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Abstract

Surface charge arising from interfacial reactions of
electrolyte ions with SiOE, 9120 5 9120 .SiCl2 (mullite), and
ZrQ, suspensions are analysed using potentiometric
titration. Points of zero charge, p.z.c., are calculated
and surface charge profiles are plotted for these oxides.
The intringic surface ionization and complexation constants
of electrolyte ions on the surface are determined from the
surface charge data using the double extrapolation technique
of Davis, James, and Leckie. Theoretical equilibrium

‘:} calculations are employed to solve for the interfacial
reactions at the oxides/solution interface using the
experimentally determined ionization and complexation
constants to estimate the concentration of charged species
in the electrical double layer, e.d.l.. From this estimate,
the charge and potential distribution in the e.d.l. are
calculated. The thecretical surface charge curves for Si0
and Al_0O., are compared to those determined experimentally.
z—-potentials for RIED are calculated from electrophoresis
data are ccmpared thﬁ the theoretical values of the diffuse
layer potential, ?d. The theoretical charge distributions
predict the experimental surface charge data well, implying
that the DJL model applies for these systems. Theoretical
diffuse layer potentials predict the experimentally measured
g—-potential well for pH-values greater than the isoelectric
point.
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1) Introduction

Typical ceramic processing technigues such as milling,
dispersing, and casting, aften produce green bodies of poor
quality that require excessively high temperatures to sinter
fully (REF B#ook-ela). Poor properties are the result of
the firal, nonuniform, fired microstructuras that develop
from the poorly controlled green microstructure (REF Evans—
82a). This problem reflects the fact that standard ceramic

processing techniques do not adequately control particle

“arrangement in suspension.

If a ceramic suspension settles into an ordered array,

the resultant green body exhibits regular particle spacinag,

‘a desirable feature for homogeneous sintering.

Agglomeration of individual particles must be prevented to
eliminate randomly packed regions in the ordered green body
(REF Evans-82b). Furthermore, the use of spherical,
monodispersed particles promotes uniform packing, in
contrast with the irregularities arieing from the broad
particle size and shape distributions of normally milled
powders (REF Rhodes—81la). Contrcl of agglomeration anc -
particle size and shape distributions pérmits ordered
particle arrangement and high density in ceramic suspensions
and green bodies.

The major technological consequences of understanding
and controlling powders and their packing, according to
Bowen (REF Bowen—80a), are:

1) Reliably reproduced microstructur:s.

2) Elimination of warping and eracking in densified

8



pieces.

3) Reproducibly sintered complex parts that do not
require final grinding or finishing steps since
shrinkage is controlled and uniform.

4) Formation of very fine—-grained microstructures with
improved mechariical properties.

S) Reduced sintering time and temperature.

6) Improved physical properties.

7) Reduced need for sintering aids.

Studies by Jubb (REF Jubb-82a) and Barringer (REF Barringer—
82a) support Bowen'’s contention show that monosized
particles improve processing by promoting ordered particle
packing in the green body, thus forming dense, sintered
pieces.

The next question is, how do we control particles in

ceramic systems prepared using less ideal, commercially

available powders that are not monosized, spherical, or
nonagglomerated? Rgglomeration and most interactions in
thgse suspensions originate_with the electrical double layer
(e.d.l.) surrounding suspended particies. Consequently, the
control of flocculation involves the surface and diffuse
layer charges and potentials that govern not only suspension
stability, but also interparticle spacing and particle
arrangement in the concentrated suspension. Krnowledge of
the e.d.1l. and appropriate models for ceramic powders are
required fo control ceramic processes reproducibly and to
predict material properties reliably (REF Bleier-83a).

The e.d.l. of a material in suspension depends on.the
predominant surface phase and on the reactions that occur
between the surface and solution. Since the properties of
single and multicompornent powders in suspension are governed

by the surface phase, the major volumetric phase may not



significantly influence the e.d.l. properties. This is

especially true when minor phases or contaminants that are

highly surface active are present. SQrFace charge and
potential arise from reactions of surface sites with the
electrolyte ions in solution. The e.d.l. properties can
therefore be modeled by determining appropriate surface-
solution equilibria. These reactions are described by:

1) Surface ionization and complexation coefficients.

2) Surface and bulk solution species concentrations.

3) Charge and potential distribution of the electrical

double layer. :

The nature and éxtent of these reactions must be understood
in order to coritrol the e.d.l. properties of the powder,
thereby pfeventing agglomeration, ensuring suspension
stability, and improving processing;

The Davis, James and Leckie (DJL) model (REF Davis—78a,

James—-82a) describes the reaction of H', OH , and

. electrolyte species at the surface and in the e.d.l. for

simple, single component oxide suspensions. A double
extrapolation technique is employed to calculate the
ionization and complexation constants of surface species.
Unfortunately, a simple model adequately describing surface
reactions and development of the e.d.l. does not presently
exist for powders with multicomponent surfaces.

The principal objective of this study was fo determine
the reactions that occur on several oxide powders in aqueous
suspension and to model the change in the e.d.l. structure
and properties that result from these reactions. Silica,

alumina and zirconia were chosen for study since they are
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technologically important ceramic oxides. Mullite,
391203.23102, was chosen since it is a common mixed,
multicomporent oxide. composed of two of the single oxides
studied. The support electrolyte was NaCl because of the
extensive literature available on it.

In this~work, the surface charge of several silicas,
aiuminas. and‘mullite were measured in aqueous NaCl
solutions using potentiometric titration. Thé DJL model was
used to calcuiate the apparent surface ionization (for OH ™
and H+) and compléxation (for Cl  and Na+) coefficients at
various conditions of pH and salt concentration. From these
values, intrinrsic thermodynamic surface coefficients were
determined via extrapolation to the conditions of zero
surface charge condition. The computer progvram, SITECAL,
was used to calculate the relative concentrations of charged
species at the surface and in the e.d.l., for a Qide range
of pH and electrolyte concentrations, based on the intrinsic
ionization and complexation constants. Electrical double
layer charge and potential distributions were estimated and
compared to the experimentally determined 0° for silica and
alumina to check the consistancy of the proposed reaction
model for these oxides. Comparison between the theoretical
¥, and experimentally measured p-potential for alumina were

d

made.
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2.1) Models of the Oxide/Solution Interface

e D e e ——— -

When an oxide powder is immersed in an electrolyte
solution, ions distribute near the solid/solution interface
creating the electrical double layer, e.d.l. This

distribution occurs in response to the surface potential

generated as a result of chemical reactions between surface

gsites and charged, solution spec.es. Csunterions, soluéble
species opposite in sign to that of the surface, distribute
in the solution to balance or screen the surface charge.
Several models propose to describe the locations of ions
near a charged interface: the Gouy-Chapman model, the Stern—
Grahame model, and various others derived from these two

models.

2.1.1) Gouy—Chapman and Stern—Grahame Models

Gouy—1®a and Chapman—13a derived equations, the GC
model, relating the equilibrium concentration of ions
surrounding a charged mercury electrode in solution. Ions
distribute in solution near the electrode surface in
reéponse to the applied potential resulting in the
electrical double layer. The simplified, pertinent
equations that describe the distribution of charpe, ¢, and

potential, ¥, in the e.d.1l. are:

e2.1.1 ¢, * ¢, =0

d
i/2

e2.1.2 ¢, = —(8c€KT) sinh(—e?olsz)

d

where, c is the concentrationj
o and d denote the surface and diffuse layers;
€ is the dielectric constant;

12



D

is the Boltzman constant;

is the temperature;

is the charge on an electronj;
is the electrolyte ion charge;

N AX

The GBC model predicfs much higher charge densities for
high surface potentials thaﬁ is expected, since a finite ion
size igs not assumed. Thus, an infinite number of ions can
approach the surface in response to the applied surface
potential. ‘

Stern—-24a modified the GC model after realizing that
ions have a finite size and that they can, therefore, only
approach the surface to some finite distanbe, thereby
limiting the maximum adsorption density. Stern divided the
e.d.l. into two regions, one located adjacent to the surface
cohtaining specifically adsorbed ions (the Stern layer) and
the other consisting of unoriented ions in a& diffuse, GC
type region. The thickness of the Stern plane, d, is
approximately half the radius of a solvated ion. Important
assumptions about the adsorbed léyer at the surface are (REF
Hiemenz—-77a) : |

1) The adsorption follows a Langmuir adsorption isotherm

which may be written:
e2.1.3 6 = Kn°/(1+Kn°)

where, 8 is the fraction of occupied surface sites;
K is & constantj
n is the concentration of the adsorbing ion.

o
This isotherm implies a state of surface saturation. The
constant, K, is described by a Boltzmann factor where the

potential energy is composed of electrical and chemical

13



terms involved with adsorption in the Stern plane:

e2. 1.4 K = exp((ze?d+0)/kT)

where, 0 is the chemical energy of adsorptionj;

?d is the electrostatic potential at the Stern plarne.

2) A parallel plate capacitor model describes the linear

potentizl profile in the Stern plane which can be formulated

" to include the fraction of occupied sites:

where, d is the distance between the surface and the diffuse
layer;

¢dsat is the maximum diffuse layer charge.
Brahame—-47a refined Stern’s model by considering the
atate of hydration of the surface and adsorbed ions to
determine positions of the planes of adsorption. The
physical picture of the Stern model remains intact, but an
explanation of the locations of the a&sorption planes is
given in this S6G model. The metal surface with charge, oo,.
and potential, !o,,is considered covered by a layer of water
molecules, in the inner most double layer region.
Unhydrated electrolyte ions (usually anions or larga
cationg) digplace the hyqrated layer and specifically adsorb
at the surface such that their centers def;ne a region known
as the inner Helmholtz plane (IHRP), some distance, B, from

the surface. Hydrated ions, usually cations, do not

displaee the layer of hydration and the center of these ions

14



defines the outer Helmholtz plane (OHRP),. sbme distance, d,
from the metal surface. Farther from the surface, a region
of unoriented, dfffuse ions extends from the OHF intc the
bulk solution. This diffuse regior of the e.d.l..has an ion
concentration profile given by the Boltzmann distribution.

The pertinent equations for the SG model are:

e2.1.6 db + ob + ’d = 0 (Charge Neutrality)
e2.1.7 ?o - ?B,ﬂ dolcl . (IHP)
&> +o o,
e2.1.8 ¥, - ¥, = -2-2 = - -4 (GHP)
: c c
2 2
where, Ci(a) are the capacitances for the inner (outer)

adsorption planes;
o, B and d respectively identify the surface, IHP and

OHP.

" Equations e2.1.7 and e2.1.8 upgrade Stern's capacitor model.

The variations of the Stern model are shown in Figure
2.1. 1In the basic Stern model, the outer capéeitance is
assumed zero hence ’6 = ’d (Figure 2.1c). In the extended
Stern model, the outer capacitance is not zero resulting in
the potential profile seen in Figure 2.1c. The Stern theory
introduces terms, 01 and K, that cannot be easily
experimentally evaluated. The inner layer capacitance
cannhot be directly determined since the surface and IHP
potentials cannot be meagured. The conetant K is difficult
to determine from energy considerations since the chemical

and electrical energy components of adsorption cannot be

separated.
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2.1.2) Surface Charne_ Development

To develop the GC and S6 models, a potential was
considered applied to a mercury electrode, so that Yo was
experimentally controlled. The development of surface
charge was considered straightforward and given by
relatively simple equations. Hence, detailed charping
mechanisms were considered of minor interest due to the
metallic properties of Hg(l) electrodes.. Contrastingly, for
oxide surfaces, charging mechanisms are of primary concern
because the surface charge originates with reactions between

solution species and discrete surface sites. Therefore site

' type, density, and the overall surface charge must be

determined, in order to describe e.d.1l.’s associated with
metal oxides in terms of equations e2.1.1 through e2.1.6.

Dry oxide surfaces, by their insulating nature, are
electrically neutral and have no net surface charge or‘
potential. When oxide powders are placed in aqueous
solution, HeD and H+ and OH ions react with the zurface to
generate a hydroxylatad layer. If this hydroxylated layer
is considered as the new surface, then H+ and OH ions from
solution‘équilibrato with the hydroxyiated surface sites.
Ionization reactions change the number of charged species on
the surface, altering the surface charge and potential. The
H+ and OH ions are therefore considered potential-

determining ions (p.d.i.).for ceramic oxides proeas%ed in

aqueous solution. Electrolyte species may alao adsorb

16



specifically (unhydrated) or nonspecifically (hydrated) as
discussed earlier. Adsorption of posnitive and negative
p-d.i. is not usually stoichiometric and surface charging
generally results. The net surface charge of an oxide in

aqueous solution is described by the equation:
e2.1.9 ¢_ = F(I_-I')
o + -

where, F is the Faraday constantj
P is the surface adgsorption density of the
positively and negatively charged species.

The pH at which the surface charge is zero is called
the point of zero charge (p.z.c.). Since the surface
potential is also considered zero at the p.z.c., the Nernst
equation can be written to describe the surface potential at

any pH. Note: in most cases, the hydrogen ion concentration

1s.assumed equal to its activity:
e2.1.10 ¥ = === (pH —-pH)

where, pH |is -logEH+Jé

L 1 is the icn concentrations

R is the gas constant.
This approach is valid only if the solid and solution are in
thermodynamic equilibrium andAH+ and OH are the effective
p.d.i. Equilibrium is not usually attained in titration
experiments designed to yield surface charge because
solubility of the oxide in the electrolyte solution often
invalidates the use ot the Nerast equation. Finally, the

diffuse layer potential, Y may be estimated for oxides

d!

from experimentally determined z-potentials.

17



2.1.3) Pgrous Surfaces

in order to explain very high surface charge and low z-
potentials exhibited by some oxide powders, several authors
have modeled the surface as a porous gel layer (REFS

Lyklema-68a,71a, Tadros—-68a, 69b, and Perram-73a, 74a). Here,

- the surface is considered porous to potential-determining

ahd counterions. Adsorption is enhanced by the surface's
microporosity or gel layer formed via surface dissolution
and reprecipitation. Penetration of'counterions into this
region neutralizes the charges developed by p.d.i. Thus,
high surface charge can develop without the correspondingly
high z—-potential because of charge neutralization within the

e.d.l.

2.1.4) gife—Binding Surface Models

Several authors model the surface of an oxide in
solution as planar, impervious, and consisting of surface
sites that undergo chemical reactions with the solution's
electrolyte ions (REFS Berube-68a, Levine-7l1a, Wiese-71a,
Hunter-71a, and Yates-74a). Reviews of surface-site models
include those by Healy-78a, Westall-80a, Morel-81la, and
Sposito—83a. Acecoirding to fhese models, surface sites
ionize to form positive and negative sites that then react
with soluble counterions. RAll of the models employ surface
reactions that may be represented by mass balance equations

of the type:

18



csoH_ "1

e2.1.11a SOH® + H_ ' = SOH," K = — Em -
: \ . [SOH JEHs 1
_ . o [SOH®]
e2.1.11b SO + Hs = S0H Ke = === T,
£SO 1CfH_ 1
s
where, S is a surface metal ion siteg
SDHo is a neutral, hydroxylated surface sitej
SDH2+ is a positive, ionized surface group;
sg ' is a negative, ionized surface groupj
.H * is a.hydrogen ion located at the surfacé.

The electrical potential developed at the particle surface
and its decayihg field in the adjacent solution result from
these ionization reactions and cause the chemical potentiai_‘
of the e.d.l. species fo change. This process requires the
distribution of ions in the e.d.l. to obey the Boltzmann
distribution, which describes the potential decay from the
surface to bulk solufion. Equations e2.1.11a and b are

therefore modified to include:
2.1.12 [H 71 = tH__Tienp(-e?_/kT)
ec. - s aq P o

where Haq+ is the free H+ concentration in solution.
Similar expressions pertain to each specie in the e.d.l.

The concentration 6f each spacie is normally used instead of

‘activities aince the latter are difficult to determine.

The material balance equations used to describe surface

reactions are of the forms:

e2.1.13a I'(SOH) = [SOH1 + [SO 1 + ESDHE+J

19



e2.1.13b T(H) = [H'1 - [OH 1 + [SOH,

*3 - 071
where I' is the total surface concentration of the specie.

All site-binding models include similar mass law and
material balance equations to describe reactions in the
double layer. However, the specific réactions thought to
occur in the e.d.l. differ, changing an ion’s position in
the double layer and the local potential it experiences.
These constraints generate detailed reéctions that are
specific to each model.

Since the surface potential of an oxide cannot be
ﬁeasured easily, as in the case of metallic electrodes, the
separation of the ionic interaction_energy into its.chemical-
and ‘lectrostatic components is difficult. Thus, it is
common to determine chemical intéractjoh energies by
extrapolation of experimental data to the condition of zero
charge and potential.

The constant capacitance models of Stumm-76a,
Schindler-72a, and Hohl-76a can be regarded as the high
ionic strength case of the basic Stern model (see Figure
2.1a). The relationship between surface charge and

potential is assumed to be linear:

e2.1.14 o = C¥ (Cm ™ 2)

This potential is used in the mass balance equations to
correct the experimentally determined reaction pK-values

that depend linearly on the charge:

20



(soH®) (H)

i -- —————————
ed. 1. 15a pKal(d) pK at + b+¢ Kal(v) = +
(SOH_,")
2
i (807) (H)
EE. 1- lsb pK (Q) = pK + b-ﬂ . K (0) am e mecmemes ome
a2 a2 a2 (s0H®)

whera, pK is —-log(K); . _
i reprezsent intrinsic values;
b iz the experimentally derived slope in plots of
+(-) . .
pK ve surface charge for a positive (negative)
surface.

Thus, all specifically adsorbed ions contribute to.the net

. surface cﬁarge density,. ¢°,.and experience the same surface

potential, ’o'? A1l cther species are considered to be
loéated in the solution far from the surface plane. The
capaciténces determined in this model are treated as being

constant and depend on the specific electrolyte species in

" golution.

The models of Stumm, Huang and Jenkins (REF Stumm—-73a
and Huang-73a) combine the diffuse layer or GC-model with a
surface complexation model (see Figure 2.1b). The
capacitance is 3130 considered constant hera, but it is
calculated from theory and not experimentally determined.
Specifically adsorbed ions contribute to the surface charge
and experience a potential 'o' The charge-potential

relation is given by the GC equatioﬁ e2. 1.2, however, the

" concentration of ionized surface sites may approach a

saturation level, corresponding te a maximum charge.
The variable surface charge-variable surface potential

(V8C-VSP) model of Bowden, Posner and Quirk (REF Bowden-77a)

21



is an extension of the Stern’s model and is applicable at
all ionie streng#hs (see Figure ailc). Hevre, HY and OH™
ions are considered to reside at the surface, to contribute
to the surface charge, eo, and to experience a potential,
?o. Specifically adsorbed ions are located in the IHP where

they contribute to ¢, and experience the potential, ¥Y_. Rl1l

B -
other ions are located in the diffuse layer. The
capacitance between the surface and IHP and the potential
between the IHP and OHP are considered constant.

The %riple layer model of Davis, James, and Leckie (the
DJL model, REF Davis-78a,b and James—-82a) is a further
revision of the VSC-VSP model of Bowden—-77a (Figure 2.1d)
which %s applicable at all ionic strengths. This model °
considers two regions of constan€ capaeitanée and a diffusé,

GC type layer. H+ and OH 3ions react at the oxide surface,

contribute to the surface charge, Oo’ and experience a

surface potential, ’o" Counterions situated in the IHP are

considered bound to charged surface sites. These complexed

ions contribute to ob and experience a potential, ?s., The

OHP with potential, ?d' and diffuse layer charga, OH"is

separated from the IHP by a region of constant capacitance,

C Since the triple layer model considers ionization of

8.
surface sites and complexation of elactrolyte ions in the

e.d.1l., chemical reaction conatants can be derived for both
types of reactions. These reaction constants apply over a

wide range of electrolyte concentrations and may be used to

predict ’d’ an estimate of the pg-potential.
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A1l of the models discussed make reasonable predictions
regarding surface charge vs pH data, assuming appropriate
values for the constants are employed (REF Westall-80a). of
all the models discussed, only the DJL model has been
employed to predict z—potential experiments. One of several
problems with these models is that descriptions of ion
locations in the e.d.l. are based on theory and Have ot
been experiﬁentally observed. Even though the DJL model
péedicts the data well, this success does not mean that it

accurately predicts details of the adsorption process for an

‘oxide~electrolyte interfaée.‘ To account for the effects of

charge on intrinsic reaction constants, Davis et al. (REF
Davis—-78a) extrapolafe experimentally derived reaction
coafficients to the zero-charge-condition. This procedure
may be misleading since the assumptions inherent in the DJL
mo&el affect the extbapolat;on and henhce the intrinsic
extrapolated value, Ki.

Since the DJL model is one of the more recent and
interesting models of the oxide e.d.l., it was chosen as the
basic framework for this study on ceramic suspensions.
Iﬁclusion of surface ionization and complexation reactions
is desired to predict ceramic suspension properties

accurately for improved processing. The next section

discusses the DJL model in detail.
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Figure 2.1 The electrical double layer models of the
oxide/electrolyte interfacs. (after Westall-86a)

a) constant capacitance model (high ionic
strength limit).

b) diffuse layer model (low ionic strength low
potential limit).

o) Bowden, Posner, and Quirk model (Basic Stern).

d) DJL Triple layer model (extended Stern model).
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2.2) The Davis, James, and lLeckie Model

2.2.1) lonization Model -

The oxide/soclution electrical double layer model of
Davis etal. (REF Davis-78a,b and James—-82a) was used in this
atudy. According to the DJL model, several simultaneous
equationg must be solved in order to describe the.charge,
potential, and ion distribution around a particle in
solution. They are (REF James—82a):

1) Mass—action expressi?ns for all possible ionization and
complexation reactions at the surface and in the
electrical double layery

2) Boundary conditions on the saturation of surface charge

that depends on the total number of surface sites
including un—ionized, ionized and complexed sites;

3) Charge balance description of oa using all surface
sitess -
4) Charge balance description of ¢B_using complexed sites;

3) Bulk solution elecroneutrality}

6} Relationships relating e.d.l. prcpertes ¢ , ¢,y ¢, ¥ _,
o’ B d o
Y, and ¥_;
B8 d
7 Experimental parameters such as uptake of H+ and DH_,

zeta potential, and surface area.

For mosf ceramic materials, three types of surfaces are
possible: amphoteric, monofunctional, and zwitterionic.
Neutral, amphoteric surfaces have a single ion—-type that
generates both positive and neﬁative sites. Neutral,
monofunctional surfaces also contain only one type of site
that has only two statee, neutral/negative or
neutral/positive. Zwitterionic colloids contain two or more

types of surface ions that independently undergo react ions.
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Since most oxide surfaces are amphcteric in nature, the
equations for this surface type will be discussed.
Surface charge develops on amphoteric surfaces via

dissociation reactions of the type; assuwning unit activity

coefficents:
. o . £soH1 tH_"
e2.2. 1a SDHe = SOH~ + Hs Kal = —————— o
LsSoH, 1
2 L]
o - . s 3cH_"3
Ea- 2.1b SDH = S0 + HS Kae - e e—— o ——
’ CSOoH 1

The ionization pK-values describe the pH at which the
predominating surface specie changes. In a plot of
logarithm of the species surface concentration versus pH,
the‘condition-at which pH = pK'’s define the transition from
the ionized to the unionized state (see Figure E.E;).
Mo;6functiona1 surfaces hav; only one ionization and are
represented by one side o% Figure 2.2a. Zwitterionic
surfaces have two different surface species that undergo

separate reactions (see Figure 2.2b).

Surface protons, Hs+’ have a different chemical

+
aq '

due to the work required to move the charged species through

potential and activity than do bulk solution protons, H

the potential gradient from the bulk solution to the charnped
surface. The equation describing this effect is given in
e2.2.2. wWhen combined with e2.2.1, the ionization reactions

are described in terms of bulk soluticn pH.

+

e2.2.2 [H_ 1 = EHa

+
s Jaxp(—e?olkT) = [Ha

4
Jexp(—yo)

qQ q
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where Yo = e¥/kT is the reduced surface potential.
The net surface charge, L results from the
concentration difference of charged surface sites developed

in response to the two ionization reactions in e2.2.1:
e2.2.3 o, = FIM(SOH, ) — (S0 3

The fraction of ionized surface sites iss

e, ESDH2+] - S0 3
ez2. 2. 4a a = =

eN_ ESOH2+J + 80”1 + rsoH®)

where Ns is the surface site density. Equations defining

the concentrations of S0, SOH®, and SOH, modify e2.2.4:

+ +
(EHag J/Ka Yexp( yo) (Kaa/EHag J)exp(yo)

1
1 + (tH__Task
- aq a

e2. 2. 4b a = Y
1)exp(—yo) - (KaE/EHaq J)exp(yo)

The Nernst equation, e2.1.19, can be rewritten as:

e2. 2. 5a exply,,) = exp(e¥ /KkT) = thta/sen’a
V'] N Pa 2. Ca

ec.2.5b = 2. 303 (pH —=pH)

MY Pe 2o Ce

where YN is the reduced Nernst potential. oo = @ at the
pP. 2. c. because the concentrations of positive and negative

The

- + B
surface sites are equal, [SDHQ ]p.z.C- = [so ]p.z.c.'

activity and concentration of surface and bulk solution H+

iona are also equal, i.e. [H +J = [H M since

8 " Pp.z2.Ca aq Jp.z.e.f

the surface potential is zero. Equating e2.2.1a and 1b, the

tH*31 at the p.z.c. becomes:

' + _ W1/2
e2.2.6 T, oo = KayKop!
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Defining:

e2.2.7 £ = 2K /K )12 = ax1ePR/2
a2’ al
it is found that:
& Ssinh(y, ~vy )
@2.2.8 a = -2 = N "o

nN' 1+8cosh(yN-y°).

This equation contains all the thermodynamic and e.d.l.
parameters needed to describe the sygtem in the DJL model.
-Combining the expressions for electroneutrality

(g#2.1.1), the Gouy-Chapman expression relating gurface
potential,Avo, to diffuse layer charge, da,.(ee.l.E), and

@2.2.8 completely describes the e.d.l. of and oxide powder

. in aqueous media. If we define:

1 @8.1174) /2 ;
: .

then the system is completely described by:

1 ‘ Asinh(yN-yo).
e2.2.10 -,sinh(yolar = aq' =
4 1 + scosh(yN-yo)

For a given set of pH, @lectrolyte conceritration, and fixed

solid parameters N., K

al ang Kaa' the surface charge and

potential, ob and ’o’ can be solved by independently
calcuiating the RHS and LHS of equation e2.2. 10 and applying
a graphing routine. The reduced Nernst potential, yN, is

calculated and graphs for the RHS and LHS are overlayed such
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that yN=0 at —(yN-yo)=-y°. The curves for ¥ and 8 intersect
at specific points and these values are resubstituted into
equations 22.2.4 and e2.2.10 t; yield values for‘¢° and ?0;
This method allows the determination of ¢, and *o for a
syatem even though the oxide surface does not obey the
Nernst equation, e2.1.10@. The surface potential of oxides
is usually leass at a given pH than the Nernat value, ?N"
where the difference ?o-YN. increases as either the
differénca between the two ionization covstants, ApKa
(=pKa1-pKaa), or the electrolyte conceéntration increases
(REF Hunter-81a). Nernstian behavior is observed with small
surface potentigls if ApKa is also amall, implying a small
pH range for which surface sites are predominantly neutral.
If the Nernst equation applies.‘theﬁ d¥_/dpH should be 59, 3

mV at &5 °C, but for most oxides this value is not found,

© @e s d?olde m 4@ mV for silica.

2.2.2) Complexation Model

when electrolyte ions complex with the surface, a more
complicated model of the oxide—aquecus solution 1nterface_
must be applied to the experimental dgta. In addition to
site ionization reactions, electrolyte complexing reactions

occur. of the nature:
@2.2.11a SO~ + Na’ = so"Na’

+ - +.. -
e2.2.11b soH.t + c1” = son_ Tc1™

2 2

where SD-Na+ and SDHE+CI- ;re complexed surface sites.
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These reactions are usually expressed as ion exchange
reactions:
-+ +
+ [SO Na JEHg b

e2.2.11ec soH® + Na+ - SD_Na+ + Hs K*Naz N
ESDHoltNas 1

.- - o .- ts0H®1tH_*1cCc1 72
e2.2.11d 80H,'C1™ = 80H® + H ™ + €17 Keg = -

[ OR—
ESDHa Ccl 1

where K*NG(CI) are complexation constants for sodium
(chloring).

In this form of-ﬁhe DJL model, soluble protons are bound
to the surface forming 1onized.sites. Electrolyte
counterions complex with these sites at the IHP, located at
a distance B8 from the surface but within the compact layer
(Figure 2.3). ARs in the case of ionization reactions, when
the pH = pK* a transition otcurs for surface sites from the '
complexed to the uncomplexed state.

The transition from the state in which the
predominating surface species is the negative, uncomplexed
asite, SOH, to one dominated by the Na+ complexed site occurs
at a pH greater than the p.z.c., whan pH = PRt . The Na¥

complexation reactions ares

L)
¢

e2.2.12a SO + Na® = SO Na'
@2.2.12b SOH® + Na* = soNa® + WY

t
In the first reaction, negative 80 sites complex with
sodium ions yielding a complex which is neutral relative to

the diffuse layer plane. The concentration of charged
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surface sites and therefore the surface charge remain
constant, but the diffuse layer potential decreases due to
electrostatic shielding by Na+. In the second complexation

reaction, a neutral surface site complexes forming a

‘negative site, SO_,‘combined with a pesitive Na ion located

in tha B plane of the e.d.l. fhn surface charpe becomes
increasingly negative due to the soH® to SO; transition,
while the ’& remaing the same since the naeutral SOH site is
replaced.by a nat neutral complex. Thus, the effect of Na+
complexation on a negatively charged surface is'to increase
surface chawrge, ’b' while decreasing diffuse layenr

potential, ’d"

The corresponding chloride complexation reactions ares

e@2.2.12c soH.V + c1” = soH_fc1™

2 2

@2.2.12d 80H® + c1” + H' = soHa*c1’

The complexation of Cl-'occufs at a pH below the p.z.c., pH
= pK*CI._for which the surface sites are predominatly
positive. GSince the complexation reactions reduce the
concentration of neutral, SdH° gites and generate positive
surface gpecies, the net surface charge increases with
complexation. The diffuse lgyer charge of the e.d.l.
decreasas with complexation since.tha resultant surface
complex icn is oppositely charped that of the surface site,
annihilating the charge at the B plane.

In general, the complexation of cations and anions at

an aqueous oxide interface increases surface charge and
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‘®2.2.13b CCIs ]l = CCla

decreases diffuse layer potential. These effects are
exparimentally .observed: the measured surface charge
increases with salt concentration and the s-potential, an
experimentally determined 'd' decreases for increasing salt
concnntrat}oh.

The activity of the Na® and C1” ions is modified by the
elcétrcal work requi?ed to bring them from bulk'solution to
the adsorption plane, some distance 8 from the charged

interface. Thus, expressions of the type:
e2.2.13a C[Na T3 = [Na__Tlexpl-yn)
° s aq . 8

q Jexp(+yﬂ),

must be includad in the equilibrium equation. In general,

for multicharged species:

z L. 2
e?.2.13c Ei' ]l = tlaq Jexp( zyB)
where, i is the species; th
z is the charge on the i species.

With this replacement in eqs. e2.2.11lc and i1d we obtain:

ggo NatacH T

aq _
e2.2. 14a K#» = exp(-y ) exply,)
Na tNa_ T1cson®a o -
aq
csuH°J:Haq*jcc1aq': .
@2.2.14b K» m e == === aexpl(-y_} exply )
c1 tsaH,*c173 o B

whare Ya is the reduced potential at the B plane.
The surface charge, when expressed in terms of charged

sites, must now include the new positive and negative

32



surface sites, the S0 and SDH2+ components of SD-Na+ and

8o0H,."C1”, brought about by the addition of complexation

2
reactions (see Figure 2.3). The diffuse layer charge
changes with the addition of Cl1 and Na+ ions aligned in
this plane from the newly formed complexed species, SD_Na+
and 80H2+Cl-. Likewis®, the mass balance equations for the
surface and adsorbed counterion plane change due to charged

species aligning in these regions from the complexation

reactions:

*y + I(SOH

o + -
e2.2. 15a N’ = NaEP(SOH ) + F(SDHa > Cl) |

+ I'(S07) + M(s0 Nat)3

€2.2.150 ¢_= QNatP(SOHa+)+P(SDHe+Cl-)—F(SO_)—P(SD-Na+)J

e2.2.15¢ ¢ *e17) - resoNa)2

e ™ aNaEF(BDH

2

wheare:s Ng is the surface site density;
.Na is Avogadro's number.
Equations e2.2.1, 2, 14, and 15 define the
electroneutrality, stoichiometry and thermodynamics of the
@.d. 1. for electrolyte complexation. The general

rglationship'between the diffuse charge and potential for

2.%:2.7 electrolytes is:
1 2
Yy 1
€2.2.16 o, = ~0.0587c1/2 —-9-( ———rexp(-z,y)-11
’ l?dl z,

1
- ———texp(—z_yd)-ll )

.

172
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The charged regions of the surface, denoted o, and
counterion adsorption plane, denoted B, are considered
separated by a dielectric region. The descripiion of the
€. d.l. surrounding the particle is completed by the GC-S6

equations relating db’ od, 'o' 'd’ ’B’ C1 and C2=

¢, 8
e2.2.17a ¥ ¥, = -2 @ + —— ¢
o B c € o
1 i
¢y (d-B) :
p 'd c e d
-] e

If the complete set of equations describing
oloctronautrility and chemical reactions in the electrical
double layer can Be ailmultaneoualy solved, then the dynamic

equilbria of oxide powders in solution can be expressed.

2.2.3) Numerical Evaluation

Two methods exist for evaluating the e.d.l. charge and
potential distribution based on these principles. The
graphical method employed for the uncomplexed case becomes
‘cumbersome to use when complexation must be included. The
double extrapolation method used in this study (REF James-
82a) employs a numerical analysis that yields pK-values for.
the ionization and comlexation reactions. The concentration
profiles of surface and e.d.l. species are calculated and
used to estimate the e.d.l. charge and potential.

Operational reaction coefficients, &, are defined for

the equilibrium reactions:
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csoH®atH. T3

e2.2.18a @ B e 49— = K exply )
al tSDHa+J al o
ESD-]tHaq+]
e2.2.18b Q__ = —————— -— a K__. exply )
a2 ESOH?] ag o
. ESO-Na+JtHaq+]
e2. 2. 18¢c Q = —~ m K# exply_.~y_)
Na tsoHCitNa T3 Na e "o
aq
esor®acH. tacci T2
@2.2.18d '@, = ——-—-=-- 3q —- 39— = K., explyg-y,)
[SOH, €173 o

By equating the activities and concentrations of
species, experimentally measured surface charge as a funtion
of pH and electrolyte concentration can be used to estimate
thg reaction pl's. The valyes of Yo and Ya depend on
surface and diffuse layer potential, ?o and YB' that can not
be experimentally measured. However, as surface charge
decreases toward zero, Yo for dilute and.ya—yo for
concentrated salt solutions approach zero. Thus, if pQ is
evaluated for both low and high electrolyte concentration,
extrapolation to the zero-charge condition yields the
reaction coefficients, i.e. pk—values.

When the pH is greater than the p.z.c., the surface is
net negative. The surface charge is essentially produced
via ionization reactions forming 80 sites at low salt
conccntrations and complexation reactions forming SD-Na+

sites at high salt concentrations. For pH-values below the

p. 2.C. the surface is positive, chlorine complexation
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occurs, and charge developés in a similar manner.
Extrapolation of theipﬂ-values to conditions wheré d°=0, to
remove the effect of potential, and salt concentration to.m
N and 1 N, yields estimates of the reaction constants,

pK and pK# y that apply for the predominating
Na, C1

al, a2

" surface species present. This approach is valid since

ionization can be ignored at high ionic strengths and
complexatidn can be ignored at low ionic strengths.
Intrinaic ionization conastants Kai and Kaa are

determinaed by plotting pﬂal and pnaé versus a¥#, where:

e2.2.19a pQ = pH + log(a/i-a)

al A
= pH - log(a/l-a)
1/2

e2.2. 19b pﬂaa
@2.2. 19¢ a* = i@a + ¢

@2.2.19d a = ¢ _/e&N
. o s

Such plots yield the intrinsicbionization.constants after
extrapolation to thé zero charge and ionic strength. Data
of James-82a are shown in Figure 2.4a for a pyrogenic
silica.

Intrinsic complexation constants are determined by

plotting pﬂ*Na and pﬂ*c1 versus “*ion’ where:

a2. 2. 2la pG*Na = pH + log(alti—a)cion)

«2. 2. 28b pQ*Cl = pH ~ log(a/(i-x)C )

ion

@2.2.20c aw = 1@a - log(e)

ion

and extrapolatiﬁg the data to the zero charge and 1N

(logtcion]) conditions. Data of James—-82a for pyrogenic



gsilica are shown in Figure 2.4b. These extrapolations yield
the intrinsic complexation constants K*cation and k*anion
for the @lectrolyte ions on the oxide surface.

The values of LR and '5 are determined from
potentiomutric titration and g-potential measurement s,
respectively. The electrokinetic g-potential has been used
by several authors to approximate 'd‘ Titration data
directly yields the surfaca ionization and complexation
constants from which the intrinsic constants are derived by
appropriate extrapolations. The concentration of gpecies in
the electrical double layer at given pH and electrolyte
concentration conditions are estimated using computer

techniques once the intrinsic values of Ns' Kal’ Kaa, K*Na

and K*Cl are determined.
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Figure 2.2 Schematic illustration of the surface pH
‘dependence of charged and uncharged site
densities on amphoteric and zwitterionic
surfaces. The pK_-values define the transition
of surface chargea species as a function of pH.
(After James-—82a)

38



Oo =[soH3] + [soH3 - crr] - [s07] - [s0~-Na*]
| Og*= [So--Na+] - [soHE - cI1]
Cx54'(ng+-()a =0

Figure 2.3 Schematic representation of an oxide interface
showing possible locations for molecules
comprising the places of charpge. Ionization
reactions occur in the inner layer, o, while
complexation reactions occur at the 8 layer.
(After James-—-78a)
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2.3) Methods to Determine Suspension Properties

Potentiometric acid/base titrations of oxide powder
gurfaces are used to calculate surface charge, potential,
and reaction constants. Bolt (REF Bolt-57a) and Parks anq
de Bruyn (REF Parks—-62a) were among the first investigators
to use potentiometric titrations to study the interaction of
acids and bases with the oxide-electrolyte interface.

.In this method, a control electrolyte solution, e.g.
10-3 to 1 N NaCl, is titrated with the corresponding acid or
base, HCl1l or NéDH, and the volume ofititrant required to
attain various pH-values is recorded. R sample of the
electrolyte solution is equilibrated with an oxide powder of
known surface area. This dispersion is titrated and the two
titration curves are compared; see Figure E.S. The
difference in volume of acild or base required to obtain a
given pH for each sanmple relates to the net uptake of H+ and
OH at the powder’s surface. If supporting electrolyte does
not Qpecifically adsorb and if the potential-determining

ions, H+ and OH_,'have equal affinity for the surface, then

the net uptake of H+ and OH is given by:

el2.3.1 m = t(ca_cb’-(cH+_cDH-)3 / A
where, I'" is fhe net uptake per cma of surface;
C is the concentration of acid(base) required to
a(b) .
attain a given pHj + _
CH+(OH-) is the concentration of H (OH ) species at a

given pH; > -1
A is the surface area inm gm .

The relative surface charge, Rdo, can be calculated
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from equation e2.3.2:

e2. 3.2 R¢° = F(I r

H+ ToH-

where F is the Faraday constant. If é series of R&o versus
pH isotherms are plotted for different electrolyte
concentrations, the curves intersect at a unique pH called
the point of zero éharjé, PeZ.C.y, a8 in Figure 2.6. The
surface charge is independent of the concentration of non-
adsorbing elecfrolyte at the p.z.c. implying that the

surface density of positive equals that of negative sites:

e2.3.3 Pye = Pou-

The intersection of the rélative surface charge curves may
not occur at R¢°=0,;seq Figure 2.6a. To compensate for this
effect, the axis is shifted by & value, A¢°, auch that the
1n;ersection occurs at obﬂﬁ-as shown in Figure 2.6b. The
secona plot defines the actual value of the surface charge
as a function of pH. The shift, Ado, in the relative
surface charge results from a release ar uptake of charged
species from the sdrface during solid-solution equilibration
prior to titration. This release or uptake of species
results from either dissolution of surface imquities or
initial hydroxylation of the oxide surface if dry powder is
placed in solution. The magnitude of Avo relates to the
amount of surface impurity or the extent of hydroxylation.
The p.z.c. corresponds to the. average of the surface
ionization constants, pKa’s, as was described earlier and in

Figure 2.1a. At this pH, the overall surface is uncharged
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since the concentiration of neutral sites is high and those

of positive and negative sites are small and equal. Thus:
+ - o
e2.3. 4 ESOHa 1 =[S0 1 (¢ [SOH"1

Titration data directly yield the area—average concentration
diffe$enca between positive and negative groups on the
surface. It is quantitatively impossible to distinguish
betweers the actual types of siteszs.

Oxides that are strong acids generally have low p.z.c.-—
values and those that are stronﬁ bases have high p.z.c.-
values (REF Parks—-6&7aj). Examples are SiDE with a p.z.ec. of
2 and Mgd‘uiih a p.z.c. of 1i. The p.z.c. can be predicteu

from electrostatic considerations and is found to be related

‘to the cationic charge and radius (REFs Parks—-67a and Ycon—

7%a). Shifts in the p.z.c.-occocur due.to changes in the
state of hydration, crystal cleavage habit, and
crystallinity, making the actual value difficult to predict.
Thus, the experimentally determined P. 2. C. —values may differ
from that expected due to changes in sample preparation
technique.

Potentiometric titrations can also be used to measure
the coricentration of electrolyte species adsorbed af the
oxide surfgce. Ions such as Na+, Cl—, Br-, I_, CN_, F—,
Cue-, SE-, Ag+,»Ca2+, and K+ can be studied with the use of
specific ion elecﬁrodes. The procedure is similar to that

for a pH-titration: the pX-titration for a suspension is

compared with that of the control electrolyté, where X is
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the ion of interest.

.The suspension effect may cause problems in measuriﬁg
the pH of a suspeﬁsion éREF Cherbonowski-82al). Errors
result from an‘ihteraction between the Junction potential at
the glass electrode and the charged ion cloud (e.d.l.)
surroqnding particles in suspension. The magnitude of this
effect depends on particle size and concentration,
electrical double iayeé properties, and the electrode
Junction potential. The suspension effect is greatest for
very concentrated, low ionic strength suspensioné containing
highly charged particles. Large errors between the measurea
pH in the suspension and true sclution pH regult if the
suspension affect is not properly taken into account.
Fortunately, use of a secoﬁd Junction electrode; see Figure
2.7, eliminatas the suspens}on effect. The outer reservior
is filled with the control electrolyte, eliminating the
.concentration gradient that normally exists between the
sugpension and the electrode’s reservoir. Thus, a second
Junction potential is not developed and the particles do not
interact with the electrode.

Electrophoresis is another technique used to explore
the electrical dou@le layer'at the oxide-solution interface.
In this technique, an applied voltage ?nteracts~with the
charged particles, creating a hydrodynamic shear plane in
the e.d. 1. and causing the particle to move towards the
oppositely charged electrode. The motion of particles is
observed through a thin-walled capillary using a side-

illumirnated microscope. The electrophoretic mobility of the
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particle, p, is calculated and the electrostétic potential,
8, at the shear plane is estimated. This g—-potential is
thought to be identical to the diffuse layer potential, Td,
even at high electrolyte concentrations (8.1 N) and low
potentials ((25 mv- REF Smith-81a). The z—potential is

calculated from the particle mobility using the equations:

az. 3. 4a 2= 4ﬂnn€-1

@2.3.4b £ = BunuE ‘C1+f(ka)l

wheré, € is the sclution dielectric constant;
1 is the solution viscosity;

k is the Debye-Huckel parameter;

a Is the particle radius.
The spaecific equation used depends on the double layer
ﬁropurties. The Smoluchowski equation, ea;3.4a. is used for
'Ka' ) 200 and the Henry equation, e2.3,4b, is used for @.1 (
Ka ¢ 200 (REF Hunter—81a).

The ;—botential ie found to decrease as the pH
approaches the isoelectric point since the concentration of
‘chargad surface, sites and thus the induced OHP potential,
decreasaes. The g—-potential also decreases as the
@loctrolyte concentration increases since complexing‘ions
neutralize the diffuse layar charge. If tﬁe pP. 2. Cc. equals
the i@p, then the electrolyte ions do not specifically
adsorb. In this‘caie, only the OH and l-l+ ions contribute
to the charge developed at the surface.

Erraors introduced in the measurement of surface charge,

zeta potential, and other e.d.l. propertieé may be
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significant and occur from several causes:

1) Dissolved CO_ produces carbonic #rids which changes
the pH and'wﬁich may specificall adsorb at the
powder surfacej

2) Dissolution at extreme pH may consume titrant or
induce surface reprecipitation;

3) Variability in.surface site density measurements;

4) Lack of independent experimental checks on the
titration data.

Carbonic éeid formed by the dissolution of atmospheric
CDa decreases the solution pH. The concentration of .
carbonate speeieﬁ in water as a function of pH is shown in
Figure 2.8. These species may specifically adsorb onto
oxide iurfaces, changing the e.d.l. charge and potential
distribution. Adsorption of thié type has been observeq for
Mgo, 91203,

the carbonate equilibria to an already complex system

and TiOa (REF Boehm—71a). Also, the addition of

further complicates calculations of surface pK?’s. The time
for carbonate species to attain equilibrium is usually
rapid, within five minutes, so precautions for its exclusion
must be rigorous; A titration cell that excludes CDa by
continuous bubling is shown in Figure 2.7..

Dissolqtion of the oxide powder introduces free metal
speciea intoc solution that may react with H+ and OH ions,
changing the volume of titrant required to attain a certain
pH. Also, as powder dissolves, the surface area continually
changes and the correct value for calculation purposes may
infact be unknown. Dissclution and reprecipitation can also

lead to a surface gel layer where counterions may imbed,
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introducing kinetic limitations on equilibrium attainment.

The surface site density, Ns’ of the oxides should be
determined independently for the calculations. This is -
usually dorne via:

1) calculation from crystal structurej;.

2) isotopic exchange at the surface;

3) IR-atudies using H_O-desorption;

4) acid/base titration.
Since'each of these methods leads to a slightly different
value 6f the Ns (REF James-82a), the "correct" value to be
used in the calculation is in doubt.

Once the ionization and cqmplexation reaction constants
have been estimated'from the pH titration déta, the
caleculation of the distribution of species in the e.d.l. can
be attempted. The simultaneous evaluation of expressions

for the bulk sclution and e.d.l. equilibria can be made

using computer pfograms such as MINEQL (REF Westall-76a) or

' MICROGL (REF Westall-79a,79b). The incorporation of surface

charge effects and the exp(e¥/kT)-terms that must be
included can'be héndled by a subroutine in the computer
programs. These programs determine the concentration
distribution of species in the e.d.l. from which the charge
and potential distribution may be estimated. These values

are then compared to the experimentally determined surface

charge and diffuse layer potential to verify the model

employed.
Conductometric titration can be used to check the
computer calculated ion adsorption density on the particle

surface. These titrations are carried out in a manmer
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aimilar to potentiometric titration, except thaﬁ the
conductivity of the bulk solution is measured as a function
of titrant added. If the calculated conductivity equals the
actual conductivity, thén thé proposed model of adsorption
is substantiated. The calculation for the conductometric
titration basically accounts for all species in bulk

solution by the equatibn:

e2.3.93 K a.zi E&iCilzilllﬁnBJ

where, C, is the concentration of ion ij
2z, is the charge of ion ij

A: is the equivalent ionic conductanee.

The value of Ai is usually estimated from the limiting ionic

conductance using the relation:

I1/2 )

2.2.3.6 A, = A.° - [.23A,%+30.32121] -
' : i i i 3.29x10 (172

wheare, ay is an atomic size parameter;
I° ie the ionic strength.

Ignoring surface conduction effects, calculated values of
the conductivity are in accord with experimental results
(REF Jamas—82a). However, Baran—-83a has shown that for
certain ionic strengths, the effects of .surface conduction
outweigh those of the dispersing medium and caution must be
employed.

The next section discusses experimental results for the

e.d.1l. of oxides employed in this study.
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Figure 2.5 Potentiometric titration of electrolyte control
and suspension tco yield surface char.e. (after
Hunter—-81a)
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Figure 2.6 Method to détermine the pbint of zero charge of
the oxide surface. (after Hunter-81a)

~a) the intercept of the R¢ versus pH as a
function of electrolyte yields the pzc.

b) once the pzc is known, a correction factor,

&, is applied to remove the effect of
solubility, impurity, etc. :
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Figure 2.7 Schematic of a titration setup with a second
Junction electrode and N, injection system. The
inner electrode reservoir is filled with a
saturated KCl1l solutions while the outer reservoir

ig filled with the same @lectrolyte as in the
suspension. (after Ahmed-75a)
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Figure 2.8 The concentration of carbonate species in
solution as a function of pH. (after Stumm—81la)
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2.4) Chemistry of Oxides

Previous studies of the electrical double layer,
dissolution and crystal struéture of the oxides used in this
stﬁdy are discussed in this section. The cited e.cd.l.
studies were conducted in a.Na-atmosphere to prevent

carbonate-related pH-problems, allowing proper comparison.

2.4.1) 8ilica

2.%.1.1) Silica— Electrical Double Layer Studies

Several investigators have studied the surface charge
and related properties of silica in aqueous solutions.
Parks-65a tabulated the p.z.c.-values of Sioa, gquartz,
silica sols, and gels as being between pH 1.and 3.7
dopending on the nature oflpreparation. A wide ranpge of
reported values is probably due to differences in
preparation, surface treatment, and surface impurities.

Tadros—68a studied the role of potential determining
ions, p.d.i., at the silica/electrolyte interface using BHD
silica suspended in aqueous KCl1l solutions determining the
pP-z.Cc. to be 3.8. The effect of oxide concentration on
potentiometric titration was using a series of suspensions
with different oxide concentrations in the same volume of
suppoft electrolyte. No effect was seen on the absolute
charge density. The adsorption of OH at a level greater
than the surface concentration of silanol groups and the low
z-potential was explained by invoking a porous, gel-layer

model where DH and cationic counter-ions penetrate the
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solid matrix, pores or gel-layer. Owing to this process,
most of the surface charge is neutralize¢ by the penetvrating
cations in the porous layer where the extent of ion-
peretration depends on the size of the ion. This adsorption
acheme was borne out by OH adsorption that increased in the

+

order, (C.HONY ¢ Li* ¢ Na® ¢ K" ¢ €8, whieh is in accord

293
with predictions based on hydrated ionic radius. A model of
specific adsorption model also predicts the determined order
of adsorption.

Allen-71a studied the exchange of protons for Na' in
silica sols. A single dissociation constant for the silanol
sites was inadequate to describe surface ionization and ion-—-
exchange. A best fit to experimental data was.obtained
using a modei that considered three reaction equilibria; two
ionization reactions of silica surface sites and ioﬁ—
exchange of Na+ with the surface.

Yates—76a studied the structure of the silica-
electrolyte interface using titwration, tritium exchange, gas
adsorption, and dissolution measurements. Very high surface
charge values were obtained for uncalcined powder, however
upon calcination to S5S00-800 °C, the surface charge decreased
to more usual values. Gas adsorption measurements did not
detect significant pﬁrosityl however, tritium exchange
studies indicated a significantly higher concentration of
surf;ca hydroxyl groups than was expected from

crystallogranhic calculations. The authors postulated the

formation of a gel-layer containing incompletely condensed
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polysilisic acid groups that allow penetration by

" counterions to explain their results. As the calcination

temperature increased, condensation of free silaneol groups
and some sintering of the surface pores and gel-layer was

thought to occur, explaining the decrease in apparent

surface charge. Tritium exchange experiments indicated that

gel—layars'on caleined silicas do not grow during titration.

Davis—-78a studied the ionization and complexation

properties of asilica. The data of Abendroth-72a was
racaleulated according to the model of Davis-78a yielding

pK = 7.2 and pK#*

a2 K

solutions. A site density of S5 sites mn-'a and inner layer

m 6.7 for BHD precipitated silica in KC1

capacitance of 125 uF cm-a was used for the calculations.
The @xperimental and calculated surface charge densities are

shown in Figure 2.9, adaptay from Jamee—82a based on the

ion—values given.earlier in Figures

determined pK and pi»

2. 4a and 2. 4b.
Finally, 8Smit-78a showed experimentally that Na+

specifically adsorbs within the IHP for SiDE. This evidence

supports a site binding model rather than a gel layer model

for the silica studied.

2.4.1.2) Silica— Dissolution Studies °

The conccnfration of aqueocus silicate species
equilibrated with amorphous silica as a function of pH is
given in Figure 2.18. For pH-values less than ~5.08 the

uncharged species, Si(DH)A, predominates at a concentration
-2.7

of approximately 10 M. At higher pH, the concentration
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of soluble, charged silicate species increases until they
dominate. Reaction constants from which these
concentrations were calculated are listed in Table 2.1. The
mononuclear "wall" shown in the figure represents the
miﬁimum concentration ét which aqueous, multinuclear silica
species are thermodynamically stable. Greenbérg and Price
(REF Greenberg-57a) concluded that electrolyte concentration
below 0.1 N has no effect on the solubility of amorphous

silica foi' suspenszions in the pH range 7 to 1@.

2.4.1.3) Silica- Crystal Structure Studies

The crystal and surface structures of siliéa have been
discussed by Boehm-71a, Yates-75a, and Iler-7%9a. The
surface of freshly annealed aﬁd subsaequently hydroxylated
silica contains two distinct.types of sites. The surface
gilicon is bound to either isolated, type A, or paired, type
B, h&droxyl groups (REF Boehm-71a). When the oxide is
heated, hydroxyls are removed first from the B site and then
from the A site, with the removal of hydroxyls being
reversible to approximately 450 °c. The site densgity of
silica is between 3 and 6 sites rml_a (REF Yates—75a). The
postulated surface of amorphous silica is composed of a
mixture of the (20@1) B-tridymite and the (108} B-

cristobalite surface planes.
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Figure 2.9 Surface chaﬁge dengity of pyrogenic silica.
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Figure 2.10 Concentration of dissolved silica species as a
function of pH. (after Weise-73a)

Jable 2.1
Solubility equilibria for the Si0,-H,0 system at 25 °C.

S10, (a—quartz) + 2H0 = Si (OH) log K= =~3.7
SiOa (s, amorphous) + EHeO'- Si(OH)4 log K = -2.7
Si(OH), = SiD(OH) 3~ + HY 7 " log K = -9.46
S10(OH) .~ = sta(ouxaa‘ + H' " log K = -12.56
481 (OH) = 51406(DH)63' + eH’ +4H,0 log K = -12.57

(after Yates—-75a)




2. 4.2) Alumina
2.4.2.1) Alumina- Electrical Double Laver Studies

Huang—-71a, 73a studied the specific adsorption of
éatipns on_!-ﬂleﬂa. A P z. c. of 8.5 and surface: ionization
conastants of pKal= &.9 and pKaa= 9.1 were determined for
NaCl solutions at 235 °. A site-binding model was émployed
to describe the reaction of cations with the surface. The
titration technique developed by these investigators
.compared the amount of titrant consumed by the alumina
suspension to its centrifugate in okder to caleculate the
surface charge. This technique removes most of'the problems
related to impurity and dissblution_since these effects are
included in both titratioﬁs and ére cancelled upon
copbarison. Dissolution effactg,occhring during the
- ¢itration are not removed and must be'accounﬁed far.

" Tschapek-76a determined that KCl is an indifferent
electrolyte for t—ﬂ1203’while LiCl1 and Cal.'..‘la

specifically adsorbed. The p.z.c. of their alumina in KCl

are

is 9.1 and in CaCl_ is 7.4. The i.e@.p. of all suspensions

3

2

with 10 ° M salt were occurred at pH 9.1 +/—- 8.1, coinciding
with the p.z.c. in KCl. The amount of cation substitution
for OM and H+ in 1 M salt solutions was only 10% or
apprbximately 19 uC cm-e. These authors found no difference
between fast and slow titrations in KCl, but a p.z2.c.-—
difference of 0.8 was found for CaCla and LiCl solutions.

These findings were attributed to the effects of specific

adsorption.
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‘b® 4.5 and 3.1 to 3.5 respectively, with the discrepancy

(o

Davi§-78a recaiculated the data of Huang-7la
determining ionization constants of 5.7 ahd 11.5 for S—QIED3
in NaCl solutions. The corresponding complexation constants
are 9.2 and 7.9 usinﬁ an assumed inner layer capacitance of
102 to 120 uF 1'.'m-'2 and site density of 8 sites nm_a (Peri-
65a). The calculated and determined surface charges are
aghown in Figura 2.11. |

Smit-78b proved experimentally that Na+ ions

apecifically adsorb on the alumina surface, thus supporting

' a site-binding model for alumina. . Smit-80a also studied the

radiotracer adsorption of NaBr on q—nleoavsingle crystals
and found that Na+ and Br ions specifically adsorb slightly
on the oxide surface. The p.z.c. and i.e.p. were found to
attributed to the greater complexating ability of Br
compared to that of Na+ at the surface.

Mikami-83a studied the specific adsorption-desorption
of phosphate ions on the !‘—RLED3 surface using a pressure-—
Jump technique. This technique follows the adsorption—

desorption kinetics of specifically adsorbed ions by

" measuring suspension conductivity. The DJL model was found

to most closely predict the_experimental data.

2.4.2.2) Alumina— Dissolution Studies

Dissolution studies on alumina have been discussed by
Wiese-73a. The concentration profiles of dissolved, aqueocus

species, as a function of pH, for freshly precipitated and
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aged Al(OH), is shown in Figure 2.12. Reaction constants

3

from which these concentrations were calculated are listed

in Table 2.2. Gibbsite is the most thermodynamically stable

phase of solid aluminum hydroxide in solution.

2.4.2.3) Alumina— Crystal Structure Studies

Knozinger-78a developed a surfacg model for alumina
based on a crystalline spinel lattice. The ¥-A1,0,
atructure is considered a defective, tetragonally distorted,
spinal lattice with a unit cell composed of 32 oxygen, 23
1/2 aluminum atoms, and 2 2/3 cation vacancies. Thé oxygen
lattice is well ordered with an average Rl-0 bond length
1.819 A and a stacking sequence ABCABCABC. Détahedral sites
afi brefargntially occupied with respect to tetrahedral
Qip.s for 3—91203 while cra}umina has only octahedrally
coordinated aiuminum ions.

The expected surface of 8-91203 is composed of (110)
and (120) planes, however most calculations use values for
the (118 face (Kozinger-78a). Parkyna—-72a has described a
model for microcrystalline particle aluminas for which the
particlgs are approximated by rhombodctahedrons of 26 sides
having low index spinel planes (10®), (11®, and (1i1l).

Five types of site are recorded and correspond to the five
IR absorption maxima cbserved at 3800, 3780, 3744, 3733, and

3702 cm~ ). Morterra—-76a assigned the IR-stretching

frequencies of 3760-3800 cm-1

3+

to OH iona bound to

1

tetrahedrally coordinated Al and those of 3700-3750 cm

to OH groups bound to both octahedrally and tetrahedrally
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coordinated Al

3+

é2



ol 1PN

Figure 8;11 pH and ionic strength dependence of surface
charge and zeta potential. for 8-91203. (after
James—82a)
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LOG MOLAR CONCENTRATION

P
Al(OH)z

pH

12

function of pH. (after Weise-73a)

Table 2.2

Solubility equilibria for the 91203—H20 system

a—-Rl

Al (OH)

a3t
a3t

a1s*

a3

(OH) () + 3H" = A1%" + 3H 0

(amorph) + 3H = A1°* + 3H,0
2+ .+

3
+ HEO = A10H

+ +
+ EHED = QI(DH)2 + 2K

+ 3H,0 = AL(OH) jtaq) + 31"

3

: - +
+ 4HEO = ﬂl(OH)4 + 4H

(after Stumm-81a)
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2.4.3) Mullite

2.4.3.1) Mullite— Electrical Double Layer Studies

Mullite, 3R1_0_.2Si0_ or Al_Si is the most stable

2-3° a 6 2 13’
phase in the silica-alumina syétem. Smolik-66a evalpated
the p.z.c. of mullite to be 8.1, while Parks-67a calculated
the p.z.c. to be 7.1 for hydrous and 5.3 for anhydrous
mullite from electrostatic considerations.

Tschapek-74a studied the p.z.c. of kaolinite and

8102/01203

those of the individual oxides; 2.® for silica and 9.8 for

mixtures by comparing the p.z.c.-values with

alumina. Machanical mixtures of alumina and silica did not
yield iinear relationships between p.z.c. and composition as
predictad by Parks—-67a (Figure 2.13a)3'r§theF alumina
dopinatod the surface properties of the mixtuées. The
explaination given was that Qlaﬁ3 is more sensitive to pH
change than silica.

9vmar-7ga aleo studied the p.z.c. of mechanically mixed
and coprecipitated alumincsilicates that were not fired,
Figurn 2.13b. The anticipated P. 2. Co —value for a
composition with mullite’s stoichiometry of 91/91+Si=
6/8=.7% is 8.6 for a mechanical mixture and 6.3 for the
coprecipitate. The low value for the coprecipitate probably
results from prefcéantial precipitation of silica on the
alumina surface sites. Similar results were obtained by
Perrott-77a.

At some pH between 2.0 and 9.0, the P. 2. Co —values of

silica and alumina, silica sites are negatively charged
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while alumina surface sites are positively charged. A
composite p.z.c. is anticipated at a pH for which thg
negative charge.on the silica-portion exactly neutralizes
the positive charge on the alumina portion of the surface.
This property need not follow a linear composition
relat?onship as expressed by Parks-67a if the width of the
pH range where charged species predominate differs for tha

Al and Si gsurface sites due to different ApK?s.

2.4.3.2) Mullite— Dissolution Studies

No dissolution data on mullite could Be found in the
technical literature, probably due to tﬁis solid’s very low
solubility. Iler-79a states that the very low solubility of
;aluminosilicates implies a strong interaction between the
.‘two conatituant oxides. This interacpion may result from
the fact that both ions can have either 4 and 6-fold
coordination with oxygen and have appproximately the same
diameter. Moreover{ QI(DH)4— iz geometrically similar to
Si(OH)4, meaning that the ion can substitute into a silica

surface creating an aluminosilicate site with fixed negative

charge.

8.4,3.3) Mullite— Crystal Structure Studies

The mullite phase forma for compositions between (0.6—
@2.67) 91203/(0.4—.33) SiDa. Accordingly, Gray—-71a has
expressed doubt in experimentally determined cryatal

structures and their relation to surface properties for
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mullite. Ratnasamy-71a describes the mullite structure as
being composed of alumina tetrahedra sharing one corner with
a silica tetrahedron and the three other others with alumina

octahedra.
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2.4.4) Zirconia
2.4.4.1) Zirconia— Electrical Double Laver Studies

Ahmed-66a found that K' and ND3— specifically adsorb on

the Zr0, surface with a p.z.c. of 6.0. Ahmed-7%a also

2
determined that cr, NDB- and 6104_ specifically adsorbed

onto ZrDa but not onto 91203, TiDe or SiDa. Ray—-75a found

identical p.z.c. and i.e.p.-values of Zro, to be 6.7 in NaCl

solutions, corresponding to the solubility minimum in

" aqueous zolution. Since Na' and C1” ions were found to be

indifferent to the surface, differential capacitances of the
double layer were calculated from the oo curves.

Yoon-79a calculated the p.z.c. of Zr-D2 in the high
temperature, 8-fold coordination to be 1041 from
cryntallographic data. *he.p.z.c; for the low temperature,
7-fold form would be expected to be much less and close to
that of the hydrous oxide (REF Mandel-80a). Mandel-80a
studied the p.z.c. of synthetic hydrous ZrO2 oxide-sols
using potentiometric titration. The p.z.c. was determined
to be between 6.0 and 6.3 in KND3 depending on preparation
technique.

Milonjic—-83a interpreted the gdsorption of lithium, -
sodium, and potassium ions onto zirconia using the DJg
model. The p.z.c. of the hydrous zirconia was determined to
be 4,0. Surface ionization pK-values were reported for
LiCl, NaCl, and KCl. Two Zr0OH sites were found on the Zrl‘.‘l2
aurface using IR-gpectroscopy and were labeled ZrUI-H and

ZrDII-H. The ionization conatants in NaCl solution were 5.8
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and 7.2, while the complexation constants were S.3 and 6.8
for sites I and II respectively. These intrinsic ionization
and complexation constants are similar, indicating that the
ions ornly waeakly complex with the surface. Equilibria
durinc potentiometric titration entail a two-step process
that inveolves the rapid sorption ole+ and OH reduiring a
2-minuite equilibration time and a slow equilibrium process.
Surface complexation or specific adsorption was found to be
markedly less for ZrDE than for mdst other oxides.
Regazzoni—-83b, studying the interfacial proprties of

Zro applied the DJL model to obtain surface pk-values.

a!
The p.z.c. and i.e.p. were determined to be 6.4 and 6.5.

The outer capacitance, Kl = 14@ uF cm-a, inner capacitance,

Ka<- 20 uF cm-e,-and site &ensity, S nm-e,-wera usaed for
calculation purposes. The ionization_and complexation
constants determined using the DJL mddel, pKal = 4.2, pKae =
= 5.2, and pk*

8.6, pK# = 7.6 for KN03 solutions,

anion cation

imply that ionization dominates over complexation. The
relative fractions of chargéd sites arising from these
reactions were calculated, and are given in Figure 2.14.

The concentration of surface sites is dominated by complexed
sites for high electrolyte concentfation, while ionized -

surface sifes are seen to dominate for low electrolyte

concentrationa.
2 b.4.2) Zirconia— Dissolution Studies

Ray-75a has shown that for a logarithmic plot of
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concentration versus pH for zirconia in aqueous solution,
ghown in Figure 2.15, the point'of minimum solubility occurs
At a pH of 6.7 corresponding to the determined p.z.c. For
pH-values between. 3.0 and 12.0 the concentration of
dissolved species remains less than 10—5 M, so dissolution
plays a minor role in the titration O?.ZiPCOhfa- The
dissolution reaction equations for zirconia are listed iw

Table 2. 3.

2.4.4.3) Zireconia- Crystal Structure Studiesg

The crystal structure of zirconia was discussed by
Rignten-70a. Zirconia can be present in three forms;
moroclinic (m), tetragonal (t), and cubic (c). Monoclinic
zirconia contains four erDa groups per unit cell, with two
types of oxygen siées;.ol w}th four Zr-0 bonds and DII withn
three_Zr—D bonds. The tetragonal form is represented by a
alightly distorted CaFa—structure with a unit cell size
between 5.07 and S5.16 A. This phase is normally present
only above 1ado °C but may be obtained in fine powder

precipitation. The cubic phase is apparently stable only

above 2285 °C and hence will not be discussed further.
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Figure 2. 14 Surface speciation of ZrOE as a function of pH.
(after Regazzoni-83b)
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Figuré 2.15 Concentration of dissolved zirconia species as a
function of pH. (after Ray-73a)

Jable 2.3

Solubility equilibria for the zrDE—HED asystem at 29 °c.
zéua(s) + 2" = 2r0®" + H O log K = -2.02
ZrOy(s) + OH = HZrO5 log K = 4.0

4+

Zr0,(s) + HY = zr log K = =7.3

(after Ray-75a)
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3) Experimental Materials and Technigques
3.1) Experimental Materials

3.1.1) Oxides

Two silicas were used in this study. Qusoc G308 was
obt&ined from the PQ Corporation, Valley Forge, PA. It is a
precipitated silica proﬁu;ed by depolymerizing a high purity
sand to yield soluble silicate. The scluble silicate is
then repolymerizeq to precipitéte fine, particulate,
amorphous silica (REF PQ@-78a). Yates (REF Yates—-76a) states -
that most commercial precipitated silicas are usually
prepared by the addition of acid to a gsodium silicate
goiution under controlled conditions yielding a hydrous
gilira which is filtered, washed and dried.

The second éilica was prepared based on the methed of
Stober (REF Stober—68a) and is amorphous, spherical, and
essentially monosi:zed. It was prepared for fhis study by
hydrolysis of tetraethyl orthbsilicate (TEOS) following
Jubb's (REF Jubb-82a) modification of Stober’s method. In
this technique, 369 ml of ethanol, 57 ml NH4UHr and 36 ml
TEOS are separately filtered, then combined'and mixed for 24
-hours at room teﬁperature (&25 °c) in a sealed container.

_ The resulting suspension of precipitated monosized,
spherical SiD2 particles is cleangd by repeated
ceritrifuging, decanting, and redispersing in deionized (DI)

water.

The aluminas were obtained from Adolf Meller Co.,

74 -



Providence, RI. DBoth alpha and gamma alumina are produced
by the refining and thermal decomposition of a complex
aluminum salt which is said to yield high purity alumina due
to multiple reerystallizations and precise heéting (REF
Meller-83a). Meller 188 is a pure a-Al,0, whereas Meller
182 is a traﬁsition a¥—91203 phase.

The high—-purity mullite used in this study was provided
by Baikowski International Corp., Charlotte, NC.

The zirconia uéed in this stddy was prepared'in the
laboratory using the technique of Bleier (REF Bleier-82a).

A 0.2 F ZroCl1._..8H_0 agqueous solution is placed in a sealed

2 2

glass test tube and aged at 98 °c for 72 hours. The
product, a turbid, whita suspension of m--ZrDE is centrifuged
and the resulting powder separated from the decant and

repuspended in DI water. This step is repeated 12 to 14

times and produces the final, cleaned material.

3.1,2) Cleaning Procedure for Commercial Powders

The commercial SiDa, 91203, and 391203.29102 powders
were cleaned using soxhlet extraction. In this technique
the powder is placed in a porous, filter paper cup which is
placed in a siphon chamber. Freshly distilled, DI water
flows through the powder removing soluble ions and filling
the chamber. When the siphon height is obtained, the siphon
tube drains the dirty water into the solvent container wheﬁe
it is redistilled and the pro&ess repeated. This allows
continuous washing with hot, DI water where the washing

solvent is replaced every few minutes. Parfitt and Wharton
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found that continuous extraction for 48 hours removes all
tracas of surface chloride from chloride-originated powders,
€. 0. SiOE from SiCIA, TiDE from TiCl4 and 91203 from QlCl3
(REF Parfitt—-72a). Titrations on nonsoxhleted Quso G332
powders yielded R¢ versus pH curves that did not reliably
intersect ét Re = @, whereas éoxhleted powders did,‘as did
those for 91203 and muliite. The A discrepénéy for SiDE

apparently derives from the dissolution and then replacement

- <+
-of surface sodium ions with H iona from solution in the

uncleaned system. For the cleaned system, surface sodium
was not ﬁresent and hence no shift in the titration curves
wazs evident. Soxhlet extraction also eliminated problems in
the intersection of surface charge curves for Meller 188, a-—
alumina.

The cleaned powders were then digpersed in DI water and

stored in cleaned polypropylene containers.
3.1.3) Reagents

All water used in this astudy was prepared by
deionization of tap watér to a resistivity of gréater‘than
ia8 M Q-cm.

All chemicals used in this study were of analytical
grade unless othefwise specified. NaCl was used to maintain
constant ionic strength in all titration, electrophoresis,
and dissolution experiments. To avoid aging effects, dye
solutions for the UV-determinations were made fresh daily.

Dilute solutions of 8.1 N HCl and 2.1 N NaDH were used
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for pH-control during all experiments. NaOH solutions were
standardized using the phthalate technique of Vogel (REF
Vogel-62a). The acid.solutions were then standardized
against these primary standards. All solutions were
standardized to 0.001% at 25 °C.

- Prepurified nitrogen, saturated with water vapor, was

usad as an inert atmosphere for all titration studies.

3.1.4) Glassware

Velumetric glasswaré used in this study was new.
Polypropylene titration cells and reagent bottles were used
to eliminate glass dissolution problems in basic solutions.
Reagent bottles were fitted with two stopcocksAleading to
the titration system and to an ascarite container'allowing
solution removal without €O, intake. All glass and
polypropylenewafe was washed by first';crubbing in soapy
wéter either by hand or with the use of an ultrasonic bath.
The pieces were rinsed in DI water and scaked for one day in
a bath which containing 1:1 parts 1IN KOH to alcohol to
remove organics. The pieces were then rinsed in DI water,
washed in 1IN HND3 to remove KOH and soluble metal ions, and
rinsed vigourously several times in DI water before drying

(REF Vogel-62a).

3.2) Experimental Technigues
3.2.1) General Measurements

The specific surface area of the powders were
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determined using the single-point BET method on a Quantasorb
surface area instrument by Quantachrome. A 30% Na—7@% He
mixture was used for the measurements. Approximately 8.2 o
of powder was placed in the microcell and ocutgassed in

flowing nitrogen at 200 °c for two hours; however, the

. moriosized silica was outgassed at selected temparatures up

to 422 °C. Four measures of the desorption peak area were
averaged to determine the sample surface area. ‘The size of
the nitrogen was assumed to be 16.2 Re.

X-ray powder diffraction, XRD, patterns were obtained
using a computer controlled GE 8000 unit for the 28-range of
10-80° using CuK, radiation and 35 KV and 15 mA. The powder
was mulled in collodion and spread evenly on a glass slide
where it was allowed to dry.

Transmission electron microscopy, TEM, was‘used to
an;Iyse the morphology of tge powders'used in Ehis gtudy
using a Phillips 300 microscope. Samples were prepared by
dipping carbon-coated, copper TEM grids into a very dilute,

aqueous dispersion of powder. The grids were removed and

allowed to dry before carbon-sputtering and analysis.
\
3.2.2) Potentiometric Titration

Potentiometric titrations were caried out using a
Radiometer RTS822 system. This system includes a PHM84
scientific pH meter, TTT8@ titrator controller, ABUBY
autoburette, a TTABA titration cell, and a REC88 servograph
chart recorder with the REA16@ titrgraph modulg. The

electrodes included Radiometer's K701 double junction,
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amall. The samples were then subjected to N

'B2048C glass, and T701 temperature sensor. This system

allows for stepped titrations of oxides in electrolyte,
where a known volume of titrant is added, a finite time is
2llowed for equilibrium to be obtairned, and the pH of the
gample ‘is measured. The pH of the suspension was recorded
as a function of acid or base added.

Titrations’of rontrol electrolyte were compared to
those of asamples prepared by ﬁipetting 20 ml of stock
dispersion and 28 ml of 2, 0.2, 0.02, and @.0¢2 N NaCl .
solution. The volume of powder in the final suspension was
e—bubbling for
two hours in a glove bag. The bottles were capped.and
sealed with electrical tape to exclude CDe. Samples were
allowed to equilibrate for 10 hours and were titrated the
next day. . ' -

Prior to titration, the burette was thorounhly cleaned
by repeated flushings with fresh titrant te insure that
contamination of the titrant due to solubility of the
burrette’s plass walls was minimized. The second junction
of the K721 electrode was rinsed with DI water and similaﬁly
flushed with the electrolyte before the final filling. 1.9
N NaCl solutions were used for samples with 1.@ and 2.1 N
electrolyte and 8.91 N for samples with 0.01 and 0.221 N
electrolyte. The electrodes were placed in their holders
and rinsed vigorously with distilled water. The pH meter
was standardized against two bufferas for the region to be

titrated and the electrodes were rewashed. The nitrogen

79

e e ey e e mem e am s tm = e e e . e




flow was started in the last step to ensure that no
entrapped water or buffer remained in the nitfogen ingection
tube. ~ The sample container was then rapidly ((Ss) unsealed
and placed in position and sealed against the TTR8@
titration cell. The samples were NE—bubbled for at least 1@
minutes to ensure remaval of any residual COE' The
titration was started in the stepped titration mode with
speeds of 70 min per full scale deflection for the recorder
and titrant delivery sﬁeed of S. Qt‘the end of the run, the
final pH. and volume added was recorded. The average

titration time was 2 pH units per hour. The titrations for

"the control electrolyte and suspension are compared,

yielding the net uptake of titrant by the powder’s surface
(see Figure 4.3). Differendes in. the titration data for
ox;de surfaces result becauﬁe specific surface sites have
different acid/base properties and reaction constants. This
leads to changes in the specific amount of titrant required
to obtain a certain pH (see Figure 3.1).

In.the case of mqnosized silica and uniform zirconia,
unacceptable experimental data was obtained when the
éuspension titration curves were compared to the salt
solution fitration curves. Possible solubility and impurity
problems were assumed. In order to eliminate these
problems, the titration method of Huang-7ia was used, By
which oxide is equilibrated with electrolyte, the sample is
divided and one portion is titrated as described. The
second portion is centrifuged and the supernatant is

titrated. The titration of the suspension is compared to
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that of thersupernatant liquid therebye providing a
-correction for the effects of‘impurity and backround
solubility which were present. It is.recognized that
dissolution that occurs during the titration of the
suspension will not be taken into account and must be

treated in the final calculations.

3.2.3 Electrophoresis R

Electrophoresis was carried out using a Rank Brothers
Particle Micro-Electrophoresis Apparatus Mark II.
Measurements were made at 25 ¢ in the cylindrical cell. At
least ten measurements were made f&r each sample tg ensure
accuracy. Samples were titrated under nitrogen and allowed
" to equilibrate at the desired pH for two hours. The samples
were removed and stored in polypropylene test tubes for 4
hours when'electrophoéesis measurements were made.
Unfortunately the measurements were made in air, so pH
shifts due to CD2 absorption from the atmosphere may have
occurred.

To overcome this problem, it is desired to do the
experiments in nitrogen in order to remove the carbonate pH
shift and possible adsorption problems. Meller 180 a—ﬁleo3
suspensions were titrated to the desired pHs under N2 and
pumped to the electéophoresis unit using‘a peristaltic pump

to exclude CDE' Unfortunately the measured mobilities
remained approximately constant without the expected sign

reversal near the expected i.e.p. of 9.@8. Possible reasons
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for this problem would be dissolution of the PVC tubing to
form PV monomers which adsorb on the powder surface causing

fixed OHP potential. Another possible problem would result

from CO. diffusion through the tubing causing downward pH

2

shifts for higher pH-values. This problem would cause
shifts in the';—potential, howeyer it would not cause the
observed constant z-potential, thus we have assumed that the
first mechanism is causing the problems. Oﬁihg‘to time
conétraints, this experiment was. not pursued, however
discussions with Dr. R. James (REF James-83a) have outlined

the solution to this problem.

3.2.4) Solubility Studies

The solubility of alumina and silica in aqueouél
solutions at different pH—vglues wés determined using a
Bausch and Lomb Spectronic 21 UVD and Bausch and’ Lomb
matched cells. Samples consisted of equal volumes of stock
sﬁspension and 9.22 N NaCl solutions, titrated in air to
different pH. The suspensions were allowed to equilibrate
during the titration for at least 4 hours before'supernatant
sampling and measurement.

The proceedure used to determine the so}ubility of
silica was that of Vogel (REF Vogel-62a). An ammonium
molybdate solution was made by dissolving B.g of ammonium
molybdate in DI water, adding 9 ml of concentrated sulphuric
acid, and diluting to 102 ml. A reducing solution was made
from solutions A) 1@ g Sodium hydrogensulphite in 7@ ml of

water and B) 0.8 g anhydrous sodium hydrogensulphite and

az2



@.16 g l-amino-2-napthol-4-sulphonic acid in.20 ml of water.
Solutions A and B are mixed and diluted to 120 ml. A 10%
tartaric acid solution.was prepared; Standards of Si.were
made from NaESiS.SHED. |

2.9 ml of SiDE—supernataht was placed-in a S8-ml
volumetﬁic flaske To this sample, 8.5 ml of the ammonium
molybdate solution is added. After five min, 2.5 ml oF
taftic acid solution was added and mixed producing the
~ characteristic yellow molybdosilicic complex color. Next,
7.5 ml reducing agent was added turning the sclution blue
due to the formation of the molybendenum blue complex. The
sample was.then diluted to 5@ ml. After 2@ min, the
absorbance was measured at 815 nm against that of a reagent
blank. The absorbance of the silica standardg was plotted
versus concentration to establish a calibration curve.

The procedure to determine soluble alumina was also
that of Vogel (REF Vogel-62a). An aliquot of the test
solution was transfered to a 50 ml velumetric flask. 2.5 ml
of S-volume hydrogen peroxide was added and mixed. The pH
was adjusted to 6.9 using .1 N NaOH ;r .1 N HCl. 2.9 ml
of Eriochrome Cyanine R solution (8.1 g in 18@ ml of DI
water, then filtered) was added and ﬁixed. 25 ml of dilute
buffer solution was added, made by dilutiq? concantrated
buffer (27.5 g ammonium acetate and 11.0 g hydrated sodium
acetate in 100 ml DI water plus 1.0 ml of acetic acid) with
S times water and adjusting the pH to 6.1 using glaciél

acetic acid. The solution was then rapidiy diluted to 5@ ml
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and after 3@ min, the absorbanc: was measured relative to
that for a reagent blank establishing a célibratioh curve.
Centrifugation or filtration is used in the case where

solids had to be separated from their solutions.

3.2.%) Calculations and Surface Property Determination

Calculations of the electrical double layer properties
such as surface charge, effective ionization, and

complexation constants were made on an Osborne 1 computer.

- All equations used in the calculations are listed in

Appendix I.
Graphs of surface charge, ¢o’ ve pH were made. The
effective ionization constants, pG-values, were calculated

1/E). Extrapolation to the zero

and plotted versus a* (1Qatc
charge and infinitely dilute solution conditions yielded the
intrinsic ionization constants, pK .. Plots of pi* .

. al, a2 ion

versus a% (18a-log(c)), when extrapolated to the zero

ion
surface charge and log(c)=0 conditions yielded the intrinsic
complexation constants, pK*Na,Cl'
Estimates of the distribution of e.d.l. species,
charge, and potential were made using the program SITECQL, a
modification of MINEGQL, listed in Appendix II on a Tektronix
4052. The determined values for thé ionization and
complexation conatants were entered into a reaction tableau
descr;bing the surface reactions between the oxide and
electrolyte sclution. The theoretical species, charge, and

potential distributions were calculated and compared to the

experimentally determined do—values and ?s—values.
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Figure 3.1 Examples of titration data for a-Al1.0 s a¥-Al_0.,
and Si0_, showing the differences buewgen the gaéa
due to gifferent reaction equilibria occurring
between the solution.and aurface reactive sites.
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4) Results and Discussion

4.1) General Properties and Morphology of Fowders

The surface area of the oxides used in this étudy was
determined by the BET method (REF Brunauer-38a) and are
listed in Table 4.1. The area of the monosized silica
increased with outgassing temperature, whereas that of Guso
B33 was indepenqent of outgassing temperature. This result
implies that surface porosity was presént in the former and
that upon heating, the watér was removed from these small
pores, allowing for Na filling and hence increasing the
experimental surface ;rea. The maximum value of 41.46 mE/gm
was chosen for subsequent calculations.

The crystal structure of all powders was examined qsing
TEM and XRD. The tﬁo gilicas are amorphous. Meller 188 and
1Bé are crystalline a-nlaﬂ3-and fransition at-91203 phase
respectively. Baikowski's mullite is crystalline mullite.
The zirconia studied is crystalline, monoclinic ZrDE.

Particulate morphology was examined using TEM. Figures
4.1 are representative micrographs of the morphology of Quso
G3a silic#,_whilé the monosized SiDa is ghown in Figures
4.2. The former silica consists of irregularly shaped
particles exhibiting a broad s;ze distribution whereas the
particles in Figure 4.2 are spherical and have a narrow size
distribution. Small particles located in the neck regions
between particles and on the surface of particfes indicate

that reprecipitation may have occurred, perhaps during the

washing procedure-in which pH decreases significally.
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Meller 180, a—Qleus is shown in Figures 4.3. The
material contains several forms of crystallitesn_large
platelets, smalier particles that appear rounded due to
melting, and very fine particles that are agglomerated.
Meller 182, the transition at-RlEDB, is shown in Figures 4.4
and contains a structure similar to that of the Meller «
phase, implying a similar manufacturing technique.
Baikowski's mullite, shown in Fig;res 4.5, has a mixed
structure of large and small particles; dense, rounded
particles implying a thermai production process. The m—ZrOa
studied, shown in Figures 4.6, is essentially spherical and
monosized. The "particles" appear, however, to consist of
‘very fine particles that are agglomerated to form
particulates on a scale of a few tenths fo a micron in
diameter. -

Solubility studies were conducted to determine
appropriate corrections for the titration data to account
for titrant uptake by soluble oxide species. The soluble
silica data determined for Quso 638 and monosized silica are
listed in Table 4.2. The ckange in solubility from baseline

was approximately 1.0x10-4 M dissolved Si species represent

approximately 1.@% of the 9.37x10 >

G632 and 2.5% for the 4.@0x10-3 M SiOE for the monosized

M'S:i.OE sites for Quso

material, using the reported Ns for gilica of 5.0 sites/hmE
(REF James-82a). Na corrections were made for these two
materials since the concentration of soluble silica'rémains

low and essentially constant throughout the titration pH
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range. Thus, titrant is not significantly consumed by
Si(OH)4—species, the dominant specie for the entire
titration pH range investipgated. In the case of monosized
silica, the Huang titration technique removes the effect of
initial solubility before titration.

The total amounts of soluble Al-species for Meller 184
and 182 Rleﬂ3 were determined and are listed in Table 4.:2.
Since the concentration of soluble speciez remains at
approximately 10_5 M, solubility corrections were similarly’
urnmecessary for 91203. This concentration corresponds to
approximétely 0.33x of the E.99x10—3 M surface sites for
Meller 180, and 8.13% of the 7.9@x10_3 M surface sites for
Mellgé 182 using N_ = 2.7 sites/nm- (REF James—82).

The concentration of soluble Al-species for Baikowski’s
mullite are listgd in Table 4.2. The baseline sclubility of
3.éx10—5 represents @.58% o; the total 5.18x10—3 M mullite
sites assuming Ns = 3 sites/nme. The only pH for which
solublility corrections apply for mullite is pH 3.8. No
solubility of Si-species could be detected for mullite using
the technique of Vogel (see section 3.2.4), implying that
the concentration of dissolved.Si—species is less than 1@—5
M. Iler—-79a states that the very low solubility of
aluminosilicates implies strong interaction of aluminum and
silicon oxides. This interaction possibly derives from the
fact that both metal ions have coordination numbers of 4 or
6 oxygen and have approximately the samé atomic diameter.

No solubility studies were conducted for the m—ZrDE.

Bleier and Cannon (REF Bleier—aaa)'found 100% precipitation
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of the reagent zirconium species for pH-values between 4 and
10, suggesting that the material does not significantly
dissolve in this pH region. The solubility of ZrO2 is small

for the titration range studied, as seen earlier in Figure

2. 1S,
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Table 4.1

XRD and BET Results for Cleaned Oxide Powders.

Oxide Phase (XRD) BET Surface Area (malgm)

810,

Quso G30 . amorphous 118.73 + 1.25 (200 °C)

monosized amorphous 18.78 + 2.33 (208 °C)
36.23 + 3.93 (300 °C)
41.46 + S.17 (400 °C)

Al 0,

Meller 180 a-Al,0, 21.31 + @.49 (200 °0)

Meller 182 'at—nlaoz 79.68 + 1.57 (200 °C)

3A1,0.,.281i0

2 3 3
Baikowski crystalline 5.87 + 8.03- (2008 °C)
Zrﬂa
uniform monoelinic 96. 30 (20 °c)
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{ Figure 4.1 TEM micrographs of Quso B3Q@, amorph-SiD
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Figure 4.2 TEM micrographs of monosized, amorph—SiDa.
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Figure 4.3 TEM micrographs of Meller 180, a-Rla
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Figure 4.4 TEM micrographs of Meller 182, ax-nlaoz.
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Figure 4.5 TEM micrographs of Baikowski mullit
3R1203.ESiDE.
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Figure 4.6 TEM micrographs of uniform, m—ZrDa.
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Table 4.2

Results of UV solubility studies for the cleaned oxides.a

Quso G338 (amorph-Si0.) monosized, amorph—SiDa

2
pH moles Si/l pH moles Si/l
2.99 8.95x10 5 2. 47 2. 00x10_3
3.46 1.29%10_3 3.50 1. 94x10_5
5.5 1.26x10_3 4.48 1.75x10_3
7.43 1.49%10_3 S. 49 1.89%10 2
9. 03 1.61x10_3 6. 49 2.67x108_3
10. 49 3.83x10 7.49 3. 18x10 >
- 8. 49 2. 90x10_3
9. 45 4.89x1@
Meller 180 (a-Al,0,) Meller 182 (a¥-A1,0.)
pH oles Al/1 pH moles Al/1
3.00 3. 46X10_¢ 3.08 1.51x10_;
4.04 3.97x18_g 4.08 3.97x10_g
4.96 (3.15x10_2 4.97 (3. 15x10_2
6.03 (3. 15x10_3 5.98 (3.15x10_2
6. 96 3.54x10_o 6. 74 (3. 15x10_2
7.96 3.30x10_g 7.83 (3.15x10_2
8.76 3.368x18__ 8.89 (3. 15x10_2
9.85 3.71x10_, 9.92 3.71x10_,
11.07 4. 46x10@ 11.00 S.61x%1@
Baikowski Mullite 391203.28108
pH moles Al/1 moles Si/l
Y 3. 30x10_0 (6. 25x10_2
4.28 3.30x10_2 (6. 25x10_2
s. 12 3.30x10_C (6. 25x10_o
6. 37 3.30x10_o (6. 25%10_2
7.06 (3. 15x10_2 (6. 25%12_J
8. 04 6.59x10_2 (6.25%10_2
8.72 8.30x10_, (6. 25x10_o
9.92 3.62x10_, (6. 25x10__
10.97 7.92x10 (6.25x1@

(a)
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4.2) Titration and Electrical Double Layer Calculations

Surface charge and surface reaction pK-values were
calculated from titration experiments. All titration data
and calculations are listed in Appendix IIl. The surrtace
charge profiles were determined for oxide suspenéions in
1.2, 0.1, 0.01, and 2.081 N NaCl solutioné as a functicon of
pH. R1ll titrafion experiments for Quso G30 silica, Meller
180 and 182 alumina, and Baikowski muilite were made on
soxhleted powders, unless specifically ment?oned. Monosiied
silica and uniform zirconia were cleaned using the dilute,

centrifuge, and decant method.
4.2.1) 8iliea

In the case of Quso G30, the p.z.c. is 4.25 and the
corresponding surface chargée profile shown in Figure 4.7.
The vo curves have a unique intersection at o¢=0, however,
for unsoxhleted powder, the intersection occurs at.Rv = 4.74
uC/cma, requiring a Ac—shift of the same amount to cause the
intersection to occur at ¢ = 8. This &¢ shifc may be due to
the dissulution of soluble surface impurities as the powder
is placed in soluti&nQ Since Quso G3@ is prepared from
soluble Na—-silicate solution; Na is the likely predominant
impurity. Soluble Na is apparently removed upon soxhletion,
thereby removing the cause of the surface charge shift, Ad.

The second ionization constant for Quso G319, phaa is
6.6, determined by piotting pQ vs a? and by extrqpolating to

the condivions of zero charge and infinite dilution; see
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Figure 4.8a. The complexation constant for sodium, pK*Na,

is 5.4, determined by plotting pQ* vs a*i and by

on
extrapolating to the conditions of zero charge and logCNaCll
= @; as seen in Figure 4.8b. The first ionization and
complexation constants for silica cannot be determined, in
general, since the pH-conditions where the surface species
ﬁransitions occur are pH = 1.9@ and 3.1@8 for the pKa1 and
pK*Cl (since p.z.c. = (pK1+pKE)/2). Thué, the experimantal
pH-values required to cbtain these data are too low to be
easily. experimentally determined.

The surface charge versus pH profile for monosized
gsilica is shown in Figure 4.9 yielding a p.z.c.-value of
3.20. Data for the lowest electrolyte concentration are not
plotted due to poor experimental correlation with the
results for higer concentrapions. This discrepency may be
due to residual alcohol from the initial precipitation
reagents (REF Jubb-82a). fhe wash proceedure yielded sample
supernatants that had the ionic conductivity of pure DI
water, implying that no residual reagent ions were present.
However, solution conductivity is not greatly affected by
alcohol species, therefore residual alcohol could be
present. Iler-79a statés that alcohol ean specifically
adsorb onto the silica surface under conditions of low
electrolyte'concentration and effectively block surface
sites from reacting with solution H+-ions. This potential
complication would affect the accuracy of FH+ used in
subsequent calculations.

The data in Figure 4.9 were calculated using the method
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of Huang-71la, in which titrations of suspension and
supernafant are compared. This method removes the effects
of backround impurities and oxide solubility sincé these
sources of error are present in both the suspension And
gupernatant. The correction technique dges not remove
either the effects of dynamic dissolution that may occur as
thé tifration progreéses or those of residual alcohol.

The surface charge for the precipitated, monosized
gilica is much higher than that for Quso G3@. Possible
explanations for the very high measured oo—values in the
former system are surface porosity and surface gellation,
suggested by the four-fold increase in the surface area upon
outgassing at successively H;gher temperatures; see Table
4.1. Since the surface area increases with outgassing
temperature, implying that bound or trapped water is present
in small surface pores, it is possible that undetected
micropores exist and lead to significantly higher p.d.i.
adsorption th;n would otherwise be expected. If a surface
gel-layer is present, coions adsorb in this layer
neutralizing the charge developed from p.d.i.. This reduces
the electrostatic repulsion that p.d.i. experience, allowing’
more p.d.i. to adsorb at the surface. Thus, higher
adsorption densities and surface charges are calculated,
that do not accurately describe the surface charge
conditions.

The second ionization constant, pK for monosized

a2’

silica is 4.9, determined from the plot of pQ vs a#, as

100



shown in Figure 4.1Qa. The corresponding sodiuwn

complexation constant, pK#* is 4.295, determined from the

Na’

plot of pQx vs a* as shown in Figure 4.1@9b. A comparison

Na’
of the e.d.l. properties for the silicas in this study to
those of other works is shown in Table 4.3. Tﬁe differences
in the proberties of these materials are probably dué to the
variety of different preparation techniques that lead to.
different surface habits, i.e. site density, surface
structure, and relative reactivity. Differences in
reactivity change the relative amounts of sites ionized and
complexed per unit area, and generate different surface
charge'profiles as a function of pH andlelectrolyte
concentration. The extrapolated pK-values are then also
shifted. Additionally, if.thé caiculated ¢°—va1ues are
ar#ificially high due to §d§orption'in a gel-layef, then the

experimental pK-values will be incorréct, unless details of

the gel are evaluated.
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a) yielding the ionizatiop constant, pKaa.

b) yielding the complexing constant, pK*Na.
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Figure 4.9 Surface charge versus pH for monosized silica.
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Table 4.3

Silica Surface Properties

Material Reference Salt pKaa pK*cat. Du Za Ca
Quso G302 this study - NaCl 6.6 S. 4 4.25
monosized this study NaCl 4.9 4.5 3.2
SiO2 Huang-77a ) NaC1l 6.7 - 2.1
8i0, Schindler-68a NaCl 5.8 - 2.0

Cab-0-Sil James—82a KC1 7.2 _6.7 3.0
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4.2.2) Alumina

The surface charge profile for Meller 180, “—91803' is

shown in Figure 4.11; the p.z.c. is 8.75. The initial Re¢ vs
pH data for the corres;onding unsoxhleted material yield a
non-distinct intersection, implying surface or solution
éontamination. After soxhletion, the Re¢-curves all
intersected at a unique pH, implying good data. The
ionization constants for Meller 180, determined from the
plots of p@ vs a* in Figure 4,12 are pKai = 5.@ and pKaE =
10.7. Corresponding complexation constants are pK*C1 = 7.1
and pK*Na = 10.2; see Figure 4.13.

The surface charge profile for Meller 182, the
transition—-phase, a2—91203, is given in Figure 4.14. The
curves are seen to be asymmetric about Re¢ = 0, since the
intersection does not occur- at Re = 07 Rather, the
intersection occurs between pH-values 8.@ and 9.0 while the
point where Re = @ occurs at pH = 7.@8. Using this Re data,
the calculated ionization and complexation conatants arej;
pK

= 4.2, pK* = 6.34, and pK#* = 7.0 as determined in

al Cl Na

Figures 4.15 and 16. pKae iz estimated to be 9.8 from
extrapolation of the data to a%¥=0. Full DJL extrapolation
could not be madé for pKae due to poor data separation and
linearity. When the surface charge curvas are shifted by A¢
= —-11.24, the intersection occurs at Re¢ = @, with a p.z.c.
of 8.2. When the pQ values are recalculated using this new
P.2.C., Nnc distinct ionization or complexation constaﬁts

could be determined in the double extrapolation plots. This
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implies that the unshifted Re curve_represents the actual
surface charge for tﬁe Meller 182.

Althcugh the data for Meller 182 do not exhibit a
distinct intersection and yields poor pK-curves, in all of
our other §tudies of soxhleted materials the Re¢ curves did'
rnot reﬁuire ot shiffs, implying that surface impurities were
removed. Other possible causes for the A&¢ shift in'fhe data
are surface dissolution and reprecipitation that occur
during the titration, and specific adsorption of the
electrolyte cation (REF Huang-81la). Surface dissolution and
reprecipitation prqbably‘does not occur for the Meller 182
system as discussed in section 4.1. 4If specific adsorption
of the cation occurs, survace charge curves shift such that
the intersection occurs at negativele (REF Huang-81a). In
this case the unshifted ¢ curves.fepresent the actual charge
pr;file pf the material as ; function of pH énd electrolyte
concentration.

A comparison of the e.d.l. properties for the two
aluminas in this study to those of other works are shown in
Table 4. 4. The difference in the properties of these
materials are again caused by different preparation
techniques that lead to different crystal habits. The
differences in reactivity changes the relative amounts of
sites ionized and complexed yielding different surface
charges as a function of pH and electrolyte concentration,
shifting calculated pK-values. If specific adsorption
oceurs on the at—n1203 surface, then shifts in the

determined values make direct comparison of the data with
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those in the literature questionable.
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Alumina Surface Properties

Material Reference

a-ﬂleﬂs (in NaCl)

Meller this study

- Yorpps—64a

¥-R1_0_, (in NaCl)

2.3
Meller this study
Cabot James—82a
" Cabot Huang-73a
Cabot Davias—78a

Table 4.4

pKal

S.2

8.5

4.2
S.2

7.7

S.7

pKaE

i0.7

9.7

9.8
11.8
2.3

11.5
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6. 34

7.9

pK*Na

1.2

9.2

9.2

pP. 2. €.

8.75

9. 1@

7.0
8.5
a.5

8.6
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4.2.3) Mullite
The surface charge profile for Baikowski’s mullite,
391203.

This value is close to that determined by Smolik-66a for

ESiDE, is shown in Figure 4.17 with a p.z.c. of 8.350.

mullite; p.z2.c. = B.1l. No shift in the Re curves for our
material wés required, &¢ = Q, implying that surface
impurity were not présent after soxhleting and that 0° = Re.
The ionization and complexation constants for mullite can
not be determined since the DJL model double extrapolation
technique is invalid for mixed oxide surfaces. However, a
first.estimate for these constants can be made using the

values for the pure alumina and silica surfaces calculated

earlier. Caution must be exercised in interpreting these

values because the interaction effects of oppositely charged
alpmiﬁa and silica sites capnot Ee suitably treated for in
the calculations. If DJL double'extrépolation plots are
made for mullite, "effective" reaction constants can be
determined, however these calculations are phenomenoclogical
rather than physically justified for the mixed oxide.

The do—curves for our mullite appear compressed towards
00 = @ in the pH region where the surface is positive, i.e.
for pH-values below the p.z.c., and expanded in the nepative
surface charge region. For pH-values below 8.3, the p.z.c.
of mullite, surface silicéte gspecies are negatively charged,
saince the pH is greater than the p.z.c. for SiDe (see Figure
4.7). On the other hand, surface Al sites are positively
charged at pH-values less than 9.0, the p.z.c. of Al_ 0, (see

23

Figure 4.11). Thus, the sun of the pogitive Al and negative
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Si sites reduces the net vo—values owing to neutralization
by the oppositely charged species. In the same manner, at
pH~values above the p.z.c. of mullite, the silicate and
aluminate sites are both negaively charged, causing the
charge profiie to be more negatiQe than that for either
sihglé oxide component.

The experimentally determined p.:z.c, 6.5, is very close
to ghat of alumina (compare Figurés 4.11 and 4.17), implying
thatlﬂlaoa sites domingte the aqueous surface chemistry of
mullite. This apparent dominance by alumina-type sites has
been found by other researchers (REF Iler-76a, Katsanis—83a,
Pyman-79a, Smolik—séa, and Tschapek-74a). One proposed
reason for this effect is that, since the structure of the

Al (OH) ~ tetrahedra resembles the Si(DH)4 complex, the Al-

4
ion can be inserted or exchanged into_g SiDE surface,
producing an aluminosilicate site with a fixed negative
charge (REF Ilér—?Sa). Highlighting this postulate;, Iler-76a
found that only 9.66 wt%* of 91203 was required to
significantly change the surface properties of silica. .This
corresponds to approximately one aluminosilicate site per 2@
silanol groups on the surface. If evenly distributed, the

sites are 15 A apart, thus the effect of alumina is very

large as compared to the Si site.
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4.2.4) Zirconia

The surface charge profile for'm—Zr-O2 shown in Figure
4;6 igs given ih Figure 4.18. The curves do not have an
obvious intersection nor do they ;xhibit symmetry about an
apparent p.z.c. Several explanations for these atypical_
results oc&ur. First, if unknown and nonduantified surface
or solution impurities result from the synthesis (REF
Bleier—-82a) and react with titrant, then incorrect
adsorption curves would result. Since this powder was
washed using the repeated, dilute-centrifuge-decant method,
residual impurities could be retained, though Bleier and
Cannon (REF Bleier-82a) feel that this is not likely.
Second, the TEM figures of this powder (Figure 4.6) show
that the "particles" consist of very small particles,
somewhat as a particluate gel would. _IF the inner regions
of the particles are accesible to solution species, then a
finite time would be required for pore surface reaction,
thus lengthening the normal equilibrium time. This kinetic
effect on the surface reactions would not be properly taken
into account in data reduction, leading to incorrect
interpretation of the titration curves yielding incorrect ¢,
curves. A study of the effect of titration rate on the Re
values is required to describe the surface reaction kinetics
in this system. Preliminary data taken by the author (REF
Bleier-83c) suggest that this effect is important for this

ZrUE.
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4.,3) Electrophoresis Experiments

The electrophoretic mobility was measured for Meller

180, a—ﬂlao for 0.1, 0.21, and ®.291 N NaCl suspensions in

3
air for pH-values between 4 and 11. The z—potential was
calculated and plotted in Figure 4.282 as a comparison to the
theoretically calculated OHP potential, ?e. The lack of
good experimental fit to the theoretical curves may arise
from CD2 induced pH-shifts and species adsorption at the
oxide surface. Further studies on the z—potential in
systems where COE is excluded are required fqr further

verification of the theoretically calculated'potential

distribution in the e.d. 1.

4.4) Theoretical Electrical Double Layer Calculations

This section deals with tﬁeoretigal estimates of the
chemical species and distributions of charge and potential
in the e.d.l. determined using SITECAL, listed in appendix
II, @ modification of Westall’s computer program MICROGL
(Ref Westall-79a,b). As discussed earlier in section 2.3,
this computer program solves a given set of reaction
equations for the e.d.l. to calculate the equiiibrium
distribution of species, charge, and potential in the e.d.l.
The tableau describing the suirface reactions, reaction
constanfs, and known concentrations of species is entered
into the program and the e.d.l. properties are determined.

Ionization and complexation-constgnts for Quso G30 and

Meller 180 were considergq representative of SiDE and 91203
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surfaces and were choosen for a theoretical study since the
experimental data appeared to be the best of the single
oxides'st;died (Figures 4.7, 4.8, &4.11, 4.12, and 4.13).
Values of the inner and outer layer capacitances were those
of James—-82a. The reaction tableau includes the electrolyte
ions as both aystem components and chemical species in order
to calculate the concentration of adsorbed speqies and
remove them from the bulk solution. In Westall’s original
program, the bulk solution is considered to be an infinite
source of ions, a invalid assumption for low electrolyte
concentrations.

The reaction tableau for SiDa is given in Table 4.5.
The firat ionization and complexation constants are
estimated fﬁom'the experimentally determined second
ionization and complexation_reactions since p.2.C. =
+pK_) /2. The prediéted charge distributions for the

1 2
surface, ’@' IHP, ¢

(pK
1" and COHP, 02,
1.0 to 2.221 N NaCl are plottad in Figures 4.19. The

as a function of pH for

experimentally determined 0°-values are compared to the
theoretical values in Figure 4.19a. The theoretical and

experimentally determined p.z.c.-values are both found to be

-4.25. The theoretical vb-values predict the experimentally

determined values for low electrolyte concentrations and pH-

- values near the p.z.c. The experimentally determined ¢°

curves appear to increase in the negative direction much
more sharply towards the p.z.c. than do the theoretical
on@s. The theoretical potential distributions of the

electrical double layer are shown in Figure 4.20.
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’The reaction taleau for a—nlaoz is given in Table 4.6.
The theoretical charge distributions for the surface, IHP,
and OHP as a function of pH for 1.0 té @G. 001 N NaCl are
plotted in Figures 4.21. The experimentally determined
gsurface charges. db' are compared tc the theoretical values
in Figure 4.21a. The theoretical and experimentally
determined p.z.c.-values are both 5.75. The théoretical ¢°
curves are shown to be only slightly lower than the
experimentally determined data for pH-values below the
p.2.c. The theoretical potential disribution of the e.d.l.
is shown in ?1gure 4,22. The experimentally determined z—
potential is compared to the theoretical ?2 in Figure 4.22c.

The theoretical-values lie within the range of the

experimental data, however discrepencies are probably due to

a2

aystem.

CO_, adsorption phenomina occuring in the experimental

The theoretical surface charge curves, 00,'for 91203
and SiO2 at all electrolyte concentrations intersect at the
p. 2.c. and have positive values for the conditions of pH (
Pe 2.C. and negative values for the conditions of pH ) p.z.c.
as do the corresponding experimental cufvés. The IHP and
and ¢., . are opposite in sign when compared

1 2

to db for the same pH-values. This result occurs due to the

electroneutrality constraint, 00 + ’1 + oa = @. The

OHP charges, ¢

potential distributions, !0,-11, and !e.,decraane
monctonically from the surface tc the OHP since the surface

potential is neutralized by the oppositely charped species
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in the e.d.l.

An attempt was made to calculate the e.d.l. charge and
potential distribution for mullite using the tableau shown
in Table 4.7. The ionization and complexation constants for
the alumina and silica surface sites are those of Tables 4.6
and 4.7. The computér program was modified in our work to
include a charge balapce of alumina and silica sites. This
calculation did not yield Re¢ intersections; so the author
doubts the correctness of his modifications to the computer
program. Hence, tﬁe theoretical e.d.1l. disributions will
not be reported, though continued work on this point is in

progress.
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ble 4.7

The reaction tableau for Meller 180 a-RleD3.

cogglgo!!ent S
species AlOH e 70 e Y1 e Y2 nat  c1” WY pK
H ° ? o o e o +1 o
oH ] ] 2 ? o e -1 -14.0
A10M +1 .S S o o @ © )
ALO0H, " +1 +1 S o o 0 +1 5. 0
Al10” +1 -1 o ) o ® -1 -10.7
ALOH,'C1-  +1 +1 -1 e @  +1 41 7.1
AlO Na® #1111 e +1 6 -1 -1@.2
Nat ' e ) 0 +1 e o o
c1” o ] e ? @ +1 2 ?
TOoT e © °o o c cC o
log free -4 -1 -8.35 B -pC -pC -pH
site density = 2.7 sites rm = €, = 120 uF em S
surface area = 21.31 ma gm-1 . CE = 20 uF em 2

conc. of solids = 31.25 g 17!

where, C is the concentration of electrolyte;
pC = —-logfiCl.

' giteé density from James—-82a.
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Iable 4,0

The reaction tableau for Raikowski mullite, 391203.25i02.

H-O-

OH

Si0H

8i0

gsioNa’

4+
RlOHa

A10H
Al10~

+
RIDHa Cl-

Al10 Na* -

+
Na

Ccl1

TOT
log free

9
@
+1
+1

+1

+1

+1

+1

+1

+1

gemponents

+1

site density = 5 sites nm—a

conc. of solids = 90.75 g 1

surface area = 6.87 ma gmn

b

1

species Si0OH AIOH afya e Y1

n-ya

r4
-]
0
Pt
1
o
+

@ @ +1
o o -1
"] l@ Q
2 ] -1
+i e -1
e 2 +1
2 8 i}
] 2 -1
2 +1 +1
+1 2 -1

+1 "] 7]

@ +1 1]

c c o
-pC =-pC -pH

C. = 126 uF cm

1

C. = 20 uF em

2
Al/81i = 2

where, C is the concentration of elactroiyteg
pC = —-loplLCl.
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4. 3) Euture Work

In all of the tipration gtudies mgntioned, the DJL
model explains the data well. With increasing salt
concentration, for pH-values preater than the p.z.c., the
amount of cation binding increases and for pH~values belew
the p.z2.c. anion binding increases. This effact is seen
experimentally with increasing surface charge with
increasing electrolyte. Because of charge neutralization in
the IHP by the complexed ion, the OHP potential decreases as
ssen by decraasing p-potential with increases salt
concentration. Theoratical charge and potential
calculations using the DJL model back predict the
experimental data accurately.

Future work in this area includegl
1) Experiments on soxhleted monosize silica to remove
pecssible alcohol blocking of surféce aites and high
temperature calcination to remove surface porosity and gel-

layer.

" 2) Determine if soxhletion or some other cleaning technique

ramoves the rnonintersection Re problems for m-ZrOe . If
not, the nonintersection is due to kinetic equilibrium
attainment affects which must be studied.

3) The mixed site model for mullite and other multisite.

' oxides should be completed to predict the experimental

@.d.1l. species, charge, and potantial distributions for
these systems.

4) Electrophoresis experiments must be made under NE to
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exclude CO_. effects, ensuring calculated z—-potentials that

2
can be directly compared to the theoretically predicted Td—

values.

5) Conductometric and specific ion titrations can be made to
provide secondary checks on the concentration of species in

the bulk solution, providing a check on the calculateq

adsorptinn concentration of species in the e.d. 1.

6) Once the intrinsic ionization and complexation_ constants

‘have been determined for a material in a particular

electrolyte, inclusion of the CGE equilibria would predict
real caeramic processing e.d.l..charge and potential
distributions. The inclusion of solubility and
repracipitation could aléo be included in the reaction
tableau for more accurate results.

7)-It is desired to apply tpe DJL model to more to other

ceramic systems to predict auspension'properties.

134



S5) Gonclusions

The surface charge, ¢°, for several silicas, aluminas,
mullite; and zirconia aqueous suspensions were determined as
a function of pH and NaCl electrolyte concentration. The
0b-va1u-s of those materials were graphed and the point of
zerc charge determined. The p.£.c. valuas of the amorphous
siliéas warae 4.25 for Queo B30, and 3.2@ for the monosized
silica. Thaese valuss compare favorably with the literature
values. The p.z.c.-values of the‘aluminas were-8.75 for
Meller 189, crﬂlana, while Meller 182, at—nleos,
at pH = 7.9 while the intersection of the Re¢ curves occurred

had Re = a

between pH 8.2 and 9.0. This result implies that solution
cations specifically adsorb on the surface of the ax-n1203.

" The p.z.c. for Baikowski mullite, 3A1,0,.25i0,, was

" determined to be 8.5, again -in accordance with the

iiterature reported value of 8.1 for crystallire mullite.
Surface charge curves for mullite are skéwed towards zero
charge for pH-values less than the p.z.c. since positively
charged alumina sites partially neutralize the negatively
charged silica sites. For pH-values greater than the p.z.c.
of mullité,'both the alumina and silica sites are negatively
charged, hence the vo curves are greater than for an average
single oxide. The surface charge profile for uni form Zrl:le
was plotted, however the p.z.c. could not be determined
since the Re¢ curves did not crossover at a distinct point.
This effect is probably due to the kinqtics of equilibrium

for solution species reacting at surface sites in the porous
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particles.

Ionization and complexation constants were determined
for the aluminas and silicas studied using the double
eaxtrapolation technique of Davis, James, and Leckie. For

Quso G39, the second ionization, pK and Na complexation,

a2’

pK constants were determined to be 6.6 and 5.4. The

*Na?
valued determined for the laboratory produced, monosized
gsilica were pKna a 4,9 and pK*Na = 4.5. The first
ionization and chlorine complexation constants are, in
genaral, difficult to determine for silica suspensions since
they occur at pH-values of 8.0 to 2.5, where reliable pH
measurements are difficult to obtain.

For the aluminas, Meller 180 and 182, a—91203 and a¥-—

91203 respectively, both 1qhization and complexation

constants were determined. For Meller 180 the reaction

constants wers determined to be pK_, = 5.0, PR o = 10.7,

pK = 7.1, and pK# = 190.2. For Meller 182 the reaction

*o1 Na ‘
constants were determined to be pKal = 4.2, pKae = 9.8;
pK-u-c1 = 6.34, and pK*Na = 9.2. The calculated reaction
constants are within the range of values feported in the
literature.

The reaction constants for Baikowski mullite could not
be determined using_the DJL model double extrapolation'

technique because it only applies for single oxide surfaces.

A first estimate of the reaction constants can be made by

" using the values for pure alumina and silica since mullite,

3A1_0..28i0 is composed of these two end members. The

23 2°
values of the reaction constants for unifokm m-ZrDE could
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N

not be determined since the Re curves did not yield a
P. 2. C.y, hance the DJL mode; could rot be applied.

The differences between the p.z.c.land‘surface reaction
constants determined for the two aluminas énd gilicas are |
due to differences in surface reactivity. These differences
occur because the surfaces of the particles have different
erystal haﬁits and degrees of hydration resulting from
different processing techniques. Crystal habit influences
the local sife-configuration, thereby affecting the local
electrostatic ficld and the relative reactivity of the
surface site. Hydration aifects site reactivity by changing
the ionization state of the surface site.

Surface reacfion constants determined for Quso G309,
amorph-SiDa, and Meller 186, 4791203, were used in the
computer program'SITECRL to calculate the e.d.l. site,
charge and potential distributions. The undetermined first
ionization and chlorine complexation-constants for Quso G308
were estimated to be 1.9 and 3.1, since p.z.c. =
)/2. These reaction constants must be included in

(pK, +pK

1 2
the calculation otherwise the theoretical curves will not

intersect at Ro=@ because neutralization of the negative and

positive surface sites will not occur if the reaction

decribing this transittion is not included.

The thaoretical'vo curves predicted the experimentally
determined p.z.c. very well for both SiDa and a-nlana. The
theoretical surface charge profile for 5103 increases more

gradually than that of the experimental data. Experimental
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oo-values are less than theoretical below pH 6.0, above
which the former began td rise more rapidly with increasing
pH. This effect may be due to surface dissclution during
titration, though dissolution analysis suggest that this
effect is small. The theoretical 0& and relative curve-—
shape for ar91203 match the experimental aata quite weil,
howaver, the experimental values are slightiy larger than
the theoretical ones.

Soxhletion adequately removed surface impurities that
cause large Aco—shifts in the data or poor Re-crossover. The
Re curves for unsoxhleted Quso G390 required a large A¢ shift
to cause the intersaction to occur at 0°=0. After
gsoxhleting, curves interseqted at ¢°=0, implying that the
major expected soluﬁl. impuﬁity, Na, had been removed. Poor

Rofinterlection‘uas found'for Meller 15@, a-nlaﬂz, for
unaoxhlete& material. After soxhletihg, tﬁe data behaived
well. |

Solubilities of the oxides in aqueous solution were
determined, but not quantitatively taken intoc account
because they were low or pH-independent. Normally, the
affects of solubility must'be included in the Re-
calculations because titrant is consumed by the soluble
metal spécies as they change ionization state and
concentration as @ function of pH.

A method for calculating surface charge, potential and
reactive site pk is presented and described in detail for

oxide surfaces. The DJL model incorporates specific ion

adsorption and dissolution on the surface. Calculated pK-
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values are useful to predict colloidal properties of oxides.
Pertinent prediction can be made for electrophoresis,
coagulation; and m;‘dering because the reactions at the
surface determine the surface/electrolyte interfacial
proparties. These models can be applied to ceramic
processing in order to produce high quality technical pieces

for the futura.
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Appendix I

Supercalc spreadsheet for do and pK calculations.

Censtants

Bl = volume of the suspension

El = volume of the control electrolyte

B2 = cencentration of the base used for the suspension

E2 = conc. of the base used for the control electrolyte
" B3 = concentration of the acid used for the suspension

E3 = conc. of ‘the ‘acid used for the control electrolyte

HS = concentration of electrolyte '

BS = weight of cxide powder in suspension

E6 = determined p.z.c. 2

B7 = surface area of oxide powder (m /gm)

E7 = determined A¢ shift for the ¢, curves

B8 = gurface site density (sites/nm2)

B1@ = tctal volume of the suspension

Calculated for each titration pH

Aiz
B12
cia
D12

£12
F12

G112
ﬁ1a
112
Kiz

Liz2

Miz2
Ni2

012

pH of the data point

volume of titrant required at pH for suspension
volume of titrant required for this pH for the control
calculated mEQ of titrant for the suspension
IF(B12(@,B12#B2, B12#B3) ' '

mEQ@ solubility correction for the suspension = 0
calculated mEQ of titrant for the control electrolyte
IF(C12(0,Ci12#E2#B1/E1,Ci12*E3%B1/E1)

total mEQ difference including solubility

Di2-E12-F12

relative surface charge of the oxide at this pH

9648. 456#G12/ (B6#B7)

surface charge of the system after removing &c¢ effects
H12-E7

fractional percent ionized on the surface, a«

. 062416%ABS (I112/B8)

effective ionization constant, pQR
IF{I12(0,A12-LOG10B(K12/ (1-K1d)),AR12+L0OG1B(K12/ (1—-
Ki2)))

effective a, a*# — ionization constant
18#K12+SQRT (HS) - '
effective a, a*_ —complexation constant
10#K12-1.0818 (H5}°"

effective pQ, pQ%* - complexation constant
IF(I112(0,L12+L0B10 (HS),L12-LOG1B(HS))

14@



)

e

410
420
439
44Q
450
460
47@
490
S09
Se1
Sez
Se3
S04
o190
o520
338
540
SEv

PAGE

Appendix ITI

Program SITECAL for the calculation of surface equilibria.

120 .

110 PRINT "534 36356 30 96 36 308 3020 406 3590 3096 363636363 5630 036 2600 3636 2696 36030 30 3 30 096 3038 6 2 1!

1280 PRINT "“# #"

1320 PRINT "# PROGRAM *## SITECAL.BAS ### 12/14/83 #"

140 PRINT "% H#+"

iS50 PRINT " TAPE FILE #3 AND DISK SCRATCHLIB/SITECAL #"

1i6@ PRINT "% #"

170 PRINT "% CALCULATES THE EQUILIBRIUM CONCENTRATIONS "

18@ PRINT "# OF AQUEOUS AND EDL SPECIES IN SOLUTIUON ¥n

190 PRINT " INCLUDES TITRATION COMPUTATIONS u"

208 PRINT “# MODIFICATION OF J.WESTALL's MICROGQL~-MICS8 *

210 PRINT "# FROM JOHN WESTALL MICROQL- 2. COMPUTATION #"

222 PRINT “# OF ADSORPTION EQUILIBRIA IN BARSIC- MICA.BRAS *"

230 PRINT "# SWISS FEDERAL INSTITUTE OF TECHNOLOGY EAWRG *"

240 PRINT "# CH-8600 DUEBENDORF, SWITZERLAND #0

250 PRINT "*% e

254 PRINT "# WITH MATRIX CORRECTIONS FROM DR. R. JAMES "

256 PRINT " #h
© 26@ PRINT "# MODIFIED FOR THE TEKTRONIX BY ## WAYNE HASZ #"

280 PRINT "= %N

290 PRINT " 3654053056253 0 30 4 30 20 3626 3 36 0 3 36 36366 3 5090 3 J6 90 3006 730 3630 30 3 3050 0 N e 0 Y

300 PRINT "HIT ANY KEY TO CONT INUE®

310 INPUT Zs- -

320 INIT _

330 REM ## DEFINE THE THERMODDYNAMIC CONSTANTS

348 Bl=6.022E+23 : REM AVOGADROS #

359 B2=06.1174 ¢t REM (BEEoRE)~i/2 .

360 B3=19. 46 s REM F/2RT

370 B4=@.0256 : REM RT/F

380 BS=06, 035916 : REM LOG RT/F

392 B6=96487 : REM F

400 DEF FNS(X)=(EXP(X)—-EXP(-X))/&2

DEF FNC(X)=(EXP (X)+EXP(~-X))/2

REM %
LO=2 g
Li=3
L2=4 3
L3=1 :
REM %%
I19=100

DEFINE THE SURFACE COMPONENTS ##*
REM EXP{(-Y®) TERM
REM EXP(-Y1) TERM
REM EXP(~-Y2) TERM
REM SOH SITE TERM
PROGRAM CONTROL #%
: REM ITERATION MAXIMUM

E9=1.0E-4 : REM TOLERANCE FOR CONBERGENCE

REM %%

ENTER THE TITRATION CONDITIONS"

PH1=4.2 1 REM BEGINNING PH

PH2=102
PH3=2.
PAGE
PRINT
PRINT
PRINT
PRINT

.@'s REM ENDING PH
2 ¢ REM INCREMENT PH

"SITECAL MAIN MENU"

"1 RE/ENTER THE PARAMETERS"

"2 SOLVE THE MATRIX FOR ALL CONCENTRATIONS"
"3 PRINT THE SOLUTION"
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57@ PRINT "4 STOP"

58@ PRINT "ENTER YOUR CHOICE "j

53@ INPUT Z1

600 IF Z1(1 OR Z1)>4 THEN 510

610 GO TO Zi OF 629, 3291, 4510, 4790

620 PAGE

780 PRINT "MENU FOR THE EXAMPLES"

80@ PRINT "1 USE THE DATA OF QUSO G3@“

81@ PRINT "2 USE THE DATA OF MELLER 180"

820 PRINT "3 GOTO THE MAIN MENU"

833 PRINT " ENTER YOUR CHOICE"

840 INPUT Z2

ase IF z2¢1 OR Z2)3 THEN 780

860 GO TO Z2 9F 880, 1180,510

880 PAGE o '

89@ PRINT "USING THE DATAR OF QUSD G3Q"

892 M$="QUSO G30"

894 Pe="pH, SiOH,SiOH2+,Si0~ // SiOH2+Cl-, SiO-Na+,
psi®,1 // 2,sig 0,1,2"

900 M1=9 : rem M1i=TOT NUMBER OF SPECIES (Y)

91@ Ni=7 ¢t rem N1=TOT NUMBER OF COMPONENTS (X)

920 Ki=Ni-1 : rem # COMP WHICH TOT CONC IS KNOWN

230 DELETE A,K, T, X .

94@ DIM A(MI,N1),K(M1), TC(NL), X (N1)

95@ DATA ©0,9,0,0,0,0, 1

969 DATA 0,0,08,0,0,d, ~1 -

970 DATA 1,0,0,0,0,0,Q '

97% DATAR 1,1,0,@,0, 8, 1

98¢ DRTA 1,-1,0,0,0,0, -1

985 DATA 1,1,-1,0,0,1,1

993 DATA 1,-1,1,0,1,8, -1

992 DATA 2,90,0,0,0.1,0.1,0

994 DATA ©,0,0,0,-1,-1,0

1000 FOR I=1 TO 9

1010 FOR J=1 TO 7

1020 READ A(I,J)

1030 NEXT J

1040 NEXT I

105@ C1=S%1.QE+i8

1060 C2=118.73

107@¢ C3=9.5021

1080 C4=0. 1

1090 CS=120#0.01

1100 C6=20%0. o1

1110 READ K .

1120 DATA 0, ~14,0,1.9, 6.6, 3. 1, -5. 4,0,

1130 READ T

1140 DATA 0,0,0,92,0.1,0.1,0

115@ READ X -

1160 DATA -4,-1,-0.5,0,~1,-1,-7

11790 GO TO 2780

1189 PAGE

1198 PRINT "USING THE DATA OF MELLER 18@"

1192 M$="Meller 180"

1194 P$="pH, A10H, A10H2+,A10- // AlOH2+Cl-, A10-Na+,
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psid; 1 /7/ 2,sigd,1,2"
1200 M1=9
1210 N1=7
1220 K1=Ni-1i .
1230 DELETE A, K, T, X
1240 DIM A(MLI,N1) K (ML), T(NL),; .. (N1)
1250 DATA ©0,92,0,0,0,0, 1
1268 DATA 23,2,0,0,0,0,-1
1265 DATA 1,0,0,0,0,2,0
1270 DATR 1,1,90,0,0,0,1
1296 DATA 1,-1,0,0,0,0, -1
1308 DATA 1,1,-1,8,0,1,1
1310 DATA 1,-1,1,0,1,8,-1.
1312 DATA 0,0,0,0,0.1,0.1,2
1314 DATA 0,0,0,0,~-1,-1,~7
1320 FOR I=1 70 9
1330 FOR J=1 TO 7
134@ READ A(I,J)
1350 NEXT J
1360 NEXT I
1370 Cil=2.7#1.0E+18
1380 C2=21.31
1390 C3=31.25

REM SITE DENSITY

REM SURFRCE AREA (M2/G)

REM CONC. OF SOLIDS (G/L)
1400 C4=0.1 REM ELECTROLYTE CONC.

1410 CS=120+0. 21 REM INNER LAYER CAPACITANCE
1426 C6=20#0.01 t REM OUTER LAYER CAPACITANCE
1438 READ K t REM REACTION CONSTANTS

144® DATA ©,—-14,0,5,-10.7,7.1,-10.2,0, @

1450 READ T 8 REM TOT CONC. OF COMPONENTS.

1450 DATA 0, 0, 0’ 0. 2. 1’ 3. 1, 0" . '

1470 READ X : REM LOG FREE CONC. OF COMP.

1480 DATA —4,—1,-8.5,0,0.1,0.1, -7

1490 GO TO 278e

2788 PAGE

27980 PRINT "BEGINNING PH = "jPH1
2800 PRINT "ENDING PH = "“;PH2
2819 PRINT "INCREMENT PH = "3;PH3

2820 GOTO S1Q

3298 PRGE :
3302 PRINT "SOLVING THE TITRATION EQUATIONS®
3310 DELETE 2@, Y®,E,Y,Z,C, Q0

3320 DIM ZO(K1,K1), YO (K1), 0D (K1)

3330 DIM E(N1),Y(N1),Z(N1,N1)

334@ DIM C(M1)

3353 R1=(P2-P1)/P3+1

3360 DELETE S1

3370 DIM 81(R1,12)

3380 REM DIM SPECIES AND EDL PSI AND SIGMA
3390 Ri=@

3400 PRINT "ALL CONCENTRATIONS IN LOG"
3402 PRINT F$,M$

3403 PRINT C4,CS*i0@,C6#100

3404 PRINT "I=",R1,"J= ", 12

3410 PRINT P$

3430 FOR P4=P2 TO P1 STEP -P3
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3440
3442
3444
3450
3452
3454
3460
3470
2460
3490
3510
3520
3530
3540
2550
3560
3570
3580
3590
3620
3610
3620
3630
3640
3650
3660
3670
3680

" 3699

3700
3710
3720
3730
3740
3750
3769
3770
3780
3790
3809
3810
3820
3830
38492
38350
3860
3870
3880
3890
3908
3910

3920

3930
3940

395@

Ri=Ri+1
X (5) =LGT (C4)

X (6)=LGT(C4)

X (N1)=-P4

T{(S)=C4

T(6)=C4

T(N1)=0"*

GOSUB 3550

REM SOLVE THE EQUATIONS
NEXT P4

PRINT S1 .

PRINT "DONE, HIT ANY KEY TO CONTINUE"
INPUT Z$

GO TO 310

REM ## BEGIN A CASE HERE ##
18=0 _

REM COMPLEXES

C=A MPY X

LET €=C+K

FOR I=1 TO M1
C(I)=10~C(I1)

NEXT I

FOR J=1 TO N1

LET E(J)=10"X(J)

NEXT J

GOSUB 4590 .
REM MASS BALANCE o
17=0 -
FOR J=1 TO N1

V8==T (J) -
V9=ABS (T (J))

IF J=L2 THEN 374@

G0 TO 3750

V8=va+D3%D4

FOR I=1 TO M1
Ve=Va+A (I, J) #C (1)
V9=V9+ABS (A(I, J) ) #C(I)
NEXT I

IF J)K1 THEN 3830

IF ABS(VA)/VI)ES THEN 382@
G0 TO 383@

17=1

Y(J)=v8

NEXT J

REM COMPUTE Z

FOR J=1 TO N1

FOR Q=1 TO N1

V9=0

FOR I=i TO M1
V9=yY9+R(I, J)#A (I, Q) *C(I) /E(Q)
NEXT I

Z(J,Q)=v9

NEXT G

NEXT J

GOSUB 4700
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3962
3970
398@
3990
40012
4010
4920
4030
4040
4250
40€0
4070
4080
4085
4090
4100
4110
4129
4139
4140
4150
4160
4170
4189
4190
4200
4210
4220
4230
4240
4250
4260
4270
4290
4300
4520
4530
4532
4540

4550

4576
4580
4590
4600
4610
4628
4530
4640
46350
4660
4670
4682
4690
4700
471@

REM MODIFY DERIVATIVES

IF 17=3 THEN 4170

I8=18+1

IF 18)1I9 THEN 41702

REM SOLUTION

FOR J=1 TO K1

FOR Q=1 TO K1
Z0(J, ) =Z2¢(J, @)

NEXT Q@

YB(JF)=Y (J)

NEXT J

Z0=INV(Z3)

QR=Z@ MPY Y2

Ya=092 .

FOR J=1 TO Ki
E(I)=E(J)-YB(J)

IF E(J) (@ THEN 4131

GO TO 4140
E(I)=(E(J)+YB(J)) /1D
X(J)=LGT(E(JT))

NEXT J )

GO0 TO 3572

REM END OF THE ROUTINE GOTO
S1(R1, 1)=-LGT(C(1?)

FOR Jaa TO 6
S1(R1,)=LBT(C(J+1)) ~ .
NEXT J '

81 (R1, 7)=D2% 1000
81(R1,8)=D1%1000
S1(R1,9)=D2%1202

81 (R1, 10)=T(LA) #100/D4&

81 (R1,11)=T(L1)+#10@/D4

81 (R1, 1E)=T(LE)*1@0/D4
RETURN

PAGE

PRINT "ROUTINE TO PRINT THE DATA"
PRINT @51:F%, M$

PRINT @51:C4%,C5#100, Ce*100.
PRINT @51:"I= ",R1,"J= *,12
PRINT @351:P8 :

PRINT @51:S1

GO TDO Si10

REM ## MODIFY THE MASS BALANCE ##
DO=-BS*X (LO)

Di=—BE»X (1)

D2=-pS#X (LL2)
D3=~-B2#SAR (C4) #FNS (B3+D2)
D4=C2%#C3/B&

T(L.2)=(D@-D1) *CS%D4
T(L2)=(D2-D1) #*C6#D4
TLL)==T(LD)-T(L2)

T 3)=Ci*xCe#C3/B1

RETURN

REM ## MODIFY THE DERIVATIVES ##%
Z(L1,L2)=-C6%B4/E (L2) #*D4
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4720

4730
4740

4750

4760
4770
4780
4790
4809

D1
Da
D3
A
c

De8 -

E -
E9 -
17 -
18 -
19 -
K -
Ki -
M1 -
N1 -
T -
x -
Y -
Ya -
z -
ze -

Z(L2,L1)=—Ce®B4/E(L1)%*D4

Z (L2, L2)=(Ce+B3#B2#SOR (C4) *FNC (B3#D2) ) ¥B4/E (L2) #D4

Z(LB,L1)=Z(LB,L1)~-CS5%B4/E(L1)*D4
Z(Li,L0)=Z(L1,L0)-C5%B4/E(LB) #D4
Z(L1,L1)=Z(L1,L1)+(CS+CE) #B4/E(L1)*D4
Z(LQ, LD)=Z (L3, LA)+CS5%B4/E (LOD) #D4
RETURN

STOP

END

the surface potential

the potential at the IHP

the potential at the COHP

a conversion for sigma -) conc. of sites
(subscripted) stoichiomeatry
(subscripted) species conc.
(subscripted) correction to X
(subscripted) component concentration
tolerance for convergence :
flag for convergence

iteration counter

iteration maximum

(subscripted) log stability constants
number of somponents (reduced)

number of species :

number of components (total)
(subscripted) total cont. of components

(subscripted) log free conc. of components
(subscripted) error in material balance equation
(subacripted) error in material balance eq.

Jacobian
Jacobian (reduced).
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Appendix III

Titration Data and Calculations for ¢, «, and pQ..

Vicugp)e

59.1228

Cild,s0)= .1018

Data

Vistds &
C(CH,sd)e 1018

for Quso G300 Siﬂe

ssterials Quso 630
coasantse paxbleted (8296-3)

Cli,mple 11349 ClH,nd)s 11359 titrants .Lit N0, 12 KC1

-DATA e2131~4,31-3 BATA 82x243-3,31-2 salts 18 Ll

TARLE TS TAME (5.1 coac.s |

[ ey} pliipzeie 4 Hled otk

[ 118.731 deigeaz o 0 dates mniss

] 3 " ensund

pi- Vlisp) YT(skd) .eEBsxs of)  ofDstd clta of} dmigas sigoa alphr  pd  alphat  alpheviom pidelon

%39 <38 -0 -1 0 =.002424 -, 338904 -77.2934 -77.2934 5448307 0.061224 10.64849 *.548589 8.081228
9.00 2,57 -.0082 -23WI0 =.000427 -.254584 -34.8164 -34.0184 .L843083 0.564011 7.5643083 4.643085 8.664011
% -LM o = 1R21X 6 0 = 102120 -39.2048 -39.2148 . 4873251 B.518199 5.873241 4.593244 0.5181%0
8.00 -1.244 O = 128473 0 0 = 128873 -27.7048 -27.7048 3458397 8.276752 4.438497 3.438497 0.2767T32
1.3 =81 .00 - 087630 0 0001129 -, 087743 -18.6974 -10.6974 .235699Y 8.010823 3355959 2,330999 6.010423
1.00 -3 002 -057110 0 J0002750 -.057S3E 12,3457 -12.3457 1541148 7.TSN70 2.381140 §.541240 2. 733570
6.5 =358 .0 ~.034404 0 0004316 ~.034850 -7.30819 -7.5081%7 0937012 7,4K3524 1.957012 9370128 7.45%928 -
4.00 -I78 .08 -.0168120 0 0007339 ~.01883% ~4.05977 -4.05977 .0S0878Y 7.27Z528 1.504789 5047891 7.27230%
5.% -01 .0082 -.009975 0 0009238 =.010%02 =2.347S0 -2,34730 .0293043 7.020151 1.293043 . 2530433 7.020151
3.00 -0312 .01 -.603212 0 0611290 -.006341 ~1.38341 ~1.36541 .017084b &.760946 1.170486 1703440 6.760985
4.5 -0215 0143 -.0024%4 0 <0014143 ~,004107 -.BB46T9 -.BIMLTY 0110436 5,452085 1.110435 . 1104362 6.432043
400 0 JSA% 0 0 0029355+, 002935 -.632073 -.632073 .0076F03 £.099845 1.078903 0799027 &.099484
L0 .03 05 L0080 00883047, 082340 -, 303219 -, 503819 0042873 5498457 1.082693 0428920 S.49BAN .
3.0 .19 Q06 015HE2 0 -0163537 -,003235 ~.634508 -, 674483 008749 5.054842 1.08A749 0359490 35.038842

Visagple 30,728 Visid}s ® asterial= Gose 630

CiOM,sple 108 Clri,sd)o 1018 coseeate= sonhlsted (62x6-3)

Cin,opis 11389 CiN,sd)n 51349 titriats . IN RaON, 11 Q)

BATA fr31-4,31-3  MTA exd3-3,31-2  solts 0.1% Ball

ME eany TRRE exl3 - coac.®  .f

s = 3714 pHipzcis 4 filet ouBD

fis-= 118,731 deigeez = 0 Gtee M

Mg = 3 assuend

g VTisy) Viistd) efRses sf) ofilstd dlta i) dsicea sigaa alpha pO  alphat lphavien pReim

10.00 -2.983 ~.0472 -.300413 0 -.004772 -, 293844 -43.7022 ~43.7022 7952048 9.410335 0.248295 06.752048 0.416833
2.% -9 -.0157 - 1THIS 0 =, 001587 ~. 194370 ~11.8341 -41.8391 3224737 9.460833 5.340788 4.2247%7 0.4M47S
9.00 -1.235 008 7770 =.000303 ~. 177234 -77.48007 -27.4007 3420484 9.284104 J.T34712 4.420464 B.28010%
.50 -8 . -.0017 -.0830 =.606172 -, 082284 -11.7182 -17.7182 . 2211793 9.044493 2.923020 3.211793 0.044453
B.00 =318 -.001 -.0525290 =.000101 -.032420 -11.260Y ~11.2289 .1407219 0.783034 §.723447 2.40721% 7.783404
1.5 -34S 0 =.032226 0 0 ~,032220 -5.93745 -4, 73748 .0866043 0.573120 1.1G2270 1.B34043 7.32312)
.00 =1777 0003 -.0100M 0 0000345 =, 016144 -3.50733 3, 90735 0487745 0.290077 6430077 1.4G7740 7.2%00T7
630 - ~.09 0047 009389 0 0003306 -,010100 -2.37473 -2.17473 0271476 Q.0S431S 3377043 1.27147% 7.034315
[N ] =089 0088 -.004988 0 0007339 -,005722 -1.23210 ~1.23210 0153835 7,894299 . 4700320 1.133803 4.004290
5.530 -.028 0082 -.002430 0007250 -, 003349 -.72423 -, 723425 0070336 7.939131 . 4047845 1.090334 4. 339131
5.00 =007 .0113  -.000%7 0 0012984 ~. 007288 ~.492194 -,4921%4 0081442 7.2¢0831 . JT744%0 1.051442 8.203851
4,50 0 0188 0 0 0020987 -,002089 - 469744 -, 449744 0535142 5, 705243 723702 1.033142 3.748243
.00 - 0233 0385 00710 0043437 -, 001449 -, 311711 ~. 311711 .OB¥R911 . 408229 .3IJISV2 1.03871) 3.403229
3.30 L33 00 0108374 0 0111773 -.000320 -.062983 -.C4ANES .0008599 4565173 3202247 1.0085%9 3343173
3.00 3 M2 0332430 0

«0320849 031571 . 4796017 6TVB0I7 .0OBABSL 9324073 (4010639 1,084831 1.932409
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Quso G38 continued

Visusp)® 39,7228 Vistd)s 40 saterial= Quso 630
CioH,sp}= 1018 C(H,sd)= . 1018 coasentss soxhleted (8216-3)
CiH,sp)a 11349 ClH,sdle 11349 titrants .18 MaGH, 1T HCl
BATA axS1-4,51-3 DATA o2x43-3,51-2 salt= 0,010 Hafl

TARLE oxT3 TARLE e cosc,s .01

M= S pliiszc)= 4 file 0 olxSc

[ 110.731 duigazz = 0 tates 417783

iz = 5 sssymad -

g VIsa) YTistd) efiexs  off  cEOstd dlta ofD dsigea  wigaa 2lgha  p@  alphot - alphation pitice

10.00 <25 030 -2H5 O -.003943 -,230357 -53.7309 -53.7309 4734802 9.483389 £.9346¢2 8.734802 7.483353

7.00 085 0025 -.00817 0 0002873 -, 004899 -1,48357 -1.48357 .0163447 8.723451 2834471 2.163847 4.723631
.30 =032 .0017 -.003278 0 * 0001919 -.003470 -, 747150 -.747150 .00V3258 8.525197 1932463 2.093258 6.524197
6.00 <0152 .0032 ~.001344 0 0003513 -,001703 -, 367137 =, 347137 0045830 B,334831 1438304 2.045830 4.336831
. -004 .0042 -.000807 O 0004742 -,000381 -, 1BITBA -.16Y784 .O0Z3471 6.124303 . 1738911 2.023491 6.120383
5.00 - 0 007 [} 0 - .0007903 -.000790 ~. 170174 -, 170174 0021243 7.671859 1212431 2.021243 3.471657
4% .07 013 0012183 0 0014677 -,000281 -.034099 -.034077 .0004TSY 7.470192 1087533 2.004733 5.470192
4.00 036 0813 008078 6 0035864 . 0005TAE . 1155045 11550404 0014419 §.139552 1144167 2.014419 3.139%32
L3 4103 .M 0123427 © 0105528 0019479 4198493 4198493 0052415 1.221722 . 1520131 2.032413 3.221722
3.00 343 3142 | 0389937 0 .0!‘”'[ 032960 7097103 7077103 0028595 9512719 1885944 2.038593 2.9317712

Visespls 3V.7223 Vistd)ls & ssteriale Guso G30

CtDN,s3)= .1010 CiGa,ed)= L1018 cossentss saxhleted (a2ré-3)

Cinysple 41389 Cit,adie 11389 Atraats. .10 e, 12 K1

MTA 021314, 51-3 DaTA o&x43-3,51-2  salts 0,001 Ka)

TORLE eald TARE [ .74 Toae.s 001

fla o STT4 plipzec)s 4 filed onx¥d

s = L7 deigesx & 0 . dates LIV o

e S casuned - ) .

il VTim) VIistd) offess  aED  eEstd dlta oD daigma  sigaa alpha P2 alghad  elphadion pien

% ¢ H02 ¢ [} 20004742 ~, 000474 ~.102104 -.102104 ,001Z766 8.394077 0443434 3017744 5.394677
.00 8043 (ST .00OT3%0 O 0006435 0000934 0203311 0205511 0002343 1.409273 0341882 3. (02343 4.309273
43 01 0098 0020472 O 0011064 0099427 2072958 . 2072938 0025877 1.914042 .CIT4999 3.023877 4.914042
4,00 .0 0223 .c37080 <0025803 0038305 4325410 4323410 0081458 1.914485 1130808 3.001433 4.918484
% R 078 L0720 0 0088428 0034101 1.612408 1.012600 .0226272 1.8MST0 2576943 3.224272 4.844570

J.00 4T3 33 .0%I78b 9 +0403457 0157108 3.382911 3.3E211 0422293 1.404359 ASVIAS 3.422273 4.6M38
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Data for Monosized SiDE

Visuspi= 39,7359 Vistd)= 10 oaterials Henosized 9102 fros TEOS

Ci(0H,sp)= 1018 C(0H,sd)e . 1018 cossents= (s2x19-1) 0.4 ua (Huany corrcticn)

ClH,cp)s 11349 . CiH,sd}s 11349 titrants .IN MaCH (s2x ), 1T HCD (s2x )

DATA 032301222 DATA 3x30-2,I1-1 silts 18 iaC) .
CTBLE el TARE 1M coac.s  §

By = 411 pilpzcla 3.2 filed o32éd

i3 o "He deiga: s 2 dates 6/03/83

g = 3 assried

‘M VTip) WTistd} eEbsas  aED  eEBstd dita of0 ¢ésigaa  aigsa ‘alpha  p@  alpher  alphation ption

1200 WA wa B/A
1.3 WA LT/ ] wa
11.00 B/ WA Wa
105 Wa wa WA
10.00 WA wa L7}
2.3 W WA WA
2.0 WA WA WA
L% WA O Wa
.00 WA 0357 WA
1.3 WA 002 WA
.00 WA 042 WA
[ B, 02 0327701 ©

Wa WA WA WA WA B/ wa WA L
wa /A WA WA WA LT L1 WA WA
WA WA LT ] WA wa wa wh Wwa Wh
Wa WA WA Wa wa /A wa wa wa
WA WA K/a WA wa LT Wa Wa L1}
Wh Wa WA WA wa Wa we WA
WA WA WA R/A WA WA L] A . WA
«0085334/A wa LT1] Wa WA WA L] ] WA
HI1ZTTR/A WA Wa Wa LU HA W WA
<O1BTTIEVA Wa wa Wa WA Wa wa wa
SO24190UA W wa WA WA WA A A
0222243 .0107436 3.422313 =76.5777 9339345 3.163470 10.55733 9.559346 3.1834670

OO0 OO0COODOOO
-

600 W N L0TA2170 0243947 . 0505248 23.30089 -56.4991 7032897 5.421070 §.052697 7.032897 5.8210728
% NN L0973 .1089823 0 0259761 0810052 4028304 -41.1161 3132810 3.476958 4. 132610 35.132610 5.474939
.00 i3 0583 JASMZB 0 0254278 . 1049978 32.99242 -29.00756 3421073 5.243010 4.421973 3.421073 3.243910
430 LU .05 330 AZATY 1299431 £3.38351 -18.4363 .Z301464 3.020004 3301444 2.301444 3.020404
400 1AM L0637 LLTEII0 0 0257749 .1M0T34R T1.02859 -10.9711 1359306 A.T9NTY 2.349346 1.369346 4.TES?

L% LA .M 181036 . 0534301 , 1921605 77.0578S ~4.94213 0414730 4552103 1.61858 A14937Y 4.482103

L6 1LY Al AN SCA74343 1477130 £3.05036 3454335 0434101 1.67V415 1.434101 Q361303 1.479415

W0 2.4 (IR .UM SESSEZ2 7173070 110.4843 28,5429 .TS00717 2. 245480 A.580717 3.5BOTI7 2.200434
ST

Yiasp)s 39.73H Vste)s 10° saterizle sonosited $102 érea TEDS 4
CiOM,ap)= .1018 CifM,sd)s 1018 cosamtss (s2x]1%-1) 0.4en (Huing corvectica) :
Clt, ) 11349 Cli,sd)e 11369 titraate 1N G (o2x ), JT HE1 (a2 )

BATA 23238-1,11-X MTA 03230-2,11-1 ults 0.18 MaCl '

TLE ozl TARE [341]] coac.®  Lf

(T pHipzels 3.2 fle 6  olt%

fis = "n.4 deigenx s @2 it LY/ i 2

B = 3 - assaesd

B Viisp) VIistd) oEsos  oE0  oEDstd dltaokD dsigeo sigaa alpha G0  alpdat  alphatinn pBoien

1200 WA WA~ WA 0 WA WA WA WA WA WA RA WA R
1. WA WA NA (] WA WA WA WA WA R WA WA WA

1.0 WA WA WA 0 WA WA WA WA WA WA WA WA WA
10 Wb WA WA 0 WA WA WA WA WA MA WA WA MR
10.00 WA HA WA 0 WA WA WA WA WA WA RA WA WA
23 WA WA WA 0 WA MR WA WA WA WA WA WR R
9.00.- WA M5 WA 0 LOUBRA WA WA WA WA Wk WA uA
% o 02 WA 0 OIZMY2UA WA WA WA WA WA WA BA
8.00 A 0802 WA 0 QlBl608UA WA WA WA WA WA Wk A
7.3 .48 452 00821 0 .0205194 -,003593 -1,013%5 -23.8135 1.0M2IERAIR 1077834 11.4281ERRM
7.00  LST1 L0485 .0MMI70 0 L0219162 0430068 2170531 -50.2943 . T3ZA401 5.5164T7 7842069 0.520481 3.514477
450 - .93 .0W7 1026821 0 0238076 .OTBRI4S 3V.79783 -42.2021 3248178 6.453350 5.584406 4.288179 5.433348
600 Lb - L0547 LI318304 O 0256145 1052458 53.43234 20,3477 . T561192 4.201003 3.657420 4.541192 5.251003
5.5 L3R .0m 1510360 0262973 (1251425 £3,157S0 ~18.8404 ,2531697 4.012133 2.483115 3,351687 3.012138
S.00 LMY .05 .1MTHS O (0244537 1380631 £9.569037 12,5031 . 1534411 5.74000 1,657839 2.535411 4740980
4.5 1533 L0807 1781162 0 0274217 1458945 7403475 =7.95324 0994067 5.457113 1.310295 1.994047 4.457413
500 1.3 .08 1822481 0 L0298180 1524251 75.93057 -5.04503 0632777 5170340 . 9490044 1532777 4.170560
.5 L7022 .08 .1955094 0 .0341406 . 1573598 79, 41930 -2,56050 0322129 4.9777%0 4383347 1.322129 3.977730
.00 1938 .2 2203120 L0535642 (1647451 £3.35694 1155901 0144423 1. 165973 4604510 1. 140423 2.185958
2% 233 2526 L285E99 0 (1181139 1727259 67. 17480 5.17480) .084598) ),33922) 9622088 |, 44390t 2,3%922)
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Visuspls 39.755%
CUOH, sp)= - 1018

CiH,spie 11349

Movnosized SiDa cont inuad

Vistdi= 10
L0, sd)a . 1018
Cl,sd)e 11389

saterials sonosized S102 froa TEDS
cossentss (s2x19-1) 0,4 ua (Huang correctica)
titrants .IN HeOH (s2: J.Aﬂ HCl (s2x )

DATA  @3230-1,II-I DATA  e3x30-2,1I-X saite  0.0th Maf)

TAME  o2tU TALE el coec.s .01

o= LMl pHipe)e 3.2 flied olrdic

fa 5 L4 dsigan = B2 Gates  4/0D/83

= 3 assend .

¥ Vl(ga) Viistd) oSDsee  oED _ oEdstd €ita of dsigma aigaa ” alphs 0 alphot  alphatiim pldica

12.00 WA WA wa 0 wa L1} WA WA wh /A wa WA W
1. WA wa wa ) Wa Wa wa L1} e /A i WA WA
11.00 /A W K/h 0 LT} Wh WA WA WA WA WA WA WA
10.90 W L1} Wa 0 WA WA WA KA L1 LI B/ wa WA
1.0 WA wa B/A ] WA WA WA WA WA WA wa Wa WA

.0 e WA WA ] WA WA WA WA WA WA WA Wi /A

%00 WA S8 WA 0 0022388/A NA K/A Wh- WA wa L1 ] wh
8% .RA 03 Wa 0 . OISTSZNU/A WA WA A L WA WA 11}

8.00 .29 0 0245 0 0185221 0064225 4, 250824 ~77.7492 9705363 4.481918 9.603303 11.70537 4.481930
7.0 - 418 .08 0702004 0 .0207803 . 0495796 24.77233 -57.0277 7118676 7.107151 7,216876 9.116876 5.10715t
.00 M2 M2 103830 0222245 0814530 41.11227 ~40.8877 3104097 £.981914 3.204097 7.204097 4.901914
3% LM 087 710N 0 22594 1028480 5190881 -30.0935 .3T30643 4.720418 3.B38843 5.735443 4.720418
600 L2013 0 0258403 1175225 59,31343 22,4063 .ZR31982 5,405309 2.9319M2 4.€31982 4.403309
L% L3 .0 170 0252973 1282124 44,7083 -17.2912 2158492 £.060209 2.238492 4,138472 4.080269
.0 LB B TR O Q254537 .1331272 88, 19970 -13.8013 3722843 5.491875 1,822843 3.722843 1.681673
5% L7 .07 1iN2030 LOTT420T 1397025 70.50793 -11.4921 1430578 5.274025 1.536378 1.434%78 3.27L025
400 L1319 (.0W3 7210 20300419 1425552 7099711 ~10.0029 1248501 4.BA3422 1.348601 3.248401 2.843622
130 Laa . .0 2980 LSTUT W37 T3.97377 -8.0223 1001931 4,433312 1.101931 3.C01931 2.433812
o0 9B G 2126 0046013 157299 7B.5U90 -3.43310 (29815 4.3T2NT (5200157 2.424a16 2.352547
2% 293 7 TN 9 LOBATY LISSETRO 3.D1006 11,8120 1474835 1.737972 1.574836 3.478834 3.T3HT2
Ymaspls 39.759 Vistd)= 10 asterials conesized SIE2 freo TEDE

CioM,sp)e L1010 Ci0H,sd)> 1016 coeseatss (a2xi%-1] 0.4 va (Muang currection)

Cl,opie 11389 Cli,sdl= 1134 titraats .18 WXl (22 ), 1XEQ1 (s22)

BATA  eXx30-1,II-X MTA  ola30-2,II-1 salts  Q,00id

TARE oM TAE  sli4 coac.s .01

s = 41 “glilpacle L2 filad oldid

s 0 dsfgens = 2 daite WO

B 3 exsuaed

i VT(ep) Vistd) ofDums o  oEDstd dita ofl daiges " sigea alpha  p@  alphst  elphatien pdvicm

1.00
1.5
1.00
10.%
10.00
2.5
9.00
8.5
£00
7.3
7.00
05
8,00
5.5
5.00
4.3
1.00
1.5
5.00

2.5

150323 0
39199 0
1632388 0
1873222 0
473037 0
2812 0
2882573 ¢

A wa L1 WA Wh R /R wa Wa

Wh WA Wa ua WA /A L1} wa wa

wa wa L] ] WA Wa R/A L1 LI} Wh -

WA WA . WA A wa L1} L1 wa A

WA WA wa R/A 2/ wa wa RIR Wh

WA Wa WA WA WA e WA wa WA

Ua WA A WA wa LHL) A L] WA
COTRGZRN/A L1 wa A L[} WA wa WA
0153598 0130427 4.592770 ~T5.4072 9413235 & TH725 9.444853 12,4130 3. TWI8
0168383 0301713 25,32158 -34.6784 7075280 7.114340 7.104803 10.07328 4.116341
0203530 . 39.54578 42,4941 3299424 b. 947847 3,331247 0.299A24 3.947897
0221361 1003080 3067547 31,5743 5914543 5.491247 3943149 .904T4A 3.891247 .
0241690 . 1151012 55.0%140 =23, 9084 . 2984333 437119 3.014135 5.934333 3.371180
0251629 1253427 §3.27055 ~19.72%4 .2338034 £.01548Y 2.349457 5. 338034 3.015489
0255243 . 1324753 66.96125 -19.0387 . 1977316 5.636142 1.908739 4.077316 2.434462
LOZSV7AL (1372628 £9,2B544 ~12,7134 .15ETO34 5.224363 1.A1BATY 4.5HTOS4 2.224343
0277831 .A397301 70.52436 ~11.4734 1432278 4.774038 1463901 8.432273 1.774338
L0345594 . 139384 70.34826 ~11.4517 1434310 4.249020 1.486133 4.434310 1.249020
060535 1319417 £5.5%019 -15.4090 1923539 3.523120 1.933142 4923539 .AZII2N0
JAT941Z3 1158449 53,9714 ~23.0234 2074676 2.094218 2.906299 5.B74476 - 105784
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Data for Meller 180 1—91203

Visuspls 39.383% Vistdl=s 40 sateriale feller 160 soxhloted (o224~ )

CitH,sp)= 5018 C(0,nd)= ,1018 cosaentse

CiR,ep)= 012369 ClH,sd)s 011349 titrants .IN RaCH (s2c ), 1T K] (21 )

DATA ax43-1,434 DATA e2xd3-3,31-2 salts 1R %afl

TARE : TAMLE (Y. 1] ceac.s 1

i = 1.2348 pillgcie 8.73 Hlef el

s = 2.3 dgigax = 8 tates 4/§7733

| I 217 essuned -

] Viisp) ¥T(std) ofBses of)  ofDsts dita ofD dsigea sigaa algda 0 alphar  alphavicn pdeion

12.00 Wa wa WA 0 1/} wa wa WA Wh wa Wwa L7/ ] L]
11.50 WA E/A WA 0 wa 1.1 ] Wa wa wa wa WA A wa
11,00 -1.77% -7 -.180097 0 * = 088490 =, 092307 -33, 7997 =33, 7997 781483 1044691 0.613483 7.813485 10.44691
10.% -8 -2 -.00647% 0 - 023160 =.043519 ~13.9354 ~15.9734 3483783 10,73414 4.433783 3.483783 10.73416
10,00 =320 -.07¢ -.038187 0 =, 007451 =,025733 -9.42348 -9.42348 2170430 10.23513 3.178430 2.1784%0 10.53313
9.50 =187 -0 - 014%S 0 <, 002417 =.012548 ~4.59445 450443 1082147 1042503 2.062147 1.042147 10,42303
9.00 =03 -.0002 -.0030H ¢ - 000824 ~,002430 - ER94TH -.B89A74 0205647 10,47761 1.203447 2035847 10.47781
L% A8 0 £015348 0 (] 0015348 . 5620000 ,S420000 0129910 £.419348 1.129918 1299177 4.619348
8.00 .B7S [} L0MTY O 0 0059479 3.M2572 T.442592 0842059 4963543 1.84205Y .BA20394 4.963543
1.90 1.5 1 0192134 0 0192134 7.033407 7.0T3407 . 1625379 4.783308 2,425378 1.425378 4788308
7.0 23 0008 0284225 © 000005 0224149 10.46573 1040335 . 2603408 4.500684 3.405408 2.403408 -4.500484
[ %) %41 023 0387583 0 0002585 038509 14.10099 14.10089 . 3259732 4.184503 Q.258732 3. 239732 4.184303
.00 43 043 0303078 0 0004E3H 0493243 18.24404 18.24403 4217483 5.842934 5.217483 4.2i74B3 5.062936
.30 .24 L0597 039338 0 0008718 .0SBF022 21.54809 21.54809 .A4TBTI4 3497351 5.953904 4.785903 5497351
3.00 3.9 LGR87  00TOTIL O .C009TS) 0561621 20,20447 2620447 .SSYIISS 5. 103917 4.995356 3.99333d 5103947
(%] 5568 43 0748373 0 0014700 .OT29ATS 25.71835 25.7.336 6176494 4,7CE780 7.176494 8.1764%4 ¢.708280

- 4.9 1.34 B vl HE3HES 6 L00SASTS .OTYRIAZ 29, 22401 J9.22411 .6TIA210 4.3188S1 7.734211 4.734211 4.31845)
3.5 057 LB .6YI0512 0 0094340 0874231 32.01153 3201133 7400118 3954235 8.400118 7.400118 3.938203
Vimspls 39.54% Vietd)s & < satoriale Neller 160 sexblated (s2xd- )

Cioe,sp)v 1018 C(08,ndie 1639 conoentes '

Cld, sp)=- G1130% CiH,sd)s .011389 titrests 1% Mald (aZx ), i1 A3 (o2 )

DATA e2ui3-1,43~4 DATA ax43-3,58-2 nlts 0.18 Raf}

TALE TALE bl comc.s .l

fis = 1.23463 pdipzc)s LT3 fllod o2xiD

s = n.u dsiganx = 0 dates 117183

. 2.7 asgosed

W Vi) -ﬂ(ltl) ofsys o6} afistd dlta aEd daigsa  sigas alpha P8 olphed  alphatiom pdeioa

12,00
11.3%
11.00
10.%
10.00
.%
9.08
.3
8.0
.59
7.00
430
.60
L3
3.0
4.3
4.00
3.5

A

WA
-1.048
-
=2
-0
=017
23
«JES
1.2
1.63
5
.z
.8
4.
.3
582

18

wa

WA
=412
=141
=012
-015
=808
=017

0

]
.m
014
.m
'm
13
388
1.128

LT 0
B/A 0
-.100722 0
=02 6
-.02130 0
-.000467 0
-.001731 0
.0830128 0
0385973 ©
5145860 0
0210873 ©
0284223 0
8370081 0
~044%075 0
052774 0
0A2789 0
-07298% 0
L08%4740 ©

wa A Wa Wh Wa wa wa L1} LT

WA /A W WA L1} i WA WA WA

-, 05016b ~,05BUSA 21, 4415 -21.4413 4954435 11.00753 5, 272043 5.930433 10,0073
-.01493 -,030500 11,2526 -11.2025 . 2529702 12.¥3659 2.903930 3.5877Q2 9.F44%b
- GOATSS -, 006625 ~4.00742 ~5.00742 1407278 1075375 1.723365 2.407278 9.7E3751
-.001581 -,007EBS -2.88778 -2.85778 CAS7570 10.44550 JHOTYIS 1.667I70 9.6454%8
-.000383 -.601277 -, MA¥SSS -, 447335 0103073 109789 4201067 1.103873 9.978983
-.000171 0031860 1. 1ASEAS 1.163245 0247514 4942044 3837414 1.267304 7.942040
-.000101 .008TYE0 3.221538 3.220%538 0744724 6205404 1.066952 1744724 7,903508
0 0186658 5.370222 3.370222 1201435 b.851491 1.557804 2.201436 7.438491
] 0210893 7.7222%% 7.722295 ATES16h 4.337080 2,1083M 2735166 1L.3370%0
L0000419 0283506 10.38475 10.38475 .2000449 5.999532 2.708874 3.400439 4. 999532
0001799 0358242 1348935 13.4B458 ,S117231 5.45502 3435458 4117251 4.436006 -
0003317 05T 16.32225 16.52203 . STT3216 3. 222848 4069443 4.773215 6232080
0004846 0514508 10.91235 18.91236 4372092 4.B%0342 4,438320 3.372072 5.800342
.0016081 0594708 21.34753 21.534953 5050944 4,308934 5347192 6.050984 5.502634
0043298 0464574 25.14089 75.14089 5811820 4.142280 6.125634 4.811828 5. 142288
L0125880 0757691 29, 11789 23.11769 4404977 3700841 6.816205 7.499977 4.763831
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Visasp)a 305588

ClO0H, sp)= L1018

CiH,sp)e 011349

BATA 2243-1,43-4
TARE

M= 1.2365

s = 21.3

s o 2,7 asoad

Meller 188 continued

Vistle 80
ClOd,sd)= L1018
ClH,shs 011349

sateriala Meller 180 acxhlsted (s2xb- )
coaagatss
titrants .IN Ma0H (x2x ), 1I HCl {a2x )

DATA  e2243-3,4(-2 salt=  0.01M JLaCl

TALE (7.1
pA(pcle B.T3
daipeaz = 0

cenc,s L0
tile 8 o2l
dates s

B isp) ¥latad) eoss oD efBstd d1%2 a0 .illﬂl sigea algha p8  alphat  alshadice pleien

12.00

1.5

11.00

10.9

16.08.
.3

wa wa
e WA
-5085 -.4319
-33%  -.1U
=138 -,037
=01 -
=029 0
] 0
103 (]
X0
b ]
R /4 0047
1.4 0103
1.9
7 013
L5 .18
L3 8

L Lam

wa 0
WA 8
~092485 0 -
~,034810 0
-.016084 0
-, 007435 0
-.002952 0°
0 0
0011937 0
003473 0
0043444 0
0104573 0
0144 0
0223104 0
030443 0
0410989 0
OO -
.OTBIS 0

LOITISS K914 22.07876 22.67578 103 1317981 8.

WA WA WA WA WAL A WA WA WA

WA WA WA WA WA WA WA WA RA

L0054 -, 045981 -17.2031 -17.2031 .JVTS04Y 11.18078 4.076849 S.974649 9.160235
-.013493 ~,021017 ~7.AYS80 ~T,49590 1779042 11.16474 1.6T9AZ 3.779042 2.16473
-.003977 -.012157 ~4.43162 4. 45142 1029082 10.9403Y 1. 129082 3.029622 0.940387
-.000977 ~.006458 ~2.43804 ~2.43608 0383403 10.72503 4536032 2, 363403 8,723
0 -.007¥32 -1.00100 ~1.08100 0249895 10,99125 . JATEFA 2.249693 0. 5M25)
0 o0 o o ¢ 4 2
0 0011937 4371111 LASTI111 0101047 £.006933 2010471 2.101047 B.008935
0 .O034ATS 129704 1.249704 0295318 5950573 .3YSBLTY 225730 7.9808T3
0 L0334 2331299 2.531259 0STE0I6 5, 71542 38910 2530918 175502
.0000329 0104054 3.810572 3.810372 .0R60891 S.ABAYTO 908914 2.8806%1 7.484970
.0001101 .0ISTYE3 S.7BAS11 S.784311 1357300 5. 168376 1637500 3.337300 7.18057%
.0002474 022262 8. 5207 0152075 1684316 4.845886 124510 3.664310 5.BA3E0H
0005791 0301172 11,0293 11, 02TV . Z5AVSS2 4.SHAZ31 2. 449332 4.549332 4. 5231
JCOISIBI .C3VSS00 14, 44321 14,4921 .3T50492 4202301 3.430803 5. 350402 4202301
0031729 GS25TY5 1939959 19, 30939 .44BN540 3910140 0.34344 6.484344 5.916160

23473 7.163493 3.5171

Yigmnp)e 39.5856 Vistdls & setsrials Seiler 130. emchlcted (s2xé- )

CioR,m)= .1018 Clo,sd)= 1018 cosaeates .

Cli,ep)s 011350 Cli,sdi= 611389 titrests .18 RafRi (e2x ), 12 NC1 {s2x )

BMTA axi3-1,434 TR e 43-3,31-2 salts 0.0018 Hall

TARLE - TMMLE i3 coec.s .01

Ay = 1.2343 plltgzc)s 8.73 filed oxild

s e 23 - deigeax » § istes  ANUES

s r 7 assuned .

P Vi(sp) VIOstd) ofDses oD offstd dita ofR deigsa  migma alpha  p@  elphed alphatima pBeice

12,60 B/ WA WA 0 WA A LT wh wa WA L] ] N/A Wh
11.50 W wa Wa [} wa WA WA WA [} HiA WA WA wa
1,00  -1.009 -3433 -.109M20 ~, 034741 -.033101 ~19.4430 ~19, 4438 4454080 11.00804 4.S7A461 7.494639 0.022034
1.% -.4 i -.0HMmo -,019132 -.025640 -9, 39389 ~9.3V309 . 2172051 11.03578 2.203474 5.172051 0.834T78
10.00 -.107 -85 -.019%37 0 =, 004543 =, 012491 -4,57397 ~4.57397 1657347 10.92724 1.0R0F90 4.057347 7.927280
9.9 -0 -0 N0 -.002316 -.00347S -2.67812 -2.07812 0480400 10.79702 5120232 3.430480 7.797013
9.00 =03  -.0097 -.0030940 -.000977 -.002077 -, 740477 -. 740427 .OITSESH 10.76719 2874573 3.17383% 7.7471%2
L3 -.0038 - 07 -.00033 0 -.000473..0001170 0420784 0423284 0609901 5.376073 0413234 3.009981 B.4TMTD
.00 O -003 0 0 -,000302 0003821 . 1108132 1104532 0623370 5.402851 .ESTIVS 3.025570 .403631
2% 0 -7 0 0 - =, 000171 0001712 0425808 025008 .GOL4490 0.5A1697 0451127 3.0144%0 7.451497
7.00 085 O 0007844 © 0.. 0607664 . I538318 . 3538518 0031600 4.914321 1134228 3.081L30 7.91632
[ IR - B LRI 0 0 .G0ATE34 1.01%925 1.019926 0Z3IVTT 4.BEIN43 (26T3VN 3.2551T) 7.852848
KO 483 0 0032344 © 0 0037884 1953770 1. 93STTR OMTAM 4670570 ATIIT2 3.447494 7.470870
5% .7 0 0083473 0 [} LOONBATE 3.247181 3.287111 0750434 4.407317  TR2ZSH4 3730436 7.409317
3.00 1.7 0207 .0144385 0 0002370 0142058 3.201725 S5.201725 1202483 4.155720 1.234107 4.202483 7.133720
4.50 1. 068 L0223%9 0 000989 0214073 7.638574 7.838574 5512049 3.845001 1.843582 4.812069 6.843¢01
5,00 295 .49 0331404 0 0053865 0273741 1009873 10.09673 2334049 3.483349 2.343492 5.334349 6.463349
3.5 0323315 0 0229072 0299243 10.77423 10, 77425 , 2890480 3.020719 2.522311 5.450808 6.026717

.63 2.0

-
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AN

el

Yisaspls 33,53
ClOH, sp)= 1018
CiH,sp)e .[1359
o2x43-2,44-3

DATA

a2
478
n.n
7

Data for Meller 182 a¥-A1_.0

assancd

Vistd)s 40

Ci0H,ed)= 5018

ClH,sd)e 11349

e 3

naterials Reller 182 sohlsted (s2x6-2)
cosaentse
titraats .19 Mald (sZx ), IZ HCl (825 )

MTIA  e22d3-3,51-2 salts 1N MLl

TSLE  ehxdS

pilpels 1.4
dgigeaz = O

coac,r §
file @ 23210
dates ' 4/17/83

B VTisp) OTistd) sBmm D  eEistd dltaef) duges sigaa alphn O alphes alphaticn pdtioe

12.00
1.9
11.00
10.3¢

T 16,00

9.50
2.0
.3
.00
1.5
1.00
3
b0
L%
5.0
4.3
4.09
R &)

..v e

V(suap)e 3V.43
Ciod, sp)= . 1018
Cil ol 11359
e2243-2,4-3

MTA

TARLE
| "R}
s s
| "R

N2
£
N.4R
7

wWa

wa
-7 -
-
=07
-024

s
0000900 O

Vistd)e M0
Cil,sdle .10

Coi,edle 11359

WA - WA . WA B/A wa W wa LT WA
VA A Wh WA WA L] A WA Wwa

" = 0RB5TIL/A L] /A WA L7 L] ] A WA

SANMUA WA WA MR WA KA WA WA
~OUTHTUA WA WA WA WA WA NA WA
-ORMBA WA WA WA WA WA WA . WA
-00MA WA WA WA WA MR WA WA
0 WA WA WA RA MR WA WA WA
0 WA WA WA WA WA WA EA WA
LOOUIMUA WA WA WA WA WA WE WA
LOZBWA WA WA WA WE WA WA WA
0004508 0137878 1931614 1.931614 L OMASS2 5169891 1444532 . 6043318 5. 149601
.0007323 .OSS4NT 4,927752 4.922752 . 1137H9N 3.108468 2,157994 1137994 5.108408
.0009241 0386030 7.G154A1 7.816441 . 1B04930 4343495 2.504930 1.00430 4,843475
0011270 0740221 10,2180 10.22188 .Z342997 4490340 3.342997 2,36297 0.496540
0015115 L0BTIONS 1235744 12.34746 2847415 4,103435 3.063813 2.B5361S 4.10343
0029301 670082 14,7700 18.77700 3914004 3715029 4.416004 .414004 3715020
SBIBWE WA WA WA WA WA B WA
G1EA% LISHTITS 19. 16484 19. 16480 . 430005 2. 200480 5. 430005 4. 430805 2.900%0

sateriale Meller 102
comaetss ssxbletend aZxé-2
titreats 1N a0 (s2x ), 1T EC1 (a2x )

MIA  e2d3-3,51-2 malts  0.10 Hafl
TARE  oxll

pigzc)s 7.1
dzigeaz s 0

[ AL N |
file § ° olailh
dates U113

S V) WTste) e e aEDitd dlta o vstow sigss alpha A alphat  alphatiom pltics

12.60
1.9
11.%
10.30
10.00
9.5
9.0
L3
8.0
1.%
1.00
(%
6.00
.5
%00
‘l”
4.00
%

" 3.00

[ 1]

a
-39
-1.88
'l.a
-1.02
=503
-m
'nm
~12
313
«204
m
351
0
2
10223
'am‘
1.3

WA

VA
-.m
=188
-.0n
=019
=003
=017
=001
o .
0083
047
N
0002
0113
018
.0383
0
<2842

B

/A [}
wa 0
=283 0
~471024 ¢
= 130504 0
=.104040 ©
-.001%9 0

wa L Wa Wh WA wh wa A WA

WA WA L) WA L) ] WA Wh VA
=. 036273 ~. 204740 -20.3504 -78.3006 4342234 10.72307 6.63B4E2 7.342234 9.723064
-, 014228 ~, 1S4T%% 21,4323 -21,.4323 5005347 10,497 5.121593 4.003347 9.497048
=, 004753 -. 125541 -17.3343 ~17.3383 .4C07429 10.17471 4.373833 3.067423 9.174711
-.001583 ~, 102435 -13.1403 -§4.1403 3270448 9.913335 3.506093 4.270445 B.21333
=.000585 -, 081440 ~11.2063 ~11,2408 .Z5V9938 9.434272 291816 3. 59793 0.434272
=.000172 =,040403 -8.35881 -0.3:881 1934621 9.120679 2.250847 2934421 £.126029
-+000101 ~.0SS73S ~4. 93041 ~4. 93441 1140639 0.890233 1.436917 2.140457 7,603
0 =.012216 -1.85M. -1. 48494 0309967 8.891074 .TO41972 1.3B9949 7.8914%4
0000343 0033249 . 4B5TTY7 4847377 02472524 3.030841 .4ZBTIZ2 1.102324 4.034041
0663297 0225331 3.1275%9 3.129599 .OTZNT0 3392003 103NN 1. 723470 6.392053
0007325 0437203 5.03743) 4.837431 1373475 5.210068 1711503 2.393475 4.210043 -
0880241 0817191 8.522929 8.322925 .1970240 4.839819 2.282475 2.970240 3.289819
0012960 0781543 10.78723 10.78728 .2873859 4.320418 2.809927 3.493499 5.52i410
0020849 0934421 12.93125 12.93125 JA8Y322 4129913 3.303539 3.969322 S.129813
LGOMTIEY 1109573 15,45380 135,45300 .JS72461 3.784923 3.628489 4.372461 4.704983
0111548 1270229 17.B1707 17.81707 4110779 3.345301 4.433004 3.116779 4.345301
0320280 1413473 19.31924 19.51924 4312279 2.915002 4.828498 3.312270 3.915002




Visasp)a 39.43
CitH,sp)= . 1018
Cli,spio 11389
WA o2243-2, #4-3

TALE ox72
U o' B4y
s 0 LR

% = .7 essuad

B V() V(ste) slsa oD eQatd dita ofF daigos  sigm alpa @

Meller 182 continued

Vistdle &0
C(l4,sd)= 1018
ClH,sdde 11389

DATA ehd3-3,31-2 salte

TALE  e2aiS
Mipscis 1.1
dalgaiz v 0

-
saterialw Meller 182
cosomtso saxbleted s21é-2
titrants 1M KaOH (s21 ), II HOD (sZx )

0.01M Xafl
comc.s L0 C
fHle 0 clsile
dates #1783

alpha# alphation pRtion

1200 wh wa
1.3 WA . WA
1.0 -2.0 -.4319
0.9 L4 -1
1060 -L1Y7 -0
.9 -M -.07

9.00 =77 0
% -3 0
8.00 =32 0
130 -2 O
.00 -0 023

8.3 .08 .00
6,00 219 L0082
L% 2 .2
.00 489 607
L% .06 013
00 T Lo3s
1% LS .on

e ¢
WA 0

~ 232049 0
-.108512 0
~1547 0 -
.-mn 0
-.078%01 0
-.050044 0
-, 035534 0
- 0143 0
-.001018 0 .
L0 0
0248981 0
.0388820 0
.6333206 0
0488141 0
6306109 0
193748 0
1618251 0

e Wh Wk KA WA KIA WA wa L0

wa N/A 1] WA L WA WA wa WA
=.045801 -, 165849 ~22. 9855 -22.968S3 5313307 10.94347 5.413309 7.313309 8.943486
=, 013522 ~. 133070 -18.3780 ~10.37560 4247977 10.63164 4.347977 6.207977 8.531638
=.005733 ~, 131811 -13.4405 -13, 4403 . 334932% 10.75357 3.849329 3.349329 0.235470
=,000979 ~.09471Y ~13.0792 ~13.0792 3023314 9.843125 3.123314 5.0Z3314 7.B43125
0 -.078081 -10.7823 -10.7823 .249233¢ 9.478238 2.392354 4.492354 7.478840
0 =« 037044 0,13332 -6, 13332 . 1084632 9.134019 1.964832 3.684832 7.134019
0 =. 033834 ~4. 1834 -4. 94034 . 1143910 B.5B8B30 1.243910 3.143910 &.6866830
0 . =.034435 -1.9982) -3.99821 0451450 B.813334 .JA14438 2.461484 6.615388
0002917 -.003300 -, 179484 ~.170434 .0081491 9.3B0237 1414913 2.043491 7.380237
0001916 .007SESE 1.323719 1.32371% .0304003 4.999223 . 4060044 2. 304005 6.999225
0003606 0243373 3.388437 3.308437 0783306 4.929336 .EE3I042 2.TBII0A 4.529336
0004733 .0384067 3.303939 5.303939 .1225113 4.643339 1324113 3.228113 6.445339
0007889 0323317 7.234227 7.254227 . 1474952 4.304201 1,776982 3.676942 6.30424)
0014530 0674311 9.311713 9. 311713 2132392 3.93823% 2.282392 4.1523%2 3.93823%
«0033499 087210 12.02245 12.02243 271935 3.385342 2.879273 4.779255 3.565342
«0103933 . 1097812 1. 02163 15.02163 3472043 3.225913 3572403 5.472403 5.223913
.gﬂlﬂ 1236919 17.35708 1735709 4012442 2.026159 4.112442 6.012442 4.625157

Yisgmp)e 39.48
C{0H,sp)= .1018
Cil,sp)e 11359
BATR a2xe3-2,44-3

TBLE  e&a2
s s E7A0
s = TiAT

b 27 el

(1] Vi) Viiatd) ofRsus ofD ofstd dlts ufR deigas  sigaa  alpha 9

asterials Meller 1R2
coanantss sazhlsto sZxb-2

Cl,sdls 11387 titraats IR HalH (s2x ), 1T HCD (s2x )
DATA e1d3-3,31-2 salts 0.001N Mall

TARLE b3 conc.s 001

Mlpzcle 7.1 filad k2104

dajgsax » 2 dates 41783

alphet alphatice pltlca

1200 R/A LT/ ]
1.5 WA WA
1.0 -3 -5
10.50  -1.5% ~.1? .
10,00 -1.19 =043
2.3 =892 =03
9.00 -2 =007
LR -6l -7
8.00 =3 =003
1.9 -2 -.0017
7.0 1371 ¢
&3 -042 0007
6.0 LIS 32
L% .87 02
5.00 32 .00
.30 2833 +0078
4.00 A9 028
% .m N, )
3.00 1219 .39

{ T]] ]
WA 0
=.244013 0
-. 138808 0
=.121142 9
-.100%84 0
-.084492 0
-.048713 0
-.0507 . 0
-.031742 0
-.015%3 0
-.004276 ©
"o 001463 ©
+0092883 0
0179638 O
L299373 0
0476381 0
+O8T3413 0
«138%08 0

BA WA WA WA WA MR WA WA WA

WA WA WA MR WA WA WA WA A
=, 034842 =, 197152 =25, 8443 ~25.0443 .ST7A431 10.82953 4,008033 0,97443 7628531
=, 019173 =, 139633 ~19.2825 ~19.2925 .A457SI3 10.59640 4,489176 T.A5VED 7.59460
~.00359 -, 114583 15,6230 ~15.8230 . JSTRI1 10,25902 3,489434 4457811 7.235016
=, 007321 -,098585 ~13.6208 -13.6240 3549557 7.837449 3.181200 4. 149457 6.837447
=.000979 ~.085719 =11 5607 ~11.53409 . 2872341 9438029 2709184 5.472341 6,430
~,000878 ~,088241 -9.42332 -9.42552 2178439 9035148 2210040 S.17B438 6035149
=.00030F ~, 030897 -5.9709 -5, 90709 1615209 6.715284 1.444531 4615209 5.715284
=-000(72 ~.031570 ~4,34234 -4.34734 . 1000444 B.4S0163 1.040087 4.005444 3.430183
0 ~. 01593 -2.20707 ~2.20707 0310210 8.249503 416327 3.510210 5.2476
«C001916 ~,604447 -. 16863 ~.A14RES 0102508 R.JIV627 4742279 3142805 5.339877
.C003404 0012879 .1TTRAAS . 1778443 0241113 3.015746 .OTZTSSA 3.081413 6.815768
<0004733 0088152 1217304 1.217364 0201403 3941729 3130275 3.281405 6.961728

. +0008423 0173434 2.384989 2.394989 OSN34SO 3.747972 .SEXTR 133N 8,761902

0011044 026029 3.934342 3,984242 . 0921047 3.504236 . 9526693 3.921087 6.304238
0025355 0451005 5.228025 £.228025 . 1439733 3.22%793 1.471330 4.4397%5 4.225793
.0038465 ,OTBA4T 10,88713 1084713 2312159 3.023591 2.3437EC 3.512159 4.023451
0404914 0780957 13.54540 13.54520 3131325 2,A%0875 3.13148 4.131526 3.4583%8
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Data for Baikowski's Mullite.

Visusp)s 3B.7074
CloH,sp)e 1018
-Cl,spls 11389
BATA a7t-2,71-1
TABLE (.3

fis = 3.5128
[ §.67

i s WA

Vistd)s 40
£(0H,sd)s 1018
ClH,sd)s 11389

TABLE (¥4}
piipzc)e 8.5
daigans = 0

aaterials Baikomski Hullite
cossents® soxhlated (s214-4)

titrants oIN HaDH (s2x ), 11 HCD (82 )
BATA  o2x43-3,31-2 vait= 1N Katl

coag.s |
filed elaida
dates LTjR11A

B VT(sp) VI(std) afRsaz  ofd  EDstd dlta ofD deiems  siges

i Viep) VIistd) ofPsus ~aEQ  ofDstd ditaofd dsiges  sigue

12.00
11.50
11.00
10.30
10.00
9.30
’.M
8.30
8.00
1.5

- 1.00

6.3
600
3.3
S.00
4.5
4.0

A WA

L] ] NA
-1.167 ~.4582
-4 -
=203 . - 0472
=07 -.8157 '
~03 -.63
N2 -.0017
o7 -.000
M5 0
478 .00
. ] 0047
A12 L0088

. 328 L0082
437 L0113
B 0163
2931 .0%8

A 0
/A 0
-.118801 0
-.045328 0
=.020849 0-
-.00%142 0
= 00248 6
0002273 0
0047407 0
0007437 0
0196115 0

+0448403 0
JOSTTHL 0
0726203 0
03827 0
3332234 0

L] ] WA WA WA

we WA -5 M L
~.04%078 ~.049723 -77.8733 -27.0732
=.0130%0 -.032938 ~13.4688 -13.168¢
=.004430 =.016219 ~5.4B435 -5.4847
=.001347 -.007615 -3.04447 -3.04467
= 000473 -.0020%2 -.620978 -. 020576
=.000157 0003948 , 1378418 .15TBALE
=.000059 0040394 1.934807 1.934807
0 0107637 4.29338¢ 4.293381
0000550 0175353 7.818783 7.016783
0005171 .G31770Y 12.70214 12.70214
0007131 0461232 10.44107 15.44103
-000%021 0388320 23.32528 23.525
0013452 0711557 20. 823 22. 44823
0020353 .6723274 34.9129) 35.91291
00427356 . 3289899 £31.53156 131.5314

155

1200 WA . WA . DI 0 WA WA [ 1]] BA H
11.50 Wa WA WA -} LT/ ] WA Wa H/A

11.00 WA - 6788 WA 0 " -.086571K/8 WA WA

10.39 -1.304 -.23 - 192931 0 = 022457 -.110293 -44.0Y38 ~44,0733
10.00 -3 =074 -, 037008 0 T =007290 -.049718 -19.6774 -19.8776
%.30 =212 -0 -.0278%0 0 =4 002344 -.025323 -10.1232 -10.1232
2.00 =05 -.0082 . -.089315 ¢ -.000811 -.008704 -3.47507 -3.47987
[ K] 0 0 [ 0 0 [} 0 0

8.00 043 0 00511430 (] 0051180 2.043420 2.045420
1.9 L1082 091 0123013 0 0001100 0121912 4.874113 4.874113 -
1.00 L2105 002 0237317 0 0002200 0237117 9.4B0049 9.480049
8.30 .} 004 0384345 0 - 0004401 .0382143 15,27834 15.27834
6,00 M2 0083 0362510 0 0007151 .CATSISY 19.80467 19.60447
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Baikowski’s Mullite continued

Visasple 38,7078 Vistdls 40 matoriala Baikowski Mullite

CioH,sp)e 5018 C(0H,ed)}s . 1018 cossentss soxblet s2xbd-4
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