the silica tetrahedra. The zeta potential at 
the muscovite surface is shown in Fig. 6 a as a function of pH. 
A constant zeta potential is observed in the pH  range exam­
ined. The zeta potential of mica as a function of the cationic 
amine surfactant concentration in the presence of 1 mM KC1 as 
background electrolyte at neutral pH  is shown in Fig. 6b. A 
point of zeta reversal or PZR is observed for both DTAB and 
CTAB. The zeta potential becomes zero at a concentration 
defined as the point of zeta reversal. The zeta reversal phenom­
ena observed indicates the adsorption of cationic surfactant 
molecules at the negatively charged mica surface. The PZR for 
CTAB is shifted to a lower concentration than that for DTAB. 
This behaviour is in agreement with the reported observation 
for pyridinium compounds of different chain length adsorbed 
by Agl sols51 and observation for tetraalkylammonium ions 
adsorbed at negatively charged A gl .52 The PZR moves to 
higher concentration in the presence of surface active surfac­
tants with a decrease in chain length, which opposes the 
prediction made by S. Nishimura et a l  that the PZR moves

Fig. 5 M uscovite structures.

to higher concentration with an increase in length of the 
hydrocarbon chain .35 Direct AFM  images in Fig. 7 show that 
cationic surfactant molecules form micelles at the atomically 
smooth mica surface. The surface c.m.c for CTAB is also 
shown to be smaller than that for DTAB. This is consistent 
with the common knowledge about surfactant behavior in the 
bulk and at surfaces. Long chain surfactants are of lower c.m.c 
values when compared to short chain surfactants. They form

Fig. 4 C om parison o f zeta potentials at graphite H O P G  surface 
w ith those at graphite particles in the presence o f CTA B and SDS at 
n eu tral pH .

Fig. 6 Z eta potentials a t m ica surfaces in the absence o f su rfactants 
(a) and in the presence o f  surfactants (b). The background electrolyte 
solution, 1 m M  KC1 aqueous solution, is used for all the m easure­
m ents.
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Fig. 7 M icellar structures o f CTAB at m ica surfaces.

molecular aggregates more easily. Fig. 7 shows the micellar 
structure at mica surfaces for CTAB. For CTAB, at 0.1 mM, 
the meandering linear structures are believed to be the cylind­
rical surface micelles. While for DTAB, it was reported that the 
c.m.c is about 15 m M 53 and at a concentration of 20 mM a 
micellar structure similar to Fig. 7 was observed by Ducker.54

Since SDS bears a negatively charged head group it should 
be Coulombically unfavorable for adsorption at the negatively 
charged surface of mica. Accordingly, no adsorbate structure 
was observed at the mica surface for SDS. This confirms the 
significance of electrostatic interaction for the adsorption of 
ionic surfactants at charged interfaces. As well, it suggests that 
Coulombic interactions play a pivotal role in the manifestation 
and adherence of adsorbed self-assembled cationic surfactant 
structures at the muscovite mica-solution interface.

Interaction forces between collector colloids and semi-soluble 
salt mineral surfaces

One research area of importance that has received little atten­
tion is the consideration of insoluble collector colloids and 
their significance in the flotation of semi-soluble salt minerals 
such as fluorite, calcite, apatite, etc.55 In the case of calcium 
semi-soluble minerals and their flotation with oleate, formation 
of the calcium dioleate collector colloid must be considered .56 
In this research, calcium dioleate spheres have been prepared 
and used as probes to measure interaction forces between the 
calcium dioleate sphere and calcite/fluorite mineral surfaces. 
The forces curves are shown in Fig. 8 .

The force curves in Fig. 8 can be divided into three regions. 
At large separation distances weak or no forces act between the 
probe and the surface, and no deflection of the cantilever is 
experienced. When the probe is brought closer to the surface, 
the cantilever bends to or deflects away from the surface 
depending on the attractive or repulsive force between the 
probe and the surface. The probe contacts with the surface 
when a linear increase of force is observed with a decrease 
in the separation distance (at ~  3 nm in Fig. 8a and ~  5 nm in 
Fig. 8b).

First of all, it is important to note that interaction forces are 
measured under non-equilibrium conditions in this research. 
During the force measurement experiments, the spherical 
calcium dioleate colloidal probe will experience some degree 
of dissociation or dissolution. Although force measurements 
were conducted about 10 min after the first approach, it was 
unlikely that the system reached equilibrium because the 
dissociation or dissolution of calcium dioleate and the mineral 
surfaces is a slow process.

A long-range repulsive force was observed in Fig. 8a be­
tween calcium dioleate and the (10l4) calcite surface at pH 8.1.

Fig. 8 In terac tion  forces between calcium  dioleate spheres and calcite/ 
fluorite surfaces a t solution pH  8.1.

At short separation distances (around 5 nm) an attractive force 
component can be distinguished. After jump to contact, an 
elastic deformation of the spherical particle can be observed at 
a separation distance of 4.0 nm. Fig. 8b shows the normalized 
interfacial force versus distance curves measured between the 
calcium dioleate sphere and the (111) fluorite surface in water 
at solution pH 8.1. Repulsive forces are not great. It is evident 
that there is a strong attractive interaction of the calcium 
dioleate with the fluorite surface, an attraction which is much 
stronger than that observed at the calcite surface. Specifically, 
attractive forces at distances from 15 nm are evident.

To understand the interaction between calcium dioleate and 
mineral surfaces, it is necessary to identify the individual force 
components involved in the overall interaction. The surface 
charge must be considered in order to explain these interfacial 
forces. The calcium dioleate is negatively charged in water.56 
The zeta potentials at the calcite surface are small and, for the 
most part, are negative in the alkaline region .56 The magnitude 
of the zeta potential becomes greater with an increase in pH. 
This result is in agreement with recently reported zeta poten­
tials for calcite particles measured under well-controlled con­
ditions.36 Based on streaming potential measurements at the 
(10l4) calcite surface, it can be concluded that the repulsive 
interfacial forces measured using the AFM  colloidal probe 
technique are a result of opposing electrical double layers. A 
local minimum in the force/radius vs. distance curve can be 
attributed to attractive van der Waals forces.

The same explanation can be applied to the interfacial force 
curve measured between calcium dioleate and the (111) fluorite 
surface. The electrical double layer repulsion can be seen at 
distances of 20 nm. Due to the non-equilibration state of the 
system, the (111) fluorite surface is still negatively charged as 
shown in Fig. 9. This result at the (111) fluorite surface at non- 
equilibrate state is quite different from the zeta potential for 
particles measured using the microelectrophoresis technique. 
The zeta potential for fluorite particles at a solid concentration 
of 40 mg per 100 ml water shows a positive sign. As reported 
from low energy electron diffraction study and AFM  evidence, 
the exposed top layer at the (111) fluorite surface is the fluorine
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Fig. 9 Z eta poten tial a t the (111) fluorite surface as a function  o f 
solution pH .

atoms as shown in Fig. 10. It is reasonable that under non 
equilibrium conditions zeta potentials at the ( 111) fluorite 
surface are negative in view of the ( 111) fluorite surface 
structure.

In the literature, the surface sensitive apparatus-sum fre­
quency generation spectroscopy (SFG) was used to examine 
the interfacial structure in the proximity of fluorite surface. The 
reported PZC for fluorite surface was about pH 6.2 based on 
the analysis of SFG signal,57 which is also quite different from 
the result presented in this paper and the majority of reported 
PZC values for fluorite particles (PZC is in the range pH 9.5 to 
pH 10.0). Because the authors have not examined the surface 
crystallographic plane of fluorite samples used in their SFG 
analysis, the conclusions and data derived from the analysis of 
SFG spectra could not be compared with our observations. 
The zeta potential is considered as a function of exposed 
surface properties under non equilibrium conditions. For 
fluorite surfaces, it should be regarded with caution because 
the dissolved cations and anions may also dramatically change 
the interfacial water structure upon dissolved ions entering the 
bulk from the surface. The OH peaks in the SFG spectra may 
be a function of the surface crystallographic plane and the 
degree of surface hydration.

After the repulsive component in the overall force curves is 
identified, the consequent analysis for the other interactions 
contributed to the overall interaction behavior becomes easier. 
The most important difference between calcite and fluorite is 
the presence of long-range attractive forces for fluorite which 
are stronger and extend further than the typical van der Waals 
attraction. These forces are usually called hydrophobic forces, 
and are reported in many systems between hydrophobic sur­
faces, and between one hydrophobic surface and another 
hydrophilic surface. These forces are usually explained by a 
water structure-related entropic effect and/or formation of

Fig. 10 G raphic representative o f fluorite (111) surface along the 
direction from  left to  right. The top  m ost atom s a t (111) surface are 
fluorine a tom  layer (light grey). Theo spacing between the two adjacent 
F “ C a2+ F “ triple layers is 3.154 A.

submicroscopic bridging cavities between interacting sur­
faces.58-60 A comparison of the magnitude and distance for 
attractive interaction found in this research with those for 
other hydrophobic interaction systems reported in the litera­
ture59,61,62 is shown in Table 2.

A significant long-range attractive force is found existing 
between calcium dioleate and fluorite whereas only a very 
weak, short-range attraction is observed between calcium 
dioleate and calcite. This helps to explain the excellent flotation 
for fluorite but poor flotation response for calcite with the 
calcium dioleate collector colloid as reported in the literature .63 
This is also in agreement with contact angle measurements. 
Fluorite has been reported to have a contact angle of 10° to 30° 
while calcite has a contact angle of ~ 0 ° .64,65

Summary and conclusions
The zeta potentials at several flat mineral plates are calculated 
from the streaming potential measurements using a novel 
clamping cell. These zeta potential data are found very useful 
for explaining the interfacial phenomena involving the con­
sideration of electric double layer interaction:

(1) For negatively charged HOPG graphite, both cationic 
and anionic surfactant can form “wormlike” micelle structure. 
This fact indicates that the van der Waals force and/or hydro­
phobic attractive between the hydrophobic HOPG surface and 
the surfactant hydrophobic alkyl chain plays a critical role for 
the micelle formation at HOPG template while the electrostatic 
interaction plays a non-dominant role.

(2) For the constant negatively charged mica surface, only 
cationic surfactants can form meandering micelle structures, 
which suggest that electrostatic attraction between the mica

Table 2 C om parison o f the m agnitude and distance o f  a ttractive interactions found in this research and those selected from  the literature

P robe C alcium  dioletate Glass sphere Bare m ica F luo rocarbon

Surface
Probe
Surface
M agn itude /m N  m “
D istance/nm
Reference

F luorite  
CA*: 80° 
H ydrophilic 
0.8 
10-35
This research

Silica 
CA*: 109° 
CA*: 75° 109°
5 20 
> 3 2  
59

H ydrophobic m ica 
H ydrophilic 
H ydrophobic 
Very strong 
>100 
61

F luo rocarbon  
CA*: 93° 
CA*: 93°
10 20 
80 90 
62

CA*: C ontac t A ngle/0

T h i s  j o u r n a l  i s  © T h e  O w n e r  S o c i e t i e s  2 0 0 5 P h y s .  C h e m .  C h e m .  P h y s . ,  2 0 0 5 , 7 , 6 7 8 - 6 8 4 683



surface and surfactant head group is one of the driving forces 22 
for the formation of micelles. In this case, the surface template 
introduces and controls the phase and structure properties of 
the micellar structure. 74

(3) The zeta potential a t one specific crystallographic plane is
n o t  a lw a y s  th e  sa m e  a s  th e  z e ta  p o te n t ia l  m e a s u re d  fo r  p a r t ic le  25 
sa m p le s , e s p e c ia lly  u n d e r  th e  n o n -e q u i l ib r iu m  so lu t io n  c o n d i ­
tio n s . T h is  o b s e rv a tio n  is c o n f irm e d  in th is  re se a rc h  a n d  in th e  ^6 
l i te ra tu re .

(4) T h e  p re se n c e  o f  s t r o n g  a t t r a c t iv e  fo rc e  o b se rv e d  in th e  
in te r a c t io n  fo rc e  c u rv e  b e tw e e n  c a lc iu m  d io le a te  a n d  f lu o r i te  29 
su r fa c e  in d ic a te s  t h a t  f lu o r i te  sh o u ld  h a v e  a  b e t te r  f lo ta tio n  
re sp o n s e  th a n  c a lc ite , w h ich  is in a g re e m e n t w ith  th e  f lo ta tio n  30 
re s u lts  r e p o r te d  in th e  l i te ra tu r e . ^
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