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ABSTRACT

The deposition of amorphous silica from aqueous solution on to
rutile particles has been studied with the aim of elucidating the
nature of the silica-titania interactions occurring and of following

the progressive build up of the silica coating.

The coating process, which involves the addition of an aqueous
sodium silicate solution to an aqueous dispersion of titanium dioxide,
has been investigated by performing a series bf controiled preparations
and using the technique of microelectrophoresis. Prepared silica=-coated
rutile samples ranging from partial to full silica coatings have been
characterized using transmission electron microscopy, microelectrophoresis
and nitrogen, argon and water sorption. Nitrogen and argon adsorption
isotherms have been analysed using the equation of Brunauer, Emmett
and Teller (BET). Differential energies of adsorption of nitrogen
and argon have been determined calorimetrically. Water sorption
isotherms have been analysed using the BET equation and the Frenkel -

Halsey - Hill (FHH) equation.

It has been shown that uniform silica coatings can be produced
if adsorption of monomeric silica is followed by polymerization of
silica at the solid/liquid interface. Surface cations on rutile may
be hydraxylated or co-ordinately bound to water molecules and it
appears that monomeric silica adsorbs preferentially by replacing

ligand water molecules.

Rutile particles with silica coatings thicker than approximately

2.5nm exhibit characteristics typical of silica and not of the base
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rutile.

Silica coatings deposited at pH 10 contain narrow channels
which are accessible to water molecules but not to nitrogen or

argon., Neutralization to pH 7 reduces the volume in the ¢oating

accessible to water molecules.,
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CHAPTER 1: INTRODUCTION

World annual production of titanium dioxide has increased ten

fold since 1930 and is currently approximately two million tonsl’z.

The high refractive index2, uniform reflectanceQ, physical and

3 4,5 ¢

chemical stability” and intrinsic semiconductor properties

titanium dioxide have led to its aﬁplication in such diverse fields

as pigments, ceramics and microelectronicslo and photocatalysiSS—9.

The most widespread application of titanium dioxide (about

7% of total usage in 1969°?10s11

) is as a pigment in paint, textile
and paper manufacture. Naturally occurring titanium dioxide is too
impure and of the wrong particle size for use as a pigment. Pigmentary
titanium dioxide is produced commercially either by aqueous hydrolysis
of titanyl sulphate obtained by digestion from Ilmenite ore (45 to TOP%
TiO2)16 or by high temperature oxidation of titanium tetrachloride
18,19

obtained from Rutile ore (93%?T102)l6’17. Both processes can be

used to produce either the anatase or rutile polymorphic forms of
titanium.dioxidel2"15. Although "chloride process" rutile pigments
have been preferred for many applications, the use of the sulphate and

chloride processes currently depends on a fine balance of ore supply

and cost against production efficiency and pollution control. .

A major problem in the use of titanium dioxide pigments in
organic based paints has been the occurrence of "chalking" - a term

used to denote oxidative degradation of organic media in the presence

of ultra=violet radiation and titanium dioxide. Oxidation leads to

the destruction of wetted pigment particle/organic medium interfaces.



This destruction is attributed to a film of carbon dioxide between

particle and medium20 and results in dry pigment powder ("chalk")
appearing on the paint film surface., Chalking drastically reduces

pigment efficiencyzl. The link between chalking and the photochemical

activity of the titanium dioxide has long been recognised22’23 and the
mechanism of the oxidation process has been studied in.detailzo’24-28.
In pigments, the photocatalytic activity of titanium dioxide is

reduced by coating its surface with a relatively uniform layer of
inorganic oxides. Silica, alumina and titanium dioxide mixed coatings
are most often used. Coating methods vary with pigment application29’30

but the most common involves precipitation of the oxides in amorphous

form from solution.

Although these surface coatings do not significantly affect the
optical properties of the pigment particle, they do control chemical
behaviour at pigment/medium interfaces. A vast range of coated
pigments has been developed3l'32 as well as numerous empirical methods
designed to assess pigment performance with respect to hiding power,

colour stability and durability33_37.

As pigment technology has become more complex precise analytical

2,59-44 n43:45'47’

techniques such as electron microscopy , gas adsorptio

microelectrophoresis48-53, heats of immersion43’54-56, infra-red
spectroscopy51’57 and adsorption of organics45’57 have been used to
investigate the physical and chemical natur338 of coated titanium
dioxide surfaces. However little has been reported of attempts to
study the interactions which lead to a uniform coating of an inorganic

oxide on the surface of titanium dioxide. Similarly the physical and



chemical nature of partially coated titanium dioxide surfaces has

not been systematically investigated.

The work described in this thesis was directed towards further
understanding of the deposition of amorphous silica onto the surfaces
of titanium dioxide particles. The single coating component, silica,

was chosen for the following reasons:

(1) silica is a major component in commercial pigment coatings
(2) standard procedures for coating pigmentary titanium

dioxide with silica have been develope

(3) mixed silica-titania surfaces have been studied previously,

61-63

particularly with regard to their properties as catalysts

23458

(4) reports of studies on mixed oxide coatings indicate

that the interpretation of their properties requires fuller

understanding of single component coating systems.

The coating procedures employed in the present work involved
the use of aqueous solutions of silica., The nature of silica in
aqueous solution, and its polymerization behaviour in supersaturated
solution, have been extensively studied over the last thirty years

and a brief review of the aqueous chemistry of silica is given in

Chapter 2-3.

Microelectrophoresis has been used in the present study to

investigate the nature of aqueous silica - titania interactions and

to characterize prepared silica-coated rutile surfaces. The interpretation.
of electrokinetic data such as that obtained by microelectrophoresis
requires a model for the electrical double layer at the solid/liquid

interface. The development of electrical double layer theory, with



particular reference to those models developed in recent years

for oxides, is outlined in Chapter 2-1.

The surfaces of silica-coated rutile samples have been
characterized by gas adsorption using three adsorbates. Water vapour
adsorption isotherms at 2500 have been determined using a gravimetric
technique., The adsorption isotherms of nitrogen and argon at 77K
have been determined volumetrically. Differential energies of
adsorption of nitrogen and argon were measured using a Tian-Calvet
microcalorimeter. An introduction to the way in which.gas adsorption

is used to characterize oxide surfaces is given in Chapter 2-2.

The results obtained by each experimental technique are discussed

separately in Chapters 6,7 and 8 and general conclusions given in

Chapter 9.

All the work reported in this thesis, except for electron

micrographs and X-ray fluorescence analyses, was performed by the

author during the period: June lst 1972 to May 31lst 1975.



CHAPTER 2: BACKGROUND

2 - 1 INTERPRETATION OF ELECTROKINETIC STUDIES OF THE

OXIDE/AQUEOUS SOLUTION INTERFACE

Cow=]=1] Introduction

Electrokinetic phenomena have been defined as those "involving
electricity and connected with a tangential movement of two phases

64

along one another" .

Por inorganic colloids such phenomena involve two basic

processes:

(A) The establishment of a potential difference between a
particle and its surrounding medium,
(B) The measurement of a potential difference (or related

parameter) at the "plane of shear" between solid particle and supporting

medium,

Quantitative measurements of particle surface parameters
can be obtained using electrokinetic data by postulating mathematical
models for (a) the location of particle charge, (b) the distribution
of charge and potential across the region of charge separation (known
as the electrical double layer), and (c) the location of the
experimental shear plane within that region. Detailed models are not
required, however, when electrokinetic experiments are performed in
order to follow changes in the nature of particle surfaces. Nevertheless
as these techniques involve measurement at the plane of shear and

not at the surface, understanding of the mode of formation and structure



of the double layer is necessary.

The general concepts of double layer theory have been derived
and tested using the mercury/aqueous electrolyte interface. As a
model system this interface combines the advantages of insignificant
surface impurity effects with good reproducibility and precision of
measurement of surface properties. Insocluble oxides on the other
hand form reversible interfaces in which impurity adsorption, finite
solubility, irreproducibility of surface preparation and chemical
reactivity restrict the reproducibiiity and precision Qf measurement
of double layer properties65. These limitations are partially offset

by the applicability of additional techniques such as microelectro-

phoresis to oxide double layer studies.

Many of the fundamental principles developed for the mercury/
aqueous electrolyte interface can be applied to oxide/aqueous
electrolyte interfaces. However, when attempts are made to
quantitafively extend the mercury theory many inconsistencies occur.
For this reason much work has been performed in recent years to
develop new models which enable quantitative description of the oxide/

aqueous electrolyte interface,

Pee] m? Theorz of the Blectrical Double Layer

The vast amount of work in the literature on aspects of this

66-69

subject have been reviewed many times

!i! Potentials in the Double Layers The total work done in

transporting unit electric charge from one phase to another is an



unambiguous quantity termed the ELECTROCHEMICAL POTENTIAL DIFFERENCE -

AKURO. Although most interactions are fundamentally electrostatic
in origin, AT)is normally considered to be the sum of the chemical
potential differencexﬁ%Land the electrical or GALVANI potential
difference£ﬁ0§7. Although the total Galvani potential difference
between two phases is not measureable by experiment, it is this
potential difference that determines many of the properties of
colloids. In the case of a charged solid particle suspended in
solution the INNER potential is conveniently, subdivided:
$0 =‘1¢’ +X where 1[/ = OUTER potential = potential due to
the nett charge separation between solid

and solution

<
I

K1 potential = potential due to orientated
dipoles at the interface.

The position of zero reference for these potentials is usually taken
at the jnterior of the solption. Many treatments of the analysis of
double layer potentials ugse the Poisson equation which is concerned
with free charges and hence gives the distribution of the qypotential.
In such models,dipoles, and hence the X potential, were only
introduced in terms of the permittivity of the double layer. Later
models are modified to take account of special orientations of dipoles

at the interface.

(ii) The Diffuse Layer Model: The early "parallel plate capacitor"

10,71
15

Chapman’ 7,

models of the double layer proposed by Helmholtz and others

proved of little use. They were modified by Gouy72-74 and

who proposed that the ions in solution formed a diffuse layer of



charge in which the ordering effect of the surface field tended to
be randomized by thermal motions in the liquid (Figure 2-1).
Expressions for the distribution of diffuse layer charge and

potential were derived using a combined Poisson-Boltzman equation

68

for a flat surface , and considering only electrostatic contributions
to adsorption of ions. The model predicts an approximately exponential
decay'of'lp(x) with distance‘from.the surface (x)89 and a quantity
;[K.is often designated as double }ayer thicknesses’92, in that it

represents that distance from the surface where 4/= 1/e N/(O)]. The

model is consistent with experimental observation in that it predicts
a dependence of diffuse layer potential on electrolyte concentration

and a minimum in double layer capacitance when the surface carries

no charge67’77. However, it does not predict realistic ion adsorption

67,77,85

densities at the interface nor does it help to explain the

concept of a shear plane.

67,68,76-79

The Gouy-Chapman model has been reviewed many times
and the assumptions of the model which lead to it being invalid for

the entire electrified interface may be summarized:

(1) 1Ions behave as point charges.

(2) Solvent properties are continuous around ions and near the

interface. This has been shown not to be the case with

the dielectric constantal’aé.

83

(3) Non-coulombic interactions such as specific adsorption -,

changes in solvation82, self atmosphere79’80 and cavity

79,84

potentials are not significant.



It has been shown that the effects of these assumptions
largely cancel out for electrolyte concentrations less than

=2 68,79, However because of assumption (1) W (Q) should be

10
defined as the potential at the plane of closest approach of ions,

not as the surface potential as in the Gouy-Chapman model76.

(iii) The Compact Double Layer: Stern®! proposed a model (Figure 2-2)

which was esgsentially a combination of the Helmholtz and Diffuse

Layer models and in which:

(A) The distance of closest approach of ions depends on their radii
and degree of hydration. The locus of centres of ions at their

closest approach forms the Stern plane.

(B) A non-coulombic or specific adsorption energy term (§ %) is

included in the total work of adsorption.

Stern derived an isotherm for ion adsorption in the Stern plane

based on the configurational Boltzmann equation approach of

88 66-67,76,89

Langmuir .+ Stern's model has been often reviewed , and

whilst it suffers the disadvantages of a Langmuir treatment90 it

does predict

(A) realistic adsorption densities of ions at the interface

(B) specific adsorption of ions (@4 0) leading to a surplus of
counterions at the interface (See Figure 2-3). If the electrokinetic
shear plane is located at or outwards of the Stern plane then this
specific adsorption would explain the often observed reversal of

91,93

sign of surface charge
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The Stern model was modified by Grahame76 to allow for
the smaller primary hydration numbers of anions and the likelihood

of their being partially dehydrated on adsorption. The locus of
94

the "electrical" centres of these anions was termed the INNER

HELMHOLTZ plane and that of the cations the OUTER HELMHOLTZ plane
(Figure 2-4). The charge distribution in the region of the interface
95 96

surfaces.

has been derived for both metallic and non-metallic

Grahame's model has given better agreement with experimental analyses.

(iv) Further Developments: There have beenfmany modifications to
97,98

Grahame's model. Bockris and co-workers introduced orientated
water dipoles between the surface and the I.,H.P. which gave improved

agreement with experimental capacitance data. These workers also

separated the energy of adsorption into various ion-solvent

99

interactions”” and concluded that the specific adsorption energy @i

is more closely correlated to primary solvation of ions rather than
their tendency to form covalent bonds as initially suggested by

Grahame76.

Some experimental observations such as the variation of @i

with surface charge and a maximum in with surface potential are

THP
not consistent with the Stern-Grahame model. They can however be
explained by using the MICROPOTENTIAL lPA’ that is the mean
electrostatic potential at the centre of an adsorbed ion due to its
coulombic interactions with all surrounding ions, rather than the
Stern-Grahame MACROPOTENTIAL IPAOO. The latter is the mean

electrostatic potential in the adsorption plane; surface and adsorbed
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charges are assumed uniformly distributed. The difference between

4’and 1P£, caused by the rearrangement of ions when an ion is
adsorbed into (say) the I.H.P., is concerned with the calculation
. _+100=-102 . :
of the self-atmosphere potential . This calculation forms
the basis of the so called DISCRETENESS OF CHARGE effect. The
concept of a micropotential allows yet another explanation of the
| 101

relative adsorption tendencies of anions™ ~, distinct from those of

Grahame and Bockris mentioned above.

For metals there can be no potential gradient within the solid,
and the region of space charge separation is restricted to the
solution side of the interface. However, with ionic solids and
inorganic oxides, solid state defects and surface texture may mean
that a significant fraction of the total double layer potential occurs

within the solid. Attempts have been made, both generallo3 and in

104-109

terms of specific crystal defects , 10 derive double layer

potential distributions for both the solution and solid sides of the
interface. These attempts have not been incorporated into a general
theory which may be applied to oxides and the effect of a solid

109

phase space charge separation remains unresolved” " ~.

2=1e=3? The Electrical Double Layer at the‘OxideZAgueous

Solution Interface

At the mercury/solution interface any potential can be applied
within quite wide limits and the resulting charge on the metal
measured. On the other hand, at the oxide/solution interface,

whilst the potential difference between the bulk of the solution
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and the solid can be changed by changing the solution concentrations
of some ions, the size of this potential difference, or changes in
it, cannot be unequivocally determined. Instead, as outlined in

the next section, a model dependent analysis must be used to relate

concentration changes to potentials and potential changes.

Many of the concepts developed for the mercury interface can
be modified for oxides but parallels are generally limited to the
diffuse layer region. The Gouy-Chapman theory is considered to give
an adequate description of diffuse layer behaviour under the
conditions of micro-electrophoresis experimentsl46. It is apparent,
however, that for many oxides the charge on the solid side of the
interface is developed over a region of finite depth, which may be
more or less disordered and may be penetrated by solvent molecules

and electrolyte ions. New models have therefore been developed to

describe the "inner" region of the double layer at oxide/aqueous

electrolyte interfaces.

i Potential Determini Tons: The charge transfer processes
that are responsible for the establishment of electrochemical

equilibrium between a solid oxide and an aqueous solution are of two

typesllo:

PRIMARY - the hydrolysis and complexing of surface atoms and the

dissociation of surface groups.

SECONDARY - the dissolution of oxide leading to hydrolysis, complexing

and readsorption of dissolved species.

[N

If the processes are summarized as follows:



13

MO, (solid) == MZ+(aq) + x 0 (aq)

MO, (solid) + x H,0 == MZ+(a.q) + 2x OH (aq)

2

(Z-n)+

~~ [m(on)_ ] (aq) + (2x-n)OH (aq)

and the formation of polynuclear complexes is ignored, it can be

shown that''

aY(0) = (RT/F) d 1n [ay, (solution)/a ,  (solid)] (2-1)

11,112 in the derivation of

X potentials are assumed constant
equation (2-1). This equation shows, therefore, that changes in the
magnitude of the total double layer potential on oxides are a function
of the activity of protons. Protons (and hydroxyl iong) are called
POTENTIAL DETERMINING IONS of the SECONDARY type - sécondary as they
are not, strictly speaking, lattice constituentsll7. If it is

assumed that At (s0lid) is independent of the composition of the

solution the familiar Nernst equation is obtained from equation (2-1):

¥ (0)

where Pszc

2.303 (RT/F) (pszc ~ pH) (2-2)
aOH+,

~log, (solution)
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The Nernst equation has often been used in conjunction with
a Grahame type of double layer model for the calculation of double
19,60,66

layer parameters on oxides « This model is, however, very

111,118

often at variance with experimental data on three counts:

(1) O (BElectrokinetic Potential)/ApH $ 0.059 when the electrokinetic

potential (C) = W(O) (i.e. no specific adsorption) = 0,

(2) surface charge densities are much higher for oxides than for

corresponding mercury or silver halide systems,

(3) the high surface charge densities do not give rise to correspondingly

large electrokinetic potentials.

The assumption concerning the independent nature of a.+ (solid)

65,121

H

has been criticised as unrealistic , and recently a modified

form of the Nernst equation has been derived for very insoluble

oxidesll4’115, like titanium dioxide. For such oxides it is proposed

that the surface gains charge according to the equilibria:

-+
OH
] . ., 116
where AH might be a simple hydroxylated cation site or a neutral

aquo-complex site [EM(H20)(OH)2 . TFor such a surface it is shown
that the Nernst equation (equation 2-2) only applies if all sites

are ﬁncharged at the point of zero total surface charge. Even though
it cannot always be used quantitatively to calculate lP(O), the Nernst

equation does provide a basis for the potential determining role of

solution pH in electrokinetic studies on oxides.
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(ii) Models of the Double Layer: The Grahamemod6176 has often

been used in conjunction with a Nernst type equation to give

qualitative understanding of the double layer on oxides. It has been

139

suggested that the number of adjustable parameters in a Grahame

treatment means that its limitations are often not recognised when
applied to oxides. Many workers have attempted to modify the Grahame

model to give quantitative agreement with experimental data on

132,138

oxides. Herczynska proposed a "uniform surface" model for

aluminium oxide films on aluminium; Atkinson and co-workers used

a similar approach for iron oxide155. Although Atkinson's model

o4 it was the first to propose that counterions

135-136

has been criticised
may penetrate into the surface charge layer. Blok and -de Bruyn
proposed a model for zinc oxide based on the specific adsorption of
counterions. Ahmedl54 generalised this treatment foriron oxide, tin
oxide, alumina and silica and stressed that double layer structure
on positively charged oxide surfaces is more complex than that on
negative surfaces and depends on the nature of co-ordination between
surface metal atoms and water molecules, anions and the potential
determining ions., Bowdenl37 later proposed a generalised version

of Blok and de Bruyn's model and used it to obtain good agreement
with experimental data on the adsorption of zinc and silicate ions
on goethite. All of the above models represented modifications of

a Grahame "flat surface charge layer approach" and each model was
usually of very limited application. More significant advances in
recent years have been made using models which use concepts derived

specifically for oxides.
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A model designed to explain experimental data on the rutile/
aqueous electrolyte interface was put forward by Berube and
de Bruyn77’121. The workers proposed that the solution adjacent
to the solid phase was of "ordered" structure and that this ordered
region was anchored to the surface via hydroxyl groups. Ordering
was promoted by the chemisorption of water and by polarization
effects due to the strong crystal field of rutile. Hydrogen bonding
sustained the ordering through the liquid phase. This model is
consistent with the known‘"clusterﬁ or “cage" structu?ing models

in water122 and with data showing that removal of chemisorbed water

from titanium dioxide alters its double layer pr0pertieslz3’l52.
Ahmed also used a model in which protons and hydroxyls function as

potential determining and structure prom.otingionsl13

. He related

the distribution of double layer potential to the rearrangement of

the hydrogen bonded structure extending beyond the Helmholtz region,

and claimed that agreement with electrokinetic potentials for quartz

and germanium oxide could only be achieved if both X and \pwere assumed

to vary with solution pH. Some important consequences of the Berube-

de Bruyn model are:

(A) The focal point of the double layer lies in the region of greatest
disorganisation in the liquid, and the charging process need not be

located at the hydroxylated surface. Instead the unit in the charging

process is of the form [EM-OH-HQO].

(B) Counterions penetrate into the charge forming layer depending on

their degree of hydraticn. Counterion penetration accounts for the

high double layer capacitance but small electrokinetic potentials

observed with oxides.
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Another attempt to develop a double layer model specifically for
65,119

oxides was made by Lyklem . The planar surface charge concept

of Grahame was discarded in favour of a surface which was porous

to both potential determining ions and electrolyte counterions.

Lyklema derived a Poisson-Langmuir based expression for the distribution
of ions in this porous region. The model predicts that with sufficient
counterion penetration very little charge separation would occur in

the solution diffuse layer. The experimental observations (1) (2) (3)

(page 14) are consistent with this model. Lyklema also claims that

the low surface charge for some silicas over a wide range of'*lezo,

and the trends in adsorption specificity of counterions on silicalao,

can be accounted for using this "porosity" model for silica.

In recent years most attempts at oxide double layer analysis
have evolved around the so called "gel layer"126“129model, in which
the surface of the oxide consists of a layer of hydrated oxide into
which both potential determining ions and electrolyte counterions can
penetrate. The development of this model seems not to have arisen
from the suggestions of Atkinson]‘33 but more from the experimental
evidence of gel layers on some silicaslz4-125 and the desire to
generalise treatments such as that of Lyklema65’119 for porous silicas

77,121 126

and of Bérubée and de Bruyn for titanium dioxide. Levine has

used a simple A === AH @AHJ charging process in the gel with a

Poisson-Boltzmann approach to derive the distribution of potential
=128

determining ions and electrolyte ions in the gel layer. Perram127

used a more complex charging process:

[=m-(om) _, 0]7 === [=m-(0H) J=== [=zM-(0H) _,H,0]"
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and derived a modified Poisson-Boltzmann distribution in which any
Stern layer at the gel/electrolyte boundary is ignored. Similarly

129

Helmy has given a brief mathematical analysis of the three region

"double layer" in which regions are distinguished only by different

126-129

values of dielectric constant. All three treatments show that

the gel 1ayér model is consistent with the experimentally high surface
charges and low electrokinetic potentials observed with silica, titania,
alumina and hematite if the shear plane is located at the gel electrolyte
boundary. However, it was recognised by Perraml27 that the gel layer

model applies only to oxides with high surface charges as measured

121 for titanium dioxide

by titration. Berube and de Bruyn's results
indicate that this oxide shows behaviour consistent with a gel layer

type interface when suspended in aqueous electrolyte.

It can be seen from this review of models of oxide double layers
that different oxides follow different patterns of behaviour that are
consistent with different models. Whilst the gel layer model is
probably the most successful in that it seems to cover more oxides

than any previous model, no single model has been developed to fully

explain the behaviour of all inorganic oxides,

2-1-4 Some Practical Aspects
1 Surface Charge: The pH dependence of various mononuclear

hydrolysis products of Ti(IV) in equilibrium with rutile at 2500 have
been calculated from solubilityl40’l54 and thermodynamic datal4l'2’153
and are shown in Figure 2-5. It can be seen from this diagram that

rutile has a maximum solubility of 10-6moles/litre over the pH range
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5 to 12. Because of this low solubility, surface dissolution and
subsequent adsorption of hydrolysis products is not normally considered
to be a significant charging mechanism. Surface charge is produced
principally by the adsorption/desorption of protons and hydroxyls at
surface hydroxyl groups on the titanium dioxide surface. Solution

pH is a parameter which controls the magnitude of the total double

layer potential on titanium dioxide.

(ii) Supporting Electrolyte: Gouy-Chapman diffuse layer theory

showed that at constant total double layer potential, the potential

at any point in the diffuse layer changes with solution ionic strength.
Stern's and subsequent models have shown that specific adsorption of
ions in the imner region of the double layer can lead to apparent
reversal of the sign of surface charge. Hence in electrokinetic
experiments where pH is the varying parameter, a supporting electrolyte
must be used to maintain constant ionic strength. The electrolyte

ions must only adsorb in the inner region of the double layer in

response to simple electrostatic free energy changes. The most common

indifferent electrolytes used in electrokinetic studies of titanium

dioxide have been KNO. A0~ 44 w.01349 ana xc1l4e.

b,
!iii! Iso-Electric Point and Point of Zero Charge: The velocity

of a particle suspended in electrolyte when that system is subject

to an applied electric field, can be used to estimate changes in the
electrical double layer potential at the plane of shear between
particle and solution. The velocity per unit field strength is termed
the ELECTROPHORETIC MOBILITY, and a useful quantity to emerge from

measurements of mobility as afunction of solution pH is that pH at



which the electrophoretic mobility is zero. This pH will be called
the ISOELECTRIC POINT (i.e.p.) for data presented in this thesis.
155

This definition is consistent with I.U.P.A.C. recommendations but

should not be confused with definitions of i.e.pe used by othersl46_147.
The i.e.p. enables different solid surfaces to be compared when it is

believed that their double layer structures are similar - for example

a series of titanium dioxide samples having different pre~treatments.

The point of zero charge (pzc) is a term often used in the
literature with respect to oxides but not always rigorously defined.

147

Parks has used this term to denote "that pH in any system, however
complex, at which there is no nett charge on the solid particles of
interest". Other definitions of pz¢ include "“the pH at which an oxide

surface acquires a zero effective charge as a result of H' and OH
131

adsorption , and '"the pH at which the surface excesses of HY and OH

148. All quoted values of pzc or iep must be placed in

are equal"
context by understanding of their definitions and the experimental
method by which they were measured. The term pzc will not be used in

reference to any microelectrophoresis data ohtained by the author and

presented in this thesis.

(iv) Location of the Shear Plane: The isoelectric point enables a

model independent characterization of a solid. However, interpretation
of changes in the inner region of the double layer, whether such

changes are estimated by double layer potential or electrophoretic
mobility measurement, requires a model dependent location of the
experimental shear plane. The Grahame model of the double layer predicts
a plane of viscosity discontinuity at the Outer Helmholtz Plane., It

can be shown that experimental data are not consistent with placing
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the shear plane further out into the solution than the 0HP69’118’150r

although this may well mean the model itself is inconsistent,
Nevertheless many workers using Grahame's model have placed the shear
plane at the OHP85’139’149. The concept of a discrete slipping

151

plane has been criticised by Lyklema and Qverbee who suggest a

gradual transition from bulk to zero fluidity rather than a plane

68,151 have shown that high surface

discontinuity. They and others
potential lead to the slipping region moving outwards from the surface
such that potential changes in the inner region of the double layer

are not "seen" at the shear region. This does not, however, appear to

occur with the systems used in this work.

Of all the recent models of oxide double layers, the "gel layer"
model incorporates the most feasible location of the shear plane,

127-128

Perram has shown that all double layer calculations are

consistent with a slipping plane at the gel/electrolyte boundary and
Levine126 concludes that a shear plane further out into solution leads

to incorrect estimation of double layer parameters.

In conclusion it can be said that although double layer models
may not be completely consistent with all experimental data, all
evidence is that the experimental shear plane can be put at the
boundary between the solution diffuse layer and the inner region of
the double layer., Data obtained at the shear plane represent the
sum of all effects between it and the surface. It should also be
recognised that shear plane measufements represent average quantities
over a region of slipping between the particle with its attached

layers and the mobile solution.
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CHAPTER 2 - 2 CHARACTERIZATION OF OXIDE SURFACES BY GAS ADSORPTION

PamPw] The Nature of Metal Oxide Surfaces

Although oxide particles can be prepared in many different
ways one approach to describing the structure of an oxide surface
is to consider it as resulting from the cleavage of a bulk oxide
crystall62-l65. The surface formed by cleavage would consist of
oxygen and metal atoms, unsaturated with respect to co-ordination
and carrying formal charges. This surface woﬁld be highly unstable
and in the absence of foreign reactive species would f;rm.highly

157,164

strained M-0-M surface bonds . However in the presence of waterxr

vapour dissociative chemisorption of water molecules would occur on

the strained surface giving a layer of surface hydroxyl groups. This

chemisorption process presupposes that hydroxyl groups can be
accommodated on adjacent metal atoms. It has been suggested, on the
basis of bulk crystal cleavage occurring along known crystal planes,
that for some crystal planes this degree of hydroxyl accommodation

is not sterically possiblel62_l63. In such instances it is likely
that co-ordination of the metal cation is completed by the adsorption
162—163.

of a water molecule as a O bonded ligand

In addition to the two possible forms of chemisorbed "water"
on oxides, hydroxyl groups and ligand water molecules, physical adsorption
of molecular water will occur to give layers of relatively loosely held
water molecules. Hence the interaction of gases with oxide surfaces
may involve interactions with metal cations, oxide anions, hydroxyl

groups and water molecules.
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L= Interactions at Gas/So0lid Interfaces

(i) Introduction: When a gas molecule approaches an outgassed

solid surface (the adsorbent) it will experience forces which lead
to increased concentration of gas near this surface (adsorption)
relative to the bulk gas phase (the adsorptivel55). Because exact
calculation of the interactions of quantum states of gas molecules
with those of the solid surface is not possiblelél, it is usual to
simplify the treatment of adsorption by assuming that adsorption can

be one of two typesl56:

Physisorption: in which the equilibrium distribution of the electrons
of the solid and the gas molecule may be modified, but in which

electrons are not shared or transferred between the solid and gas

molecules.

Chemisorption: in which electrons are shared or transferred during

adsorption.

These two types of interaction will be discussed as though they

are independent, although during adsorption on oxides both are likely
157

to occur simultaneously “'., Lateral adsorbate-adsorbate interactions,

and their effects on adsorbate-adsorbent interactions will not be

discussed.

.Liil__EEXEEEEEEEEEE: The interactions involved in physisorption

are of the van der Waals type, and the total physical adsorption energy

158

for each adsorbed molecule (¢l ) can be expressed as

PHYSICAL

¢PHYSICAL =¢D + by qbP ¥ am ¥ (biq + Oy
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The dispersion energy OiD) and short range repulsion energy'(¢R) are
non-specific in that they are non-zero for any adsorbate/adsorbent
systemlél. Many complex expressions have been derived for‘ﬁD and
¢Rl56_157, and the energy'(¢D +tﬁR) has been shown to have a minimum
value at about one molecular diameter out from the solid surfacel57’l59.
The energies¢P andi¢Fu arise from the interaction between the surface
electric field and the electric moment it induces in a polarizable
molecule (¢P) and the permanent dipole moment.of the adsorbate molecule
(¢Fh)' The energyljFQarises from the interaction between the surface
electric field gradient (f;) and any permanent quadrupole moment of

the adsorbed molecule. The term(#X represents the sum of any interactions

arising from a multipole moment of the surface, and will not be

further discussed in the present work. The energies QSD' ¢F,_|,' ¢‘i7‘Q and

éx are termed specific in that their magnitude depends on the nature

of the particular adsorbent-adsorbate systeml6l.

giii) Chemisorption: The distinction is often made between weak

chemisorption, which involves covalent bond formation on adsorption,
and strong chemisorption which involves ionic bond formationlsé. As

either electron sharing or transfer is involved, the chemisorbed layer
carmot exceed a single molecule in thicknessl60. Bond formation
although a spontaneous process from a thermodynamic viewpoint (negative
change in total free energy) may involve an energy barrier arising

for example from an initial bond breaking. Approach to equilibrium

may therefore be slow.

2=2=3% Methods of Characterization

Extensive reviews of the numerous experimental techniques that
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can be used to characterize gas-—solid interactions are given

157,170,172

elsewhere and discussion here will be restricted to

adsorption isotherms and heats of adsorption.

(i) Adsorption Isotherms: At constant temperature (T) the amount

of gas (x) adsorbed at a gas-solid interface depends on the concentration
of gas (i.e. pressure, P) and the strength of gas-solid interactions.

An experimental adsorption isotherm may be represented by

* = f(P/PS)T, gas, solid

where Ps is the saturation pressure of the adsorptive at temperature T.
The most commonly observed isotherm shapes have been classified by

Brunauer et al;.l.'71 and the isotherms reported in this thesis are

Type II according to this BDDT classification (See Figure 2-6)., Type II
160,173

isotherms are associated with monolayer-multilayer adsorption

and many mathematical equations have been derived to analyse the

adsorption isotherms. The BET and FHH models have been used to

analyse adsorption data presented in Chapters 7 and 8 of this thesis

and these two models are described in following sections of this

Chapter.

Many adsorbents1give.greater uptakes of gas during a.deSOFPtion
run than occurred at the same relative pressure during the adsorption
[increasing (P/Ps)] run. The reasons for this hysteresis may be:

(A) Irreversible chemisorption of adsorbate during the adsorption
run. This chemisorption may not occur until high (P/Ps) values are

reached and the hysteresis loop remains open over the whole (P/Ps)

range.,
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(B) Activated entry of adsorbate into pores or cracks in the surface
The term "activated" implies that a threshold (P/Ps) is required

before entry occurs. In this case the hysteresis loop may also stay

open to low (P/Ps) values.

(C) Capillary condensation of liquid adsorbate in surface pores

or interparticle voids. A liquid meniscus is formed and the radius

of curvature of this meniscus controls the relative pressure at which
liquid will evaporate from the capillary. Hence as (P/Ps) is reduced,
adsorbate is removed from progressively smaller pores, The lower (P/Ps)
limit for the existence of the liquid meniscus is considered to be

controlled by the tensile strength of the adsorhatel6?.

The BET Eguation

190 extended the dynamic condensation-

191-192

Brunaner, bBmmett and Teller
evaporation adsorption mechanism previously applied by Langmuir
to describe localised monolayer adsorption, to the monolayer and
multilayer adsorption of gases on solid surfaces. The BET isotherm

equation

P _ 1 . C-1 P
V(Ps-P) | VmC VG Ps

where V is the amount of gas adsorbed at equilibrium pressure P,
Vm is the amount of gas required to give monolayer coverage, Ps is the

saturated vapour pressure of the adsorptive and C is a constant 352;

corresponds to a sigmoid shape (Type II) adsorption isotherm. The BET
equation predicts that a plot of P/ V(Ps-P) against (P/Ps) should be

linear, enabling ready calculation of the monolayer capacity (Vm) and

176
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the constant C, In practice most adsorbate-~adsorbent systems only
give linear BET plots in the range 0.05 < (P[Ps)  0.35 (0-5'V/Vm-
1.5 V/Vm) and this linear portion must be extrapolated to enable

calculation of Vm and C,

159,195

The derivation of the BET equation has often been reviewed

and the main approximations in the derivation are:

(1) the adsorbent surface is energetically homogeneous
(2) 1lateral adsorbate-adsorbate interactions are absent
(3) molecules in the second and subsequent adsorbed layers are

energetically equivalent

(4) the number of adsorbed layers is infinite at saturation pressure.

These approximations have been shown to be invalid for various
s}stemsl94-l97 and numerous modifications to the BET equation have

been proposed. The modified models often involve extra parameter3215

198

and result in equations much more complex than fhe BET equation,

The practical utility of the BET equation has led to its wide-spread

use in preference to more complex models.

In light of the assumptions (1) to (4) it is not surprising that
the BET equation does not completely describe all experimental
isotherms. In regions of low surface coverage where adsorption occurs
in response to the strongest adsorbate-adsorbent interactions, both
surface energy heterogeneity and enhanced dispersion for088174'175
in microporesl55 may contribute to non-BET adsorption behaviour. At

higher coverages lateral adsorbate-adsorbate interactions will occur.

A linear section in the BET plot may indicate that assumptions (l)
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to (4) are valid, but is more likely to result from the mutual

195,257

compensation of various sources of error in this region of

adsorption. Lengthy and vigorous consistency tests for the BET
equation have recently been proposed201 but have not been applied

to adsorption data presented in this thesis.

The BET Surface Area

The BET specific surface area (SBET in.m?/gm) can be calculated

from the monolayer capacity (Vm in cm;/gm, STP) using the equation

S Vm . N . Am. 1017
22414

where N is Avogadro's Number and Am is the area (in nm2) occupied by
each adsorbed species in the completed adsorbed monolayer. Am cannot

be independently measured and its value is usually estimated by
assuming (i) close hexagonal packing of species in the monolayer and
(ii) a packing density in the monolayer equal to the bulk liquid density

of the adsorbateléo. With these assumptions the Am values for nitrogen,

argon and water are 0.162 nm2, 0.138 nm? and 0.106 nm2 respectively.

The assumptions (i) and (ii) require that the value of Am is

independent of the nature of the adsorbent. For systems where localised
adsorption can occur assumptions (i) and (ii) may not be valid. For
water sorption on oxides, chemisorption and strong physisorption may
lead to localised adsorption of water and the value of 0,106 nm? per
adsorbed water molecule may be incorrect., Nitrogen, because of its

quadrupole moment, may also undergo localised adsorption and Am.(Nz)
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values of from 0.129 to 0.177 nm2 have been reported205_204 for nitrogen

adsorbed on silica and titania.

Argon adsorption presents two additional problems when used to

estimate BET surface areas.(i) Argon isotherms often do not possess

a well defined point B (See Figure 2-6) and the use of the BET equation
to evaluate the monolayer capacity may be in doubt159_160. (ii) It

is often uncertain whether argon adsorbed at 77K exists in a liquid

or solid like state. This uncertainty is manifest in the calculation
of the saturated vapour pressure of argon for 'isotherm representation,
and in the calculation of the cross-sectional area per adsorbed atom.
For the argon adsorption isotherms presented in Chapter 7 it has been
assumed that argon exists as a supercooled liquid at 77K. This 1is

consistent with the approach of otherworker5208-209._

The BET C Constant

For adsorption which follows the BET equation the magnitude of
the BET C constant determines the amount of gas adsorbed at any relative
pressure. An increased C constant gives rise to a sharper '“knee" in
the adsorption isotherm (See Figure 2-6). The C constant can be

expressed as follows:

C = A exp[(El - €L)/RrT] (2-5)

where €1 and €L are the potential energies of adsorption216 in the first
and all subsequent adsorbed layers respectively. From a statistical
216

mechanics viewpoint C can be related to the ratio of molecular

partition functions for adsorbed and non-adsorbed molecules. Each
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molecular partition function is the product of a configurational
entropy term and an exponential energy term, and hence by analogy
the term ( €1-€L) in equation (2-5) is often called the NETT MOLAR
HEAT OF ADSORPTION and the pre-exponential term (A) the NETT ENTROPY
OF ADSORPTION. The calculation of the molar enthalpy of adsorption
from an experimental BET C constant, using equation (2-5), involves

three sources of uncertainty:

(a) It must be assumed that the term AE (= €1 - €L) can be set equal

to the difference in total internal energies, which may be termed the

surface excess enerﬂ:l5 5. According to Schayl78

energy is equal to the excess enthalpy of adsorption.

the surface excess

(b) Estimation of the pre-exponential factor A requires values for
the entropy changes during'adsorption217. These entropy changes are
often unknown and in these cases A is often set equal to unity.
Kemball and Schreiner217 have given values of A for different systems
which vary by up to 7 orders of magnitude. However, entropy data

179,218

reported for nitrogen, argon and water sorption on rutile indicate

that for these adsorption systems the assumption that A = 1 might lead

to errors of the order of 10% in calculated enthalpies of adsorption.

(¢) The derivation of the BET equation requires the assumption that
the energy of adsorption is constant up to monolayer completion (€1);
and for multilayer adsorption is equal to the energy of liquefaction
of the adsorbate (éL). Experimentally, enthalpies of adsorption of
gases on heterogeneous surfaces are not constant during monolayer

formation179’2l9’22o. The BET C constant is only applicable to the
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region of linearity of the BET plot (normally 0.5 < V/Vm < 1.5) and

has been claimed to represent an inverse mean quantity201 for this

BET region.

In summary then it can be said that whilst the BET C constant

may be used to give an approximate estimate of the average enthalpy
of adsorption its value is limited and in some circumstances it may

bear no relation to the real differential enthalpy of adsorption237.

The FreﬁkeliHalsex—Hill Eguation

A theory for the analysis of adsorption isotherms in the

multilayer region was developed independently by Frenkelzzl, Halsey222

223

and Hill "7, and is based on the following model for the adsorption

process:

(1) the first part of the adsorption isotherm consists of adsorption,
without lateral adsorbate-adsorbate interactions, on the more active
parts of the surface. Calculations by’Halsey?24 showed that smooth

isotherms (e.g. type II) were not consistent with an energetically

homogeneous surface.

(2) "co-operative” adsorption (i.e. lateral interactions occur) then
takes place on the still heterogeneous surface resulting from the

initial adsorp'tion.

(3) "co-operative" multilayer condensation occurs under the influence

0f the van der Waals field transmitted from the surface.

If the van der Waals forces (AF) are expressed in the form

AF = a0t (2-6) then the following adsorption isotherm can be



3¢

derived:

P/Ps = exp (-a/RTO") (2-7)
where ©= V/Vm, T = Temperature (K), R = Gas constant, r is a

constant and a is a constant related to the energy of adsorption in

the first layer. It follows from postulates (1) (2) and (3) and
equation (2-6) that this isotherm equation (2-7) applies only in the
nultilayer region of adsorption where the effects of surface
heterogeneity will be of decreasing importance. If the FHH equation

is applicable a plot of log[log'(Ps/P)] against log 8 (the FHH plot)

should be linear with a slope of =r, In further discussion the term

"slope of the FHH plot" will be used to indicate the magnitude of r..

For energetically heterogeneous surfaces, such as titanium

235,236 228

dioxide s, Plierce has suggested that an ¥HH plot that is non-

linear in the multilayer region indicates restricted adsorption. An
upward deviation from linearity at higher relative pressures may be

228,229

interpreted in terms of capillary condensation , whilst a

generally curved plot (or a linear plot of very low slope) indicates

micropore filling228.

As r represents the exponent of decay of the surface force field,
a large value of r indicates short range adsorbate-adsorbent interactions;
that is "specific" interactions. Smaller values of r indicate longer
range interactions. The exact theoretical values of r for different

225=227

types of interaction are not known and it is necessary to review
the results of those workers who have applied the FHH equation, to

assess the dependence of r on the nature of the adsorbate and adsorbent.

For the adsorption of nitrogen on anatase, Halsey222 obtained
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a value of r = 2,67 by replotting the adsorption data of Harkins
234

and Jura . Piercezio, for the adsorption of nitrogen on silica

and titania, claimed that all adsorption at (P/Ps) > 0.2 on "free"
surface (no capillary condensation) fitted the ideal isotherm equation

23]

(V/Vm)Z'YB = 1.30/log(Ps/P), i.e. r = 2.75. Zettlemoyer has

confirmed thisgvalue, but restricts it to high energy (polar) surfaces.
Zettlemoyer gave a range of r values less than 2.75, the lower values

for low energy surfaces such as Teflon being around 2.12.

For the adsorption of water vapour, Halséy222, using the data

of Harkins and Jura for the adsorption of water vapour on anatase
outgassed at room temperature, obtained r = 2.50. The FHH isotherm

with this value of r coincides within experimental error with the

experimental isotherm from (P/Ps) 0.2 up to saturation, indicating

that no capillary condensation of water occurred. Jurina.k233 has

ocbtained an r value of 2.495 and McCafferty and Zettlemoyer 2.33232 for

the adsorption of water vapour on F6203 outgassed at 2500;

221 has shown that for water vapour adsorption, r varies

Zettlemoyer
from 1,4 for a dehydrated silica to 2.5 for an hydrated silica. It
appears then, from the limited amount of data available that hydrophilic

oxide surfaces give r values near 2.5 and hydrophobic oxide surfaces

give r values less than 2.0 for the sorption of water wvapour.

(ii) Heats of Adsorption: Many experimental techniques can be used

to estimate "heats of adsorption“170’180, and for each method the precise

conditions must be specified so that the heat obtained can be related

to quantities given by other technique3182.
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The formal treatment of adsorption in thermodynamic terms can

procede by definingadsorption.accprdingt0155’178=

(a) the concept of surface excess quantities, or

(b) the concept of an interfacial layer as a distinct phaselea.

155,182-185 186

Everett has shown how the usual thermodynamic functions™

in particular internal energy, entropy and enthalpy, -can be .defined
for adsorption in terms of both concepts (a) and (b). Relationships

between these functions for adsorption at the gas/solid interface,

can be developed according to the principles of solution.thermodynamicslel

with the introduction of surface area as an independent variablelaz.

The formal development of adsorption thermodynamics has shown that

experimentally determined "differential heats of adsorption" (differential

with respect to amount adsorbed) are of numerous formsleo, the two

most important being155’185:

— DIFFERENTIAL ENERGY OF ADSORPTION we qD
and — DIFFERENTIAL ENTHALPY OF ADSORPTION = i

The latter (qat) 1s also known as the ISOSTERIC heat of adsorption.

The quantities qand q_, can be related by the equation=182’185

clD - qat = kI

. 18
Both qI)and Q.4 can be estimated directly by calorimetry 9. The

calculation of qI)from experimental parameters for the continuous

adsorption calorimetry reported in the present work is given in detail

in Chap‘ter 4-

The most common indirect method for estimating q involves the

t
application of a particular form181 of the Clausius-Clapeyron equation
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[(dlnP/d'I‘)X = qst/RT2)] to adsorption data measured over a range

of adsorption temperatures. Whether X should be surface coverage (0)

187

or amount adsorbed (V) has been in doubt™ ', but the latter is

normally chosen. Use of the Clausius-Clapeyron equation involves

four assumptions:

(1) Ideal gas behaviour (a non-ideality correction can however

be included ")

(2) Volume of adsorbate negligible compared to volume of

adsorptive

170

(3) Thermodynamically reversible adsorption

(4) Thermodynamic quantities q, and entropy of adsorption

t
do not change over the pressure and temperature range
usedles.
, * 183
Assumptions (1) and (2) may lead to small errors ({ 3 )

and (3) should always be verified experimentally187. A change of

state of the adsorbed layer ﬁithin the temperature range used will

invalidate (4), but the range used is normally small to minimise the

possibility of this occurring.

The relative precision of calorimetric and isotherm methods
varies with pressure., In most calorimetric methods (See Chapter 4—3)
it is necessary to correct calorimetric energies of adsorption for
energies of compression of the adsorbing gas entering the adsorption
ampoulé. These correction factors are greater, and more difficult
to calculate accurately, as the pressure increases. Hence calorimetric
methods are most precise in regions of low pressure. It is difficult

to measure adsorption isotherms with sufficient precision, and



moreover assumption (3) may be inapplicable (e.g. chemisorption), in
very low pressure regions to enable the calculated values of qSt

to rival in precision those determined calorimetrically. At pressures
greater than (say) 10~ torr (lBN/ﬁZ) and provided assumptions (1)
to (4) apply, q 4 Vvalues calculated from adsorption isotherms are

179

sufficiently precise for most purposes ]

The DIFFERENTIAL ENERGY OF ADSORPTION (q;) can be defined®’ as

"the total change in enefgy of all the extra molecules which come
under the influence of the solid when the pressure is increased,
divided by the change in the excess number of molecules“. In most
cases, particularly at low pressuresle5,'this change in total energy
may be well approximated to the change in energy of the molecules
moving from the gas phase to the neighbourhood of the surface, the
contributions of molecules already adsorbed being ignored. It will
be assumed throughout the discussions that dq involves principally a

consideration of the decrease of the potential energy of adsorbate

molecules due to adsorption182.
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CHAPTER 2 - 3 THE AQUEOUS CHEMISTRY OF SILICA

2=3=1 The Solubility of Amorphous Silica

Amorphous silica will form, given time, in any supersaturated

259

aqueous silica solution““. The form of the amorphous silica can

vary from loose flocculent masses to rigid gel structures depending

. 4 . _258=~244 . .
on the conditions of supersaturation « The maximum equilibrium
concentration of aqueous silica is the same whether that equilibrium

has been obtained from solid amorphous silica by dissolution or from

a supersaturated aqueous silica Solution270. Jt is often convenient
experimentally, to measure that equilibrium concentration by a

controlled solubility experiment.

Although some experimental data indicate that the various crystal

modifications of silica have different solubilities238’239, it is

believed that the mechanism of dissolution is the same for all silica.s60

and involves the hydrolysis of siloxane (Si-0-Si) bonds with the
239,254,

release of hydrated silicic acid molecules into solution

(3102)},C + 2H,0 -E{-- Si(OH) 4 (aqueous) + (Sioz)x_l
From studies of the depolymerization of silica in sodium hydroxide
solution, Greenberg269 concludes that two important rate controlling
factors in the above reaction are: (i) the strength of the siloxane
bonds (ii) the ability of NaOH and low molecular weight hydrolysis
Products to diffuse through the porous structure of the solid., The
solubility would be expected to show variation from one sample to
another, However, it is believed239 that the hydrated silicic acid

readsorbs onto the solid and this readsorption controls the final
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equilibrium solubility., This was also illustrated by.Jorgensen240
who showed that supersaturation is always obtained initially with
silica while the stable "readsorbed" surface phase is being forméd.
Acceptance of the above mechanism means that direct relationships

between dissolution and depolymerization, such as thekcalculation
of a free energy of depolymerization from solubility data24l, may
not apply quantitatively. Iler's suggestion244hthat solubility may
be related to the similarity between the oxygen packing density in
the silica and in water also seems unlikely. The dissolution/
readsorption model does not preclude varying rates of dissolution
between different forms of silica and equilibrium times have been

242

reported as from two days to six month3243. Lack of equilibrium

seems the likely reason for the wide variety of values for the solubility

of various forms of silica.

The major factors which control the aqueous solubility of
amorphous silica have been summarized by Shell245 and investigated-

251:254“?56
’

by many workers. The parameters are: temperature

pH238’242-243’ 249’251, electrolyte242 and foreign ion.concentration250

and particle size60. From the point of view of the precipitation

of amorphous silica from a solution of soluble silica the two most

important of these parameters are pH and temperature.

a) pH: as a result of many studies it has been established
that the solubility of amorphous silica at a given temperature is
constant over the pH range 3 to 8 and increases markedly at pH values

greater than 8., The data for pH 1less than 3are not conclusive, both
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251 223

solubility having been reported., The
252

rate of dissolution apparently varies over the whole pH range .

238!242‘2433249

increased and decreased

The solubility/pH data of some workers are summarized

in Figure 2-7.

b) Temperature: the solubility of amorphous silica increases
with temperature, and the results of some studies are given in
Figure 2-8. The rate of dissolution has also been shown to increase

228,246

with temperature

The data given in Figures 2-7 and 2-8 show that- at pH above 3,
and over a temperature range of 25 to 9500, the maximum equilibrium

concentration of silica in aqueous solution has been reasonably well

defined.

L Aem The Nature of Silica in Solution

The many experimental techniques that have been used to determine
the formulae of silica in aqueous solution have been reviewed by

Lagerstrom255 and Freund256. Techniques such as potentiometric

titration, ultracentrifugation, conductometric titration and light
scattering provide information on well defined solutions but require
detailed models for interpretation in terms of the nature of the silica.
In contrast, molybdic acid titration and chemical reaction/chromatographic
methods are easier to interpret but suffer from some uncertainty as

to the state of the solution studied. Whilst the recent laser Raman

studies256 offer improved precision,because of the complexity of silica

solutions and the experimental limitations described, the exact forms
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of many silica species are still in doubt,

Experiment has shown that at pH less than 9, the solubility/pﬂ
curve (Figure 2-7) represents equilibrium between high molecular

weight polymeric silica and dissolved monomeric gilica -

Si(OH)4255’258'260. This orthosilicic acid will react with hydroxyl

261 60

ions to form silicate ions, and although SiO§ and Si(OH)z

have been suggested to describe silicate ions, the weight of

255=-256,258,262-263

evidence supports 4 co-ordinated silicon in

the forms SiO(OH);, SiOQ(OH); and Si03(OH)E. The latter species only

forms in significant amounts at pH greater than 15256.

At pH greater than 9, the solubility/pH curve (Figure 2-7)
represents equilibrium between high molecular weight polymer and soluble
oligomeric silica species., These oligomers are stable over a narrow
PH -~ silica concentration range, and although their structures are

not known precisely, they do not appear to contain more than eight

silicon atom3256-257’263. Experimental evidence has been claimed for
dimersz56-257’259-260’2§5, trimer3259’264-5, tetramer8256_257’258_259’265,
hexamer8256’283 and octamer8256’283. Lagerstrom255 has claimed that

the nature of the multimeric species depends on electrolyte concentration.

This concept has been criticised by Aveston266 who, together with

Freund256, claims that a wide range of oligomers can exist and the

dominating species depends on silica concentration and pH.

An overall picture of the nature of aqueous silica as a function
of pH and concentration was given by Stumm,.Hﬁper and Cha.mplin267
and is reproduced in Figure 2-9. This diagram has been constructed

using published solubility data, the equilibrium constants calculated

by Lagerstroﬁgss for the hydrolysis of Si(OH)4 and the formation of
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81406(0H)z, and the assumption that Si406(0H)z is the only stable

oligomer formed. The mononuclear wall, which is used to represent the

lower concentration limit for stable oligomers, is calculated from
Lagerstroms data given the condition that [Si ] monomeric = 100 [ Si]multimeric.
ouperimposed on Stumms diagram in Figure 2«9 are the results of Iler244
showing that for a 1 molar solution of silica. 9% would be dimeric
at pH 13.5 (Point B, Figure 2-9) and polymerization would occur at
pH § 10.9 (Point A, Figure 2-9). Also shown on Figure 2-9 are points
obtained from the light scattering déta of Debye and Nagman268. They
observed that the turbidity of a 0.13% molar solution of silica at

pH 12.5 (Point C, Figure 2—9) was constant for 20 days and increased
very slightly over a period of six months. This indicates very slow
polymerization of silicic acid. Solutions with lower pH, and silica
concentrations 0.1 to 0.5m, (Range D, Figure 2-9) gave large turbidity
increases within a few days. These are consistent with point C being

close to the monomer-stable multimer boundary and range D being close

To the stable multimer-polymer boundary.

The equilibrium diagram given in Figure 2-9, allowing for the
approximations in its calculation and the degree of consistency with
Other experimental data, can be used to indicate the domains of

existence of the three types of silica - monomeric, oligomeric and

polymeric,

2~3=3 Equilibrium in Solution

It has been shown that if a solution, or any part of 1it, does
not enter into the insolubility or polymerization region of pH and

concentration (Figure 2-9), equilibria between the various monomeric
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and stable oligomeric silica species are reversible and rapidly

established255’258. The state of any solution outside the polymerization

region is therefore well defined.

2=%=4 Polymerization

From a thermodynamic viewpoint, the conversion of monosilicic

acid through intermediate polymers to a form of amorphous silica
(colloidal particle, precipitate or gel) is to be expected, as the

244

change represents conversion to the state of lowest surface energy .
Iler60 has defined four processes to describe the aggrééation of
colloidal silica particles, two of which are relevant to the

polymerization processes occurring in a supersaturated aqueous solution

of silica:

(A) Gelling: "particles" are linked together throughout the volume
to form a network in which there is no increase in
silica concentration in any macroscopic region in
the medium. '

(B) Coagulation: "particles" come together in relatively close
packed dlumps in which the concentration of silica is
increased relative to the original solution. The

coagulate settles as a relatively dense precipitate.

The aggregation of silica in supersaturated solutions has been

shown to depend on the values of numerous parameters, principally

salt concentration27l’274, temperature275'276, total silica
concentration272’279, adsorbed carbon dioxide274 and pH254’264’271_276.
PH is a most important parameter in determining both the state and

rate of aggregation of silica in supersaturated solutions.
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From the summary of literature data given in Table 2-1, it
can be seen that the rate of aggregation is slowest around pH 2 and
rapid in neutral or slightly alkaline solution. This pattern of
behaviour can be utilised to prepare supersaturated silica solutions
with an initial degree of polymerization of less than tw0278 and -stable
to apparently less than trimer formation for more than 24 hours,

The key step in such preparations is rapid passage through the neutral

pH region.

Understanding of the rate/pH behaviour can be gaired by considering
the mechanism of interaction leading to aggregation. Although
primarily concerned with interactions between colloidal silica particles
Depasse and Watillon279 have described three types of silica-silica
interaction which may also apply to the polymerization of silica from

agqueous solution.

(A) The hydration/dehydration model in which silanol groups (=Si-OH)

associate by forming hydrogen bonds via water molecules, This

mechanism has been proposed by Ackerzeo for the formation of silica

hydrosols in the pH range 0.5 to 4., Prom viscosgity, elasticity and

syneresis studies Acker concludes that even in acid set hydrogels

hydrogen bonding predominates; a model with only one siloxane bond
(=Si-0-Sim) per three trisilicic acid units giving the best fit with
experimental data. Acker further claims that only on drying to a rigid

gel is a three dimensional network of siloxane bonds formed.

(B) Particle binding via van der Waals forces, as proposed by Debye

271

and Nauman to account for increases in turbidity of their silicate

solutions due to the formation of "loosely bound aggregates".
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TABL.

RATES OF AGGREGATION OF SILICATE SOLUTIONGS

MOLAR

Max imum Trimethylsilylation
0.02 Slow 2.5 Molybdic Acid 260
APPROX 5 Maximum Te5 Gel Time 255
APPROX 5 Minimum 1.8 Gel Time 255
0.02-0.01 Fast 7-8 Coagulation 267
0.02-0.01 Slow Re? Coagulation 267
0.07 Maximum 7.6 Light Scattering 271
APPROX 0.1 Maximum 8.0 Light Scattering 272
0635 Maximum | 5¢1=5.9 Gel Time 273
0.25 Maximum TeO=TeT Gel Time 274
0.08-1,7 Maximum 8.6 Light Scattering 275
0.1 Minimum 1,8 Freezing Point 276
1.0 Minimum Freezing Point 264

o |

Titration
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(C) Condensation of silanol groups to form siloxane bonds. This
model has been widely used and of the three models enables the most
plausible explanation of the observed aggregation rate/pH behaviour.

The exact nature of the condensing species are not known, the following

have been suggested:

(1) (H0)5 5107 / Si(0H), 275

.. 266
(2) (H0)5 5107/ 51,04(0H),
(3) (H0) 5 Si-0-5i(0H),-0-51(0H); / (OH), ?i-O-Si(OH?Q—O-Si(OH)B 282

(4) The condensation mechanism involves a temporary increase of

244

co-ordination number of silicon of from 4 to 6 vizs
OH
HO ‘/pka
Sf
SO\ ~1o OH
S LA
VRN Si
HO OH Ho” | NoH
IA] PR s OH
OH
OH
[B]
OH OH
OH— Sj —0— Si~=OH
V4 \
OH OH

[C]

The monomer/monomer pair (1) is in agreement with a maximum rate of



aggregation around pH 7, as this is the region of pH in which both

(HO)3SiO"and Si(OH)4 co-exist in significant amounts. In support
60

of mechanism (4) Iler = claims that the decreasing rate above pH 7

is consistent with the catalytic effect of hydroxyl ions being offset

by the repulsion of charged species (H0)3SiO-l

As well as controlling the rate of aggregation, the pH determines

the structure of the resulting polymer. At low pH, the initial
condensation reactions have been shown, using techniques such as

ultracentrifugation, n.m.r. and lighf scattering, to be bimolecular

and bifunctiona1273’281_282. This would appear to rule out mechanism.(4)

at low pH. The polymers formed initially are <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>