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Abstract 

The phyllosilicates are an important class of valuable industrial minerals and play 

an essential role in many disciplines. The surface properties of phyllosilicate 

minerals are a topic of crucial importance as they directly affect all industrial 

aspects in mineral processing. The objective of this research is to investigate the 

anisotropic surface properties of selected phyllosilicate minerals, focuing on 

surface charging properties of their basal planes and edge surfaces, and their 

related particle interactions and rheological properties of particle suspensions. 

An ultramicrotome cutting technique was developed to prepare molecularly smooth 

edge surfaces of phyllosilicates, which allows direct measurement of interaction 

forces between AFM tips and the prepared surfaces in various electrolyte solutions. 

A theoretical model based on the geometry of AFM tip was used to fit the measured 

force profiles to the classical DLVO theory at different boundary conditions, which 

allows direct determination of Stern potentials of different phyllosilicate surfaces. 

The surface charging behavior of muscovite and talc basal planes and edge 

surfaces was determined as a function of pH. The basal planes of both muscovite 

and talc were found to carry a pH-independent permanent negative charge, while 

the charges on their edge surfaces were highly pH-dependent. The effect of the 

concentration of two divalent cations: Mg
2+

 and Ca
2+

 on the Stern potential of 



 

 

different surfaces of phyllosilicate minerals was investigated. The interaction 

energies of various associations between talc surfaces, such as basal plane-basal 

plane, edge-edge and basal plane-edge were calculated using the Stern potential 

values of talc basal planes and edge surfaces obtained from fitting the measured 

force profiles to the classical DLVO theory. The attractive interaction between talc 

basal planes and edge surfaces was found to dominate the rheological behavior of 

talc suspensions.  

The findings from this dissertation are anticipated to provide a basis for 

understanding the colloidal behavior of phyllosilicates in mineral processing and 

hence better control their process performance.  
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Chapter 1 

 Introduction 

Silicate minerals are the most abundant rock-forming minerals on earth. The 

phyllosilicates (sheet silicates), as an important class of valuable industrial minerals, 

play an essential role in many disciplines such as biotechnology, paper making, 

cosmetics, food processing, tailings management, and processing and utilization of 

natural resources. 

To fundamentally understand the colloidal behaviour of phyllosilicate minerals, it 

is necessary to study the surface properties of phyllosilicates under various 

physicochemical conditions of practical relevance. During the past decades, many 

efforts have been devoted to understanding surface properties of phyllosilicates in 

relation to their mineral processing. However, due to their small sizes and distinct 

anisotropic surface character, some of crucial surface properties of phyllosilicates, 

especially in terms of specific faces, remain unclear.  

1.1 Mineralogy of phyllosilicates 

The principal structural elements of phyllosilicate are tetrahedral sheet (T) and 

octahedral sheet (O). T is composed of silicon-oxygen tetrahedron linked to the 

neighboring tetrahedron by sharing three corners to form a hexagonal network 

while the fourth corner of each tetrahedron (the apical oxygen) points into and 

forms part of the adjacent octahedral sheet. O is in the sixfold coordination with 

oxygens from the tetrahedral sheet and hydroxyl group while individual octahedral 

is linked laterally by sharing edges.  
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Based on different layer structure and interlayer cations, phyllosilicates consist of 

micas, talc, chlorite, serpentine, and clay minerals. The typical mineral in each 

group with their chemical formulas are shown in Table 1.1 [1-2].  

Table 1.1 Classification of phyllosilicate minerals 

Mineral group Typical mineral Chemical formula 

Trilayer 

(TOT) 

Talc-Pyrophyllite Talc Mg3Si4O10(OH)2 

Mica 

Muscovite KAl2 (AlSi3O10)(OH)2 

Illite 
(K, H3O)(Al,Mg,Fe)2 

(Si,Al)4O10[(OH)2,(H2O)] 

Chlorite Clinochlore (Mg5 Al)(AlSi3)O10(OH)8 

Smectite Montmorillonite 
(Ca,Na)0.33(Al,Mg)2 

(Si,Al)4O10(OH)2nH2O 

Vermiculite Vermiculite 
(Mg,Fe,Al)3(Al,Si)4 

O10(OH)24H2O 

Bilayer 

(TO) 

Kaolinite Kaolinite Al2Si2O5(OH)4 

Serpentine Chrysotile Mg3Si2O5(OH)4 
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Figure 1.1 Crystalline structures of typical phyllosilicates: (a) kaolinite; (b) talc 

and (c) muscovite                     
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The individual layers may be joined to each other in a phyllosilicate crystallite by 

interlayer cations, van der Waals forces, electrostatic forces, and/or by hydrogen 

bonding [1]. As a typical bilayer (TO) phyllosilicate, the structure of kaolinite is 

shown in Figure 1.1 (a). Each bilayer sheet of kaolinite is joined by strong 

hydrogen bonds. The structures of two trilayer (TOT) phyllosilicates (talc and 

muscovite) are shown in Figure 1.1 (b and c). The elementary sheet of talc consists 

of a brucite-like O layer sandwiched between two identical silicon-oxygen T layers 

and each TOT of talc is hold together by van der Waals forces without interlayer 

cations. The elementary sheet of muscovite consists of a gibbsite-like O layer 

sandwiched between two T layers. 1/4 Si
4+

 ions in the T are substituted by Al
3+

, 

resulting in negative charges on the T basal plane. Those negative charges are 

balanced by interlayer K
+
 ions. 

1.2 Anisotropic surface properties of phyllosilicates  

Due to their layered structure, phyllosilicate minerals consist of two types of 

surfaces: the basal plane and the edge surface, as depicted in Figure 1.2. 

 

Figure 1.2 Schematics of anisotropic phyllosilicate surfaces 

Different surface groups populate on each type of surfaces, which makes 

phyllosilicate minerals show distinct anisotropic surface properties. We will take 

two symmetrical TOT layer phyllosilicates (muscovite and talc) as the simplest 

case for illustration. The siloxane structure (-Si-O-Si-) on the T layer has an 

extremely low affinity for protons in aqueous media over a moderate pH range. 
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Therefore, this surface group is difficult to be hydrolyzed and estimated to be 

essentially inert [2]. The basal plane of phyllosilicates is mainly charged by the 

fixed and permanent isomorphic substitution, which is the replacement of one 

higher valence atom by lower valence atom of similar size in a crystal lattice 

without disrupting or changing the crystal structure of the mineral. This substitution 

can occur at T layer where the Si
4+

 is replaced by Al
3+ 

or O layer where Al
3+ 

is 

replaced by divalent or monovalent metal ions such as Mg
2+

, Fe
2+

 and Zn
2+

 [1, 3]. 

Both substitutions cause an excess of negative charges on the surface, which are 

fixed and independent of the physicochemical conditions in the surrounding 

medium. The degree of isomorphic substitution may vary from mineral to mineral 

and determines how negatively charged the surfaces are. As shown in Figure 1.3 

(a_1), a very high degree of substitution presents on T layer of the muscovite 

basal plane due to 1/4 Si
4+

 ions are substituted by Al
3+

, which results in a strongly 

negatively charged and highly hydrophilic muscovite basal plane with a contact 

angle of water close to zero [1]. Talc basal plane is usually almost neutral or only 

slightly negatively charged due to the low degree of substitution as shown in 

Figure 1.3 (b_1). As a result, the basal plane of talc is fairly hydrophobic with a 

contact angle of water close to 64
o
 [4].  

 

Figure 1.3 Schematics of surface groups populating on basal planes and edge 

surfaces of (a) muscovite and (b) talc.  
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On the other hand, unlike the basal plane, the edge surfaces of phyllosilicates are 

sensitive to the changing of solution pH: positively charged at low pH and 

negatively charged at high pH. This pH dependent charging behaviour is attributed 

by amphoteric SOH surface groups on the edge surfaces, which can undergo 

protonation or deprotonation reactions as expressed in the following equilibria: 

  2, SOHHSOHSOHHSO                    (1.1) 

As shown in Figure 1.3 (b_1) and (b_2), instead of Al–OH surface group as on the 

muscovite edge surface, the Mg–OH group populates on the talc edge surface. 

These two surface species exhibit different protonation constants. Since Mg(OH)2  

has a higher point of zero charge (PZC) value of than Al(OH)2 of a given pH [5], 

the talc edge surface is therefore anticipated to be more positively charged than the 

muscovite edge surface. 

Moreover, for more complicated cases, such as kaolinite with asymmetric (TO) 

structure, besides the different surface properties of basal planes and edge surfaces, 

a significant difference in both charging behaviour and wettability has been 

observed on 001 (T) and 001 (O) basal plane surfaces [6, 7]. 

1.3 Aims and objectives 

The overall objective of this study is to develop a methodology which allows us to 

investigate the anisotropic surface properties of selected phyllosilicates, focusing 

on muscovite and talc, as representatives of aluminum and magnesium 

phyllosilicate, respectively. More specific objectives are to: 

 develop a technique suitable to prepare smooth edge surfaces of 

phyllosilicates for probing the surface property at molecular level; 
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 directly measure the colloidal interaction forces between the probe and basal 

or edge surfaces of different phyllosilicates using atomic force microscopy 

(AFM); 

 quantitatively evaluate surface charge characteristics of phyllosilicate basal 

planes and edge surfaces by developing a suitable model to fit the measured 

interaction forces to theory at different boundary conditions (BC); 

 investigate the effect of water chemistry of solutions, including pH and 

divalent cation concentration on the surface charging behaviour of different 

phyllosilicates basal planes and edge surfaces; 

 predict the interaction energies for various associations between different 

phyllosilicate surfaces based on the AFM derived electrical surface (Stern) 

potential of each surface and to interpret the rheology properties of 

phyllosilicate mineral suspensions; 

It is expected that this fundamental research on anisotropic surface properties of 

phyllosilicates will provide a basis for understanding their colloidal behaviour in 

mineral processing. 

1.4 Organization of the dissertation 

The next chapter (Chapter 2) includes a literature review on background and 

recent research reported in literature on anisotropic surface charge properties of 

phyllosilicates. The first part concentrates on reviewing theories and governing 

equations of interactions in colloidal systems, including classical DLVO 

(Derjaguin -Landau-Verwey - Overbeek) theory, the origin and quantitative 

expressions of colloidal interactions. The second part focuses on reviewing the 

previous published work on anisotropic surface charge properties of 

http://en.wikipedia.org/wiki/Boris_Derjaguin
http://en.wikipedia.org/wiki/Lev_Davidovich_Landau
http://en.wikipedia.org/w/index.php?title=Evert_Johannes_Willem_Verwey&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Theo_Overbeek&action=edit&redlink=1
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phyllosilicates, based on analytical techniques such as electrophoresis, titration, 

sum frequency generation (SFG) spectroscopy and AFM.  

Chapter 3 gives a description on materials and principal methods used during this 

study. The method to prepare sufficiently smooth edge surfaces of phyllosilicates 

employing ultramicrotome cutting technique is introduced. As a predominantly 

adopted experimental technique to investigate the surface property of 

phyllosilicate surfaces in this study, AFM is introduced in detail in the context of 

its principles and major functions. The theoretical model developed for 

interpreting the measured interaction force profiles to surface (Stern) potential of 

phyllosilicate surfaces is presented as well. 

In Chapter 4, followed the methodology presented in Chapter 3, a systematic study 

on the effect of solution pH on the interaction forces between AFM tip and different 

phyllosilicate surfaces is discussed. The colloidal forces between the silicon nitride 

tip and basal planes or edge surfaces are measured using an AFM in simple 

electrolyte (1 mM KCl) solutions as a function of pH. The Stern potential of the 

basal planes and edge surfaces in each case is obtained by fitting the measured force 

profiles with the classical DLVO theory. 

Chapter 5 presents a systematic study on the interaction of divalent cations, both 

Ca
2+

 and Mg
2+

 with basal planes and edge surfaces of phyllosilicate minerals. The 

colloidal interaction forces between AFM tip and basal planes or edge surfaces are 

measured using AFM in simple electrolyte (1 mM KCl) solutions of pH 8.5 as a 

function of divalent cation concentrations. The Stern potential of the basal plane 

and edge surface in each case is obtained by fitting the measured force profiles with 

the classical DLVO theory. 
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In Chapter 6, interaction energies of various associations between anisotropic talc 

surfaces are calculated using AFM-derived Stern potential values of talc basal 

planes and edge surfaces. The different interactions between talc basal planes and 

edge surfaces are discussed in the context of understanding rheological behaviour 

of talc suspensions.  

Chapter 7 presents some preliminary results on polymer adsorption on different 

talc surfaces.  

Chapter 8 summaries the work presented in the dissertation and gives suggestions 

of future work. 
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Chapter 2 

Literature review 

The surface properties of phyllosilicates are very important in minerals processing. 

For instance, the electrical surface charges of phyllosilicate can significantly 

influence the separation efficiency in mineral flotation. In this chapter, the 

background of fundamental colloidal interaction principles and their respective 

governing equations related to this dissertation work are introduced first, followed 

by a review on recent study on phyllosilicate minerals with regard to their surface 

charge characteristics.  

2.1 Interactions between two surfaces  

The stability of fine-grained mineral suspensions is determined largely by the 

colloidal interactions between mineral particles. The long range colloidal force is 

in control when two surfaces approaching each other while the adhesive force 

(pull off force) corresponds to the strength where the two surfaces are attached to 

each other.  

2.1.1 DLVO theory  

The overall interaction ( TotalU ) between two macroscopic bodies is usually 

determined in terms of interaction free energies. In classical DLVO theory, the 

fundamental colloidal interactions consist of two terms: the van der Waals ( VDWU ) 

interactions and the electrostatic double layer ( EDLU ) interaction as [1]: 

EDLVDWTotal UUU                                              (2.1)
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2.1.2 Van der Waals interactions 

The molecular van der Waals (VDW) interactions which exist between any 

surfaces in any medium are the combination of three long range interaction terms: 

dispersion (London) between two induced dipoles created by fluctuation of 

electronic charges, orientation (Keesom) between two permanent dipoles and 

induction (Debye) between a permanent dipole and an induced dipole. These three 

interaction energies are all decaying with distance between two surfaces. The 

VDW interaction energy per unit area between two parallel surfaces at separation 

distance D, VDWU
 

can be calculated by [1, 2]: 

212 D

A
U H

VDW


                                                          (2.2)  

The characteristic constant HA , also known as the Hamaker constant, can be 

calculated from the dielectric properties of interacting surfaces and the intervening 

medium. In the macroscopic method, AH can be determined by non-retarded 

Lifshitz formula for material 1 interacting with material 2 across medium 3 as [3]:  
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   (2.3) 

where i and ni are the static dielectric constant and the refractive index for 

materials i, respectively. h is Planck's constant and Ve is the main electronic 

absorption frequency in the UV region. 

2.1.3 Electrostatic double layer interaction 

When a surface is immersed in an electrolyte solution, it usually can be charged 

by various charging mechanisms such as ionization or dissociation of surface 

functional groups, isomorphic substitution, or specific adsorption. Taking 

muscovite as an example, as mentioned in Chapter 1, the basal plane of muscovite 
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is highly negatively charged due to 1/4 Si
4+

 ions in the T are substituted by Al
3+

. 

On the other hand, the charges of the edge surface can be attributed by the 

amphoteric Si-OH or Al-OH surface groups on the surface, which can take up a 

proton to be positively charged or release a proton to be negatively charged.  

In the solution, a negatively charged surface is balanced by positively charged 

counterions and can influence the ion distribution close to it to form a double 

layer (EDL) structure as decpicted in Figure 2.1. The inner layer is called the 

Stern or Helmholtz layer where the ions are fixed to the surface; the outer layer is 

the diffuse Gouy-Chapman layer (according to the Stern’s model) where ions are 

in thermal motion [1]. The potential at the shear plane is called zeta potential (  

potential) which is different in magnitude from the surface potential or Stern 

potential at the Stern plane ( d ).  

 

Figure 2.1 Schematics of an electrical double layer of a charged surface. s
 
is 

the surface potential of the particle, d  is the Stern potential at the Stern plane 

and   is the zeta potential at the shear plane. 
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The distribution of electrolyte ions in the diffuse layer obeys Boltzmann’s 

distribution [1]: 



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exp                                               (2.4) 

where in is the number density of ith ions with valence iz , in is the number 

density of ith ions in the bulk,  is the potential in the EDL, e is the electron 

charge, Bk  is the Boltzmann constant (1.38 × 10
-23 

J/K) and T is the absolute 

temperature in Kelvin. 

Combining this ion distribution equation (2.4) with the expression of the surface 

potentials of the electric field originally derived from Maxwell’s equation, we can 

obtain so-called Poisson-Boltzmann (PB) equation: 
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where  and 0 are relative permittivity of the medium and the permittivity of 

vacuum, respectively.  

If the potential is small ( 1
Tk

ez

B

i  ), we can assume
Tk

ez

Tk

ez

B

i

B

i 









sinh , 

therefore, the non-linear PB equation can be simplified to linearized PB equation 

which is generally referred to as the Debye-Hückel approximation:  
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The 1 , known as the Debye length, is a characteristic parameter describing the 

thickness of the EDL or decay of the electric potential. 

When two charged surfaces approach each other, the EDL surrounding each 

surface starts to overlap which induces the osmotic pressure between two surfaces. 

The interaction energy )(DUEDL or force )(DFEDL between two parallel surfaces 

at separation distance D can be expressed by [1]: 

dhhFDU
D

EDLEDL  )()(  per unit area                              (2.8) 
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In general, surface potential profile, interaction energy and force can be obtained 

by numerical solution of Equations (2.8) and (2.9) with proper BC.  

The selection of BC for the numerical solution depends on charging mechanism of 

each interacting surface. For example, if the surface charge arises from 

irreversible adsorption of charged species, dissociation of strong acid/base surface 

groups or lattice imperfections (such as the isomorphic substitution in 

phyllosilicates), the surface charge density is independent of the surface potential 

and the separation distance between two interacting surfaces. In this case, the 

constant surface charge density BC is more appropriate as the 

potential-determining ions do not have sufficient time to re-arrange during 

approaching of two surfaces [4]. On the other hand, if the surface charge arises 

from reversible ion adsorption, the potential determining ions are able to 

re-arrange quickly to suit every configuration of interacting surfaces. Therefore, 

the surface potentials would remain constant when two surfaces approach each 

other at a slow rate [5]. In this case, the constant surface potential BC is more 
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appropriate. However, in reality, the surface charge density of ionizable surface is 

a function of separation distance as the two interacting surfaces approach each 

other. The assumption of constant charge density and constant surface potential 

BC constitutes the upper and lower limits of the interaction, respectively. 

Therefore, a realistic description of the interaction would fall in between these 

two limits. 

2.1.4 Derjaguin approximation  

Theoretically, due to its simple geometry, the interaction between two 

semi-infinite parallel flat surfaces is evaluated in terms of interaction energy using 

above given equations. However, the actual measurements of interaction forces 

are conducted with a given geometry other than two semi-infinite parallel plates. 

Therefore, the influence of geometry on the interaction energy is derived by 

Dejaguin approximation (DA), which scales the two flat-plates interaction energy 

per unit area to the corresponding interaction energy between two curved surfaces. 

As shown in Figure 2.2, the interaction energy per unit area between two bodies 

of arbitrary shape U (D) at a distance D (distance of closest approach between two 

surfaces) can be related to the interaction energy UA (x) between two planar plates 

which separated by a gap x by equation [6]:  

dAxUDU A )()(                                                (2.10) 

where dA is the variation of the cross-section area of two real surfaces with 

increasing separation, and the integration runs over entire cross-sectional area. 

White [7] generalized the expression of DA to:  

dxxUDU
D


 )(
2

)(
21

                                           (2.11) 



Chapter 2                                                   -17- 

 

 2

22112121

21 sin)
11

)(
11

()
11

)(
11

(
RRRRRRRR 










                     (2.12) 

where iR and iRare the principal radii of curvature for the surfaces i evaluated at 

points of closest approach distance and φ is the angle between the planes spanned 

by the circles with smaller curvature radii. 

 

Figure 2.2 Schematics of the DA adapted from literature [6], x is the distance 

between the planar surfaces and D is the distance between the two considered 

bodies, r is the radial coordinate. 

2.1.5 The effect of surface roughness 

In DLVO theory, interacting surfaces are assumed to be perfectly smooth with 

well-defined geometry, which rarely occurs in real colloidal systems. Meanwhile, 

nearly all studies on morphological heterogeneity demonstrate that the presence of 

asperities on surfaces can substantially modify interaction energies between two 

interacting colloidal particles [6, 8-11]. Generally, the surface roughness can cause 

a significant reduction in the interaction energy, depending on the size of 

asperities and their densities. The ill-defined surface is the main cause of the 

discrepancies between theoretical predictions and experimental observations. In 

http://en.wikipedia.org/wiki/Principal_curvature
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order to avoid the erroneous interpretation from the theory, many efforts have 

been made to develop some calculation models to incorporate the effect of surface 

roughness in the calculation of the interaction energy between rough surfaces [6, 

8-11]. 

A common approach for modeling roughness involves random placement of 

geometrically regular asperities on a smooth surface [8, 11]. Recently surface 

element integration (SEI) method was developed as an extension of DA to apply to 

the exact geometry of interacting surfaces [1, 9-12]. By dividing the interacting 

surface into numerous small elements, SEI computes the total interaction energy 

between two bodies by numerically integrating the interaction energy per unit area 

between opposing differential planar elements over the entire surfaces as [1]: 

dA
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


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)(
)(                                          (2.13) 

where AHU p /)( is the interaction energy per unit area between two bodies, A is 

the projected area of the body normal to the line of closest distance between the 

bodies. knkn  /  provides a measure of the angle made by the curved surface of 

the body with the projected normal area A, which is assumed a value of 1 or -1, 

depending on whether the surfaces of the bodies face each other or they face away 

from each other. 

In this manner, the interaction energy is evaluated in conjunction with realistic 

geometrical models of surface roughness. Let us takes the application of SEI 

method to AFM colloidal probe technique as an example [12], which is one of 

most frequently used methods to probe interactions between two surfaces. As 

depicted in Figure 2.3, the origin of the coordinate system (O) used for 
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computation of the interaction energy is on the plane of the highest point of the 

rough surface. All distances are measured along the positive Z-direction in this 

coordinate system. The minimum separation D is defined as the first sphere-plate 

contact, i.e., the distance between the smooth plate and the highest point on the 

rough surface. The actual local separation distance h for each patch of the 

computing surface is the sum of the separation distance D with the height 

difference between the local patch and the highest point. The scanned AFM image 

was reconstructed by dividing the image into numerous tiny meshes and each 

patch parallel to the mean plane of the surface for computing. Using this recreated 

surface area, the total energy between the half-space and the rough substrate is 

computed by integrating the DLVO energy per unit area between the probe and the 

rough surface at each mesh. This integral is then divided by the projected area to 

obtain the interaction energy per unit area between the probe and the rough 

substrate. Details of the SEI method and more applications of this method can be 

found elsewhere [1, 9-10, 12]. 

 

Figure 2.3 Schematics of applying the SEI method to a smooth colloidal probe 

and rough plate in AFM colloidal probe technique, taken from literature [12]. 

It should be noted that all analytic solutions, no matter whether it is DA or SEI, 

have some forms of approximations embedded in it. Therefore, we need to be 

careful in selecting an expression that is appropriate for a given situation.  
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2.2 Particle association and rheological property 

The rheological property (eg. yield stress or viscosity) of mineral slurries is highly 

dependent on the properties of the mineral particles in suspension (surface charge, 

size, shape, concentration, etc.). The charge of mineral surfaces plays a very 

important role in determining slurry rheology [13-16]. Normally, the rheological 

properties of mineral suspensions can be predicted by correlating the yield stress 

Y  which is proportional to the mechanical strength of physical network of 

suspensions with the   potential of the particles using the following equation 

[17]: 
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strucK  is the network structural term dependent upon the particle size, the solids 

volume fraction and the mean coordination number; while the two bracketed 

terms account for the VDW and EDL interactions, respectively.

  

According to equation (2.14), the maximum yield stress of a mineral suspension 

occurs at the zero surface potential (or charge) of particles. This is because at the 

pH value corresponding to this point, there would be no net electrostatic repulsive 

force between mineral particles and attractive van der Waals interactions will bring 

and hold particles together, leading to a coagulated state of particles. Based on the 

above discussion, the isoeletric point (IEP) or PZC of mineral particles is believed 

to be an important parameter to determine the mechanical properties of mineral 

suspensions such as shear-yield stress and therefore, is of great interest in mineral 

processing. For isotropic mineral particles such as quartz or corundum which has 

a simple and regular morphology and surface charge distribution, the IEP or PZC 
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across the entire surface of particle is almost identical and occur at the same value. 

As a result, these values predict to the maximum yield stress of mineral 

suspensions quiet well as well documented in literature [17, 18]. However, the 

rheological properties of phyllosilicate minerals are hard to be correlated to their 

IEP or PZC as shown in Table 2.1 [14-15, 18-30].  

Table 2.1 Summary of reported IEP (determined by   potential measurements), 

PZC (determined by potentiometric titration method) and maximum yield stress 

of phyllosilicates. 

Phyllosilicate IEP Ref PZC Ref 
Maximum 

yield stress 
Ref 

Talc 

2.5 

<3 

3.6 

[19] 

[20] 

[21] 

7.7 [19] 5.6 [19] 

Muscovite 

1 

1.7 

5.4 

2, 5-7* 

[21] 

[22] 

[15] 

[23] 

4.6 [15] 5* [23] 

Kaolinite 

<2.4 

<3 

2.9 

[24] 

[18] 

[22] 

4.8 

6-6.5 

[25] 

[26] 
5.5 [18] 

Chlorite 

<3 

4.5 

5.5 

2.5-5** 

[20] 

[22] 

[27] 

[28] 

4.6 [20] 5** [28] 

Chrysotile 3.3 [29] 
4.3 

8.23 

[20] 

[14] 
5.5-9 [14] 

Montmorillonite <3 [22] 6.86 [30] 
*** 

Vermiculite 3.3 [15] 8.4 [15] 

 

Note: * IEP value 2 was determined using low solids concentration (0.002 wt. %) 

suspensions while IEP vary 5-7 using high solids concentration (8-57 wt. %), the 

maximum yield stress was determined for suspensions of 57 wt. % solids;  
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**: IEP value 2.5 for low solids concentration 0.05 wt.%, 5 for high solids 

concentration 8-57 wt.%, the maximum yield stress was determined for 

suspension of  57 wt.% solids;  

***: For swelling phyllosilicates (smecite or vermiculite), the hydration also plays 

a dominant role in rheology performance. These two groups usually have 

relatively low yield stresses as the particles absorb water; therefore, their yield 

stress data are not included and discussed here. 

The apparent discrepancies between these sets of data are that phyllosilicates has 

unique anisotropic surface character due to their layered structure as described in 

Chapter 1. As shown in Figure 2.4, various modes of particle associations can 

occur for phyllosilicates [31]: face (basal)–face (basal) (FF), edge–face (EF) and 

edge–edge (EE).  

 

Figure 2.4 Modes of particle associations in phyllosilicate suspensions: (a) 

dispersed; (b) face-to-face (FF); (c) edge-to-face (EF) and (d) edge-to-edge (EE) 

adapted from literature [31]. 

FF association leads to formation of lamellar structured aggregates, which 

decreases the gel strength of suspensions due to the reduction of available units to 

build gel structures and the available surface for particle interaction. EF and EE 

associations can lead to three dimensional voluminous structures which exhibit 

more complex rheology and difficult to handle. The overall rheological behaviour 

of phyllosilicate particles depends on the type of particle associations in 

suspensions, which is affected by the conditions of the solution such as pH or salt 

concentrations. For example, the effect of pH on the yield stress due to particle 
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associations of phyllosilicate minerals is shown in Figure 2.5 [32]. EE and EF 

contacts between phyllosilicate particles form most probably at low pH values. At 

a somewhat higher pH, the potential between the EE contacts is predominant, 

which results in the lower yield stress of suspensions. Theoretically, in terms of 

this proposed interaction model, James and Williams [33] calculated the total 

interaction energy between kaolinite suspensions at various pH and electrolyte 

concentrations by representing the edge and face of a kaolinite platelet as a 

cylinder and a flat plate, respectively. Rheological parameters of flocculated 

suspensions (extrapolated shear stress and plastic viscosity) of dilute kaolinite 

suspensions (solid volume fraction of 0.02) are interpreted.  

 

Figure 2.5 Schematics of the effect of pH on the yield stress in terms of particle 

associations of phyllosilicate minerals adapted from literature [32]. 

2.3 Surface charging characteristic of phyllosilicates 

The surface charges of phyllosilicate minerals govern characteristic chemical and 

physical phenomena such as ion exchange, adsorption, swelling, colloidal stability, 

and flow behaviour. Therefore, an extensive and accurate knowledge of the surface 

charge properties of phyllosilicate is required in order to predict their behaviours. 
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For the past decades, a number of efforts were made to determine or model the 

surface charging behaviour of phyllosilicates.  

As mentioned in Chapter 1, phyllosilicate minerals exhibit different charge 

characteristics on different surfaces, being attributed to different prevailing 

charging mechanisms: fixed and permanent isomorphic substitution on basal plane 

and hydrolysis reactions of broken primary bonds, mostly on the edge surfaces. 

The total surface charge of phyllosilicate particle is a combination of charges from 

both basal planes and edge surfaces. The surface charge properties of phyllosilicate 

minerals have been extensively investigated using various experimental methods 

and modeling. In view of the experimental studies, Zeta potential measurements 

and potentiometric titration are two conventional methods extensively used to 

investigate the surface charging character of phyllosilicates.  

2.3.1 Zeta potential measurement  

The zeta potential measurements by electrophoresis are widely used to determine 

the electrokinetic potentials of minerals. As already shown in Figure 2.1, the   

potential of particles is the electrical potential at the shear plane when the particles 

are moving in an aqueous solution under the influence of a given electric field. In 

electrophoresis method, the electrophoretic mobility of dilute suspensions is 

measured, which is then converted to   potential values by mathematical 

models. The pH where the   potential is zero refers to the IEP. 

In early years, Parks compiled the IEP of most metal oxides and hydroxides, 

which has been commonly used as the reference in the later studies of IEP for 

many materials [34]. Fuerstenau and Pradip reviewed the study of   potential 
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measurements in the context of the flotation of oxide and silicate minerals [21]. 

By reviewing studies reported in recent years, Kosmulski updated the data not 

only on metal oxides and hydroxides but also on lots of pH-dependent charging 

materials [22, 35]. He pointed out that many publications clearly indicate that 

IEP≠PZC for specific materials other than metal oxides. Compared with the PZC, 

IEP values reported for the same materials (corresponding to certain chemical 

formula and crystallographic structure) are more consistent, which makes it more 

suitable to characterize the pH-dependent surface charges of materials.  

In most conventional methods of electrophoretic measurements, highly dilute 

dispersions are required. Recently the dynamic mobility measurement using 

electroacoustic method was developed. This method can measure  potential of 

concentrated dispersions and has been applied to investigating charge 

characteristics of the kaolinite and montmorillonite suspensions [17, 36-37] 

though the theoretical background is still under development [38].  

In all electrokinetic methods, the mathematical models used to convert the 

determined electrophoretic mobility of suspensions to  potential values of the 

surface were derived for spherical or near-spherical particles with a basic 

assumption that the charges are uniformly distributed on the particle. Until now, 

there is no well developed theory that can properly describe the movement of 

platy particles with anisotropic charge characteristics under the influence of a 

given electric field. Therefore, in the case of phyllosilicate, interpretation of 

colloidal behaviour based on the   potential values determined by the exiting 

electrophoretic measurements could be misleading. 
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2.3.2 Potentiometric titration  

Unlike the electrophoretic method which is affected by the shape of particles, 

potentiometric titration method is based on the principle of ion exchange in 

solution, which is independent to the shape of particles. Therefore, this method 

has been chosen as another main approach to study the electrical surface 

properties of minerals, especially the phyllosilicates.  

By adding a certain amount of acid or base titrant, the surface charge density   

(C/m
2
) can be calculated, if the surface area A (m

2
/litre) is known, by:  

        OHHCC
A

F
ba

a                                       (2.15) 

where Fa is the Faraday’s constant, Ca and Cb are the amounts of acid and base 

titrant added (mol/litre). However, this titration method demands that the surface 

area A of the sample to be precisely known, which is highly unlikely in the case of 

phyllosilicates [39]. In simplified Mular–Roberts (M–R) method, by adjusting the 

ionic strength (given by an indifferent electrolyte), the difference between the 

initial and final pH values pH  is plotted against the final pH. The PZC is then 

referred to the pH point of zero salt effect ( pH is zero). In this manner, PZC of 

many phyllosilicates were determined. Duc, et al. [40] reviewed many literature 

devoted to probing the acid-base properties of clays by this method. He pointed 

out that many technical and theoretical difficulties are still encountered, which 

results in highly scattered potentiometric data. Meanwhile, this method cannot 

provide a numerical estimate of the magnitude of the surface charge. Also, it 

should be noted that the accurate determination of true PZC of minerals by 

potentiometric titration method is very much limited to the systems without specific 

adsorbing ions in the solution. The potential-determining ions should only be H
+ 
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and OH
-
, which induce pH changes. If other ions are also proved to act as pdi in the 

system, such as Mg
2+

 being potential-determining ions in the case of talc, this 

method cannot be applied successfully [20]. 

Moreover, similar to the results from    potential measurements, this method can 

only give a combination of charges from both the basal planes and edge surfaces of 

phyllosilicates, which can vary with the basal/edge ratio of particles. Clearly, a 

more thorough understanding of the charging behaviour of specific surface of 

phyllosilicate minerals to better investigate their corresponding colloidal 

behaviours is needed.  

In addition to above two conventional techniques which can only give the average 

surface charge characteristics of phyllosilicates, SFG and AFM are used to probe 

the surface charging behaviour of minerals at molecular level by fitting the SF 

spectral and interaction forces, respectively. By investigating the spectral change 

of the interfacial molecular species using SFG or probing interaction forces using 

AFM on relatively small sampling area, these two methods provide the possibility 

to examine the individual face of phyllosilicate minerals.  

2.3.3 Sum frequency generation spectroscopy  

Opposed to the titration method, Sum frequency generation (SFG) is independent 

of interpreting the electrical potential based on acid-base titration stoichiometry in 

electrolyte. In SFG method [41-42], two laser beams at frequencies of 1 and 2 

mix at a surface and generate an output beam picked up by a detector with the sum 

frequency 21   . One of the laser beams is a visible wavelength laser held 

at a constant frequency and the other is a tunable infrared laser. By tuning the IR 

beam across a vibrational resonance, the molecules at the interface will interact 

with the electric field by generating a new field that oscillates at the sum of the 


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incident frequencies. For example, when protonation/deprotonation reaction 

dominates at the surface, the water is dominated by different interfacial water 

species such as the tetrahedrally coordinated and weakly bound water molecules. 

Their relative intensities of frequency peaks and orientation will be changed as a 

function of the solution pH. Therefore, by analyzing SFG results of different water 

species at different pH values, the estimation of the PZC can be obtained.  

Yeganeh et al. [41] first employed SFG to probe OH stretch vibrations of a typical 

water/oxide (alumina) interfaces. This method was chosen as an alternative 

method to study the charging behaviour and the PZC of metal oxide and related 

minerals. Hopkins [42] reviewed recently reported work on the solid/aqueous 

interface using this method, which included the neat non-metal aqueous interfaces, 

self-assembled monolayers, surfactants, adsorbates and polymers. Stack et al. [43] 

studied the charging behaviour of water/ sapphire interfaces at different pH values. 

The edge of sapphire is a sharing AlO6 octahedral structure which is also seen in 

many other minerals, especially the mica group. By using this method, the PZC of 

the sapphire was found to be around pH 6.3, much lower than the well-reported 

PZC at pH 9.  

However, as a nascent technique, due to certain limitations, there is still no 

common agreement regarding the experimental setup or interpretation of the 

results [41-43]. Quiet few studies on investigating surface character of 

phyllosilicates using this method were reported [42]. 

2.3.4 Atomic force microscopy  

Atomic force microscopy (AFM) is a well developed technique and widely used 

to study the surface properties of phyllosilicates [44-51]. Various phyllosilicate 

surfaces such as kaolinite [45], illite [46], talc [47-50] and mica [12, 51] have 

http://www.sciencedirect.com.login.ezproxy.library.ualberta.ca/science/article/pii/S0016703702010347#BIB9


Chapter 2                                                   -29- 

 

been studied by AFM using colloid probe technique. In this technique, the 

interaction forces between an AFM probe and phyllosilicate surfaces are directly 

measured and then fitted with the DLVO theory. By solving equations that 

correlate the surface potential with interaction force profiles, the AFM derived 

Stern potential can be obtained. As the principal technique used in this study, the 

details about the working principles of AFM will be introduced in Chapter 3. 

Although AFM method has been well established to study the surface property of 

minerals, quiet few studies were reported on using AFM colloid probe technique 

to investigate the anisotropic character of specific faces of phyllosilicates. The 

biggest challenge of applying this technique to determine the surface charge 

characteristics of phyllosilicate minerals is the preparation of sufficiently smooth 

surfaces. For this reason, most AFM colloid probe studies of phyllosilicate 

minerals had been performed on cleavage basal planes or simply rough surfaces 

of phyllosilicate minerals.  

By depositing kaolinite basal planes on differently charged substrates, Gupta and 

Miller [45] investigated the anisotropic character of different kaolinite basal 

planes (T or O) by measuring surface forces on each basal plane. The different 

charging behaviour, wetting characteristics and the surface hydrophobicity of two 

kaolinite basal planes have been observed. The PZC, or more precisely the point 

of zero Stern potential of silica-like T basal plane of kaolinite was determined to 

be at pH > 4, while the PZC of alumina-like O basal plane of kaolinite was found 

between pH 6-8. 

Regarding to phyllosilicate edge surfaces, Nalaskowski et al. [50] used a talc 

particle (around 20 µm) as an AFM probe to measure the forces between this talc 

particle and talc basal planes or edge surfaces in aqueous solutions of varying pH 
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values. Although their study showed different electric properties between basal 

planes and edge surfaces, their AFM force curves could only be analyzed 

semi-quantitatively at the best due to the ill-defined geometry of the talc particles 

glued on AFM cantilevers and high roughness of prepared edge surfaces.  

Zhao et al. [12] probed the interaction forces on muscovite basal planes and edge 

surfaces using a silica sphere of 8 µm diameter, glued on an AFM cantilever. In 

order to quantitatively analyze the measured force curves, a microtome cutting 

technique was employed for the first time with the purpose of obtaining a suitably 

smooth edge surface. Although the surface smoothness of muscovite edge surface 

was greatly improved by microtome cutting technique, the obtained edge surface 

was still not sufficiently smooth, especially compared with its basal plane. The 

roughness over the contact area for silica colloid probe remains too high, as 

indicated by significantly weaker forces measured. Eventually, the surface 

topology was reconstructed by obtained AFM image of the surface and SEI was 

employed by these authors in their analysis to account for the effect of surface 

roughness.  

By fitting the interactions between the silica probe and muscovite surfaces with 

DLVO theory, the AFM-derived surface potentials of muscovite basal plane were 

found to be pH-insensitive, while the mica edges were highly pH-dependent with 

the estimated PZC to be around pH 7.5±0.5. Although this innovative study 

demonstrated the possibility of using AFM colloidal probe technique to study 

anisotropic surface charge properties of phyllosilicate minerals, it was still limited 

to obtain accurate result by some shortcomings. One problem in their study is that 

the colloidal interaction forces were measured with a micron size silica probe, 

while an AFM cantilever with a sharp tip was used to obtain a good AFM image 
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with detailed morphological characteristics of the surface. This switching of the 

probe particle to the sharp tip means that the recreated image used in SEI 

calculation may not be the exact spot where the force profile was measured. To 

resolve this uncertainty, those authors used several representative images to carry 

out the SEI calculations and the average potentials of muscovite edge surfaces 

were determined. However, due to the prepared surface remains too rough, the 

determined surface potentials of muscovite edge surfaces cannot be considered to 

be accurate but rather semi quantitative. Therefore, establishing a suitable 

technique to improve the quality of the prepared edge surface to minimize the 

uncertainties of SEI calculations is of great importance.  
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Chapter 3 

Materials, characterization and methods  

3.1 Materials  

Talc obtained from Luzmenac America (Englewood, CO, USA) and muscovite 

supplied by S & J Trading (Glen Oaks, NY, USA) were used throughout this 

study. Silica wafers with one side polished were purchased from Nanofab 

(University of Alberta, Canada). KCl (Aldrich Inc.) was used as supporting 

electrolyte.HCl and NaOH (Fisher Inc.) were used as pH modifiers. CaCl2·2H2O 

and MgCl2·6H2O (Aldrich Inc.) were used as sources of Ca
2+

 and Mg
2+

, 

respectively. All the reagents used were of ACS analytical grade. High purity 

Milli-Q water with a resistivity of 18.2 MΩ cm
-1

, prepared with an Elix 5 

followed by a Millipore-UV Plus Ultra water purification system (Millipore Inc.), 

was used for preparation of solutions used throughout this study. 

3.2 Preparation of different phyllosilicate surfaces  

Since both talc and muscovite have perfect cleavages along their basal planes, the 

basal planes of these two phyllosilicates are freshly cleaved using a sticky tape in 

a dust-free, horizontal laminar flow hood (NuAire, Inc., Plymouth, MN, USA).  

3.2.1 Ultramicrotome cutting technique 

In the case of edge surfaces, an ultramicrotome cutting procedure was developed 

to obtain suitable smooth edge surfaces for further study at molecular level using 

AFM. As shown in Figure 3.1, a very small and thin piece of phyllosilicate 

mineral was first embedded in an epoxy resin (Electron Microscopy Sciences, 
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Hatfield, PA, USA) and baked as following the instructions to cure the sample as 

a block. 

 

Figure 3.1 Schematics of preparing the phyllosilicate edge surfaces by the 

ultramicrotome cutting technique. 

To optimize cutting result, the resin should have similar hardness as the mineral 

sample to decrease folding of the resin or sample and to avoid the sample being 

pulled out during the cutting. To ensure the cutting surface having less slanting 

angles, the epoxy block was trimmed by a razor blade under an optical 

microscope to make phyllosilicate sheets as perpendicular as possible to the 

cutting edge of the knife on the ultramicrotome. After trimming, the block was 

glued on the metallic disk with epoxy (Master Bond, Hackensack, NJ, USA) and 

mounted on the ultramicrotome (EM UC 7, Leica Microsystems Inc.) for cutting. 

Surfaces were cut by following the procedures for thin sectioning. Instead of 

collecting thin sections that were cut off, as in most applications for TEM sample 

preparation, the remaining blocks with the finish surface were used for further 

AFM imaging, colloidal force measurements and other related surface analysis. 

Before being used in AFM study, the prepared phyllosilicate surface was 

subjected to a high-pressure ultrapure nitrogen gas blow to remove any possible 
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flakes and dust on the surface, and rinsed with Milli-Q water and ethanol. Finally, 

the prepared surface was cleaned by UV-ozone immediately prior to its use to 

remove any organic contaminants.  

3.2.2 Characterization of prepared surfaces  

3.2.2.1 Field emission secondary electron microscopy imaging 

The morphology of the obtained edge surface prepared by ultramicrotome cutting 

technique was examined by Field emission secondary electron microscopy 

(FE-SEM) equipped with a scanning Auger microprobe (JAMP-9500F, Oxford 

Instruments). To prevent a poor quality image caused by surface charging, low 

voltage was applied during the imaging to minimize the charge effects. Typical 

FE-SEM images of edge surfaces prepared by ultramicrotome cutting technique 

are shown in Figure 3.2. Figure 3.2 (a) shows a large scale image of the prepared 

edge surface at lower magnification and Figure 3.2 (b) shows a high resolution 

image after zooming in to a small smooth area. The resin appeared to be darker 

than the edge surface due to its low electron scattering yield. Some pitch lines and 

tiny debris were observed on the edge surfaces. These pitch lines are possibly due 

to pull off and carryover of tiny phyllosilicate debris which stick on the cutting 

knife by electrostatic adhesion and are hard to be removed during the cutting 

process.  

3.2.2.2 X-ray photoelectron spectroscopic analysis 

The surface elemental composition of both basal planes and edge surfaces of each 

mineral was obtained by performing X-ray photoelectron spectroscopic (XPS) 

analysis with an Axis 165 spectrometer (Kratos Analytical). As shown in Figure 

3.3, the presence of different cations is seen in the spectra of different 

phyllosilicate minerals studied. The dominated cationic elements of both basal 
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planes and edge surfaces of talc are silicon and magnesium. For muscovite basal 

planes and edge surfaces, silicon, aluminum and potassium were detected as 

major making up cations, indicating isomorphic substitution of Si
4+

 by Al
3+

 with 

K
+
 as compensating ions. Trace amounts of fluoride and iron were also found on 

the talc and muscovite basal planes, respectively.  

 

Figure 3.2 Typical FE-SEM images of the talc edge surface prepared by the 

ultramicrotome cutting technique: (a) taken with lower area resolution but larger 

scanning area; and (b) taken by zooming in on a small smooth area at a high 

resolution. 
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Figure 3.3 XPS spectra of talc and muscovite (a) basal plane and (b) edge surface. 

3.3 AFM 

3.3.1 The principle of the AFM 

As introduced in Chapter 2, AFM is a powerful tool for directly probing the 

surface topographies and intermolecular forces at nanoscale resolution, which has 
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been broadly used in materials, biology, mineral processing and nanofabrication. 

As depicted in Figure 3.4, a basic AFM system consists of a piezoelectric 

transducer, a cantilever with tip, a laser beam system and a photodiode. When a 

sample is brought toward and away from the AFM tip on cantilever, the 

interaction forces between the sample and the tip cause the cantilever to deflect. 

This reflected laser beam is directed by a mirror to a split photodiode, which can 

detect the deflection of the cantilever to a fraction of a nanometer resolution.  

 

Figure 3.4 Schematics of the components in an AFM set-up. 

3.3.2 AFM imaging 

Compared to other conventional microscopic techniques in imaging such as TEM 

or SEM, AFM has a distinct advantage that it can be used in situ without the 

requirement of the vacuum environment. By using a cantilever with a sharp tip, 

the atomic resolution can be obtained in imaging process. Usually, the imaging 

process is performed in two modes: contact mode or tapping mode. In the contact 

mode, the cantilever is kept at constant loading force and dragged line by line 

over the surface to create profiles and construct an image. In the taping mode, the 

cantilever is kept at its resonance frequency and gently tapped on the surface 

which is moving in the z direction to reach contact. When the tip is lifted away 
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from the contact, the surface is moved in the x-y directions, avoiding the drag of 

the tip on the surface. 

3.3.3 AFM force measurement 

In addition to mapping the surface topography, AFM can also probe the 

interaction forces between a flat surface and an AFM tip. For one AFM force 

measurement cycle, both the long range attractive or repulsive forces between two 

surfaces when they are approaching each other and the adhesion (pull off) force 

when one surface is retracted from the other can be recorded.  

A typical “force vs piezo displacement” curve recorded by AFM is shown in 

Figure 3.5 (a). When the sample on the piezo transducer stage start to move 

toward the tip on the cantilever, at the beginning, there is no deflection of the 

cantilever due to zero interaction force between the two surfaces at large 

separation distances. Therefore, a constant output signals is obtained initially in 

this zero deflection region (Figure 3.5 (a): a0-a1). As the sample moves closer to 

the tip, the change of the output signal is observed (Figure 3.5 (a): a1-a2). An 

increase in the output signal indicates the cantilever being pushed away by the 

repulsion between the two surfaces while a decrease in the output signal indicates 

the cantilever moving towards the lower sample surface corresponding to an 

attraction between the two surfaces. Eventually, the sample will be brought by the 

translation stage into the contact with the tip and then a constant compliance is 

observed. In this constant compliance region, though the surface is in contact with 

the probe, the surface is still moving with the probe. The cantilever displacement 

(deflection) can be calibrated in terms of output signals from the known 

displacement of the piezo to which the surface is attached. The slope of this linear 

part of the curve (Figure 3.5 (a): a2-a3) is estimated as the compliance gradient 
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(deflection sensitivity) in V/nm, which later can be used to convert the 

measurement cantilever deflection from deflection voltage to nanometer. At the 

end of the extension of the piezo transducer, the piezo starts to retract (Figure 3.5 

(a): a3-a4).The cantilever continues to follow the displacement of the piezo due to 

the adhesion force holding the tip to the sample. 
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Figure 3.5 Typical AFM force curves: (a) “force vs. piezo displacement” curves 

recorded by AFM and (b) “force vs. separation distance” force profiles converted 

from (a). 
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The force acting between the tip and the sample is determined from the deflection 

of the cantilever and its spring constant using Hooke’s law ),( kxF  where x 

represents the deflection and k is the spring constant of the cantilever. Finally, in 

this manner, the “force vs. piezo displacement” is converted to the “force vs. 

separation distance” force profile as shown in Figure 3.5 (b). More detailed 

description on the principles of the AFM can be found in literature [1-2].  

In this dissertation, AFM technique was employed to probe the colloidal 

interaction as well as to image surface topographies. A Multimode AFM with 

Nanoscope IIIa controller, equipped with PicoForce or E scanner and 

vendor-provided liquid cell, all supplied by Veeco Instruments Inc., (Santa 

Barbara, CA, USA) was used throughout this study. 

In experiments reported in Chapters 4-6, AFM measurements were carried out in 

1 mM KCl solutions as the supporting electrolyte. After filling the liquid cell with 

the test aqueous solutions, the system was allowed to stabilize for at least 30 

minutes before each measurement. At least three pairs of tip-surface were used for 

each surface type and the measurements were conducted at various locations on 

one surface for each condition of the solution. For force measurement, at each 

location, continuous approaching and retracting force curves were taken and the 

data was only recorded when the force curve was stable. All experiments were 

conducted at room temperature (20 ± 2
o 
C). The raw force profiles were analyzed 

with SPIP software (Image Metrology) which converts the deflection-distance 

data to force-separation curves, including baseline and hysteresis correction. The 

spring constant of each cantilever was measured by the thermal tune method using 

the built-in option in the Veeco AFM software version 8.10, with values obtained 
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varying from 0.12 to 0.19 N/m. The maximum loading force used in the force 

measurement was controlled within the same range.  

3.3.4 AFM tip evaluation 

In Chapters 4-6, silicon nitride tips (NP, Veeco Inc., Santa Barbara, CA, USA) 

were used in AFM experiments. It has been reported that compared to micron 

sized probe particles, the use of sharp AFM tips allows mapping of surface charge 

or Stern potential at a spatial resolution of 20-100 nm which is about 20-100 fold 

higher than the colloidal probe technique [3]. One possible disadvantage of using 

the sharp tip is its lower sensitivity for force measurements due to weaker 

interaction forces from small interacting surfaces. However, the high surface 

charge reported for this type of tip as a probe offsets some negative effects of 

weak interaction forces [4]. In order to obtain its geometry and apex curvature, the 

morphology of the tip was examined with a field emission scanning Auger 

microprobe (JAMP-9500F, Jeol, Japan). A pyramid-like shape tip is shown in 

Figure 3.6 (a and b). As shown by the scanning Auger electron spectrum in Figure 

3.6 (b1), the tip consists of 49.4% silicon and 42.5% nitrogen with a small amount 

of oxygen (8.1%) on the top end of the tip which interacts with the phyllosilicate 

surface during the AFM force measurements.  

The tip geometry was also evaluated with the Nanoscope software (Veeco Inc., 

Santa Barbara, CA, USA) by analyzing the image of a polycrystalline titanium 

“tip-check” sample (RS, Veeco Inc., Santa Barbara, CA, USA) taken by the tip. 

This “tip-check” sample contains extremely sharp features. The effective tip 

diameter and aspect ratio at a selected distance from the tip apex were calculated 

from the width and height of the image taken. A detailed description of the tip 

geometry evaluation can be found elsewhere [5]. By using this software program, 
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the tip geometry can be evaluated by comparing the estimated tip diameter and 

aspect ratio with selected threshold and limit values. These baseline data were 

collected by scanning several brand new tips. In order to avoid faulty interrelating 

data and get consistent results, the tip evaluation was performed after force 

measurement. If the tip was shown to be worn or bad (i.e. tip was damaged during 

force measurements), the result would not be used for further analysis.  

 

 

Figure 3.6 Typical FE-SEM images of an AFM silicon nitride tip used in this 

study: (a) plane view; (b) oblique view and (b1) scanning auger electron 

spectroscopy analysis on the top end of the tip. 
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3.4 Theoretical model for DLVO calculation  

The van der Waals interaction energy per unit area between two planar surfaces 

and the corresponding Hamaker constant AH were calculated using equations (2.2) 

and (2.3) in Chapter 2. The data of each material used for the calculation of 

Hamaker constant AH in equation (2.3) are listed in Table 3.1, taken from 

literature [6-7] and the e  assumed to be the same for all materials. 

Table 3.1 The values used for calculation of Hamaker constant AH  taken from 

literature [6-7]. 

Materials Talc Muscovite Silica Silicon nitride Water 

Dielectric constant ( i ) 3 5.4 3.82 7.4 78.5 

Refractive index (ni) 1.57 1.584 1.448 1.988 1.333 

 

The surface potential   and the surface charge density   are linked to each 

other by Grahame equation [8]:  

)
2

sinh(8 00
Tk

e
Tkc

B

B


                                         (3.3)  

The EDL energy per unit area between two planar surfaces a (with surface 

potential 
a  and surface charge density 

a ) and b (with surface potential 
b  

and surface charge density 
b ) at distance D was calculated by following 

equations at different BC.  
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The EDL interaction energy at constant electrical surface charge BC per unit area 

(  

EDLU ) [9]: 

 1)(cos2]1))[coth((
2

1 22

0

 DechDU babaEDL 


                        (3.4)  

The EDL interaction energy at constant electrical surface potential BC per unit 

area ( 

EDLU ) [10]: 

 1)(cos2)]coth(1)[(
2

220  DechDU babaEDL 
                        (3.5)  

The EDL interaction energy at mix BC per unit area ( 

EDLU ) [11]: 

  1)tanh()/()(sec2
2

1 2

00

2  DDhU abbaEDL                     (3.6)  

As mentioned in Chapter 2, the interaction energy between two surfaces of a 

given geometry can be derived from the interaction energy between two planar 

plates by DA. Based on the pyramidal shape as shown in Figure 3.6 (a and b), the 

tip geometry can be reasonably approximated as conical with a spherical cap at its 

apex as depicted in Figure 3.7. Greek symbols α and β are the geometrical angles 

for the spherical cap at the tip apex and the conical tip, with 90  . D is the 

distance between the end of the tip and the substrate; L is the distance between a 

differential surface section of the tip and the substrate; r is the radius of the circle of 

the tip at a given vertical position and R is the radius of the spherical cap at the end 

of the tip. 
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Figure 3.7 Geometry of a model conical AFM tip with spherical apex used for 

DLVO calculations taken from literature [12]. 

Therefore, the geometry of the conical tip was break down to two parts: spherical 

region (S) and conical region (C). The derivations of the DLVO interaction 

energy U and force F for these two parts were integrated by following the similar 

procedure in literature [12] as follow: 

rdrUF 2
0


                                                (3.7) 
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DrRRL  22     dLLDRrdr )( 
 

In the conical region (C) of the tip end sinRr    
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EDL force at constant electrical surface potential BC: 
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EDL force at constant surface charge density BC: 
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EDL force at mix BC: 
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It should be noted that by fitting the measured interaction force profiles between 

AFM tip and different surfaces with this evaluation model, to be more precisely, 

the Stern potential instead of the surface potential of specific surface can be 

obtained, though they are almost the same in magnitude.  
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Chapter 4 

Determination of anisotropic surface charging 

characteristics of different phyllosilicates by direct force 

measurements: Effect of pH* 

The work presented in this chapter comprise a detailed study of the effect of pH 

on the anisotropic surface charge characteristic of two 2:1 layer (TOT) natural 

minerals, talc and muscovite, as representatives of magnesium and aluminum 

phyllosilicate minerals, respectively.  

In this study, following the methodology described in Chapter 3 to prepare 

smooth edge surface by the ultramicrotome cutting technique, probe the 

interaction forces between the AFM tip and phyllosilicate basal/edge surfaces 

using AFM and fit the measured force profiles with the classical DLVO theory, 

the electrical surface potentials, or more precisely Stern potential of different talc 

and muscovite surfaces in aqueous solutions of various pH values were 

determined. The Stern potential of muscovite basal planes was found to be 

significantly more negative than the basal plane of talc, both being pH insensitive. 

In contrast, the Stern potential of edge surfaces was highly pH-dependent, 

exhibiting a PZC of pH 7.5 and 8.1 for edges of muscovite and talc, respectively. 

4.1 Introduction 

To fundamentally understand the electrokinetic behaviour of phyllosilicate 

minerals, it is necessary to study the anisotropic surface charge properties of 

phyllosilicate surfaces. 
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The stability of fine-grained phyllosilicate suspensions is determined largely by 

the colloidal interactions between phyllosilicate particles. In order to accurately 

predict phyllosilicates behaviour in industrial applications, an extensive 

knowledge on anisotropic surface properties of phyllosilicates is essential.  

As introduced in Chapter 2, AFM has been widely used to study surface 

properties of phyllosilicate minerals. Various probe and flat phyllosilicate surface 

systems such as illite-illite [1], talc-talc [2], silica-mica [3-4], pitch-talc [5] and 

toner-talc [6] have been studied. AFM force measurements provide the possibility 

to determine the Stern potential of minerals by fitting the force profiles obtained 

in aqueous solutions with the DLVO theory. Normally the radius of the colloid 

probe is around several micrometers, which is too large to allow for accurate 

imaging of the surface where the force profiles are measured. On the other hand, 

only very smooth surfaces of the root-mean-square (Rq) roughness less than l nm 

can be studied using the AFM probe techniques [7]. To our knowledge, there are 

quiet few investigations reported on using AFM colloid probe technique to study 

the anisotropic character of phyllosilicates on specific basal planes and edge 

surfaces [2, 4]. In the present study, the effect of pH on the anisotropic surface 

charge properties of different phyllosilicate surfaces by direct interaction force 

measurements are investigated, aiming to understand how these anisotropic 

surface charge properties influence phyllosilicate behaviour in aqueous solutions. 

In this study, an AFM tip instead of micron size particles is used as probe to 

explore the mapping of heterogeneous surface charges on edge surfaces. 

Commercial AFM tips have been widely used for probing the interactions on 

various surfaces such as multiphase rock [8], kaolinite particles [9], silica plate 

[10], bitumen [11] or nano particles [12]. The theoretical model for obtaining 

Stern potential, from the measured force profiles is well developed and verified.  
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4.2 Results and discussion 

4.2.1 Interactions between AFM tip and silica surfaces  

To obtain the unknown charge property of a phyllosilicate surface by the method 

of fitting AFM force profiles, it is necessary to first know the Stern potential of 

the tip at each testing condition. Since the Stern potential values of silica have 

been well studied and are quite characteristic for a given solution pH, silica can be 

used to calibrate/determine the Stern potential of the tip by measuring colloidal 

forces between the tip and a clean silica wafer in 1 mM KCl solutions of varying 

pH. A representative AFM image of a silica wafer used for colloidal force 

measurements is shown in Figure 4.1 (a). The surface roughness (Rq) of the silica 

wafer cleaned by UV-ozone was 0.166 nm over a 4 µm
2
 area.  

 

Figure 4.1 Typical (a) AFM image of the silica wafer and (b) interaction forces 

measured between a silicon nitride tip and the silica wafer in 1 mM KCl solutions 

at pH 5.6, 7.9 and 9.9. Symbols correspond to experimental data. The solid lines 

represent the theoretical fit. si
 and tip  are the fitted Stern potential values of 

the silica surface and the tip, respectively. 
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Typical force curves of the tip interacting with silica are shown in Figure 4.1 (b). 

For all pH values tested (5.6, 7.9 and 9.9), the interaction forces are 

monotonically repulsive on approach. As it is well established that the PZC value 

of silica is around 2 [13-14], the silica wafer can be treated as being negatively 

charged over the pH range of 5.6-10 being investigated in this study. Since the 

force profiles are always repulsive, the surface charge of the tip should also be 

negative in this pH range. The measured force profiles were analyzed by the 

classical DLVO theory to quantitatively evaluate the Stern potential of the tip. A 

MATLAB (The Math Works Inc.) program based on its built-in curve fitting 

function was developed for the fitting process. As shown in Figure 4.1 (b), the 

experimentally measured force profiles between the tip and silica in simple 

electrolyte solutions are found to be fitted quite well with the theoretical force 

curves, particularly for separation distances larger than 4-5 nm. The discrepancy 

at very short separation distances is probably due to the presence of repulsive 

non-DLVO hydration forces between the silica surface and the tip, which were 

not taken into account in the theoretical model used in the fitting of force profiles 

in this study. The fitted values of silica Stern potential are compared with the 

results taken from the literature in Table 4.1 [3-4, 15]. The fitted potential values 

agree well with the measured values by other methods (Table 4.1), which 

corroborates the viability of applying this tip-substrate system to study the 

proposed phyllosilicate surfaces.  

Figure 4.2 shows Stern potential values of the tip obtained from AFM force 

measurements, which are compared to ζ potential values determined on silicon 

nitride nano powders (Aldrich Inc.) by Zetasizer (Nano ZS, Malvern Instruments, 

UK). The ζ potential measurement was carried out in 1 mM KCl solutions of 

different pH values for at least 10 times and the average value was reported. The 
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Stern potential values of the silicon nitride tip derived from AFM force profiles 

show a similar trend as the ζ potential values with changing solution pH: 

becoming more negative with increasing pH over the pH range studied. However, 

the magnitudes of the ζ potential values are lower than the corresponding Stern 

potential values obtained by fitting of AFM force profiles, as anticipated by the 

EDL compression for a system containing simple electrolytes. More importantly, 

the discrepancy between the two data sets in Figure 4.2 could very likely be a 

result of differences in surface states of silicon nitride powder and AFM tip. The 

IEP of silicon nitride reported in the literature varies from 4-6, depending on the 

surface treatment and measurement methods [8, 16].  

Table 4.1 Comparison of best-fitted Stern potential values of silica obtained in 

this study with corresponding literature values obtained by microelectrophoresis 

(MEP), streaming potential (SP) and fitting of AFM force profiles. 

pH 

Silica electrical potential (mV) 

This work 
From literature 

Value Method Ref 

5.6 -53±5 

~-51 AFM [4] 

-50 SP 

[2] -60 MEP 

-25 to -60 AFM 

-50 MEP [15] 

7.9 -57±5 

-56 SP [4] 

-60 SP/ AFM [2] 

~-60 MEP [15] 

9.9 -60±5 
~-65 AFM [4] 

-65 MEP [15] 
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In this study, the IEP of silicon nitride tip is determined to be pH 3-4. It appears 

that the silicon nitride tip used in our study may be partially oxidized, forming 

silica layer which lowers the IEP of the silicon nitride surface. As presented 

Figure 3.6 (b1), a small amount (8.1%) of oxygen was detected, confirming the 

oxidation of the tip. Compared with the tip, the silicon nitride nano powder may 

be less oxidized, contributing to less negatively charged surfaces as revealed by 

the ζ potential measurements. Nevertheless, the Stern potential values obtained for 

silicon nitride from fitting of AFM force profiles agree well with literature values 

for this kind of tips [8]. 
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Figure 4.2 Comparison of Stern potential values of silicon nitride tip, determined 

by fitting of AFM force profiles, with ζ potential values of silicon nitride nano 

particles determined by electrophoresis method and Stern potentials of this kind of 

tips reported in literature in 1 mM KCl solutions of different pH values[8]. 

4.2.2  Interactions between AFM tip and talc surfaces 

Representative AFM images of talc basal planes and edge surfaces used for force 

measurements are shown in Figure 4.3. The same color scheme and scanning size 
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for the surface images are used for better comparison. Clearly, the edge surfaces 

of talc prepared with ultramicrotome cutting techniques is sufficiently smooth for 

nanoscale studies of its surface chemistry. 

 

Figure 4.3 Typical AFM images of a prepared hydrophobic talc basal plane and 

an edge surface: (a) talc basal plane with a mean roughness of 0.36 nm (Rq) over 

4 µm
2
; (b) talc edge surface with a mean roughness of 0.73 nm (Rq) over 4 µm

2
. 

Approaching force profiles between the silicon nitride AFM tip and hydrophobic 

talc basal plane in 1 mM KCl solutions of varying pH values are shown in Figure 

4.4 (a). For all three pH conditions tested, the repulsive interaction dominates 

between the tip and talc basal plane. The magnitude of electrostatic repulsion 

increases gradually with increasing pH. The measured force profiles are fitted 

with the classical DLVO theory as shown by solid curve.  

In the fitting process, Stern potential of the tip derived from tip-silica system was 

used. As can be seen in the typical force curves shown in Figure 4.4 (a), the 

measured force profiles can be well fitted with the classical DLVO theory down 

to a separation distance of 5 nm. At pH 5.6, there is an energy barrier at separation 

distance around 5 nm, as predicted by DLVO theory.  
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Figure 4.4 Typical interaction force curves (a) between AFM tip and hydrophobic 

talc basal plane, and (b) between AFM tip and hydrophilic talc edge surfaces, 

measured in 1 mM KCl solutions of different pH values. Symbols correspond to 

experimental data. The solid lines represent theoretical fit. tb
 and te  are the 

fitted Stern potential values of the tip, talc basal plane and edge surface, 

respectively. 
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It is interesting to note that the energy barrier measured is located at a slightly 

larger separation distance with a slightly smaller value than that predicted by the 

classical DLVO theory. Such a deviation suggests the presence of an additional 

attractive force that is not included in the classical DLVO theory, mostly likely 

due to the hydrophobic nature of talc basal planes. More importantly, as 

anticipated, the fitted Stern of talc basal plane is nearly the same, around -30 mV 

over the solution pH range covered in this study.  

A set of typical force profiles between AFM tip and talc edge surfaces in 1 mM 

KCl solutions of varying pH values is shown in Figure 4.4 (b). As can be seen, the 

long range interactions are repulsive at pH 9. At pH 7.8 there is no net repulsive 

force and the force profile becomes purely attractive at pH 5.6. Since the surface 

of the tip is always negatively charged in the given pH range of this study, the 

variable interaction force profiles observed at different pH values explicitly 

suggests that the surface charge of talc edge is highly pH-dependent, changing 

from negative at pH 9 to positive at pH below 7.8. Again the measured force 

profiles can be well fitted to classical DLVO theory as shown by solid curves.  

The Stern potential values obtained from fitting of force profiles were compared in 

Figure 4.5 with streaming potential results obtained by Nalaskowski et al.[2]. To 

our knowledge, such study was the only attempt to reveal the anisotropic character 

of talc surfaces by measuring streaming potentials of flat basal planes and edge 

surfaces prepared by sand blasting. In their study, the authors observed an IEP of 

talc basal planes and edge surfaces both around pH 3. At pH below 5, the ζ potential 

value of talc edge surfaces and basal planes changed similarly with changing pH. 

However a slight decrease in ζ potential values of talc edge surfaces with increasing 

pH above 5 was observed, most likely due to the hydrolysis of magnesium.  
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Figure 4.5 Comparison of the Stern potential values, determined by fitting of 

AFM force profiles in this study with ζ potential values taken from Reference [2] 

for talc (a) basal planes and (b) edge surfaces in 1 mM KCl of different pH values. 

Their ζ potential results are very different from our Stern results obtained from 

colloidal force measurement. In our study, the Stern of the talc basal plane was 

found to be largely independent of solution pH, while the Stern potential of the 

edge surfaces reversed from positive to negative at pH around 8. The discrepancy 

between these two studies may be a result of difference in the source of materials 

and method of measurement. As mentioned above, the poorly-defined 

electrophoretic model for anisotropic particles limits the proper interpretation of 
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the results from ζ potential measurements on phyllosilicate minerals. In addition, 

the reported large roughness of surfaces in the mentioned study [2] may also cause 

unexpected results as the excessively rough surfaces of phyllosilicates make the 

differentiation of basal planes and edge surfaces extremely difficult. Surface 

roughness is believed to be most likely the reason for the discrepancy between their 

predictions and our experimental results. Compared to the small contact area in our 

measurements, with an Rq value for the surface less than 1 nm over the 4 µm
2 

area, 

the mean roughness value of the samples prepared by precision diamond saw 

cutting in the mentioned reference [2] was significantly higher, around 100 nm over 

a 625 µm
2 

area. Although the sand blasting was used for their further polishing, the 

folding of talc edge surfaces on each sample was clearly visible. In contrast, by 

correlating the ζ potential and titration results with the yield stress, Burdukova et al. 

[17] derived the PZC value of the talc edge surface to be around 8 which is in a 

remarkable agreement with the results from this study. 

4.2.3 Interactions between AFM tip and muscovite surfaces 

Representative AFM images of hydrophilic muscovite basal planes and edge 

surfaces used for force measurements are shown in Figure 4.6. The same color 

scheme and scanning size for the surface images are used for better comparison. 

Although prepared using ultramicrotome, the muscovite edge surface having a 

mean roughness of 0.57 nm, is rougher than a molecularly smooth muscovite 

basal plane of Rq mean roughness of 0.22 nm. However, the roughness of 

muscovite edge surface is slightly smaller than the roughness of talc edge surfaces 

having an Rq mean roughness of 0.72 nm. As in the case of talc, the muscovite 

edge surfaces prepared as such are suitable for colloidal probing force 

measurement using AFM tips.  
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Figure 4.6 Typical AFM images of phyllosilicate planes prepared by microtome 

cutting technique: (a) muscovite basal plane with a mean roughness of 0.22 nm 

(Rq) over 4 µm
2
; (b) muscovite edge surface with a mean roughness of 0.57 nm 

(Rq) over 4 µm
2
. 

Force profiles between AFM tip and hydrophilic muscovite basal planes in 1 mM 

KCl solutions of varying pH values are shown in Figure 4.7 (a). Similar to the talc 

basal plane, the net interaction forces are all repulsive and increase gradually with 

increasing pH. Stern potentials of muscovite basal planes obtained from this study 

are compared in Table 4.2 with the results taken from the literature [3-4, 18-19]. 

Despite the variety of mica sources and experimental methods, the obtained 

electrical surface potential values for mica basal planes are in a comparable range.  

The structural defects of basal planes, due to the random substitution of lattice 

Si
4+

 or Al
3+

 by lower valence ions, account for negative charge on the basal plane. 

This isomorphic substitution is permanent and fixed [20]. The level of substitution 

depends on the source of phyllosilicates, which may be difficult to determine. The 

dominant siloxane group (-Si-O-Si-) on the basal plane of 2:1 phyllosilicate is 

estimated to be essentially inert and has very low affinity to protons in aqueous 
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media of mild acidity or alkalinity [20]. The observed pH independence of the 

Stern potential values derived from our experimental colloidal force profiles for 

both the talc and muscovite basal planes supports the absence of the significant 

protonation on phyllosilicate basal planes at solution pH studied. The isomorphic 

substitution is believed to be the main cause for the basal plane charges. In a 

recent report, Gupta et al. [9] showed that the Stern potential on a silica 

tetrahedral layer of kaolinite is pH dependent. They attributed the observed pH 

dependency to the possibility of broken bonds on the basal planes and/or 

hydrolysis of siloxane bonds in strong acidic and alkaline environment.  

Although both phyllosilicate basal surfaces show similar pH-independent 

properties, the magnitude of the negative Stern potential on muscovite basal 

planes is nearly twice that on talc basal planes. This means that these two different 

phyllosilicates have different levels of isomorphic substitution, albeit with the 

same charge mechanism. For most common mica minerals such as muscovite, the 

ratio of the Al
3+

 substitution for Si
4+

 on the T basal plane is close to 1:3, which is 

responsible for highly negative Stern potential values [21]. Talc, in contrast to 

muscovite, has a much lower isomorphic substation ratio. Depending on the 

source, the cation substitution in the tetrahedral layers may vary from 0.01% to 

3.4% [22]. The majority of researchers believe that the talc basal plane is almost 

electrically neutral because of its extremely low isomorphic substitution [18, 21]. 

Burdukova et al. [17] studied the coagulation behaviour of talc particles by 

measuring the yield stress of talc suspensions as a function of pH. The 

coagulation performance strongly indicated the presence of negative charges on 

talc basal planes. The authors performed a microprobe analysis on the polished 

thin talc section by analyzing the X-ray emission of each individual element and 

found the cation substitution ratio in the tetrahedral layer to be as small as 0.38%. 
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Based on their results, they proposed that even a small degree of isomorphic 

substitution was sufficient to generate a negative charge on talc basal planes. In 

their study, only the overall surface potential of both basal planes and edge 

surfaces was evaluated. The Stern potential on each surface remains unknown. In 

our study, a trace amount of iron was also detected in talc basal plane as shown by 

XPS results and the cation substitution in the tetrahedral layer is around 1.9%. It 

was verified that talc basal planes do carry a definite negative charge by 

performing direct force measurements on the surface. The magnitude of charges 

on each surface is determined and quantified. The fitting of measured force profile 

with the theoretical model may not lead to the exact Stern potential values as only 

the BC is applied in the calculations. It does however aid in quantitative 

comparisons of the charge properties of each surface with the consistent use of the 

same evaluation procedure.  

A set of typical force profiles between the tip and the muscovite edge surface in 1 

mM KCl solutions of varying pH values is shown in Figure 4.7 (b). These force 

profiles are similar to the interactions between AFM tip and talc edge surface, as 

shown in Figure 4.4 (b). The transition from a net attractive to a net repulsive 

interaction force between the tip and muscovite edge surface is clearly observed. 

The attractive interaction dominates at pH 5.6. The interaction force is reversed to 

be repulsive in electrolyte solutions of pH 8 and becomes increasingly more 

repulsive with further increasing pH up to 9. The observed transition of 

interaction forces from attractive to repulsive with increasing solution pH strongly 

suggests that the surface charge of muscovite edges is also pH-dependent. The 

PZC of the muscovite edge surface is estimated to be between pH 7-8. This value 

is in an excellent agreement with the PZC value obtained by Zhao et al. [17] who 
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performed direct colloid probe force measurements on the microtome-prepared 

muscovite edge surface.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Typical AFM interaction force curves measured between (a) AFM tip 

and muscovite basal plane; (b) AFM tip and muscovite edge surface in 1 mM KCl 

solutions of various pH values. Symbols correspond to experimental data. The 

solid lines represent theoretical fit. The solid lines represent theoretical fit. mb

and me
 
are the fitted Stern potential values of the tip, muscovite basal plane and 

edge surface, respectively. 
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Table 4.2 Comparison of best-fitted Stern potential values of the muscovite basal 

plane with literature values of mica obtained by MEP, SP measurement and AFM 

fitting (CP: EDL force was calculated at constant potential BC; CC: EDL force 

was calculated at constant charge BC). 

pH 

Electrical potential of muscovite basal plane (mV) 

This work 
From literature 

Value Method Ref 

5.6 -70 

~-80 AFM [3] 

~-73 AFM [4] 

~-68 SP 
[23] 

-60 to -90 AFM 

7.9 -68 
-60 AFM [3] 

-60 to -90 AFM [4] 

9.9 -72 

~-78 AFM [3] 

-100 AFM(CP) 

[4] -58 AFM(CC) 

-47 SP 

 

4.2.4 PZC and protonation reactions of different phyllosilicate edge surfaces  

The electric charge characteristics of talc and muscovite edge surfaces are similar 

with a noted exception. At pH 8, a weak repulsive force between AFM tip and 

muscovite edge surface is observed in contrast to a negligible repulsion between 

the AFM tip and talc edge surface. This finding suggests a lower PZC of 

muscovite edge surface than that of the talc edge surface. While the charges on 

the basal plane are mainly caused by isomorphic substitution of structural ions, 

the charge on the edge surface is attributed to protonation–deprotonation reactions 

of the broken primary bonds from the tetrahedral silica and the octahedral 
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gibbsite/brucite sheets. The basic charging reactions of proton adsorption can be 

formulated as equation (1.1) as mentioned in Chapter 1. 

For many metal oxide minerals, the surface potential can be approximated by the 

Nernstian equation [19]. The surface potential is positive when the pH of the 

solution is lower than the PZC and negative when the pH is higher than PZC. As 

mentioned earlier, the PZC is an important parameter that determines 

electrochemical phenomena, such as adsorption and coagulation, and controls 

interactions between phyllosilicate particles. The PZC value of silica is around 2 

[13, 24]. The PZC of gibbsite and brucite were reported to be around 8.4-9.1 [14] 

and 11 [25], respectively. The reported PZC values of phyllosilicate minerals vary 

widely from pH 1 to 8 depending on the type of phyllosilicates and measurement 

methods, with the most frequently reported PZC values being observed between 

pH 6-8.5 [26, 27]. The difference between the reported PZC values can be 

attributed to different phyllosilicate structures, different degree of isomorphic 

substitution in phyllosilicate structure and reactive groups on phyllosilicate edge 

surfaces.  

On phyllosilicate edge surfaces, each reactive surface group has its own intrinsic 

chemical protonation constant (KH) associated with specific surface sites, e.g., 

Mg-OH in brucite vs Al-OH in gibbsite. Classical site binding models assume 

only one type of surface group which is reactive to protons in two consecutive 

steps, each with its own binding constant to impart surface charges. In general, the 

difference in protonation constants between the two successive protonation steps 

of the same surface group is expected to be so large that only one protonation 

reaction dominates over a given pH window. Therefore, a single protonation 

reaction is usually sufficient for describing the pristine surface charging [13]. 
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Hiemstra et al. [24] found that even for the same metal hydroxide, different 

crystal planes may exhibit quite different charging characteristics. They 

developed a MUltiSIteComplexation (MUSIC) model to include surface 

heterogeneity. This model involves more than one type of reactive surface groups. 

The classical site binding models are just the special case of this model [28]. 

Based on Pauling’s bond valence principle [28] and the structure shown in 

Chapter 1, the possible surface groups on talc and muscovite edges and their 

corresponding protonation constants taken from literature are listed in Table 4.3
 

[20, 24-26]. 

Table 4.3 Possible surface groups on muscovite and talc edge surfaces and their 

corresponding protonation constants (log KH) [20, 24-26]. 

Phyllosilicates Surface group log KH 

Muscovite 

Si-O
1-

 11.9 

Si-OH -1.9 

SiAl-O
1/2-

 - 

Al2-O
1-

 12.3 

Al-OH
1/2-

 7.9-9.9 

Al2-OH 0-5.2 

Talc 

Si-O
1
 11.9 

Si-OH -1.9 

SiMg2-O
1/3-

 - 

Mg-OH
2/3-

 10 

Mg2-OH
1/3-

 - 

 

Since the absolute value of charges of surface species is allowed only to be equal 

to or lower than one in aqueous solutions [26], Mg-O
5/3-

 and Al-O
3/2-

 are not 
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found at the interface in aqueous solutions. At least three types of surface groups 

(singly, doubly and triply coordinated) may be found on talc or muscovite edge 

surfaces. The groups that populate a talc edge surface are Si-OH, Si-O
1-

, 

SiMg2-O
1/3-

, Mg2-OH
1/3-

 and Mg-OH
2/3-

, and on muscovite edge surfaces they are 

Si-OH, Si-O
1-

, SiAl-O
1/2-

, Al2-O
1-

, Al2-OH, and Al-OH
1/2-

. The singly coordinated 

group is nearly always protonated due to its large protonation constant and is 

considered to dominate the charging mechanism of the surface. The SiOH group 

from the tetrahedral sheet has a log KH equal to -1.9, indicating a significantly 

protonated surface only at H
+
 concentration greater than almost 10

1.9
 (79.4) mol/L, 

which is unrealistic as considering the fact that mole concentration of the pure 

HCl is just 40.9 mol/L. Therefore, the de-protonation of Si-OH to Si-O
1-

 

contributes to negative surface charges observed in the pH range studied. The 

major protonation reactions on talc and muscovite edge surfaces are expected to 

come from Mg-OH
2/3- 

and Al-OH
1/2-

 surface groups, respectively.  

According to literature [28], both Mg-OH
2/3- 

and Al-OH
1/2-

 sites become 

positively charged at pH values lower than 10, through the following site binding 

reactions: 






 3

1

2
3

2

MgOHHMgOH                                   (4.1) 






 2

1

2
2

1

AlOHHAlOH                                    (4.2) 

Different protonation constants of Al-OH
1/2- 

were derived from calculations using 

different site binding models. The protonation constant of Al-OH
1/2- 

is often 

considered to be lower than that of Mg-OH
2/3-

, which accounts for lower PZC 

values of gibbsite than that of brucite [24-25].
 
Since the positive charges on talc 

and muscovite edge surfaces are mainly attributed to the protonation of singly 
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coordinated Mg-OH
2/3- 

and Al-OH
1/2-

 groups, respectively, the difference in the 

protonation constants of these two edge surface groups explains why at a given 

pH talc edge surface is more positively charged than muscovite edge surface, 

leading to a higher PZC value for talc edge surface than for muscovite edge 

surface. In addition to protonation reactions of the singly coordinated groups on 

phyllosilicate edge surfaces, the doubly coordinated surface groups, such as 

SiAl-O
1/2-

, Al2-OH, Al2-O
1- 

and Mg2-OH
1/3-

, may also become protonated or 

deprotonated at a given pH. For example, a proton can be attached to an Al2-OH 

group at low pH to become Al2-OH2
+
. The protonation of Al2-OH, SiAl-O

1/2-
 or 

Mg2-OH
1/3-

surface groups, therefore also contributes to positive charges on edge 

surfaces. However, the reactivity of these doubly coordinated surface groups is 

believed to be suppressed by a singly coordinated group at high pH [26]. At 

present, there is no well-accepted theoretical estimation or experimental 

determination of the protonation constant for such transitional groups as 

SiMg2-O
1/3-

 and SiAl-O
1/2-

. Proton adsorption at a triply coordinated surface group 

does not occur over the normal pH range encountered as its protonation constant 

is extremely low [24]. As a result, the influence on surface charge from this kind 

of groups can be neglected. 

The increased dissolution of structural metal hydroxide with decreasing pH or 

specific adsorption of Mg
2+

 on the talc edge surface may also contribute to the 

observed difference in the PZC values between talc and muscovite edge surfaces 

[24, 29]. Although it is believed that protons at low pH and hydroxyl groups at 

high pH participate in the dissolution process, the detailed dissolution mechanism 

of metal hydroxides remains to be established
 
[24, 26]. 
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4.3 Summary 

Thanks to the state-of-the-art ultramicrotome to prepare sufficiently smooth talc 

and muscovite edge surfaces, commercial AFM tips are used in commercial 

scanning probe microscope to quantitatively probe the surface charge properties 

of two typical 2:1 layer phyllosilicates: talc and muscovite. The surface roughness 

provided by this technique is much lower than other sample preparation methods 

such as sandblasting or precision diamond saw cutting.  

The measured interaction force profiles between AFM tip and phyllosilicate basal 

planes and edge surfaces were fitted with the classical DLVO theory without 

incurring complex finite element analysis applied to reconstruct surfaces. On the 

basis of measured interaction forces between the tip and different phyllosilicate 

surfaces, the Stern potential of talc and muscovite surfaces are determined. The 

basal planes of talc are found to carry a permanent negative charge while the 

charges on its edge surfaces are highly pH-dependent.  

The long range interaction forces between AFM tip and talc edge surfaces are 

repulsive at pH 9, reduces to nearly zero at pH 8.0 and be attractive at pH 5.6. It is 

the first time that the magnitudes of Stern potential of the talc edge surface is 

determined by direct force measurement. The similar trend has been observed for 

basal plane and edge surfaces of muscovite. However, the basal plane of 

muscovite has been found to be much more negative than that of talc, attributed to 

a much higher isomorphic substitution in muscovite than in talc. The PZC of 

muscovite edge surface, on the other hand, is lower than the corresponding PZC 

for the edge surfaces of talc, which is attributed to higher protonation constant of 

magnesium hydroxide in talc than aluminum hydroxide in muscovite.  
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Chapter 5 

Interaction of divalent cations with basal planes and edge 

surfaces of phyllosilicate minerals
*
 

Following the systematically study of the effect of pH on the anisotropic surface 

charge characteristic of talc and muscovite in Chapter 4, the work presented in 

this chapter comprises a detailed study on the effect of two divalent cations (Ca
2+

 

and Mg
2+

) on the surface charge characteristic of different surfaces of 

phyllosilicate minerals by the direct interaction force measurements using AFM.  

The AFM measurements were conducted in 1 mM KCl background solutions at 

pH 8.5 as a function of divalent cation concentration. The fitted Stern potentials of 

the muscovite basal plane become less negative with increasing Ca
2+

 or Mg
2+

 

concentration but do not reverse its sign even at Ca
2+

 or Mg
2+

concentrations up to 5 

mM. In contrast, the Stern potentials of the muscovite edge surface reverse at Ca
2+

 

or Mg
2+ 

concentrations as low as 0.1 mM. The Stern potentials of talc basal planes 

become less negative with 0.1 mM Ca
2+

 addition and nearly zero with 1 mM Ca
2+

 

addition. The Stern potentials of talc edge surfaces become reverse with 0.1 mM 

Ca
2+

or 1 mM Mg
2+

 addition, showing not only a different binding mechanism of 

talc basal planes and edge surfaces with Ca
2+

 and Mg
2+

, but also different binding 

mechanism between Ca
2+

 and Mg
2+

 ions with basal planes and edge surfaces.  

5.1 Introduction 

The multivalent cations were reported to promote homocoagulation of mineral 

particles and hence to increase the efficiency of mineral recovery [1-6]. The 

presence of multivalent cations in solution is known to compress more
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significantly the EDL of the charged particles than monovalent electrolytes, 

therefore reducing the EDL repulsive forces between the mineral particles. This 

effect is often referred to as double layer compression. The adsorption of metal 

ions and/or their hydroxyl species on the mineral surface can often lead to a more 

significant effect on the colloidal behaviour of mineral particles than the EDL 

compression. Taking the oil sands processing as an example, the detrimental 

effect of divalent cations on the overall bitumen recovery from oil sands by hot 

water based extraction process has been reported extensively [1-6]. A dramatic 

reduction in bitumen recovery was observed when processing certain types of ores 

in the presence of over 1 mM Ca
2+

 or Mg
2+

 in the solution. The depression of 

bitumen recovery was attributed to the slime coating of negatively charged 

bitumen by clays with divalent cations acting as the bridge, making the bitumen 

surface more clay like and hence difficult to attach to air bubbles [1, 2]. More 

interestingly, Kasongo et al. [3] observed that only the co-presence of 

montmorillonite and Ca
2+ 

presented over 1 mM concentration in the solution had a 

detrimental effect on bitumen recovery, while other clay minerals such as 

kaolinite and illite were less detrimental. Similar to their finding, Liu et al. [4] 

observed that kaolinite was weakly attached to the bitumen surface when 1 mM 

Ca
2+

 was added in the solution, in contrast to strong adhesion of montmorillonite 

to the bitumen surface in the presence of the same amount of Ca
2+

. Similar effect 

of clays and divalent cations on coal flotation was also reported [7]. Divalent Ca
2+

 

and Mg
2+

 cations are both hydrolysable metal ions and can undergo hydrolysis at 

specific concentrations and pH values. It was reported that the enhancement in 

fine particle coagulation of some minerals was significant only when these metal 

cations were in the form of more hydroxyl species such as Ca (OH)
+ 

and 

Mg(OH)
+
 [5-6]. This finding suggests that instead of metal ions themselves, the 
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specific adsorption of metal mono hydroxyl species on the clay surfaces was 

responsible for the reduction in bitumen recovery [5]. Gan et al. [6] reported that 

only the metal mono hydroxyl species may have a significant effect on the 

heterocoagulation between the bitumen and silica.  

Though the detrimental effect of divalent metal cations such as Ca
2+

 and Mg
2+

 on 

bitumen recovery is already well recognized, there is no consensus reached 

regarding how this kind of hydrolysable divalent cations affects the surface 

property of specific mineral surfaces. Until now, there is no direct measurement on 

how different divalent metal ions interact with basal plane and edge surfaces of 

phyllosilicate minerals. The major hurdle to systematically study the interaction of 

metal cations with phyllosilicates is that this type of minerals has distinct 

anisotropic surface properties as well described in chapter 1. This distinct 

anisotropic character of phyllosilicate surface chemistry and hence surface charge 

makes the study of metal ion interactions with phyllosilicate minerals extremely 

difficult if not impossible, despite its critical importance, mainly due to the lack of 

tools to study the basal plane and edge surfaces independently. 

As well described in Chapter 3, sufficiently smooth edge surfaces of different 

phyllosilicate minerals were successfully prepared using an ultramicrotome cutting 

method, which makes the study on anisotropic charge properties of phyllosilicate 

minerals at nano-scale resolution possible. As presented in Chapter 4, the surface 

charge characteristics of the basal plane and edge surfaces of two different 

phyllosilicate minerals in simply electrolyte solutions as a function of solution pH 

were investigated, which demonstrates the capable of AFM tip to independently 

probe surface charge properties on these specific surfaces.  

In this chapter, the interactions of two divalent cations with basal planes and edge 
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surfaces of two different phyllosilicates by direct colloidal force measurements 

using AFM have been investigated, aiming to provide fundamental insights on the 

charging mechanisms and interaction characteristics of each phyllosilicate surfaces 

with divalent cations, and to better understand how these anisotropic surface charge 

properties influence the colloidal behaviour of aqueous phyllosilicate mineral 

suspensions. Ca
2+

 and Mg
2+ 

are chosen here, as among all cations high levels of 

Ca
2+

 and Mg
2+

 are frequently encountered in many practical systems [8].  

5.2 Results and discussion 

5.2.1 Interactions between AFM tip and silica surfaces 

Since the Stern potential or ζ potential values of silica have been extensively 

studied, silica was used to calibrate/determine the Stern potential of AFM tip in 

divalent cation solutions by measuring colloidal forces between the tip and a clean 

silica wafer in corresponding solutions. As the isotropic particle, the ζ potential 

values of silica (Aldrich Inc.) determined using Zetasizer (Nano ZS, Malvern 

Instruments, U.K.) have been used as the approximation of the Stern potential of 

silica to calibrate the Stern potential of the AFM tip by fitting the measured 

interaction force profiles. For each concentration, the ζ potential measurement 

was carried out for at least 10 times at the same conditions and the average value 

was reported. As shown in Figure 5.1, in 1 mM KCl solutions without Ca
2+

 or 

Mg
2+

 addition at pH of 8.5, the ζ potential of silica nano particles is -56 mV. 

When 0.1 mM Ca
2+

 is added to the solution at the same pH, the ζ potential of 

silica particles become less negative at around −33 mV, increas further to about 

-24 mV and -17 mV when 1 mM and 5 mM Ca
2+

 are added, respectively. Very 

similar trend in ζ potential changes of silica particles has been found in response 

to Mg
2+ 

addition.  
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Figure 5.1 ζ potential values of silica particles in 1 mM KCl solutions at pH 8.5 

containing various concentrations of (a) Ca
2+ 

and (b) Mg
2+

, determined by 

electrophoresis method. 

As shown in Figure 5.2 (a), for all Ca
2+ 

concentrations (0, 0.1 mM, 1 mM and 5 

mM) tested, the interaction forces are monotonically repulsive on approach. The 

long range repulsive forces between the tip and the silica surface are depressed 

significantly and progressively by adding 0.1 mM more Ca
2+

 ions. When the 

concentration of Ca
2+ 

reached 5 mM, the long range interaction forces, albeit very 

weak, were still repulsive. Figure 5.2 (b) shows interaction force profiles between 

the AFM tip and the silica surface at different concentrations of Mg
2+

 in 1 mM 

KCl solutions at pH 8.5. Similar to the case of Ca
2+

 addition, the long range 

repulsive forces are dramatically reduced by the addition of a small amount of 

Mg
2+

. Compared to Ca
2+

, the repulsive interaction force between the tip and the 

silica surface is less depressed by adding the same mole concentration of Mg
2+

.  
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Figure 5.2 Typical AFM interaction force profiles measured between AFM silicon 

nitride tip and silica wafer surface in 1 mM KCl solutions containing various 

concentrations of (a) Ca
2+

 and (b) Mg
2+ 

at pH 8.5. Symbols correspond to 

experimental data. The solid lines represent theoretical fit with the fitted Stern 

potential values of the tip being given in the legends. tip  and si
 
are the Stern 

potential values of AFM tip and silica, respectively. 
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Ebeling et al. [9] reported similar trends for the interaction force profiles between 

the AFM silicon tip and the silicon wafer in both MgCl2 and CaCl2 solutions as 

determined by dynamic force spectroscopy. In their study, the change of the 

repulsive force to attractive force between the tip and the silica wafer did not 

occur until the concentrations of both divalent cations were above 10 mM, which 

is beyond the concentration range of practical importance and hence not explored 

in the current study. 

The measured force profiles shown in Figure 5.2 were fitted to the classical 

DLVO theory in which the Stern potentials of silica in the corresponding 

solutions were approximated by the ζ potential values measured by 

electrophoresis method. A MATLAB (The Math Works Inc.) program was 

developed for calculation of interaction forces and used for the fitting process. As 

shown in Figure 5.2, the experimentally measured force profiles between the tip 

and the silica surface in various electrolyte solutions (symbols) are found to be 

fitted quite well with the classical DLVO theory (solid curves), particularly for 

separation distances larger than 4-5 nm. The discrepancy at very short separation 

distances is probably due to the presence of repulsive non-DLVO forces, more 

likely the hydration force between the hydrophilic silica surface and silicon nitride 

tip, which is not considered in the classical DLVO model used in the fitting of the 

force profiles.  

The Stern potentials of tip calibrated by the silica wafer were further used to 

evaluate the AFM interaction force profiles between the tip and the specific 

phyllosilicate surface in 1 mM KCl background solutions as a function of divalent 

cation concentration. To better verify this evaluation procedure, the fitted Stern 

potential values of the silicon nitride AFM tip is compared with the ζ potential 
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values of silicon nitride nano particles (Aldrich Inc.) determined using Zetasizer 

(Nano ZS, Malvern Instruments, U.K.). As shown in Figure 5.3 (a), the ζ potentials 

of silicon nitride nano particle also become less negative changing from -50 mV in 

1 mM KCl solutions to around −31 mV with 0.1 mM Ca
2+ 

addition, further increase 

to around -20 mV and -14 mV with 1 mM and 5 mM Ca
2+

 addition, respectively. 

Similar trend was found for the Mg
2+

 ions. As shown clearly in Figure 5.3, the ζ 

potential of silicon nitride in response to the addition of divalent cations shows a 

similar trend as the Stern potential derived from the AFM force profiles: both 

becoming increasingly less negative with increasing the concentration of divalent 

cations. Such agreement confirms the suitability of applying our current 

tip-substrate system to study interactions of divalent cations with specific 

phyllosilicate surfaces. 
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Figure 5.3 Comparison of the Stern potentials (solid symbol) of AFM silicon 

nitride tip determined by fitting of AFM force profiles with ζ potential values 

(open symbol) determined for silicon nitride nano particles by electrophoresis 

method in 1 mM KCl solutions containing various concentrations of (a) Ca
2+ 

and 

(b) Mg
2+ 

at pH 8.5. 
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Theoretically, the addition of 0.1 mM, 1 mM and 5 mM divalent cations to 1 mM 

simple electrolyte (KCl) solution would reduce the thickness of the EDL around 

charged particles from 9.6 nm to 6.5, 4.8 and 2.8 nm, respectively. These values are 

also used for data fitting. The compression of the EDL due to the addition of 

divalent cations in the solution, especially at higher divalent cation concentration 

leads to lower electrostatic repulsion, as shown in Figure 5.3. It should be noted that 

the magnitude of the ζ potential values is slightly lower than the corresponding 

Stern potential values derived by fitting of AFM force profiles to the classical 

DLVO theory, more so at lower divalent cation ion concentrations. This 

discrepancy between the two data sets is anticipated from the definition of ζ 

potential and Stern potential which is measured at a much closer location to the 

surface than ζ potential. When compressed more of the EDL by adding more 

divalent cations, a reduced difference between the Stern potential and ζ potential is 

anticipated as shown in Figure 5.3. 

5.2.2 Interactions between AFM tip and different muscovite surfaces  

Typical interaction force profiles between AFM tip and the hydrophilic muscovite 

basal plane in 1 mM KCl solutions of varying Ca
2+

 concentrations at pH 8.5 are 

shown in Figure 5.4 (a). The long range repulsion is drastically depressed upon 

the addition of a small amount of Ca
2+

 ions (0.1 mM) and continued to decrease 

with increasing Ca
2+ 

concentrations to
 
1 mM and 5 mM. However, the interaction 

forces remain monotonically repulsive. A qualitatively similar effect of Mg
2+

 

concentrations on the interaction force profiles between AFM tip and muscovite 

basal plane in 1 mM KCl solutions at the given pH of 8.5 is observed.  
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Figure 5.4 Typical AFM interaction force profiles measured between AFM tip 

and muscovite basal planes in 1 mM KCl solutions of various (a) Ca
2+ 

and (b) 

Mg
2+

 concentrations at pH 8.5. Symbols correspond to experimental data. The 

solid lines represent theoretical fits of classical DLVO theory. tip  and mb
 
are 

the Stern potential values of AFM tip and the muscovite basal plane, respectively. 
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Figure 5.5 Typical AFM interaction force profiles measured between AFM tip 

and muscovite edge surfaces in 1 mM KCl solutions containing (a) Ca
2+ 

and (b) 

Mg
2+

 at pH 8.5. Symbols correspond to experimental data. The solid lines 

represent theoretical fit to the classical DLVO theory. tip  and me
 are the 

Stern potential values of AFM tip and the muscovite edge surface, respectively. 
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As shown in Figure 5.4 (b), the long range repulsion between the AFM tip and 

muscovite basal plane is drastically depressed by the addition of 0.1 mM Mg
2+

 

ions and continues to decrease slightly when Mg
2+

 concentrations is increased to 1 

mM. When Mg
2+

 is further increased to 5 mM, the long range repulsive force 

becomes almost negligible. Butt [10] reported a similar effect of divalent cations 

on the interaction forces between the AFM silicon nitride tip and the cleaved mica 

surface that the interaction force remains repulsive in 3 mM MgCl2 solution and 

becomes negligible at higher MgCl2 concentrations. 

Typical interaction force profiles between the AFM tip and the muscovite edge 

surface in 1 mM KCl solutions of varying Ca
2+

 concentrations are shown in 

Figure 5.5 (a). In contrast to the basal plane, the long range interaction forces 

between the tip and muscovite edge surface reverse from strong repulsive to net 

attractive upon the addition of 0.1 mM Ca
2+

 in solution. This attraction increases 

further with increasing Ca
2+ 

concentration up to 1 mM. A further increase in Ca
2+ 

concentrations up to 5 mM decreases the attractive force to a negligible value. 

Typical interaction force profiles between the AFM tip and the muscovite edge 

surface in 1 mM KCl solutions containing varying concentrations of Mg
2+ 

are 

shown in Figure 5.5 (b). While monotonically repulsive in 1 mM KCl solutions, 

an attraction is observed between the AFM tip and the muscovite edge surface 

with 0.1 mM Mg
2+

 ion addition. This attraction increases further with increasing 

Mg
2+ 

concentration up to 1 mM before becoming almost negligible at the Mg
2+

 

concentration reaching 5 mM. 

5.2.3 Interactions between AFM tip and different talc surfaces  

Typical interaction force profiles between AFM tip and the hydrophobic talc basal 

plane in 1 mM KCl solutions of varying Ca
2+

 concentrations at pH 8.5 are shown in 
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Figure 5.6 (a). The long range repulsion is depressed significantly with Ca
2+ 

addition even at very low concentration of 0.1 mM and reduces to be almost 

negligible by increasing the Ca
2+ 

concentration to 1 mM. Figure 5.6 (b) shows the 

effect of the Mg
2+

 concentration on the interaction force profiles between AFM tip 

and the talc basal plane in the 1 mM KCl solutions of pH 8.5. The long range 

repulsion between the tip and the talc basal plane is also depressed with 0.1 mM 

Mg
2+

 addition. Unlike the case with Ca
2+

 addition at the same mole concentration, 

the measured long range interaction forces remains repulsive although to a less 

extend with the 1 mM Mg
2+

 addition. The repulsive force becomes negligible 

when the Mg
2+

 concentrations are increased to 5 mM and above. 

Typical interaction force profiles between AFM tip and talc edge surfaces in 1 

mM KCl solutions of varying Ca
2+

 concentrations are shown in Figure 5.7 (a). 

Similar to the case of the muscovite edge surfaces shown in Figure 5.5 (a), the 

long range interaction force between AFM tip and talc edge surfaces reverses 

from strong repulsion to net attraction in the presence of 0.1 mM Ca
2+

 in solution. 

The attractive force further increases with increasing Ca
2+

 concentration to 1 mM 

before it become nearly negligible at Ca
2+ 

concentration of 5 mM. 

Figure 5.7 (b) shows the effect of the Mg
2+

 concentration on the interaction force 

profiles between AFM tip and the talc edge surface in 1 mM KCl solutions of pH 

8.5. The long range interaction forces between AFM tip and the talc edge surface 

are reduced significantly upon the addition of 0.1 mM Mg
2+

, reversed from 

repulsive to attractive at Mg
2+ 

concentration of 1 mM before becoming almost 

zero with further increasing Mg
2+

 concentrations to 5 mM. 
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Figure 5.6 Typical AFM interaction force profiles measured between AFM tip 

and talc basal planes in 1 mM KCl solutions of various (a) Ca
2+ 

and (b) Mg
2+

 

concentrations at pH 8.5. Symbols correspond to experimental data. The solid 

lines represent theoretical fit of classical DLVO theory. tip  and tb
 
are the 

Stern potential values of AFM tip and talc basal plane, respectively. 
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Figure 5.7 Typical AFM interaction force profiles measured between AFM tip 

and talc edge surfaces in 1 mM KCl solutions of various (a) Ca
2+

and (b) Mg
2+

 

concentrations at pH 8.5. Symbols correspond to experimental data. The solid 

lines represent theoretical fit of classical DLVO theory. tip  and te
 are the 

Stern potential values of AFM tip and talc edge surface, respectively. 
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5.2.4 Stern potentials of different muscovite and talc surfaces 

The Stern potential of both basal planes and edge surfaces of muscovite at each 

Ca
2+

 and Mg
2+

 concentration were determined by fitting the measured force 

profiles to the classical DLVO theory with appropriate BC (constant surface charge 

density for the basal plane and constant Stern potential for both the edge surface 

and tip). As shown in Figure 5.8 (a), without Ca
2+

 addition, both the muscovite 

basal plane and edge surface are negatively charged at the given pH of 8.5. With the 

addition of 0.1 mM and 1 mM Ca
2+

, the Stern potential of the muscovite basal plane 

increases from around -81 mV to about -35 mV and -18 mV, respectively. The 

addition of Mg
2+

 shows the similar trend to the effect of Ca
2+ 

addition on the Stern 

potential of the muscovite basal plane. The Stern potential of the muscovite basal 

plane increases from -81 mV to about -42 mV and -25 mV with the addition of 0.1 

mM and 1 mM Mg
2+ 

concentration, respectively.  

In contrast, the Stern potential of the muscovite edge surface reverses its sign from 

around -20 mV to a positive value around of 45 mV and 30 mV, with 0.1 mM Ca
2+

 

and Mg
2+

 addition, respectively. It continues to increase to around 65 mV and 45 

mV with 1 mM Ca
2+ 

and Mg
2+

 addition, respectively. De Lint et al. [11] reported a 

similar reverse of the ζ potential value of alumina from negative to positive values 

while increasing the concentration of CaCl2 from 0.15 mM to 1 mM. A further 

increase in Ca
2+

 concentration from 1 to 10 mM showed only a marginal increase in 

the ζ potential of alumina.  

The Stern potential of different talc surfaces derived by fitting the measured AFM 

force profiles at each cation concentration to the classical DLVO theory are 

plotted in Figure 5.8 (b). The magnitude of the Stern potential of the talc basal 

plane decreases from around -36 mV to -22 mV with 0.1 mM Ca
2+

 addition and 
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reaches almost zero with 1 mM Ca
2+

 addition. The effect of Mg
2+ 

addition on the 

Stern potential of the talc basal plane shows a similar trend but at different 

magnitudes as compared to the case of Ca
2+ 

additions. The Stern potential of the 

talc basal increases slightly to around -31 mV and -21 mV at 0.1 mM Mg
2+

 and 1 

mM Mg
2+

 addition, respectively. 

 

 

 

 

 

 

 

Figure 5.8 Stern potentials of (a) muscovite and (b) talc basal planes and edge 

surfaces in 1 mM KCl solution of different Ca
2+ 

and Mg
2+

 concentrations at pH 8.5, 

obtained by fitting measured AFM force profiles to the classical DLVO theory. 
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5.2.5 Anisotropic surface character of phyllosilicates  

The adsorption of metal ions on the mineral surface in the aqueous solutions 

usually can be attributed to two different mechanisms: one is the pure electrostatic 

interaction between positively charged metal ions and the negatively charged or 

neutral mineral surface; and the other results from surface complexation or specific 

adsorption of divalent cations at the mineral-water interface.  

As mentioned before, the phyllosilicate minerals exhibit different surface charge 

characteristics on the basal plane and edge surfaces, attributed to different 

prevailing charge mechanisms. Due to the structural defects, the muscovite basal 

plane carries fixed negative charges caused by isomorphic substitution of lattice 

Si
4+

 by Al
3+

 in the T sheets. This permanent negative surface charge characteristic 

enables the basal plane to attract positively charged metal cations or their 

hydrolysis products through electrostatic interaction.  

On the other hand, charges on the edge surface are attributed to 

protonation–deprotonation reactions of the hydrolyzed broken primary bonds from 

the tetrahedral silica-like and the octahedral gibbsite-like sheets. Unlike the inert 

siloxane group on the basal plane, the amphoteric SOH surface groups (where S 

represents surface Al or Si atoms) on the muscovite edge surface can easily undergo 

protonation or deprotonation reactions which impose charge on the edge surface as 

be expressed in equation (1.1) in Chapter 1. At the given pH of 8.5 in this study, the 

Si-OH group from the T sheet can be deprotonated to Si–O
–
, while the Al-OH 

surface groups undergo protonation reactions to Al-OH2
1/2+

. In addition to these 

reactions, some of the amphoteric SOH groups on the edge surface are also 

assumed to be able to form strong bi-or monodentate surface complexes with some 

metal ions in electrolyte solutions. Generally speaking one of these metal 



Chapter 5                                                  -96- 

 

complexation species is dominant that can be expressed in the following 

equilibrium reaction [12]: 

  HSOMMSOH 2
                                 (5.1) 

In the case of the muscovite edge surface, possible surface complexation groups of 

AlOM
+
 can form. These specific bindings of surface groups to the divalent cation in 

the solution have a more significant effect on the change in the Stern potential of 

the edge surface as compared to the electrostatic interaction between the muscovite 

basal plane and divalent cations in the solution. Therefore, the change in the Stern 

potential of muscovite basal planes and edge surfaces responds differently to the 

different cations in the solution as shown in Figure 5.8 (a).  

Compared to the change in the Stern potential of the muscovite basal plane as 

shown in Figure 5.8 (a), the difference in surface hydrophobicity and permanent 

charge density on the talc basal plane may be the reason for the observed difference 

in the Stern potential variations in responding to the addition of differential divalent 

cations as shown in Figure 5.8 (b). As a measure of the strength of hydrogen 

bonding between the surface and water molecules, the hydrophobicity is believed 

to be affected by the crystal structure of the mineral [13]. The structural charge, 

cation occupancies and distributions all affect the hydrophobicity of the surface. 

Similar to the muscovite basal plane, the dominant surface groups on the talc basal 

plane is the siloxane group which has very low affinity to protons. The charges of 

the basal plane are mainly caused by the structural defects in the crystalline 

building sheet. Despite the same charging mechanism, these two phyllosilicate 

minerals have very different levels of isomorphic substitution. For a perfect 

muscovite, the ratio of the Al
3+

substitution for Si
4+

on the tetrahedral basal plane is 

close to 1/3 [14], which is responsible for the highly negative Stern potential of its 
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basal plane. In contrast, the talc basal plane has a much lower isomorphic 

substitution ratio which results in a lower Stern potential as observed in chapter 4. 

As a result, these two basal planes show totally different hydrophobicity. The 

existence of an exclusion zone between siloxane group on talc basal plane and 

water molecules in solution was well documented. It is due to the absence of 

polarity of talc basal plane [13, 15]. In contrast, water molecules are tightly bonded 

with muscovite basal plane of high permanent charge density. 

As also shown in Figure 5.8 (b), despite the different chemistry of muscovite and 

talc edge surface (Al vs Mg), the effect of Ca
2+ 

addition on their electrical charge 

characteristics is quite similar. The Stern potential of both muscovite and talc edge 

surfaces reverses upon the addition of 0.1 mM Ca
2+ 

and increases slightly at 1 mM 

Ca
2+

 addition. For Mg
2+

, the muscovite and talc edge surface respond slightly 

differently. The Stern potential of talc edge surface remains negative with the 

addition of 0.1 mM Mg
2+

 ions and reverses to positive value only when Mg
2+

 

addition is up to 1 mM, while the Stern potential of the muscovite edge surface 

reverses with the addition of 0.1 mM Ca
2+

. Instead of Al–OH surface group on 

muscovite edge surface, the Mg–OH group populates on the talc edge surface. 

These two surface species exhibit different protonation constants. At a given pH of 

8.5, the talc edge surface is more positively charged than the muscovite edge 

surface as anticipated from a higher PZC value of Mg(OH)2 than Al(OH)2 [16]. On 

the other hand, similar to the case of the muscovite edge surface, in addition to 

protonation reactions, Mg-OH groups on the talc edge surface are also able to form 

strong surface complexes with metal ions in solution to form MgOCa
+ 

and 

MgOMg
+
. These differences between each surface groups reacting with different 

metal ions cause different surface charge responses to the presence of different 

metal ions in solutions. 
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5.2.6 Effect of different divalent cations 

Both Ca
2+

 and Mg
2+ 

are hydrolysable metal ions to form corresponding metal 

hydroxyl species in solutions or at the solid/water interface. At pH 8.5, Ca
2+

 and 

Mg
2+ 

are the predominant species in solution. Different effect of Mg
2+

 and Ca
2+

 on 

the Stern potential or ζ potential of several minerals is well-documented. For 

example, Sondi et al. [17] found that at a given pH of 6.5, the ζ potential of 

montmorillonite and illite was slightly more negative in 0.01 mM to 1 mM Mg
2+

 

ion solutions than in Ca
2+

 ion solutions of the same concentration. A similar trend 

was observed for MnO2 [18]. To account for the observed effect of Ca
2+

 and Mg
2+ 

on ζ potential or Stern potential of metal oxide surfaces, a number of theoretical 

models based on ion exchange, formation of surface complexes, solvation and 

specific adsorption, have been proposed. Among these models, the surface 

complexation model proposed by James and Healy [19] has been widely accepted 

and used to predict the adsorption properties of ions on different metal oxide 

surfaces. In their model, the overall free energy change of adsorption (
iadsG ) can 

be considered from three main contributions of the attractive Coulombic force 

( coulG ), the repulsive secondary solvation force ( solvG ), and the specific 

"chemical" interaction (
ichemG ), given by:  

iiii chemsolvcoulads GGGG                                     (5.2) 

The Coulombic contribution is given by: 

xicoul FzG
i

                                                 (5.3) 
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As we can note from the expression of coulG
 
in equation (5.3), this attractive term 

is a function of the Debye length 1  of the solution and the PZC of the mineral 

surface. On the other hand, the repulsive secondary solvation energy solvG
 
is the 

energy required to remove the hydration sheath, which is principally determined by 

the ionic radius and charge of adsorbing ions. The higher the secondary solvation 

energy, the more difficult the metal cations can absorb on the negatively charged 

mineral surface. The hydration enthalpies of Mg
2+

 (−1921 kJ mol
−1

) is much more 

negative than that −1577 kJ mol
−1

 of Ca
2+

 due to its smaller size and greater 

polarizing field [20]. Compared with the Ca
2+

, the more negative hydration 

enthalpies of Mg
2+

 enables it to interact with water more strongly, holding the water 

molecules to its hydration shell more tightly. As a result, Ca
2+

 is shown to be more 

effective than Mg
2+

 to reduce the magnitude of the ζ or Stern potential values of 

silica, silicon nitride, basal planes of muscovite and talc, and hence to reduce 

electrostatic interactions as shown in Figures 5.1, 5.3 and 5.8.  

In the case of the edge surface, different surface complexes such as SOCa
+
 and 

SOMg
+
 groups (where S represents Si, Al and Mg) can form when Ca

2+
 and Mg

2+
 

ions are present in solutions. Since the specific binding of Ca
2+

 and Mg
2+

 ions is 

responsible for the observed impact of Ca
2+

 and Mg
2+

 addition on their Stern 
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potentials, the proximity of ions to the surface is more critical. Compared with 

Mg
2+

, the less hydrated Ca
2+

 seems easier to get close to the surface and therefore 

exhibits a stronger effect than Mg
2+

 ions on Stern potential of muscovite and talc 

edge surfaces.  

5.3 Summary 

The effect of two divalent cations: Mg
2+

 and Ca
2+

 on the Stern potential of different 

surfaces of phyllosilicate minerals was investigated by the direct measurement of 

interaction forces between the AFM tip and various phyllosilicate surfaces using 

AFM. The measurement was conducted in 1 mM KCl background solutions at pH 

8.5 as a function of divalent cation concentration. The Stern potential of each 

surface was determined by fitting the measured interaction force profiles to the 

classical DLVO theory using proper BC. Direct colloidal probe force measurement 

using AFM is proved to be a powerful tool to study the adsorption of cations on 

well-defined phyllosilicate surfaces (basal planes and edge surfaces). The 

methodology developed in this study opens the door to probe interactions of 

various mineral surfaces with process aids under various physicochemical 

conditions of the system. From this study the following conclusions are drawn.  

1) The basal plane of talc carries a much lower permanent negative surface charge 

than the basal plane of mica due to its much lower isomorphic substitution of lattice 

Si
4+

 by Al
3+

 in the tetrahedron silica sheet, accounting for its hydrophobic nature of 

the plane. 

2) The fitted Stern potential of both muscovite and talc basal planes became less 

negative with the addition of Ca
2+

 or Mg
2+

 ions but did not reverse to a positive 

value even at Ca
2+

 or Mg
2+

 concentrations up to 5 mM. The reduction in the stern 

potential is slightly more significant with the Ca
2+

 addition than with Mg
2+
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addition. 

3) The Stern potential of the muscovite edge surface reversed at Ca
2+

 or Mg
2+

 

concentrations as low as 0.1 mM, and further increased with further increasing 

their concentrations. The Stern potential of talc edge surface reversed upon the 

addition of 0.1 mM Ca
2+

 and 1 mM Mg
2+

, respectively.  

4) The different responses of the Stern potential of the basal plane and edge 

surfaces to the divalent cation addition in solution are attributed to the different 

surface charging mechanisms and binding mechanisms of each type of surfaces 

with divalent cations: the EDL compression predominate the effect on basal planes 

and the specific adsorption prevail on the edge surfaces.  

5) A slightly stronger impact of Ca
2+

 ions than Mg
2+

 ions on Stern potential of 

both basal planes and edge surfaces is attributed to less hydrated nature of Ca
2+

 ions 

than Mg
2+

 ions.  
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Chapter 6 

Understanding suspension rheology of phyllosilicates 

from direct force measurement using AFM
*
 

As presented in previous chapters, the anisotropic surface charge properties of talc 

at different pH values were determined by fitting the measured force profiles 

between the AFM tip and both basal plane and edge surfaces to the DLVO theory. 

The talc basal planes were found to carry a permanent negative charge, while the 

charge on its edge surfaces was highly pH-dependent. In this chapter, the 

interaction energies of various associations between different anisotropic talc 

surfaces are calculated by using these AFM-derived Stern potential values of talc 

basal planes and edge surfaces, aiming to better understand how these anisotropic 

surface charge properties influence the rheology behaviour of aqueous 

phyllosilicate mineral suspensions. 

6.1 Introduction 

As well described in Chapter 2, the mismatch of the maximum coagulation of 

phyllosilicate particle suspensions and their PZC or IEP has been frequently 

reported. Take talc for an instance, as shown in Figure 6.1 (a), the IEP of talc 

particles determined using typical instruments for   potential measurement was 

found to be less than pH 3 [1-2]. Therefore, one would expect a gradual decrease 

in energy barrier with decreasing pH until its IEP as shown in Figure 6.1 (b). As a 

result, the maximum particle aggregation and hence the highest yield stress would 

occur at its IEP of pH around 2.3.
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However, the maximum yield stress of the talc suspension from rheology studies 

was reported [3] to be around pH 5.5 as shown in Figure 6.1 (c). Considering the 

anisotropic surface characteristics of talc, such a mismatch between the IEP and 

the pH of maximum yield stress is not unexpected. As discussed in Chapter 2, in 

the case of platy phyllosilicate minerals such as talc or kaolinite, interpretation of 

colloidal behaviour based on the average   potential values determined using 

the exiting electrophoretic measurements or the PZC determined by the 

potentiometric titration method could be misleading. The apparent discrepancy 

between the rheology phenomenon and surface charge characteristics in terms of 

either IEP or PZC is linked to the inability to determine the anisotropic surface 

properties of phyllosilicate minerals. The basal and edge surfaces of talc, for 

example, feature different charge characteristics due to their distinct prevailing 

charge mechanisms. These anisotropic surface charge characteristics of 

phyllosilicate minerals make their suspensions behave very differently from 

suspensions of isotropic particles such as silica or alumina. The overall electric 

surface charges of phyllosilicate mineral particles measured by   potential 

technique or titration method are a combination of electric potential or charges 

from both basal planes and edge surfaces, which cannot accurately predict the 

interactions in their suspension systems. As a result, various types of particle 

interactions are needed to be considered, including edge-to-basal, edge-to-edge 

and basal-to-basal interactions. These types of interactions dominate association 

of platy phyllosilicate particles, leading to the formation of a card-house structure. 

In order to accurately predict rheology behaviour of phyllosilicate mineral 

suspensions in industrial applications, accurate determination of their anisotropic 

surface charge properties is essential. 
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Figure 6.1 (a) Average   potential values of talc particles in KCl solutions 

measured by electrophoresis methods taken from literature [1-2]; (b) the total 

interaction energy per unit area of talc particles at different pH in 1 mM KCl 

solutions calculated using DLVO theory and measured average   potential 

values; (c) the yield stress data of talc particles at different pH in KCl solutions 

taken from literature [3].  
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6.2 Results and discussion 

6.2.1 Tip calibration  

Colloidal forces between AFM tip and a clean silica wafer were measured in 1 mM 

KCl solutions of varying pH prior to its use in AFM colloid probe force 

measurements for characterizing phyllosilicate surfaces. Smooth silica wafers with 

the Rq less than 0.5 nm over a 4 µm
2
 area were used. Typical force curves of the 

tip-silica system are shown in Figure 6.2. Since the PZC of silica is well established 

to be around 2, the silica wafer can be treated as being negatively charged over the 

pH range (3.2-9) covered in this study. The measured force profiles were analyzed 

by the classical DLVO theory to quantitatively evaluate the Stern potential of AFM 

tip. A MATLAB (The Math Works Inc.) program based on its built-in curve fitting 

function was developed for the fitting process. As shown in Figure 6.2, the 

experimental tip-silica force profiles are found to be fitted quite well with the 

theoretical force curves, particularly for separation distances larger than 4-5 nm. 

The discrepancy at very short separation distances is probably due to the presence 

of non-DLVO hydration forces between the silica wafer and silicon nitride tip 

surfaces, which were not taken into account in the classical DLVO theory used in 

the fitting. As shown in Table 6.1, the fitted stern potential values of silica compare 

well with values taken from literature [4-6], which validating the applicability of 

the proposed tip-substrate modeling to study different talc surfaces.  

The interaction between a silicon nitride tip and silica wafer on approach is 

determined to be attractive at pH 3.2 and reversed to repulsive at pH 5.6 and 

above. Since the silica surface is negatively charged at pH 3.2 and above, the 

silicon nitride tip must be positively charged at pH 3.2 and negatively charged at 

pH 5.6 and above. An excellent agreement is shown between the Stern potential 
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values of silicon nitride tip, obtained in this study by fitting the measured force 

profiles to the classical DLVO theory, and those taken from literature [7]. It 

should be noted that the data from literature were also obtained by fitting the 

measured force profiles to the classical DLVO theory, but the measurement was 

performed between a silicon nitride tip and silicon nitride substrate. The excellent 

agreement between the results extracted from the AFM colloid force 

measurements of two different systems further confirms the robustness of the 

AFM tip-substrate colloid probe technique to study colloidal forces and surface 

charge characteristics of solid-aqueous solution interfaces. More importantly, the 

measured Stern potential of silicon nitride tip allows us to probe Stern potential of 

various phyllosilicate mineral surfaces using the same technique.  
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Figure 6.2 Typical interaction force profiles measured between AFM silicon 

nitride tip and the silica wafer in 1 mM KCl solutions of different pH values. 

Symbols correspond to the experimental data, while the solid lines represent the 

fit to the classical DLVO theory. si
 and tip  are the Stern potential values of 

the silica wafer surface and AFM tip, respectively.  
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Table 6.1 Comparison of Stern potential, obtained by best-fit of interaction force 

profiles between a silicon nitride tip and silica wafer measured using AFM colloid 

probe force technique with the classical DLVO theory, with corresponding 

literature values obtained by MEP, SP measurement and AFM force curve fitting. 

pH 

Silica  electrical  potential (mV) 

This work 
From literature 

Value Method Ref 

3.2 -24±5 
-25 AFM [5] 

-22 MEP [6] 

5.6 -55±5 

~ -51 AFM [4] 

-50 MEP [5] 

-50 SP 

[6] -60 MEP 

-25 to-60 AFM 

7.9 -62±5 

-56 SP [4] 

~-60 MEP [5] 

-60 MEP/AFM [6] 

9 -65±5 
~-55 AFM 

[6] 
-62 MEP 

 

6.2.2 Interactions between AFM tip and different talc surfaces  

Typical force profiles on approaching between AFM silicon nitride tip and talc 

basal planes (a) and edge surfaces (b) in 1 mM KCl solutions of varying pH 

values are shown in Figure 6.3. At pH 3.2, attractive interaction was determined 

between AFM tip and the talc basal plane while the repulsive interaction 

dominated between AFM tip and the talc edge surface. Since the tip was found to 

be positively charged at this pH, it can be concluded that the basal plane of the 

talc is negatively charged while its edge surface is positively charged at pH 3.2. 
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When the pH of solution increased above 5.6, the interaction between the tip and 

the talc basal plane is reversed from attractive to repulsive. The repulsion 

increases steadily with increasing pH of solutions. Similar to the basal plane, the 

interaction between the tip and the talc edge surface also reverses but in opposite 

direction from repulsive to attractive, both attributed to the reverse of the surface 

charge of tip from positive to negative when pH of the solution changed from 3.2 

to 5.6, accounting for interactions with negatively charged basal plane and 

positively charged edge surface of talc. Since the tip remains negatively charged 

at pH above 5.6, the long range interactions between AFM tip and the talc edge 

surface again reverses from attractive at pH 5.6, to being almost negligible at pH 

7.9 and then repulsive at pH 9, indicating the reverse of surface charge of talc 

edge surfaces over this pH range. This force profile change is in great contrast to 

dominant repulsive forces between the tip and talc basal planes over the same pH 

range. 

For quantitative analysis, one can extract the Stern potential values of different 

talc surfaces at each pH by fitting the measured force profiles to the classical 

DLVO theory as mentioned earlier. In the fitting process, the Stern potential of 

AFM tip derived from the tip-silica wafer system was used. As shown in Figure 

6.3, the measured force profiles can be well fitted to the classical DLVO theory as 

indicated by solid curves.  

From the fitting of the force profiles to the classical DLVO theory, the Stern 

potential of both talc basal plane and edge surface as a function of pH is obtained 

and shown in Figure 6.4. For all pH values tested (3.2, 5.6, 7.9 and 9.0), the fitted 

Stern potential indicates that the talc basal plane is negatively charged and the pH 

of solution has a marginal impact on its Stern potential between -23 to -38 mV. 
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This finding further confirms the charge deficiency on the talc basal plane by 

isomorphic substitution and suggests a negligible hydrolysis of the siloxane group 

(-Si-O-Si-) on the talc basal plane over the given pH range tested as anticipated.  

0 10 20 30 40 50

0.0

0.3

0.6

0.9

1.2

0 10 20 30 40 50

pH 3.2

(b)
 

F
o

rc
e

 (
n

N
)

Separation Distance (nm)

 

(a)

(a) mV

te  :  35

tip :  25

mV

tb  : -23

tip :  25

  

 

 

 

0 10 20 30 40 50

0.0

0.3

0.6

0.9

1.2

0 10 20 30 40 50

 

 

F
o

rc
e

 (
n

N
)

Separation Distance (nm)

 

 

pH 5.6

 

 
 

(b)(a) mV

te :  30

tip : -64

mV

tb : -31

tip : -64

 

 

 

 

 

 

Figure 6.3 Typical force profiles measured between AFM tip and (a) talc basal 

planes and (b) edge surfaces in 1 mM KCl solutions as a function of aqueous 

solution pH. Symbols correspond to experimental data, while the solid lines 

represent theoretical fit of DLVO theory. tb and te
 
are the fitted Stern 

potential values of the talc basal plane and edge surface, respectively. 

At pH below 7.9, the talc edge surface is positively charged. The Stern potential at 

pH 3.2, 5.6 and 7.9 is determined to be 35 mV, 30 mV and 6 mV, respectively. When 

increasing the pH from 7.9 to 9, the Stern potential reverses to -27 mV. These 
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results suggested that the surface charge of talc edge surface is strongly 

pH-dependent. The PZC of the talc edge surface is estimated to be around pH 8.  

Unlike the charges on the basal plane caused by isomorphic substitution of 

structural ions, the charge on the edge surface is attributed to the hydrolysis of 

broken primary SiO- bonds from tetrahedral silica-like sheets and MgO- bonds 

from octahedral brucite-like sheets. Unlike the siloxane group on the basal plane, 

the amphoteric SiOH (PZC=1.9) [8] and MgOH (PZC=12) [9] surface groups on 

the talc edge surface can more easily undergo protonation or deprotonation 

reactions which leads to the pH-dependent surface charge on talc edge surfaces.  

 

 

 

 

 

Figure 6.4 Stern potentials of different talc surfaces in 1 mM KCl solutions of 

different pH values extracted by fitting the measured force profiles to the classical 

DLVO theory shown in Figure 6.3.  

6.2.3 Interaction energy between different talc surfaces 

After determining the Stern potential of various types of talc particle surfaces, 

interactions between these surfaces were calculated using DLVO theory. The 

VDW interaction energies between two planar surfaces were calculated using 

equation (2.2-2.3). The EDL interaction energy between two planar surfaces was 
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Figure 6.5 The calculated total interaction energy per unit area of various 

associations of talc surfaces in 1 mM KCl solutions at different pH using the Stern 

potential values derived from AFM colloid probe force measurement and DLVO 

fit. 
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In talc suspensions system, three types of particle associations may occur: 

basal–basal, edge–edge and basal–edge. Using the Stern potential values in Figure 

6.4 of talc basal planes and edge surfaces, derived from the fitting of the measured 

force profiles to the classical DLVO theory, the interaction energy of each kind of 

association calculated at different pH values is shown in Figure 6.5.  

As it is revealed in Figure 6.4 that the talc basal plane carried permanent negative 

surface charge and insensitive to the change of solution pH, the electrostatic 

interaction energy between basal planes was calculated by using equation (3.3) for 

constant surface charge density case. As shown in Figure 6.5 (a), the basal-basal 

interactions are all repulsive over the pH range studied. Compare to the van der 

Waals attraction, the electrostatic repulsion was much stronger and dominant in 

the total interaction energy between the two basal planes. The energy barrier is 

observed to be significantly high. By lowering the solution pH to 3.2, only a slight 

decrease in the energy barrier is observed due to its pH-insensitive nature of the 

Stern potential.  

In contrast to the fixed negative surface charge of talc basal planes caused by 

isomorphic substitution, the charge of talc edge surface was highly pH-dependent, 

which is negative at pH 9 and reverses to positive value at pH less than 8. Such 

charge characteristics led to interesting interaction energy profiles of Figure 6.5 (b) 

using the electrostatic interaction energy between edges was calculated using the 

equation (3.4) for the constant electric surface potential case. At lower pH 3.2 and 

5.6, the edge surfaces are highly repulsive although the energy barrier is lower at 

pH 5.6 than at pH 3.2. At pH 8, the force profile shows a negligible energy barrier 

due to a negligible surface charge of talc edge surface at this pH. In this case the 

VDW attraction dominates the total interaction between the two edge surfaces. 
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With the pH of the solution being increased to 9, the EDL repulsion becomes 

more dominant than VDW forces, leading again to a noticeable energy barrier due 

to charge reverse to a Stern potential of -27 mV. 

In the case of association between talc edge surfaces and basal planes in Figure 

6.5 (c), the EDL interaction energy between the basal plane and the edge surface 

was calculated using the equation (3.5) for the mixed case and a strong repulsion 

was obtained at pH 9. At this pH both the talc basal plane and edge surface are 

negatively charged. These similarly charged surfaces repelled each other, leading 

to a strong repulsive energy barrier as shown in Figure 6.5 (c). At pH 8, talc basal 

plane remains negatively charged while its edge surface becomes already slightly 

positively charged. Due to the opposite sign of surface charges of the basal plane 

and edge surface, the electrostatic interaction is reversed from repulsive to 

attractive. As a result, the talc basal planes and edge surfaces are monotonically 

attractive, leading to the formation of three dimensional card-house structure as 

shown schematically in the inset of Figure 6.5 (c). This attraction becomes even 

stronger as the positive charges of the edge surface increases with decreasing pH, 

and reaches the maximum at pH 5.6 where the difference in Stern potentials 

between the two surfaces is at its maximum (61 mV). With a further decrease in 

pH to 3.2, the EDL attraction becomes slightly weaker due to a slightly smaller 

Stern potential difference as compared with the value at pH 5.6. 

6.2.4 Predicting rheology of talc suspensions  

Instead of using interaction energies calculated from average   potential values 

shown in Figure 6.1, the rheology or yield stress of talc suspensions can be better 

explained using the interaction energy profiles calculated from Stern potential 

values of each kind of surfaces for their association (basal-basal, edge-edge, 


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basal-edge) at different pH values as shown in Figure 6.5. At pH higher than 9, 

the double-layer repulsion governs the interactions of all three associations 

between talc basal planes, edge surfaces or basal plane and edge surfaces, leading 

to a well dispersed talc suspension and hence low yield stress of suspensions, as 

shown in Figure 6.1 (c). When the charge of talc edge surface reversed from 

negative to positive with decreasing the pH of the solution to 8, the interaction 

between talc basal plane and edge surfaces becomes attractive while there is little 

repulsion between edge-edge surfaces. Such an interaction system would lead to 

formation of three dimensional card house structures from basal-edge association 

with limited edge-edge alignment and without stack of basal planes due to strong 

repulsion between the basal planes. As a result, an increase in yield stress is 

anticipated as shown in Figure 6.1 (c). A further decrease in pH to 5.6 led to the 

strongest attraction between the edge surfaces and basal planes, while the forces 

between edge-edge and basal plane-basal plane are strongly repulsive. Such a 

system would lead to the highest probability of card-house formation due to the 

strongest attraction between the basal and edge planes and hence the highest yield 

stress as observed. A further decrease in suspension pH to 3.2 led to a slight 

decrease in attraction between talc edge surface and basal planes while the 

association between talc edges shows a strong repulsive energy barrier. At the 

same time, the energy barrier between talc basal planes is also decreased. In this 

case, a slightly weaker association between talc basal planes and edges are 

anticipated while there some weak basal plane stacking, leading to weaker 

card-house structure and hence slightly lower yield stress than at pH 5.6, as shown 

in Figure 6.1 (c). It appears that the attractive interaction between talc basal planes 

and edge surfaces dominates rheological properties of talc suspensions. To reduce 

the yield stress and hence improve the flow of talc suspensions, it is of paramount 
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importance to adjust systems in such a way that minimizes attraction between 

basal planes and edge surface by increasing pH or more preferably adding 

dispersants which interact specifically with edge surfaces.  

Similar rheological characteristics of the montmorillonite and bentonite 

suspension were reported [10-11]. Although various hypotheses has been 

proposed to account for the observed discrepancy between the measured rheology 

and that predicted based on the average   potential or surface charge density of 

phyllosilicate minerals, extension of our study to these systems would lead to 

definitive mechanism that controlling the rheology of suspensions consisting of 

anisotropically-charged solids.  

6.3 Summary 

Following successful preparation of sufficiently smooth talc edge surfaces by the 

ultramicrotome method for AFM colloid probe force measurement, anisotropic 

surface charge properties of talc at different pH values were determined by fitting 

the measured force profiles between the AFM tip and both talc basal plane and 

edge surfaces to the classical DLVO theory. The talc basal planes were found to 

carry a permanent negative charge, while the charge on its edge surfaces was 

highly pH-dependent, negative at pH 9 and positive at pH less than 8.  

The Stern potential values of talc basal planes and edge surfaces obtained from 

fitting of the measured force profiles allowed us to calculate the interaction 

energy for association between anisotropically-charged phyllosilicate surfaces, 

such as basal plane-basal plane, edge-edge and basal plane-edge. The results 

confirmed the attractive interaction between talc basal planes and edge surfaces 

dominates the rheological behaviour.  


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The highest probability of card-house formation between talc edge surfaces and 

basal planes was determined at pH 5.6, which corresponds well with the measured 

highest yield stress of talc suspensions.  

Our study clearly demonstrates the necessity of determining anisotropic surface 

charge characteristics if one would want to improve their understanding of 

rheological properties and hence better control their process performance.   
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Chapter 7  

Adsorption and conformation of polysaccharide on 

anisotropic phyllosilicates:  

Effect of ionic strength 

Following the investigation of surface charging characteristic of different 

phyllosilicate in various solutions, some preliminary results of polymer adsorption 

on different talc surfaces are presented in this chapter. The adsorption of 

carboxymethyl cellulose (CMC) on distinct talc basal plane and edge surfaces in 

solutions of various ionic strengths is investigated by in situ AFM imaging 

technique, aiming to provide some fundamental insights on the mechanisms of 

polysaccharide adsorption on anisotropic phyllosilicate surfaces.  

7.1 Introduction 

Utilization of polymers as process aids in mineral processing is well documented. 

By interacting with mineral particles and altering the interactions between mineral 

particles and air bubbles, polymers can play various roles, such as acting as 

flocculent, dispersant or depressant in industrial processes such as selective 

flotation, desliming, or dewatering.  

Commercial synthetic polymers such as polyacrylamide (PAM) have been 

routinely selected as process aids in mineral processing. However, most PAM 

based polymers are extremely toxic and environmentally unacceptable. Therefore, 

as a promising substitute, natural organic polysaccharides such as cellulose or 

starch are often considered due to their non-toxic and biodegradable nature. In 

fact, they are widely used as depressants for iron surphide and talc which are 
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inherently hydrophobic minerals or other rock forming gangue minerals [1-3]. 

The adsorption of polysaccharides at mineral surfaces is dependent on both the 

solution condition (such as the ionic strength and/or pH of the solution) and the 

surface property of the mineral (such as the hydrophobicity or chemical nature). 

Among these variables, the ionic strength of the solution was reported to be a 

crucial factor on adsorption of some polysaccharides on various mineral surfaces 

such as illite, dolomite and talc [4-6], leading to totally different stability 

behaviour of mineral suspensions.  

Polymer adsorption on minerals has been extensively investigated using both the 

molecular modeling and experimental measurements. In the view of the 

experimental studies, infrared spectroscopy (IR) studies are widely used to 

investigate the interactions between the functional groups of polymers and 

mineral surfaces [7-9]. The shortcoming of IR method is that the IR results 

reported so far are based on dried samples, which are drastically different from 

most real scenarios of polymer adsorption on the mineral surface occurring and 

corresponding functions in the aqueous solutions. The state of polymers could be 

substantially alternated during the dehydration process. Electrophoresis 

measurement is another conventional experimental method being used to study 

polymer adsorption on mineral surfaces [4, 10-12]. The electrophoretic mobility 

of suspensions in solution was measured, which is then converted to  potential 

values of the particles. However, the equations used for the conversion are 

derived for spherical or near-spherical particles with the assumption that the 

charges of particles are uniformly distributed on the mineral surfaces. No single 

model is well developed to properly describe the movement of anisotropic 

particles under a given electric field. The total electric surface charge of 
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phyllosilicate particles determined by the   potential measurement method is 

just a combined effect of charges from both the basal planes and edge surfaces 

which can vary with the basal/edge area ratio of particles. Therefore, in the case of 

anisotropic phyllosilicate suspensions, the interpretation of colloidal behaviour 

based on  potential values determined by the existing electrophoretic methods 

could be misleading.  

AFM has been widely used to study the adsorption of polysaccharides on both 

hydrophobic (such as talc, molybdenite and graphite) and hydrophilic mineral 

(such as chalcopyrite, clinochlore or sphalerite) surfaces [13-14]. By analyzing the 

images of the adsorbed polymer layers on mineral surfaces, AFM provides the 

possibility to directly investigate the conformation or morphological change of 

adsorbed polymer on mineral surfaces in different environments. Especially, by 

employing the in situ AFM imaging, the response of the adsorbed polymer to the 

change of the solution condition (alteration of polymer or electrolyte concentration) 

can be monitored. Based on AFM images, for example, Kaggwa et al. [15] found 

that the roughness of the surface, the substituted functional group and molecular 

weight of the polymer all play a role in affecting the morphology of adsorbed 

polymer on treated silica surfaces. Beattie’s group studied systematically the 

adsorption of different polysaccharides with various functional groups, degree of 

substitution and molecular weight on both hydrophobic and hydrophilic minerals [6, 

13-14, 16-19]. They found that not only the functional group on the polymer chain 

or the molecular weight of the polymer can affect the conformation and 

morphology of the adsorbed polymer layer on the mineral surfaces; different 

morphologies of the adsorbed polymer layer were also evolved on surfaces of 

similar hydrophobicity and surface roughness.  
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More importantly, the morphological features such as the surface coverage or 

thickness of polymer layer on the mineral surface shown in AFM images were 

proven to be closely related to the depressant efficiency of the polymer in mineral 

processing. Based on this relation, the information obtained from the AFM image 

at different conditions is considered as a key parameter to predict the polymer 

performance on certain minerals in industrial mineral processing.  

In spite of a large number of studies, the adsorption mechanism of the 

polysaccharides on anisotropic mineral surfaces remains a subject for 

debate. Taking the typical magnesium phyllosilicate talc as an example, many 

adsorption mechanisms have been proposed based on both experimental or 

simulation results, to govern the adsorption process of the polysaccharide on the 

talc surface. Based on the variable adsorption of CMC on the talc samples of 

different hydrophobicities, Steenberg [20] proposed hydrophobic interaction 

between the CMC and talc particle being the main mechanism of CMC adsorption 

on talc surface. In contrast, Wang et al. [7] observed by employing the 

fluorescence spectroscopy that the hydrophilic instead of hydrophobic domains 

were formed on the interface between the labeled CMC and the talc surface in 

aqueous solutions. Adding the hydrogen bond breaker (urea) to the solution led to 

a significant reduction in the adsorption of CMC on talc surface. The strong 

hydrogen bonding of CMC on talc was confirmed by their FTIR study. 

Furthermore, they found the adsorption of CMC on talc surface being affected by 

the changes of the pH and ionic strength of the solution. Based on these 

experimental results, combined with their molecular modeling, they suggested 

that the main driving force for CMC adsorption on the talc surface is a 

combination of hydrogen bonding and electrostatic interaction rather than 

hydrophobic interaction.  
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To mediate this contradiction, Liu et al. [3] proposed an acid-base interaction 

model to include both hydrogen bond interaction and hydrophobic interaction for 

the natural polysaccharides adsorption on mineral surfaces in solutions. In their 

model, the hydrogen bond was treated as the typical acid-base bond. The primary 

interaction caused by the polysaccharide acting as Brønsted acids and the 

metal-hydroxyl species on the mineral surface as Brønsted bases. The 

hydrophobic interaction was also treated as a form of acid-base interactions since 

it was caused by the Lewis acid-base free energy of cohesion between water 

molecules in aqueous solutions. However, this interaction alone may not be the 

primary factor and only contribute to a synergistic effect for polysaccharide 

adsorption on the mineral surface.  

More recently, Laskowski et al. [2] considered the anisotropic nature of the talc 

surface which exhibits different surface characteristics on their basal planes and 

edge surfaces. They observed that reducing the face-to-edge ratio of talc particles 

by reducing particle size decreased the polysaccharides adsorption on talc 

particles and concluded that the adsorption of polysaccharide takes place mostly 

on face surfaces of talc particles instead of edge surfaces. However, Morris et al. 

[12] proposed that CMC can adsorb on both the face and edge surfaces of talc 

particles through different mechanisms: hydrophobic interaction with basal planes 

hindered by weak repulsive electrostatic interaction with talc edge surfaces. 

Cuba-Chinem et al. [9] also suggested two different adsorption mechanisms of 

CMC on anisotropic talc surfaces. In situ ATR-FITR spectroscopy and the 

adsorption kinetic data of talc particles, revealed a stronger interaction of CMC 

with the talc edge through chemical complexation and a weaker hydrophobic 

interaction with the basal plane. By employing the molecular dynamics simulation, 

Du and Miller [21] proposed that polysaccharide molecules can be attracted and 
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stabilized at the talc basal plane with strong affinity while do not adsorb on the 

talc edge surface due to strong interaction between talc edge surfaces and 

surrounding water molecules.  

Despite great efforts to elucidate how polymers adsorb on phyllosilicates, how the 

specific surface of talc interacts with polymers remains unresolved, due to the 

lack of direct experimental technique to probe the adsorption of polymers on their 

basal planes or edge surfaces. Up to date, most experiments were still limited to 

basal planes or simply rough surfaces due to the difficulties in preparing 

sufficiently smooth phyllosilicate edge surfaces. Simulation results on the edge 

surface are hard to be confirmed by experimental results. 

In this chapter, the influence of ionic strength of KCl solutions on polysaccharide 

adsorption on anisotropic phyllosilicate surfaces is investigated by in situ AFM 

imaging, aiming to provide some fundamental insights on adsorption mechanisms 

for specific surfaces. 

7.2 Experimental 

7.2.1 Polysaccharide solution 

CMC sodium salt (MW 70 kD, DS 0.7) supplied by Aldrich Inc. was used in this 

study. A stock solution of 2500 mg L
−1

 was prepared by dissolving the polymer 

powders in background electrolyte (KCl) solutions overnight to ensure complete 

hydration of the polymer. The   potential value of CMC was determined by 

Nano-ZS Zetasizer (Malvern Instruments Ltd., Worcestershire, UK) and the 

radius of gyration of CMC was determined by dynamic light scattering (DLS) 

using an ALV 5022 laser light-scattering instrument equipped with a cylindrical 

He-Ne laser at a scattering angle of 90°. The DLS experiments were completed in 
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10 minutes and repeated at least twice. The CONTIN program supplied with the 

correlator was used to calculate the radius of gyration. 

7.2.2 AFM imaging 

The Peak Force Tapping imaging technique provided in quantitative 

nanomechanical mapping mode of AFM (Veeco Instruments Inc., Santa Barbara, 

CA, USA) is used for taking images. In this new model, the tip-sample interaction 

forces instead of cantilever amplitude in common tapping was monitored and 

controlled, which makes the operation inherently more stable in both air and 

liquid. Therefore, the quality of obtained images is greatly improved compared to 

the normal tapping mode.  

Freshly prepared surface was first placed in a liquid cell. After injecting the CMC 

solution into the cell, the surface was incubated for 30 minutes, after which the 

polymer solution was exchanged by injecting the KCl solution of same ionic 

strength using a syringe. The image was taken after injecting the KCl solution for at 

least 30 minutes to make sure the whole system has reached the equilibrium. To 

avoid potential artifact on the image due to adsorbed polymer on the tip, the image 

was also taken in the same background KCl solution on another surface. This 

surface was incubated with a small droplet of CMC solution for 30 minutes and 

gently rinsed by KCl solution before being placed in the liquid cell for imaging. 

Very similar surface features were observed for the two surfaces treated by 

different protocols. No degradation in the quality of the image was shown by 

soaking the tip in the liquid cell filled with the CMC solution for 30 minutes, 

indicating CMC does not adsorption on AFM tip at pH 9. It was noticed that when 

changing CMC solutions of higher KCl ionic strength, some of the adsorbed CMC 

remained on the mineral surface even after flushing by a large amount of 
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corresponding supporting KCl solutions at pH 9, indicating that the adsorption of 

CMC process is not reversible in solutions of high electrolyte concentrations at 

least to some extent. In order to exclude the effect of adsorption history and have 

better comparison, at each ionic strength of the KCl solution, a new surface was 

prepared and used for imaging. At least three fresh surfaces were used for each 

ionic strength of the KCl solution and multiple images were obtained at various 

locations on each surface to ensure the reproducibility of imaging. All experiments 

were conducted at room temperature (20 ± 2
o
C).  

The Rq surface roughness and the peak-to-valley (PTV) distance for the imaged 

surface were analyzed by Nanoscope Analysis software (Bruker, Santa Barbara, 

CA, USA) after the second-ordered flattening of the raw image profiles. In this 

study, the PTV distance was defined as the apparent layer thickness of adsorbed 

CMC layer on each surface. The polymer coverage on each surface was calculated 

by using Image J software [22]. An example of image processing is shown in 

Figure 7.1.  

 

Figure 7.1 Image processing for determination of CMC coverage on the surface 

by using Image J: (a) the original AFM image of CMC (50 ppm) adsorbed onto 

the talc basal plane in 100 mM KCl solutions at pH 9, and (b) the corresponding 

B/W (black and white) image for calculation. 
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After visually adjusting the threshold to differentiate the CMC features and 

background mineral, the original AFM image was converted to a black and white 

(B/W) image. The surface coverage was calculated based on this B/W image by 

determining the number of black pixels over the total number of pixels shown.  

7.3 Results and discussion 

7.3.1 Characteristics of CMC  

Among natural polysaccharides, cellulose is one of the most abundant and 

important kind with simple monosaccharide (sugar) units. To better understand 

how the change in polymer conformation affects the morphology of the polymers 

on the mineral surface in KCl solutions of different ionic strengths, the 

representative two dimensional liner cellulose CMC was chosen in this study. The 

monomeric structure of CMC is shown in Figure 7.2.  

 

Figure 7.2 The structure of CMC 

Due to the ionization of substituted carboxyl groups (-COO
-
) on the polymer 

chain, CMC carries negative charge when the pH of the solution is above its 

intrinsic dissociation constant (pK), which was reported to be less than pH 4 [23]. 

The electrostatic repulsion between the charged carboxyl groups can stretch the 

polymer chain in solutions by keeping the polymer chains away from each other. 

The electrostatic repulsion between the charged carboxyl groups can be reduced 

by increasing the ionic strength, as a result of the screening of charges on the 
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polymer. Theoretically, the thickness of the EDL of the simple electrolyte (KCl) 

solutions can be reduced from 9.61 nm in 1 mM concentration to 3.04 nm in 10 

mM and 0.96 nm in 100 mM solutions. Such significant screening results in a 

lower   potential of CMC with increasing the ionic strength of the solution. To 

verify this reduction,   potentials of CMC in KCl solutions of three ionic 

strengths (1 mM, 10 mM and 100 mM) at pH 9 was determined and the results are 

shown in Figure 7.3 (a). The zeta potential value of CMC changes from about −35 

mV in 1 mM KCl solution to −25 mV in 10 mM KCl and further to −12 mV in 

100 mM KCl solution. Consequently, this reduction in   potential due to 

compression of the EDL would significantly affect the conformation of CMC in 

the solution. This is reflected by the change in the radius of gyration of CMC as 

shown in Figure 7.3 (b). At low ionic strength of 1 mM KCl solution, the radius of 

gyration of CMC is around 60 nm, indicating a much extended CMC 

macromolecule due to strong electrostatic repulsion between the charged 

carboxylic groups on polymer chains. As the EDL of electrolyte is compressed by 

increasing the ionic strength of the solution, this repulsion is minimized. 

Therefore, the CMC macromolecules can overcome the intramolecular repulsion 

to form a more densely packed polymer coil. This coiling effect is clearly 

observed by a significant reduction in the radius of gyration of CMC from 60 nm 

in 1 mM KCl to 35 nm in 10 mM KCl solution, and further to 10 nm in 100 mM 

KCl solution as shown in Figure 7.3 (b).  

This charge characteristics of CMC macromolecules at the alkaline condition and 

corresponding coiling in higher electrolyte concentration solutions helps to 

explain why higher polymer adsorption density on mineral surfaces was observed 

in more concentrated brines, as reported in literature [4, 24].  
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Figure 7.3 (a)   potentials and (b) the corresponding radius of gyration of CMC 

in KCl solutions of different ionic strengths at pH 9. 

7.3.2 CMC adsorption on talc basal planes 

In situ AFM images of CMC on the talc basal plane in KCl solutions of different 

ionic strengths are shown in Figure 7.4. The corresponding Rq roughness, the 

apparent layer thickness and surface coverage of the adsorbed CMC are given in 

Table 7.1. CMC forms the chain-like network on the talc basal plane in KCl 

solutions of all three ionic strengths studied. The Rq roughness of the bare talc 

basal plane was found in previous Chapter 4 to be around 0.24 nm over 4 µm
2
 

area. As shown in Figure 7.4 (a), due to the adsorption of CMC with an average 

thickness around 4 nm, the Rq roughness of the talc basal plane increased to 1.73 

nm over 4 µm
2
 area. The morphology of the evolved CMC layer and its surface 
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coverage at the talc basal plane in the higher KCl solution (10 mM) as shown in 

Figure 7.4 (b) are similar to the case in the 1 mM KCl solution. The surface 

roughness of the talc basal plane was increased to 3.31 nm over 4 µm
2
 area due to 

the formation of CMC agglomerate lumps of an average thickness around 5 nm. 

Similar thickness value of the adsorbed CMC layer was found in the 100 mM KCl 

polymer solution. As shown in Figure 7.4 (c), although the average thickness of 

the adsorbed CMC layer remains almost the same, the surface roughness was 

decreased to 2.19 nm over 4 µm
2
 area. Overall, increasing the ionic strength of the 

supporting electrolyte increased the polymer coverage on the basal plane 

significantly from 54.1% to 72.5%, while making the CMC network domains on 

the basal plane more compact. 

Talc is an inherently hydrophobic mineral with a perfect cleavage along its basal 

planes. The basal plane of talc is of very low surface energy due to their non-polar 

siloxane group (−Si–O–Si−) on the surface. When the CMC macromolecule in the 

solution starts to make contact with this hydrophobic surface, the CMC 

macromolecule with its surrounding hydration water may behave like a nano 

liquid droplet, and tries to minimize its contact with this low energy surface to 

decrease the entropy of the system. Meanwhile, the talc basal plane would prevent 

this droplet spreading over the surface due to its inherent hydrophobicity. On the 

other hand, CMC may have some degree of hydrophobic attraction to the talc 

basal plane via their hydrocarbon backbone and methyl groups on the polymer 

chains, which can force the CMC macromolecule to attach to the talc basal plane. 

Similar branch-like feature was found on the carboxymethyl substituted dextrin 

[19] or hydroxypropylated starch [25] adsorbed on the talc basal plane. The 

dextrin without any substitution functional group showed only small spherical 

domains on the same surface. Strong affinity between polysaccharides and the talc 
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basal plane was shown by the molecular dynamics simulation [21]. In the 

simulation, the model dextrin molecule was found to attract to and stabilize on the 

hydrophobic talc basal plane. Due to the absence of surface metallic sites and 

hydrogen bonding sites on the talc basal plane, the most possible explanation for 

this strong attraction is via hydrophobic attraction between the hydrophobic 

moieties of the polymer and the talc basal plane. 

As mentioned above, the conformation of CMC in KCl solutions becomes more 

coiled in higher KCl concentration solutions due to the reduction in both 

intramolecular and intermolecular repulsion between the polymer chains. The 

morphological change of the adsorbed CMC layer on the talc basal plane in 

response to the increase in the ionic strength of the KCl solution can also be 

attributed to the reduced repulsion between CMC molecules and talc basal planes. 

As observed in our previous chapters, the talc basal plane carries negative charge in 

KCl solutions at pH 9 due to the isomorphic substitution. Therefore, similar to 

reduced repulsion between CMC polymer chains, the compressed EDL in the 

solution also reduces electrostatic repulsion between the talc basal plane and CMC. 

This in turn causes the conformational rearrangement of CMC macromolecules on 

the talc basal plane.  

The alteration of the hydrophobicity of the talc basal plane by adsorption of CMC 

at different KCl ionic strengths was investigated by the contact angle 

measurements using sessile drop method and an advanced imaging system (Model 

250 Std G/T, Rame-hart instrument co., US). The comparison of the contact angle 

of bare talc basal planes and treated by CMC solution (50 ppm) in different KCl 

concentrations at pH 9 is given in Table 7.2.  
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Figure 7.4 In situ AFM images of CMC (50 ppm) adsorbed onto talc basal planes 

in KCl solutions at pH 9 of different ionic strengths: (a) 1 mM; (b) 10 mM and (c) 

100 mM. 
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Table 7.1 Rq surface roughness, apparent layer thickness (PTV distance) and 

surface coverage of adsorbed CMC (50 ppm) on talc basal planes in KCl solutions 

of different concentrations at pH 9. 

KCl concentration 

(mM) 

Rq 

(nm) 

Layer thickness 

(nm) 

CMC coverage 

(%) 

1 1.73 4 54.1 

10 3.31 4.8 53.7 

100 2.19 5 72.5 

 

Table 7.2 Contact angles of bare talc basal planes and in the presence of adsorbed 

CMC (50 ppm) in KCl solutions of different ionic strengths at pH 9. 

 

The talc basal plane is naturally hydrophobic with an initial water contact angle of 

75°. After the talc basal plane was conditioned in 50 ppm CMC solution of 1 mM 

KCl at pH 9 for 30 minutes, the contact angle of the talc basal plane decreased to 

62°. Very similar contact angle value of 58° was found after the surface treated in 

10 mM KCl solution of 50 ppm CMC. When treated by 50 ppm CMC dissolved in 

100 mM KCl solution, the talc basal plane became much more hydrophilic with the 

contact angle being reduced to 38°. This dramatic decrease in the contact angle 

indicates stronger interactions of CMC with the talc basal plane in CMC solutions 

of the high KCl concentration. 

KCl concentration 

(mM) 

Contact angle (°) 

Bare talc basal plane Treated with CMC (50 ppm) 

1 

74.6±2 

62 

10 58 

100 38 
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The results from the contact angle measurements correlated well with the results 

from in situ AFM imaging at different KCl concentrations: the higher KCl 

concentration, the larger the thickness and the higher the surface coverage of the 

adsorbed polymer layer, which make talc basal planes less hydrophobic, as shown 

by a significant reduction in contact angle values. This correlation suggests that 

the observed morphology of CMC on the mineral surface from AFM imaging 

under different conditions of the solution could be a good indicator to evaluate the 

ability of CMC to alter the wettability of mineral surfaces, which strongly affects 

mineral flotation.  

7.3.3 CMC adsorption on talc edge surfaces  

The morphologies of adsorbed CMC layer on the prepared talc edge surfaces in 

KCl solutions of different ionic strengths at pH 9 are shown in Figure 7.5. The Rq 

roughness, apparent layer thickness and surface coverage of adsorbed CMC on 

talc edge surfaces are given in Table 7.3. As observed in Figure 7.5, the adsorbed 

CMC formed spherical domains on the talc edge surface, which is totally different 

from the morphology of adsorbed CMC layer on talc basal planes as shown in 

Figure 7.4.  

This anticipated difference in CMC morphology adsorbed on the talc basal plane 

and edge surface is most likely attributed to the different binding interactions 

involved between CMC and these two distinct talc surfaces. Unlike the non-polar 

hydrophobic talc basal plane, the talc edge surface contains abundant hydrogen 

bonding sites (Mg-OH and Si-OH) due to the broken bonds of Si-O-Si or 

Mg-O-Mg on edges, which makes the talc edge surface hydrophilic.  
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Figure 7.5 In situ AFM images of CMC (50 ppm) adsorbed onto talc edge 

surfaces in KCl solutions at pH 9 of different ionic strengths: (a) 1 mM; (b) 10 

mM and (c) 100 mM. 
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Table 7.3 Rq surface roughness, apparent layer thickness (PTV distance) and 

surface coverage of adsorbed CMC (50 ppm) on talc edge surfaces in KCl solutions 

of different ionic strengths at pH 9. 

On the other hand, most polysaccharides also contain a large number of hydroxyl 

groups on their polymer chains, which enable themselves to interact with talc edge 

surfaces via hydrogen bonding interaction. This hydrogen bonding interaction is 

considered as an important deciding factor to choose polysaccharides as flotation 

depressants for a wide range of minerals [5]. As can be seen in Figure 7.2, based on 

the given DS of 0.7, only 7/30 hydroxyl groups on the CMC polymer chain are 

substituted by carboxymethyl groups (per 10 monomers). There is still quite a 

number of hydroxyl groups available for hydrogen bonding interactions. This 

strong hydrogen bonding of CMC on talc was confirmed by a number of FTIR 

studies [7, 9].  

In addition to the hydrogen bonding interactions, the carboxyl group of CMC is 

also able to chemically interact with cations on many gangue mineral surfaces 

through the chemical complexation. The natural polysaccharides were reported to 

adsorb on various base metal oxides/hydroxides [26]. Similar to the reported 

esterification reaction between hydroxyl groups on the alumina surface and 

carboxylic acids [27], the carboxylic groups of CMC may interact with the 

magnesium ions on the talc edge surface through the following esterfication 

reaction:                       

KCl concentration 

(mM) 

Rq 

(nm) 

Layer thickness 

(nm) 

CMC coverage 

(%) 

1 1.36 3.27 >95 

10 1.53 2.58 >95 

100 0.69 less than 1.5 nm >95 

http://www.sciencedirect.com/science/article/pii/S0301751600000181#FIG1
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 (7.1) 

On the other hand, similar to the case of the talc basal plane, the increase in CMC 

adsorption on talc edge surface with increasing the ionic strength of the KCl 

solution is also evident. In the KCl solution of low ionic strength (1 mM), the 

average size of these CMC spherical domains on the talc edge surface was around 

35 nm. The apparent layer thickness of adsorbed CMC on talc edge surfaces was 

around 3.27 nm. The presence of these small pancake domains increased the Rq 

surface roughness of the talc edge surface from 0.72 nm to 1.36 nm over 4 µm
2
 area. 

As the ionic strength of the KCl solution was increased to 10
 
mM, the pancake 

domain became more compacted with the average aggregate size decreased from 

35 nm to about 24.6 nm and the apparent layer thickness decreased from 3.27 nm 

to about 2.58 nm. The Rq surface roughness of the talc edge surface increased to 

1.53 nm over 4 µm
2
 area. When the concentration of the KCl solution was further 

increased to 100 mM, the average thickness of the adsorbed CMC layer was found 

to be reduced to less than 1.5 nm. The Rq surface roughness decreased to 0.88 nm 

over 4 µm
2
 area, which is comparable to the surface roughness of bare talc edge 

surface. The adsorbed CMC from the KCl solution of high ionic strength appears to 

form a uniform layer on the talc edge surface.  

7.3.4 CMC adsorption on silica surfaces 

To better understand the binding mechanism of CMC on different talc surfaces, 

the morphology of CMC adsorbed on a hydrophilic silica surface at different KCl 

concentrations is also investigated by in situ AFM imaging as shown in Figure 7.6. 

The Rq surface roughness, apparent layer thickness and surface coverage of 

adsorbed CMC on the silica wafer surface are listed in Table 7.4. 
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The silica surface has identical chemical composition and surface roughness as 

talc basal planes, with only difference being hydrophilic for the silica wafer in 

contrast to being hydrophobic for talc basal planes. Compared to the morphology 

of CMC adsorbed on the talc basal plane, totally different morphology of CMC 

adsorbed on the silica surface was observed. These observed differences in 

adsorption and conformation of CMC on the two surfaces can be attributed to the 

totally different wettability characteristics of these two surfaces, and hence 

different binding mechanisms and their impact on the morphology of adsorbed 

CMC. Though both surfaces have similar chemical composition and surface 

roughness, it is believed that there exists an exclusion zone between siloxane 

groups (-Si-O-Si-) on the talc basal plane and water molecules of the solution due 

to the absence of polarity of talc basal planes [21]. In contrast, water molecules 

can be tightly bonded with polar groups (Si-OH) on the silica surface. The CMC 

molecules tend to spread over the talc basal plane in two dimensional network by 

strong hydrophobic interaction via their hydrocarbon backbone and methyl group, 

while this hydrophobic interaction does not exist on the silica surface. The strong 

hydrophobic interaction in the binding of CMC on talc basal planes was shown 

clearly. 

On the other hand, although both silica and talc edge surfaces are hydrophilic due 

to similar metal polar hydroxyl groups (M-OH), the morphology of CMC 

adsorbed on the silica surface is also different from that on the talc edge surface 

under the same solution conditions.  

As shown in Figure 7.6, at the lowest ionic strength of the KCl solution (1 mM) at 

pH 9, individual CMC pancakes of around 58.5 nm in diameter were formed on 

the silica wafer surface with the apparent CMC layer thickness of 2.27 nm. The 
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Rq roughness of the silica surface was increased from 0.17 nm to 0.51 nm over 4 

µm
2
 area. As the KCl concentration was increased to 10 mM at the same CMC 

concentration and pH, the pancakes became smaller with reduced average domain 

size about 36.7 nm and the apparent layer thickness of around 2.43 nm. The Rq 

surface roughness of the silica surface was increased to 1.27 nm over 4 µm
2
 area. 

When the KCl concentration increased to 100 mM, more dense packing of CMC 

domains were observed with a decrease in average size to about 28.7 nm and the 

apparent layer thickness of around 2.79 nm.  

Different hydroxyl groups have different basicity, which depends on the valence 

state, ionic radii and coordination numbers of the metal ions on the surface group. 

Normally, the higher the basicity of the mineral –OH surface group, the stronger 

will be their interactions with polysaccharides, which can result in higher surface 

coverage of polysaccharides on mineral surfaces. As reported [27], a high 

reactivity of the Al-OH surface group toward carboxylic acids was found as 

compared to a hydrated silica surface. Compared with aluminum 

oxides/hydroxides, the magnesium oxides/hydroxides have an even higher IEP 

[28]. Therefore, due to its higher basicity, the Mg-OH surface group on the talc 

edge surface is expected to bond with the carboxylic group stronger than Al-OH 

surface group does, which may result in a stronger adsorption of CMC on the talc 

edge surface as compared to the silica surface. Strong adsorption of 

polysaccharides was also reported on the natural galena, as lead 

oxides/hydroxides also have high IEP [3].  
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Figure 7.6 In situ AFM images of CMC (50 ppm) adsorbed onto silica surfaces in 

KCl solutions at pH 9 of different ionic strengths: (a) 1 mM; (b) 10 mM and (c) 

100 mM. 
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Table 7.4 Rq surface roughness, apparent layer thickness (PTV distance) and 

surface coverage of adsorbed CMC (50 ppm) on silica surfaces in KCl solutions of 

different ionic strengths at pH 9. 
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Figure 7.7 Summary of surface coverage and apparent layer thickness of adsorbed 

CMC on different surfaces in KCl solutions of different ionic strengths at pH 9. 

Table 7.5 Summary of binding mechanisms of different surfaces ( - Hinders, + 

Driving force). 

Binding mechanism Talc basal plane Talc edge surface Silica 

Electrostatic -- - -- 

H-bonding + ++ + 

Hydrophobic ++ / / 

Chemical complex / +++ / 

KCl concentration 

(mM) 

Rq 

(nm) 

Layer thickness 

(nm) 

CMC coverage 

(%) 

1 0.51 2.27 24.5 

10 1.27 2.43 35 

100 2.19 2.79 19.3 
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In order to facilitate comparison, the summary of the surface coverage and 

apparent layer thickness of adsorbed CMC on different talc surfaces and silica in 

KCl solutions of different concentrations at pH 9 are shown in Figure 7.7 and the 

possible binding mechanisms for each surface are summarized in Table 7.5. CMC 

interaction with the talc basal plane is dominated by hydrophobic interactions 

while bonding with the talc edge surface is mainly through chemical 

complexation reaction and hydrogen bonding. Compare to the silica surface, both 

the talc basal plane and edge surface have stronger binding with CMC, therefore, 

the effect of ionic strength of the solution on CMC adsorption on these mineral 

surfaces becomes less significant. 

7.4 Summary 

The adsorption of CMC on distinct talc basal planes and edge surfaces in KCl 

solutions at pH 9 of various ionic strengths is investigated by in situ AFM 

imaging technique. The morphology of adsorbed CMC on different talc surfaces 

is significantly different, due to different binding mechanisms involved. CMC 

interaction with the talc basal plane is dominated by hydrophobic interactions 

while bonding with the talc edge surface is mainly through chemical 

complexation reaction and hydrogen bonding. The amount of CMC adsorbed on 

both talc basal planes and edge surfaces increased upon increasing the ionic 

strength of the KCl solution. The methodology developed in this chapter opens 

the door to probe polymer adsorption on anisotropic phyllosilicate surfaces, which 

can help us better understand the mechanism of polymer adsorption on specific 

minerals surfaces. Practically, it may help us solve some problems related to 

selectivity of polymer adsorption in industrial processing and design novel 

synthetic polymers for mineral processing.   
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Chapter 8 

Summary 

8.1 General conclusions 

This dissertation focuses on investigating anisotropic surface properties of 

phyllosilicates. In particular, systematic studies on the impact of pH and divalent 

cations in aqueous solutions on surface charging characteristic of two typical 2:1 

(TOT) layer phyllosilicates (talc and muscovite) are presented. The anisotropic 

surface charge property of phyllosilicate suspensions related to their rheological 

behaviour is discussed. Also, some preliminary results on polymer adsorption on 

different talc surfaces are included.  

In Chapter 3, the methodology to study anisotropic properties of phyllosilicates 

was established. The ultramicrotome cutting technique was employed to prepare 

molecularly smooth edge surfaces of talc and muscovite, which allowed direct 

measurement of interactions between AMF tips and prepared phyllosilicate 

surfaces in various electrolyte solutions. Commercial AFM silicon nitride tips 

instead of micron size probes were chosen in AFM force measurements to 

quantitatively evaluate surface charge properties of prepared surfaces. A 

theoretical model based on the geometry of this tip was used to fit the measured 

force profiles to the classical DLVO theory at different BC, which allowed direct 

determination of the Stern potentials of different phyllosilicate surfaces. 

In Chapter 4, colloidal interaction forces between AFM tips and specific 

phyllosilicate surfaces as a function of solution pH were measured. The basal 

plane of both muscovite and talc were found to carry a permanent negative charge, 



Chapter 8                                                  -148- 

 

while the charge on their edge surfaces is highly pH-dependent. Although both 

talc and muscovite are platy 2:1 phyllosilicate minerals, the stern potential of 

muscovite basal planes is much more negative than that of talc basal planes due to 

its high degree of isomorphic substitution. The charges on edge surfaces of 

muscovite and talc basal planes exhibit different responses to solution pH. The 

observed differences in Stern potentials of basal planes and edge surfaces for both 

talc and muscovite are closely related to their crystal structure and ionization 

characteristics. The protonation reactivity and the contribution of each surface 

group to the surface charging behaviour are modeled using their protonation 

constants. 

In Chapter 5, the effects of the concentration of two divalent cations: Mg
2+

 and 

Ca
2+

 on Stern potentials of different phyllosilicate mineral surfaces were 

investigated. Different responses of the Stern potential of the basal plane and the 

edge surface to the divalent cation addition in solutions are attributed to the 

different surface charging mechanisms and binding mechanisms of each type of 

surfaces with different divalent cations. 

In Chapter 6, The Stern potential values of talc basal planes and edge surfaces 

from fitting of measured interaction force profiles in 1 mM KCl solution at 

different pH values (3.2-9) were obtained. Based on these fitted Stern potential 

values, interaction energies of various associations between talc surfaces, (basal 

plane-basal plane, edge-edge and basal plane-edge) were calculated. The attractive 

interaction between talc basal planes and edge surfaces was found to dominate the 

rheological behaviour of talc suspensions and the highest probability of 

card-house formation between talc edge surfaces and basal planes was found to 

correspond well with the measured highest yield stress of talc suspensions. 
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In Chapter 7, some preliminary results on CMC adsorption on different talc 

surfaces were presented.  

In conclusion, this work clearly demonstrates the need for study on anisotropic 

surface characteristics if one wants to improve the understanding of colloidal 

behaviours of phyllosilicate minerals and hence better control their process 

performance. 

Moreover, the methodology developed in this study opens the door to probe 

interactions of various mineral surfaces with process aids under various 

physicochemical conditions of the system, an extremely important subject in nano 

technology and resource engineering. The method of preparation of the 

phyllosilicate edge surface described in this study can be extended to other 

minerals or natural resources such as coal. For instance, the work of applying 

ultramicrotome technique to study anisotropic properties of chlorite surfaces, in 

collaboration with Professor Jan D. Miller’s research group at the University of 

Utah is not included in this thesis but can be found elsewhere: Yin, X., Yan, L., 

Liu, J., Xu, Z., Miller, J. D., 2013, "Anisotropic Surface Charging of Chlorite 

Surfaces", Clays and Clay Minerals, In press.  

8.2 Contributions to original knowledge 

1. An ultramicrotome cutting procedure was developed to prepare molecularly 

smooth edge surfaces of phyllosilicates. More accurate results can be obtained 

without incurring complex finite element analysis to incorporate the effect of 

surface roughness in AFM interaction forces fitting.  

2. The colloidal probe technique of AFM was proved to be a powerful tool to 

study the interactions between AFM tips and well-defined basal planes and 
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edge surfaces of phyllosilicates in aqueous solution.  

3. A theoretical model based on the geometry of AFM tip was developed to fit the 

measured force profiles to the classical DLVO theory for mixed BC, which 

allows direct determination of Stern potentials of different phyllosilicate 

surfaces for the specific case at proper BC. 

4. To the best of my knowledge, it is the first time that the effect of pH and the 

concentration of two divalent cations (Mg
2+

 and Ca
2+

) in solutions on the Stern 

potential of different phyllosilicate surfaces were systematically and 

quantitatively investigated by direct force measurement using AFM. 

5. Interaction energies of various associations between talc surfaces were 

calculated using the AFM-derived Stern potential values of talc basal planes 

and edge surfaces. The rheological behaviour of talc suspensions was better 

interpreted in terms of considering anisotropic surface charge characteristics of 

the talc particle, instead of blindly treating it as isotropic.  

8.3 Recommendations for further work 

It is my hope that the developed methodology and obtained results in this 

dissertation are interesting to those in the field of investigating the surface property 

of phyllosilicates, in particular of real clays. Should that be the case, I would like to 

suggest: 

1. Develop a suitable technique to prepare a smooth edge surface for other 

phyllosilicate particles such as kaolinite which lacks of cleavage basal planes. 

2. Probe interactions of polymers with well-defined basal planes and edge 

surfaces of phyllosilicates under various physicochemical conditions at a 

single molecule resolution using single molecule force spectroscopy. 
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Appendix A 

Deposition of phyllosilicate particle suspensions  

Procedure of orderly deposition of phyllosilicate suspensions 

(1) Suspensions of phyllosilicate particles are prepared at high concentration (6g/L).  

(2) After stirring and sonication, the pH of suspensions is adjusted to 10. 

(3) Suspensions are centrifuged at 1200 and 2400 rpm for 3 minutes successively, then 

3000 rpm for 8 minutes.  

(4) A few drops of suspensions are spread over a sheet of cleaved muscovite basal plane 

which is put on a hot plate for a few seconds to quickly evaporate the water. 

(5) The muscovite sheet coated with phyllosilicate particles is flushed gentlely by MiliQ 

water to remove any loosely bound particles and then dried with nitrogen gas. 

Then the coated sheet can be embedded in silicon mold filled with resin for further 

ultramicrotome cutting as shown in Figure A.1. 

 

Figure A.1 Schematics of a muscovite sheet coated with phyllosilicate particles for 

ultramicrotome cutting and the proposed view of the cross section of the cutting result.
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Figure A.2 SEM images of kaolinite particles deposited on muscovite substrate: (a) large 

area at low resolution and (b) small area at high resolution. 
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Figure A.3 SEM images of illite particles deposited on muscovite substrate: (a) large area 

at low resolution and (b) small area at high resolution. 
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Figure A.4 SEM images of montmorillonite particles deposited on muscovite substrate: (a) 

large area at low resolution and (b) small area at high resolution. 
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Appendix B 

 Estimation of surface energy of different phyllosilicate 

surfaces 

B.1 Good & Van Oss model 

In the Good & Van Oss model, the surface energy can be written as [1, 2]:  

  2LW                                                     (B.1) 

where   is the surface energy, LW is the Lifshitz-Van der Waals interactions 

component  and  and  are Lewis acid-base components . 

The relation between liquid contact angle ( ) and surface energy components of solid 

surface and liquid can be given by: 

 _22)cos1( SLLS

LW

L

LW

SL                                   (B.2) 

where L and S represent the liquid and solid, respectively. 

B.2 Three-probe-liquid contact angle measurement 

The surface energy components of the solid ( LW

S , 

S  and 

S ) were derived using the 

sessile drop method based on the contact angles of the three probe liquids, including one 

nonpolar (diiodomethane) and two polar (water and glycerol) liquids. The surface tension 

components were taken from literature [1-3]. 

Thus, the energy components of phyllosilicate surfaces can be determined by:
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where L1, L2 and L3 denote the three different probe liquids, respectively. 

Table B.1 Three probe liquids for measuring the surface energy of phyllosilicates. 

Liquid LW

L  

L  

L  
L  

Water 21.8 25.5 25.5 72.8 

Glycerol 34 3.92 57.4 64 

Diiodomethane 50.8 0 0 50.8 

 

Table B.2 Contact angles of three probe liquids on different surfaces. 

Surface 
Contact angle  (°) 

Water Glycerol Diiodomethane 

Muscovite basal 0 27.0 43.8 

Talc basal 75.4 51.3 44.2 

Silicon nitride tip 26.0 34.2 42.3 

Silica 35.7 32.0 45.8 

 

Table B.3 Surface energy of different surfaces. 

Surface 

Surface energy parameters (mJ/m
-2

) 

LW        

Muscovite basal 37.7 1.6 56 56.5 

Talc basal 37.4 2.8 2.8 43.1 

Silicon nitride tip 38.5 1.2 46.8 53.7 

Silica 36.6 2.4 34.9 55 
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Appendix C 

 AFM images of CMC adsorbed onto muscovite basal planes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1 In situ AFM images of CMC (50 ppm) adsorbed onto muscovite basal planes 

in KCl solutions at pH 9 of different ionic strengths: (a) 1 mM; (b) 10 mM and (c) 100 

mM
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Table C.1 Rq surface roughness, apparent layer thickness (PTV distance) and surface 

coverage of adsorbed CMC (50 ppm) on muscovite basal planes in KCl solutions of 

different ionic strengths at pH 9. 

 

 

KCl concentration 

(mM) 

Rq 

(nm) 

Layer thickness 

(nm) 

CMC coverage 

(%) 

1 0.23 3.05 2.3 

10 0.27 2.82 4.7 

100 0.31 1.57 15.5 


	1.2 preface.pdf
	PhD Thesis_Lujie Yan_Submit.pdf
	1.cover.pdf
	1.2 preface.pdf
	2. Abstract.pdf
	3.1.table of content .pdf
	3.2 symbols.pdf
	4.Main body.pdf




