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ABSTRACT

This thesis is divided into six chapters, The
first chapter is an introduction to the structure and
properties of natural kaolinites, The second chapter
describes the synthesis of kaolinite and a study of
various reaction parémetcrs and their effect on the

morphology of synthetic kaclinites,

Chapters 3 and 4 are devoted to Electron Spin

Resonance in natural and doped synthetic kaolinites,

3+

+ . ..
in kaolinite

.
Chapter 5 is a study of Fe“” and Fe
by M8ssbauer spectroscopy. The final chapter consists
of a short summary and discussion with some suggestions

for future work.

Copies of papers accepted and submitted for

publication are bound at the end of this thesis,
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INTRODUCT. I ON.

0.17% of the earth's mass is attributable to clay
but as it occurs solely in the crust it is a major
constituent of our planet's surface. Earlf civilized
man manipulated clays for domestic purposes and relied
on basic physical and chemical properties of the
material which nowadays are exploited in.many technical
applications, For gxample clays are used extensively
in the chemical industry as catalysts, they are a
constituent of paints, wallpaper, dyes, cosmetics,

medicines and plastics,

Probably the most extensive commercial use ofb
china cléy is the coating or filling of paper. In
contrast to most other clay minerals kaolinite usually
occurs as a relatively pure white powder and its
application in the paper industry depends on two main
properties. These are apparent whiteness and
rheological behaviour, The degree of whiteness and
the rheological properties of a kaolinite in part
determines its commercial value and has played an
important role in the financial support for research

programmes both in industry and academic institutions.

Past studigs have shown that impurities and
defects associated with kaolinite most probably affect
whiteness and rheology? Also it is known that
variations in particle size affect brightness and

rheology of a clay?



The rheology of a clay-water system would also
be expected'to depend on the morphology of the clay

particles,

This thesis describes a projecé which ls a
continuation of the work previously dbne in the same -
laboratory by P.L. Hall (1973) Ph.D. Thesis London
University and J.P.E., Jones (1975) Ph.D. Thesis London
Univerqity. An attempt has been made to synthesise
kaolinites selectively doped with kmown impqrities |
or induced defects and to study their possible effects

. on morphology and brightness.



CHAPTER 1

1.1 Basic Structure and Composition of Clay Minerals.

The general term clay describes layer silicate.
minerals with particle size less than about two
micrometers, The basic crystal structure of clay

3

minerals comprise two basic units which are‘pften///

referred to as the octahedral and tetrahedral layers.,

The octahedral layer consists of divalent or
trivalent cations octahedrally co-ordinated (six-fold
co-ordination) to oxygen atoms and hydroxyl groups,’

For divalent cations such as Mg2+

all available

cation sites are occupied and the struc&ure is termed..
triocpéhedral. This particular configuration may be
regarded as a derivative of brucite Mg, (OH)g.  For
trivalent cations such as A13+ only two of three
available édtion sites are occupied, The configuration

is said to be di-octahedral and may be regarded as a

derivative of gibbsite a1, (oH)..

A tetrahedral array Qf oxygen atoms with silicon
atoms co-ordinated at the centre (5104 units) make up
the tetrahddrﬁl layer, These tetrahedra are linked
together to form a répeated, hexagonal, two dimensional

network,

The two basic layers can be chemically combined

in a number of ways and has resulted in clay minerals

being subdivided into two main.groups? These ére

classified as 2:1 or 1l:1 layer minerals.
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The ratio indicates the number of fetrahedral to‘
octahedral layers. The majority of clay minerals are
of the 2:1 type formed by a single octahedral 1éyer
sandwiched between two tetrahedral layers, the most
important members of tﬁis group being the micas,

montmorillonites, chlorites and vermiculites,

The most important members of the l:l‘group are
known as the Kandites and include the minerals
kaolinite, dickite, nacrite, and halloysite, Dic¢kite
and nacrite are polymorphs of kaolinite differing
mainly in the stacking of the layers. Halloysite may
differ from kaolinite not only in stacking but also in
its water content, The morphology of halloysite is
markedly different from kaolinite consisting of long

thin walled tubes,
1.2 Atomie Structure of kaolinite.

Kaolinite is a 1:1 dioctaﬁedral clay mineral,
The A17* cation is octahedrally co-ordinated to two
oxygens anq four hidroxyl groups forming an _octahedral
alumina layer. This iayer is bonded to a tetrahedral
silica layer to form ﬁ basic kaolinite unit., Fig. 1.1
Sﬁccessivé kaolinite layers are hyérbgen bon.cled3""l to

form kaolinite crystals,

The c¢rystal structure was first determined by

Gruner> who suggested a monoclinic structure.. More

6.7

detailed work by Brindley gave a‘triclinic_unit cell

of dimensions,
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Repulsion between adjacent A:I.3+ ions produces
lateral distortions in the octahedral layer with an

increase in the crystal dimensions.

Since there is chemical bonding betwqen the
octahedral and tetrahedral layers the silicon '
tetrahedra rotate slightly both clockwide and anti-
clockwiee about an axis perpendicular to the layers
thgs destroying the ideal hexagonal symmetry of the
tetrahedral layer, An Xaray diffraction spectra of a

typical natural kaolinite is shown in Fig, 1,2,

1.3 Variations in crystallinity of kaolinite
determined by X-ray diffraction.

Kaolinite usually consists of small hexagonal
platelets with dimensions of the order of one micrometer
e.8.d. The thickness of the platelets is typically
o.os_micrometera.and hence the majority of crystals
have.larga aepéct ratios, Generally speaking the flat
plate ;1ke nature of kaolinite crystals tends to make
them sediment with their basal planes parallel to a
substrate, thus preventing the pfepq;gtion of completely
- random ﬁriéntated samples, The effect of the preferred
‘orientation is to produce an increase 1n.the 1nteﬁsity
~of the basal reflectibne and prevents accurate
quantitative analysis by X-ray diffraction. Various
methods have been reported for reducing effects due to
preferrgd orientatioﬁ for quantitative énalysis of

kaolinite by X-fay diffraction>’? .



Fig 1.2

| X-Ray Spec'tru.m'. of a typical -

natural kaolinite

-cl-

_-1'2_.
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Quantitative analysis of natural kaolinites by
X-ray diffraction is further complicated by the

presence of additional mineral impurities which may

-have similar X-ray diffraction spectra, It is possible

to distinguish some mineral impurities bf treating the-
clay with certain polar liquidsl® EKaolinite has no
molecular water in its erystallisation and when treéted
with ethylene g&lycol does not show any observable
differences in its X-ray diffraction pattern.

ﬁowever, minerals such as endellite (hydrated halloysite)
and montmorillonite contain molecular water which can
be &iSplaced by ethylene glycol}o ‘The displacement
results in larger d-spacings and observable changes in
X-ray diffraction spectra. The application of ethylene
giycol Provides a technique which is caﬁable of .

detecting montmorillonite at concentrations as small

as 1%,

For many nafgral samples of kaolinite some

‘'reflections which theoretically would be expected to

occur-are not'reqolved,in the X-ray diffraction spectra.
Explana£ions for their absence have beén Buggeqted by
3f1ndley and Robinson? It 4s propoged that the
hydroxyl groups in an ideal kaolinite iayer-are

3 along the b-akie.

If the displacement however is random and not an

integral multiple of b/ then all reflections are

3
eliminated except those with a k-Miller index of

0,3,6 etc.



Bailey'' has also attributed erystallinity variations
o 12

to thé>dis¥ributiqn of the vacant cation site.  Néwnham

and Ra;loalovith3 reached similar conclusions,

In view of the intensity variations of basal
reflections which may be caused by the degree of
preferred“oriéntation in various,méthods of sample
preparation, Hincklej‘u has proposed a method of
measuring crystallinity which permits a nﬁmerical
parameter to be evaluated from the X-ray spectra with
samples in a preferred orientation. The technique
is illustrated in Fig, 1.3. Natural clays with high
crystallinity typically have a Hinckley‘h crystallinity
index of appréximately l.2 and poorl}.crystalline

samples havééan index less than 0,5,

1.4 Morphology of. kaolinite,

The rheological. properties of clay slips used for
Paper coating are determined to a very large exient
by the mofphology of the particles. The macroscopic
ahabéléf the pérticlea however, does not appear to be
diréctly correlated with intermal structure or
microcryétaliinity. Although it is usual that
kKaolinites wifh high crystallinity show greater

14 crystallinity.

hexagonai form, identical Hinckley
indices can be obtained from kaolinites with wvastly
@ifforent morphology. In the work reported here
synthetic kaolinites have been produced with high
crystallinity indices but with no detectable hexagonal

form,
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- Diagram showing calculation of X-ray
| crystallinity index

002 |
Crystallinity AB+ CD
Index - CE

Fig 1.3



1.5 Impurities associated with kaolinite,

A chemical analysis of a typical natural ﬁaolinite
indicates the presence of iron, titanium, magnesium,
calcium, potaséium and sodium as impurities< Also,
most samples have eithgr excess alumina oxr silica.,
Conveqtioﬁal vet.chemica1>analysis can only determine
elemental analysis by the production of oxides and
therefore gives no indication whether th; impurity is
an additional mineral 6r ﬁoto The same c¢riterla is
true for analysis by x-fay fluorescence. Fig. 1.4
shows the Xeray fluorescence analysis of a typicél
natural kaolinite, However, by .combining X-ray
diffraction measurements with results obtained by
phemical analysis it may be possible tq determine both
the elemental aﬁd mineralogical impurities associated,;
with kaolinite. The mineral impurities quartz,
anatase, rutile and montmorillonite are commonly
found as well as micas. However, it is seldom
possible to make anglysis sufficiently quantitative
tp determine deviations from the ideal composition
of kaolinite,

Natural kaolinites aiso may have a small organic .
componeﬁt as an 1mpﬁrity}5 Hali5 haé extensive;y
studied the organic fraction assaciafad with naturai-
clays particularly ball clays which tend to be more

heavily contaminated with organic matter than china

clays.



Fig 1.4 X-ray flourescence analysis of a 'typicol
: natural kaolinite

OXIDE % | composiiton
ALQO, 38-3 39-50
50, 46-6 46-54
Fe263 | - 0-49 -
TiO, - 005 -
MgO _ 0-20 -

CaO 0-20 -

K,O 0-68 -
Na,O 0-:07 | -
Ign loss 13-4 1396
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As well as surface contaminants and additional
mineral impurities associated with kaolinite, it is
known that certain impubities-pxist as substituents

15.16.17

within the crystal structures For example

titanium which is a common impurity in American clays
may replace Siu+ ions with T:I.h+ ions}6 Vanadium is
also a common impurity in American clays and is usually
found with titanium. Work is at present 5eing carried

out in this laboratory to determine if wvanadium is

substituted within the kaolinite structure,.

The viable exploitation of china clay deposits
depend to a large extent on techniques which have
been developed to increase whiteness and improve
'rhgologiéal behaéiour. Both these parameters may
depend on the presence of iron as an impurity, For
example, magnetic separation of clay fractions to
improve whiteness is used extensively in the clay
industry, Also, although the reasons are not fully
understood it is well known that removal or alteration
of surface iron from éhina clays may improve the
whiteness, The possible influence of substitutional
iron‘on brightness has not been satisfactorily -
investigated mainly due to experimental difficulties,

and the presence of surface iron,

The nature of iron impurities in kaolinites is
of particular importance in this work. A more
detailed discussion which includes the application of

Electron Spin Resonance (E.S.R.) and M8ssbauer
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"techniques to the study of iron in kaolinite is

given in Chapters 3, 4 and 5.

Jones'? has shown that, in addition to iron,
magnesium as well as a number of identifiable defects
can also substitute in kaolinite, These will be

discussed in more detail in Chapter 4,

The impurities which co=-exist with or substit;te
directly in natural kaolinite can easily lead to
misinterpretation of experimental data. In his
preliminary studies on matural kaolinites in this
laboratory 331115 encountered considerable difficulties
with the interpretafion of his results due to the
multiplicity of impurities. The situation was

considerably improved by Jones17

who first established
methods of synthesis and doping kaqlinites with known
impurities, The techniques he developed allowed more
accurate assignment of experimental results to
'“specific impurifiéa. The work to be reported here is
a logical continuation of the work initiated by Hallld
17

and Jones,



5.
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CHAPTER 2

SYNTHESIS OF EKAOLINITE

2.1 Natural processes of sxgthesis.'

Field studies by geologisté combined with many-
laboratory studies of kaolinite have established that
natural synthesis of kaolinites probably occurred
either by hydrothermal alteration or weathering of
rocks. Clays are frequently found surrounding
metalliferous depo:a.'l.ts.'1 For-example kaolinite isg
often found surrounding a quértz vein deep beneath
the ground where weathering could not have taken
place, The formation of these clays is attributed
to hydrothermal processes at temperatures between
250 and 405°C. Small amounts of silica and alumina
are dissolved and combine with water to precipitate

as kaolinite,

Acid conditions favour the growth of kaolinite
vwhereés alkaline conditions favour the formation of
smectites or ui:l.ca.s.1 It is thoughtlthat in the
formation of kaolinite by the hydrothermal alteration
of granite alkaline ions are initially removedrthus

creating the more favourable acid envifonment.

Weathering takes place at lower temperatures and
pressures and it would appear that any aluminium-

silicate parent rock or feldspaf can produce kaolinite

2+ +

by weathering provided the K+, Na+, Ca and ng

ions are leached from the parent'rocks.2
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2.2 Methods of synthesis of kaolinite imn the laboratory,

Three main methods of synthesis of kaolinite have

been attempted in the laboratory.

2,2.1 Low temperature synthesis (less than.200°C)

The majority of successful methods of synthesis of
kaolinites at low temperatures have been develpped"3
by dissolving small amounts of alumina and silica from
separate silica and alumina phases or from silica-alumina
gels with the kaolinite precipitating from the weak
solution, Such studies are pérticularly difficﬁlt due
to the extremely slow reaction rates but are of particular
interest to geologists and mineralogists in genisis
studies,

2.2.2 Alteration of minerals at temperatures pgreater
than 200°C.

In this technique kaolinite is produced by:direct-
transformation through hydrothermal reaction of
naturally occurring minerals such as feldspars.1'3‘ For
this method of synth;sis the purity of the kaolinite
produced is limited by the trace impurity levels of the
starting materials which is beyond the experimentors
control.. Pure minerals are comparatively rare and
consequentlf the kaolinites formed are usually
contaminated by:unredcted materials as well as
impurities associated with them, However, these
methods are ideally suited for the production of phase

stability diagrams for various mineral assemblies.
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The two methods of eynthesis Jjust described'have

been extensively reviewed by Grim1 and more recently

by Jones.3

2.,2.3 Hydrothermal synthesis of kaolinite at
temperatures greater than 200°C.

Hydrothermal synthesis involves the dissolution
of alumina and silica followed by recrystallisation
to form kaolinite from aqueocus solutions in sealed
vessels at high temperatures and pressures. Early
reports dating back to 1930 concentrated mainly on
reactions of mixtures of alumina and silica or
aluminium and silicon salts, The first extensive
study of -the ‘A~1203/s:|._02/320 system following the
development of X-ray diffraction identification of
minerals was made by Noll.h Noll used a mixture of
aluminium chloride apd sodium silicate, hydrothermally’
reacting them to form a number of alumina-silicate

minerals which included kaolinite,

.Although_the rate of hydrothermal reaction of
silica alumina mixturee at temperatures of 200°C is
very slow a number of successful synthebie of kaolinite
usxng similar techniques to those employed by Nollu
" have been reported 5.6.7 | ﬁi

Probably the most suitable starting materials for
synthesis of kaolinites are co-precipitated alumina-~
silica gels in which the silica.and alumina are much
more intimately mixed, Many methods of gel preparation

3.7.8,9.10

have been reported.
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'In this work gels ha#e been used exclusively and

therefore a brief review 'will be given of relevant
papers which describe gel production for kaolinite

synthesig.‘

Ewell and Insley® prepared A1,0,-7510, gels by

co=precipitating a solution of aluminium sulphate
and sodium silicate, The precipitafe was-filtered
and wash;d with water. At this stage‘it.was found
that the gels contained sufficient Na,0 to produce
three layer minerals such as mont@ofillonite. By

electrodialysis for 2 to 3 days it was reported that

2
resulting gel was hydrothermally reacted at 31000 to

the Na 0 content was reduced to less than 0,5%. The
produce kaolinite, The X-ray spectra shown were
indicative of poorly crystallised ka&linite.

v

To avoid alkaliné contamination Ray and Osborn
prepared gels from ethyl-ortho-silicate and aluminium
nitrate by dissolQing in ethyl aicohol and”heatiﬁg.
Attempts were made tp synthesise kaolinite, nacrite
and didkite. The products were reported to be so |
finely grained that-they yielded wvery diffgse,x;ray
diffraction spectra, The diffuse nature of the

spectra prevented the identification of the different

polymorphs, . ] ) ) ) -

Ra'yner10 prepared silica-alumina gels by

.simultaneous hydrolysis of sodium aluminate and sodium

.silicate. In order to remove all the sodium ions the
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' precipitate was washed with ammonium nitrate and then
repeatedly washed with water and centrifugeqd, The gel
was then dried; the final sodium content being reported
.at less than 0,3%. The gel was ﬁydrothermally reacted
at different temperatures and for different reaction
times, A sample exhibiting an X-ray diffraction spectra
of well crystallised kaolinite was obtained by

hydrothermal reaction of the gel at 300°C for 7 days.

2.3 The structure of alumina-silica gels.

Co-~precipitated alumina-silica gels are amorphous
and it is not possible to make conventional X-ray
diffraction studies to elucidate their structure. c;oos"
has proposed a structural model in which a central core
of tetrahedral silica, with some aluminium substitution,
is surrounded by hydroxy aluminium cations, The core

carries a net negative charge which is balanced by the

positive charge of the coating.

The established fact that in kaolinite the aluminium
is in six-fold co-ordination has resulted in a number of
studies of the co-ordination of aluminium in gels12 prior
to synthesis, Leonard et a1.13 studied the variations of
co-ordination of aluminium and silicon in an alumina-
silicate gel as a function of alumina and silica
concentrations. For a gel dried at 100°C the silican
‘had a co=-ordination of four, The aluminium :emained
in four-fold co-ordination until the percentage of

alumina reached about_ 33%.
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The average co-ordination number of the aluminium
then increased 1inéa:1§ with the percenfage of.
alumina until.at 100% alumina the gel consisted of
only six co-ordinated aluminium, It has also been
shown'? that the co-ordination number of aluminium
can be increééed in.a gel by lowering the pH of the
reaction mixture, -

2.k Development of gels and methods of synthesis used
in this work,

The first method of gel preparation attempted
in this work was identical to that of De Kimpe1u which
involves the co-hydrolysis of aluminium iso-propoxide
and tetra-eth&l silicate. Solid aluminium iso=-
propoxide and liquid tetra-ethyl silicate were slowly
added to water with c;ntinuous stirring. The
resulting mi#ture wa; then stirred vigorously for at
least 24 hours to obtﬁin complete hydrolysis., ‘Tﬂe
gel was then fecbvered as a white powder by rotary
evaporation of ' the 591ution. It was found, however,
by X-ray fluorescencé analysis that the silica alumina.
ratio iﬁ the final products varied greatly and consistent
results were difficult to obtain. This effect was
possibly due to incomplete hydrolysis of the tetra-ethyl
silicate which hydro;isis more slowly than.aluminium'
iso=-propoxide, ér alternatively due to evaporation of

.the tetra-ethyl silicate prior to hydrolysis. Indeed,

.results wéfe improved slightly if all the tetra-ethyl



silicate was added to the water before ény aluminium
iso=propoxide giving the former a better chance to
hydrolise, Aluminium iso-propoxide hydrolises
relatively easily and in the majority of samples
purchased it was apparent that some hydrolysis had
already taken place, Thus when added with the tetra-
ethyl silicate to water co-hydrolysis of the tetra-ethyl
silicate and the already hydrolised aluminium iso-

propoxide could not take place,

2,5 The liquid A Process

It was contemplated that consistent results might
be obtained if a more intimate mix of silica and alumina
could be formed by mixing the reactants as liquids prior
to hydrolysis, H;wever at room temperature aluminium
iso-propoxide remaine solid and melts at approximately
106°0. It was decided, therefore, that it might be
possible to obtain an intimate mixture by adding an
appropriate amount of tetra-ethyl silicate to hot
liquid aluminium iso-propoxide immediately following
its vacuum distillation, The proposed procedure was
assisted by the fact that aluminium iso-propoxide
behaves as a super cooled liquid and may take several
hours to solidify even at room temperature. Also, it
is known that metal alkoxides can exchange their

15 and for the process just described it

alcohol groups
was possible that such an exchange might occur. To

assist the exchange the mixture was refluxed for
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approximately 10 minutes. The results obtained were
very encouraging. It was found that when the mixture
cooled to room temperature it remained a clear liquid
for periods up to five hours before any crystalline
sediment became wvisible, Complete prevention of
precipitation was finally achieved by the addition of
10% by volume of iso-propal alcohol to the mixture

prior to refluxing. The resulting liquid remained
clear for several weeks at room temperature, The
liquid formed will be referred to as liquid A throughout

the remainder of this text.

The gel was produced by hydrolising liquid A
with excess water over a period of one week with
occasional shaking, The most probable type of reactions
during hydrolysis assuming no exchange of alcohol groups
are of the form,

2 Al (op%)B + 3H,0 P Al 6pion

2O3 +

and  Si(OEt}, + 2H,0 = Si0 + AUEtOH

2 2

X-ray fluorescence analysis of the final gel suggested
the ligquid A had undergone complete hydrolysis and

consistent results were obtained for repeated trials,

The‘excess water was removed either by rotary
evaporation or heating in a furnace at 110°%. At this
stage it was noticed that the gel possessed an afoma
characteristic of alcohols and it was suggested that
the gel might still be contaminated with some organic

matter,



Heating the gel at 1,000°C for 48 hours was
considered to be sufficient to removae any remaining

organic matter,

As far as the author is aware the method of gel
production just described is unique and proved to be of
great value in this work, Previous reports of gels
prepared from sodium aluminate and sodium silicate or
similar methods indicate that contamination with sodium
ions always existed even after extensive washing and
dialysis. For gels prepared from liquid A the only
impurity likely to be present is organic in form and
can easily be removed by heating at l,OOOOC.

As well as providing a convenient source of
intimately mixed alumina and silica, liquid A also
provided a convenient means of controlled addition of
dopants prior to hydrolysis, With all the required
reactants initially in solution it was reasonable to
expect that both doped and undoped gels produced from
liquid A comprised homogeneous mixtures. To check the
reproducibility and accuracy of the method gels with
varying-alumina-silica-ratios were subjected to X-ray
fluorescence analysis, The results showed close
agreement between calculated and experimentally observed

values,

2,6 Synthesis of kaolinite using liquid A., at

pressures determined by the temperature of reaction,

Gels prepared from liquid A were reacted hydrothermally
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in stainless steel pressure vessels similar to those
designed by Tuttle.16 Typically } gram of gel was placed
with 1 cc of water in a P.T.F.E, tube plugged with P.T,.F.E
at both ends to produce a 70% filling factor. The
P,T.F.E. tube was Placed in the reaction vessel and water
was introduced around the tube to balance the saturated
vapour pressure of the reaétion mixture, The bomb was
sealed and heated to 280°C % 5°C for 7 days in a furnace
controlled by a EFurotherm P.D.1, controller. At the end

of the reaction period the products were allowed to cool,

poured from the P.T.F.E. tube and finally dried at 110%,

2,7 The_ morphologzy of synthetic kaolinites,

Although there have been numerous reports of
successful synthesis of kaolinite, in general the basis
of ddentification of the products has been by X-ray
diffraction and frequently the morphology of the products
has not resembled that of natural kaolinites, In this
work it has been.found that the parameters which affect
the synthesis and mo?phology of kaolipite include: -

1) The nature, compésition and method of production of
the starting material,

2) The temperature of reaction,

3) The pressure of reaction.

4) The time of reaction.

5) The pH of the reaction mixture,

6) The concentration and type of dopant,

7) Possible contamination from reaction vessels or
from impurities in starting materials,

8) Cycles of cooling and reheating during synthesis.
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Clearly, some of these parameters are inter-related,
For example, cooling and reheating cycles cause pressure
variations; dopants could affect pH. Assuming
minimum inter-relation it is clear that a very large
number of experiments would have to be performed to
survey 511 the influences of wvariables 1 to 8, In
this work at least 500 kaolinites have been synthesised
under varying conditions in an attempt to determine
the influence of factors 1 to 8 on morphology and
properties of the synthetic kaolinites. Although it
could be argued that this number is too smali to provide
reliable results, nevertheless a number of interesting

and significant observations have been made.

The kaolinites formed have been studied by the
techniques of X-ray diffraction and electron microscopy.
X-ray diffraction spectra were obtained with an A.E.1
X-ray set. The crystallinity of the synthetic
kaolinites weré measured from the X-ray diffraction
spectra using the method of Hinckley37 As mentioned
previously in.Chapter 1l the plate-~like nature of
kaolinite crystals tends to make them éediment with theix
basal planes parallel to the substrate, and enhances the
intensity of the basal reflections. The degree of
preferred orientation is determined by the degree of
plate-like nature of the crystals, and hence the
relative intensity of the 00l peak to non-basal
reflections gives an indication of the morphology and

relative plate thicknéss of the synthetic kaolinites,
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Electron micrographs were obtained with a
Phillips EM 300 electron microscope, to obtain an
estimate of average particle size and to make
comparisons of the shape of the kaolinite crystals,
As there is no recognised quantitative method of
describing the morphology of a kaolinite crystal,
throughout this text synthetic kaolinites whose
morphology is similar to that of natural kaolinites
with clearly defined hexagonal form, will be

referred to as having ideal morphology.

2.7.1 The affect on morphology of the composition

and method of production of the gel,

Work by Jon353

suggested that compared with other
standard methods of gel preparations on average more
crystalline kaolinite with reasonable morphology was
obtained by using liquid A. Moreover it was also
reported that results were not always reproducible and
it was concluded that the repeated synthesis of
kaolinite with ideal morphology was prevented by
variations in conditions which were beyond experimental
control, This being so, attempts were made in this

work to identify the unknown parameters which previously

had produced inconsistent results,

It was suggested that incomplete or partial
hydrolysis of liquid A might have been responsible for
Jones3 results and therefore a number of different

methods of hydrolysis were attempted,
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S*ow addition of water mixed with élcohol caused
the liquid A to solidify and formed a compound which
was identical in appearance to a clear glass. Although
the clear glass«like material was amorphous to X-rays
and it was not possible to identify the co-ordination
numbers of the aluminium and silicon it was anticipated
that due to jits completely transparent appearance an
ideal reaction had occurred for gel production. By
heating the s0lid to remove any organic contaminants
the structure broke up into a fine powder, The
fracturing of the solid was probably caused by
expansion through the release of alcohols trapped
within the material. Following this treatment it was
found that mo marked change had 6ccurred other than the
roeduction in particle size and clear glass like fragments
were sufficiently large to be examined with an optical

microscope.

.Results obtained with this gel were disappointing.
Hydrothermal treatment produced kaolinite with poor

morphology and a low crystallinity index of 0,5.

Improved crystallinity and morphology was obtained
from samples grown from liquid A which was added
directly to excess water, followed by occasional shaking
aover a period of one week and then dried im a furnace at
105°C. The solid was fired at 1000°C to remove the
organic contaminants, Up to this point the temperature
for burning off the organic matter had been maintained

at 500°C identical to the work of Jones.-
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The possibility that the temperature of this firing
stage might have affected the nature of the gel and
hence the form of the kaolinite produced was investigated
in more detail. It was eventually found that improved
kaolinite was produced when the firing temperature of the
gel was increased to 1,000°C. This is perhaps a
surprising result, Leonard13 has shown that the ratio
of four-fold to six-fold co-ordinated aluminium increases .
with the firing temperature of the gel. Hence the use
of lower temperatures were expected to produce a gel
which would favour the synthesis of kaolinite. It is
possible that either the higher temperature firings
re-organised the gel structure in some way or
alternatively more impurities were removed. Having
estaﬁlished fairly coﬁsistent results by optimising the
conditions of hydrolysis and treatment of the gel before
hydrothermal reaction to form kaolinite it was now
possible to study the affect of the alumina-silica ratio
of the gel on the synthesis. A series of gels werse
prepared with various alumina-silica ratios, After
7 days of hydrothermal reaction it was found that all
samples contained some detectable kaolinite except those

which contained either 100% silica or 100% alumina,

Gels with an excess of alumina on hydrothermal
reaction produced kaolinite and another crystalline
phase which was identified as boehmite, whereas gels
having an excess of silica produced only kaolinite,
Gels consisting of 100% silica produced no crystalline

phase.
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Kaolinites with best morphology and X-ray
crystallinity were formed from gels with an alumina-

silica ratio close to the ideal ratio of 46%.

Having Abserved fairly minox variations in the
morphology of the synthetic kaolinites by changing the
method of gel production the parameters 2 to 8 were
studied using alumina-~silicate gels prepared by the
method previously described and having a composifion
equal to the theoretical composition for the formation

of kaolinite,

2:.7.2 The variation in morphologzy of synthetic

kaolinites at various pressures, temperatures
and times of reaction.

Many authors havé reported the effect of pressure,
temperature and time of reaction on the synthesis of
kaolinite.s'lo

Raynerlo

studied synthesis rates and the kinetics

of the formation of kaolinite and showed the reaction to
be aﬁproximately of a first order type within the
temperature réngq 180°C to BOQOC. It has long been
thought that different. pressures and temperatures of
reaction may be reéponsible for the formation of the

- polymorphs of kaolinite, Ewell and I:isley8 reported the
‘synthesis of dickite at 340°C and 16 MPa. As far as the
author is.ﬁware no suécessful synthesis of halloysite or
nacrife has been reported. Reéently Eberl and Howgrle

repeated Ewell and Insleys8 work but were unable to grow

any of the polymorphs of kaolinite, They reported that
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natural halloysite was converted to kaolinite at 150°¢

which suggests. that halloysite is a low temperature
polymorph, Maﬂy éxperimentors have concentrated on
synthesis at Eéhﬁeratures below 200°C but due to the
extremely long reaction times involved it was not possible

to carry out similar experiments in this work.

P.T.F.E. decomposes at about 320°C but is known to
change its propertie; below this temperat;re. Experiments
on synthesis so far Qescrib;d in this work were limited
to temperatﬁres not greater than 280°C. Attempts were
made to synthesise kaolinites in P,T.F.E. tubes at
temﬁeratures in excess of 280°C but in all cases the
resulting kaolinite was poorly crystalline and the P.T.F.E
lbét its piésticity. It was suspected that the breakdown
of the P.T;F.E{‘was in some way affeciing the synthesisi
as previous reports ﬁould suggest that kaolinite may be
synthesised at témperatures up to h05°c.’ -

In order to estimate the total time necessary for
complete reactioﬁ, a series of-kaolinites were produced
from a gel at:280°c thch.waa reaéted for periods ranging
from 1 day to'3_weeks. The kaolinites produced were then
studied by x-rair diffraction.’ Although kaolinite was
detectable after only one day the X-ray diffraction
pattern became more distinct folloﬁing 6 days reaction.
Thereafter, no éignificant changé in the X-ray diffraction
pattern was observed. On the basis of these results it
was assumed that after one week no_further reaction would

occur, To check this assumption a number of samples
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reacted for various times were subjected to

thermogravimetric analysis (T.G.A.)

Pure kaolinite contains 13,.5% water which it loses
completely on dehydroxylation at 550°C. In thié work
T.G.A. has been used to estimate the amount of kaolinite
in a sample by measuring the weight loss of the sample
between 450°C and 600°C. It was assumed that the mixture
after reaction contained only kaolinite and some unreacted
gel so that all weight loss could Be attributed to
kaolinite in the sample, However it should be noted that
the dehydroxylation temperature of boehmite is the same as
that of kaolinite and may constitute an error in the
results. At least 3% boehmite.is required for detéction
Sy X-ray diffraction. The percentages of kaolinite
qnﬁted below assumes no boehmite or similar phase to be
present in the eamp;e. Samples reacted for 6 days
contained between 85 and 92% kaolinite and this value

could not be increased by further reaction.

All experiments on synthesis so far described were

performed at pressures determined solely by the saturated

vapour pressure of the reactants at the temperature of

reaction. In order to study the effect of pressure on
the reactioﬁ of kaolinite synthesis an& also to study the
effect of temperatures greater than 280°C it was éecided
to constrﬁct a system in which the pressure could be
varied independantly of temperﬁture. The design of the

system required that the P,T.F.E. reaction tubes were

replaced by platinum tubes,
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A photograph of the experimental rig is shown in
Fig. 2.1, Three tube furn;ces were constructed using
Nichrome 5 element.wire wound round a hollow cylindrical
alumina former, The héating elements were then thermally
»insulated using superplastic 85 and mounted in a
cylindrical asbestos tube mounted vertically as shown,
The furnaces were controlled by three E.C.C. temperature
controllers using NiCr/Nial thermocoupleé. Three Tuttle
bombs were constructed with high pfessure joints fitting
in the-caps (Fig.z.é), Up to 300 MPa were produced by
a Stanstead AO4L 12 pump driven by compressed air and
distributed to the Tuftle bombs by a system of high
pressure valves and tubes (Autoclave Engineers 40O MPa),
A safety blow out valve was fitted (Autoplave Engineers
300 MPg) and also a reservoir was attached (capacity 200cc)
to prevént pressure fluctuations, The fluid for
transmitting the p;essure cémprised a mixture of water .

and 10% soluble machine oil,

Platinum-tubes'120mq long with S5mm o.,d, and 0,2mm
wall thickness were.used as reaction liners. The tubés
were sealed by flattening their ends and then welding,
The technique for welding the tubes to produce a
satisfactory seal required some development., Initiélly
the arc was produced by direct shorting of a heavy duéf
car battery bu£ did not produce satisfactory results,
Attempts to smooth the discharge using a large capacitor

and choke were unsuccessful and eventually a sétisfactory

controllable arc was obtained using a 12 amp variac across






- b1 -
High pressure joint

/Pressure tubing

o _— Cap
N
N
N
/>\ __—3Safety hole
Cone/' >T
- Tuttle bomb
\\
NJ

Fig 2.2



- 42 a

a 100 volts bridge rectifier with a 1.1 H choke.

A voltage of approximately 80 volts was used for welding,

It should be pointed out that the number of experiments
which could be carried out with the wvariable pressure
apparatus was considerably limited by financial constraints:
due to the high c;st of platinum. Also it was found
from preliminary experiments that after being subjected
to pressures in excess of 5,000 psi the reaction tubes
had been compressed to such an extent that it was not
possible to re-use them. For all the experiments at
controlled pressures a single undoped gel was use&.
Typically 0.,3g8m of gel was placed with 0.8cc of water in
a platinum tube welded at both ends, The ' tubes were then
placed in the Tuttle bombs which were filled with the |
pressure transmitting fluid. After the bombs were
connected to the pressure line pressures greater than the
5.V.p. were applied.- The furnaces were then raised.tb'
surround the Tutfle bombs and brought to the desired

temperature.

The kaolinites produced were studied by X-ray

diffraction and elect;on'microscopy. In ail samples

the morphology of the kaolinite ﬁas poor usually showing
no sign of hexagonal-form and gaQe weak X-ray diffraction
spectra. The gajoriiy of clays did not give spectré>
with sufficient resoiution to calculate a meaningful
Hinck1;y17 crystallinity index. A seiection of spectra
have been reproduced in Fig. (2.3). Spectra 1 and 2

show kaolinite synthesised at 280°C at pressures of 69MPa
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Fig 2.3
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and 172 MPa respéctively.__ Both spectra show a

surprisingly small amounf'of crystélline material but

are very similafkin appearance., Spectra 3 and 4 show
kaolinite synthesised at 3éo°c at pressures of 69MPa

and 172 MPa and again have almost identical form with

small amounts of kaoliﬁite. Spectra 5 and 6 show much

more crystalline material which was synthesised at 36500-

at pressures of 69 and 172 MPa. Here, as at lower
temperatures the two spectra are almost identical.

Thesg results indicafe that £he main factor controlling

the synthesis process is temperature of reaction and not
pressure. In addition to the experiments just described
kaolinites were synthesised at various pressures between

20 MPa and 250 MPa and temperatures in the range 260 to.36590.
ﬁithout exception it was found tﬁat the pressure of reaction
made no obse;vab;e differen?e to the clay produced. None
of the polymorphs of kaolinite were detectable in the
samples by X.R.D, Due to the poor morphology of the clays
producgd it was not possible to gain any useful information

from electron microscopy studies.

It should be noted that the kaolinites produced in
the platinum=reaction ves;els were of inferior quality
coﬁpared‘tO'thOSG grawn in P,T.F.E. tubes at the same
tempe;atures. The only kaolinites which were similar to
those grown in f;T.F.E. were prodﬁced when the platinum
tubes.leaked and the kaolinites were cdntaminated.

This effect-will be considere&-in more detail in_sections

2.7.5 and 2.7.7.
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2,73 Study of the morphology of kaolinite synthesised

at wvarious pH-values,

In nature it is thought that kaolinite only forms
under acid <:ond:i.1:iox_'u?fa,‘l thg alkali ions being leached
from the reaction products before kaolinisation takes'
place. Acid conditions favour the formation of
kaolinite for two probable reasons, Firstly, in neutral
or alkaline solutions silica is far more soluble than
alumina, Acid solutions could increase the solubility
of alumina to the point where it is as soluble as silica,
In much of the work which has been done on low temperature
synthesis of kaolinite the solubility of the alumina has

been increased by the addition of organic ac:l.da.19

'Secondly, it has been shown12 that low pH values tend to
stabilise aluminium iﬁ gix-fold Co-ordination which is
identical to the situation for aluminium in tﬁe kaolinite
structure, |

Some reports have been made of synthesis of kaolinite

° De Kimpezo has grown kaolinite at

in alkaline media.2
a temperature of 175°C up to a pH of 12, He reported a
drop iﬁ pH of the alkaline solutions dﬁring hydrothermal
reaction and has shown the change in pH to increase with
increasing gel/solution ratios. To the author's

.knowledée a final pH of 8 is the highest reported value °

of a reaction mixture which has produced kaolinite,

The results obtained in this section, from an undoped
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silica alumina gel which was reacted hydrothermally at
280°C ¥ 5°C for one week in various pH solutioﬁs, are
summarised in Fig.2.4. The different pH values were
obtained by adding either sodium hydroxide or hydrochloric

acid to distilled water,

The—morphology of kaolinites grown in alkaline
solutions was found to be very poor show;ng no sign of
hexagonal form (Fig. 2.5) However, those kaolinites
grown in solutions with a final pH of as high as 10
showed a high degree of crystallinity. Reaction mixtures
with a final pH of 11 producéd'a sodium saturate&
montmorillonite and those with a final pH value of 12
produced analcite. The ;x-faﬁ diffraction patterng of
the minerals synthesised at final pH values of 10,11 and
12 are illustrated in Fig. 2.6. From these it can be
seen that fof each pH value only one crystalline phase is
present. for example the X-ray diffraction spectrum of .

the sodium saturated montmorillonite grown at a fimal pH

of 11 shows little trace of kaolinite or amalcite.

Highly crystalline kaolinites were also grown at
low pH valﬁés with greaﬁly improved morphology which very
closely resembles natural kaolinite (Fig. 2.7) although the
particlés are rather smail being 6f~the order of 0.2
miérometers e.é.d. For final pH ;élues between 2 and 10

there was little change in the Hincklgy17

crystallinity,
although an increase in the relative intensity of basal

to non-basal reflections was observed in those samples
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Fig 2.4

i | b | riabinss C7SL Reacton
1 2 0-54 | .89 | HCI
2 5 071 | 88 HC|
3 5 0:52 | o HCI
4 6 072 | 84 | HC
5 6 075 | 835 _Hzc
6 6 0-:66 88 | NaOH
7 6 | 078 | 895 |NaOH
8 | 6| 063 | 92 |NaOH
9 6 | 05 | 91 |NaOH
10 65| 088 | 88 |NaOH
|1 85| 076 |8 [NaOH
12 10 076 | 85 [NaOH
13| 1 M |8 |NaOH
14 | 12 A 83  |NaOH

M=Na. saturated  montmorrillonite
A = Analcite -
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synthesised at lower pH values also suggesting improved

morphology.

The measured values of fhe pH after reaction,
regardless of the initial value, always shifted towards
more normal values and the magnitude of the shift Qas
found to depend on the solid/liquid ratio in the reaction
mixture, The higher the percentage of solids the greater
the pH=change. Alumina is known to act as a buffer
because of its amphoteric nature.21 This probably accounts
for the shifts in pH towards more normal values, Also

given in Fig.2.4 are the brightness values of the

kaolinites produced at different pH values,

In order to measure the brightness of a clay the
ma jority of china clay producers use a commercial
instrument manufactured by Zeiss known as an El1 Repho
brightness measuring meter. In general, a fairly
elaborate procedure is adopted22 to prepare the clays for
brightness measurement, After being prepared in the
form of a disc the sample is placed in the instrument
to become part of the inner surface of a sphere. The
internal surface of the sphere is coated with barium
sulphate. The sample is subjected to radiation with
wavelengths from 380nm to 700nm and using a photomultiplier
it 1s possible to measure the total reflectance of the
clay surface. By definition the brightness is taken
as the percentage reflectance of monochromatic light

(usually 458 nm) from a kaolinite sample compared to a
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standard, usually magnesium carbonate,.

The El1 Repho instrument is expensive costing about
£3,000 and in this work it was not possible to arrange
convenient access to such an instrument, An altefnative
system was built from equipment available within this
department, A photograph of the apparatus is given in
Fig.2.8. From the diagram it can be seen that the apparatus
measures only radiation reflected at about hSO from the |
clay surface and does not include an integrating sphere.
Nevertheless, it was found from preliminary studies using
a suite of natural clays of-known brightness that‘the
instrument produced comparable results. From the data
presented in Fig.2.4., it would appear that the brightness
is little affected by the pH value of the reaction mixture.,
The kaoliﬁites synthesised at various pH's had very
different morphology which might have been expected to

affect the brightness,

2.7.4 Study of morphology and properties of synthetic

kaolinites doped with different impurities.

3.23 have suggested that impurities

Numerous past reports
which substitute in the kaolinite structure most probably
affect the physical ;nd chemical properties of the material
and alsd might affect its morphology. It has not been
possible however with natural products to positively

identify any particular impurity as being responsible for

a specific crystal form.,

In this work particular attention was given to those
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substituted impurities.which are paramagnetic and produce

an E,S.R., spectrum. The details and background information
with regard to E,S.R, in_kaoiinite are given in the next
chapters. It is shown how the E,S.R. technique can
unequivocally detect substitution of iron and magnésiuﬁ

in the kaolinite structure, It is for this reason that

a study of the effect of substituted ions on morphology of
synthetic kaolinites has been limited to those doped with

either‘iron or magnesium or mixtures of both,

2.7.4.1 Preparation of iron doped synthetic kaolinites,

3

Jones~ reported that by adding soluble iron salts such
as ferric chloride into the water of hydrolysis it was
possible to introdﬁce coﬁtrolled.amounts of irom into the
gel. From su?h gels kaolinites doped with irom were
prepared. It was considered in this work that anions of
the salt used for doping may affect the morphology of the
final kaolinite., It was decided therefore ‘to devise a

| method of preparing iron doped gels which contained only

anions relevant to the formation of iron doped kaolinite.

Ferric benzoate aﬁpeared to satisfy the requineﬁenps
for the experi;nent.- On heating at 1,000°C it decomposes
to form FQZOB. Ferric benzoate was found to be insoluble
 in liquid A but a solution of ferric benzoate in di-methyl
formamide (D.M.F) mixed uniformly_with liquid A, thus

‘providing a convenient method of preparing an iron doped gel,

Solutions of ferriec nitrate (40g/litre) and ammonium

benzoate (40g/litre) were mixed.. A precipitate of ferric



benzoate formed which being insoluble in water was
filtered and washed thoroﬁghly'with distilled water

befofe being dried-at 50°% -
Fe(Nog)B_ + 3 NH, (c7 H, 0,) & 3 NH, (NOB) + Fe (c7n502)5-§5_}

5g of dry ferric .benzoate was then diésolved in 75cc of
D.M.F. to form a solution witﬁ a concentration of 66.6g/litre.
By addiné controlled_amounts of this solution to liquid A

it was possible to introduce known amounts of iron into

the resulting kaolinite, For'example, consider a doping

level of 1% Fezo3 by weight in kaolinite.

100 gms of kaolinite contain 13,95g H,O
_3h.42g_ A1203
' 51.63g sio0

To form these requires:;-

2040 x 34,42 x 2g Aluminium iso-propoxide
102

and 208 x 51.63g Tetra-ethyl-silicate
60 ' ' :

i,e, 137g Al-iso-propoxide (Sp.gr 1.03)
and 178.98g Tetra-ethyl-silicate (Sp.er 0,933)
i.6. 133,7cc of Al-iso-propoxide

and 191,8cc of Tetra-ethyl-silicate

Since liquid A Eontains 10% by volume of iso-propal
alcohol the raquipgd VSiume of‘liquid A is thereforé -
325.5 + 10% = 358cc to produce 100g of kaolinite,
Now 838g of ferric bénzoate prodgce 160g~Fe203 s therefore

to produce lg‘Feao3 requires 838 = 5,23g ferric benzoate
: 160 ’
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‘that is 1000 x 523 = 75cc of 66.6g/litre solution
66.6 of ferric¢ benzoate in di-methyl

formamide,

Therefore to produce a kaolinite with a doping level
of 1%, lcc of 66.6g/litre ferric benzoate in di-methyl
formamide solution must be added to every h.8cé of

liquid A,

The doped solutions were hydrolised with excess
water over a period of one week, Following hydrolysis
the excess water was removed by heating in an oven at
110°C and finally the gels were fired at 1,000°C for 48
hours to remove any remaining organic material, The gels
were reacted hydrothermally under identical neutral
conditions to produce a range of kaolinites doped with
differing amounts of iron. Some of the samples p?oduced
were subjected to X-ray fluofescence analysis énd it w;s
found that the valués of the iron conbéntrations were in
-agreement with the expected values within the limits of

expefimental error,

2,7.4.2 Mogﬁhologz and properties of iron_ doped
: ' synthetic kaolinite., ‘

Although no absolute particle size measurements were -
made on the final products it was diséérnabie by'électron
microscopy that the particle size was influenced By the
iron concentration (Fig.2.9.and 10). Addition of

concentrations as small as 0,05% Fe ‘produced larger

203
kaolinite plates relative to undoped kaolinites, The

increase in plate piie with iron concentration .continued
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up to an iron concentratlop of j%~Fé203. Beyond this
value the product was no ldnger recognisable as kaolinite
plates and the X-ray diffraction patterns became diffuse.
No separate crystallipe iron phase was detectable by X.R.D,
It is conceivable that iébﬁ may promote increased crystal
growth to produce larger p}ates compared with undoped
samples, However, the s;me effect is not readily -apparent
in natural samples. For example, in Keckuk kaolinite?"

the iron content is only 0,09% and the plates are

comparatively large;

Crystallinity of the kaolinites as measured by‘thp
method of Hinckley17 was also found to be dependant on-
iron concentration. Fig. 241 is a plot of Xe-ray |
crystallinity against % F0203 in synthetic'kaolinités
And suggests that the most crystalline kaolinites are
formed with an iron con@ent of approximately 1,9% FeZOB'
However this figure seems reﬁarkably high;v Naturai
kaolinites with high c¢rystallinity rarely c;ntain
greater than 1% F3203. ‘ Repeats of the experiment are
represénted by poinfs which have been marked with a small
circle in Fig. 2.11. Even though in some cases there is
considerable discrepancy with previous valueq the
maximum.cryétallinity was obtained with a doping level
of about 1,9% FeZOB." It is possible that a greater .
proportion of fﬁe iron 'is on the surface of the synthetic

kaolinites compared with natural samples.

With the exceppion of gels=féacted at controlled_
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pressures (sec.2.7.2) in platinum tubes all gels had been
reacted in P.f.F.E. liners., Hith-these 1ineré>it was
noticed that variations in colour sometimes occurred

when identical gels were reacted under identical conditions.
The effect was attributed to staining by leachings from the
staileSS'stéei bombs caused ﬁy_the end seals of the
P.T.F.E. liners leaking, Clearly, effects of this type
would destroy any wvalidity in measuring ﬁrightness of doped
kaolinites so prepared, In order to study brightness it
was therefore decided to change the reactipn liners to
platinum as described in sec, 2,7.2, A series of gels
with different iron concentrations were reacted in platinum
and the:brightness of the resulting kaolinites measured by

the method described in sec.2.7.3.

The ‘pl.ot of prightneés against % Fe,0, (Fig.2.12)
clearly demonstréées the effect of iron on brightness.
It should be remembered however that it was shown in
sec.2,7.4,.2 thaf the presence of iron appears to increase
paxrticle size, Such an effect would reduce scattering
effects and hence a lower value of brightness would be
measured,. It is possible that some of the effects
observed in Fig.z.iz may be attributed to particle size
variations, | Benzoai benzoate has the same refractive
index as kaolinite enabling particle size effects to be
eliminated, The synthetic kaolinites were placed in
small quantities of benzoal benzoate and a darkening in

colour was observed in all cases suggesting the presence

of particle size effects, However from visual observation
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the brightness of the kaolinites followed the same trend
as in Fig,2,12, As the kaolinites were in suspension

absolute measurements of brightness were not possible,

From these results it would seem clear that the
presence of iron has a pronounced effect on the morphology
and physical properties of kaolinites. The E.S.R.
properties of iron doped synthetic kaolinite are discussed
in Chapter 3. 7

2,7.4.3. Preparation of Magnesium doped synthetic
kaolinites,

For magnesium it was not possible to reproduce the
technique used for doping with iron As all attempts to
produce a magnesium benzoate failled, Doping with
magnesium was therefore usually accomplished by the
addition of small amounts of magnesium nitrate to the water
of hydrolysis. Magnesium sulphate and magnesium chloride
were also tried® but the addition of more than 0,1% MgO
by the sulphate or 0.25% MgO by the chloride prevented
the synthesis of kaolinite. This was especially noticeable
in kaolinites doped with both magnesium and iron. It was
also hoped that the gel would not be contaminated by the
nitrate anion as this should be removed on firing the gel
at 1,000°C. The gels were dried and hydrothermally
reacted in an identical fashion to that described for the

preparation of iron doped synthetic kaolinites.

2,7.4.4 Morphology of Magnesium doped synthetic kaolinites,

A number of synthetic kaolinites were produced doped
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with varying amounts of magnesium and in all cases the
most noticeable feature of study by electron microscaﬁy
was the formation of very much smaller particles than
iron doped or undoped samples (Fig. 2.13). It was also
noticeable that the plates though very small and thin
were well formed showing better hexagonal form than those

undoped or doped with iron.

Some gamples were prepared doped with both magnesium
and iron by adding ferric benzoate in D,M.F. to liquid A
and magnesium nitrate to the water of hydrolysis. From
the previous results it seemed that iron alone tended to
inerease particle size in contrast to magnesium alone
which decreased particle size. .For the doubly doped
éamples containing both substituent it was found that
larger plates (Fig2 14)were formed. It would seem
therefore that crystallisation processes are more easily
affected by iron than Mg, The reason for these effects
are unknown. The E,.S.R. properties of both magnesium
and iron and magnesium doped kaolinites are discussed in

Chapter 4,

2.7.5 The possible contaminants from reaction vessels

or impurities in starting materials and their
affect on the morphology of kaolinite,

ﬁndoped gels reacted hydrothermally in P,.T.F.E,
liﬁers were offen found to produce kaolinites that were
rather a dull grey in colour having a brightness value
several points lower than kaolinites produced from the
aamé gel reacted in platinum tubes, Although it was

expected that the saturated vapour pressure of the water
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on either side of the P.T.F.E, tubes would be equal it
seemed optimistic to assume that the reaction tube was
completely sealed from the water surrounding it, This
being so it seems plausable that some contamination of
the synthetic kaolinites could be attributed to leaching
of the stainless steel Tuttle bomb. The most likely
contaminant from the steel was thought to be iron though
none was detectable by X-ray fluorescence analysils,
However analysis did show that calcium contamination
(about 0.02%) was pfesent in the gels and probably

originated from the aluminium iso-propoxide,

Fluorine is known to stain kaolin1t925 and being a
ma jor constituent of P,T.F.E. was therefore thought to
be a possible cause of discolouration. However, pérsonal
eommunication with the manufacturers of the P.T.F.E.
indicated that the release of fluorine was extremely
unlikely. It has not been possible to date to subject

a stained synthetic kaolinite to analysis for fluorine.

Synthetic kaolinites grown under pressure in plat;num
(Sec.2.7.2) were found to produce very diffuse X-ray
patterns and were less crystalline than those produced
at the same temperature (but different pressure) in P,T.F.E.
reaction liners. Héwever more crystalline kaolinites
were produced f;om the high pressure rig when the plﬁﬁinum
tubes leaked and the kaolinites were stained with the 10%
soluble o0il and water mixture, An identical oil was used
in the production of the Tuttle bombs and it was therefore

suspected that possibly a component within the machine oil
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was acting as a catalyst to produce more crystalline

kaolinites,

To test this theory some platinum lined bombs were
constructed so that the reactants could only come into
contact with platinum and the small area of P.T.F.E.
forming the seal, The kaolinites produced were not
stained and were well crystalline, In this method it
was impossible for the reactants to come into contact with
the steel of the bomb or with any machine o0il so it seemed
unlikely that the machine o0il had any effect on the
synthesis, From this it would seem likely that the
staining was due to leaching from the stainless steel
but no reason for the difference . in crystallinity of
éamples grown in platinum or P.T.F.E. was forthcoming.

At this stage the most crystalline kaolinites had been
produced in the preqence‘of P.T.F.E. either as a reaction
liner or as a seal. It was decided therefore to
investigate thé.possible effect of P. T.F.E. on the
synthesis, A small amount of P,.T.F.E. was ground and
added to an undoped gel. This mixture was then sealed
in a piatinum tube with water and reacted for 7 days at
2$o°c. An equal amount of gel and water was reacted
without P.T.F.E. in another platinum tube to act as a
standard, The two resulting kaolinites were equally
crystalline and any catalytic effect of P.T.F.E. was

discounted,

The results described above give no indication as
to why there should be the differences in crystallinity

between samples grown in P,T,F.E. at the saturated wvapour
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pressure and those grown iﬁ platinum under pressures
greater than the saturated vapour pressure. The effect
will be discussed further in Sec.2.7.7.

2.7.6. Cooling and reheating cycles during the synthesis

of kaolinite and their affect on morphology.

Many crystai growing techniques involve ¢ycles of
cooling and reheating.2’6 In an attempt to study the
effect of heating cycles on the synthesié of kaolinite,
undoped gels were-reacted for a total of two weeks during
vhich time the temperature was varied from 240°C to 280°C
and down to 240°C slowly at a rate of 10° per day. The
kaolinites produced had crystallinity indices identical
to samples reacted for 1 week at a constant temperature
of 289°C. However, electron microscope observations
(Fig.Z.lS)'showed a large number of tube like structures
of the order of a few microns in length very similar in
appearance to halloysite. Electron diffraction measurements
confirmed- that the tubes were similar in structure to
kaolinite. It should be noted however that occasionally
samples grown at congtant temperature were found to contain
small quantities of tube-1like structures but in these
instances the concentration of the material was much less

than that produced by temperature cycling.

2.7.7 Discussion of the properties and morphology of

kaolinites synthesised under wvarious conditions,

The previous sections have described some of the
effects of pH, femperature, pressure, type and quantity  of

dopant on the synthesis of kaolinite., The number of
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experiments performed were limited and were intended to
indicate general trends to show how the products vary when

synthesised under different'conditioqs.

In section 2,7.2 it was shown that no further reaction
takes place after reaction at 280°C for one week, It is
possible that improved synthetic crystals might be produced
at higher temperatures and longer reaction times but the
use of P.T.F.E. limers and time restrictions prevented
further stud}. Results also suggested that pressure
appeared.to have no effect on the synthesis‘of kaolinite,
However, considering results obtained in Sec,.2.7.5 this
may only be true for pressures between 35 and 280 MPa,

It appears that a kaolinite synthesised at .the saturated
fapour pressure of reactants at 280°C in platinum is more
crystalline than one synthesised at a pressure of 35 MPa,
Further increase of_preésure does not affect the synthesis,
This effect may be due to the collapse of the platinum tube
at pressures greater than the s.v.p. changing thé filling
factér inside the tube, but how this might affect the
synthesis is unclear. The solubilities of alumina and
silica.both depeid on pressure so it ié feasible that

only at pressures around the s.v.p. at 280°¢ afe the
solubilities qompaéible for synthesis;‘ It may also be
that large pressures inhibit the production of the
hydrogen bonding between layers by hoiding layers too

tightly together,

In section 2,7.3. undoped kaolinites prepared using

various pH-reaction mixtures were considered, It was
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found that well formed hexagonal platelets were only
produced at low pH values and that morphological
variations had little effect on brightness. ‘However
these well formed platelets grown at low pH were rather
small compared to matural samples. In section 2.,7.h4. it
was‘proposed'thaf kaolinites doped with iron comprised
larger plafes than undoped samples, These results
suggested that a synthetic kaolinite conéisting of large
well formed hexagonal plates might be synthesised by
reacting on iron doﬁed gel at low pH. To this gnd a
synthetic kaolinite was produced at a pH of 2 doped with
1.9% iron, Observation of this sample under the electron
microscope showed it to be 1ndistinguishable from a well

crystalline natural sample. (Fig. 2.16)

The effect of magnesium on the synthesis of kaolinite
appeared to be the production of smaller plates than in
iron or undoped samples. These plates however were
quite well forméd. Jones3 pointed out the detrimental
effect magnesium appeared to have on the synthesis of
kaolinite, It may be that magnesium slows down the rate
of cryétallisation and hence produces smaller well formed
plates. No experiments have been performed on magnesium

doped gels reacted for more than one week,

In nature well formed kaolinites are very wideépread
and it seems difficult to imagine the right conditions
(as described above) for synthesis of such kaolinites always
being present. It may be that the synthesis at 280°C is
too fast and less definite parameters for synfhesis may be
necessary at lower temperatures where crystallisation is

slower,
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CHAPTER 3

3.1 The basic principles of electron spin resonance
(E.S.R.) and its application t¢ the ferric ‘iron

in strong crystal fields,

Electrgnic paramagnetiam is created by one or more
unpaired electrons in an atomic system. When placed in
an external magnetic field the degemeracy of the spin
states is lifted to create a number of energy levels,
transitions between the energy states may be induceq by
the application of eledtro-magnetic waves with appropriate

energy to produce electron spin resonance,

The simplest System is that of a free unpaired
electron where transitions will 6ccur provided the
resonance condition is satisfied:

hv = g, %}l
WVhere $ is the Bohr magneton
H is the applied magnetic field

The interaction between the unpaired spin and the
applied magnetic field is considerably ‘more complicated
when the electron ;s coupled to an atomic system and

even more so when contained within a c¢rystal field,

. Although it is possible to describe the energy of -such

an assembly by a General Hamiltonian, Bleaney et al !

‘have shown that it is possible to meglect all spin

independant terms and formulate a 'Spin Hamiltonian!.

In géneral the spin Hamiltonian contains several terms
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representing the effect of crystal field, applied
magnetic field and other interactions, each term
containing a spin operator which operates on the spin

functions of the system.

In this chapter the substitution of Fe-* in
kaolinite is considered, for which the spin Hamiltonian
for the F93+ ion in a crystal field may be written in 7

the form,
ZLE = eBH.S. + D[ s2 . % 5(5'1.'.1‘}] + E [sz - Sng

The terms D and E effectively represent the symmetry

of the crystal field created by the surrounding ligands
and spin-orbit coupling, A common méthod for solufions
6f such equations is to treat the terms in D and E ag

a perturbation of the Zeeman interaction term or vice-
versa, It has been shown Castner et_a12 that for Fej*
in an environment where Zceman and crystal field terms
are comparable. in magnitude, the use of perturbation
theory is not valid.: A large crystal field lifts the
six=fold degeneracy of the 655/2 ground: state of the
ferric iron to give three Kramers doublets. The
degeneracy of the doublets may be removed by the
application of an external magnetic field and thus
provide a systeﬁ:for electron spin resohance. However,
from computed numerical solutions of the spin Hamiltonian
it has been shown that the way in which the energy levels
of thé three doublets diverges in an increasing magnetic

field is particularly complicated, The divergence
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depends gritically on the ratio of D and E and also on

the angle which the applied magnetic field makes with

the crystal axis. For a randomly orientated powder it

is possible to predict the final 1inashape3 and to assign
the resonances observed: to transitions within the doublets;
These transitions are usually described by a mnotation of
numbers and letters as proposed by Aasau. The eigen -
values of energy are labelled 1 to 6 in order of increasing
energy. If field variations cause levels to cross, the
labelling i1s changed so that the energy ordering is -
maintained. A transition quofed as 1l-2X is that between

the lowest two energy levels, corresponding to the applied

field being parallel to the X-principal axis of the crystal,

3.2 Electron spin resonance of kaolinite.

The E.S.R. spectra of natural kaolinites almost
without exception contain two groups of resonance lines
one of which occurs at g=4, and the other at g=2, as
illustrated in Fig. 3.1. The next two chaptexrs deal
with each group in turn starting with the group at g=4.
Most previous publication35’6'7'8'9'10? have all suggested
that the lines at g=4 can be attributed to iron substituting
in the kaolinite structure. Perhaps- the most convincing
" results to substantiate this argument are those recently
-produced by Jones® in this laboratory. using both doped
: and.undoped synthetic kaolinitgs. The resonances at
g=4.0 were only observed in those samples doped with iron,

Further refinement of E.S.R, studies by Angel et a110
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have shown that the apparent three line signal at g=4
is created by the superposition of two distinct sets

of signals which may be attributed to. iron in different
sites, The first site (centre 1) produces a single
isotropic line at g=4.2 and the second (centre 2) a

three line spectrum with g values of 4,9, 3.7 and 3.5.

Hall5 utilized the computer program of Dowsing and
G:lbson11 to solve numerically the spin Hamiltonian for

Fe* in kaolinite and found thatw\ = %’- with a value of

0,22 corresponding to a_site symmetry between-axial and
rhombic gave the best fit for the three line spectrum.
Fig. 3.2 shows transitions predicted for A 0.22 for
various D values, The isotropic line at g=4.2 was

interpretated as F93+. occupying a completely orthorhombic

1
3"

Although it is possible to find values of J\ from

site witha =

the E.S.R. data it is difficult nevertheless to specify

3+

the exact nature of the environment of the Fe ion in

kaolinite and to distinguish substitution either for A13+

La

in the -octahedral layér or Si in the tetrahedral layer.

It is known that chemical treatments and heating can
affect both groups of resonances and their effects have
been used to suggest possible site locations for the
paramagnetic species., "For example Joneé studied the
effect on the E.,S.R. signals of intercalation of kaolinite
with D.M.S,0. The composite g=4 sigﬁal was found to

coilap&e to>a‘single-isotropic'line. This effect
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suggests that the paramagnetic defects could be in ;n
interlayer site and the intercalation affects their
symmetry. However it is thought that intercalation most
probably affects the hydroxyl groups in kaolinite and
therefore would also perturb the symmetry of the
octahedral site, The mineral gibbsite has only
octahedral A13+ sites and exhibits an E:S.R. signal at
g=4 similar to that observed in kaolinite. On this
basis Angel et a1l® preferred to assign the g=4 signal

to F83+ in an octahedral rather than an ihterlayer site

in kaolinjite,

In order to diatinguish the two resonances which
contribute to the g=4 signal and monitor their relative
intensities Jon996 (Fig. 3.3) proposed an "E,5.R., Lineshape
parameter” and examined possible correlations .of the
parameter with sample cryétallinity. It was shown from
a survef of natural kaolinites with varying crystallinity
that the contfibution to the g=4 signal by the single
isot50pic resonance increased with decreasing

crystallinity, Since Angel et all®

had shown previously
that similar effects could be obtained‘by contributions
due to mica impurities a separate sqr;es of - experiments
utiliziﬁg the same sample were injtiated in which the

crystallinity was gradually decreased by applying

increasedfstrain to fhe samples. -It was found that as

the'pressure increased and the'crystallinity decreased
the E.S,R. lineshape parameter also decreased, Hence

it was proposed that the application of‘pressure had
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reduced the crystallinity and hence changed the symmetfy
of the site associated with the three line spectrum into

the less crystalline site associated with the 1sotropic

‘line at g=4,2.

As well as mbstituting in the octahedral 1ay;¥ it
is possible that iron atoms might replace silicon atoms
in the tetrahedral layer. However for this process to
occur some sort of charge compensation is necessary and
it might therefore be argued that tetrahedral substitution

is less likely than octahedral substitution. Neverthelesé,

silicate glasses doped with small quantities of iron and

in which there can only be tetrahedral substitution
produce isotropic signals around g=lb. Further etidénce
for possible tetrahedral substitution in kaolinite is
provided by the collapse of the-g=h signals to a single
isotropic g=4.2 signal fdilowing dehydroxylation by
heating to 550°C, Dehydroxylation removes the hydroxyl
grbups-and modifies the octahedrgl sites to form a new

struéture which is commonly called metakaolin. If the

-ﬁodel suggested by Brindley12 for metakaolin is adopted

then it is possible to auggest that the remaining

1sotropic 1line be assigned to tetrahedral substitution

. there being only tetrahedral sites im the structure of

'metakaolin. More recent work by Herbillon9 g1ves

further etidence for toth tetrahedral and octahedral
substitution of iron in naturalhkaolinitas. A number of

natural kaolinites were boilled in concentrated hydrochloric

acid in an attempt to preferentially dissolva away the
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octahedral layer, The rate of dissolution of iron and
alumina were followed by chemical énalysis and‘the E.S.R
signals were monitored, It was found that the rate of
dissolution of iron closely followed that of the alumina
thus demonstrating that the iron is probably associated
with the aluminallafer and is therefore in octahedral
co-ordination, 'However, for some samples complete
removal of the alumina content did not rémove all the
iron, Herb1110n9 proposed that the residual iron was
tetrahedrally co-ordinated. However the_presence of
other iron bearing minerals made the interpretation of
results extremely difficult especially after long
diesolutién times where the iron in the residue was
found to become more concentrated as the acid attack

progressed,

When Hall? solved the Hamiltonian by the method of
Dowsing and G:i.bson11 he proposed two octahedral sites But
also stated thaf the isotropic line could be caused by
tetrahedral substitution of iron for silicon. If the
latter.were true oné would expect in the work by Herbiilong
wvhere the alumina layer is dissolved away by acid that the
three 1iné specfrum would be removed preferentially
leaving behind the 1éotropic line associated with the »
tetrahedral silica layer. ﬁowaver, in the E,S.R. épéctra
published by Herbillon9 of kaolinites subjected to acid
attack it is the central isotropic line that is removed
first, This effect would be expected if the isotropic

line were associated with a less crystalline éite as
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proposed by Angel et allo

As an alternative to E,.S.R. Pott13 examined a natural
clay by phosphorescence spectroscopy in an atpempt to
identify tetrahedrally'co-ordinated F93+. However
no fluorescence peaks were identified which could be
attributed to iron. pottt? suggested that either .there
was no significant quantity of tetrahedrally co-ordinafed
F93+ or aiternatively that any phoepporescence.was

effectively quenched by hydroxyl groups which are known

to quench.phosphorescent emission,

To summarise, the majority of workers in this field
would seem to favour the assignment of the three line E.S.R

3+ substitution in the octahedral

spectrum at é:h to Fe
layer, The isotropic line at’ g=l4,2 may be due to either
Fe3¢ dn a distorted octahedral ‘or tetrahedral site. Apart
from substitutional 1ron'some iron may exist as'e surface

contaminant probably in the form of oxides or’ hydroxides.

A chemical analysis of a kaolinite gives the total iron

content but gives no indication of the proportions of

substituted and surfaceé iron, .

Jepeonlh examined the iron in natural- kaolinite by

electron microprobe micro-analysis, Good .agreement was

.reported between iron eoncentrafions calculated by-

chemical analyeie and electron microprobe micro-analysis

‘of the kaolinite plates, euggesting that most“of the iron

was assoclated with the kaolinite phase in the sample,

Jepson’u proposed that, becauee only six. per cent of the

total 1ron could be removed by surface treatments, most
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of the iron was in structural sites,

Some industrial processes for.the beneficétion of
claﬁ-invﬁlve the removal of iron. Two main processes
are used, Firétly the reduction of surface iron By
sodiﬁm'dithionate and subsequent removal of the resulting
soluble ferrous iron. Secondly magnetic filtration
which may be effective for the removal of both surface
iron and particles high in substituted ifon. In the
laboratory the most common methods used to remove surface
iron are by treating fhe clay with sodium dithionate as
oﬁ the industrial scale or with ammonium oxaldte. All
these methods produce an increase in the brightness of

the kaolinite. A typical china clay from St. Austell

" may start with a brightness of about 87; treatment with

sodium dithionate may increase this to 92, This clearly

illustrates that surface iron has a detrimental. effect

" on brighthess but in no way indicates the effect of

substitutional iron on the brightness of a kaolinite,

S@rface freatmgnts remove only a small percentage
;f the total iron content suggesting that the major part
of the dron is in structural sites. However, it is clear
from the author's numercus discussions with workers in

this fiéld that the effectiveness of these.methods of

iron removal, as well as their mode of action, is in constant

debate. Clearly, the amount of iron removed depends not
only on the method used but also on the nature of the iron
assoéiated with the kaolinite, It is agreed however,

that in gemeral, except for kaolinites with excessively
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high iron contents the amount of iron removed. by these -
methods is usually of the order of 10% or less of the total

iron impurity. A number of kaolinites from Geqréia and

a few synthetic iron doped samples have been treated with

ammonium oxalate in this laboratory and in all .cases 6ﬁly

a few per cent of the tofal irqn was remofed,'

By &ouble integration of an E.S.R, spectrum it is
possible to get a rough estimate of tﬁe number of spins
per gram and hence an indication of the concentration of
subgtituted iron. . For a natural kaolinite Hall5 reported
reasonable agreement between the iron concentration
calculated by doublé integration of the g=4 signal and
from chemical analysis, However, Ha11” did ndi‘quote the
standard sample used for the E,S.R. caIculatioh, These
measurements have been repeated in this work onjéne
syntﬁetic and two natural kaolinites using a fresﬁly
prepared copper sulphate standard. In all thrée-éﬁééleé

less than 5% of the total iron appeared to'be-paramagnetic.

‘These results tend to suggest that a large proportion of

the iron is not paramagnetic and not removable by surface

treatments. Possible reasons for these results are

given_below. 'y

&£

Accurate spin concentration measurements are difficult

to reproduce and the use of a suitable standard is very

,important. In the estimation of the iron content by

consideration of the g=l signal the standard signal used

was.at g=2, It is known that transition probabilities
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vary -with applied magnetic field. No corrections were
made fof differéhces in transition probabilities, It
may be possible that some surface iron is not easily
removed or alternatively metallic iron or iron compounds
are included within the kaolinite structure and as such
are protected from ammonium oxalate treatment,

Previous workers have suggested that surface iron
is iﬁ the form of oxides or hydroxides.16 Ir particulaté,
these compoun@s may pe fefromagnetic because of strong
coupling ?etwaen ad jacent 5/2 spins. - These ferromagnetic
contaminants are detected as broad resonances aroﬁnd g=2
(Fig.3.1) and usually can be reduced by treatment with

ammonium oxalate. However, it is unusual for all the

" broad resonmance to be removed. For example, in the work

by Herbillbng described earlier a broad ferromagnetic

'resonance remained after oxalate treatment followed by

extensive acid attack of the alumina layer, It is the
author's'contention that these broad resonances should be
included in the E.S.R. calculations and therefore might
account for some of fhe iron not accounted for previouély.
To avoid this complication E.S.R. calculations in this
woric héve been on samples which exhibit very small‘broad

resonances.

Some iron gay-be in a super-paramagnetic state. The
spin relaxation time of ferric iron depends on particle
size of the host materiala17. For exaﬁple in iron oxides

or hydroxides the particie size can be sufficiently small
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to reduce the relaxation time and désfroy the spin

eoupling and hence produce a change from ferromagnetiém

to super-paramagnetism, E.S.R., may only be observed if

the relaxation time is longer than 10"10 sec and hence it

is possible for super-paramagnetic iron not to be detectable
by E,S.R, Super-paramagnetic states may be studied by

M8ssbauer spectroscopy.

Some iron may also be associated with a separate
mineral phase, in fact it is probable that some iron is
éssociated with the mica content of natural samples, however
no mica has been detected in synthetic samples produced in

this work,

To summarise, it is clear that the nature and
proportions of substituted, surface and included iron
associated with kaolinite remaiﬁs uncertain, A la;ge.
proportion of iron in some kaolinites is not removed by
presentvmethods of surface treatments and is not accountable
by Eﬂs;R. measﬁréments as substituted iron, Some iron is
detected in a ferromagnetic form by E.S.R., and may be due
to surface, of inclusions of, hydroxides, oxides or even
metallic iron, It may also he pbssibie for some iron to

be in a super-paramagnetic state,

Clearly, additional techniques were required to study

-both surface and substituted iron, M8ssbauer spectroscopy

enables the valence states of iron in a structure to be
determined and can also distinguish different site symmetries,

An account of this work is given in Chapter 5,
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CHAPTER L

L1 Previous E.S.R. studies of the signals at g=2 in
kaolinites,

An expanded trace of the E.S.R. signals which'occﬁr
around g=2,0 in the majority of natural kaolinites is
shown in Fig., 4.1. With the exception of work carried
out in this laboratory past workers ﬁave recorded the
signal at g=2.0 under conditions 6f poor resolution,

More precise measurements by Hall1 demonstrated that the
relative intensity of the two principal lines varied
considerably in different samples and that on heating the
samples to 3oo°c for half an hour the two lines were more
clearly defined, By stud#ing the expanded traces of a
series of natgral samples beforé and after heating to
3oo°c Hall’ was able to assign the resonances observed

at g=2,0 to two discrete centres, A main two line
spectrum that remained after heating at 300°C (Centre A)
and a number of smaller hyperfine signals (Centres B)
that were rembveg by the heating, The variation in
intensity of the main two line spectruﬁ on heating was

found to be due to the removal of the hyperfine lines.

The main two line spectrum (Centre A) at g=2.0 is
'characteristic of an axially symmetrig paramagnetic
. species in a randomly orientated powder, and has the

principal g - values

g, = 2.049 F0.001 and g, = 2,003 ¥ 0,001




ESR Spectrum at g=2 of a -
typical natural kaolinite

Fig 4.1

—_—
20 gauss

-66-
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Ha11' ﬁrepared a preferentiallf érientated stack
by sedimentation and studied variations in intensity Jf—
the two components as a function of orientation in the
magnetic field. He conéluded'that the unigue axis of
the A-centre lies parallel to the c=axis of the kaolinite
crystal, Also it was found that the A centre could be
destroyed by heating to 450°C for 2 hours prior.to

complete dehydroxylationm,

A number of theories have been forwarded to expl#in
the occurrence of the main signal at g=2,0,. The possible
sources of the signal include =

(1) an organic fraction in the clay~

(11) 4iron substituting for either silica or alumina- or
(1iii) defect centres.u

Angel and Ha.ll5 removed the organic fraction from some
natural kaolinites and found that the g=2 signal remains
unchanged, In the work by Jonesh described in the previous'

chapter where kaolinites doped with FeB* ions were.

synthesised no signal at g=2 was detected, The poasibility

‘of the signal being caused directly by‘Fez+ is very remote

due to its very fast relaxation times whicpiﬁrecludqa

detection by E.S.R; at room temperatures, ‘On this basis

‘ Jonesh concluded that the signal must be due to a defect

centre, To walidate fhis theory he first of aill
X~-irradiated and subsequently annealed pure synthetic
kaolinites, As there was no'g=2 aigpal produced he

concluded that the defect centre was not assbciated with
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the intrinsic kaolinite structure but was stabilised by
an impurity, For example, substitution of trivalent

cations for Sih+

df divalent cations for Al3+ may produce
centres capable of trapping a hole. Hence, synthétic
kaolinites doped with Mgz+ were produced in which initially
no E,.S.R. signals were found, However, X~irradiation
followed by annealing produced signals at g=2,0 identical
to those in natural kaolinites, Jonesu.suggestad that a

2+

similar hole centre produced by Fe substituting for A13+

is less 1l1likely because Fe2+ has a larger ionic radius than

2+

Mg and therefore would not be so easily accommodated in

2+

the structure. Also the oxidation of Fe to Fe3+ would

be expected to occur during synthesis,

Jonesh étated that doping_the gel with magﬁesium
appeared to inhibit the subsequent synthesis of kaolinite
producing poorly crystalline samples, He aiao noted that
the gignals produced at =2 were much less intense than |

those usually aaéociated with natural samples, Although

7 previous work by Jonesu had reproduced signals at either

g=l,0 or géz.o the cémplete simaltaneous reproduction 6f
both resonances had not been achieved and it was not clear
from his work the extent to which substitution of one
defect might passibli effect the behav;our of the other,
Also the kaolinites which produced the g=2.0 resonance
were of very poér qualify. To make further studies on
the g=2 signal in synthetic kaolinite the method of

synthesis would have to be improved.
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4,2 The synthesis of magnesium doped clays.

In order to understand more fully the synthesis of
magnesium doped kaolinite arseries of gels were prepared
doped with varying concentrations of magnesium salts, As
stated in Chapter 2 the addition of magnesium nitréte to
the water of hydrolysis of the gel produced more highly
crystalline kaolinite than the use of magnesium sulphate
or chloride. .The use of magnesium nitrate also assisted
the production of the g=2 signal and this effect was
considered to be due to the higher crystallinity of the
magnesium nitrate doped sample. The optimum concentration
of MgO for production of the g=2 signal was found to be
about 0, 04%, This value is surprisingly low being iess
than one third of the concentration of Mg0 in a natural
kaolinite exhibiting a g=2 signal of about the same
Iintensity. It was considered that in natural samples the
signal might be increased by irradiation and annealing,
However, this ias found not to be 96 and it was therefore
assumed that the ‘extra' magnesium in the natural samples
was in a form‘unable to stablise a defect. For example
in the mica fraction, Indeed a study of about twenty

American and English clays showed no correlation between

. the intensity of the g=2 signal and théir magnesium content,

Double integration of the g=2 signal for both natural
and synthetlic samples accounted for only a small percentage
of their magnesium content assuming one spin per substituted

ion: To maintain charge balance in the octahedral layer,




Mg2+'wou1d have to substitute trioctahedrally. It seems

possible that the defect responsible for the g=2 signal
may only be stabilised when a charge inbalance is present,

for example dioctahedral substitution of Mg<*,

It is therefore proposed that the g=2 signal (Centre A)
is caused by dioctahedral substitution of Mg2+. The
reason for the 'discrepancy! in intensities between natufal
and synthetic samples with similar magnesium contents is
attributed to either magnesium in another mineral phase
associated with the natural sample or an excess of
dioctahedral substitution in the synthetic kaoliﬁites.

4,93 The synthesis of kaolinite doped with both magnesium

and iron.

‘Having established the optimum conditions to produce
fairly intense signals at both g=2 and g=4 it was now
hoped that the synthesis of a kaolinite exhibiting both
sets of signals would be accomplished. Previous attempts
by Jonesu had failed to produce any detectable kaolinite
but the main inhibitor of the synthesis employed by Jopesh
seemed to be use of magnesium sulphate, It was hoped
that the use of magnesium nitrate which had been successful
in improving the synthesis of magnesium doped samples would
enable ; kaolinite doped with both magnesium and irqn to be

synthesised,

6ce of ferribenzoate in D,M.F. (67 gms per litre)
were added to 25c¢cc of liquid A, and mixed thoroughly.

The mixture was then added to 100cc of water containing
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about 0,2 gms magnesium nitrate and.tﬁen shaken thoroughly
and allowed to hydrolise for about a-week with occaéional
shaking. The gel was then dried and fired ata1,ooobc
before being hydrothermally reacted. The resulting sample
was subject to X-ray diffraction and E,S.R. and found‘to J
be well crystalline kaolinite exhibiting a reasonably
intense g=U resonance. Irradiation of the sample produced
a broad resonance at g=2 and annealing at 200°% produced

a signal at g=2 identical to those in natural samples.(Fig.h.,2)

L. 4 B. Centres.

Apart from the main two line resonance (Centre A) Ha11'
also studied the'hfperfine lines (B Centres) in natural
kaolinites and pointed out that their spacing, of about
7.7 *+ 0.2 gauss, is in fair agreement with values for a
defect centré in which the spins interact with A127 nuclei
which has spin 1 = 5/2. -He observed that the B Centres
were leés stable than the A centre responsible for the main
two line resonance and could be easily annealed at

temperatures. of 200°C.

Frovaig. 421 if is clear that it is difficult to
make detailed studies of the B centres when resonance
lines are.superimposed on the ;ines'associafed with the
A centre, As é poss;ble aid to studying the B centre
signals Halll heated a kaolinite to 450°C to remove all
slgnals at g=2. By. subsequent irradiating he was able to

reproduce the B centres superimposed om: g broad

resonance at g=2.0.
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The E.SR s-pectrum of an iron

and magnesium doped synthetic
kaolinite after X~irradiation and

annealing.

|
|
| Fig4.2




It was not established in previous work whether or
not the defects were specifically aséociated with eitﬁer
the silica or alumina layer. It seemed feasible that a
possible method of identifying. the location of the centres
would be to study signals which were reproduced in'pufe
silica or alumina coﬁpounds. Initially gels of pure
sdilica and pure aluﬁina were produced doped with small
amounts of magnesium, These were hydrothermally reacted
to produce boehmite in the case of the alumina gel and an
amorphous silica phase in the case of thé silica gel.
These were irradiated and annealed but unfortunately both
failed to produce any signals at g=2. An alternative
approach was therefore made by reconsidering natural

samples,

Ha.ll1 had previously noted that it was possible to
remove the g=2 resonance (centre A) by heating the sample
to 450°C and then by irradiating regrow the B centre
signalé. Hali1'noticed that the B centres seemed to give
more:intense signals than were present before the main
g=2 signal was removed, This effect Hall' considered to
be cauéed by the absence of the main géz signal which

previously partly obscured the hyperfine lines,

These experiments have been repeafed-in this work and
‘4t has been shown that after the destruction of the main
g=2 signals by heatiné the main (centre A) resonance may
be regrown by irradiation and'sﬁbsequent annealing at

2oo?c, This suggests that the g=zrsigna1 associated
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with Centre A is annealed before dehydroxylation. Attempts
to grow these g=2 signals in dehydroxylated samples were

unsuccessful,

Although X-ray diffraction spectra show no detectable
change when a kaolinite is heated to h50°C thermogravimetric
analysis indicatés a small weight loss and suggests that
dehydroxylation may<have already started, Jonesh
suggested that B centres may be either aﬁ aluminium atom
substituted in the silica layer or an electron trapped in
a hydroxyl vacancy. However, no experimental evidence in
support of either assignment was given. Assuming that
the two arguments suggested by Jonesu for the B centres
were poséible it was thought fruitful to consider what
might be expected to happen to the E,S.R, signals fér each

model when irradiated or annealed in wvarious ways.

It was thought that if the centre was caused by
aluminium substituting in the silica layer that the centre
may be produced‘in dehydroxylated samples by irradiation,
as the silicate layer is unaffected by dehydroxylation.
1f, however, the centre was caused by an electron in a‘
hydroxyl vacancy, collapse of the structure upon
dehydroxylation would prevent formation of the sites in
dehydroxylated san;plés. In addition partial dehydroxylation
may produce more hydroxyl vacancies and it was therefore
thought that more intense B centre signals might be
produced in samples partially dehydroiylated.' It has

already been stated that Ha.ll1 reported an increase in the
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intensity of the B centre signals by irradiating after

heating to 400%c.

To test these theories a natural kaolinite was
completely dehydroxylated by heating to 700°C for two
hours and then X-irradiated with a dose of approxiﬁately
1 M.Rad. Observation of the E.S.R. signals at g=2 showed
only a broad signal with no detectable hyperfine structure
associated with B centres, These résults pProvide
substantial support for the assignment of B cegtres to a
configuration within the octahedral layer as opposed to
the tetrahedral layer, The structure of the silica layer

is wvirtually unchanged by dehydroxylation.

In samples heated at temperatures up to but not
including dehydroxylation it was found that increasing the
degree of partial dehydroxylation caused a corresponding
increase in the intensity‘of the B centre resonance when
subsequently irradiated. Hence, it would seém that the
B centres are related to the concentration of hydroxyl
vacaﬁciee thus giving further evidence for the assignment

of the B centre signals to electrons in hydroxyl vacancies,

To summarise; at this stage of the work tﬁg main g=2
résonance associated with the A centre was éttriﬁuted to
" a holé trapped by’mqgngsium substituting for aluminium
and B centres signals were probably caused by elecfrons
-occupying hydroxyl vacancies. -_Previous work_has.ghown
that irom may substitute in the lattice as Fe3* to |

produce resonances at g=4,0, The possibility of the
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ferrous ion substituting in the kaolinite to produce
the same effects as Mg®* had been considered but
dismissed as unlikély because of its larger ionic size

and eagy oxidation to F63+.
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CHAPTER 5

5.1 Basic principles of the M8ssbauer effect,

Following its discovery in'1957 the Massbauer-effect
has beén the subject of many books and papers.'°> The
technique can distinguish valence states of certain
elements and may give valuable information with regard to

co=ordination. Iron is the most suitable element for

study by the M8ssbauer technique.

Resonant absorption of electromagnetic radiation is
the prerequisite of the ﬁajority of spectrographic studies
and when an atom or molecule émits or absorbs an
electromagnetic wave it recoils, Hence for resomnant
absorption to occur between identical systems tpe
electromagnetic wave involved must have an energy equal
to the sum of the transition energy and the two recoil
energies, The magnitude of recoil is determined by tﬁe'
transition energy. Vibrational transitionms in the infra
red region of the electromagnetic spectrum are of 1ow_
energy and the effect of recoil is almost completely
overcome by Doppler broadening as demonstrated in Fig. 5.1,
In direct contrast gamma ray transitions are very energetic
and resdnant absorption does not readily occur. The
recoil of both the emitting and absorbing nu?lei is lérge
compared to the Doppler broadening effects and the amount
of resonant overlap is extremely small. Fig. 5.1, It
is possible, however, to bring the system into.reaonanco
by adding a closing velocity to the absorbeér Ahd emitter

to eliminate the effect of the recoil energies, The
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Low energy transitions (eg Infrared)

High energy transitions {eg Gamma ray)

Ey

WP 1 | U

"*ZE——-I

E=Energy of recoil

d-Averoge Déppler energy
Ey=Average energy of emitted U-ray
\ Ey=Energy of transmon

Diagram demonstrating energy profile
overlaps for transitions with recoil.

\ | | Fig 5.1

S
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velocity required to produce complefehoverlap of the source
and absorber energy profiles is abouf 200 m/s. To ;chieve
these values presents considerable practical difficulties,
However, by considering in detail the possible ways in
which an atom may rec611 when bound within a structuré the

subtle technique of M8ssbauer spectroscopy comes to light.

When an atom is bound in a structure there are three
ways in which its recoil energy may act. The atom may
be ejeéted from the structure, the energy may be passed
to the crystal as a whole or to a lattice vibrational mode,
The recoll energy for an atom with mass number A = 100 is
about 10~%e V whereas chemical binding energies are of the
order of 1 - 10eV. In general, therefore, the recoil
-energy is not sufficient to eject the atom from the structure.
If the recoil energy is transfeired to the crystal as a
whole, which by comparison with the emitting or absorbing
atom'has a very large mass, then the process, first

recognised by.Massbauer, may be regarded as recoilless,

-As mentioned above the recoil energy may be passed to
a lattice vibrational mode. In the E;nstein model for a
solid the modes are quantized in multiples of h wo. If
therefore the recoil energy is not a multiple of h w it
will be transferred to the cryétal as.a whole and the
emission and absorptibn can be recoil;egs. In the
Debye model for a soiid the lattice vibrations are allowed
a continuous energy distribution but the lower energy

modes are difficult to excite, Hence, a fraction of
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photons will be emitted and absorbed without recoil,
The number involved is termed the recoil free fraction
and is usually denoted by the 1etterf?. M8ssbauer showed
that for some low energyk’-ray transitions the recoil energy
and natural Doppler energy become negligible so that émitter
and absorber energy profiles completely overlap and
linewidths approaching the Weisemberg natural width can be

observed,

5¢2 M8ssbauer Spectroscopy.

The majority of M8ssbauer work has utilized iron - 57
as the absorbing species. The resonant ¥ -ray is produced
from the decay of éobalt « 57 which 18 illustrated in
Fig. 5.2. ﬁecause of its low ehergy the lh.h_kev
transition is the transition most commonliy observed in

M8ssbauer sPéctroscopy.

If the 0057 and F057 nuclei, in source and absorber
reqpectively,-have identical chemical environments resonance
will be observed for all recoil free transitions, However,
in general the nuclear energy levels are perturbed by
different chemicél enﬁironments and resonance does not occur,
It is possible however by vibrating the source of ¥=-rays
tb modulate the J-ray energy and hence 'coﬁpensate! fpr
the different environments. ~ As the environment of the
nucleus determines the relative velocity at which resonance
occurs a Maésbauer Spectrup is usually presented as a plot

of gamma ray transmission against velocity of source,
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stable *7Fe

The decay of *To to *Fe

Fig 5.2



- 110 -

50261 Chemical or Isomer Sh-:i'._ft.

The electric field associated with the éhelectrbn
density at the nucleus pertﬁrbs the riuclear energy levels,
Because of ehielding effects the extent of‘;erturbation
depends not only on the s-electrons but also on thé outer
electronic shells and the wvalence electrons, The net
result of these effects is a shift ig the nuclear enérgy
levels which depehds on the chemical environment of the
nucleus. The amount of shift relative to a predefined
standard is measurable and is termed the chemical of

]fsomer shift.

52,2 ‘Quadrapole Splitting,

Nuclei with spin quantum number I>} have a non-
spherically symmetric charge distribution and hence
possess an electric quadrapole moment given bﬁ

L¢ f/r (3 cos* & - |)JT
where £ charge on proton

: / = charge density in volume d
" = distance from nﬁcieus centre of charge element
@L _

¥hen such a nucleus is in a cryéfal structure an electric

angle 7 makes with spip‘ quanfiza.tion axis,

field gradient, caused by the surroun;iing atoms, can cause
a splitting of degenerate nuclear levels and hence producé
fine structure in th§ MBssbauer specti'um. This interaction
is kmown as quadrapole splitting of the nuclear energy

levels,
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As the quadrapole splitting (A ) is determined by the .
electric field acroéé the nucleus the effect can provide
valuable information regarding the nature of the

co-ordination of the atom,

For nuclei with integral nuclear spins (I>1)
quadrapole inter;ction removes the spi; degeneracy of the
nﬁclear levels to produce 21 ; 1 levels, This spin
degeneracy may also-be removed by the apﬁlication of an
external magnetic field but to obtain reasonable splittings,

fields of the order of 5 Tesla are required,

Spectra recorded for tﬁis work were obtained using
a M8ssbauer unit‘cahstructed'within the department of
Mathematical Science at Plymouth Polyteghnic. The_0057
in Pd source was vibrated in the constant acceleration
mode and spectra collected by a 400 chanﬁel analyser in the
maltiscalar mode. The drive frequency was derived from a
quartz crystal iﬁ the multi-channel analyser and wagtbbut
25 H&Z. The stability of the system was periodically
checked using iron foil and over a period of a year the
reproducibility has been of the order of 0,3% even though
éﬁé velocity range has been altered.“afAll isomer shifts
are‘quoted relative tb iron feil and all spectra were -

recorded at room temperature,

The samples were powdered and mounted in plastic trays
between sheets of sellotape, The sample thickmness was

about 1lmm, For enriched F957 samples the sample thickness

was reduced to prevent line broadening by saturation

effects.
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563 | M8ssbauer effect in natural kaoliﬂite.

Naturally occurring Fed’! ig approximately 2%
abundant, Most natural,kaoiinites which are commercially
éxploited contain less than 1% total iron and hence less
than 0,02% Feo ', Due to the low concentration of:Fe57
in natural kaolinites the signal to noise ratio is low
and the counting statistics required to produce a spectrum
are somewhat unreliable. Also natural kaolinites are
often contaminated with other iron bearing minerals such
as micas which themselves may contribute to and complicate
the final spectra. In an attempt to overcome the:
difficulties introduced by additional mineralogical .

3 magnetically refined two natural kaolinites

impurities Meads
for Masébauer studdies éfter which no detectable crystalline
impurities were present, The kaolinites were then acid
washed and were still found to céntain 0.5 and 0,8% iron
providing evidence for the presence of substituted iron,
M8ssbauer studies of the refined samples show that most of
the iron was substituted as F93+ and by comparison with

3+ was in

results from éibbsite-it was suggested that Fe
six=fold co-ordination. Althouéh thelvaiues quoted for
the isomer shift and quadrapole splitting resembled closely
those. obtained by other workers for bgOOH‘ and Fe203h
Meadsj discounted their presence suggesting that-they ’
should be easily remofed by the acid treatment, Spin
concentration calculations described in Chapter 3 suggest
that only a.small hercentage of the total iron is in a
paramagnetic form. ‘Also the récent work by Herbillon>

would suggest that some non-paramagnetic iron may be

B



- 113 =

harder to remove by acid treatment than previously
expected, Meads3 also suggested that some iron may be
2+

substituted as Fe but poor statistics prevented any

definite conclusions,

At this stage in the work reported here the methods
of synthesising ;nd doping kaolinités with F93+ had been
well established and provided the ideal opportunity to
produce a synthetic kaolinite doped with énriched iron 57..
Consideration of the counting statistics shows the

57

.advantages of Fe enriched samples not only in improving
: the resolution and sensitivity of the system but in

‘ reducing the time.for which samples have to be run,
However, for a number of reasons the methods described
previously for synthesising doped kaoliﬁite;ha& %o Se

' ‘ modified cbnsiderably. The final results obtained were
most significant and in order to appreciate the importance

of each step in.the work a detailed description is now

presented in chrbnological order,

S.4 Preparation of Fe2/! doped kaolinite.

The iron --57 isotope is extremely éxpensive (about_
£3,000 per gram) and therefore it was desiréble that any
mefhod of synthesising the kaolinite should héfe been
previousiy shown,éo be successful and repeatablg. .On a
cost basis onlyJIOmg of 57Fe could be made available fox
| the experiment aﬁd it was necessary to scale down the

methods described in previous chapters on the doping of

synthetic kaolinites,

o
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Previous experiments had demonstrated the advantages
of using ferric benzoate to produce E.S.R. signals at
g=h;0. The benzoate was prepared from commercially
available ferric chloride or ferric nitrate. Enriched
iron 57 is supplied in metallic form and it was thérefﬁre
necessary to prepare one of the two appropriate salts
from 10mg of metallic iron in order to prepare the benzoate,
Initially, experiments to show that scaling down was
possible were made with normal unenriched.iron.

Dissolution of iron in nitric¢ acid can be difficult because
the iron tends to become passive, It was therefore
decided to prepare the chloride by dissolution of the iron
in concentrated hydrochloric acid and then to prepare the
Senzoate by the addition.of ammonium benzoate, The exact

method was as follows.

10mg of iron metal were dissolved in O,lecc of
concentrated hydrochloric acid by heating over a water
bath,. When comfletely dissolved a solution of sodium
acetate in water (1.36 egm/cc) was added until the pH
reached about.five. A solution of ammonium benzoate in
water (0,06 gm/cc) was then added slowiy until
precipitation of ferric benzoate was complete. The brown
precipitate was filtered off in a small sintered Gooch
crucible (porosity 4) rinsed with sodium acetate and
thoroughly washed with distilled watef. The ferric
benzoate was then dried at 50°C. At all stages prior to

the precipitation'of the ferric benzoate the solutions
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were tested for the presence of ferric_and ferrous ions
with potassium ferrocyanide and pofassium ferricyanide.
Both types of iron were found to be present, It was
anticipated that subsequent firing of the gel to remove
organic matter would oxidise all the ferrous ions to

the ferric state;

The dry ferric benzoate was dissolved in 1 cc of
b,M,F, The solution was then addeq to 5 c¢ of liquid A
and shaken thoroughly before being hydrolised in excess
water for one week. The resulting gel was dried at 105°C
and fired at 1,000°C for 48 hours to remove any ofganic
matter. Finally the gel was hydrothermally reacted as
described in Chapter 2 to produce an iron doped synthetic
kaolinite. The development of this method was refined to
the extenﬁ whereby reproducibility could be guaranteed
within the limits of experimental error and it was
possible to produce a well crystalline kaolinite exhibiting

a well resolved'signal at g=h,

After a éonsiderable amount of practice with natural
iron results were obtained which justified the transfer
of the method to the enriched iron 57. An iron - 57
doped clay was producéd by the method described and X-ray
diffracfion and E.S.R. measurements showed the resulting
xaolinite to be well crystalline with a crystallinity
index of 0.8 and to exhibit a well resolved g=U signal
with an E.S.R. lineshape parameter of 0,9. However the

signal at g=4 was noticeably less intense than in samples
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which had been grown using commerciéliy available ferric

chloride.

Experimental results,

In marked contrast.to previous experiments using
normal iron the iron - 57 doped clay when subjectea to
the M8ssbauer apparatus produced intense signals within
one hour, However, the numerical values of 1,14 mm/s
and 2,53 mm/s for the isomer shift and quadrapole splitting
respectively indicated most surprisingly that the majority

of the iron wgs in the form of F92+ and not F93+ as

expected. (Fig.5.3)

At this stage-of the work the results seemed rather
contradictory and an immediate explanation was not
forthecoming, However, assuming the results to hbe
indisputable an extremely fascinating situation now *
presented itself., Previously it had been suspected that
the synthesis of a clay doped with Fez+ would be very
difficult because each stage of the synthesis would tend
to o*idize thg iron to the ferric state. Having now,
for reasons which were not clear, produced a kaolinite
which from the M8ssbauer evidence, and contrary to the

expected fesults, contained Fe2+

the hypothesis that Fe2+ should comnceivably produce the

it was possible to test

.same effects as Mg2+

and stabilise the defect described
in Chapter 4 and produce an E.S.R. signal at g=2.0
identical to those observed in mnatural samples,

Accordingly .the Fe-/ doped sample:was irradiated
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(40 xv, 20 mA, for 4 hours) and then énnealed for 2 hours
at 200°c, An identical g=2 spectru@ was produced

in the E.S.R., spectrum as had been Produced by the
magnesium doped samples there being no me;surable
difference in g - values, It was also poticed that the
isotropic line at g=4 had increased in intensity
indicating that some of the Fe2+ had been oxidized to

Fe3* during irradiation.

These results are very significant. They show
unexpectedly that it is possible to interpret both the
g=4 and g=2 signals solely iﬁ terms of iron impurities.
Although the experiments just described had produced
some very interesting and significant results the main
Ariginal aim of the exercise had not been achieved and
the reason for iron substituting preferentially as Fezf

3+

and not Fe”’% was not clear, Further investigations

were made to clarify the situation,

In the initial stages of preparation of the ferric
benzéate ferrous ions were formed by the dissolution of
iron in,hydrochloric acid. It was thought that these
F92+ ions had not oxidized as expected in the subsequent
synthesis and hence produced an F92+.doped clay.

Fortunately, part of the Fe?/ doped gel had been retained

and it was contemplated that if the gel contained an

2+ ions it should be possible to oxidize

abundance of Fe
them by heating the gel in oxygen. The gel had already

been heated to 1,000°C for 48 hours in air. A simple
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tube furnace was constructed and a portion of the
remaining gel placed in an alumina boat and heated for
approximately 2 hours at 1400°C with a continuous stream
of oxygen passing throughrtheifurnace. This rather
rigorous treatment seemed to ﬁave no.éffect on the
substituted iron. When the gel was hydrothermally
reacted the kaolinite exhibited E,S.R. and M#8ssbauer
spectrums almost identical to those obtained from the
previous sample, lIt was clear that the sample still

contained mainly Fez+ ions,

Discussions with a number of experts in the‘field
of mineral synthesis, all of whom expressed some
consternation with regard to the fact that the iron had
not been oxidized under such extreme conditions, led to

2+

the conclusion that the Fe“~ must be very closely

‘associated of bound within the gel. ‘An alternative to
éxplain the high concentration of Fe2+ in the kaolinite
is to suggest that the iron may in fact_ﬁe in a 3+ state
in the gel but on hydrothermal reaction is reduced in
some wéy. The ideél structure of kaolinite contains
dioctahedral aluminium, that is Al>* occupying two out of
every three octahedral sites and the charge is maintained
if there are six positive charge to every three sites,
Purely from the point of view of cﬁarge balance it may be
possible for Féz+ ions to substitute triqctahedrally in
the structure, If charge balance is'no% required any
2+

combination of Fe"™ ', F93+ and A13+ may (occupy the sites
: il

either trioctahedrallf or dioctahedrally,
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In order to eliminate the existence of Fe** ions in
the gel a number of different methods of preparation were

tried.
[ ] .
Tests for ferric and ferrous ions after the

dissolution of iromn in hydrochloric acid both proveﬁ
positive and it was considered that failure of the ferrous
ions to oxidize in the subsequent synthesis was the reason
for the ferrous ion in the synthetic kaolinite, It‘wés
therefore necessary to oxidize the solution of the iron in.
acld to ensure all the iron was in the ferric state,
Although hydrogen peroxide or nitric acid proved
successful oxidizing agents, the most convenient méﬁﬁod

qf ensuring‘complete oxidation was to dissolve the irﬁn

in Aqua Rega. Solutions prepared in this way gave

2+

negative results when tested for Fe ions with potassium

ferricyanide,

A geol was therefore prepared by dissolving 10mg
of iron in O.kecc of Aqua Rega, The pH of the solution
was then raised to about five by the addition of sodium
acetate, Ammonium benzoate was then ad&ed'to precipitate
the ferric beﬁzoate and the method continued as bgf&re.
The clay formed frém this gel however still producqﬂ
a g=2 signal after irradiation and annealing and. indeed

the M8ssbauer spectrum revealed that the majority of the
2+

.iron was aubstituted in the Fe form. There seemed now
to be a direct conflict with previous results. Originally
synthetic kaolinites had been doped with iron by preparing

ferric benzoate from commercially available ferric chloride
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or ferric nitrate, The tyo kaolinites produced M3ssbauer
spectra which indicated the majority of the iron‘gas in

the 3+ state, However synthetic kaclinites prepgfed

from gels which were &OPed by dissolving iron in'Aéua Rega
in the laboratory and then making the ferric beﬁioate
contained a majority of substituted Fe>*. The only
difference in the two methods of preparation, which could
be i1dentified to account for the anomoly, was that in the
latter the ferric salt solution was prepared from the

metal and not directiy from a commercially available ferric

24+

salt, However, in both cases tests for Fe ions prior

to the precipitation of the fgrric-benzoate were negative,

A possible explanation for the apparent anomolies in-
the results described above might be provided by considering
the chemical properties of aluminium iso-propoxide can act
as a reducing agent6vparticu1arly if caﬁalyaed by the
presence of small amounts of mineral acidg. It therefore
seemed pos;ible that reduction of the iron might have
occurred when preparing the ferric benzoate by either
method, but in the c;se where the iron had been dissolved
in acid small traces of the acid remained which were in
sufficient quantity to cétalyse the reduction_reaction.
Consequeﬁtly when the solution of ferric benzoate in _
di-methyl-gormamide was added to the‘liquid_A the aluminium
iso-propoxide r;duced the iron. In an attempt to combat
the possible reducing effect of the aluminium iso-propbkide
a gel was prepared by hydrolising thé mixture, of ferriq

benzoate in di-methyl-formamide and liquid A, in ammonia
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and H202. It was hoped that the aﬁménia would
neutralise any acids and that the hydrogen peroxide

would oxidize the aluminium iso-propo;ide. Unfortunately
the clay_produced by subsequent hydrothermal reaction of
this gel, produced a poorly crystalline kaolinite, -
M8ssbauer results also showed most of the iron remained

in the Fez+state. It is possible that this method failed
to produce Fe3+ because the iron had already been reduced
by the 51uminium iso-propoxide and that upon hydrolising
the hydrogen peroxide was not effective in oxidizing the
iron before the gel was formed, Previous attempts to
oxidize the iron in the gel had demonstrated the apparent

2+

stablility of Fe in the gel.

Having not established beyond doubt that small traces
of mineral acid might be responsible for the production
of Fe2* an alternative method of preparation of the ferric
salt was attempted by the direct chlorination of the iron.
Fexrric chloride was produced by direct chlorination of 10mg
of irbn in a glass tube heated to about 30060. The ferric
chloride was then dissolved in a small quantity of
distilled water and ammonium benzoate a'qaed to precipitate
the ferric_bqnzoate. The clay was then prepafed as
described previously, Again the clay produced still
contained some iron in- the 2+lstate-though M8ssbauer
results suggested a large reduction in the Fez+/Fe3+ ratio
(Fig. 5.4.) ‘The reason for the failure of this method to
produce only substituted F03+ is not clear. It may well

be that some chlorine gas was held in thé ferric chloride

which foliowing:dissolution in water formed hydrochloric



CCOUNTS

£-03

-4000 -3000. -2000 4000 000D 1000 2000 3000 4000
0380 — ¢ - e 4 + + 0980
ya

RUN NUMBER 45

0340 : 030
s [ '

I, 9

.’ b

%
s
0120 i 4 » — ' i — ' 0180
- %000 -3000 -2000 -1000 0000 1000 2000 3000 4000
©MM PER SEC S

Fig 5.4

-2k -



S T e

- 124 -

acid which in turn later catalised the reducing effect

of the aluminium iso-propoxide,

It is known that in the process of oxidizing
organic matter any carbon found may act as a reducing

agent,

It was considered that this effect may have been
responsible for the reduction of the iron from F93+ to
Fe?* when the gel was fired at 1,000°C. However, if this
were so 1t would not explain why the effect was only
detectable in these samples where the ferric benzoate was

prepared from the metal as opposed to those which were

prepared from commercial ferric nitrate,

In further attempts to reduce the Fe2*/Fe3* ratio
in samples doped with ferric benzoate prepared from iron
metal, the ofganic contaminants wére removed as far as.
possible by rotary évaporation under vacuum instead of

firing the gel at 1,000°C thereby preventing the formation

of carbon and possible reduction of the iron. Unfortunately

the kaolinite. produced on subsequent hydrothermal reaction

contained mostly ferrous ions,

Due to the low concentration of Fe57 in synthetic

. samples doped with natural iron M8ssbauer studies had

been limited to those doped with concentration greater

than 1,5% iron, whereas the doping level in iron - 57

'doped samples had been reduced to about 0,4%. It was

considered therefore that the difference in iron

concentration might possibly.acéount for the different
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iron states being present in samples produced by doping
with ferric benzoate prepared from metallic iron and
from the metal salf. To test this theory a synthetic
kaolinite was doped with 2.4% iron by dissolving the
appropriate amount of iron metal in Aqua Rega and
proceeding as before. The kaolinite gave encouraging

results exhibiting an Fe3+ doublet in its M8ssbauer

‘spectrum, The E,S.R. spectrum contained a well resolved °

g=4 signal and a large broad resonance, It was suspected
that a proportion of.the iron on the surface of the

kaolinite was probably responsible for therbroad resonance,
It now seemed plausible to suggest that the reason for the
difficulties previously encountered in producing an F53+
dopeq kaolinite with ferric benzoate prepared from metallic

iron were due to the low concentration of iron used in

previous methods,

In an attempt to clarify the situation a numbef of
synthetic kaolinites were doped with various amounts of
iron by preparing fgrric benzoate from commercial ferric
nitrate, The resulting kaolinites were subjected to
X-ray diffraction, E.S.R. and MUssbauer studies, The
results tabulated in Fig. 5.5 are rather disappointing.
All the ‘clays were produced under identical conditions

2+/F93+

yet there is a large variation in the Fe ratios,

Furthermore no correlation seems to exist between the
F92+/Fe3+ ratio and iron concentration. No reason for

2+/F93+ ratio could be found,

the variation in the Fe
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Two synthetic iron = 57 doped kaolinites had been
produced one of which contained a majority of F92+ and
the other Fel*, Tt was decided to study the M8ssbauer

properties of these samples in more detail,

5.5 A M8ssbauer study of Fe2* in kaolinite.

To the author's knowledge no definite account has
been made of the existence of Fe2+ substitution in kaolinite.
Mead53 studied a natural kaolinite by M8ssbauer spectroscopy

24+

and suggested the possibility of Fe substitution,

However because of the low Fe2+ concentration and the

presence of mica which is known to exhibit an FeZ'

doublet
only an approximate wvalue of the quadrapole splitting was
obtained which was quoted as approximately 2,25 mm/p.

7 2+

Jefferson’ et al observed Fe signals in some iron stained

kaolinites but these wae found to be partially removed by

acid washing and are therefore attributable to surface iron,

The Mossbauer spectrum of an iron - 57 doped synthefié
kaolinite containing mostly Fe2+ was shown in Fig, 5,.3.
A computer fit of the spectrum gave a single doublet with
an isomer shift of 1,14 mm/s and a quadrapole splitting of
2.53 mm/s. On heating the sample to 400°C for 1 hour

2+ doublet spiit to give

it was found that the single Fe
two doublets with quadrapole splittings of 2,53 mm/s and

1,94 mm/s. Fig. 5.6.

The ratio of the intensities of the two doublets
being about 2: 1, the origimnal 2,53 mm/s doublet remaining

the more intense, Further heating to 700°C changed the
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spectrum little though an increase in the Fe3+ signal was

observed, Washing of the kaolinite with ammonium oxalate
did not affect the spectrum so it was assumed the Fe>'
was substituted in the kaolinite structure, It is most
probable that Fe2+ would substitute trioctahedrally to

maintain charge balance,

2+

The characteristics of the two Fe doublets are

very similar to previously quoted values-for some
trioctahedral biotitgs.8 In such samples the octahedral
layer consists of both cis and trans sites as opposed to
only cis sites in kaolinite, It is generally agﬁreed8

that the larger outer doublet - be assigned to cis siteg

and the inner to a trans site.l In kaolinite the conversion
of ¥ of the sites from cis to trans on heating to pfoduce
the 2: 1 ratio would require the conversion of particular
outer hydroxyls groups to oxygen ions, This is demonstrated
in Pig. 5.7. A similar effect is known to occur iﬁ

9

chamosites,

The average value of the two quadrapole splitting for

Fe2+ in the synthetic kaolinite after heating is 2.23 mm/s

which is very close to the value suggested for Fe2+ in

3 This suggests that in natural

natural samples by Meads,
samples ‘the cis and frans sites may be present before
heating and becguse of poor concentrations of Fez+ ﬁrévious
workers were unable to resolve the two doublets, It is
surprising perhéps that the two doubléts remain after
heating to 700°C for 1 hour, that is after dehydroxylation,

as removal of all hydroxyl groups would give fhree identical
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tetrahedral sites as in metakaolin, A possible explanation
for this anamoly is that the presehce of trioctahedral

2+
)

F may resist the removal of certain hydroxyls.

It may also be possible for the inner doublet.created

3+ in an extremely distorted

by heating to be caused b} Fe
tetrahedral site, However this seems unlikely firstly

because of the extreme distortion necessary to produce

sucﬁ a large quadrapole splitting and seéondly the converéion
of octahedral to tetfahedral sites suggest that dehydroxylation

has occurred, It seems unlikely that one third. of the

sites would be converted at 400°C and no more at'700°C.

5.6 A M8ssbauer study of Fe’' associated with kaolinite.

It 15 likely that F63+ may exist as a contaminant in
hatufal kaolinites in three main forms, As a ferromagnetic
oxide or hydroxide on the surface, as a suber-paramagnétic
oxide or-hydroxide on the surface, or as a substituted_
paramagnetic ion. Ferromagnetic samples exhibit six line
M8ssbauer spectrums and as such are easily discernable,
However complications ayise when trying to distinguish
ﬁetween super-paramagnetic doublets due to small particle
size iron oxides or hydroxides and paramagnetic doublets
due to substitutional iron, Super-paramagnétic states
may be caused by very small particle size, The spin
relaxation time decreases with decreasing particle size
and may prevent spin-spin coupling in an otherwise
ferromagnetic system, Such systems are best studied at

low temperatures. By reducing the temperature sufficiently
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spin relaxation is slowed so as to allow spin-spin coupling

and a six-line spectrum is observed,

Previous reports on M8ssbauer studies of

3.7.8
substitutional Fe2' in kaolinite have all quoted values
for quadrapole splittings between 0.45 and 0,55 mm/é and
isomer shifts of 0,375 mm/s. Fig. 5.4 shows a Mdssbauer_
spectrum of a synthetic kaolinite dqud with iron = 57
mainly in the ferric state, The best fit for a single
F63+ doublet gives a guadrapole splitting of 0,7 mm/s and
an isomer shift of 0.32 mm/s,. The Fe * doped clay was
washed with ammonium oxalate but mno change in the spectrum
was observed, Sevéral synthetic clays doped with natural
iron were also subjected to MBssbauer spectroscopy and
although statistics were poor all exhibited a gquadrapole
splitting of 0,7 mm/s. These were also unaffected by -

ammonium oxalate treatment, No change in the spectra

was observed on heating samples to hOOOC.

A natural kaolinite high in iron was also investigated
and found to exhibit a ferric doublet of splitting 0,5 mm/s.
Treatment of this sample with ammonium oxalate increased

the splitting to 0.6 mm/s.

A number of oxides and hydroxides.of iron have
_quadrépole splittings similar to those reported for
kaolinite.. Tﬁese are listed in Fig. 5,.8. It was
reported in Chapter 3 that many. conflicting reports about
the effectivenesé of treatments for the removal of iron

madé it ver& unclear as to what types of iron such treatments
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will remove, In this work it was found that in samples
exhibiting a six-line spectrum that this was usually
easily removed and hence attributed to ferromagnetic
surface oxides or hydroxides. The splittings of these
magnetic spectra suggested the presence of X’Fezoj'and
FeBOh.

In direct contrast it appeared that ammonium oxalate
treatment had no affect on the 0,7 mm/s doublet in synthetic
samples, Furthermore, the increase in quadrapole splitting.
reported above for the natural sample could be interpreted
as the preferential removal of a 0.5 mm/s doublet leaving
behind a 0.7 mm/s doublet. Indeed the Fe3' signals were

broad and suggested the presence of more than one sife.

Reports by Jefferson7 and Herb:l.llon5 both suggest
that some surface iron may be very difficult to remove.
It is possible that some doublets reported as being due
to substitutional iron may in fact be due to surface iron
which is unaffected by washing. Jefferson7 cleaned the
surf;ce iron.with extensive acid treatment and reported
that in two samples some iron could not be removed. The
values guoted for the gquadrapole splittings of these samples
was 0.52 and 0.55-mm/s. The sample was investigated at a
temperature of 88°% and found not to éxhibit a si;-line
spectrum, These resﬁlts provided further evidence for
substituted as opposéd to surface iron, However the
values gquoted by Jefferson7 éré indic#tive of ¥ Fe,O0H

and much lower temperatures may be needed before this
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hydroxide becomes ferromagnetic.1

In an attempt to reproduce Fe'OOH and Fezb3 on the
surface of a natural kaolinite an undoped synthetic clay
was soaked in ferric nitrate, Ferric hydroxide was
precipitated on the clay surface by the addition of ‘sodium
hydroxide and dr&ing at 105°C. Ferric oxide was
precipitated on the surface by drying the clay in the
nitrate solution at 105°C and then heatiﬁg to 450°C, The
M8ssbauer spectrums‘of both these samples were very similar
to that of synthetic kaolinites having a gquadrapole
splitting of 0,69 mm/s and an isomer shift of 0.37 mm/s.
These values are indicative ofnge-OOH. Treatment with
ammonium oxalate completely removed the iron on the
surface of the undoped clay which casts doubt on the
assignment of the 0,7 mm/s doublet exhibited by iron doped
synthetics, to surface ﬂ Fe OOH as this was not removed
by such treatment, No explanation of the larger férricl
doublet in syntﬁetic kaolinites as compared to natural
samples has yet come to light, So far the only
explanation is that previous reports were in error hafing
not sufficiently cleaned the surface and that the 0,5 mm/s
doublet is attributable to surface iron and the 0,7 mm/s

doublet to substitutional iron.
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CHAPTER 6

6.1 Final summary

Although kaolinite occurs in nature as a relatively
pure minerai it is clear that impufities, especially iron,
have a pronounced effect witﬁ regard to its application |
in various industrial uses, The impurities complicate
studies of nﬁtural kaqlinite. To avoid unwanted‘impuritiés
much of the work éregented in this thesis is conéerned
with synthetic kaolinites. The development and use of
liquid A as a method for preparing doped synthetié samples
has proved extremely convenient, The wvarious parameters
affecting the synthesis of kaolinite have been studied
gnd from this work it is evident that the presence of iron
agd an acid-media are most advaﬁtageous for the production
of synthetic kaolinites with ideal morphology. However
it has also been shown that iron has a detrimental éffebt.

on the brightnesé of the kaolinites,

Previous work in this ‘laboratory had shown that the
g=U4 signal in the ﬁ.S.R. spectrum of a kapLinite‘synthésised
under neutral condi@ions could be attribqted to Fe3+
substitution, In this work samples prepared at low pH
did not éxhibit a g=4 signal and the iron was easily
removed by ammoﬁium oxalate treatment. It seems that _
iron does not readily substitute in the kaolinite structure

under low pH but remains as a surface contaminant. It

is not clear therefore, how in nature kaolinites occur
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with ideal morphology and with substituted iron, For.
the samples grown in the laboratory it might be argued
that iron, being more soluble than alumina or silica in
acid media, remains in solution as the kaolinite
precipitates. When the clay is dried the iron coilects

on the surface of the clay.

Jones1 had previously shown that the g=2 signal in

natural kaolinites could be attributed to a hole

stabilised by substitution of Mgz+ for A13+. He had

2+

sugegested that Fe as well as Mg2+

might replace A13+ but

apparently failed to produce an Fe2+ doped kaolinite,

The work presented here has shown that it is possiblg to
synthesise Fe2' and Feo' doped kaolinites which therefore
permit the interpretation of all the main E.S.R. resonances
in kaolinite-in terms of iron substitution alone or

mixtures of iron and magnesium. Careful examination of

the g=2 signals exhibited by samples doped with Mg2+ or

Eez+;showed no observable difference in their g - values
or lineshapes, Hence it was not possible to interbret

~ the g=2 signal observed in natural samples specifically

to F92+ or Mg2+ substitution. A method to distinguish

between Mgz+'and F82+ substitution in natural samples

was studied by observing the variation in the E;SfR.signals

in heated natural and synthetic samples doped with Fe3+,

2+ 2+ 3+

* and Fe , Mg©" and Fe~” .

Fejl

2+ 2+

The larger ionic radius of Fe compared with Mg

prbvided é'possible difference which might cause variation
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in the ions environment which in turn could possibly =

. be reflected in the observed E,S.R. signals, particularly

as dehydroxylation.approached. Also it was considered
that a defect caused by Fe2+ substitution may be less
thermally stable than one caused by Mg2+ because of the
possibility of oxidation from Fe2+ to F93+. Unfortunately
from the study of the heated samples it was not pbssible.
to distinguish betwéen g=2 signals created by Fe2+ or
M2t substitution,

Comparison of the intensity of the E.S.R. g=2 sigﬁél ‘ B
in an irradiated and annealed Fe2+ doped kaolinite with
the total FeZ+ content estimated from the M8ssbauer spectra
showed that at least 97% of the ferrouS»ions had not
trapped a hole, Increasing the radiation dose beyénd
1 . MRad did not change the iﬂtensity of the g=2 signél.
Even allowing for the possibility of recombinﬁtion of
holes and electrons created by the irradiation it wbuld

seem not unreasonable to suggest that a large number of

2+

the total Fe ions within the structure do not act as

that a foreign ion should act as a pre-centre is that its

valence state should be different from the ion it replaces;

2+

in‘thiS'case Fe for A13+.

A possible explanation of the comparatively high

2+

concentrations of Fe ions not trapping holes is provided

by assuming trioctahedral substitution of Fe2+. Only

those ions which substitute dioctahedfaily poséess the
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‘trioctahedral form, It is therefore proposed that Mg
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required charge inbalance and are capable of producing

the A centres responsible for the g=2 signal,

In addition to the A centres a short study was made
of the hyperfine signals around g=2.0 (B centres) which
are present in natural and synthetic samples, Jones1
had previously attributed these signals to either aluminium
atoms occupying tetrahedral silica sites or an electron in
a hydroxyl vacancy. The results presented in Chapter 4
provide evidence which favour the latter assignment,

The results from M8ssbauer studies presented in Chapter
5 provide conclusive evidence to show that Fe2+ can
substitute in the kaolinite structure most probably in a
7 - 2+
could also substitute trioctahedrally and therefore not

necessarily produce A centres,

Difference in the values of quadrapole splittings of
Fez+ in natural and doped synthetic samples have led to

the ‘suggestion that the substitution of Fe<?

in natural
kaolinites involves the removal of some outer hydrogens
in the'hydroxyl layer producing cells or layers similar

in structure to chamosite,

Combined M8ssbauer and E.S.R, evidence from doped
samples casts considerable doubt on the assignmeﬁt of the
signals by past workers, Also it is shown that the

2+

presence of Fe in samples may account for further errors

in E.S.R. spin density calculations for iron in kaolinite,

e SRR
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3+ jin the M#ssbauer

The signals associated with Fe
spectra were found to be rather broad and were therefore
indicative of more than one site, This may correspond
to the two sites as proposed by Hall® (& = 0.22 andd = 0.33).
It has not been possible to find a satisfactory explanation

3+ .

for the values of quadrapcle splittings of Fe in synthetic

kaolinites which are larger than in natural samples,

6.2 Sugrestions for further work,

Vanadium is an impurity in many natural clays but it
is not clear in what form it is present or what effects it
may have on the properties of kaolinite, There'is some
evidence that vanadium has an advantageous effect on
rheology but this may be due to titanium with which it is
usually found, Work is at present being carried out in
this laboratory on vanadium in both natural and synthetic

kaolinites,

Investigations of super-paramagnetic states in this’
work were severely hampered by lack of cryogenic facilities
for the Mussbéuer spectrometer, An extensive survey_énd
study of surface and substituted iron by MBssbauer
spectroscopy in natural and synthetic kaolinites at variable
temperatures and the effectiveness of surface cleaning
techniqﬁes will most probably provide results whichhlead

to a clearer understanding of iron impurities in kaolinite.

Due to the combined effects of small particle size

and low iron concentration it has not been possible to




identify in detail the optical propérties which affect

the brightness of kaolinite and the extent to which iron
influences the optical properties, In order to establish
a new approach to the pr§blem a photon counting system is
at present being constructed in this department and an
extensive study of the optical properties of various
natural and synthetic kaolinites is planned, In this way
it is hoped to obtain a clearer understanding of the

relative effects the wvarious defects in kaolinite have

on its brightness,




- 143 -

REFERENCES. Chapter 6

1, Jones, J.P.E,, Ph.D, Thesis University of London (1974)

2, Hall, P,L. Ph.,D., Thesis University of London (1973)




-144 -

PUBLISHED PAPERS

SYNTHETIC KAOLINITES - GENERAL Comments.
Presented at Symposium for International Correlation Programme -

Proceedings to be published.

THE SYNTHESIS, MORPHOLOGY AND GENERAL PROPERTIES OF RAOLINITES
SPECIPICALLY DOPED WITH METALLIC TONS AND DEFECTS.GENERATED BY
TRRADIATION. ‘

Proceedings of Internmational Clay Conference Mexico 1975.

SYNTHETIC RAOLINITES DOPED WITE FeZ' and Fe* ToNS.
To be presented at 25th U.S. Clay Min. Conf. Oregan August 1976.

Proceedings to be published in Clays and Clay Minerals.

A MOSSBAUER STUDY OF SYNTHETIC KAOLINITES DOPED WITH > Fe’*,

Praft of paper to bé-submitted'to Clays and Clay Minerals for joint

' publication with previous paper.




Synthetic Kaclinites - General Comments,

B.R., Angel, P.Jones, K. Richards
School of Mathematical Sciences,
Plymouth Polytechnic,

Plymouth, PL4 BaA

Devon,

The main purpose of this paper is to discuss the
possible significance of the availability of doped
synthetic kaolinites and to present a brief summary of
some of the results obtained in this laboratory in
recent months, The majority of the results have been

treated in detail in papers which have been recently

accepted for publication in Clay Minerals,

A broad survey of the methods of production and
utilisation of synthetic materials clearly demonstrated
the importance of the ability to synthesise pure crystal
structures and in particular the advantages of doping
materials with cbntrolled impurity concentrations. For
many materials: the am0unt of doping which may be as small
as 0,01-0,1% impurity concentration can profoundly affect
their physical and chemical properties. To quote two
specific examples where as a result of successful synthesis
and doping, very 1arge industries have evolved which now
form very important lifelines in the economy and proﬂuction'
in world marketé consider semiconductors and synthetic
diamonds, Development of the transistor and integrated

circuit and their wide application in fields such as

communications, medicine, and computers has made a




significant contribution to our cultural and scientific
development in recent years, The successful develoﬁment
of synthetic diamond has not produced simiiar effects but.
now plays an extremely important rolé in the engineering
industry. By suitable doping and control of the growth
conditions it is possible to manipulate the shape and
friability of synthetic diamond to produce a wide variety
of cutting or grinding machanisms for many different types

of hard alloys and ceramics.

In some respects the development since 1959 of the
synthesis technique for diamond might easily parallel those
which we feel may be possible to explore in future synthesis

and doping of kaolinite. It is worth noting for example

.that the development and subsequent production of synthetic

diamond provgd to be a very costly process whilst vast
reserves of natural material were available, | In fact it
is probably true to.say that political instability in somé
of the diamond producing regions of the world influenced

the-ihvestments made for diamond fesearch.

For thersuqcessful synthesis of diamond it was found
for re#sons unknown that the addition-of small amounts of
transition metal impurity to the graphitic reaction mixture
produced a mechanism which allowed thé graphite to
recrystallise more readily as diamdnd. Although the
results we have obtained so far are ﬁot conclusive we suspect -
thaf the growth and morphology of kaolinite might possibly

be inflpencéd in a similar manner by substituted impurities,
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For example consider the electron micrograph 1d of an
undoped synthetic kaolinife which combared with that of

a natural kaolinite in micrograph 1lb shows poor morphology.
For reasons unknown it would appear from preliminary studies
that synthetic kaolinites with ideal morphology as in
micrograph lc are more likely to be produced when the

reaction mixtures are doped with transition metals,

The morphology of kaolinite is very.important in
determining the rheological behaviour of clay elips,
In addition there afe a wide variety of physica; and
chemical properties of kaolinite which are utilised in the
production and application of the mineral and which are
known to be associated with surface and substitutéd
impurities. For example, the cation exchange capacity
ﬁf clay minerals which is widely used in the description
and classification of clays and controls the defloculation
characteristics is influenced to a large exztent by Surfage
impurities, In contrast, substituted impurities are
known to influence both the optical and magnetic'properties
of kaolinite, In ﬁany samples of kaolinite the whiteness
or brightness would appear to be determined in part by
impurities but the exact nature of the optic;l absorption
processes are not fully understood, The magnetic
susceptibility of clay particles which clearly plays a
vital role in Ehe processing of clay minerals by magnetic

separation is influenced by the substitution of iron atoms

in the lattice.
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Numerous publications illustrate the extent to which
natural kaolinites have been studied in order to undefstand
. more fully their physical and chemical properties, However

in general for naturally occurring kaolinites it often
proves to be extremely difficult to monitor any possible
effects of substituted impurities on cation exchange
capacity,'optical properties or magnetic susceptibility
due to the fact that samples often contain a maltiplicity
of tracé chemical impurities as well as additional mineral
species, Consequently, the accurate assignment of a
single impurity to a particular physical or chemical

characteristic is not possible,

i

|

l‘ it might be argued that a true synthesis of kaolinite

| is not recognisable unless a system is manufactured which
resembles the natural product in every-sense and would
therefore contain mgltiple impurities, Clearly,
synthesised systems of this type would not be useful for

research purposes,

'In our recent work we have synthesised relatively
pure kaolinites, In addition we have synthesised
kaolinites with known substituted impurities, The
impurities we have chosen to investigate are those which
substitute in the kaolinite in a paramﬁgnetic form or
alternatively can be made paramagnetic by irradiafion.‘
The main reason for considering parﬁmagnetic impurities
is 5y virtue of the fact that fhey are detectable by the
technique of Electron Spin Resonance (E.S.R.) E.S.R, is

a phenomena with which it is poﬁsible to detect very small
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el
concentrations (1 in 101") of most types of atomic or
molecular configurations which contain unpaired electrons

and are paramagnetic,

Fig. 2a illustrates a typical E.S.R. spectrum of a
natural kaolinitg which we discussed in some detail with
a possible interpretation at the International Clay
Conference in Madrid in 1972, At that time natural
samples were the only type available and we tentatively
suggested that resonance lines at‘g=h0 were possibly due
to the different types of iron substitution in kaolinite
in the tetrahedral layer and lines at g=2,0 migh£ be due
either to iron in octahedral’sltes'or possibly due to

defect centres.

'Dehyqration of the kaolinite at temperatures up to
~550°C produces very profound effects on the E,S.R. signals
(fig. 2b) and in fact very noticeable changes occur in the
signals befoxre any change in crystallinity can be
detected by X-ray diffraction. It is clear therefore
that for the f.S.R.'technique valuable information is
obtainable provided that the type of impurity responsible
for the signals can be identified, It was to this end
that our recent work was directed,. In Figs. 3a - f and
ba - b £he E.S.R. results obtained from synthetic clays

doped with known impurities are summarised,

Comparison. of the spectra show that it is possible
to reproduce the E,5.R. signals of natural kacolinite in

suitably doped synthetic kaolinites and thereby draw‘more>
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precise conclusions than was previoﬁsiy rossible, Ve
have shown from preliminary work that resonance lineg at
g=W0 in natural kaolinites can be attributed to Fel*
substitution (c.f. figs ba and kc) and lines at g=2.0
can be attributed to a defect centre stabilised by the
substitution of Mg2+ (c.f. figs ba and ur), Detailed
discussion of these effects are presented in papers

recently accepted for publication in Clay Minerals.

As far as the authors are aware there are no previous
reports of synthesis and combined doping of kaolinite.
We have made a preliminary study of doped material using
only E,S.R. It is felt that the wide variety of
techniques now available for the study of clay minerals
Eould be utilised to a greater extent than was previously
possible by using doped synthetic kaolinite in order to

gain a clearer understanding of the properties of this

mineral,
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THE SYNTHESIS, MORPHOLOGY, AND GENERAL

PROPERTIES OF KAOLINITES SPECIFICALLY

DOPED WITH METALLIC IONS, AND DEFECTS
GENERATED BY IRRADIATION,

By B.R. Angel, K. Richards and J.P.E.Jones.

Department of Mathematical Sciences,
Plymouth Polytechnic,

Plymouth,

Devon, '

. England,



ABSTRACT

Methods of synthesis and controlled doping Bf
kaolinites with the aid of a unique method of gel

preparation are described,

A summary of comparative electron spin resonance (E.S.R)
measurements, X-ray diffraction and electron microscopical
data of natural and purposely doped synthetic kaolinites
demonstrate the ungquestionable substitution of known tfﬁes
of metallic ions and defects into the lattices of highly
crystalline synthetic crystals with ideal morphology.
Parameters which are thought possibgf to influence the:
morphology of synthetic kaolins are reported, General
trends observed experimentally are illustrated for varying
pH vaiues of reaction mixture and dopant levels, The
paper is concluded with a description of various experiﬁental
investigations which have materialised due to the availability

of high quality doped synthetic kaolinites,

INTRODUCTION,

In 1972 at the conference in Madrid a paper was
presented by workers from this laboratory which suggested
a possible interpretation of E,S,R. signals commonly found
in natural kaolins, . As in many past experimental investigafiohs
of mnatural kaolin it was difficult at the time tordraw
definite conclusions bedause the results were complicated
and influenced by a-multiplicity of trace impurities, defects
and_additionai mineral species. Considerable progress,

in the understanding of the observed physical phenomena,
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has been achieved since 1972 by syntﬁésising pure and

doped high quality kaolinites. The production of |
kaolinites with various known substituted dopants as well
as providing a sound foundation for E.S,R. studies can

also be used in a wide range of experimental investigafiona.
Wo report in this paper the development of methods of
synthesis and doping and some of the applications of the

doped kaolinites in the continued study of this mineral,

Development of methods of synthesis and doping of kaolinite,

Although a vast amount of literature dating from
approximately 1887 is available which descfibes wide ranges
of experiments assoéiated with the synthesis of kaolinite,
as far as the authors are aware ﬂo reports exist which refer
to methods of doping synthetic kaolinites, The references
listed represent a very small fraction of the total papers
available oﬁ kaolin synthésis and are gquoted to provide

typical examples of past work., The methods of synthesis

employed in the past can be broadlay classified into three

main categories, These are basic hydrothermal alteration

of an alumino-silicate'gel or glass at temperatures up to

‘hOOOC, the direct hydrothermal alteration of minerals

(particulérly feldspars) at elevated temperatures and the

" formation of kaolinite at low temperatures,

It is known (Biggar and O'Hara 1969) that in hydrothermal -

"reactions the nature and pretreatment of the starting materials

can affect the phase finally formed, In this work a number

of différént previously attempted techmiques of synthesis
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were reinvestigated for preparing controlled doping of
synthetic kaolinite which included.synthesis férm albite,
montmorillonite, silico alumina gels and mixtures of pre-
gibbsitic gels, gibbsite and silica, For those téchniques
which involved the use of naturally occurring minerails it
was found in gemeral that subst;tuted impurities were
detectable in the starting materials and it was not possible
therefore, to control the doping processés satisfactorily.-
Considerable emphasis was plabed on the development of doped
silico-alumina gels through which it was possible to achievé

greater purity in starting materials and controlled doping,

Initially, gels were prepared by the cohydrolysis of
tetrachyl silicate and aluminium isopropoxide. The
aluminium is;propoxide was addeq to the water at a slower
rate compared with the tetracthyl silicate gnd continuous
stirring was applied for approximately 24 hours, The gels
were recovered as powders by removing excess water in a
rotary evaporatoé and drying at 110°¢ prior to hydrothermal
reaction of typically 0,5g of gql with 3ml of water,

Although the method excluded ionic impurities it was dificult
to determine the degree of mixing of the silica and alumina,
It was likely that poor yields of kaolinite with high
proportions of boehmite were sometimes formed by the aluminium
isopropoxide hydrolyzing sufficiently rapidly to remain in

the gel as a separate alumina  phase. Aluminium isopropoxide
varies 4dn its rate of hydrolysis because it behaves in some

instances as a viscous supercooled 1liquid, which, not

having crystallised fully hydrolyses more rapidly than usual;




We found that when the aluminium isdpfopoxide was well
crystallised and solid the reacted gels produced impréved
quality kaolinites with no:. traces of boehmite, In view
of the unpredictable behaviour of aluminium isopropoxide -
redistillation followed by solidification in a dessicater
for at least one week was carried out before it was used
and in addition a variety of temperatures for synthesis
were utilised in attempts to produce consistent results.,
In gene;al, it was found that no rigid control of the nature
of the final product was possible although on average
excellent yields of kaolinite were obtainable by using

freshly.prepared aluminium isopropoxide,

FQr ions which are stable in neutral solutions doping
6f the gel can Se achieved by adding the relevant soluble
salt as the mixture is hydrolising. However, Fe3* which
is known to substitute in natural clays and is of particular
interest1'16'l7 is extremely insoluble under neutral
conditions18 ahd'only becomes soluble if the pH is 1éss

than'1.5. Attempts to introduce Fe-*

into synthetic
kaolinite by hydrothe:mally reacting gels in the presence
of Fezd3 were unsuccessful, The gradual aaditign of small

amounts of Fel 6H20,during hydrolysis of a gel resulted

3°
oniy in the subsequent production of‘é'poprly crystalline
kaolinite with a single E,S,R, line at g=4,0, It was
found howevgr, that when the ferric chloride was added as
a single lump half way through the hydrolysis the reacted
gel produced a higher quality kaolinite with a 3 line
E.S;R, specfrum at g=4,0 very similar to that observed in

natural samples of kaolinite, It is probable that F93+
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ions remained in solution in the vicinity of the ferric
chloride long enough to become bound in the gel during its

hydrolysis,

A number of gels were doped with iron by using Ferric
ethoxide, a metal alkoxide, as are tetraethyl silicate and
aluminium ixopropoxide or liquid tetraethyl silicate
separately prior to cohydrolysis. However, it was found
that aluminium isopropoxide hydrolysed more rapidly when
doped with ferric ethoxide thereby producing greater phase
separation and resuited in the production of poor kaolinites
together with boehmite, Results oﬁtained from the doped
tetraethyl silicate were slightly better but precise
reproduction of signals observed from natural kaolinites
were_difficult to obtain and were often not reproducible,
After attemptiq;many.combinations of the techniques just
described a method of gel production and dopingrwas
established which as far as the authors are aware is quite

unique and is proving to be of great value in our work,

Gel production and doping with liquid A

By adding an appropriate amount of tetraethyl siiicate
to hot liquid aluminium isoprOpokide a clear iiquid forms
which remains liquid at room temperature, It is known19
that metal alkoxides.uasily exchange their alcohol ‘groups
and in the mixture formed it was assumed that such an
exchange had taken place, The liquid formed will be
referred to as liquid A. The hydrolfsis of liquid A occurs
fairly rapidly and if left in an open container absorbs
water from the air and slowly hydrolyses withlthe gel

pfecipitating as a white powder,




The addition of isopropal alcohol to ligquid A in an open
vessel prevents precipitation and the liquid eventually

sets to form a clear solid gel.

Doping with F33+ can be achieved either by adding

ferric ethoxide to freshly prepared liquid A more

conveniently and equally as effective by adding ferric
benzoate dissolved in dimethyl formamide, (D.,M,F,) Ferxrric
benzoate is much easier to prepare and does not hydrolise
as rapidly as ferric ethoxide, The production of a clear
silico~alumina gel from liquid A doped with ferric benzoate
makes it possible to wvisually check the homogeneity of the
gel and ensure that-the F93+ ions are uniformly distributed
throughout the mixture. VWhen the liquid A isoproponal
mixture ages slowly in air it becomes progressively more
viscous and if at some point immediately prior to gelling
a mixture of water and ethanol is added no precipitation
occurs, Thus, for water soluble ions doping of the gel
can be readily achieved and ét the same time the rate of
gellétion can_be increased, Doping of kaolinites with
magnesium can be-achieved simply by dissolving a soluble

salt in water and adding the solution to liquid A.

The ﬁsual method adopted in the past by other workers,
 for producing comparaple clear silico-alumina gels has

been to mix solutions of sodium silicate and sodium
aluminate and neutralise with acid. This technique suffers
-the disadvantage of contamination of the gel by sodium

ions and anions from the acid which even aftér washing

remain in the gel at relatively high concentrations,




It has been suggestedzo that impurity ions of this type
inhibit the synthesis of kaolinite. By using -liquid A
contamination does not occur and after drying the gels

further heating at temperatures up to ‘1000o

C can be used
to remove any drganic matter, Using liquid A we are able
to produce abundant well crystallised kaolinites and it is

possible to dope under controlled conditions. In general

results are easily reproducible,

In view of our particular interest in E.S.R. bﬁénomena
in kaolinites the buik of our work has so far coqcerned
itself with the reproduction of signals in synthetic
samples which are common to natural samples, The results
obtained to date are conveniently demonstrated by referring
to the E.S.R. spectra A-F in Fig 1. Comparison of the
E.S.R. spectra of natural and selectively doped samples
demonstrate how it‘is possible to unequivocally assign-.
signals to séecific types of paramagnetic centre in a more
precise manner than was possible previously, For example,
in 1972 using only natural samples we were only able to
speculate on possiblé mechanisms being responsible for the
two groups of main signals which are centred at g-values
2,0 and 4.0, Spectrum C demonstrates the unquestionable

Fe3+ ions substituting

assignment of signals at g=4,0 to
in the lattice with no effects observable at g=2,0. . In
contrast, signais at g=2,0 with no signals at g=4.0 have
been obtained from samples doped with magnesium followed

by irradiation and annealing (Spectrum E), A detailed

discussion of the way in which we have been able to assign
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the signals to particular types of crystal lattice sites

16, 17 -

is given in papers recently published It is

‘interesting to note that at the time of publication of

the papers-quoted above we were unable to reproduce bofh
groups of signals simultaneously at g=2,0 and g=4,0 in;;
synthetic kaolinite. We found that although it was
possible to reproduce signals at g=2,0 bf doping with
magnesium chloride (followed by irradiation and annealing)
the combined addition of magnesium chloride and ferrio
benzoate failed to produce any crystalline phase in
subsequent reactions. At the time of writing this paper
we have reproduced both groupsrof signals by ﬁsing magne sium
nitrate and ferric benzoate as dopants (Spectrum F) and

it will now be possible to study in more detail the effect

of dehydroxylation on the E,S.R. signals in kaolinite,

Morphology of synthetic kaolinites.

Although there have been numerous reports of the
successful synthesis of kaolinite, in general the bas;s of
idenfification of the products has been almost exclﬁs?vely
by X-ray diff;action and frequently the morphology of the
Iproducts haé not resembled natural kaolinites, We hove,
found that the poséible numbor of variable pafametersA
encountered in synthesis and combined doping exper1monts
which possibly influence the nature and morphology of the
~final product can include <

(i) The nature and composition of the starting materials

of gel productioﬁ.

(ii) The tomperafure and time of reaction,

(41i) The pH of the reaction mixture,.

(iv) The concentration and type of dopant.,
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(v) Possible contamination from reaction vessels -
depending on the experimentalitechniques used,

(vi) The pressure of reaction which is known?° to

1nf1uence the solubility of the reaction products‘
and which may be determined by the s.v.p. at the
temperature of-reaction or_which may be controlled_
externally with the aid of more sophisticated

types of apparatus,

(vii) Cycles of cooling and reheating during synthesis,
Also, it‘is poésiblg that some of the parameters

quoted above might be interrelated, for example the dopant
could affect the pH. Assuming minimum interrelation it
is clear that a very large number of experiments would have
to be completed in order to sﬁrvey‘the influgnée of all
variables l=-vii, To date we have synthesised approximately
500 kaolinites without being agle to control factors (v)
and (vi) for reasons discussed in detail in the pépers

recently published.16'17'

We make no rigid claims therefore,
as to factors which produce definite types of morpholdéy

but report here some general trends and observations which
ve. feel will-ﬁn of interest. The features to be ‘discussed
are illustrated in electron ﬁiérographs A = F of synthétic
kadiins which were grown from liquid A. "In genefal'it has
been found . that with no dopants involved acid conditions
with pH values betﬁeen 2,0 and 6,0 favour the growth of -
highly crystalline kaolins with hexagonal morphology. The
particles fend to be thinner than most natural samples and

particle size is usually less than 0,5 microns, It is

also perhaps surprising that regardless of the value of pH _
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A Natural kaolinite

B  Undoped synthetic kaolinite

¢ 0.0.5% Fe3+ doped synthecric kaolinite

D 0.1%2 Fe3+ doped synthetic kaolinite

E Mg doped synthetic kaolinite

F  Undoped synthetic kaolinite produced by slowly cooling
reaction products.
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the initial reaction mixtures the sﬁift in .pH always tends
towards more normal wvalues. For an initial pH value of
12,0 after reaction the pH drops to values between 8,0 and
10.0 and a highly crystalline kaolinite is still produced
but with very poor morphology. Similarlresults are
obtained from samples grown with normal solutions for

which the pH value does not change,

The péin trend in samples grown from ferric doped
liquid A is to produce kaolinites with improved morphology
under acid conditions, Ferric doped gels with high pH
values have not been investigated. The variation of
concentration of iron dopant for a fixed pH starting value
produces noticeable changes in crystallinity and morphology, .
Small concentrations of irona.0,05% decreases crystallinity
but with higher concentrations ~0.,5- 1,0% crystallinity
increases and the aspect ratio changes considerably,
(Micrographs C & D). For magnesium doped kaolinites the
moatznoticeabie‘feature regardless of the pH value of
reacfion is the tendency of formation of very small particles
but again acid conditions produce better morphology (Micrograph
E). Increasing the level of magnesiuﬁ doping above 0.5%

prevents the formation of kaolinite,

" As well as the general observatiéns mentiqne@ above
a number of interestiﬁg.phenomena have been observed whiéh
it is hoped will be investigated in more detail in the
future. M;crograph F demonstfates the effeét of allowing

reaction products to cooll slowly from 280°C  to room




- 14 -

temperature over a period of 3 or 4 days by gradually
reducing the temperature of the furnace, The folding
or curling of the barticles is very evident and does not

occur when a similar gel is cooled over the same temperature

range in a period of 3 to 4 hours,

To date no duantitative measurements with regard to
optical properties in the visible region have been made on
our synthetic kaolinites, However, it is very noticeable
that many of the synthetic Kaolinites vary in their apparent
whiteness. It is perhaps surprising to find that some ‘
undoped kaolinites with high crystallinity and ideal
morphology appear very dark compared with similar samples
which contain concentrations of substituted iron as high
as 1,0%. We suspect that a possible explanation of the
;ynthesiséd products from the P,T.F.E, liners which havg
been used in the reaction vessels, It is hoped that in
the near future the synthetic clays will be ahalysed for

possible organic contamination and.larger tuttle bombs with

‘platinum lines are being constructed which will also

possibly provide sufficiently large samples for rheological

-measurements. In addition, an experimental rig has been

constructed which will produce small samples of synthetic
kaolinites in platinum ampules under externally controled

pressures,

The development of liquid A and process of doping

clays with F93+ has provided the faciiity of being able to
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synthesise a kaolinite doped with enriched Fe?’/.  Past
"experimental studies of substituted ifon in natural -
‘kaolinite using M8ssbauer spectroscopy which depends on
the existence of the iron.57 isoﬁope have been limited
to some extent because of poor statistice involved- in
ﬂthe detection process, Iron 57 is 2,2454% naturally

abundant and consequently natural clays with typically

0.3% total iron contain of the order of 0,006% Fed?,

At this stage our results from M8ssbauer studies
of the Fe57 doped samples before and after dehydroxylation

are not sufficiently refined to warrant detailed discussion,

The same may be said for preliminary studies which
have been made onlthe magnetic susceptibility of syntﬁetic
kaolins doped with iron and the possible influence of
substituted wvanadium on the physical and chemical pfoperties

of kaolinite,

We conclude from the small number of results so far
obta;ned that the continued development of synthesis. of
kaolinites with known substituted impurities willdirovide
véluable information to elucidate unknown factors which
would appear to influence the behavioufal characteristics
of this mineral ana prov;des sufficient incentive to

" continue this approach in future work,
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Abstract

Previous studies by Electron Spin Resonance (E.S5.R.) have established the
substitution of Fe3+ and Mg2+ in the kaolinite structure. It is shown that Fe2+
can substitute in kaolinite and stabilise defects which are detectable by E.S.R.
in a manner identical to Mg2+. The development of methods of preparing a
synthetic kaclinite doped with Fe2+ is described in detail. It is shown that the
main E.S.R. signals, which occur at g = 4.0 and' g = 2.0 in natural kaolinites and
which previously have been interpreted in terms of iron and magnesium, can be
attributed to iron alone.

Introduction

The general E.S.R. characteristics of naturally occurring kaolinites were
first examined in this laboratory in 1968 and a survey of a large number of
samples established, without exception, the existence of fairly intense signals1
The E.S.R. spectra usually contained two wmain groups of resonance lines centred
at about g = 2.0 and g = 4.0 respectively (Fig. 1). Howéver, some samples
exhibited only one of the main groups of resonances either at g = 2.0 or at
g = 4.0. On this basis it seemed reasonable to suggest that the paramagnetic
species responsible for the two groups of signals were not necessarily
related or connected in any way and could exist as separate entities.

A series of experiments was carried out to establish that the E.S.R. signals
associated with kaolinite could be attributed to. impurities substituted within

the crystal structure and not to mineralogical impurities or surface



Fig 1
ESR spectrum of a typical

natural kaolinite, 0=-0.6T



confaminants.2 Fsr thé-;ignal at g = 2.0 it was clear that, with the exception
of ball clays which contain relatively high concentrations of organic matter,
there was no measurable contribution to the signal from the organic fraction.3
This being so, it seemed feasible to seek the source of the resonances from
comparison of the chemical analysis of natural samples with the known
structure of kaolinite and the results indicated that iron was most probably
responsible. It is well known that glasses doped with iron produce intense
resonance signals at g = lo.O4 similar-to those found in kaolinites. In fact,
it has been established that the g = 4.0 resonance in kaolinite can be
assignéd to iron substituted in the scructure.5’6 However, the signals at

g = 2.0 are less easily attributed to iron.

The g = 2.0 Resonance

The resonance at g = 2.0 is stable at temperatures up to about 400°C.
The collapse of the signal on dehydroxylation suggests that the paramagnetic
species is more closely associated with the octahedral layer than the tetra-
hedral layer, which is virtually unchanged by dehydroxylation.7 Furthermore,
it is found that intercalation of kaolinite with dimethy15u1phoxide6 leaves
the g = 2.0 signal unaffected, which indicates that the signal is not due to
an interlayer defect.

The spin relaxation time of Fe2+ is extremely short8 and liquid helium
temperature; are required to detect it directly by E.S.R. Hence it would seem
unlikely that Fe2+ could be responsible for a signal at g = 2.0 at room
temperature. It is also difficult to attribute this resonance to Fe3+ sub-
stitution. The five unpaired electrons associated with the free ferric ion,
either through spin orbit coupling or interaction of surrounding ligands or
both, can be shown to stabilise in a number of different ways, depending on
the relative strengths of the interactions and the geometry of the crystal
field. It has been found that at room temperature either groups of lines at

g = 4.0 are observed or at least five lines at g = 2.0.8 However, in



kaolinite only two lines are present aﬁ é = 2.0,_wﬁich is indicative of a
paramagnetic system with an effective spin § = 4 -and in axial symmetry.
Therefore, it is difficult to see how such a resonance ;ould be produced
directly by iron.

A considerable volume of literature is‘available deséribing the various

9,10,11,12

defects which have been identified in minerals. In particular,

it has been suggested that the production of a stable paramagnetic centre

(such as that which might account for the g = 2.0 signal in kaolinite)

"pre-centre', which, when

9,10

usually requires the presence of some sort of
irradiated, subsequently traps a hole or an electron. The pre-centre
often takes the form of a foreign ion substituting within the crystal
structure and requiring charge compensation. For kaolinite it was proposed
that divalent magnesium or iron substituting for trivalent aluminium might
provide the necessary pre-centre for the production of a stable defect.
To test this hypothesis kaolinites doped with magnesium were
synthesised. These samples did not exhibit E.S.R. signals, but when
irradiated by X-rays with a dose of the order of 1 MRad a fairly intense
broad resonance-around g = 2.0 with 5 positive g-shift was observed.
By annealing the samples at 200°C for two hours the majority of the resonance
disappeared to leave a signal at.g = 2.0 identical to that observed in nafural
kaolinites.s’
Theéé results suggested t:hat'Fez+ might be able to pérform the same function
as Mg2+. Hence, it now seemed possible that both groups of resonances at
g = 4.0 and at g = 2.0 might be caused bf iron impuri-ties. Clearly, ‘evidence
for Fe2+ producing the g = 2.0 signal in kablinite'could be obtained from a
synthetic sample which was known to contain a reasonable amount of sub-
stituted ferrous iron.
In order that Fe2+‘cou1d be detected directly in kaolinite samples,

"
Mossbauer spectroscopy was considered as an alternative to E.S.R. The

1t

Mossbauer technique has the advantage that both Fe2+ and Fe3+ can be




detected and easily distinguished at room temperétures.- The main

disadvantage of this method is that only the 57Fe isotope, which is 2.245%

abundant, is detectable. A typical clay, which might contain hp to 27 total

ir;n impurity, will contain a relatively small amount of 57Fe and con-

sequently the statistics of results obtained from past studies on natural

clays have placed restraint on their intérpretation. Therefore, it was B

decided to attempt the synthesis of a kaolinite doped with iron-57.

Al though from previous work it was thought that the iron would substitute

predominantly as Fe3+, it was anticipated that sufficient‘Fe2+ would also
"

be present to provide a kaolinite suitable for detailed Mossbauer studies.

Synthesis of 57Fe — Doped Kaolinite

In order toc dope a kaolinite with 57Fe a number of practical difficult-
ies arise. In previous experiments the method of doping with iron was to
utilise commercially-available ferric chloride,'from which ferric benzoate
was preparédJ13 This was dissolved in dimethylformamidé and could be added
to the mixture of aluminium isﬁproproxide and tetraethylsilicate prior to
hydrolysis. Reaction of the gels so formed produced Fe3+ doped kaolinite
with resonances at g = 4.0. ' _ T

To repeat thé process in an identical manner with 57Fe is more difgicult.
Firstly, it should be noted that 57Fe is very expensive (approximaéely £106/
kilo) and so only small amounts could be used. Secondly 57Fe is available =l
only in the form of metallic filings or chips. Therefore a method had to be
devised to produce ferric benzoate from a few milligrams of metallic iron.

Initially, a method was established using natural iron. The iron was
dissolved in concentrated hydrochloric acid and then oxidised by the
addition of a small quantity of nitric acid. The pH of the solution

was raised to about five with sodium acetate before adding ammonium
benzoate solution. The precipitate of ferric benzoate formed was filtered,

washed with sodium acetate solution and distilled water, and dried at SOOC.




+ . .. ) ,
Al though the E.S.R. spectra of Fe3 in the kaolinites produced were fairly
weak compared with those of kaolinites produced from commercially-available

ferric chloride, the technique was sufficiently refined to initiate experiments
with 57Fe. Accordingly, a sample of kaclinite was grown and doped with 57Fe.

Most surprisingly the MBsshauer spectrum (Fig 2) showed that the iron was sub-

. . . . 2+ . P
stituted in the kaolinite structuve as Fe with very little indication of

Fe3+' Although a fairly weak g = 4.0 resonance could be identified in the

sample by E.S.R. it should be noted that the E.S.R. technique is probably’at
least an order of mageitude more sensitive than M;ssbauer spectroscopy.

It seemed, therefore, that during the course of the preparation of the
5-,Fe—dc»ped kaolinite the iron had been reduced to the ferrous state. In an . -
atteﬁpt to ensure complete oxidation of the iron in the gel prior to hydre—
thermal reaction to form kaolinite, some of the 57Fe-doped gel was heated in
oxygen to 1400°C. ﬁowever, it was found thae the kaolinite eroduEed still
contained an abundance of Fe2+ with very little Fe3+.

An intriguing situation presented itself. The E.S.R. signals at g = 4.6
and g = 2.0 in kaolinites had so far been attributed to Fe3+‘and a defect
stabilised by Mg2+ respectively. Now a sample had been produced which from
the M;ssbauer study was known to conmtain iron, predominantly in the ferrous
state. This kaolinite was therefore irradiated and annealed in a manner
identical to that which had been used previously for samples doped with Mg2+.
It was found to exhibit a g = 2.0 resonance identical to that observed in.
natural kaolinites. Hence, a synthetic kaolinite had been produced doped
only with iron, but exhibiting both the g = 2.0 and the g = 4.0 signals
present in natural samples. It must be emphasised, however, that for tﬁe
g = 2.0 signal substituted Fe2+ does not in itself produce the signal, but
acts as a centre for the paramagnetic defect which is produced on irradiat-
ion.

The availability of an 57FeZ+—doped kaolinite has provided a facility‘

n
whereby the Mossbauer spectrum of F32+ in natural clays has been
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interpreted in more detail. The results of this study are presented in a

separate’paper.
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.minerals has been studied fairly extehsiﬁely by previous workers

A MYssbauer Study of Synthetié Kaolinites Doped with 57pe2*

A. H. Cuttler, B. R. Angei, K. S. Richards, W. E. J. Vincent
Department of Mathematical Sciences, Plymouth Polytechnic, Plymouth, Devon, England.

Draft paper to be suhmitted to €lays and Clav Minerals for joint publicatioﬁ with
previous paper.
Abstract

An 57Fe2+ doped synthetic kaolinite has been studied by Mgssbauer Spectroscopy;
By thermai treatment of this kaolinite and comparison with trioctahedral biotite it
is proposgd that Fe2+ substitutes trioctéhedrally, as expected by consideration of
chérge balance. Furthermore, it is proposed that this substitution may in some
cases, involve alteration of the hydroxyl layer to form two distinct trioctahedrgl

sites,

Introduction -
The existence in natural kaolinites of a multiplicity of trace impurities tends
to complicate the interpretation of experimental results. Work in this laboratory

has been directed towards the synthesis of pure and selectively doped kaolinites.
: - 1,23 , ' _
For example, Angel et al have shown that only synthetic kaolinites doped with

2+

Fe3+ ions and defects stabilised by Mg~ or Fez+ substitution can reproduce the
main E.S.R. signals which are common to the majority of natural kaolinites.

The ability of Fe2+ as well as MgZ+ to stabilise irradiation induced defects

was established by combined E.S.R, and Mossbauer studies of an 37Fe2+

doped

kaolinite. The natucre of substituted iron in natural kaolinites and other
4,5,6,7

using Mossbauer techniques. A summary of available data is presented in Table I,

. . . e . 2+
The values of the isomer shifts and quadrapole splittings obtained for Fe™ and
. 3+ . . - . . . .
Fe3 are imprecise due to the low concentration of substituted iron in natural
kaolinite.

The reported linewidths are approximately twice the value of those for

iron . . , . . . . .

naturatior ferric oxide with sufficiently large particle size to produce magnetic

splitting. The poor statistics normally encountered when studying iron in

natural kaolinite have been considerably improved in this work by producing



# T mmys A mmfs T mmfs A mm/s
| Dioctahedral _ 0.36 0.48
Kaolinite 1:1 -
Trioctahedral 1.14 2.57 0.38 0.78
Chamosite 1:1
Dioctahedral 2.98
Muscovite 21 2.21 | 937 0.75
Trioctahedral 1.13 2.46 0.45 0.70
Biotite 2

TABLE 1
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Pe doped kaolinites,

Experimental Apparatus and Techniques

"
The Mossbauer drive system used in this work was similar to that described by

Clark et al . The stability was checked periodié¢ally using an iron foil
standard. Over a period of a year the reproducibility on setting the drive
amplitude has been better than 0.3Z . The source was 57Co in Pd and all data
is quoted relative cé iron foil, Tﬁe drive frequency was derived from a quartz
crystal in the multichannel analyser.

Samples were powdered and mounted between two sheets of sellotape. The-
sample thickness was about 1 mm for natural iron samples and 0.1 mm for samples
containing eariched iron.

Experimental Results

113 .
The Mossbauer spectra of a synthetic kaolinite doped with 90% 57Fe2+

before and after heating at 400°C for 30 minutes are given in Figs. la and 1b.

Fig. lc shows the effect of further heating to 700°c. A synthetic kaolinite doped

‘ 57F 3+

e as well as 57Fe2+

with
7" -
Mossbauer spectrum as in Fig. 2a. The spectrum of the same sample after treatment

and contaminated slightly with Fezo3 produces a

with ammonium oxalate in order to remove the F2203 is given in Fig. 2b. The

spectrum in Fig. 3 was obtained from a synthetic kaolinite doped with normal

iron and is very similar to those obtainred from natural samples. This sample
contains mainly Fe3+ and .a weak Fe2+ doublet which is not clearly definéd due to

poor statistics. For comparison, spectra obtained from a mica piotite) containing

ferrous ions are given in Figs 4a and 4b. The mica was heated under
the samez conditions as the kaolinite which produced the specérum in

Fig., 1b.

Discussion

Comparison of Figs. 1 and 4 shous that separate and distinct changes occur

. " 2+ .- . . . .
in the Mossbauer spectra of Fe in kaolinite but not in the mica when heatel

under identical conditions. In contract to the mica, the kaolinite
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Fig 3

Méssbauer spectrum of o synthetic kaolinite doped

with natural iron.
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Fez+ doublet at room temperaturelgpli;s to give two clearly resolvable Fe2+
doublets after heating at 400°¢ fof 30 minutes. There is no evidence of
oxidation before further heating at 700°C. Although ;here also appears to be
no evidencé of oxidatién in the mica when heated to 40606 for 30 minutes
(Fig. 4a and 4b), Hogg et al 9 ﬁaye shown tﬁat oxidation of F92+ occurs in
some biotites when heated to 60006 for 12 hours or more. The possibility
that similar effects might occur in kaolinite is being studied in this
laboratory.

2

The pfoduction of two clearly resolved Fe * doublets from the synthetic

kaolinite heated to 40006 suggeété tﬁat two distinct sites for Fe2+‘afe.'
created. This behaviour is in direct contrast to the effects observable by
E.S.R. for Fe3+ substitution in a kaoiinite. Tﬁe effect on the room
temperature E.S.R. spectrum at g = 4 is to transform the composite spectrum
to an isotropic lime. Tﬁe eféect has been interpreteéoin terms of.Fe3
occupying two distinct sites prior to heating which are transformed to a
single identical site. For Fe2+ it would éppear that one site is trans-—
formed into two.
The value obtained for tﬁe quadrapole splitting of the Fe2+ doublet in
the synthetic kaolinite prior to hedting is greater than the value published
previously by Malden and Meads 4 fgr a natural kaolinite but the limewidths
are narrower. A value of quadrapole splitting similar to that obtained by
Malden and Meads may be found féom the average of the quadrapole splittings
of the two Fe2+ doublets in the heated synthetic sample. It would seem feasible
to suggest, ‘therefore, that Malden and Meads may have failed to resolve two Fez+
doublets in natural samples. The lack of resolution is due to the gombined
effects of the low concéntratidn of iren and overlap in the spectra from Fe3+
doublets. (Fig. 3}
The following model and mechanisms are suggested as a possible explan-
ation for the splitting of the-Fe2+ doublet in the syathetic anlinite.
Comparison of the structure of mica and kaolinite show that for ions such

as Fe2+, FeJ+ and A13+ which are held in six—-fold co-ordination within the

octahedral layer, the surrounding ligands have slightly different configurations.
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In micas the ligands comprise four oxygens and hydroxyl groups with cations

in either cis or trans sites. For kaolinites only cis sites are present
formed by two oxygens and four hydroxy¥ groups.

It ;s proposed that the synthetic kaolinite contains trioctahedral
unics, in the oétahedral layer, in which three Fe2+idus replace two.A13+ions
maintaining charge balance. It is suggested that the trioctahedral units
within the kaolinite are similar in structure to those in a ferrous chamsite.
Furthermore, it is suggested that the effect of heating these kaolinites at 400°¢
is to cause the release of hydrogen. Brindley 11 pag prop;sed that the effect of
heating chamosite at 400°C  is to cause oxidation of Fe2+

If it is .assumed that the effect of heating the synthetic kaolinite at
400°C is to remove two hydrogen atoms from the hydroxyl layer, without any
accompanying oxidation of Fe2+, the effect is to transform one third of the
cis sites into trans sités similar to those in bigtite. It has teen shown /
that the iron in a ‘trans site produces a smaller quadrapole splitting com—
pared with that in the cis site.

The mechanisms proposed above would produce two distinct ferrous doublets
with an intensity ratio of 2:1. Without refining the M;ssbauer spectra by
computer fitting it is clear from Fig. lb that such an intensity ratio and
the nature of the proposed sites could exist ;ithin the heated kaolinite.
‘Furthermore, the assignment of the cis and trans quadrapole splittings is
consistent with results obtained for micas by Goodmanl? and Annestern13.

The existence of units or sub-layers of Frioctéhedrally co-ordinated
iron in sufficient quantity could possibly affect the crystallinity qf the
kaoiinite. A number of kaolinites containing ;agious ferrous/ferric ratios
has been examined by X-ray diffraction. However, ﬁo significant correlation
between ferric/ferrous ratios and crystallinity has been discovered.

The possibility that the ferrous doublets might be due to a 'separate
mineral phase is minimised by consideration of the results from samples

(1]
treated with ammonium oxalate (fig. 3). No change in the Mossbauer spectra




of 1“e2+ could be detected.

More detailed measurvements are being made to gain a deeper understanding of

the phencmena described.
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