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ABSTRACT

ESTIMATION OF THE SURFACE CHARGE DISTRIBUTION OF
SOLIDSIN LIQUIDS BY USING ATOMIC FORCE MICROSCOPY

Colloidal systems are widely encountered in minerals, ceramics, environment,
biology, pharmaceuticals and cosmetics industries. These systems consist of micron-
sized particulates dispersed in a solvent. Homogeneity, dispersibility, stability of
colloidal systems determines the economy and success of the final product in these
applications. Control and manipulation of these properties depend on detailed analysis
of the interactions among the particles. Electrophoretic potential measurements or
colloidal titration methods are widely employed to characterize the charging of colloidal
systems. However these methods only yield average charging information, not the
charge distribution on the surface.

Atomic Force Microscope (AFM) allows topographic surface analysis at
nanometer level resolutions. Though it is widely used to obtain derived information
AFM directly measures the forces between the tip and the surface atoms. The objective
of the present work is to assess the applicability of AFM to surface charge mapping, i.e.,
the detection of positive or negative charged regions on metal oxide surfaces. Hence,
well defined tips were prepared and allowed to interact with well defined oxide surfaces
under different pH conditions. The influence of solution ion concentration and pH on
the forces measured was also investigated.

These measured force-distance curves were analyzed using a new solution of the
one dimensional Poisson-Boltzmann equation to isolate the electrical double layer force,
hence the surface charge on each measurement point. The new solution in question
provides analytical expressions for all charging conditions which are amenable to such
analysis.Repetitive force measurements on a predefined grid on the solid surface
ultimately yield the charge distribution of the surface. Such an analysis procedure is
new and advances the charge measurements on solids in solution to anew level.



OZET

SIVI ICINDE KATILARIN YUZEY YUK DA GILIMININ ATOM IK
KUVVET MIKROSKOPU KULLANILARAK BELIRLENMESI

Mineral, seramik, cevre, biyoloji, boya, ilac, koztik vb. endustrilerde bir sivi
icinde d&ilmis mikron boyutlarindaki tanelerden ehn kolloidal sistemlerin
homojenitesi, datilabilirli gi (dispersibility), kararlilgi (stability), reolojisi, akicilgi ve
sekillendirilebilirligi (plasticity/forming) bu endustrilerdeki uygulamalarin gaaisini
belirler. Bu 6zelliklerin kontrolu, sistemi afturan tanelerin karlikli etkilesimlerinin
kontrol edilebilmesine Fidir. Yuzey yiuklenmesinin karakterizasyonu icinll&ailan
elektroforetik potansiyel veya koloidal titrasyofgigmlerinde ise yuzey yuk gddimi
degil, tim sistemin ortalama yuk geri dlculebilir.

Atomik Kuvvet Mikroskobu (AFM) nanometre seviyelede topografik ylzey
analizi yapmak ic¢in kullanilir. Yaygin olarak ylzégpasrafyasinin belirlenmesinde
kullanilmasina ragmen, AFM ylzey ile kantileverin ucu arasindaki alokuvvetleri
dogrudan olgcmekte kullanilabilir.

Bu calsmanin amaci, atomik kuvvet mikroskobunun yilizey yditasinin
cikarilmasinda kullanilabiliggini agiklamaktir. Alimina, silika ve cam gibi lyi
tanimlanmy metal oksit yuzeyleri ile dgsik uclar arasinda, farkl ¢ozelti kallarinda,
yuzeyin bir cok noktasinda bir matriks cercevesiAe® kuvvet dlgtimleri yapilacaktir.
Oksit sistemlerinde, yuzey yuklerinin pHglgirilerek saptanmasi ganmstir. Ug ve
ylzey arasindaki kuvvetlere, iyon konsantrasyonpieetkisi de incelenrsiir.

Olgllen Kuvvet-Uzaklik grilerinin hesaplanmasi Poisson-Boltzman degiikin
yeni gelitirilen analitik c6zimda ile hesaplangtir. Elde edilen 6lgimlerden kuvvetlerin
bilesenlerine aygtiriimasi sonucunda, elektriksel ¢ift tabaka kulemtzole edilecektir.
Uygun elektriksel ¢ift tabaka teorilerinin kullamési vasitasiyla da, elektriksel kuvvet
bileseninden ylzeyin yik galimi elde edilecektir. AFM ile dlgulen ve teorikabak
hesaplanan kuvvet-uzakhigmderi karsilastiriimistir.

Kati ylzey Uzerinde tanimlanan kilavuz cizgiler rirse yinelenen kuvvet-
uzaklk erileri, ytzeyin yuk dgilimini belirler. Bu analiz prosedirt yenidir vetka
yuzeylerin sivi icinde yizey yuk gdmlarinin Olgilmesini yeni bir seviyeye
tasimaktadir.
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CHAPTER 1

INTRODUCTION

Long-range interactions between colloidal surfaces are important in various
physico-chemical systems in mineral processing, powder technology, ceramics, soils,
friction and lubrication, paint industry, environmental sciences, biomedical applications
and many others. The relative interplay of the surfaces with each other or with the
variety of dissolved / dispersed species in the system are determined by these forces.
Such interactions decide the outcome of such unit operations as adsorption, flotation,
dispersion, coagulation/flocculation, filtering, forming, etc. Therefore, determining the
actual magnitudes of the force of interaction in mineral systems is of utmost importance
in understanding such unit processes for design and control purposes.

A theoretical tool for predicting the forces acting in colloidal systems are the
well-known DLVO theory (Derjaguin and Landau, 1941); (Verwey and Overbeek,
1948). This theory basically states that the net energy of interaction is a sum of van der
Waals and electrical double layer forces. Depending on the presence of surface active
species, acid/base equilibrium and hydrophobicity of the particles, secondary
interactions such as steric, hydration and hydrophobic can also develop, but these are
also derivatives of these two forces. The van der Waals component is mainly
determined by the bulk of the interacting bodies and the separating medium and is not
so much affected by the chemistry of the solution. However, the electrogtatic interaction
which owes its presence to the electrical double layer which spontaneously develops
when a solid particle is placed in solution due to different chemical activities of ionsin
solution and in bulk is a strong function of the solution chemistry. This force is usually
the manipulated component to reach desired rheology or stability in a given system. In
the case of metal oxide-water systems, protons are the main species which adsorb to or
desorb from the surface and alter the charging characteristics and the magnitude of the
electrogatic interaction force. This makes the pH the main parameter determining the
charging behavior of the metal oxide systems. For other solid chemistries different ions
may play specific roles based on the surface structure and the solvation behavior of the

particles.



The DLVO theory has been tested with positive results to represent the actual
behavior in colloidal systems well over the years. Nevertheless, its direct comparison
using actual inter-particle forces measurements has been possible relatively recently
following the introduction of the Surface Force Apparatus (SFA) (Tabor and Winterton,
1969; Israealachvili and Tabor, 1972; Isrealachvili, 1987; Horn et al., 1987; Horn et al.,
1988). Since SFA relies on observation of the interference fringes to determine the
vertical distance between two cylinders of desired material, it can only be used with
transparent substrates such as mica, glass or quartz. Also, SFA lacks the capability to
provide lateral information about the surface has a high vertical resolution (Arai and
Fujihira, 1994).

Just as SFA the Atomic Force Microscope, AFM, can also be be used to
measure the interaction force between various surfaces just as SFA. AFM is not
hampered by the limitations of the SFA and has been increasingly used for measuring
the long-range interaction forces in a variety of colloidal systems. Such force
measurements, however, had to be coupled to an in-depth knowledge of the relevant
theories in order to make quantitative sense. Recent research has shown that the theory
agrees well with experimental force measurements done by AFM rather nicely.

Atomic Force Microscope (AFM) allows topographic surface analysis at
nanometer level resolutions. In this microscope, a sharp tip placed on the free end of a
very tiny and flexible cantilever is scanned over the surface to be studied. Atomic
interactions which develop between the tip and the surface, cause bending of the
cantilever. The magnitude of the bending can be accurately determined by a laser light
reflected over the cantilever. Since the bending amount is a strong function of the tip-
surface distance it can be converted to high resolution topographical information.

In this study, we take the AFM force measurements a step further and propose to
map the surface charge distribution of oxide surface by careful AFM force
measurements carried out with well defined tips. The approach will employ the DLVO
theory under the conditions it is applicable to isolate and determine the magnitude of the
electrogtatic component of the interparticle force measured. The proposed method will
attempt to determine the surface charge at that point on the surface from the
electrogtatic component with the final surface charge map of the surface being probed.
Then a surface charge distribution can be obtained by repeating the force measurement
on a predetermined grid on the surface. The surface charge distribution so obtained will



be tested against more traditional charge measurement methods which provide an

average (or potential) value for the complete surface.



CHAPTER 2

INTERPARTICLE INTERACTIONS

2.1. Theory of Particle-Particle I nteractionsin Colloidal Systems

A quantitative knowledge of long-range interactidretween colloidal surfaces
important for understanding the phenomena undeylyinmerous physico-chemical
systems in such diverse areas as mineral processowder technology, ceramics,
environmental sciences, soils friction and lubi@matand adhesives. Several models
which quantitatively predict particle-surface irgtetion energies (or forces) exist, the
most successful one being the Derjaguin-Landau-gg@verbeek (DLVO) theory.
The DLVO theory for colloid surface forces accoufus the long-range electrostatic
interactions that arise from the existence of amwing diffuse double layers of counter
ions near charged surfaces in solution and van\dals forces caused by the specific
alignment and coupling interactions of moleculapods. While useful in many
situations where surfaces may be assumed unifonralatively ideal, the DLVO
theory does not account for several types of ictera forces thought to be relevant to
particle attachment, including hydrophobic, hydratiand steric (electrosteric) forces.
Therefore it is important that the theory be uséth wroper understanding and for those

conditions under which it is applicable.

2.1.1. van der Waals I nteractions

The van der Waals attraction is the cause of suabrascopic phenomena as
condensation, wetting, coagulation, etc and ortgmdrom permanent, instantaneous
and induced dipoles created by atoms and moleddiawce the electromagnetic force is
the source of the van der Waals forces. Forcesdagtwnacroscopic objects result from
a complex interplay of the interaction between rooles in the two objects and the
medium separating them. When the two dipoles alevat to rotate freely, they
interact and a balance is established betweenrpreial orientation of the dipoles and



the thermal motion which acts to disturbed thisahaé (Myers, 1999). This thermally

averaged dipole—dipole free energy, § is often referred to as the Keesom energy:

- _ He by 21
% 3KT (47%,)*D°® @D

where g, and p, are dipole moments, D is the distance betweeincfgat Also, when a

charge approaches a molecule without a static eipmment, an attractive force arises
from a charge shift in the nonpolar molecule indudy the charge. In analogy, a
molecule with a static dipole moment will interagith a polarizable molecule by
inducing a dipole moment in the polarizable molecud the dipoles can freely rotate,
the energy of interaction between a permanent elipatl an induced dipole has been

shown to be given as;

_ _(au +ays) 29
(47%,)?D° (2:2)

%

This interaction is called the Debye interactionwlll also arise between two
identical polarizable molecules that have a permeadipole moment. Both the Keesom
and Debye interactions which have their rolls iassical physics fail to explain the
attraction between two nonpolar molecules. Suchatiraction is evidently exists
because non-polar gases also condense at low etemgkratures. Responsible for this
attraction is the so-called London or dispersiomdo To calculate the dispersion force,
guantum mechanical perturbation theory is requifedimpression about the origin of
dispersion forces can be obtained by consideringtam with its positively charged
nucleus around which electrons circulate with acapby high frequency of 1015-1016
Hz. At every instant, the atom is therefore polkae direction of the polarity changing
periodically with this high frequency. When two Buescillators approach, they start to
influence each other, attractive orientations hgvan higher probability than the
repulsive ones, leading to an attractive forcelwmndverage. The free energy between
two molecules with ionization energies;and h, was approximated by London as;

_ 3hv1v2al*a;2 : (2.3)
2(v, +V, ) (47%,)"D

q:



Where
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3M.  (n"-1 o = a,

P = ! e (24)
4mp,N, (n*+2) 41EE,
and
2
v=_ | (2.5)
21\ a;m,

The van der Waals force is the sum of Keesom, DeloyelLondon dispersion
interactions such that (Hunter, 2001):

Baw = _1312 D™ (2.6)

The termBs, is called the vdW parameter and is equal to:

2,,2 2 2
g, =-2_thth - Gath *Onfly _3p ey a3, (2.7)
3 KT (4rz,) (4re,) 2 v, tv, (4rE,)

It can be seen that contribution @f, @> and@_ interactions tap,qw would be
different for different substances. For polar males such as water the Keesom
interaction is dominant whereas for apolar hydrboas the overall interaction energy
is almost completely made up of the London contrdyu This is the reason why water
is an excellent solvent while aliphatic compoundsenno solvation power over ionic
compounds (Butt and Kappl, 2010).

In calculating the van der Waals interaction betwego colloidal particles, a
pairwise addition of the individual interactionsg{iation 2.6) between every molecule
of each body is carried out by volume integratidhis approach is called Microscopic
or Hamaker Method who first carried out the intéigra(Polat and Polat, 2000-a).

The van der Waals interaction pressure (force pérarea) for two interacting

plates is given as:

Faw(h) = —6%3 (2.8)



The Hamaker’ constar;> comes out as

_ 2 (PNay PNy
A&z_nz( M )( M ):812 (2-9)

2 2

from the integration process, but in practice itsmbe determined experimentally.

Methods used in determining the Hamaker’s consdadta compilation for a large list

of materials interacting in vacuum or in other oits is also presented in, (Bergstrom,
1997) and (Polat and Polat, 2000-a).

Hamaker constants were calculated for all the syimmsystems two surfaces
of material 1 interacting across a medium 3, udund Lifshitz calculations, across
vacuum and water. Hamaker constants were also a@stimusing two different
approximations, for the Hamaker constant in vacu(iabor-Winterton equation
including the static contribution (TWS)), and tdgat with the static term (Horn-
Israelachvili (HIS) equation) for the Hamaker camétacross water. The calculated
values are collected in Appendix A. The Hamakerstams in vacuum, /4, vary
between 2.96 I J for diamond down to 40.5 bJ for NaF. Most of the halides have
relatively low Hamaker constants while the more alewmtly bonded oxides, carbides
and nitrides have significantly higher values. TH®/S approximation gave a
surprisingly good correspondence to the full Lifshdalculations. The main difference
between the TWS approximation and the full Lifshazlculation is that the TWS
approximation only considers the contribution frdm UV-Vis region, hence ignoring
the IR contribution. The good agreement between fthie Lifshitz and the TWS
approximation supports the previous statementtti@iR contribution to the Hamaker
constant is negligible for most ceramic materialsacuum or air (Bergstrom, 1997).

It is clear from Table A.1 (in Appendix A) that tilEamaker constants, hence the
magnitude of the vdW interaction energy, changggiitantly depending on whether
the gap separating the macroscopic bodies is sivgatyum or contain another phase
such as water. Therefore, an effective Hamakertaohg\s, must be utilized for the
bodies 1 and 2 separated by a gap containing me@iuithe most commonly used
method to determine /A is to assume that two particles interact througbseudo-
chemical reaction where the two particle-mediunmrdil-3 and 2-3) produces one

particle-particle (1-2) and one medium-medium (38ys (Polat and Polat, 2000-a).



The change in the potential energy for such a poe
AP=@, + @~ @3~ Qg (2.10)

Since the energy of interaction between two co#ibigarticles is a direct
function of the Hamaker constant for a given diseanthe change in the potential
energy can be written in terms of the Hamaker @mstsuch that

A132 :AlZ +A33_A13_A23 (2-11)

The value As; is called the effective Hamaker constant. Theradgon between
two materials i and j can be given by the geomet@an of the interaction between i-i
and j-j pairs to a good approximation as:

A = A A. (2.12)

its shown that this relationship holds within 95%cwaracy. Then, combining
equations 2.11 and 2.12 gives

A= (A2 =~y WAy —Acc) (2.13)

In addition, the van der Waals interaction hasdaobrrected for the magnitude
of the separating gap. If the size of the gaprgdathan, say 100 nm, the time it takes
for the electromagnetic signal to travel from oneface to another is long enough that
the position of the charges on the second body dhéfsed, hence, decreasing the
magnitude of the interaction. The correction foratvis called this “retardation effect”
has been presented in Polat and Polat (2000-a).ektew the retardation effect is

negligible distances less than 20 nm and will ®igd here.



2.1.2. Electrical Double Layer | nteractions

Presence of charged sites on the solid’s surfacactd the oppositely charged
ions in the solution and leads to development oélactrical double layer at the solid-
water interface; the charged surface on the sadiel and a diffuse layer containing the
counteracting ions on the solution side. This @ea potential gradient between the
surface and every point in solution. For solid aoefls immersed in agueous systems,
double layers tend to form spontaneously. Insigtd the properties of double layers is
mandatory, in describing for instance electrosorptiion exchange, electrokinetics,
charged monolayers, colloid stability, polyelecgtes and proteins, and micelle
formation of ionic surfactants.

The potential difference between the solid side @nedsolution side is equal to
the surface potentidly at the solid’s surface and exponentially diminste zero in the
diffuse layer according to a functiap(x) (Figure 2.1). The relationship which gives
how the potential profilep(x) changes in the diffuse layer as a function istahce x
from the solids’s surface is called Poisson-Boltamaquation. The so called one
dimensional Poisson-Boltzman equation can be neaddrived by combining the
Poisson Equation which describes the relationst@pvéen the charge distribution
inspace as a function of the electric potentiad &snction of distance;

p(X) =—&&, d’p (2.14)

o

and the Boltzmann distribution of the ions withthe double layer

_ZiFg (%)

p(x)=2zFC,e (2.15)
such that the outcome is in the form:
2 2
d t/lgx) _K°RT Sinh[ze/l(x)} (2.16)
dx zF RT

for a 1:1 symmetrical electrolyte.
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Figure 2.1. Schematic illustration of the Stern eiaaf the electrical double layer
which accounts for counterion size at thdéaie of a particle«positive
chargesy negative charges).

The equation can be normalized using dimensiorjessitities Y=zk(x)/RT

and X=xx such that:

d?y _
——=snhY (2.17
dx 2 )
wherek is given by the equality:
22
k=22FC (2.18)
EERT

The slope of the potential profile at each poinedguial to the charge density at

that point such thatig(x)/ dx=o(x). By the same token, the surface charge density
(surface charge per unit area of the surface) usletp the slope of the potential profile

at the vicinity of the surfaces such thaly(x)/ d><|X:O =0p. A detailed review of the

10



mathematical derivation of the potential profilgx) and how it changes under different
conditions are presented in a review by Polat (1999

In the case of two surfaces infinitely apart inusimin, they will have surface
potentialsy; . and .. each with its potential profilg;(x) extending into solution
uninterrupted (Figure 2.2-a). This effectively mgdhat the two surfaces do not feel the
presence of each other. In practice, surface paterat infinite separation.) are
estimated from electrophoretic measurements whesaeface charge densities; )
can be measured using potentiometric titration odth These two quantities are also

related to each other through equality:

o, = 4ssoRTC0[cosh%) -1] (2.19)

However, as the two surfaces come closer, the pateprofiles begin to
interact, yielding a composite potential profygx) between the two surfaces (Figure

2.2-b). For two interacting surfaces located at an@l x=h, it is apparent that

do

=0, and L
dx d

=0,. At a given separation h, surface potentigdsandy, and
X

x=h

x=h

surface charge densities ando, are related by the relationship:

2 2
% pcosh@Wy=— 9% _ocoshE Yy (2.20)
2ee,RTC, RT 2ee,RTC, RT

or in the terms of dimensionless quantities
S -2CoshY =S -2coshy, (2.21)

Though this equation holds for all separations, vhlkeies of § S, Y and Y,
will be different at each h. Then the plates arefaite separation (no interaction) the

correlation between surface charges and surfa@npaltis in the forms:

SZ, =2coshY,, -2 and S2, = 2coshY,, -2 (2.22)

11



Knowing the value of §$, Y: and Y, at a given h, that is pairing the surface
charge densities and the surface potential togparstion between plates, is one of the

most important aspects of colloidal chemistry.

L
Yo
1(x)
‘IJ 2 (X)
h=infinity
b
Y(01)
v 02
W(x)
h=finite

Figure 2.2. Potential profiles developed betweem swrfaces when they are infinitely
apart (a) and interacting through a smapl lg&b).

As the surfaces approach progressively, they tendetain either constant
surface potentials or constant surface charge tienhsiepending on their charging
mechanism. For those surfaces where charge eduniibwith solution is established
very quickly compared to the speed of the appro#uh,surface charge density can
adjust quite freely with changing h. For such stefathe surface potential remains
effectively constant during approach. These sedaare called constant-potential
surfaces. However, if the charges on the surfaoesedatively stationary, the surface
charge densities remain constant during the approtthe surfaces. These surfaces are
called constant-charge surfaces. In this caseufface potentials must vary according
to Equation 2.20 to accommodate the increasinggehdensity in smaller volume of
solution between the surfaces. The real surfaceallysmay experience both effects.
For such surfaces usually another equation elasingace charge and potential is

12



required (charge related surfaces). However congtatential and constant charge
surface cases essentially define the two boundtmigeossible charging conditions.

In summary, the shape of the potential profiiex) between the two surfaces
determines the magnitude of the electrostatic act@n. Therefore, solution of the
Poisson-Boltzmann (PB) equation to determine therg@l profileg(x) at a given h is
required to calculate the magnitude of the eletat@sinteraction. However, analytical
solution of PB equation for two interacting surfachas been only possible for
linearized cases such as surfaces with low poterfga25 mV). Calculations of the
potential profile and the electrostatic interactforce between two surfaces with low
potentials have been reviewed in a paper by Pafalat (2000-b).

For such special cases, the solution of the PeiBsdtzmann equation between

two interacting plates with surface potentif] and g, gives an expression for the

potential profile as:

W(X) = @, coshix) + Vz _l/_/lCOShkh)}sinh(Kx) (2.23)
sin(xh)

In terms of dimensionless quantities it becomes:

Y.~

Y(X) =Y, coshX
6y =", [smH

}sinhx (2.24)

Though Equation 2.14 is easy to use, it leadsrgelarrors for highly charged
systems which are frequently observed in real cddeder such conditions, numerical
evaluation of the Poisson-Boltzmann Equation iauiregl to calculatep(x) at each h.
One such numerical solution method is the “shodtprgcedure where one starts from
a known surface potential on one surface and nealbrisolves the PB equation using
different initial surface charges until the solatioonverges with the surface potential
on the other surface. A good and workable exampk shooting procedure has been
provided by Polat and Polat (2010) very recently.

Charging of the surfaces leads to a pressure fxperienced by the interacting
plates as they approach each other. The analyissdbrce has been done by Werwey
aNd Overbeek and was shown to be due to osmotielactiostatic effects (1948). The

13



osmotic pressure force acting on a volume elemeliquid (per unit volume) along the

X-axis can be given as:

F = 9P (2.25)
dx

If the volume element is within a potential field,will also experience an

electrostatic force called the Maxwell stress. X¥mmponent of this force is equal to:

=—p(x )( ) (2.26)

At equilibrium, overall force balance on the volureéement along the x-
direction will require that:

APy o, _
o +D(X)(dx) 0 (2.27)

Substitutingp(x) from Equation 2.27 gives:

2
dp—ee(* L) =0 (2.28)
dx
- d’p, dy, 11 dy,,
Recognizing tha{—~ ields:
g g (dxz)()< > dx (d)y
2
P, 28, 1 (d—‘“J =0 (2.29)
dx 2 dx\ dx
which gives
s sgo(dw) =constant = p (2.30)

It can be seen from Equation 2.30 that the diffeeelbetween osmotic pressure
and the Maxwell Stress is always equal to a cohgiassure at a given separation of
the plates.

14



The osmotic pressure component can be evaluatethefuby re-writing
Equation 2.25 such that:

dp,s +p(x)dy =0 (2.31)

_ZFRp(x)
If p(x) is substituted usingf(x)=Z;FC0e RT for a z:z electrolyte, the

resulting expression is in the form:

R )
dp,,=-zFC, e ®" —e RT )dy (2.32)
dp.. = 22FC, sinh(ZFl;p_I(_X) Y (2.33)

The excess osmotic pressure between the platebedaund by setting the
osmotic pressure in the bulk liquid (where there ao electrostatic effectgj=0) to
zero and integrating Equation 2.33 between a paitiulk and any point between the

plates with pressure,gand potentialp(x):

p.. = 2RTC, [cosh(%_l(_x)) —1} (2.34)

Combining Equations 2.30 and 2.34 gives:

_ FP(X), ] &g (dw(x)Y
p=2RTC, [cosh%) 1} . (—dx J (2.35)

In terms of dimensionless quantities, it becomes:

p=— P =[coshy -1 - 05(3Yy? (2.36)
2RTC, dx

Equation 2.36 gives the net pressure force betweetwo plates as a function

distance from each plate. Since the two pressunest tmalance each other, the net
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pressure between the two plates must always bd smgaaconstant value, P for a given
plate separation H.

Since the pressure will be constant at any poititivithe liquid separating the
plates (see Equation 2.30) its evaluation at dribeoplates is sufficient. Doing so for
Plate 2 and expressing in terms of dimensionlessitijies gives the magnitude of the

double layer pressure at a given separation gpldtes:

P =[coshY, —1] —%2 (2.37)

It should be noted that the pressure value obtainech Equation 2.37 is
meaningful only if it is paired to the distance etween the two plates as related above.

For surface with low charging conditions, one casily determine surface
potentials ¥ and Y, for a given h using Equation 2.24. Surface chalgesities $and
S, can also be determined for h using the equaly.2Hence, Equation 2.37 can easily
be solved for that h since;¥and $ are known for how charging conditions.

For highly charged surfaces, the surface potensiats surface charge densities
obtained from numerically computed potential pedilshould be inserted in Equation
2.37 for each h.

In obtaining the forces for constant-potential auefs, the surface potentials at
infinite separation Yo1.. and Yoz2.) are kept constant at all separations while the
corresponding surface charge densitmg éndop,) are determined from the potential
profiles obtained for each h. In the case of canistharge surfaces, the surface charge
densities at infinite separatiomof. and do2,) are kept unvaried while the surface
potentialsyo1 and Yoz are Calculated at each separation h. These valuesisgé in
Equation 2.37 to determine the electrostatic f@sa function of separation h.

It can be seen that similar to both the potentiafiles, the electrostatic force of
interaction calculations also can give quite erougeresults for high potentials. On the
other hand, it must be noted that use of numeaalysis is quite tedious due to strong
non-linearity of the PB Equation.

Polat and Polat (2010) recently developed an aicalysolution for interacting
parallel plates which carry arbitrary potentialshe$e equations were shown to be

perfectly valid for all surface charging conditiot®w or high. According to this work,
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one can relate the gap between the interacting@plkat the surface charges and surface

potentials developing on both plates at that separaThe analytical expression is in

the form:
H=X_+X_ (2.38)
where
; S
X, :j . ——du=A@,9) (2.39)
0\/U(Sl u-@°—-4u
and

X :j S, du=A(S,,¢) (2.40)

such thatp=S’ - 2cosh(Y,) =S, - 2cosh(Y,).
The analytical equation for the potential changéhim diffuse layer with X at

the calculated H is given by:

X2 =Xn£A 0,9 (2.41)

where

NG9 = o du (2.42)
2u@2u-¢)? - 4u

such that

¢ =+/2cosh{y) +o@ @.43)

A comparison of the potential profiles between riatting two plates for several
highly charged surface conditions are presenteignre 2.3 using Equation 2.41 and
numerical shooting procedure. It can be seen thaiaion 2.41 gives identical results

to those obtained from numerical analysis.
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Figure 2.3. Potential profiles for H=4 and H=1 $urrface potentials of ¥/ Y, =5/5,
5/3, 5/0, 3/3, 3/land 3/0. The lines are calculateon Equation 2.41
whereas the open circles are computed numericalgguthe Shooting
Procedure for 20 points for each data set fromatPanid Polat, 2010).

The function A(¢,¢) corresponds to some characteristic length betwben
interacting plates. It is a summation only for frerameter u within real limits<@<l1
and can be evaluated easily as a built-in functilh.the commercial mathematical
software in the market (such as MathCad, Matlabthelaatica, etc.) or even general
scientific calculators with numerical integratioapability can handle the integral in
Equation 2.42 easily. Since it represents physieabnce A (¢, ¢) should be treated as a
real number, omitting the imaginary parts of anynpéex numbers which may arise due

to the presence of square root term.
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It should be emphasized that,>dnd X', depend only on (SY1) and (S, Y2),
respectively, sinc@=S’ —2coshy, =S, - 2coshY,. Hence, Equation 2.38 is extremely
important since it explicitly relates the surfacagntials and surface charge densities on
both plates to the plate separation H in an easilgulable way without any need for
linearization or cumbersome computational proceslubs explained above,;¥and Y,
will always be constant and equal ta.Yand Y., for all H for constant-potentials

surfaces. Expressing $ terms of 3asS? =S; - 2coshY,_ +2coshY,, leaves only &

and H as unknowns in Equation 2.38. Then, for amysally meaningful value of.S
the equation will yield a corresponding H valueeTh values should be between the
surface charge density at infinite separation andagbitrary large negative surface
charge density which would develop on Plate 2 gy e#ose distances.

Similarly, for constant charge surfaces, the 8nd $. values will remain
constant for all H. The surface charge densitiegfatite separation can be obtained

from the surface potentials at that separationoA¥ can be expressed in terms of Y

-S, +2coshY

such thaty, = cosh’l(sziw 2) . This leaves only ¥Yand H as unknowns in

Equation 2.38. Again, for any meaningfuj Yalue entered, a corresponding H value
will result. In this case, theWalues should be selected between the surfacatitat
infinite separation (¥%.,) and an arbitrary large positive surface potentiaich would

develop at very close distances.

2.1.3. Total Force of I nteraction and the Derjaguin Approximation

The vdW interactions are mainly determined by thak bof the interacting
bodies and therefore are not affected significaribtly solution chemistry. The
electrostatic interactions, on the other hand,stmengly influenced by the chemistry of
the solution and therefore are usually manipulébeobtain desired rheology or stability
in a given system. The sum of the van der WaalsigEogn 2.8) and electrical double
layer pressures (Equation 2.37) gives a theoratigtaforce of interactiondryo per unit
area of the plates.
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The force between two surfaces depends on both#terial properties and the
geometry of the surfaces. Derjaguin approximateditfiluence of arbitrary geometry
on the interaction potential U(D) by reducing it tltee simple geometry of two flat
surfaces. The Derjaguin approximation relates thergy per unit area between two
planar surfaces &Jvo which are separated by a gap of width x to thegnbetween
two bodies of arbitrary shape U which are at aadis¢ D:

U(D) =[ Upuuo (X)dA (2.44)

Here, dA is the variation of the cross-sectionakaof the two real surfaces with
increasing separation distance as shown in Figute The integration runs over the

whole cross-sectional area. For forces the analgapression is
F(D) = f,dA (2.45)

where F is the force between two bodies of arbjtedrape and f is the force per unit
area between two flat surfaces.

In colloidal particle and planar surface the geognét a sphere approaching a
flat planar surface. Colloidal particle is sphefigdth a radius of curvature R. Then dA
= 2ar dr and the radial coordinate r and the height®ralated by

x=D+R-+VR*-r%, rdr=dxvR*-r? 2.46)

If the range of the interaction is much smallemtifawe only need to consider
contributions with r much smaller than R and r drR=x. This is precisely valid if the
tip has a parabolic shape with radius of curvaRiré\ parabolic tip shape is described
by x = D + F/2R. Inserting leads to

Fo = 2TR [ Ugyyo (X)dx (2.47)
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Figure 2.4. Schematic illustration of Derjaguinfgpaoximation for a rotational

symmetric body interacting with a planarfaoe (Source:Butt and Kappl,

2010).
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CHAPTER 3

ATOMIC FORCE MICROSCOPY

Developments in the microscopy field, as in contratanipulation and
measurement devices on a nanoscopic scale, letietanvention of the Scanning
Tunneling Microscope (STM) by Binnig and Rohrer 1@82. Shortly afterwards, in
1986, Binnig, Quate and Gerber invented the Atdraicce Microscope (AFM) (Binnig
et al., 1986). STM relies on measurement of expialndecaying tunneling current
between a metal tip and a conducting substrateeSia invention and the recognition
for its inventors of the Nobel Prize in 1986, STkshfound a wide use in studies of
inorganic materials, organic material and dynamimcesses, including reactions. Not
being restricted to conductive materials, AFM iiach more versatile instrument than
STM and more adopted in studies applied to collogyatems and soft matter. The
number of publications related to AFM has increasmuastantly since its invention, and
the instrument is now a fundamental tool in moseaech laboratories of the world. The
Atomic Force Microscope probably earned its initpdpularity in virtue of its
capability of providing images of samples with atomesolution in vacuum, air or
liquid environment. The materials being investigaéee almost endless: thin and thick
film coatings, ceramics, composites, synthetic &mdogical membranes, biological
macromolecules, metals, polymers, and semicondsicldre AFM is being applied in
several fields of research, such as materials sei@and engineering, biochemistry and
biology, in studies of the most varied phenomenachsas colloidal stability,
characterization of nanostructures and molecutiigsion, surface elasticity, corrosion,

etching, friction and lubrication.

3.1. Surface Force M easurement Techniques;, SFA and AFM

The atomic force microscope (AFM) is designed tovte high-resolution (in
the ideal case, atomic) topographical analysis,lieage to both conducting and
nonconducting surfaces (Morita et al., 2002) (Bigl03). The basic imaging principle

is very simple: a sample attached to a piezoeteptsitioner is rastered beneath a sharp
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tip attached to a sensitive cantilever spring. Ualns in the surface lead to deflection
of the spring, which is monitored optically. Usyak feedback loop is employed which
holds the spring deflection constant, and the epoading movement of the
piezoelectric positioner thus generates the im&#gsechematic representation of the
technique is shown in Figure 3.1. From this, it banseen that the scanning AFM has
all the attributes necessary for the determinatbrsurface and adhesion forces; a
sensitive spring to determine tha@ce, a piezoelectric crystal talter the separation of
the tip and surface, which if sufficiently well-dakted also allows theelative
separation of the tip and surface to be calculated. It is eogtry to disable the in-plane
(x,y) motion of the sample and focus solely on sampi¢ian normal to the sample
surface %), although forfrictional force measurements this is not the case. An example
of the raw data obtained for a force measuremeampiduced in Figure 3.2.

Figure 3.1Schematic diagram of an AFM.
(Source:http://www.sci.sdsu.edu/~smaloy/ReséatomicForceMicroscopy.htm)

The speed of the piezoscanner can typically beedaover at least a three-
orders-of-magnitude range. One can routinely gfabith the net surface force (and
its separation dependence) as the pegpeoaches the sample and any adhesion (pull-
off) force onretraction. In this respect, there are some obvious paraitelse drawn
with the surface force apparatus (SFA) (Israeldchand Adams, 1978). Measurements
with atomically smooth mica with the SFA have résdlin the confirmation of
interaction and adhesion theories and have alsdoléte elucidation of a number of
additional forces of varying range, magnitude, aigh that affect the fundamental
interaction between surfaces in liqguid media (Ie@evili, 1991). This technique is
unparalleled for high-resolution force measuremamnt has the advantage that the
absolute separation of two surfaces can be diremtlgsured. However, since it uses the
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interference patterns to measure the distance battie surfaces, it requires materials
which transmit light. Therefore it can only be usedlimited materials. Also, the SFA

technique cannot scan a surface, but can only éx fos point measurements of force.
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Figure 3.2The principle of obtaining a force curve from anM\FThe X-axis gives the
actual movement of the piezo in z-directidrereas the Y-axis is the signal
related to cantilever deflection (SourcelaPet al., 2006)

AFM, on the other hand, is not hampered by thesédtions and can be used
with almost all materials. If the interest is th@eractions between the surfaces, a
particle of almost any material can be attachedh® end of the cantilever and its
interaction with any other surface can be studiguls important method was pioneered
by Ducker et al. (1991) and is referred tocadoid probe microscopy. The colloidal
particle is used in this application are typicatiyhe range 1-20m .

Scanning probe microscopy can also be used to heapurface of materials for
specific purposes. For example, if the tip is madeinteract with the surface
magnetically, the scan will result in magnetic mattions between the tip and the
surface. If the tip is covered by a specific cheahithen the scan will give a map of the
chemical interactions between the tip and the sarfa

3.2. Types of AFM Cantilever, Probesand Tips

The first direct measurements of forces with thévABoth in air and in water
(Burnham and Colton, 1989), (Senden and Drummo$@€é5)l (Hutter and Bechhoefer,
1994), (Eastman and Zhu, 1996), (Weisenhorn etl8B2) were performed using a
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sharp pyramidal tip as a probe. In these casegjptlgometry was either complicated
or totally unknown, which made comparison of thpexknental data with theories very
difficult. Then diamond shards glued to the encarftilevers (Butt, 1991). Nowadays
microfabricated tips, or particles attached to #wmd of a cantilever are used.
Commercially available microfabricated tips are m&wm silicon nitride or silicon as
shown in Figure 3.3. Both materials are oxidizediarnambient conditions. To tune
their properties they are often modified. Cantiletygpes also will be select depend on
the study which were given in Figure 3.4, triang@ad rectangular shape cantilever are

commercially available.

Figure 3.3. Typical pyramidal AFM probe a) silicotride, b) silicon (Source: Veeco
Probe Catalog).

a b

Figure 3.4. Types of cantilever used in AFM, ajgihgular cantilever, b) Rectangular
cantilever (Source: Veeco Probe Catalog).

3.2.1. Colloidal Probe (Particle Attachment Technique)

Colloidal Probe Atomic Force Microscopy requiresipaof known shape to be
mounted cleanly on a consistently reproducible itvar. These probes are known as
“Colloidal Probes” and are used to study colloiddéractions between two surfaces
and to quantify the interactive properties. Theigiformed using a spherical, colloidal
particle that is attached to a tipless cantilefRanticles are typically attached to the end
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of AFM cantilevers by micromanipulators under aticgd microscope. They are glued,
with either a chemically inert thermotropic resam,polymerizable glues (either UV or
chemically cured) using a fiber of appropriate ssael material properties. Smooth,
spherical colloids are preferable for quantitativeasurements.

Particles of less well-defined geometry may alsaded, but a greater degree of
scatter in the measured force data can be expdatedrly work, the lower limit to the
size of the colloid probes was dictated by the lnte@f the AFM tip (4um), but the
availability of “tipless” cantilevers removed tharticular size restriction and the
particle size now depends solely on the resolutioihe microscope.

A micromanipulator is used to control the spatiakiponing of a fiber with
respect to the cantilever, which is placed underi@oscope objective lens (Ducker et
al., 1992), (Toikka et al., 1996). An example ofripallator is shown in Figure 3.5.

First colloidal probe was built by Ducker et al992 which was given in Figure
3.6. The silica sphere was attached to microfibedaAFM cantilever. After this
application many researchers were made their AFM@gs by using same method.

Polat et al. (2006-b) used a manipulator equippét two independent XYZ
arms and independent XY stage, all of which capabl@.1pum translation resolution,
to prepare colloidal probes. Some example pictusésalumina particles being
manipulated and of colloidal probe glued on tippleantilever are given in Figure 3.7.

A representative picture of the particles attaatedtilever is shown in Figure 3.8.

Figure 3.5 Apparatus used to glue particles to the end of Afatilevers
(Source: http://www.micromanipulator.com/productsfpuct.php?item=360&cat=10#).
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Figure 3.6. First colloidal probe
(Source: Ducker et al. 1992).

Figure 3.7 Manipulation of the colloid probes and placementdnangular
cantilever using micromanipulator system (theesaab-c applies to
5-a and 5-b also) (Source: Polat, et al. 2006).

10 pym

Figure 3.8 Scanning electron micrograph of silanized silicanméphere glued to
the end of a tipples atomic force microscope tardr (Source: Kappl
and Butt, 2002).
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3.3. Calibration of Cantilever Spring Constant

Quantitative force measurements require an accwaltee of the cantilever
spring constant, which has a Hookean response twerrange of deflections
encountered in force measurements. In early wodmimal (unmeasured) values
supplied by the manufacturers were used (Ducke®l1%However, these values are
seldom better than a rough guide and there iscserfii variation even between
cantilevers from the same batch to necessitate thdividual calibration.This is
because the techniques used to fabricate the poalmesesult in substantially different
cantilever dimensions, especially thickness, froafewto wafer and smaller variations
within a single wafer.In principle, the spring constant can be calculafezin
knowledge of the cantilever’'s geometrical and mategoroperties (Neumeister and
Ducker, 1994), (Sader et al., 1998)any techniques have since been proposed to
characterize cantilever spring constants. These gemrerally be grouped into three
categories: “Dimensional models” where fully the@a analysis or semi-empirical
formulas are used to calculate the cantilever gpconstants based on their dimensions
and material properties, “Static deflection measwamets” where the spring constant is
determined by loading the cantilever with a knowatis force, and “Dynamic
deflection measurements” where the resonance bwhafvihe cantilever is related back
to its spring constant.

Various methods to measure the cantilever springstemt have been proposed
and, for historical reasons, are briefly catalogirede. Butt (1991) placed a small
pendulum against a vertically mounted cantileved &y slightly tilting the set-up
applied an adjustable force to the cantilever. 8enand Ducker, (1994) proposed a
simple static deflection method which employs ttiacdment of a tungsten sphere (10—
50 um in diameter) of known mass to the end of theileasatr. The spring constant can
also be estimated from a power spectral densitlysisaof the thermal vibration of the
free cantilever, i.e., not interacting with a soda(Hutter and Bechhoefer, 1993).
However, among these the recent reviews by Sad¥i2f2zand Sader et al., (2004),
Cook et al (2006), Hutter andBechhoefer(1993, and Butt et al. (2005) are very good

and are highly recommended reading.
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The most preferable method for determination of sheng constant involves
measurement of the shift in the resonant frequeidie cantilever when loaded with
particles of known mass and is often referred tohasCleveland Method (Cleveland,
1993).

Sader et al. (1999, 2004) have performed a fil@éenent analysis of the static
deflection of rectangular cantilevers and preseetett numerical results for the spring
constant for a variety of cantilever dimensionsc®again, the thickness and modulus
were needed to be known. Experience proves that satculated values do not
necessarily agree well with accurate experimematpthus, direct measurement of the
kis preferred.

The results of the analysis of spring constantudalon methods are shown in
Table 3.1, which lists the estimated uncertainty gach method due to measurement
errors along with the particular measurements tlmahinate the overall uncertainty
(Onhler, 2007).

The other surprisingly large error is that for #aded mass method. Here even
modest 5% uncertainty in the particle diameter woutes almost 15% uncertainty to
the spring constant. In order to reduce the ettravould be important to use larger

particles where the relative uncertainty in diametdower.

Table 3.1 Overall uncertainty in spring constants.
(Source: Ohler, 2007)

Method Uncertainty Main source of error
Simple beam ~16% Cantilever thickness
PBA ~26% Elastic modulus of SiN
Freq. Scaling ~9 % Si density

Reference cantilever ~9 % Deflection sensitivity
Added mass (Clevaland Method) 15-30 % Particle Bizm
Sader ~4 % Cantilever width
Thermal tune ~8% Deflection sensitivity

The Sader method assumes a perfect rectangulalegant which is often only

an approximation of reality. The added mass methadtually based on simple beam
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theory and is only extended to v-shaped levers by basic parallel beam
approximation. While difficult to quantify the urmtainty that they contribute, it is best
to understand these various limitations.

Based on available information, the most reliabkthod for determination of
the spring constant is the Sader method (Table Bdtpils of this method in Chapter 6,
Section 6.4.2.
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CHAPTER 4

FORCE MEASUREMENT BY ATOMIC FORCE
MICROSCOPY

The atomic force microscopy (AFM) is not only altdo get topography of
surfaces but also to measure force-distance cusesh curves briefly called force
curves provide valuable information about propertid materials such as, elasticity,
hardness, Hamaker constant, adhesion, surfaceeshargl charge densities. For this
reason the measurement of force curves has becsseatml in different fields like
surface science, material science and biotechnolbgsce measurements by Atomic
Force microscopy have been intensively investigéteadnany researchers. They were
used various substrates and tips to measure fbetageen them in air, Nor aqueous
solutions because of capability of AFM. In this ptea, principal of force measurement

and examples of surface force measurements by AEM explained in detail.

4.1. Principle of Force M easurement

A force measurement is made by ramping the proldesabstrate together and
monitoring cantilever deflection as a function a$pdacement. In some devices, the
cantilever is mounted on the piezo and it is thebprthat is moved, in other devices, it
is the substrate that is ramped. An example ofatter case is depicted in Figure 4.1.

The types of forces that may act between the ssfaand their characteristic
distance dependences are fully documented elsewlseaelachvili, 1991; Claesson et
al., 1996; Hodges, 2002;Polat; 2006-b). These famting between the surfaces cause
the cantilever to deflect prior to their physicahtact. The vertical axis of Figure 4.1
shows the output of the photodiode, whilst the Zzurial axis shows the position of the
piezo. The curve A-B-C shows the interaction onrapph and the other (in this case
with a deep adhesive minimum) corresponds to ttegantion upon retraction. At large
distance (A), no force acts on the particle. Atrggroseparations (B), a surface force
may be experienced either as an attraction (asgaré 4.1) or repulsion. When the
particle and flat surface come into physical contde probe movement complies with
the movement of the piezo. It is this linear regdibat is used to calibrate the deflection
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voltage in terms of distance units (C). This pdrthe curve is often called thesnstant
compliance region. The piezo movement is then reversed. If the @bntaadhesive
(almost always the case in air, for example), tihensurfaces remain in contact until the
restoring force in the spring overwhelms the adle$orce (D, E) and the cantilever
will snap off the surface into its equilibrium posn (F).

—— AEEIGACH Cantiarer

surface
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Figure 4.1ldealized force-distance curve describing a siagleroach-retract cycle
of the AFM tip, which is continuouslypeated during surface scanning
(Source: http://jcs.biologists.org/cgittent-nw/full/118/13/2881/FIG1).

4.2. Surface For ce M easurements by AFM

The well-known DLVO theory provides a theoreticabl for predicting the
forces acting in colloidal systems. This theoryestghat the net energy of interaction is
a sum of electrical double layer and van der Wamitses as discussed in Chapter 2. The
DLVO theory predicts relatively good predictions faqueous solution by AFM for
different materials. Main parameter of measuringds between tip and surface is how
charges arise on the tip and the surface.

With the AFM DLVO forces were measured between sdvmaterials which
are of special interest in colloidal science, @lgss, silica, and silicon nitride (Bultt,
1991), (Larson et al., 1997), (Freitas and Shai208)), (Lee and Sigmund, 2001 and
2002), (Dreleich and Long, 2006); gold (Ducker kt1®92), (Biggs et al., 1994 ),
(Larson et al., 1997); zinc sulphide (Toikka et1#98); titanium oxide (Larson et al.,
1993 and 1995); zirconia (Biggs, 1995), (Hook et H999), (Pedersen and Bergstrom,
2000); iron oxide (Toikka et al., 1996); magnesiaride (Kauppi, et al. 2005); and
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alumina (Karaman and Pashley, 1997), (Meagher.etl@99), (Franks and Meagher,
2003), (Nowostawska et al., 2005), (Gan and Fra2®86), (Polat et al., 2006).

DLVO theory states that the net energy of intecacis a sum of van der Waals
forces and electrical double layer. The capabihtyAFM in probing van der Walls
forces with high distance and resolution had alyedginonstrated by many researchers.
(Li et al., 1993), (Larson et al., 1993), (Arai aRdjihara, 1994), (Biggs et al., 1994),
(Drummond and Senden, 1994), (Senden et al., 19&§stman and Zhu, 1996),
(Toikka et al., 1996). Some of the experiments hagen performed in air or dry
nitrogen which was tabulated in Table 4.1. Evemdasured quantities have a large

uncertainty, they often show a valid trend withface energies.

Table 4.1. Measured attractive forcgFadhesion force g and surface energy for
experiments in air or in dry ngem: (a) The tips are colloidal particles, the
data in the parenthesis are caledldata.

Ref. Tip Tip material Measured

(Rnarlg)lus /medium/sample Faw (\N) y(MIINT) Fag (NN)
Lietal, | 100- | Tungsten/Dry NGold C750 | 270-540 C 750
1993 200 Tungsten/DryN/ C 140 L 250

Graphite

Arai and | 27.5 Tungsten/Air/Graphite 15-40, C24
Fujihara, 60-80
1994
Eastman| 100 SiN4/Air/Mica 192(184)
and Zhu, Gold/Air/Mica 51(48)
1996 Paraffin/Air/Mica 17(16)
Toikka | 5000% | Iron oxide/Air/Silica 3(163)
et al.,
1996

Some of the researchers also were measuredtattrémrce and adhesion force
between tip and surface in water. Larson et aP98] was measured TiQip with
radius 9um and TiO2 substrate and they were measured Hansakstant 6 18’ J by
AFM. Attraction forces between Gold particle andldggubstrate was investigated
Biggs, et al.,(1994). Drummond and Senden (1994psured Hamaker constant
between SN4-SikN4and SiNs-Mica. Iron oxide tip radius wm and silica substrate
was measured adhesion force by Toikka et al. (1996)

Force-displacement curve on silicon nitride in waa pH 6 with a silicon
nitrate tip were seen in Figure 4.2. Both attractand adhesion forces become nearly
10 times smaller than in air and the van der Whnatse makes the greatest contribution
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to adhesion since the meniscus has been removsd.tid¢ pull-off distance is reduced
by a factor of 10 (Senden et al.,1994).
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Figure 4.2. Force-displacement curve on silicondatin water (pH 6) with a silicon
nitride tip (R between 50 and 100 nm). Note theeise path effect on
the contact lines (Source:Senden et al., 1994).

Electrostatic force by AFM measurement was investig many researches
which their experimental results were given bel®uit (1991) measured the forces
between silicon nitride tip and the substrate mid# electrolyte is KCl and the Debye
length is varied by varying the KCI concentratioh @nstant pH. The force-
displacement curves at different concentrationsdayscted in Figure 4.3.a. Increasing
the concentration up to 100 mM, three changes odber repulsive force becomes
smaller and smaller; its decay length diministies;van der Waals force appears.

At 100 mM KCI concentration, the force-displacemeuntve resembles the one
in deionized water. Since deionized water is a welaktrolyte (10 M in both HO"
and OH ), it should show the highest double-layer fordewever, this long range
force is acting on distances well beyond the ramigthe AFM tip motion. Therefore, it

is not possible to detect the actual zero linetargefine the zero force reference.
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Figure 4.3. Force versus distance curves measii@ddi#ferent KCl concentrations
with a silicon nitride tip on mica, b) affdrent pH values with an alumina
tip on mica (Source: Butt, 1991).

Similar series of curves can be obtained in otHectelyte solutions, e.g.,
MgCl, (Butt, 1991), CaGl(Karaman and Pashley, 1997). Using a 2:1 saltDisleye
length decreases, and the double-layer force vasisih a 30 mM concentration. In
order to measure the dependence of double-layee fon tip and/or sample surface
charge, a sample whose surface charge density depenpH has to be employed. Butt
(1991) has shown the transition from double-layecé to van der Waals force for an
alumina tip on mica. Mica is negatively chargedcaay pH value, whereas alumina is
positively (negatively) charged below (above) pH.8he forces are repulsive above
pH 8.1 and attractive below pH 8.1 as shown in fagu3.b.
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As another example of the force-versus-distanc®.in mM KNO3 solution
between a silica particle and a titania flat isvehdn Figure 4.4. Force curves were
recorded at different pH values ranging from pH #®:8the top curve to pH 3.0 for the
bottom curve. The surface charges of both mateaismainly determined by the pH.
Silica has an isoelectric point around pH 3.0, @/hile isoelectric point of titania is pH
5.6. As a consequence at high pH, where both raddeare negatively charged, an
electrostatic repulsion is observed. The repulsiecreases as the pH decreases, and at
pH 3.0, i.e. below the isoelectric point of titaniaere is an electrostatic attraction as
well as a van der Waals force resulting in an dvat&raction between the two surfaces
(Larson et al., 1995).
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Figure 4.4. Examples of force, scaled by the radfuke colloid probe, versus
separation curves for the silica- titaniategs The curves correspond to pH
values, from top to bottom, of 8.8,7%.3, 5.3, and 3.0. The iep of silica is
around pH 3, while the iep of titargaaround pH 5.6. The degree of
electrostatic repulsion decreases as theqaredses, and at pH 3.0, below
the iep of titania, there is an electrostatiraction as well as the van der
Waals attraction resulting in an overallattion between the two surfaces
(Source: Larson et al., 1995)

The direct force measurements with AFM have showhat toxide-solution
interface displays an unusual behavior which carme®tccounted for by the DLVO
theory, especially at short distances of separatidelamakanni and Chang, 1990;
Karaman and Pashley, 1997; Meagher et al., 1998¢ @ the explanations of such
behavior was to invoke an additional repulsive fagan force’ at separations shorter
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than 5 nm. Karaman and Pashley (1997) using AFMcafidid probe method observed
that plasma-oxidized alumina-sapphire surfaces ydwiemonstrated repulsive forces
within pH range 3-6.5. Though the forces were aa@ly represented by the DLVO
theory at separations larger than 3-5 nm, they wieteable to see a distinctive energy
barrier and a primary minimum in any of the ca$eytstudied. It was surprising that at
pH 6.5 where the sapphire awmdalumina surfaces were supposed to be oppositely
charged (Franks and Meagher, 2003) persistentlgllezpbeach other. They attributed
this behavior to the development of a thick repugidiydrated layer up to 15 nm thick at
basic pH values due to the swelling of the alunsngace. However, no force curves
were provided for the basic pH values. They alstest that there was no evidence of a
‘thick’ gel formation and suggested a ‘thin’ gellatver pH values which to a degree
conflict with the always-repulsive interaction egyerobserved at pH 3. Polat et al.
(2006) have been produced alpha and gamma alumpmmerisal tips and investigated
pH and hydration effect on the normal and latem&triaction forces between alumina
surfaces.For am-alumina—sapphire system at acidic pH, the forcerecexhibited a
well-defined repulsive barrier and an attractivenimum. At basic pH, the interactive
force was repulsive at all separations with no prin minimum. Lateral force
measurements under the same conditions showedritttatnal forces were nearly an
order of magnitude smaller at basic pH than thdsekved at acidic pH. This behavior
was attributed to the hydration of the alumina acef According to normal and lateral
force measurements pfalumina, surfaces gkalumina were strongly hydrated.

Several studies have been dedicated to the doae-lforce on oxide-like
materials. Raiteri et al. (1996) have studied tHedependence of forces for;Sj tips
on SgN4, AlO3, and mica, demonstrating the capability of AFMdetermining the
Point Zero Charge (PZC) of such materials. FeNSion SgN4, forces are always
repulsive with the exception of a range around pHA. @his means that the tip and
sample always bear a charge of the same sign andhin PZC is around pH 6.5. For
SikN4on mica the total tip-sample force changes fromaetive (for pH®6 ) to repulsive
(pH=8). This is consistent with the fact that mica egatively charged and the PZC of
silicon nitride tip is around pH=6.5. For3Ni tips on AbOs the forces are always
repulsive, with a repulsion minimum at pH=4.3. Henbe PZC is between pH=4 and
pH=5.
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Similar results have been obtained by Karaman asthlBy (1997) for an AD3
substrate with aluminum or $8l,tips, and by Senden and Drummond (1995) for mica
with a silicon nitride tip. In this work, the pH pendence of double-layer force with
and without background electrolyte is investigatadd measurements at constant pH
with different electrolyte concentrations have begrmformed. The curves are fitted
taking into account both the Van der Waals forog double-layer force.

Arai et al. (1996) have measured the PZC @Al SnGQ, and SiQ with a SN,
tip in buffer. The PZC are measured by monitorihng amplitude of the repulsive or
attractive forces at different pH (2-12) at a dis& corresponding to (%J, wherex™ is
Debye length, i.e., 15 nm, in order to make van\Weals force negligible. For #Ds
the results agree with those of Raiteri et al. G)99

Lin et al. (1993) have once more studied the istatepoint (IEP) for a silicon
nitride tip on SiQ with two different methods. The IEP due to silicaitride is
6.2+ 0.2and 58+ 04.

Larson et al. (1993) have compared the deteriomaif the potentials by means
of the AFM with the electrophoretic determinatidrne system employed was a %iO
colloidal sphere on Ti® A good agreement between these two methods rsdfoln
later works, the same comparison is established flica colloidal sphere on Ti@nd
on silica (Larson et al., 1995). Once again thera good agreement between the two
methods.

Drummond and Senden (1994) have demonstrated hbatlduble-layer force
between a silicon nitride tip and mica in hexadgoyethylammonium bromide
(CTAB) is intermediate between the theoretical tams surface charge fit and the
theoretical constant potential fit. The double-laj@ce between a silicon nitride tip
and various surfaces also investigated by mangarekers. (Toikka et al., 1996,
Rutland and Senden, 1993, Larson et al., 1995 natknd Ninham, 1997, Drummond
et al., 1997).

Biggs et al. (1993) have measured force-distanceresu between a gold
colloidal sphere and a gold flat substrate in défe solutions. They verified the
increasing of the strength and decay length of Wolalyer force with decreasing ion
concentrations (NacCl, trisodium citrate or goldacide). By fitting the experimental
data both with the constant charge force and tmsteot potential force, the authors
were able to establish that the charge, and hemeeadsorbed ions concentration, is
constant. Also the dependence of double-layer farcepH was studied. Kane and
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Mulvaney (1998) have investigated double-layerretdons between self-assembled
monolayers oy -mercaptoundecanoic acid on gold surfaces.

Drummond and Senden (1994) have exploited the delalger force in order to
determine the effective radiusefRof a pyramidal tip. The method is based on
comparing the forces measured with the colloidabprand the forces measured with
the pyramidal tip at a certain reference distamoenfthe sample surface, thus obtaining
a scaling factor that can be used to normalizefdieme measured at all other distances.
The reference distance is chosen in order thatctmtribution of the van der Waals
force and of other forces is negligible (typicatlys 15 or 20 nm) and the entire force is
due solely to the double layer. Furthermore, athsdistances, also the difference
between the two boundary conditions, i.e., constdw@rge and constant potential, is
negligible.

The study of the double-layer force has perhapsrgihe best results in AFM
studies of forces. The capability of the instrumeantharacterizing this force with high
resolution in any kind of liquid solution and withny kind of surfaces is fully
demonstrated. The dependence of the force on thefptHe solution or on the salt
concentration has been extensively studied forra¢wends of systems. The AFM is
routinely used to measure the Debye length of golat to determine the PZC of
materials, and to calculate the surface chargeitgeos substrates. The forces at a
liquid/liquid interface, the dependence of forcesapplied potentials and the study of
ions adsorption at interfaces are now the mogfunitrg issues.

Toikka et al. (1996) have showed that, becauseiofo@msperities, the liquid is
not completely squeezed out at contact and a #yierlof liquid stays between the tip
and the sample, thus exerting a double layer foieé decreases the adhesion force.
Therefore, the apparent adhesion force dependdHofMipe authors found an evidence
of this phenomenon measuring adhesion forces farelft pH between an iron oxide
colloidal probe and silica. The silica surface egatively charged at pH > 2, while the
iron oxide surface is negatively charged at pH ¥I&us, for pH > 6, there is a repulsive
double-layer force. If the liquid was completelyusgzed out at contact, adhesion force
would not depend on pH. But this is not the casg@edmentally, as the adhesion
decreases with increasing pH for pH < 6 and is fmrpH > 6.

Freitas and Sharma (2001) have measured the hyiticeplgdrophilic,
hydrophilic—hydrophobic and the hydrophobic—hydraiplb adhesion in water, KCI
solution and ethanol, obtaining a good qualitatigeeement with the values predicted
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by the acid—base theory. In water the higher adheisi obtained for the hydrophobic—
hydrophobic system, followed by the hydrophilic—hyghobic and by the hydrophilic—
hydrophilic system.

Polat and Polat (2010) recently developed an aalysolution for interacting
parallel plates which carry arbitrary potentialdiose equations were shown to be
perfectly valid for all surface charging conditiot®w or high. According to this work,
one can relate the gap between the interactinglat the surface charges and surface
potentials developing on both plates at that sejpaxaComparison with the numerical
shooting procedure and new analytical solution ld fpotential profiles between
interacting two plates for several highly chargadiece conditions examined, it can be

seen that identical results obtained from both o@s$h
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CHAPTER S

SURFACE CHARGING OF METAL OXIDES

Aqueous dispersions of metal oxide particles argreét practical interest due to
their wide-ranging industrial applications and e&day uses under the conditions
required. The latter involves the broad variabibtfypH and dissolved materials among
them electrolytes which have definite role in cleargeutralization in the vicinity of
particle surface. The pH-dependent surface chamgingetal oxides due to the specific
adsorption of OH™ in the presence of indifferent and specific ionad ather
simultaneous processes at solid/water interfaceh sas hydration of surface,
dissociation of surface sites, dissolution of sahdtrix, then hydrolysis of dissolved
ions are important in these systems. There arellerteeviews and books about
surface chemistry of oxides by Dzombak and Mor@9(), Stumm and Morgan (1996),
Conley (1996), Kosmulski (2001) and Kosmulski (2009

5.1. Determination of Surface Charge of M etal Oxides by
Electr ophor etic M easur ement

When an electric field is applied across an elégtip charged particles
suspended in the electrolyte are attracted towtHrdselectrode of opposite charge.
Viscous forces acting on the particles tend to sppbis movement. When equilibrium
is reached between these two opposing forces, #mdclps move with constant
velocity. The velocity of the particle is dependentthe following factors: Strength of
electric field or voltage gradient, the Dielecttmnstant of the medium, the Viscosity of
the medium, the Zeta potential. The velocity of atiple in an electric field is
commonly referred to as its Electrophoretic moyilitigure 5.1 shows that many
suspended and colloidal solids encountered in wageits have a surface charge. This
charge may be strongly affected by pH. There aceleat books and reviews about
surface chemistry by Kosmulski (2001), KosmulskD@2) and Kosmulski (2011).
Kosmulski (2009) gave Tables about pH-dependeriaseircharging and points of zero
charge of dozens of publications reporting pzc xal®@ materials. Kosmulski (2011)
gave table which was tabulated extra literature kwabout pH-dependent surface
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charging and points of zero charge of dozens ofigations reporting pzc of oxide
materials between the years 2009-2011.
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Figure 5.1. Surface charge of metal oxid8summ and Morgan, 1996).

5.2. Determination of Surface Charge of M etal Oxides by
Potentiometric Titration

In aqueous solutions, dissolution of electrolytesuits in formation of ionic
species, and formation of solid-water interfaceolags hydration and charging of sur-
face. The ionic species accumulate at interfacéciwis in fact a chemically controlled
distribution of charged species governed by thsitun developed electrified interfaces.
Chemical contribution of components cannot be gtk in general; simultaneous
equilibria exist both in aqueous phase and at serfahich mutually influence each
other.

In the case of oxides, under coordinated metal i@ng., St*, AI**, Fe)
occurring on the top layer of oxide surfaces reatit water molecules to form surface
OH groups in an attempt to complete their coordmmasphere. In the presence of water
the surface of oxides, e.g., $iFe0;, Al,Os, TiO,, are generally covered with surface
hydroxyl groups (S-OH sites). For most of the osgidbssociative chemisorption of
water molecules seems energetically favored (StamanMorgan, 1996).

Potentiometric titration is a method, where a addb system is titrated with a
specific titrant to estimate the surface chargesaid by comparing the titration of
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solution with solid against titration of the sanadusion without solid. The difference of
titrant quantity between respective points charastd by the same pH value allows to
estimate the influence of solid on the equilibriuithe difference depends on the
system, whether such differences may explainednbglectric charge created on solid
surface (e.g. silica, alumina or other oxides) issalution of solid or both phenomena.
Another possibility is e.g. presence of some imgiremaining after synthesis. With
the potentiometric titration were measured betwseweral materials which are of
special interest in colloidal science, e.g. glasd ailica, Jorgensen, (1967), House
(1992), Mullet et al., (1997), Duc et al., (2006%ilicon nitride, Whitman and Feke
(1988), Bergstrom and Pugh (1989); alumina, Cordeg Althoff (1971), Conley
(1996), Halter, (1999), Jodin et al., (2005), Moztkl., (2006) ;titanium oxide, Kallay
and Babic (1986); iron oxides, Hayes et al., (19®I¥oanin and Kallay, (1998); clay,
Tournassat et al., (2004) iron and silica mixe egjdVustafa et al., (2002) .

In titration methodology, the uptake of acid ordéy a suspension is measured
and compared with the uptake of acid or base ®fexance solution of liquid volume
equivalent to that in the suspension. The diffeeebetween the amounts of titrant
necessary to produce the same pH value in the ssisppeand the reference solution is
attributed to adsorption or desorption of protontodhe solid surface. In the course of
the titration, the amount of this relative adsamptby the solid is obtained as a function
of the dispersion pH. By titrating the suspensian various ionic strengths of
background electrolyte, one can establish the gblhat electrolyte in surface—charge
development. If there is a single pH value at whiwd amount of proton adsorption or
desorption is the same for all ionic strengthsh&f background electrolyte, then it is
likely that the electrolyte used is indifferente(j. does not participant in the interfacial
chemistry of the solid). At this particular pH valusince the concentration of
background electrolyte has no influence on thetivelaadsorption, the net proton
adsorption must be zero. Accordingly, this pH vaiseknown as the point of zero
charge (pzc).

For each titration experiment, the relative adsorpof proton or hydroxyl ions
(reported as the negative adsorption of protorikarfigures to follow) by the solid can
be determined as a function of the dispersion plkthd relative ion-adsorption curves
for different concentrations of background elegti®lare plotted, the pzc can be found
by identifying a common intersection point (cip) timle adsorption curves. Absolute
surface charge for the solids can be determineafffegtting the relative ion—adsorption
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data by the magnitude of the relative adsorptiorihat cip (thereby specifying the
known absolute adsorption at the cip to be zera) @mltiplying the result by the
elementary charge per ion. In conjunction with kiemige of the total surface area of
solids present in the suspension, surface—changgtgean readily be determined as a
function of dispersion pH.

For an oxide-water system, protons adsorbing tdesorbing from the surface
impart charges on the surface through such reactisrf{Dzombak and Morel, 1990):

S-0"+H" - s-0H° K1 (5.1)

S-OH®+H"* - S-OH3J Ko (5.2)

K; and K, are equilibrium acidity constants. As reactiomdicate, addition of
acid to oxide suspension procedures an exces®tfs at the surface (positive charge)

and addition of base causes a proton deficit (negaharge).

« ~{SO}HH"]
' {SOH} (5.3
k, ={SOHHH] (5.4)
{SOH,}

where {} denotes the concentration of surface sgmea moles per kilogram of
absorbing solid and [] denotes the concentrationsodutes as moles (M). Surface
charge density and surface potential values forothides powders are determined by
the well known method potentiometric titrationsr Hee oxides

Co=Cg +[OH™] =[H"] =[SOH;]-[SO7] (5.5)

Ca and G are the concentrations of acid and base, respégctadded per liter. The pH-
added acid base concentration diagram is givemgimr& 5.2.a. This data are taken from

potentiometric titration experiments.
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The mean surface charg®] (i.e., the portion of the charge due to QiHH")
can be calculated as a function of pH from theedéhce between total added base or
acid and the equilibrium Okbr H ion concentration for a given quantity (kg/ liter )

of oxide used, as shown in Figure 5.2.b:

CA_CB+[OH_] —[H+] :{wH;}_{w_}:Q (5.6)
a

If the specific surface area S{ky) of oxide used is known, the surface chargehmn
calculated, as shown in Figure 5.2:

0=QF/S (5.7)

where F is the Faraday constant (96485 C/mol).

Surface charge densit)(is related to the potential at the surfage(
_Fy
o = (8RT&g,l )Y sinh(=—= 5.8
( ol) (ZRT) (5.8)

where R molar gas constant (8.314 J /(mol.K))h& &bsolute temperature (K)the
dielectric constant of wateg & 78.5 unit at 25° C)g the permittivity of free space
(8.854 x 10 C/ V. m or 8.854 x 1¢7 C¥ J. m), | molar electrolyte concentration [M].

Evaluation of surface charge of a hydrous oxideF€OOH) from an
experimental data was shown in Figure 5.2, whiclmewaalculated by Stumm and
Morgan (1996). In titrating a suspensionseFeOOH (6 g/l, 120 Aig, 2 10* mol/g),
surface functional group=FeOHTOT), in an inert electrolyte T0M NaClO4 with
NaOH or HCI ; CB and CA is the concentration ofdasd acid respectively added per
liter.For any point of titration curve equation £&n be written

C,—Cg +[OH ] -[H"] =[FeOH;] -[FeO’] (5.9)

and also mean surface charge (Q) can be calcligteduation 5.10.
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Ca—Co +[OHT]-[H"] _ " (Ea(yl = (5.10)
- {FeOH} -{Fe0} =Q

pH versus Q graph was shown in Figure 5.2-b.

If specific surface area {ifg) of the iron oxide used is known, surface charge
density 6) were easily calculated by Equation 5.7. Surfdutarge density versus pH
graph was given in Figure 5.3.
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Figure 5.2Titration of a suspension of a-FeOOH (goethitegtisence of specifically
adsorbable ions. a) Acidimetric-alkalimetiication in the presence of an inert
electrolyte b) Charge calculated from th@ation curve (charge balance)
¢) Microscopic acidity constants calculafiesn a) and b) Extrapolation to charge
zero gives intrinsic pKand pk ( Source: Stumm and Morgan, 1996)

46



Surface acidity equilibrium constants are alsouwated, as shown in Figure 5.2.c.;

K, = ({total SOH} - Q)[H '] : K. = (Q[H] (5.11)

Q 2" ({total SOH} - Q)

Q (mM)= [=Fe OH,*| - [=Fe O]

Figure 5.3. Surface charge as a function of pHianit strength (1:1 electrolyte) for a
90-mg/L(TOTFe = 1G M) suspension of hydrous ferric oxide.

If surface acidity equilibrium constants are knowme surface complexation of
the system can be calculated according to mainiesped oxide system. Modeling of
surface potential distribution for hydrated ironidex was investigated by Polat et al.
(2007) (Figure 5.4).
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CHAPTERG

EXPERIMENTAL AND COMPUTATIONAL METHODS

The objective of the present work is to assessafigicability of atomic force
microscopy (AFM) to surface charge mapping, i.Bg tletection of different charged
regions on oxide surfaces. For this purpose, therantion force between silica or
alumina surfaces and the chemically inert tip Wk measured at several pre-
determined locations on the surface as a functiotipesurface distance. From such
force curves, we will attempt to isolate the elestatic component of the overall
interaction force using relevant theories underl-deefined experimental, material and
solution conditions. Experimental conditions refer best approach speed, optimal
distance for the force analysis, etc, material ¢@s refer to the type of surface used,
solution conditions refer to the pH, electrolyteeagyth, temperature etc.

Silica and alumina surfaces were used as the n@téms since they have
rather well-known charging characteristics and rtleirface charge can simply be
controlled by regulating pH. The tip employed foolping these surfaces in this work
was a commercial N\, tip. However, as part of an on-going TUBITAK praiehe
work will be extended to custom-made, speciallfotad tips (such as a tips
conditioned with adsorbed layers of known chargigs made up of a well-defined
spherical solids or tips from well-defined crystadtc.).

Different characterization methods were appliedthe material used in the
experimental study in order to be able to correlhteresults obtained from this work
with those determined from more classical and wedwn methods. An example is
determining the overall surface charge (not th&itigion of charge) on oxide surfaces
by colloidal titration using powders of these oxd&eta potential measurements are
another one of such characterization routes. Intiadd the XRD patterns of the
surfaces to determine the crystal size and crgstatture of the solids were obtained
along with the SEM analyses to determine the mdggyoof the surfaces. For the
identification of the chemical species constitutthg first atomic layer as well as the
chemical state of the surface atoms Fourier transfafrared (FTIR) spectrometry was

used. In order to assist these characterizationcegres, some secondary
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characterization work had to be carried out to rieitee the surface areas of the powder
using N adsorption (Brunauer-Emmett-Teller; BET surfaceaqrand their particle size

distributions employing Sedigraph and Zetasizer.

6.1. Experimental

6.1.1. Materials (Powders, Substrates and Tips Employed)

The purpose of this study was to measure the rctieeaforces between silica
(quartz surface) and alumina (sapphire surfacedtgatles and silicon nitride @Bls) tips.
However prior to obtaining the interaction forcasjetailed characterization study was
carried out with various silica and alumina powdand also with powdered glass using
such techniques as XRD, SEM, BET, FTIR, Zeta P@kahd potentiometric titration.
Following powder characterization both the actuddssrate (silica and alumina) and the
silicon nitride tip were characterized using XRENsand AFM.

The powders used in the characterization work advalated in Table 6.1.

Table 6.1. The powders used in the characterizatmnk

Powders Code Supplier

Silica Powders| SO-01 Sigma-Aldrich 83.340

SO-02 Natural quartz which was come from Dokuz Eyli
University, Department of Mining Engineering
SO-03 | Admatech -Admafine SO-E6

Silica Nitride SN Sigma-Aldrich 24862-2
Alumina AO-01 | Sumitoma Co. AKP 50
Powders AO-02 | Alcoa company CT 3000 SG
AO-03 | Admatech -Admafine AO-802
Glass Powder glass, grained glass substrate tgayetler
form

The substrates used in the characterization wolkhwubsequently employed
in the force measurement were,

) Silica substrate: A planar quartz (0001) (1x1 crajf MTI, CA, USA
i) Sapphire substrate: A planatAl,O3 (0001) (1x1 cm) from MTI,CA, USA
i) Glass substrate: A glass coverslip (1x1mm)

The tip used in the force measurements was Si3pld4rdom Veeco probes

(Veeco, ORC series) consisting of rectangularailiaitrite cantilevers with integrated
pyramidal tips.
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Three types of silica (two of them quartz form) ahgimina, and also one silicon
nitride powders were used in this study. One ofdbartz powder used in this study,
commercially labeled 83340 were supplied by Sign@rigéh. The quartz powder are
prum & 95) and according to manufacturer have a parsde > 230 mesh with
average density 2.6 g/mL at 25 °C. This quartz mywidbeled SO-01 for our
experiment. The other quartz powder (SO-02) wasrtdkom Dokuz Eylil University,
Department of Mining Engineering. SO-02 was graif@in of quartz rock. Before
experiment, SO-02 powder was also grained. Thergathsilica particles (SO-03) were
used in this study. The spherical silica is commadlyc names SO-E6 was supplied
Admataech, Japan. The silica particles are higlityp(min 99.8%) and according to
manufacturer have median sizegy.8.2 um with average density 2.2 g/émnd surface
area of 1.7 fig.

Silicon nitride powder is a product of Sigma-Aldrj commercial code is
248622. This powder is predominanflyphase and particle size is around 325 mesh
with average density 3.44 g/ml at 25 °C.

High purity a-alumina powder (99.995%) is AKP 50, the producSamitomo
Chemical Company Ltd., Japan. Alumina powders nwza between 0.1 and Oudn.
The specific surface area is 10.8/gnand the density 3.9 g/éniThis powder labeled
AO-01 for our experiment. The alumina powder waesdgrCT 3000 SG (Alcoa Chemie
GmbH, Ludwigshafen, Germany) being a fine paww&@umina with average particle size
(dso) of 0.5um and BET specific area of 68/, density 3.9 g/cth The spherical
alumina particles(AO-03) used in this study, conur@ly named AO-802, were
purchased from Admatech Japan. Thphase alumina nanoparticle are of high purity
(99.9%) and according to the manufacturer have dianesize, gb, of 0.6um, with an
average density of 3.65 g chand surface area of 6.£ g™,

However, it became apparent that the as-receiveterials had interfacial
chemistries that varied between samples, presunissguse of uncontrolled surface
contamination during storage, handling or manufaagu This variability problem was
alleviated by adsorption of a standard pretreatnmotedure: samples of the as-
received powders were stirred 1 hour with 0.1M HB&n washed with ultra pure water
then stirred 1 hour again with 0.1M HCI then washatth HC| and washed 3 times with
ultra pure water, then put powder into the ultraepwater, left one night, then washed
again, this washing treatment followed by repeatgdles of centrifugation and

redispersion of the wet cake a in the acidifiedtetdyte and dried in oven at 0.
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A glass coverslip (1mmx1mmx0.5 mm) were used astsate for AFM. Some
of the glass coverslip was grained and made readpaavder form to use some
measurements. Silicon nitride probes, which is pheduct of Veeco (NPS series,
consisting of triangular silicon nitride cantilesgrwere used for AFM experiments.

6.1.2. Characterization of Powder s and Substrates

Various well known characterization techniqueschihivere not directly related
to force and charge determination was employech#vacterize the powders substrates
and tips employed in this works. These are; XRD, TBEurfaca Area, SEM, FTIR,
AFM, Particle Size Distribution.

6.1.2.1. X-ray Diffraction (XRD)

X-ray diffraction techniques are a family of norsttective analytical
techniques which reveal information about the @f@gyraphic structure, chemical
composition, and physical properties of materiald #hin films. These techniques are
based on observing the scattered intensity of amyXbeam hitting a sample as a
function of incident and scattered angle, polai@gtand wavelength or energy. X-ray
diffraction patterns of the powders were invesegabyXRD Phlips X'Pert Pro

6.1.2.2. BET Surface Area

The surface area of the given oxides was determimgdN, adsorption,
according to the BET method. BET theory is a ralethe physical adsorption of gas
molecules on a solid surface and serves as the fmasan important analysis technique
for the measurement of the specific surface area ohaterial. In 1938, Stephen
Brunauer, Paul Hugh Emmett, and Edward Teller ghbli an article about the BET
theory in a journal for the first time; “BET” comsss of the first initials of their family

names. The surface area of the particles were meghby Micromeritics Gemini V.
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6.1.2.3. Particle Size Distribution

The particle size distribution (PSD) of a powder, granular material, or
particles dispersed in fluid, is a list of valuegsaamathematical function that defines the
relative amounts of particles present, sorted alogrto size. There are many
technigques to measure particle size distributionodr experiments we have used two
types of measurement techniques one of them Sethtien techniques the other is
Laser diffraction methods.

Sedimentation techniques are based upon studyedétiminal velocity acquired
by particles suspended in a viscous liquid typmaparatus disperses the sample in
liquid, and then measures the optical density octesssive layers using visible light or
X-rays.

Laser diffraction methods depend upon analysihef'halo” of diffracted light
produced when a laser beam passes through a dispefparticles in air or in a liquid.
The angle of diffraction increases as particle sieereases. Particle size analysis was
investigated by Sedigraph 5100 Particle size aealgnd Malvern Mastersizer.

6.1.2.4 SEM Micrograph

The scanning electron microscope (SEM) is a typel@étron microscope that
images the sample surface by scanning it with &-bigergy beam of electrons in a
raster scan pattern. The electrons interact with atoms that make up the sample
producing signals that contain information aboet $hmple's surface topography. SEM
Micrograph has been taken by Philips XL 30 SFEG.

6.1.2.5. FTIR Analysis

Fourier transform infrared (FTIR) spectroscopy im@asurement technique for
collecting infrared spectra. Instead of recordihg amount of energy absorbed when
the frequency of the infra-red light is varied (mmchromator), the IR light is guided
through an interferometer. After passing throughsbmple, the measured signal is the
interferogram. Performing a Fourier transform ois #ignal data results in a spectrum

identical to that from conventional (dispersivefyamed spectroscopy.
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The FTIR spectra of the powders were obtained bym&dzu FTIR
spectrophotometer (8400S). KBr was used in the Eapyeparation for the analysis.
The powders were kept at 4C, in vacuum oven overnight. The pellets for sasple
were prepared by following procedure; Firstly powdeas mixed with KBr in certain
amounts (3mg samples in 150 mg KBr), then grourghiagate mortar and pressed.

Since a -alumina and silica have hydrated strongly, FTIRIBT (Digilab
Excalibur FTIR). DRIFT studies were carried out lwihe AO-03, SO-03 and SN
samples. In these tests, f-@lumina powder was dispersed in 100 ml of a smiuaf
103 M KCI at three different pH values, 2, 6 and 1heTdispersion was kept in a
shaker for 24 h, than vaporized water under ove4D3€ to The DRIFT spectra of all
powders were recorded at ambient air and 5.3x@@8 of pressure using a vacuum
chamber with a vacuum system equipped with a tumbdecular pump and sorption
pump. The samples were also heated in situ in glasdows under vacuum condition
up to 40°C.

6.1.2.6. Surface Topography by AFM

Surface topography and force measurements wererpexfi with multimode
AFM, Digital Instrument, MMSPM-NanoScope IV, Samarbara.

6.1.2.7. XRF M easur ement

X-ray fluorescence (XRF) is the emission of chaastic "secondary" (or
fluorescent) X-rays from a material that has begetited by bombarding with high-
energy X-rays or gamma rays. The phenomenon islyviked for elemental analysis
and chemical analysis, particularly in the investign of metals, glass, ceramics and
building materials, and for research in geochemjigtrensic science and archaeology.
Glass substrate was investigated by using XRF (MEBpektro 1Q II).
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6.1.3. Characterization of Powders and Substrates Relevant to
Charge and Force M easurements

In this part, powders were characterized usingtelpboretic and potentiometric
titration methods in order to obtain information ¢me charging behavior of the

materials employed in this work.

6.1.3.1. Electrokinetic Potential M easurements

Zeta potential is measured by applying an eledieid across the dispersion.
Particles within the dispersion with a zeta potdniiill migrate toward the electrode of
opposite charge with a velocity proportional to thagnitude of the zeta potential. This
velocity is measured using the technique of lasepdler anemometry. The frequency
shift or phase shift of an incident laser beam eduBy these moving particles is
measured as the particle mobility, and this mgpiitconverted to the zeta potential by
inputting the dispersant viscosity, and the appbeaof the Smoluchowski or Huckel
theories. These theories are approximations u$afuhost applications. Electrokinetic
potential measurements were investigated by MalZetasizer Nano-Zs in de-ionized
water or in electrolyte solutions (Gebze Institotd echnology).

Zeta potential measurement with powdered glass akégined in 18 M KCI
solutions at a solid/liquid ratio of 0.1 g/L. Fdng experiment we have measured zeta
potential by Zeta-Meter 3.0+.

6.1.3.2. Potentiometric Titration Experiments

Potentiometric titration is a technique similar doect titration of a redox
reaction. No indicator is used; instead the voltaggoss analyze, typically an
electrolyte solution is measured. To do this, tezteodes are used, a neutral electrode
and a standard reference electrode. The voltagecsrded at intervals as titrant is
added. A graph of voltage against volume addedbeadrawn and the end point of the
reaction is half way between the jumps in volta@etentiometric titration experiments
have been performed B§EM Automatic Potentiometric Titrator AT-510.
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Titration experiments were performed by first dispey the pretreated powders
in a pH 2 solution with 0.001M background electtety These dispersions were titrated
with base to pH 11. Both 0.1M HCl and 0.1M KOH wesed as titrant.

6.1.4. Force M easurements

The method of measuring the interaction force gchiatween a 8@\, tip and a
smooth surface seems deceptively simple since tbeni& Force Microscope simply
spits out an approach and retract curve for anysaoreaent comprising of a voltage
signal on the y-axis related to the cantilever lpnddue to interaction force between
the tip and the surface) and the relative distaoe®veen the tip and the surface.
Carrying out such a force experiment and then demeng the surface charge
distribution of the surface from it have numeroesese pitfalls to be aware of and

sidestepped for the procedure to be meaningful

* Cleaning/conditioning and preparing the tips andases for the measurement (no
surface contamination, irregularities and residteas be allowed on the interacting
surfaces. The cleaning procedure used prior to Emtltonsisted of several steps),

» achieving equilibrium conditions before and durthg experiment (no changes can
be allowed in solution composition, pH, temperature

* properly carrying out the measurement (using trst Bpproach speed not to create
gradients close to the surfaces and not to deweldpnamic pressure force due to
the amount of water to be displaced between thiaes, “feeling” which curve is
superfluous and which is real)

e converting the signal-relative distance curve he tictual force-actual distance
curve (determining before hand the cantilever gpionstant for each cantilever
separately, establishing an effective and well-ustded algorithm for the
conversion process)

* determining the theory to be used and establistiiagools to use the theory (being
aware of secondary effects such as steric, hyaratgdrophobic forces, a good
understanding of the electrostatic theory of dispdrphases, knowing whether the
surface are constant-charge, constant-potential cloarge-regulated surfaces,
developing a method for solving the Poisson-BolizmBquation for such analysis)
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» comparing the force curve with the proper theorg @olating the surface charge
distribution (knowing the Hamaker constant of tlenples, running the test under
solution conditions where the surfaces are cleaadsbrbed layers or precipitates,
determine the optimum distance for the force valdech is close enough for a
good signal but far enough not to be disturbedusfase irregularities)

are the main points to be considered. The detai®w these points were addressed in

this work will be outlined in the following sectien

6.1.4.1. Treatment of Surfaces

The properties of colloids can be dramatically ueficed by the presence of
quite small amounts of certain substances, espesiaifactants, multivalent ions and
polymeric material. In colloidal systems where gagticle concentration is small (and
in the extreme case of a single colloid probe)avedlable surface is very small, so even
a little amount of a contaminant may be sufficiéot coat the entire surface and
completely alter the properties of the system. &wrfcleanliness is a major issue when
performing direct measurements of surface forced,ig also important when imaging.
Exposure of any surface, but especially high enesgsfaces like gold, mica, to
atmospheric air can result in contamination fromphaltic compounds, water, dust, and
debris. Lo et al. [1999] showed that even the pgickpused for AFM cantilevers
leaves traces of silicon contamination on the targrs. Surface conditions are of
fundamental importance for the reproducibility bétmeasurement both in force and
imaging experiments. It is therefore very importaot perform thorough cleaning
procedures before each experiment.

Substrate surfaces were cleaned for the AFM surfacghness and force

measurements. The cleaning procedure was as follows

* Ethanol rinse 3 times

* DI water rinse 3 times

* UV light exposure; 15 min

* The probe and the liquid cell were all subjectetdYoTreatment for 10 min.
Before each test, they were washed with ethanotewand experimental

solution used copiously. The substrate and probee vpdaced in liquid cell 10

minutes before measurements.
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6.1.4.2. Cantilever Calibration and Deter minations of Spring Constant

For the conversion of the force signal from AFMatdual force data, the spring
constant of the cantilever must be known. By fdre tmost reliable method for
determination of the spring constant has beennedieé8ader method.

The Sader’'s method for calibrating the normal gpraonstant of rectangular AFM

cantilevers involves measurement of the unloadddilreesonance frequency() and
quality factor@, ) of the fundamental flexural resonance peak faaatilever beam

immersed in fluid, typically air [Sader, 1998, Sadeal., 1999, Sader, 2002]. Provided
the quality factor is much greater than unity, vhis typically satisfied if the cantilever

is immersed in air, the normal spring constanthat énd-tip of the cantilever is given

by:
k, = 01960, b*LQ, wT/ () (6.1)

whereps is the density of the air, b and L are the widtid d&&ngth of the cantilever,
respectively, and’' is the imaginary component of the hydrodynamiccfiom which

is a function of Re number where:
Re:w (6.2)
4,
The change in the hydrodynamic function is givefrigure 6.1 in graphical format for
quick reference. A more accurate analytical daéiniis provided in Sader et al., [1999].

k, =75246p, b°LQ, °T/ 6.3)

In order to minimize error in force calculationfietcantilevers were singly
tested for their dimensions, natural resonant feeqy, «x,=61 kHz and the quality
factor, Q =97, at room temperature (Z&). The width and lengths of probes are
measured as 5bm (b) , 110um (L), respectively for the short probe which weredis
in force measurements. The density and viscositshefair are takep; =1.18 kg/m,
u=1.86 10° kg/m.s. Thus, the Reynolds’ number is calculatedithe spring constant is
calculated as 0.734 according to equation 6.3.
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Figure 6.1. Hydrodynamic functiofi(«) for a rectangular cantilever beam as a
function of the Reynolds number. The dadimeis the real componeifit’
while the solid line is the imaginary compafrl’,' [Sader et al., 1999].

6.1.4.3. Raw Force M easur ements and Conver sion of the deflection
Signal-Piezo Translation Data to I nteraction For ce-Distance
Curves

The interaction force between a silicon nitride dawer tip and a silica, alumina
or glass surface will be measured by a Nanoscopatdhic force microscope (Digital
Instruments, Santa Barbara, CA) equipped withid fiell.

The force-distance measurements will perform ta\stattractive and repulsive forces
on atip as it approaches and retracts from thekeasarface.

The force measurements were carried out at ninerdiif points on a 1xim
section of glass surface. The same procedure wastezpon several different sections
on the glass surface to check reproducibility. He hormal force measurements, the
glass surface was approached and retracts 575 m@llscases.

At the beginning of this study we have measuredaserforces of oxides under
ambient condition by AFM for obtaining the forcetdisce curves. Then oxides surface
have been investigated under various electrolyth standard N4 tip by using AFM
fluid cell. After these experiment results we canidieevhat kind of colloidal probe we
can use in our systems, then we will make colloptabe, then characterize and apply
the surface force measurement of oxide surfacesrwatious electrolyte solutions.
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An AFM force-distance curve is a plot of tip-sampieraction forces vs. tip-
sample distance. In order to obtain such a plat,sdmple (or the tip) is ramped along
the vertical axis (Z axis) and the cantilever dsften x is acquired. The tip-sample
force is given by Hooke's lawr=k.x.

The distance controlled during the measurementotstime actual tip-sample
distanceh, but the distanc® between sample surface and the rest position of the
cantilever. These two distances differ because wtileser deflectiorx and because of
the sample deformatianthese four quantities are related as follows:

h= D- (x+c) (6.4)

Cantilever

Figure 6.2. The tip-sample system. h is the adtpedample distance, whereas D is
the distance between the sample and the cantiteseposition

Since one does not know in advance the cantilegeaions and the sample
deformations, the only distance that one can cobngothe distance D, i.e., the
displacement of the piezo. Therefore, the raw cobtained by AFM should be called
"force-displacement curve" rather than "force-distacurve”. This latter term should
be employed only for curves in which the force istied versus the true tip-sample
distance that has been previously calculated flmndata.

An AFM force-displacement curve does not reprodugesaimple interactions,
but is the result of two contributions: the tip-gdeninteraction F(Ip and the elastic
force of the cantilever. Such a result can be tiviely understood by means of the
graphical construction shown in Fig. 6.3.
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Figure. 6.3An example raw force curve data

(Source: Polat et al., 2006)
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6.2. Computational M ethod (Calculation of Theor etical
Electrostatic Force Curvefor Constant Potential and Constant
Charged Surfaces of Arbitrary Charging)

Accurate Theoretical calculations of force curves €onstant potential and
constant charge surfaces are important in detengpitihe surface charge or surface
potential from the measured AFM force data. If o @ccurately calculate the
theoretical force curve for electrostatic interactonly them one can equate it to the
measured force curve to estimate the surface claripat point on the surface.

The theoretical force calculations were carried lmaged on the DLVO theory,
assuming that the net force of interaction (Fnet) ymit area of the interacting plates
was a sum of van der Waals and double-layer foreas. der Walls equation was
obtained as explained in Chapter 2.1.1, Equatid Zhe Hamaker constant for
alumina-silicon nitride surfaces interacting in wates taken as Asy = 2.817x10%°
J, silica-silicon nitride surface was takensAn=6.127 10-21 J, the calculated values
reported in Polat and Polat [2000-a].

For calculating the electrostatic pressure foreg, (& full analytical solution of
the Poisson—Boltzmann equation was obtained as iegdlan Chapter 2.1.2 (see
equations 2.29 and 2.30). The method of calculdi@nelectrostatic pressure force is
outlined in Table 6.2. Examples of MathCad sheetH@ calculation for silicon nitride
tip and silica and alumina substrate are preseAggoendix B. This algorithm was
applied to both constant surface potential and temssurface charge system for both
alumina silicon nitride and silica silicon nitricairfaces. Detailed theory behind the
computer program was given in Chapter 2. It candes shat for given surface charges
for both the probe and true surface, a theorettattrostatic force curve can be
obtained.

The computer programs which were written in Matcadewsgrformed silicon
nitride probe-silica/alumina substrate for constaotface potential/constant charge

systems were given in Appendix B.
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Table 6.2. lllustration of the use of analyticaliatjons for an example double layer
system assuming initial and comissairface potentials @f;.. = 60 mVand

WZoo:lomV

a) Calculation of interplate distance H and electrostatic pressure

Feat that H
i) Enter an arbitrary surface potential for Platend 2a:
Vie =60 MV andy ., =10 mV

i) Calculate Y; and Yy
Yli =2.376 , Y2i =0.396

iii) Calculate § and & from Equation 5-a and 5-b

Sii =2.976 S5 =0.399

iv) Calculatepfrom @(S,) =S; - 2coshy,,

V) CalculateH from H = X, + X,

o S Ly S,
X, = du ; X = d
" !Ju(sfu—cp)z—w ) gJU(Siu—cp)z—élu )

vi) CalculateF on Plate 2at H
Fe =coshY, - 1—8272
vii) Repeat stepisvi for a range of Svalues to obtais;, S and Rk as
a function of H.
viii) Insert Hamaker constant for material then calcdlate
van der Walls Forces (f) for each H.
iX) Calculated electrostatic force for each H
X) Calculate bLvo
Xi) Change force to Derjaguin approximation

After analytical solution of PB equation was penfied, b vo could easily be

calculated by summation of van der Walls and edestatic forces.
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Since the real system is a flat surface (quartzapphire) interacting with a
spherical particle (silicon nitride colloid probéjence the force measured has units of
nanoNewtons. Since the above solution give theefgrer unit area for two plates, a
transformation between the two is required. Defjaguapproach which was described
in Section 2.1.3 can safely be employed to norredl®e force calculations, moreover
elaborate techniques are available [BhattachaneeEdimelech, 1997], [Bhattacharjee
et al., 2000]. Separation distances shorter th&nrtd and colloid probe diameters of
about 10um correspond to an h/2R value smaller than 0.01s F&lue is well within
the range of Derjaguin’s approximation [Bhattackarpnd Elimelech, 1997]. Then,
based on Derjaguin’s approximation, the actualdatinteraction in units of newtons
(Fa) is equal to Fnet.
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CHAPTER 7

RESULTS AND DISCUSSION

The results of this study will be reported in threain sections: in the first results
pertaining characterization of powders will be présd. Second section deals with
measurements of surface charges on powders utilizeéte third section, the measured
and theoretically calculated force—distance cuarescompared and discussed. Finally,
resulting calculations for obtaining the surfacerge distribution maps on oxide is

going to present.

7.1 Characterization of Powders

The characterization of powder form of metal oxidesl silicon nitride is of great
importance to understand the properties of the ma#ge used in this work.
Characterization work with these materials condisté XRD, BET surface area,
particle size distribution, SEM, FTIR, AFM and XRkeasurements.

7.1.1 X—ray Diffraction of Powders

X-ray diffraction techniques belong to a family mdn—destructive analytical
techniques which reveal information about the efjsgraphic structure, and crystal
sSize.

The X-ray diffraction patterns of SO-01 and SO-8&gles (the code was given
in Table 6.1) are given in Figure 7.1 and Figur2 réspectively. The XRD pattern of
quartz showed its typical peaks for its crystallfoem. The pattern was similar to the
standard XRD diffraction pattern of quartz as pled by JCPDS- 11-697. The main
peaks are located Quartz 26.6, 20.8, 70.1, 79.%ther peaks were obtained.
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Figure 7.1 XRD patterns of SO-01 silica powder.
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Figure 7.2XRD patterns of SO-02 silica powder.

The X—ray diffraction pattern of silica powder praged in Figure 7.3. The X-—

ray pattern confirms amorphous silicon dioxide.
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Figure 7.3XRD patterns of SO-03 silica powder.
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The XRD pattern of SN powder was presented in REigur4. Phase
identification was achieved by matching the measyratterns against those from the
JCPDS database 410360 tef SgN4, and 331160 fop— SgN4. Commerciab—type or
B—type SiN4 powder usually contains a few percent of each @héise SN, powder
showed mainly the principal diffraction peaks [Bftype SiNs with some o—type

diffraction peaks. Hence, it was treateasSgN4 sample.
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Figure 7.4 XRD patterns of SN silicon nitride powder.

The XRD patterns of a—alumina are given in Figure 7.5 and Figure 7.6 for

AO-01 and AO-02 powders (the code was given in @&bl), respectively. They show
the same diffraction pattern with that observecthwtiandardi—alumina powders given
by JCPDS was 11-0661. The main diffraction peak®Jsated at 27.71, 34.82, 37.77,
43.10, 72.27, 77.39, 66.37, 68.13, and 77.0160fThe crystalline size of the powder

was calculated as 70 nm at 24.38 @fi® Sherer equation.
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Figure 7.5XRD patterns of AO-01 alumina powder.
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Table 7.1 gives the crystallographic direction dataalumina (Santra et al., 2002).

Table 7.1. Crystallographic Direction versis\vales of alumina

Crystallographic Direction 20
(012) 27
(104) 37
(110) 38
(113) 43
(024) 72
(116) 77
(214) 66
(300) 68
(1010) 77
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Figure 7.6 XRD patterns of alumina AO-02 powder

The x-ray diffraction pattern of sample AO-O3 (tbede was given in Table
6.1) is given in Figure 7.7. Powder showed mixedsals of alpha and gamma alumina.
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Figure 7.7.XRD patterns of alumina AO-03 powder.
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7.1.2. BET Surface Area of the Powders

The surface areas of the oxide samples were detedniny N adsorption, using
the BET method for the alumina and silicon nitrmevders BET theory is based on the
physical adsorption of gas molecules on solidesie$ and serves as the basis for the
measurement of the specific surface area. Measutenfiesurface area of the powders
was necessary to determine the surface area of @gewidr potentiometric titration
experiments.

The quartz samples could not be analyzed byatlsorption due to very low
surface area. In the literature, the BET for thmes@uartz has been reported as*igm

(Kosmulski, 2009). Surface area values of the og@l®ples are tabulated in Table 7.2.

Table 7.2Surface area of the quartz, alumina and silicomdeitpowders

Surface
Material Area

(m’/g)
SO-01 1
S0O-02 1
S0-03 3.17
SN 1.26
AO-01 12.3
AO-02 3.94
AO-03 7.34

* From Literature (Kosmulski, 2009)

7.1.3. Particle Size Distribution of Powders

Particle size measurements are carried out usingrdig light scattering (DLS)
(Malvern Mastersizer) and some were repeated bynsetiation (Sedigraph 5100). The
median particle sizes of all samples were givenTable 7.3. The particle size
distribution of the SO-01 was given in Figure 7A8cording to Sedimentation method,
about 90% w of the quartz particles were belowis0and 50% w of the particles were

below 27um. The Bp(median) particle size of the quartz was 256 According to
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dynamic light scattering (DLS) technique about 99Pthe quartz particles were below
77 um and 50% of the powder was below 32. Both of the particle size distribution

techniques give nearly same particle size distidloufor SO-01 sample.

Table7.3. Particle sizes of the quartz, alumina and silicinde powder

Particle Size um)
Material Median (by Laser Diffraction Techniques)

SO-01 32.21
S0O-02 26.28
SO-03 1.95

SN 2.60
AO-01 0.20
AO-02 0.75
AO-03 0.78

100
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Figure 7.8The particle size distribution of SO-01 quartz pewldy sedimentation and
DLS techniques.
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The particle size distribution of the SO-02 wasgegi in Figure 7.9. For this
powder we could not obtain the size distributionSsdimentation because we haven't
had enough powder for this experiment prepared Earmmount was too low.
According to size measurement by DLS, about 90%hefquartz particles were below
96.3 um and 50% of the particles were below 2@18. Particle size ranges of the

natural quartz were measured between 10+H00
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Figure 7.9The particle size distribution of SO-02 quartz pewby DLS technique

The particle size distribution of the SO-03 wasegivn Figure 7.10. 97% of the
particles were below 10m by Sedimentation. About 90% of the silica pd&tcwere
below 4.9um and 50% of the particles were below {irh. Particle size ranges of the
silica were measured between 0.6+421@. But the main particle size distribution is in
between 0.6—@m by DLS.
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Figure 7.10The patrticle size distribution of SO-03 quartz pewhky sedimentation and
DLS techniques.

The particle size distribution of SN is given Figur.11, by Sedimentation about
97% of the silicon nitride particles were below @t and an important part of the
particles (86% wt) were below 20m The DB (median) particle size of the silicon
nitride was 5.02um According to DLS, 90% w of the quartz particlesrevbelow 20.3
um and 50% of the particles were below 2u6& Particle size ranges of the silicon
nitride were measured between 0.28-u4v
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Figure 7.11. The particle size distribution of Shen nitride powder by sedimentation
and DLS techniques.
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The particle size distribution of AO-01, which isasured by sedimentation, is
given Figure 7.12. About 94% w of the alumina Ede8 were below fim and 90% wt
of the particles were below Opim. The o (median) particle size of the alumina was
0.18 um. The particle size distribution of AO-01, whichmeasured by DLS,. 90% w
of the quartz particles were Qudn and 50% of the particles were below Q. Particle
size ranges of the alumina were measured betwéed @um, but the main distribution
is in between 0.1-ium range. According to literature Particle size ribsttion of the
AO-01 is 100-300 nanometers (Kosmulski, 2009).i#arsize distribution of AO-01
was good agreement with literature data.
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Figure 7.12The particle size distribution of AO-01 alumina ptew by Sedimentation
and DLS techniques.

The particle size distribution of AO-02, which iasured by DLS, is given Figure
7.13. 90% of the quartz particles were gn3 and 50% of the particles were below 0.7
um. Particle size ranges of the alumina were medsweveen 0.1-10m.

The particle size distributions of the AO-03 wereeg in Figure 7.14. About 90%
of the quartz particles were belowugh for both sedimentation and DLS methods. 50%
of the particles were measured below (@5 according to both measurements. Particle
size ranges of the alumina were measured betwéed@um.
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Figure 7.13The particle size distribution of AO-02 alumina pew by Sedimentation
and DLS techniques.
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Figure 7.14The particle size distribution of AO-03 alumina ptew by Sedimentation
and DLS techniques.
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7.1.4. SEM Micrograph

The SEM micrographs of the SO-01 are given Figui®.7The minimum and
maximum particle sizes observed from the micrograyre 1.02 and 28.42m,
respectively in Figure 7.15.a and 3.2 and 2&86respectively in Figure 7.15.b. The
particles were irregularly shaped and nonporoustidia size is around 2Qum

according to the SEM images as seen in Figure drficfe size is varying between 1-

30 um, SEM micrograph and particle size distributioasdrgood agreement.
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Figure 7.15SEM micrographs of SO-01 silica powder.

The SEM micrographs of the SO-02 are given Figulé.7The minimum and
maximum particle sizes observed from the micrograpbre 1.44 and 79.42m,
respectively in Figure 7.16.a, and 0.44 and 1u@7espectively in Figure 7.16.b. The
particles were irregularly shaped and nonporous.

Figure 7.16 SEM micrographs of SO-02 silica powder.
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Figure 7.17. SEM micrographs of 01 silica powdéx@3.

The SEM micrograph of the alumina SO-03 is giveguFe 7.17. The smallest
and biggest sizes of the particles were obsenad the micrograph, 0.27 and 3.0,
respectively in Figure 7.17.a. 0.37 and lunh respectively in Figure 7.17.b. The

particles were nonporous and spherical shaped.
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Figure 7.18SEM micrographs of SN silicon nitride powder.

The SEM micrographs of the SN are given Figure .7Th& smallest and biggest
sizes of the particles were observed from the myiaph 0.19 and 2.72m, respectively
in Figure 7.18.a, and 0.11 and 12% respectively in Figure 7.18.b. The particles were
irregularly shaped and nonporous.
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Figure 7.19SEM micrographs of AO-01 alumina powder.

The SEM micrograph of the alumina AO-01 is givegufe 7.19. The smallest
and biggest sizes of the particles were observah the micrograph 83 and 284 nm,
respectively in Figure 7.19.a and 0.06 and Qudiv’respectively in Figure 7.19.b. The
particles were irregularly shaped and nonporous.
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Figure 7.20SEM micrographs of AO-02 alumina powder.

The SEM micrograph of the alumina AO-02 is givegufe 7.20. The smallest
and biggest sizes of the particles were obsernad the micrograph, 0.08 and 0./,
respectively in Figure 7. 20. a. 0.09 and 098 respectively in Figure 7. 20. b. The
particles were irregularly shaped and nonporous.
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Figure 7.21SEM micrographs of AO-03 alumina powder.

The SEM micrograph of the alumina AO-03 is givegufe 7.21 The smallest
and biggest sizes of the particles were obsernad the micrograph, 0.16 and 2.3,
respectively in Figure 7.21.a. 0.77 and 1l respectively in Figure 7.21.b. The

particles were nonporous and spherical shaped.
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Figure 7.22SEM micrographs of silicon nitride probe.

Probes (Veeco, ORC series) consisting of rectangiiliaon nitrite cantilevers
with integrated pyramidal tips with spring const@nf3 nm. SEM micrographs of tips
were presented in Figure 7.22. According to SEMgesait is easily calculated and read
the tip end curve radius is 2.7 nm for these tips.
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7.1.5 FTIR Analysis of Powders

A major obstacle to understanding the intrinsicfaste properties of metal
oxides is the ubiquitous presence of hydrogen. Md& HO and surface hydroxyl
groups are generally present because of eithentoenplete devaluation of @ from
precursors or the adsorption of®from the environment (Du et al., 1994, Hass gt al
2000, Eng et al., 2000, ).The stabilities of défer HO binding modes on different
metal-oxide surfaces clearly depend on such fa@srthe surface structure, acidity of
the surface metal site, and basicity of surfaceD@sociative adsorption is more
favorable on R-AlO; (0001) than MgO (100), for example, because 3-rainated
surface Al is a much stronger Lewis acid than ®rdmated surface Mg. understanding
f the full effects of hydration, it's the key paratar to understand surface properties
(Hass et al., 2000). One of the most widely usedhous for characterizing oxide
surfaces is the spectroscopic analysis (FTIR) &Seteal., 1988; Vazquez et al. 1997,
Du et al.,, 1994; Baraton, 1999; Baake, 2009; Rahatjal., 2000;Al-Abdeleh and
Grassian, 2003; Shirai et al, 2005; Qi et al., 20@6 Cool et al., 2006; Dai et al.,
2008).

FTIR spectra of a pure quartz and Si@wders are given in Figure 7.23. The
broad absorption band between 3700-3300"' dms been assigned to the (OH)
stretching vibration of surface hydroxyl groupsaiwed in hydrogen bonds with water
molecules and/or with adjacent silanols. The band680 cn corresponding to the
OH bending vibration of adsorbed water moleculss aecreases. In the 1000-400 cm
! region of the spectrum have three main peaks. Hneydue to the decrease in the
following modes: Si~O in Si—OH surface groups, —0ftthe Si-O-H angle, and O-Si—
OH of the O-Si-OH angle. Moreover, changes in theguencies and/or band
intensities, caused by thermal desorption, carelaged to Si-O surface bonds distorted
by surface dehydration. These distortions, whicreaaly exist on a surface In
equilibrium with its environment, can increase whitie equilibrium is displacing
(Baraton, 1999). The peak located at about 2370 wms related with chemisorbed

CO, on powder’s surface at 2&.
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Figure 7. 23The FTIR spectra of silica samples; SO-01 and SO-03

Silicon nitride exists in two crystalline forms @nd ) and in an amorphous
state. The crystalline morphologies exhibit unigieational fingerprints between 400—
800 cm’. FTIR spectra of available $8i, powders to those reported in the Trout et
(1989) we ascertained that the SN powder is a maxtof o and B phase but
predominantly3—phase in composition. Also x—ray diffraction réswvhich were given
in Figure 7.4 showed that the same result. FTIRyaisawere performed with —phase
and p—phase silicon nitride by Trout et al. 1989 showhdrp peaks at 462, 499, 601
and 685 cni for a—phase, 586 cih for o andp—phase.

The analysis of the FTIR spectra of SN powdemésented out in Figure 7.24.
This analysis showed that the main absorption bambtly corresponds to the
superposition of asymmetric stretching vibration 8EN-Si bonds at 470¢hm
symmetric stretching vibration of Si-N bonds at @0, and stretching vibration of C—
N or Si-O bonds at 1030¢h{Baake et al., 2009).
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Figure 7. 24The FTIR spectra of silicon nitride sample SN.

The weak bands observed at 1132*cwere produced by the Al-O bonds. It
showed bands at 830, 603, and 455" cmhich probably were produced by vibrations
of Al-O bonds corresponding to aluminum ions wetrahedral symmetry as shown in
Figure 7.25. The stretching vibration of the OHsiar residual water has a very intense
broadband at 3200-3700 ¢rfVazquez et al. 1997), (Baraton, 1999).
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Figure 7.25. The FTIR spectra of alumina samplé€3;04 and AO-03.
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Diffuse reflectance infrared fourier transform (IBR) spectra was obtained for
silica, silicon nitride and alumina. Results of RIDRIFT spectra measurements at
2500-400 crit wavenumber range are shown in Figure 7.26- 7.84. @-H stretching
vibration bands were observed in the spectra afasilsilicon nitride and alumina
samples. The distance between OH groups diffehemydroxylated surface, some OH
groups are closer together and stronger hydrogensbare formed between them.
These show infrared absorption at 3250 ci®thers are far apart and more weakly
hydrogen bonded and show adsorption at 3600. dsplated single MOH or free
hydroxyl groups in between 3745-3750 tnisolated pairs of adjacent MOH groups
mutual hydrogen bonded in 3650-3660 gnadjacent pairs of MOH groups with
hydrogen bonded o each other in 3540-3550",cmater molecule adsorbed on the
above 3400-3500 cm(ller, 1979). The sharp peak at 3747 tim dueto isolated
hydroxyl groups on the silica surface (Mc Coollet2006).

FTIR-DRIFT spectra measurements which the powdepamation method was
given in Section 6.2.5 are shown in Figure 7.2@87fd silica powder at pH 2 and pH
10 at 2500-4000 cihwavenumber range. Initial peaks corresponds wetdpo, final
peaks corresponds vacuum dried powders. The breallspwere observed between
3000-3800 cr. Silica powder FTIR spectra at pH 2, peaks betw@®D-3300 cm
which corresponds the physisorbed water was redafted vacuum and heating up to
40 °C. The peak between 3300-3800 was not chantjed v@acuum and heating. In
literature Sides et al. (1988) also found samelt®sis our FTIR spectrum. Hydration
properties of silica were investigated at atmosiphgnessure and vacuum with heating
powder up to 346 °C. At atmospheric pressure atQ@6they reported a broad band
between 4000-2600 ¢hFurther heating reduces the intensity on the 3f@5band is
due to silanol group vibrations which became insirggly narrow and higher frequency
as they become more isolated (Sides et al., 1988).
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Figure 7.26. FTIR-DRIFT spectra for silica sam@¢03) treated in THM
KCl at pH 2 for 24 h. (Initial at atmospilwepressure 25 °C, final at
vacuum 40 °C).

A silica powder FTIR spectrum at pH 10 broad peaswbserved between
3000-3800 cr as shown in Figure 7.27. The peak intensity wdsiged after vacuum
and heating up to 40 °C, so weakly bonded OH grawgrs reduced.

FTIR-DRIFT spectra of pH2 and pH 10 was obserafiér vacuum and
heating up to 40 °C as shown in Figure 7.28.Thé& peansity between 3800-2800 ¢m
was reduced at pH 10 compared with pH 2. This wedserpected because the 3800-
2800 cnT the O-H stretching vibration bands were obsenispecially powder was
hydrated more at pH 10 because of basic environmentpared with pH 2.
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Figure 7.27. FTIR-DRIFT spectra for silica sam@¢03) treated in IOM KCl at
pH 10 for 24 h. (Initial at atmosgpic pressure 25 °C, final at vacuum
40 °C).

Du et al., (1994) investigated pH and electrolgéect on quartz. They have found
that the two peaks at 3200 and 3450"crary with the pH value in water. At low pH
(1.5) the spectrum indicates that most of the fateal water molecules are orderly
arranged with tetrahedral coordination. If the ¢qmaurface is neutral ( at pH 1.5), then
interfacial water molecules tend to form hydrogemds with their oxygen facing the
quartz surface, opposite to the orientation exmedde high pH case. As pH values
increase (pH 3.8-12.3) the relative strength oftthe peaks varies, with pH> 5.6 both
peaks get strengthened, with former increasing mapadly. At pH 12.3 the peak
strength decrease compared with pH 8. High pH ctse,signal strength is much
smaller, with hydrogen bonding to the surface piimg orientation force; one would
expect only 1 or 2 monolayer of water moleculemppedriented. This supports the
argument that for the high pH case, the surfadd ian align up to 3 to 5 layers of
semi-long-range nature of the hydration force atcicurfaces and well accepted view
that oriented water molecules are the origin of rifygulsive hydration force between

surfaces (Du et al., 1994) . To further confirmatad the opposite orientation at low
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and high pH at quartz/water interfaces, they wemasured the FTIR spectra of
quartz/water interfaces by dissolving at 0.5M Na@lution. They found that at low pH
case with quartz being neutral, the salt ions haveffect on the spectrum. For high pH
case, the addition of NaCl reduces the spectrangitie because of screening of the
surface field by the positive Naons (Du et al., 1994). Li et al. (2004) was disond
the same results, which they used NaOH solutiopHatl0, the peak intensity was
decreased at 3450 &mand the AFM images showed that the surface flatfellowing
prolonged exposure to base. The flattening is baiteid to an electrostatic barrier
protecting the surface from water attack. Accordiagliterature, in Figure 7.28 the
broad peak between 3800-2800 tmas observed the peak intensity at pH 2 much
higher than pH 10.
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Figure 7.28. FTIR-DRIFT spectra for silica sam@¢03) treated in IOM KCl at
pH 2-pH 10 for 24 h (after vacuuin@ °C).

FTIR-DRIFT spectra measurements at 2500-4000 wawvenumber range are shown
in Figure 7.29-7.30 for silicon nitride (SN) sampleated in 18 M KCI at pH2 and pH
10 for 24h. Initial peaks corresponds wet powdaglfpeaks corresponds vacuum dried
powders. The broad peaks were observed betweer3#cnT. The peak intensity
was reduced after vacuum and heating up to 40@esakly bonded OH groups were

reduced.
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Figure 7.29. FTIR-DRIFT spectra for silicon nitrif@N) sample treated in 10-3 M KClI
at pH 2 for 24 h. (Initial at atmosphepressure 25 °C, final at vacuum

40 °C).

Silicon nitride powder FTIR spectra at pH 10 brpadk were observed between
2800-3800 cr as shown in Figure 7.30. The peak intensity wdsiged after vacuum
and heating up to 40 °C, so weakly bonded OH grawgrs reduced.
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Figure 7.30. FTIR-DRIFT spectra for silicon nitri®N) sample treated in M KCI
at pH 10 for 24 h. (Initial at atmosphepressure 25 °C, final at vacuum

40 °C).
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Dai et al, (2008) who investigated four types carcial silicon nitride
powders with influences of acid leaching, surfagérblysis and thermal oxidation with
DRIFT spectra. The DRIFT spectra of acid cleanethsa at 2600-4000 cchange
little compared with received powders. Hydrolyzedvder peak intensity at 2600-4000
cm® as much higher than 150 °C dried powders. FTIRFORSpectra in Figure 7.29-
7.30 for silicon nitride (SN) sample at pH2 and pBHwere shown the same results as in
literature, hydrolyzed powders at pH 2 and pH l€akpintensity was decreased after
vacuum heating.

FTIR-DRIFT spectra of SN sample at pH2 and pH 1G waserved after
vacuum and heating up to 40 °C as shown in FiglB2. The peak intensity between
3800-2800 cril was not changed at pH 2 and pH 10. FTIR spectrusilicon nitride
was analyzed and the adsorption bond of Si-OH gi®uentered at 3355 ¢hwhich is
assigned to Si—-NH-Si imido group by Baraton et(H299). Also they found-NH
symmetric and asymmetric stretching frequenciesrébas shoulder in the 3580-3450
cm® range. The silanols and Si-NH-Si imido groups weresented in abroad bond
between 3500-3000 ¢ They also found an Si-OH group at around 3700' ém
which the silicon neighboring atoms are not threggen atoms as on silica. . In Figure
7.31, the broad band between 2800-3700 wras not changed influence of pH because
of that region was depicteadNH symmetric and asymmetric stretching frequenaies
NH-Si imido groups. Only, the peak at 3750 twhich corresponds Si-OH group was
observed at pH 10 compared with spectra of pH 2.
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Figure 7.31. FTIR-DRIFT spectra for silicon nitri®N)sample treated in £M KCI
at pH 2 —pH 10 for 24 h (after vaguat 40 °C).
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The presence of hydroxyl groups on the surface whtldrogen-bonding
contributions also is supported by recent theamketialculations of the interaction of
water witha-Al,Os; (0001) surfaces. These studies suggest that, sodigiently high
water loadings, the surface Al atoms on the simgierminated surface convert to
terminal AlO;(OH)s species, which should be highly labile, and theimoval or
diffusion results in a OH-terminated surface Thawations of Hass et al. (2000) on the
OH-terminated surface suggest that extensive hyrdgnding occurs in-plane among
the surface hydroxyls and that the hydrogen bondimntynamic, with an average of one
of three hydroxyls lying in the surface plane. Trego calculated O-H vibrational
frequencies are consistent with known trends omngda but indicate a discrepancy
between experimental observations #AI,03; (0001) and models based on simple
hydroxylation

FTIR-DRIFT spectra of the surface of tk@lumina sample, which was treated
for 24 h in pH 2 and 10 KCI 10-3 M solutions, areeq in Figure 7.32 and 7.33
respectively. It can be seen that the reflectanceghe OH stretching region between
wavelengths 3300 and 3600 cm—1 was increasedas/echumidity increased.

Raharjo et al. (2000) observed surfaces of themffta-alumina powders using
FTIR-DRIFT analysis. They observed broad peaksparaximately 3300 cih 3450
cm™* and 3690 cm. DRIFT spectra of alumina powders. The broad pea300 crit
might be partially attributed stretching vibratibnanodes of water molecules
physisorbed on the alumina surface hydroxyls modB=waton et al. (2000) was
observed a small peak at 3700 ree hydroxyl groups. Shirai et al. (2005) also was
investigated DRIFT spectrum of alumina powder amahfl 3400-3450 cthdepicted
hydrogen bonded OH. Hass et al (2000) gave a tabléype of OH group versus
wavenumber for a-alumina (0001). In 3450-3560 wepiaded molecularly adsorbed
water, 3780 and 3430 chmttributed dissociated water, 3650 cm-1 was assigree
hydroxyl groups and finally 3470 cm-1 bond was d&gal hydrogen bonded OH.

At pH 2 initial and final spectra was not showed thuch difference only free
hydroxyl groups and physisorbed water moleculesk petensity was reduced after

heating under vacuum condition.
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Figure 7.32. FTIR-DRIFT spectra for alumina (AO-8&nple treated in TOM KCl at
pH 2 for 24 h. (Initial at atmospheric gsare 25 °C, final at vacuum
40 °C).

At pH 2 and pH 10 the DRIFT spectrum showed thatitoad peak at 33@0"
were decreased because the peak attributed shgtefiorational modes of water
molecules physisorbed on the alumina surface hydsaxodes. In other words when
the water molecules evaporates the peak intens#ty @ecreased. Al-Abadleh and
Grassian, (2003) also measured the DRIFT spectruaduonina powder in various
relative humidity. They found OH bond in the rareg¢ending from 3660-270 chand
as RH was increased, the coverage of adsorb wetieraised. At pH 10 initial and final
spectra showed the difference because of the Ioasioe, free hydroxyl groups and
physisorbed water molecules peak intensity was aediafter heating under vacuum

condition.
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Figure 7.33. FTIR-DRIFT spectra for alumina (AO-@3mple treated in TOM
KCl at pH 10 for 24 h. (Initial at atmospheric e 25 °C, final at
vacuum 40 °C).

FTIR-DRIFT spectra of the surface of tk@lumina sample, which was treated
for 24 h in KCI 10° M solutions with pH 2 and 10, are given in Figi@t84. It can be
seen that the reflectance for the OH stretchingoregetween wavelengths 2800 and
3800 cm-1, which corresponds to the H-bonded waateeper in the case of pH 10.
The spectrum of pH 10 was showed a little diffeegnmain OH bands peak intensity

was higher than the OH peak intensity at pH 2.
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Figure 7.34. FTIR-DRIFT spectra for alumina (AO-@&)mple treated in ToM KCI at
pH 2-pH 10 for 24 h (after vacuum at 4(.°C
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7.1.6 XRF Measurement of Substrate

Glass substrate was investigated by using XRF (MET&pektro 1Q I1). The
composition of the oxides was tabulated in Table According to XRF analyses the
SiO, content in the glass is 71.2 %. XRF experimergsewiot performed for silica and
alumina single crystals because single crystalb thieir one polished sides were not
suitable for XRF experiments.

Table 7.4. XRF analysis results of glass surface

Element %
NaO 17.3

Al;0s 7.7
SiO, 71.2

K20 4.7

TiO> 2.9

Other oxides (MgO, 0.7

CaO, MnO)

7.1.7. Surface Topography by AFM

2.0 nm

0.0 nm

Figure 7.35.Surface topography analysis of glass substrate usHM.
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Surface roughness of the smooth glass substraténwestigated by AFM. The
roughness data are; Ra =0.118 nm, Rg=0.200 nm, .R230hm, Rmax=1.8 nm, as
shown in Figure 7.35.

In Figure 7.36, surface topography images of qu@@®01) single crystal surface
are shown. The surface roughness of smooth qua®tzl] substrate were investigated
by AFM. The roughness data are; R0.109 nm, B0.141 nm, R=0.123 nm,
Rmax=1.79nm.

Figure 7.36.Surface topography analysis of quartz substrateyusiM.

Surface topography images of sapphire (0001) siaglstal surface are shown
in Figure 7.37,.The sample was atomically smootthvai surface roughness of Ra
=0.107 nm, Rg=0.098 nm, Rz=0.113 nm, Rmax=1.2 rsngeiermined by the AFM

scans.

Figure 7.37.Surface topography analysis of sapphire substsabg WAFM.
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7.2. Characterization of Powders and Substrates Relemato Charge
and Force Measurements

7.2.1. Electrokinetic Potential Measurements of Raders

Electrokinetic methods have been used to estimage efectrical potential
difference between charged oxide surface and boliitisn electrokinetic potential
measurements were investigateddeyasizer Nano—Z&5ebze Institute of Technology).
Only SO-01, SO-02, SO-03, SN,AO-01, AO-02 and AOp@3vders were measured by
Zetasizer.

Zeta potentials of oxides are a result of the ithstion of ions around the solid
particles. Calculations of potentials from the dittds are a problem in itself. Its
accurate solution is known for spherical partickes: small particlessf < 100, where r
is the radius), the result depends on the pasizie used in the calculations; therefore a
dispersion of uniform, spherical particles is daisie for electrophoretic measurements.
Methods to obtain such particles of various oxilase been developed by Matijevic
(1993). Obviously, particles prepared using thesghods are not identical but the
distribution of particle size is narrow enough teid serious errors due to sample
polydispersity. The samples of oxides used in sedptioretic studies should be
analyzed in terms of the shape and size distrihubibthe particles to assess how the
deviation from spherical shape and/or polydispgrsitay affect the calculated-
potentials. Systematic studies of the solventceféen the potentials of various oxides
were carried out by Kosmulski (2009).

For SO-01 powder, the pH dependence of the zetanpalk in water and 0.001M is
shown in Figure 7.38. As expected for such oxitles,zeta potential is negative at the
higher pH, with a plateau region from pH 3-12. Tihavior may be explained by the
proton equilibria that occur at the surface of thedes. According to quartz particle
surface charge, zeta potential is still negativenein low pH. Kosmulski (2009)
reviewed many oxide particles point zero charge)p@ne of the unspecified Silica’s
from Sigma—Aldrich with BET surface area is F/gn was investigated with KCI
electrolyte by using DLS Nano ZS, they have fouhd pzs at pH 2.1. Another
unspecified Silicas from Sigma were investigatethwidaCl, NaNQ electrolyte, they
have found the pzs at pH samller than 2. (Kosmul2RiD9). SO-01 powder was
investigated under deionized water with various foHind pzc.
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Figure 7.38Zeta Potential of SO-01 powder in deionized watet 20°M KCI.

For natural SO-02 powder the pH dependence of ¢he potential in water, is
shown in Fig.7.39. Natural quartz powder was ingaséd in deionized water and its
pzc was found to be around at pH 2. Kosmulski (20@8id washed quartz mineral
from Earth with the particle size mean diamet@n®; was investigated with 0.0007 M
NacCl electrolyte , they have found the pzc at sengdH 1.
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Figure 7.39Zeta Potential of SO-02 powder in deionized water.

93



For SO-03 powder the pH dependences of the zeentmlt in water, 0.01 M
and 0.001M KCI are shown in Figure 7.40. The avenaggnitude of the zeta potential
is greater in 0.001 M than in 0.01 M, a result viahmsay be explained by a decrease in
the effective thickness of the diffuse layer asitimec strength increases. The isoelectric
point (iep), that is the pH at which the particlesha zeta potential of zero, is smaller
than 2. The same value is obtained for both iotiengths. The fact that pH (iep) is
independent of the ionic strength indicates eitherabsence of a specific adsorption of
C1 and K ions or a nearly identical adsorption of both @md counterions or a
noticeable affinity for one ion (Mullet et al., 189 Indeed, if the affinity of the
adsorbed ion is very high, the surface may be atddrby a very low electrolyte
concentration. Therefore, the pH (iep) appearsgma@hange as ionic strength varies. It
is thus necessary to vary the nature of the elgtérto verify the position of the real pH
(iep).

There was no chance to compare literature datdiairsdioxide powder which
commercial name is Admatech SO-EG6, because of diestpowder. SO-03 powder iep
was found between pH 3-4 in water,”® and 10° M KCI. Surface potential of the

powder was measured -5 mV, -35 mV and -70 at p&] 20 respectively.
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Figure 7.40Zeta Potential of SO-03 powder in deionized wa&| 10°M and 10°M.
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The zeta potentials of the 3N surfaces are shown in Figure 7.41. The
measurements made in deionized water and 0.001M K& ieps of the g\, lie
within the range pH 2-3. Whitman and Feke, (198&n@ned the five different
suppliers silicon nitride powders to perform suefdiration methodology. They have
found the pzc of these silicon nitride powders, 8.7, 3.2, 8.6, 7. Even though, silicon
nitride specimen from different manufacturers ekHitile difference in the magnitude
of relative proton adsorption over the pH rangelistl. This indicates that silonol site
density on the various powders roughly equivalent.

Bergstrom and Pugh, (1989) investigated the igjhrele different silicon nitride
powders, found 4.2, 6.7-8, 6.2. But the originffiedéence in iep between three powders

disappears by aging the powders.
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Figure 7.41Zeta Potential of SN powder at deionized water H{tiM KCI.

The zeta potential measurements of AO-01 were tipaged in deionized water.
The data was shown in Figure 7.42. The ieps ofStmitomo AO-Ola-alumina lie
within the range pH 8.8-9.These results are in gmgrdement with those of Kosmulski
(2009). They have investigated Sumitomo AKP 50 umtiéerent electrolyte types and
concentrations, ieps are changing between 7.9F@6the pre—acid washed powders
ieps are between 9-9.7.
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Figure 7.42.Zeta Potential of AO-01 powder at deionized water.

For AO-02,a—alumina powder the pH dependence of the zeta fitenwater,
is shown in Figure 7.43. As expected éefalumina, the zeta potential is negative at the
higher pH, at about pH 10-12. Then, zeta potekgdreases and becomes positive
towards the lower end of the pH range 7 —7.7. fefh@® AO-02a-alumina is the range
7.7-8.1. This result is in good agreement with ¢hos Kosmulski (2009). They have
investigated CT3000SG under different electrolyiges and concentrations, ieps are
changing between 8-8.3.

Another o—alumina powder (AO-03) was analyezed by zeta piaiern
deionized water, ¥ and 10-1M KCI as shown in Figure 7.44. The pze\i@und
around pH 7.8 in 18M and 10'M KCI solution, around pH 8.1 in water. Zeta poteht
measurement of Admatech AO-802 was examined byt Bbk., 2006. They found pzc
of the alumina powder in FOM KCI pH 9.1. It can be seen that the zeta poaéiti
sample shows to 60 mV, 20 mV and -58 mV at pH A,0&;espectively.
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Figure 7.43Zeta Potential of AO-02 powder in deionized water.
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Figure 7.44Zeta Potential of AO-03 powder in deionized wated 40°M and 10'M

KCI.

Zeta potential measurement with fresh glass powaters carried out in THM

KCI solution at a solid/liquid ratio of 0.1 g/L aritlen results are presented in Figure

7.45. The measurements were carried out using Metar 3.0 which relies on eye

97



observations. Hence, each zeta potential was arageeof 10 readings. These zeta
potential measurements which were obtained withdssed glass coverslip gives an
idea about the average pzc of the glass covetipording to XRF measurement of
glass coverslip which is tabulated in Table 7.4page 88, Si@content is 71%. In the
literature and our quartz and silica zeta potemtiabsurement it was observed that the
pzc of the glass was between pH 2 and 4. So pzheoflass coverslip was in good

agreement with previous measurements.
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Figure 7.45Zetapotential of the glass powder in"4® KCI solutions.

7.2.2. Potentiometric Titration Experiments for Powders

Surface charge density and surface potential vdtuethe oxides powders are
determined by the well known method potentiomettiations. In our titration tests, the
uptake of acid or base by a suspension of the p@wvok used in this study was
measured and compared with the uptake of acid se Iy a reference solution of
equivalent volume. The difference in the amountgitednt necessary to produce the
same pH value in the suspension and in the refersolation is attributed to adsorption
or desorption of protons onto the solid surface.

A sample potentiometric titration experiment regishown in Figure 7.46. This
data is taken from the potentiometric titration eximent carried out with sample SO-
01(2 g) under conditions £ KCI (100 mL) .
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Figure. 7.46. Titration of a suspension of sili&0(01) in 1¢ M KCI with 0.1M HCI
and KOH.

The pH-added acid base concentration diagram ae® gn Figure 7.47, concentrations

were calculated by Equation 5.5.
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Figure 7.47. Concentration versus pH plot for SQzOWvder.
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The mean surface charge (i.e., the portion of haege due to Otbr H) can be
calculated as a function of pH from the differelhetween total added base or acid and

the equilibrium OHor H' ion concentration for a given quantity a (kg/L)oide used
by Equation 5.6, as shown in Figure 7.48.
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Figure 7.48. Charge calculated from the titratiarve (charge balance).

If the specific surface area S{ky) of oxide used is known, the surface chargehmn
calculated using Equation 5.7, as shown in Figu48.7
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Figure 7.49Surface charge density of silica SO-01
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Surface charge density)( is related to the potential at the surfagg @s

Equation. 5.8.Surface potential versus pH grapleweren in Figure 7.50.
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Figure 7.50Surface potential of silica SO-01

Surface acidity equilibrium constants were alse@wated and found 1.5 and
K,=3.2 for SO-01. If surface acidity equilibrium ceteasts are known, the surface
complexation of the system can be calculated agugprtb main species of oxide
system. Modeling of surface potential distributitomr hydrated silicon dioxide was
calculated and plotted according to surface spedmsh was shown in Figure 7.51.
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Figure 7.51. Surface complex formation of SO-01GiM KClI.
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For the silicon nitride and alumina powder detaig@phical representation
given in Appendix B. Surface charge density andasercomplexation of silicon nitride
and alumina at various pH are shown in Figure 7E5@dre 7.55.
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Figure 7.52. Surface charge density of SN.
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Figure 7.53Surface complex formation of silicon nitride SN.
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Figure 7.54. Surface charge density of AO-03.
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Figure 7.55Surface complex formation of AO-03.
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7.3. Measured and Theoretically Calculated Force -iBtance Curves

The theoretical force calculations were carried lmaged on the DLVO theory
assuming the net force of interactiondFper unit area of the interacting plates was a
sum of van der Waals and double layer forces. Dineefper area on any one of the
plates (pressure force) due to the van der Waatgpooent (fyw) is given by equation
2.8 whereas the force of electrostatic interacisogiven by 2.15 The calculation of the
electrostatic pressure force is carried out usirgrecent method developed by Polat
and Polat (2010). The equation for the van der ¥aaimponent assumes that the
interaction is in the non-retarded region whichnat a bad assumption since the
measured forces were mainly significant below aldi®ubm.

The hamaker constant calculated for interactiorSe, and Silica in  KCI
solution is As, = 6.127 x1G* J, and for SN4 and Alumina interacting in KCI solution
is A13o = 2.166x1G° J from the method given at Polat and Polat (2000-b

A clear advantage of AFM compared with other teghas, such as pH-
potentiometric titration routinely used for detenatiion of surface potential, the surface
force is almost unaffected by sample dissolutioms Eliminates ambiguity introduced
by a necessity to differentiate contributions mdyedissolved and surface species
unavoidable in treatment of titration data; theceomeasured in an AFM experiment is
sensitive to the surface species only. Sometimas, may shed new light on the
properties of these species. The calculated forsearite— pH surface fits very well to
the experimental force—distance curves measurélffatent pHs. For a more detailed
description of the computational procedure, wasmgivn Chapter 6, section 6.4.4.

The aim of this part is to estimate the surfacegdaistribution from force data
obtained with the AFM. Atomic force microscopy aawvere taken between oxide
single crystal surface and silicon nitride probek@l electrolyte solution at a specific
point on the surface. The raw data was transfortoetbrce—distance curves, using
constant potential and constant charge boundardittoms. The algorithm of these
calculation is given in Chapter 6, section 6.4.4udlly, the obtained results show good
reproducibility and are in reasonable agreemenh wlie literature data. The basic
procedure in determining the surface potentialaseld on simultaneous comparison
between experimental and calculated force—distamcees obtained at different pH
values of the background solution by varying thdage potential until an optimum is
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found. In these calculations, we assumed that itle®rs nitrate tip is sharp and the

surface potential of the tip does not change avengoH. As a result the surface charge
of oxide surface was found from this optimum patdnat that point on the surface

explained above and applicable any local area osatface. The same procedure was
applied to multiple points on the surface to obtaisurface charge distribution of the
substrate. These potential was taken after many Afdgeriments and comparison

between these AFM result with theoretical calcolatias Constant Potential and

Constant Charge surface at different pH ranges.

In this section, experimental by obtained readind #heoretical calculations of
force interaction between glass, quartz or alunga@phire) substrates andi tips in
aqueous media at various pHs are presented. Tlecsupotential of silicon nitride
probe was taken as + 60 mV for pH 2, 50 mV for p&hél -60 mV for pH 10. As stated
above, the surface potential of the substrateeaptin5 of measurement was obtained
by fitting the measured data to the theoreticatdopredicted for the environmental
conditions employed.

The results of the normal force measurements witBigN, probe and the glass
surface are given in Figures 7.56, 7.57 and 7.5& &snction of separation for pH
values of 2, 6, and 10 respectively. The reasorchoosing these specific pH values is
as follows: at pH 2, both the glass and the silin@gride should be positively charged,
since pH 2 is below the ieps of both solids buthbstlid ieps are between pH 2-3
according to zeta potential measurements. At ptagsgsurface was negatively charged
and silicon nitride surface was positively char@anversely, both surfaces must be
negatively charged at pH 10. Therefore, besidestinactive van der Walls forces, the
surfaces should feel an electrostatic repulsiopHatalues of 2, and 10. The solid line
and dash line represent the constant—charge andtacrpotential scenarios,
respectively. The parameters employed in comptitiege curves are given below the
figure title. . The surface potential of silicortride probe was taken as + 60 mV for pH
2,50 mV for pH 6 and -60 mV for pH 10. Correctoardhtion method of surface charge
should be realized, before founding the correctgiat substrate surface. Glass subs-
tares were used to settle down the methodology BmthAFM measurements and

computer program.
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The normal force measurements and their compamgtnthe DLVO theory
show that the interaction between glass surface sltbn nitride tip are solely
governed by electrostatic forces in Figure 7.56c@& nitride probe surface potential
was taken 60 mV at pH 2 then calculated the glabstsate surface charge was found

40 mV at measured point of the substrate.

[ ) AFM
Constant Potential
— — — Constant Charge

Force (nN)

0 2 4 6 8 10 12 14 16

Probe to Separation Surface, h (nm)

Figure 7.56Force versus distance curves measured atMLBCl with a silicon
nitrite tip on glass at pH 2dian~=+60 MV, ygas=+40 mV).

Results of AFM experiments conducted at pH 6 aoevshin Figure 7.57. If one
surfaces are negatively charged and other positaierged, the long range interaction
between the tip and glass surface should attradineAFM experiment agree with the
theory especially the AFM data clearly lie closeithe constant charge limit, but close
separation the theory and experiment was disadrediterature attributed to the
possibility of surface hydration (Ducker et al. 91%.

The experimental force curve was taken at pH 16 wédt concentration TOM
in Figure 7.58. The AFM experiment and theoretcalves also show the repulsive
curves both constant potential and constant cheage. The AFM experiment have
good agreement with the theory especially the AR¥adtlearly lie in between constant

potential and constant charge curves.
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Figure 7.57Force versus distance curves measured &M BCl with a
silicon nitrite tip on glass at pHwsin~+50 MV, yglass10 mV).
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Figure 7.58. Force versus distance curves measured aMvLBCI with a
silicon nitrite tip on glaas pH 10 {sisna~= -60 mV,
YQuartz— -100 mV)
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Quartz and Sapphire surface charge distributiondessrmined for 16 M KCI
solution for three different pH 2, 6, 10. The susig was divided into three vertical
regions to examine the surface charge distribuisrshown in Figure 7.59. In these
calculations, we assumed that the silicon nitrgtéstsharp and the surface potential of
the tip does not change at a given pH. As a rekaltsurface charge of oxide surface
was found from this optimum potential at that pantthe surface explained above and
applicable any local area of our surface. The sprmeedure was applied to multiple
points on the surface to obtain a surface chargjeilolition of the substrate.

+ + +

+ 4+ 4+
++-++<

+

Figure 7.59. Schematic representation of estimatioface charge distribution
of substrate by AFM.

The surface charge distribution of quartz (0001 sapphire (0001) surface was
determined by AFM by silcon nitride probe (R:5 nnander 1G M KCI solution at
various pH .

7.3.1. Determination of Surface Potential Distribuion on a Quartz
Substrate using Force data

Force separation curve of quartz (0001) surface sflimbn nitride tip at pH 2
was shown in Figure 7.60. The AFM experiment amdtheoretical curve also show the
repulsive curves both constant potential and cobstzharged case. The AFM
experiment have good agreement with the theoryceslhethe AFM data clearly lie
closer to the constant potential limit.
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Figure 7.60. Force versus distance curves measutirs® M KCl with a silicon nitrite
tip on quartz (0001) at pH @s(zn~=*+60 MV, youar=+3 mV).

Silicon nitride probe surface charge was taken #00 at pH 2, and kept
constant for all calculation at that pH. Then bgsmcedure was applied which is based
on simultaneous comparison between experimental @aldulated force—distance
curves obtained at pH 2 of the KCI@ solution by varying the surface potential until
an optimum is found as seen in Figure 7.61 and.7.62

2

® ° AFM
Constant Potential
—— — Constant Charge

Force (nN)
o
1

pg——————

_2 T T T T
0 5 10 15 20

Probe to Separation Surface, h (nm)
Figure 7.61. Force versus distance curves measutirs® M KCl with a silicon nitrite
tip on quartz (0001) at pH2sizne=+60 MV, youarn=-8 mV).
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Figure 7.62. Force versus distance curves measairs@ M KClI with a silicon
nitrite tip on quartz (0001) at pH Rdisn~=+60 MV, youar=+5 mV).

The surface charge distribution map of the qu&®0{) single crystal surface at
pH2 was given in Figure 7.63. Charge distributicaswhanging between +0.10 Volt:
-0.08 Volt of quartz at pH 2 as also was shownigufe 7.63. There is a positive and
negatively charged region at quartz surface becpds2 is the point zero charge region
of quartz. Zeta potential experiment results as $etween Figure 7.38—7.40 also have
a good agreement with the AFM experiment resulig2, surface potential of that pH
was around 0 mV. Surface charge distribution wdsutated 30 mV, according to
potentiometric titration results of quartz in Figur.50. If AFM measured surface
potential data were compared to potentiometri@tidn data, the result is different.
Potentiometric titration data were given only agerssurface potential but in AFM
point analysis gave surface potential map of satsts shown in Figure 7.63.

The force distance curve of quartz (0001) surfawe sdlicon nitride tip at pH 6

was examined in Figure 7.64.
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Figure 7.63. Surface charge distribution of qué&@g() at KCI 1G M pH2,
sisn=60 m V).
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Figure 7.64Force versus distance curves measured aMBCI with a silicon nitride

tip on quartz (0001) at pH @sizn~+50 MV, youari=-9 mV).
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In zeta potential measurement surface potertipHa6 was calculated -40 mV
(in Figure7.38-7.40) these results have a goodeaggat with the AFM experiment
results. At pH 6 it was difficult to get AFM experents. There was strong attraction
between tip and surface as seen in Figure 7. @bc#use after approaching the tip to
the surface, it was difficult to retract tip fromrface, to eliminate the attractive forces.

pH 6 () AFM .
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Probe to Separation Surface, h (nm)
Figure 7.65. Force versus distance curves measutirs® M KCl with a silicon nitrite

tip on quartz (0001) at pH@s(zn~+50 MV, youar=-19 mV).

The surface charge distribution of quartz (0001jase was examined by AFM
by silicon nitride probe under £oM KCI solution at pH 6. Silicon nitride probe sack
charge was taken +0.05 Volt at pH 6. The surfaeegehdistribution results of quartz at
pH 6was shown in Figure 7.66. Charge distributi@s whanging between -0.009 Volt:
-0.045 Volt as also shown in Figure 7.66. The ayereharge distribution was around -
0.035 Volt.
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Figure 7.66Surface charge distribution of quartz (0001) at K& M pH 6,
sian=50 mV).

The surface charge distribution of quartz (0001jase was examined by AFM
by silicon nitride probe under FOM KCI solution at pH 10. Silicon nitride probe
surface charge was taken -0.060 Volt at pH 10,kapd constant for all calculation at
that pH. There was strong repulsion between tipsaméace as seen in Figure 7.67 and

7.68.
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Figure 7.67. Force versus distance curves measiirs@® M KCI with a silicon nitrite
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Figure 7.68. Force versus distance curves measaire@ M KCI with a silicon nitrite

tip on quartz (0001) at pH(1@isn~=-60 MV, youar=-100 mV).
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Charge distribution was changing between 0 mV: -&0 as also shown in
Figure 7.69. In zeta potential measurement supfatential at pH 10 was between -60:
-80 mV, (in Figure7.40 —7. 38). The AFM surface guiial values were changing
between -100 mV and -120 mV. Larson et al. (1990n&d that silica particle surface
potential was measured between -60: -120 mV at@H ke literature and AFM results

were good agreement.
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Figure 7.69. Surface charge distribution of quédtin1) at KCl 1G M pH 10,
¥sisng=-60 mV).
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7.3.2. Determination of Surface Potential Distribuion on a Sapphire
Substrate using Force data

Sapphire (0001) substrate surface potential digioh was also calculated same
techniques as quartz. Silicon nitride tip surfaoceeptial values were not changed at pH

2, 6, 10 because tip and aqueous solution washamiged.

[ J AFM
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Figure 7.70. Force versus distance curves measairs@ M KClI with a silicon
nitrite tip on sapphire (0001) at pHy&ign~—+60 MV, ysapphire+40 mV).

Results of AFM experiments conducted at pH 2 amwvshin Figure 7.70 for
sapphire (0001) substrate surface and siliconteitip. If both surfaces are positively
charged the long range interaction between thang glass surface should repulsive.
The AFM experiment and the theoretical curve alsowsthe repulsive curves both
constant potential and constant charged case. Hw éperiment has good agreement
with the theory.

The basic procedure is based on simultaneous c@uoparetween experimental
and calculated force—distance curves obtained a® pH the KCI 1M solution by

varying the surface potential until an optimumdsrid as seen in Figure 7.71.
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Figure 7.71. Force versus distance curves measairs@ M KClI with a silicon
nitrite tip on sapphire (0001) at pHy&ign~—+60 MV, ysapphire+45 mV).

Polat et al. (2006) showed that for strongly basilutions, the behavior of the
alumina surfaces is profoundly different. The iat#ion is always repulsive, especially
at separations below 7 nm, most probably due tdyeation of the oxide surface. The
data suggest that the hydration layer acts aswdsiep barrier at separations closer than
10 nm.

Nowostawska et al. (2007) reveals that some alamaolloids display unusual
high stability in the predictions of the DLVO thgowhich is thought to be result of the
formation of a gel layer of Keggin ions s4D4(OH)**™ On the surface of the alumina
particles that creates a steric barrier that isdestribed by classical zeta potential. The
surface charge distribution of sapphire (0001) exefwas determined by AFM by
silicon nitride probe (R: 5 nm ) under i KClI solution at pH 2. Silicon nitride probe
surface charge was taken +60 mV at pH 2, and kapdtant for all calculation at that
pH. The AFM-derived surface potentials of sapptatepH 2 are shown. Charge
distribution was changing between +15 mV: + 45 n®Vaéso showed in Figure 7.72.
Zeta potential experiment results as seen betwepme=7.42—7.44 also have a good
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agreement with the AFM experiment results. Accagdio potentiometric titration
experiment results of alumina (Figure 7.54), swfabarge distribution was calculated
30 mV. Franks and Meagher (2003) have used sapghigée crystals. The potential of
(0001) sapphire surface was measured by streamiegel techniques between 30-60
mV.
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Figure 7.72. Surface charge distribution of sappt®001) at KCI 18 M pH2,
Ysisn~=60 m V).

Force separation curves for sapphire (0001) substnad silicon nitrate tip are
shown in Figure 7.73. At pH 6 the alumina surfex@oasitively charged, according to
our zeta potential and potentiometric titrationufess Most reports of the iep of
sapphire tend to indicate much lower values thasdlobtained for powders. In many
instances this lower iep has been unjustifiabigaitontamination. Larson et al. (1997),
took extreme care to avoid silica contamination eredamount of silicon on the surface
before and after force measurements was charaadesizd no silica contamination was
detected. Karaman and Pashley (1997) found thédeatween an oxidized aluminum

coated sphere ang-Alumina flat to be at pH 7. But in this work it aot clear that
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the o—alumina flat was polycrystalline or single cryssapphire. Franks and Meagher
(2003), measured isoelectric points @fAlumina sapphire single crystals for four
different crystallographic orientations; (0001)120), (1010), (1102). Both types of
measure-ments indicated that the iep of sapphigdescrystals between about 7 and 6.
The powder—Alumina was found 9.4, and they explained theedéfhce between two
types ofo—Alumina is attributed to the presence of differgmtes of surface hydroxyl

groups on the two different types@fAlumina surfaces.

10 -
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Figure 7.73Force versus distance curves measured aMBCl with a silicon nitrite
tip on sapphire (0001) at pHyisn~+50 MV, ysapphire-20 mV).

Also the silicon nitrate tip is negatively chargactording to our zeta potential
measurements (iep=3). In literature powder silicamide botho and  phases, iep
found between pH 3 and pH 9. Raiteri et al.(1988)nd the pzc of silicon nitride tip
(Microlevers, PSI, Sunnyvale,CA) 4.7. So silicatride tip pzc is really difficult to
observed from powder form because of various plgeait can be seen pzc of silicon
nitride tip should measured by AFM according taisoh which are used in the system.

Sapphire (0001) surface charge distribution of exemined by AFM by silcon
nitride probe under THM KCI solution at pH 6. Silicon nitride probe sacg charge
was taken +0.05 Volt at pH 6. In Figure 7.75 wasvwaithe surface charge distribution
results of sapphire at pH6. Charge distribution wlenging between -0.009 Volt:
-0.045 Volt.
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Figure 7.74. Force versus distance curves measutirs® M KCl with a silicon nitrite
tip on sapphire (0001) at pEyBiI3N4=+50 mV,ySapphire=-10 mV).

Potentiometric titration experiment results of dJappwere given in Figure 7.75,
surface charge distribution was calculated 20 m\pté for alumina powder. AFM
results were seen in. Figure 7.75, the averageeldistribution around -30 mV. In zeta
potential measurement surface potential at pH 6 wakulated +20 mV, (in
Figure7.42-7.44). Zeta potential and potentiomeitiation experiment were done by
powder from of alumina but in AFM experiment welsfprmed single crystal form of
alumina. Franks and Meagher (2003) were explaihatithe different surface potentials
of powders and single crystal form of alumina was tb the different types of surface
hydroxyl groups with differing reactivity to aciché base. And also shape of powder
and well-ordered single crystal was completelyedéht so this also because different
reactive site on surface and different bond ofatefhydroxyl groups.

According to Franks and Meagher (2003), singletafysapphire (0001) surface
potential at pH 6 was measured by streaming petlebgtween -10 mV: - 40 mV,
depending of the electrolyte solution. In our AFBbults were good agreement with

their streaming potential data.
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Figure 7.75. Surface charge distribution of sappt(001) at KCI 18 M pH 6,
¥sisne=50 mV).

There was repulsion between tip and surface as iseEigure 7.76. Sapphire
(0001) surface charge distribution of was examibngdFM with silicon nitride probe
in 10° M KCI solution at pH 10. Silicon nitride probe fare charge was taken — 60
mV at pH 10.

There was strong repulsion between tip and surfdse was determined in
Figure 7. 77. AFM experimental result and theory &ggood agreement, so we can find

the correct surface potential of the surface.
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Figure 7.76. Surface charge distribution of sappt001) at KCI 18 M pH 10,
(vsiang=-60 MV, ysapphire-60 MV).
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Figure 7. 77. Surface charge distribution of sagp{0001) at KCI 18 M pH 10,
(Wsiang=-60 MV, ysapphire-65 MV).
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In Figure 7.78 was shown the surface charge digtab results of sapphire.
Charge distribution was changing between —50 m8: i/ as also shown in Figure
7.78. Zeta potential measurement and potentiometration result of powder alumina
was not behaved like alumina single crystal. Tisellteof surface potential by AFM and

the other techniques were different.
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Figure 7.78. Surface charge distribution of sappt®001) at KCI 18 M pH 10,
(wsiana—=60 m V).

Surface potential of quartz and sapphire singlstalysubstrates were measured by
AFM with various pH in 1M KCI as shown in Figure 7.79. Quartz single criypiz
were measured pH 2 and sapphire single crystawgre evaluated around pH 4.5.
Quartz single crystal pzc has a good agreementquisitz powder (SO-01, SO-02) pzc
as shown in Figure 7.75, but SO-03 powder pzs hasvis a little difference. This
discrepancy could be explained by crystalline amdrghous silicon dioxide forms.
S0O-03 powder was measured by XRD as amorphous.offfezs SO-01, SO-02 and
single crystal substrate were crystalline form ii€en dioxide. In literature search
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there weren't came across with quartz single chysigace charge determination by
any surface potential measuring techniques. Ondytqpowder surface potentials were
determined by many researchers which they werdatdaliin Kosmulski (2001) pages
133-134.
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Figure 7.79. Surface potential of quartz and sapgby AFM.
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Figure 7.80. Surface potential of silica powder guodrtz single crystal AFM.

124



AO-01, AO-02 and AO-03 powder pzc was shown goockemment with each
other and also with literature (Kosmulski, 2001 ewdrtheless sapphire single crystal
has shown a little difference in pzc as shown muFe 7.81. This discrepancy could be
explained by crystalline and amorphous aluminundexorms. Franks and Meagher
(2003) explained that the different surface potasitnf powders and single crystal form
of alumina was due to the different types of swféydroxyl groups with differing
reactivity to acid and base. And also shape of movahd well-ordered single crystal
was completely different so this also because mdiffe reactive site on surface and
different bond of surface hydroxyl groups. Franksd dvieagher (2003) measured
surface potential with various pH the sapphire Isingrystal substrate in (0001)
orientation in 16M KBr solution as shown in Figure 7.82. Accordirg Figure 7.82
sapphire (0001) single crystal pzc was measuredtSHoy AFM., so this result in a

good aggrement with literature data of single alysapphire pzc.
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Figure 7.81. Surface potential of alumina powdeis sapphire single crystal AFM.
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Figure 7.82. Surface potential of sapphire singystal AFM experimenta() , Zeta
potentials of various sapplaingstalline orientations in 0.001 M KBr
by Franks and Meagher (2003) (
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CHAPTER 8

CONCLUSION

In this thesis we used a powerful surface analysis tool, AFM, to determine the
surface charge or surface potential on solid metal oxide surfaces in agqueous solutions.
Thisuse of AFM is new and novel and requires insightful use of theory and experiment.
Using AFM to map the charge distribution on surfaces in solution is different than the
EFM measurements in air since measuring surface potential in air or in vacuum is a
straightforward process which has been used for years using different devices. The
methodology, we used is basically depends on a point by point comparison of measured
interaction force between a surface and the AFM tip of known characteristics with the
theoretical force predicted fort he same system.

Measurements of surface charge distribution on a solid surface have profound
implications in colloidal science which use in numerous areas from ceramics to
biotechnology to pharmaceuticals. Current techniques such as electrophoress,
streaming potential, colloidal titration, etc. all give in average charge or potential for the
whole surface or for a collection of particles but do nothing towards estimating the
charge distribution on these surfaces.

The methodology requires overcoming two obstacles: The first obtaining a very
accurate measurement of the force of interaction between a well-defined tip and the
surface in question at a given point. The details of obtaining accurate force-distance
curves for such interaction using AFM is presented in this thesis. The second is
predicting the force of interaction for the same system using theoretical tools. The
details of how and under which conditions it is applicable are also explained in this
thesis. Then, the surface charge or potential is determined at that single point on the
surface where the measurement has been made by fitting the theoretical force-distance
curve to that measured with the AFM. Then, the same procedure is repeated over
multiple points on the surface to obtain separate charge or potential values on these
points on the surface leading to a charge/potential map of the surface.

Powder form of silica, dumina and SisN4 were used as the model systems, as its
surface charge can be controlled by regulating pH. Behind this point of view we have to
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well characterize our oxide powders. XRD patterns were given crystal structure of the
materials. The powders were used in this study showed crystal structure except
spherical silicapowder (SO-03). N, adsorption data was used to calculate surface area of
the powders by using Brunauer-Emmett-Teller (BET) approximation. BET surface area
of the powder was found between 1-3 m?/g for silica powders, 1.2 m?g for silicon
nitride and 3-12 m?g for alumina powders. Particle size analyzer like Sedimentation
method and dynamic light scattering method were applied to measure particle sizes of
the powders. As particle size measurement powders were observed generally bimodal
particle size distribution. Particle sizes which observed by SEM, were good agreement
with particle size measurement results. The particle morphologies were observed from
SEM micrographs. SO-03 and AO-03 powders were spherical shape others irregular
shape. For the identification of the chemical species constituting the first atomic layer as
well as the chemical state of the surface atoms was observed by Fourier transform
infrared (FTIR) spectrometry. For silica powders were shown the main characteristic
peaks of silicon dioxide in 1000-400 cm™ region, Si-O stretching vibrations. Silicon
nitride powder were shown asymmetric stretching vibration of Si-N-Si bonds at 470
cm™ and symmetric stretching vibration of Si-N bonds at 970 cm™. All alumina powder
was seen Al-O bands which corresponds to aluminum ions with tetrahedral symmetry at
830, 603 and 455 cm™.

Zeta potential and potentiometric titration methods were applied to investigate
electrokinetic potential for the powders. According to zeta potential experiments, point
zero charges (pzc) of silica particles were found pH 1.8, 2, 3 for SO-01, SO-02, SO-03,
respectively in deinozed water. Silicon nitride pzc was measured between pH 2.2-3 in
water and pH 3.4 in 10° M KCIl. AO-01 powder pzs was measured at pH 8.4 in
deionized water. AO-02 powder pzc was evaluated between pH 7.8-8.1 in water. AO-
03 powder pzc was calculated at pH 8.4 in water and pH 7.4 in 10° M KCI.
Potentiometric titration experiment were performed to investigate surface potential and
pzc for powders. Also surface complex formation with respect to concentration was
calculated using potentiometric titration data.

Cantilever cdibration, surface treatment (cleaning procedure), raw force
measurements and conversion of the deflection signa-piezo translation data to
interaction force-distance curves methods have been established. The theoretical Force-
Distance Curve caculations have been produced. We have been used new Analytical
Solution of One-Dimensiona Poisson-Boltzmann Equation for al potential.
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The interaction force between SisNy4 tip and a smooth oxide plates were directly
measured using AFM. The influence of solution pH on the force was measured between
the tip and a plate. Moreover, the measured force was found in a good agreement with
theoretical predictions. The standard DLV O theory can be useful for calculations of the
theoretical force curves to correct the measured force- distance curves, so we could able
to found surface potential values of oxide substrate. New analytical solution of PB
equation valid for any potential was applied successfully to estimate the surface charge
of various surfaces. We have used well defined tips (SisN4) which interact with well
defined oxide surface under various pH in order to map the surface charge distribution
of oxide surface. Quartz substrate was used as the first model system, as its surface
charge can be controlled by regulating pH and surface charge map was established. At
pH 2 which quartz surface potential nearly zero at this pH, surface potentials were
differentiated positive, neutral and negatively charged areas. Surface charge map of pH
6 was showed -40 mV areas. Quartz substrate surface potential at pH 10 was evaluated -
100 mV. Sapphire (0001) substrate was measured by AFM and found surface charge
distributions at various pH. The surface charge distribution at pH 2 was measured 45
mV areas on the surface. At pH 6 was evaluated by the same method and surface charge
distributions were differentiated between -50: -10 mV. This result was not good
agreement with surface potential of powder alumina at that pH. At pH 6 powder forms
surface potentials were measured around 20 mV. This discrepancy could be explained
by completely different shape of the powder and well-ordered single crystal causes
different reactive site on surface and different bond of hydroxyl groups. Surface charge
distribution of sapphire substrate at pH 10 was found generally -60 mV areas.

This study presents extensive laboratory techniques to characterize the silicon
dioxide, silicon nitride and aluminum oxide powders. A novel application area of AFM
for surface charge distribution is proposed, as well. We prepared well defined tips
which interact with well defined oxide surface under different pH in order to map the
surface charge distribution of oxide surface. The objective of the present work is to
assess the applicability of atomic force microscopy (AFM) to surface charge mapping,
i.e., the detection of positive or negative charged regions on an oxide surfaces. AFM
can be used as a charge probe for agiven surface. The system must be streamlined for
routine operation by meshing theory and measurement with proper algorithms.

The methodology used in this work is in visionary and constitute a preliminary
approach compared to what can be done in the future. However we were already talking
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to AFM manufacturers to establish modes and algorithms in their AFM devices to
automatically obtain force-distance curves on multiple points on the surface while
instantaneously comparing with theory to result in charge/potentia topography of the
surface much like a regular surface picture. Once this is achieved, AFM can be safely
used as an electrokinetic tool for surface anaysisin solutions.
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APPENDIX A

A COMPILATION OF HAMAKER CONSTANTS

Table A. A compilation of Hamaker Constants (XlO’Zo )

(Source:Polat and Polat, 2000-2)

Material Hamaker Constant | Reference Method
Water 5.47 v Visser, 1975 L
4.38 (vD) Krupp etal.,, 1972 L
4.35 v Bargeman and Voorst Vader, 1972
3.70 avD) Hunter, 1992 L
Ionic compounds
Agl 15.8 4v) /2,75 (v Lyklema, 1967 MicA
3.1-4.4 awh Mathai and Ottewill, 1966 CcC
ThO, 10 (v Rastogi and Srivastava, 1969
Kaolinite 20 (w1 Hunter and Alexander, 1973 CC
10-70 (wh) Ottewill and Rastogi, 1960
MO 11.6 4D /1.80 (wh) Visser, 1975 L
10.6 D Bohme et al., 1969 L
1.76 4wD) Krupp, et al., 1972 L
AlLOs 17.91 0D /4,44 0wl | Visser, 1975 L
15.5 v Bohme et al., 1969 L
15.4 vD) Bargeman and Voorst Vader, 1972
4.17 w1 Krupp, et al., 1972 L
Al(OH); 12.6 4vD) Zimon, 1969
SiO, 8.55 (v Buttner and Gerlach, 1970 MacA
16.4 v Fowkes, 1967 ST
50 4vD) Jongh, 1958 MicA
0.2-0.94 (w1 Watillon and Gerard, 1964 MicA
1.7 awn) Fowkes, 1967 ST
Quartz 8.0-18.6 (¥D) Gregory, 1970 MacA
8.83 (W) /1.70(1w) Hunter, 1992 MacA
1.2-5.6 (v Gregory, 1970 MacA
Mica 2.0-2.1 v Hunter, 1992 MacA
Sapphire 15.6 Av) /5,32 (1w Hunter, 1992 MacA
Calcite 10.1 Av) /2,23 (1w Hunter, 1992 MacA
CaF 7.20 (WD) /1,04 (wD) Hunter, 1992 MacA
TiO, (anatase) 19.7 avp Fowkes, 1967 ST
2.5 w Fowkes, 1967 ST
TiO, (il 31.0 D Fowkes, 1967 ST
5.9 (wl) Fowkes, 1967 ST
Fe;O3 23.2 WD) /3 4 (w1 Fowkes, 1967 ST
Fe(OH); 65 (v Jain and Srivastava, 1969 MicA
180 (v Jain and Srivastava, 1969 MicA
17.7-20.0 @w Zimon, 1969
CdS 16.8 WD/ 5.24 (1w Visser, 1975 L
15.3 v Bohme et al., 1969 L
4.85 (1w Krupp, etal., 1972 L
SnO, 25.6 WD /4.3 () Fowkes, 1967 ST
KCl 6.2 D Bohme et al., 1969 L
0.31 (w1 Krupp, et al., 1972 L

The values in the table for a given material are listed from more reliable ones down to less accurate ones .
(1v1) : Interaction in vacunm; (1w1): Interaction in water; CC: Colloid Chemistry; MicA: Microscopic Approach;
MacA: Macroscopic Approach; ST: Surface Tension;  1.: Liftshitz Formula

(Continue on next page)
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Hamaker Constants (x10-2 J)

Table A(cont.)

Material | Hamaker Constant | Reference Method

KBr 7.15 vD /(.69 (w) Visser, 1975 L
6.7 v Bohme et al., 1969 L
0.54 (wh Krupp, etal., 1972 L

CaO 12.4 vh Buttner and Gerlach, 1970 MacA

KI 6.3 vh Bohme et al., 1969 L

CaF, 6.55 IvD Buttner and Gerlach, 1970 MacA

FElements

Diamond 32,9 vh/ 15,1 (wl) Visser, 1975 L
28.4 v Bohme et al., 1969 L
13.9 (v Krupp, etal., 1972 L

Carbon 21.7 v Marshall, 1964 MicA

Graphite 47.0 v Bohme et al., 1969 L
3.7 (wl) Fowkes, 1967 ST

Diamond 32,9 vh/ 15,1 (wl) Visser, 1975 L
28.4 v Bohme et al., 1969 L
13.9 (4w Krupp, etal., 1972 L

Hg 43.4 D) /10.5 v Fowkes, 1967 ST

Pt 8-16 (wh Derjaguin et al., 1969 CC

Au 54.7 W/ 377 (v Visser, 1975 L
45.5 v Bohme et al., 1969 L
45.3 v Bergeman and Voorst Vader, 1972
33.4 awl) Krupp, etal., 1972 L

Ag 44,7 WD/ 29,7 (wh) Visser, 1975 L
40 v Krupp, etal., 1972 L
39.8 (v Bargeman and Voorst Vader, 1972

Cu 30.7 h/ 17,9 (v Visser, 1975 L
28.4 (v /17,5 (wl) Krupp, etal., 1972 L

Si 25.9 v/ 13.4 AwD) Visser, 1975 L
25.6 v /13.4 (w1 Krupp, etal., 1972 L

Ge 32.0 Wh/ 17,8 (wh) Visser, 1975 L
30.0 (WD /17.7 (wh) Krupp, etal., 1972 L

Te 14.0 Av) /5,38 (1w Krupp, etal., 1972 L

Fe 21.2 v /29 (w1 Fowkes, 1967 ST

Pb 21.4 v /30 (Awl) Fowkes, 1967 ST

Sn 21.8 v /371 (wl) Fowkes, 1967 ST

Hydrocarbons

Pentane 3.75 v) /().34 (1w Hunter, 1992 MacA

Hexane 4.07 D /0.36 (v Hunter, 1992 MacA

Heptane 4.32 (v /(.39 (1wl Hunter, 1992 MacA
3.6 v Crowl, 1967 MicA

Octane 4.50 WD/ (.41 (wD) Hunter, 1992 MacA
4.6 (v Duyvis, 1962 CC
0.69 (v Sonntag, 1967 CcC

Nonane 4.66 v /(.440w1) Hunter, 1992 MacA

Decane 4.82 v/ 0.46 (wD) Hunter, 1992 MacA
5.0 vy Crowl, 1967 MicA
4.6 v Walbridge and Waters, 1966 MicA
5.8 v Gregory, 1970; Clunie et al., 1970 MicA
.0.4 aw) Visser, 1972 CcC
0.55-0.61 v Parsegian and Ninham, 1971 MacA

Undecane 4.88 (v1) /(.47 (w1 Hunter, 1992 MacA

Dodecane 5.04 v1) /0.50 (wh) Hunter, 1992 MacA

The values in the table for a given material are listed from more reliable ones down to less accurate ones .
(1v1) : Interaction in vacunm; (1w1): Interaction in water; CC: Colloid Chemistry; MicA: Microscopic Approach;
MacA: Macroscopic Approach; ST: Surface Tension; 1. Lifishitz Formula

(Continue on next page)
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Hamaker Constants (x10-20 )

Table A(cont.)

Tridecane 5.05 avD /(.50 (1w Hunter, 1992 MacA

Tetradecane 5.10 vD)/0.51 (wh Hunter, 1992 MacA

Pentadecane 5.16 v1) /0.53 (wh) Hunter, 1992 MacA

Hexadecane 5.23 (Iv1) /.54 (wh) Hunter, 1992 MacA

Octadecane 0.4 awh Visser, 1972 CC

Benzene 23 (vl Parfitt and Willis, 1966 MicA
0.04 (w1) Albers and Overbeek, 1960

Toluene 10 D Jain and Srivastava, 1969 MicA
5.4 (v Croucher and Hair, 1977

Chlorobenzene 58 (1v1) Sheludko et al., 1965 ST

CCly 37.7-57.0 tvh) Sheludko et al., 1965 CC,ST

Acetone 4.2 v Croucher and Hair, 1977.

Polymers

PVC 7.78 vh /1.30 (1w Hunter, 1992 MacA

PVA 8.84 (v /().54 (1w Dunn, 1970 MicA

PMMA 6.3 (v Dunn, 1970 MicA
7.11 vh/ 1,05 (w) Hunter, 1992 MacA
0.72-6.2 (D) Friend and Hunter, 1971

PVF 21.8 (vD Marshall, 1964 MicA

Polystyrene 7.31 Wb/ (.42 D | Visser, 1975 L
6.58 vD /(.95 (1w Hunter, 1992 L
6.5 v/ (.35 (vl Krupp et al,, 1972 MacA
7.8-9.8 D) Croucher and Hair, 1977

PE 10.0 v /0.4 (w1 Fowkes, 1967 ST

PTFE 3.80 (vh/ (.33 (iwl) Hunter, 1992 MacA
5.6 v /(.04 (w1 Fowkes, 1967 ST

Various Resins 6.4-7.5 WD Crowl, 1967

DMMA 9-10 (wD) Neiman et al., 1969 CC

Cellophane 45.4 (v Marshall, 1964 MicA

The values in the table for a given material are listed from more reliable ones down to less accurate ones .

(1v1) : Interaction in vacunm; (1w1): Interaction in water; CC: Colloid Chemistry; MicA: Microscopic Approach;
MacA: Macroscopic Approach; ST: Surface Tension; 1. Lifishitz Formula
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APPENDIX B

MATCAD PROGRAM FOR SILICON NITRIDE PROBE-
SILICA/ALUMINA SUBSTRATE FOR CONSTANT
SURFACE POTENTIAL/CHARGE SYSTEM

B1. Theoretical Force Calculation for Silica-Silicon Nitride Surfaces of
Constant PotentialCase

s T=293K cosldn—d

(q;:= 60010 1V Wy, == 10010 “[V c 3
F = 964845+~ m
ZIF ZIF mo 2
Yqi = —q, Yo = —y B -12 C
1i 1i 2i 2i =
RIT RIT c=7gr g=q £0=885410 B_Jmn

3 2.2
Yqi = 2.376 Yo = 0.396 R = 8.31441—— 2Z TF [Cq
1i 2i molK K =
BRI

1
K = 1.049x% 108—
m

Arbitrarily Charged Plates of Same Sign-Constant Potential

sy=(200s(Yy) -2 % sy=(2mosn(Yy) - 5 =2976  S,=03%

Spp =2 5= 22 (8=~ 53,5~ 253 Sy
47 300

0(Sy) =55 - 20sh(¥) $1(Sy) = (2osh (Yq) + 0(s5))>

J 1 ()
Jol{sfsa-o(s)) -4

0

du

Xm(Sy) =R

S

Jf f{s7a-0ls)) -4

0

du

me(Sz) =R

HS2) = Xin(S) + Xpmp(S)
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B2. Theoretical Force Calculation for Alumina-Silicon Nitride
Surfaces of Constant PotentialCase

L ,  T=293K
Wq;:= 6010 "V Wpi 1= 1010 1V
F= 96484.555}—I
7F 7F mo 2
Yqi=——q, Yoi := ——[y _ -12 C
1i 1i 2i 2 =8.85410 ~TE—
RT RT =78t z=1 0 o

70
Yq;=2376 V5=0396  R=83Ly =1040x 18+ |22 F Co
M | eRyRO

Arbitrarily Charged Plates of Same Sign-Constant Potential

syi=(200s(Yy) -2 sy=(2mosn(Yy) - s =2076  S,=039%9
. S0~ Sy
Spf =2 8=y (S22~ B Si ~ 28y Sy

0(Sy) =5 - 20sh(¥) $4(Sy) = (2osh (Yy) + 0(s5))>*

Xm(SZ) =R 81(82) du

Jol(sfsgu-ofs9) -4

0

S
me(SZ) =R du

[l(s20-0(s))"-4

0

HS2) = Xm(S2) + Xemp(S2)
Fe(Sz) = —(cosh (Yzi) -1- '5[522)
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B3.Theoretical Force Calculation for Silica-Silicon Nitride Surfaces of
Constant Charge Case

Arbitrarily Charged Plates of Same Sign-Constant Charge

Constants
J 1= _
R = 8.31443—— T = 293K CO =1 ol € =785
molK 3 ,
C m _ -12 C
F = 96484.54— z=1 €g= 8.85410 —
mol Jin

2T,
X =
eBRT

1) Y1i:=209¢  Yp:=0.30! sy= (220 (Yy) -2 Sy:= (2e0s(Yy) -2)°

Syj = 2.506 S,; = 0.306
Wy = Y1|E€%j Wo; = Y2|E€%j
i S BOSEY Wi = 7.7009% 107 °V
Yo Yot
2) Yor=10 = V2= Yo; =8, Y = 28.. Yy
S Sy
3) (p(Yz) = 32i2 — 2[¢osh (Yz) Yl(Yz) := acosh L—ZI - —2| + cosh (YZ)J
1
4)  Xp(Yo) =R il du
) 2
U[E(Sli N —cp(Yz)) - J
0
1
Xmp(Y2) =R 2 du
Jui{ssin-ofed) -4
u (S,Zi N —cp(Yz)) -
0

HY2) = Xin(Y2) + Xip(Y2)

5) Fo(Yy) = cosh (Y,) - 1~ 58,
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B4. Theoretical Force Calculation for Alumina-Silicon Nitride
Surfaces of Constant Charge Case

Arbitrarily Charged Plates of Same Sign-Constant Charge

Constants
J 1= _
R = 8.31443— T = 293K CO =1 ol € =785
molK 3
m

C _ -12 C

F = 96484.54— z=1 €g= 8.85410 +—
mol Jin

2T,
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eBRT

1) Ygi=209  Yp:=030! sy=(2osh(vy) -9 °  Sy:= (220 (v5) -2)*

Sy = 2.506 S,; = 0.306
=y BT =y BT
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2) YarE1 3= Y2|30;(2f V2= Yoi =8, Y = 28.. Yy
SR
3) (Y, =5, - 2osn(Y,) Y4(Y5) := acosh L_ZI -2+ cosh (YZ)J
1
4)  Xp(Yo) =R il du
, 2
U[E(Sli i —cp(Yz)) - J
0
1
Xmp(Y2) =R 2 du
Juissa-ofra) -4
u (SZi [w “P(YZ)) -

HY2) =X Y2) + Xmp(Y2)

5) Fo(Yy) = cosh (Y,) - 1~ 58,
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6)

5.5
Yl(Yz)
4
Yy
2.5 \x
1 0.75 15 2.25 3
H(Yz)
20
150)
Fe(Yz)loo'I
5
0 0.75 15 2.25 3
H(Yz)
A:=281710 2% pi = 314 H(Y,)
9 D(Yz) =
Ra:=25x 10 " K
-A
FolYo) = —mMMm——
w(Y2) swi{o(v,)° Fee(Y2) := (Fe( Yo 2ICyRIT)

Falvo(Y5) := Fy(Yo) + Feg(Y2)
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APPENDIX C

SURFACE CHARGE DISTRIBUTION CALCULATION
ALGORITHM

*Calculation were done for alumina sample (AO-0O3)
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Concentration
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