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ABSTRACT

The predominant clay mineral in many soils formed on weathered
volcanic ash in the central and northern part of the North Island of New
Zealand is the amorphous aluminosilicate allophane. Although it can be
obtained cheaply, allophane is the only common clay mineral not yet
exploited commercially. This may be because large deposits of it only
occur in a few areas of small extent on recent andesitic and rhyolitic
parent material. These areas are usuvally remote from the industrial
areas of the world. Allophane has been studied by soil chemists who
have been concerned with its influence on the properties of soils.
Their work suggested that allophane has unusual ion exchange and
colloidal properties but much of the surface and colloid chemistry cf
allophane was not well understood. The aim of this project was to
investigate the properties of allophane with the view of developing
commercial uses and also to understand better how it might behave
in the natural environment.

Amongst the physical properties determined were density, surface
area and particle size distribution, for which a new centrifugal method
was developed. From these properties it was shown that allophane is
extensively hydrated and has a much larger surface area than could be
associated with its external surfaces, confirming that it has a large
internal surface.

The surface charge of an allophane sample was determined by
potentiometric titration; its point of zero charge was found to be below

PH 5. However, determination of the surface charge below pH 6 was



iv
complicated by the dissolution of aluminium. The isoelectric point of
the same material, as determined by electrophoresis, was near pH 6.

This is about 3 pH units higher than for clay minerals such as kaolinite,
halloysite and montmorillonite and so allophane is one of the few
natural colloids which is neutral or positively charged at soil pH's.

The difference between the isoelectric point and the point of zero
charge was due to the influence of the two different surface components;
aluminosilicate, which tends to be negatively charged at near neutral pH,
and aluminium hydroxide which tends to bear a positive charge under the
same conditions. Dissolution studies showed that allophane derived from
Tirau soil had aluminium in a state similar to that in aluminium
hydroxide gel; that from Ohaupo soil had aluminium in a less soluble

form but it was still more readily available than that generally
associated with halloysite. Similar studies suggested that the iron
found with allophane might exist as a separate and discrete phase. Some
support £for this was obtained from the uv spectra of allophane
suspensions where weak absorbance bands were observed which coincided
with those of colloidal iron (III) hydroxide.

The "site-binding" model for ion adsorxption at the hydrous
oxide/aqueous interface was studied and it was developed and extended to
cover multivalent cations, mixtures of cations, and cation adsorption in
the presence of a slightly soluble metal hydroxide. The predictions
made of the expected selectivity, selectivity changes with pH, and the
effect of the presence of aluminium hydroxide on the adsorption of
cations by a hydrous oxide were substantiated by the results of a study
of cation adsorption by allophane. Cation adsorption was enhanced by
increasing the pH. It was generally greater for cations of greater
ionic charge, radius, and ease of hydrolysis. The selectivity shown by
allophane between any two cations was found to vary with pH; at low pH

the more favoured ion was that with the larger radius anrd lower charge



but with pH increase the selectivity changed in a regular manner to

favour small highly charged ions. The selectivity sequence at pH 4.0
+ + + + + +

was Pb2" >> 717 > sr2t a4 o2t A kT > ca®” > Na® but at pH 6.0 it had

+ + + + +
2" > ca?" > T1" >K > Na . Monovalent

changed to Pb2+ >> Sr2+ v Co
thallium was found to bind more strongly, at lower pH, than any divalent
species except hydrolysed lead. 1In much of its surface and colloid
chemistry allophane behaves as a hydrous oxide. This is particularly
evident from its interactions with ionic materials and from its

collcid properties, i.e., its flocculation and electrophoretic mobility.

Because of possible use in water treatment and pollution abatement
the interactions of allophane with biopolymers such as protein and
ribonucleic acid were studied. It was found to bind both strongly.

The strength of adsorption of these was controlled by the pH and
maximum adsorption occurred at the polymers isoelectric point. Viruses
were shown to behave like proteins in their interactions with allophane;
very efficient removal from suspensions of low concentration was shown
to be possible.

To investigate whether allophane could have any effect on the
nutrient state of local lakes, studies were undertaken of the inter-
actions of allophane with suspensions of the small green algae,
Chlorella vulgaris. It was shown that these algae could be successfully
flocculated by small amounts of allophane; in a suspension of 10°% cells
per ml the first signs of extensive floc formation were visible after
the addition of only 2 Ug of clay per millilitre. The efficiency
increased with increasing allophane concentration. The flocculation
also proceeded at pH 7.2 where each colloid was separately stable. It
was shown microscopically that the allophane was acting as a bridge
between the algal cells to which it became bound, probably by the

polysaccharides of the cell slime layer.
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The interactions of allophane with phosphates, biopolymers and
microorganisms indicate that when it was able to enter lakes and rivers
as a consequence of erosion, either naturally or assisted by man, it was
capable of retardirg, or even reversing, eutrcphication.

As a result of its high isoelectric point the colloid and surface
chemistry of allophane differs from that of the other common clay
minerals. The major differences are its greater ability to adsorb
anionic materials whilst retaining a high capacity for cations, the
ease with which it can be flocculated from neutral suspensions when the
other clay minerals form stable sols, and its ability to flocculate
stable negatively charged biocolloids. On the basis of these properties,
and its high surface activity, allophane shows promise for use as an
adsorbent and flocculant for effluents from such industries as
slaughterhouses, canning factories, geothermal power stations and sewage
treatment works (particularly those using oxidation ponds growing algae).

A sound chemical case exists for investigating the use of allophane
for effluent treatment at the pilot-plant stage. From this the
possibility of utilising some of the billion tons of readily accessible

allophane in New Zealand could be decided.
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INTRODUCTION



In the past million years large areas of the North Island of New
Zealand have been liberally coated by ash showers from volcanic
eruptions. These contained pumice and finely divided volcanic glass
which have weathered to form the amorphous clay mineral allophane.
Allophane is a poorly structured aluminosilicate coated to variable
degrees with the hydrous oxides of aluminium and iron (III).

In the Waikato, Taranaki and on the Volcanic Plateau extremely
productive farmlands and forests have been developed on the soils
derived from these ash showers. This development has been permitted by
the unique properties conferred on the soils by the presence of the clay
mineral allophane. This component has been responsible for making these
soils friable, freely draining and resistant to consolidation during
heaving grazing and so they are ideal for pasture farming.

Partly as a result of these properties, but more particularly
because of jts ability to fix phosphate fertilizer, an understanding of
the structure and composition of allophane became necessary. Intensive
study of some of its physical properties and of its interactions with
phosphate have been particularly rewarding and these aspects of its
chemistry are largely understood. Allophane has been shown to have a
strong affinity for anions, a high internal surface area, a high
isoelectric point and little regular structure. These properties set it
apart from the cther common clay minerals and are probably responsible
for some of the pedological properties referred to above.

There are still many aspects of the colloid and surface chemistry
of allophane that have been neglected. Some particular features include
the influence of the labile aluminium hydroxide which is an integral

part of the mineral, the role and form of the iron (III) component, the



nature of the cation retention sites and the effects of acidification.
These may all be important not only in the soil but also in other
environments where allophane might ke foundt

There is evidence tc suggest that allophane may have important
consequences in river and lake ecosystems. Its interactions with
dilute solutions of simple salts and organic substances,and with
suspended microorganisms may be of ecological significance.

There are some billions of tons of allophane distributed
throughout New Zealand in a form from which it could readily be
retrieved with little environmental disturbance. Unlike the other
clay minerals which occur in large deposits of high concentration
no commercial interest has been taken in allophane even though it has
unusual properties and a high chemical reactivity.

The aim of this project was to investigate aspects of the
colloid and surface chemistry of allophane with the view of further
elucidating its structure and composition and its behaviour in the
natural environment. Furthermore an understanding of the properties of
this mineral was sought to determine what potential it has to permit

exploitation in industrial processes.



CHAPTER ONE

AN INTRCDUCTION TO THE COLLOID AND

SURFACE CHEMISTRY OF CLAYS



1.1 Clays and Clay Minerals

Describing a material as a clay usually implies that it has
plastic properties (i.e., it deforms under pressure when moist), is a
natural material of fine grain size, and is essentially a hydrous
aluminium or magnesium silicate. However, a number of interpretations
are placed upon the term clay by scientists from different disciplines.
Geologists consider clay to be sedimentary or rock particles with a
diameter less than 4 um regardless of origin. In the field of ceramics
it is defined thus: "Clay is an earthy or stony mineral aggregate of
hydrous alumina and silica, plastic when wetted sufficiently, rigid
when dry and vitreous when fired at a sufficiently high temperature.",
which emphasises the plasticity but only indirectly makes any reference
to the particle size. 1In this work the term as used in soil science
will be adhered to, i.e., clay is the finest and most reactive fraction
of the soil with a maximum size of 2 um. This is the optimum size for
differentiation as most non-clay minerals tend to be present in the
soils as larger bodies. It is also a suitable size in collecid
chenistry as it includes those particles which can form suspensions
stable with respect not only to flocculation but also, within reason, to
sedimentation.

Expression of a substance as a mineral implies that it has a
definite chemical composition or characteristic arrangement of atoms.

A limited number of clay minerals have been found which are crystalline,
sometimes poorly, and so they can be characterised by crystallographic

techniques, notably X-ray diffraction (XRD).



1.2 Clay Mineral Structure and Composition

A very early concept of the nature of clay was that it was all
basically one mineral, like kaolinite which could easily be obtained in
a white (supposedly pure) state, and all other clays were impure forms
of this. An alternate theory held that clays were amorphous colloid
complexes, with little organised structure, of a mixture of hydrous
silica, alumina and iron oxide. Later it was believed that clays were
made up of a number of extremely small particles of a few minerals, a
theory proved in the 1920s with the advent of crystallographic
techniques notably X-ray diffraction (¥RD). The structures of these
minerals were predicted by Pauling1 to be based upon a silicate layer
organisation in which two units are involved. One of these is a sheet
of silica tetrahedra joined at their bases to form a hexagonal network.
The second is two sheets of oxygen atoms or hydroxyl grcups close
packed with metal ions occupying octahedral holes in the lattice.
Combination of these two layer units in various ways gives the
structures of all the common c'lay minerals.?

The simplest combination is the kaolinite structure which is one
only of each of these units sharing a common oxygen sheet. Two-thirds
of the oxygen atoms of this sheet are the apexes for silica tetrahedra
whose bases are coplanar and arranged hexagonally. The third external
oxygen sheet is all hydroxylic as are the remaining oxygens of the
central sheet. To maintain electroneutrality two-thirds of the
octahedral holes are occupied by aluminium to which all hydroxyl groups
are bonded (fig.l.1l). The structural formula of the unit cell is
Al,Si,0,,(0OH) 4.

In kaolinite itself these composite sheets are all linked together
by hydrogen bonds from the hydroxyl groups of the outer octahedral
layer to oxygen atoms of the silica groups of the neighbouring unit.

The result of such aggregation produces the hexagcnal plates so
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Figure 1.1. The structure of the kaolinite layer.
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{From ref.



characteristic of kaolinite. Halloysite has the same structural basis
as kaolinite but has a higher and variable water centent. The most
hydrated form has four water molecules per unit cell and these result
in the cell thickness being 1.0 nm. Water is lost in two steps:
initially about two molecules quite readily; complete hydration,

which reduces the unit cell thickness to the kaolinite value of 0.7 nm,
is more difficult and is irreversible. Halloysite generally has a
tubular morphology although less crystalline forms are also known.

In montmorillonite, also known as smectite or bentonite, the
octahedral layer is sandwiched between two silica layers and so it has
four sheets of oxygen atoms of which only the two innermost bear any
hydroxyl groups. The structural formula of the unit cell is
AluSieozo(OH)u'nﬂzo where the water is adsorbed on the external
surfaces (fig. 1.2). Generally substitutions occur within the lattice
and these always unbalance the charge, e.g., magnesium (II) for aluminium
(IIT) , and aluminium (III) for silicon (IV). Further charges arise
from vacancies within the octahedral layer. The nett negative charge
produced is balanced by further cations either within the lattice or,
more frequently, adsorbed at the surface. Both the water and the
cations bind the lamellae together into plates or lathes. The final
structure is dependent upon the substitutions. Adsorbed cations both
from the external surface and from the interlamellar regions are
usually exchangeable; if they are all the same, e.g., calcium, the clay
is said to be in the calcium form or to be Ca-montmorillonite. Another
important property of the smectites is that when they adsorb water after
dehydration it enters the interlamellar region and they swell

Other clay minerals are formed by different substitutions within
these lattices or by different arrangements of the tetrahedral silica

and octahedral layers with various combinations of cations. Anions do
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not play an important part in any of the common clay minerals.
The composition of clay minerals is commonly expressed in terms

of the constituent oxides. For the materials discussed above these

are given in Table 1.1.

Table 1.1 Composition of some Clay Minerals?

percent by weight

Mineral
Al,0, sio, H,0
kaolinite 39.50 46.54 13.96
halloysite (7R) (2H,0) 39.50 46.54 13.96
halloysite (10R) (4H,0) 34.69 46.54 24.49
montmorillonite (H,0 free) 28.30 66.70 5.00

Naturally occurring clay minerals normally also contain adsorbed
amorphous material, notably oxides, and variable amcunts of substituted

cations and quantities of other minerals. These make the comgositions of

Table 1.1 somewhat idealised.

1.3 Hydrous Oxides

The clay fraction of soils, which is their most reactive part,
contains not only the clay minerals but also organic matter, ancillary
minerals and amorphous materials. The hydrous oxides, which may be
present as crystalline bodies but can also account for the greater part
of the amorphous material, are usually those of silicon, aluminium, iron
and manganese and may occur separately or in combination. Because of
their small particle size, and hence large surface area, the presence
of small quantities of them in the soil may have gross effects upon the

soil properties. In particular their presence often dominates the
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activity of ionic nutrients such as phosphate and trace metals.

The influence hydrcus oxides have upon the soil structure is
frequently a result of their coating the aluminosilicate minerals to a
variable degree which greatly effects the electrical charge borne by

these minerals, or by depositing on them to such an extent that they

actually cement particles together.

1.4 Colloid and Surface Chemistry

Colloid chemistry is the study of the chemistry of small particles
which have at least one dimension between about 1 nm and 1 um. They
are generally larger than large molecules but too small to be
independent of the irregular bombardments of molecules of their
supporting fluid. The movements induced in this manner are now known as
Brownian motion after Robert Brown. He was the first person to suggest
the existence of particles in the colloid size range after observing the
random motions of pollen grains in water through a microscope. A direct
result of this motion is that sedimentation of such particles is a slow
process and in some cases, particularly when the suspenoid is fine or
has a similar density to the supporting fluid, it may take years.

Dispersions of one phase of colloidal dimension in another phase
are classified according to the combination. Aerosols are either solids,
e.g., smoke, or ligquids, e.g., fog, in gas; sols are solids in liquid,
e.g., milk of magnesia (hydrosols are dispersions in water); emulsions
are liquids in ligquids, e.g., whipped cream; and gels are liquids
dispersed in solids, e.g., jellies. A dispersion somewhat difficult to
categorise is an aqueous protein solution which displays properties both
of a solution and of a suspension.

As colloids are small they have large surface areas, often as high
as 100 ng—1 or more, and so surface reactions play a large part in their

chemistry. Surface chemistry involves the study of the processes that
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occur in the boundary regions separating two phases. It is particularly
concerned with adsorption which has happened to a material if its
concentration in the interfacial region is different frcm its
concentration in the bulk phase. When ions are adsorbed electrical
charge separation can occur and an electro-chemical double layer forms.
The thermodynamics of adsorption of many species have been investigated
and theoretical models which predict their adsorption behaviour quite

accurately in a number of cases have been proposed.

1.5 Some Properties of Hydrosols

The colloid chemistry of hydrosols, which include aqueous
suspensions of the clays, the hydrous oxides, proteins, viruses,
bacteria and to some degree small algae, can be categorised intoc four
divisions:

(a) preparation and characterisation of dispersions;

(b) electrical studies of the solid/solution interface;

(c) sol stability;

(d) sol flocculation.

Preparation of dispersions is important in the formation of
monodisperse colloids, i.e., colloids of a single material with a near
uniform particle size, whilst their characterisation is associated
particularly with their physical properties. Much information of
particle size, shape and size distribution can be found from light
scattering experiments although the associated mathematics are complex.
The electron microscope allows visual cbservation of the colloid
components from which the same information may be determined but to a
different degree of accuracy and with a better appreciation of the true
morphology and form of aggregaticn. The surface area of a colloid, in
association with its particle size distribution, can give information of

the porositycf the particles and, in conjunction with studies of
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adsorption at specific surface functional groups, of the surface
structure. The centrifuge is commonly employed by colloid scientists

to separate particles of different size or density. It too gives
information about particle size and size distribution as does the
Coulter counter. This has the advantage that it measures particle
volume and number directly although it is generally limited to particles
of diameter greater than 0.7 um.

The field of electrokinetics, which is the study of the electro-
chemistry associated with the relative motions of electrically charged
surfaces past liquids, has recently been found to be very useful for both
practical determinations and theoretical considerations of surface
electrical properties. The electrical properties of the interface of
the sol and the liquid, especially the electrical charge and potential
distributions that make up the electrochemical double layer, have
important consequences in the properties of colloidal dispersions as
they influence strongly the interactions between the colloid and other
charged or polarisable bodies such as dissolved ions and molecules and
other colloids. Modification of these properties can be made by
variation of the concentration of electrolytes in the solution which may
react directly with the surface and neutralise or erhance surface charge
or modify the effective range of the charge distribution.

All particles have an inherent weak attraction arising from van der
Waal's forces which are operative over only a very short dimension. The
development of like surface charges on particles of a sol may result in
the formation of sufficiently strong forces to overcome any van der Waal's
forces and prevent particle aggregation. The sol is then said to be
stable. Reduction of these electrical forces, or by-passing them by
linking the particles via non-ionic or counter-ionic bridging molecules,
results in the aggregation of particles into large units. These are nct

influenced by the thermal motions of the liquid and so phase separation
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may occur. The sol is now flocculated. Stability and flocculation
studies are primarily involved in preventing or inducing such
aggregation by alteration of the solution conditions especially the

electrolyte concentrations.

1.6 Colloid and Surface Chemistry of some Constituents of the Clay
Fractions of Soils

1.6.1 Clay Minerals

In general the particles of clay minerals are less than about 2 um
and greater than 10 nm in diameter which means that they are colloidal.
Because of their irregular shape and composite sheet stacking arrange-
ments they may have apparent surface areas, measured by adsorption
methods, much higher than might be anticipated for their size although
this is dependent upon the strength of the binding between the sheets.

The surface chemistry of suspensions in aqueous solutions is
dominated by the surface charge which is usually inherently negative
from lattice substitutions and defects but which can be modified by
acid/base reactions by any oxygen functional groups, particularly hydroxyl
groups. In strongly acidic environments these groups may be protunated
and so become positively charged whilst at higher pH, if surface grcups
are neutral or deprotonated, the surface bears a nett negative charge.
Because of this variability with pH clearly all ionic interactions will
be pH dependent. Thus cation adsorption will tend to increase and angon
adsorption will decrease, with increasing pH. Minerals with inherent
negative charges from structural substitutions and defects must of
course always have scme adsorbed cations associated with them be they
organic, metallic or H+. Clays in the hydrogen form (H+), are usually
unstable and convert to the aluminium form on standing. In the
aluminous clay minerals the presence of hydroxyl groups attached to only

one aluminium atom at the sheet ends introduces regions of positive
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charge in neutral suspensions as these groups are much more basic than
the other surface oxygen groups. Electrostatic attractions between
positive and negative regions induce aggregation of the plates in an
edge—-to-face manner which leads to the flocculation of suspensions of
such materials. These flocs can be redispersed by blocking of the
positive groups with small anionic bodies.

The heterogeneity of clay particles means that they are not ideal
bodies for colloid studies. This arises because although a property can
be measured for a whole particle unless all its surface is homogeneous
the property cannot necessarily be related quantitatively to other
phenomena meaningfully. Nevertheless, this does not detract from the
value of determining electrophoretic mobilities, flocculation values
and adsorption values, etc., for each specific material; it does mean
they are not readily related to fundamental surface properties such as
surface charge and any of the various electrical potentials found at
the solid/aqueous interface.

1.6.2 Hydrous Oxides

The colloid and surface chemistry of hydrous oxides is important not
only because they are reactive soil components involved particularly in
the retention of ionic nutrients but also because they are extensively
used industrial chemicals and they are used as model hydrosols as their
surfaces are uniform and their size and shape can be controlled. In
addition, the separation of various oxide ores by flotation methods is
dependent upon the state of their surfaces. Furthermore, their general
chemistry (theix reactivities, thermodynamic properties, structures, etc.)
is in many cases well documented. Sols of uniform size and shape have
been very useful in theoretical studies of such colloid properties as
light scattering, surface area, particle size and size distribution
determinations. The oxides of silicon, aluminium, iron (III), manganese

(IV) and titanium (IV) have been the most widely studied. They are all
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common soil components and have extensive industrial and scientific
uses. In addition they are all relatively insoluble at typical soil
pH's, about pH 5.5 * 1, and in most natural surface waters.

As hydrous oxides are important commercial flocculants, their
suspension stability, flocculation and adsorption characteristics have
been closely examined and theories developed to explain the dependence
of the above processes upon the parameters of the aqueous phase. It is
known that both stability and flocculation are maximised in narrow pH
ranges, the former when the surface is highly charged and the latter
when it is near neutral. Flocculation is generally favoured by an
increase in electrolyte concentration although often with multivalent
ions a floc may be resuspended and then reflocculated with increasing
ion concentration. Current theories of the adsorption of not only the
cations and anions of the electrolyte but also of the aqueous proton
and the hydroxide ion, can be adapted to explain most observed

phenomena.



CHAPTER TWO

THE STRUCTURE AND PROPERTIES OF ALLOPHANE
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2.1 Definition of Allophane as a Clay Mineral

The name allophane, taken from the Greek allos and phainin meaning
"to appear" and "other" which is an allusion to the change in appearance
from a glassy to an earthy state by dehydration on standing, was applied
to material lining cavities in marl by Stromeyer and Hausmann® in 1816.
Since that time many materials have been described as allophane mostly
on the basis that they were amorphous, although Ross and Kerr* showed
that a number of these geological samples were actually mixtures or were
poorly crystalline. They proposed that the term allophane could be

applied to all truly amorphous aluminosilicates regardless of

S 6

composition. The definition suggested by White,’ that allophane is any
amorphous substance that may be present in clay minerals and has an
indefinite composition, recognises its heterogeneity and that oxides
other than silica and alumina may be components but without making these
two necessary.

Mitchell et al.,’ considered allophane to be naturally occurring,
amorphous, mutual solutions of silica, alumina and water regardless of
composition or, even more generally, any amorphous substance which may be
present in clay minerals and which has an indefinite composition. Brown®
defined the composition as Al1,0,.2Si0,.nH,0 which recognises the
importance of these three components but puts a constraint on the
compositicn that has not been substantiated experimentally. Describing
allophane as a hydrated aluminosilicate mineral amorphous to X-rays and
without ordered crystal structure similarly puts an unrealistic
constraint upon its composition by the use of the term mineral. A more
satisfactory definition (tentative) was put forward at an international

seminar held in Japan in 1969°: "Allophanes are members of a series of

naturally occurring minerals which are hydrous aluminium silicates of
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widely varying chemical ccmposition, characterised by short range order,
by the presence of Si-0-Al bonds, and by a differential thermal analysis
curve displaying a low temperature endotherm and a high temperature
exotherm with no intermediate endotherm." de Villiers!? has pointed
out, however, that though this definition may be adequate for general
descriptive purposes it does not give a basis for quantitative analysis.

The hydrous iron (III) oxides found with allophane in the soils
derived from volcanic origins in New Zealand and Japan were considered
by Milestone!! tc be an integral part. He defined allophane as a
"colloid complex" of an amorphous hydrous aluminosilicate of widely
varying composition, having a short range ordered structure of Al-0-Si
bonds and a small amount of amorphous hydrous ferric oxide. This
definition restricts application of the term allophane to materials
containing iron (III) which would mean that other materials now
recognised as allophane would be unclassified.

In this thesis allophane may be referred to as a clay mineral. It

should always be borne in mind that the term mineral is being used

loosely; mineral series would be more correct but it is less convenient.

2.2 Occurrence of Allophane

Although allophane was first found in voids in rocks it occurs
most widely in soils where it was discovered by Sekil!? in 1914 in a
Japanese volcanic ash soil. Since then it has been found in soils all
around the world but the most extensive deposits are in soils derived
from recent volcanic ash showers, especially in the Pacific basin. 1In
such soils it may be the only clay constituent of significance although
it frequently is accompanied by halloysite and imogolite.

The earliest report of its presence in New Zealand was by Henderscn
and Ongley13 in 1925 who were studying ash beds in the Mairoca area near

Te Kuiti. In the fifties it was shown by Birrell and Fieldes'" to be an
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important constituent of soils developed on volcanic ash. Later it was
found to be the major portion of the clay fraction of yellow-brown loams
and yellow-brown pumice soils!® where it often occurs with crystalline
clay minerals thought to be the final product of the weathering of

16

volcanic glass. Two particular types of volcanic ash, and hence

allophane, are recognised; that derived from rhyolitic volcanic activity
and that from andesitic activity. Rhyolite and andesite are types of
rock. The immature red and brown loams of New Zealand which are basaltic
in origin have also been found to have allophane as their main clay
constituent.!® Basalts weather to give, commonly, allophane and gibbsite
which are found in young soils; these probably undergo further weathering
as the older basaltic soils contain mostly crystalline clay minerals.!’?
An idea of the distribution of allophane throughout New Zealand can be
found in Soils of New Zealand.'®

The occurrence of allophane throughout the world is similar to that
in New Zealand. It is predominantly associated with soils developed on
7019

vnlcanic ash beds especially in tropical and subtropical regions.

It is also found frequently in basaltic soils.

2.3 Properties of Allophane

2.3.1 Physical Properties

Allophane from geological deposits often appears clear to white
although it may be a wide variety of colours if elements other than those
of the alumincsilicates are present. The occurrence of hydrous iron (III)
oxides in the allophane of New Zealand volcanic ash deposits gives it a
red-brown coclour.

Allophane clay has a characteristic feel used in the field as an

approximate guide by pedologists; when moistened, provided it has not
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completely dried out, it has a "greasy but not sticky" texture.*

The electron microscope has proved to be a useful tool for
identification of allophane as it has a distinctive "cauliflower head"
or fluffy structure with no definite edges,2° composed of units of
about 5 nm diameter.}*’2! The aggregates of these bodies are quite
irregular and have numerous holes which contribute a large surface area,

often of the order of several hundred square metres per gram, to the
material, }ts 2272%

X-ray diffraction, which is a very useful technique for studying
the crystalline clay minerals, has not been so useful in determining
the structure of allophane as it is amorphous to them although some
broad halos have been observed in some samples which may be correlated

with regqular atomic arrangements.25

These halos were combined with
differential radial distribution analysis to obtain some structural
detail. The unit particle size from ZX-ray diffraction studies has been
suggested as being less than 10 nm because the material appears

amorphous,lh

whilst small angle scattering experiments were interpreted
in terms of bodies between 5 and 8 nm diameter.2?® Information about the
coordination of aluminium in allophane has been obtained from X-ray
fluorescence analysis and both tetrahedral and octahedral aluminocus
systems found. 2%

Some idea of the bond types within clay minerals can be obtained
from infrared absorption spectroscopy but the peaks in the spectra
from allophane tend to be broad and featureless which is indicative of

little definite structure.?l!’ 1&r 27s 28

*This test is not infallible; it resulted in the incorporation of a
finely divided halloysitic clay into this study. Although it was soon
realised that the material was not allophane from its cclloid
properties, it was retained and used for a number of experiments
partly as a reference material and partly to explore some aspects
the chemistry of this rather neglected mineral.

(¢}
-
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The differential thermal analysis curve for allophane shows two
features, a broad low temperature endotherm from loss of water and a
high temperature exotherm due to the transformation to muliite.5’2°
This property has been considered sufficiently distinct for it to be
used in a definition of the material (see section 2.1).

2.3.2 Colloid and Surface Properties

The aqueous surface and colloid chemistry of allophane is in many
ways like that of a hydrous oxide. It has a surface charge which varies
almost linearly with pH, it adsorbs cations more strongly at higher pH
than at low, and anions in the reverse manner, with no steps in the
activity, i.e., a monotonic variation with pH.30 The adsorption of most
substances is concentration dependent, at least up to surface saturation.
The adsorption of some ions is, however, so strong that they may become
fixed or unavailable to plants in the soil.®! The two most important
ions in this category are phosphate and potassium. Allophane also has
properties as a cracking catalyst which, like the ion adsocrption
properties, can be associated with a marked surface acidity.ao’32 A
number of organic compounds adsorb strongly onto allophane. Some do so
so intensely that they cannot be removed completely with hydrogen

0

peroxide.3 Proteins also bind firmly and they may be protected to some

extent from attack by enzymes. The enzymes themselves are also liable to
be strongly adsorbed and denatured. 337 3%

As a further consequence of its surface structure allophane
particles have no nett surface charge at a relatively high pH, ccmmonly
near pH 5 to 6, when compared with the other aluminosilicate clay
minerals (except imogolite). Dispersion, which relies on the particles
becoming highly charged from acid-base dissociation, can sometimes be

14

achieved in both weakly acidic and basic suspensions. The electro-

phoretic and flocculation properties of allophane are also similar to the

hydrous oxides.?®



23

Cooper36 found strong adsorption interactions occurred between Tirau
allophane and the bacteria Escherichia coli at pH's between their
isoelectric points, i.e., between pH 6.0 and 2.8. The effective pH range
of this interaction was narrowed by the adsorption of multivalent anions
and increased by multivalent cation adsorption. The binding was claimed
to be the result of electrostatic attraction and van der Waal's forces.
Adsorption isotherms for pH greater than 5 showed a maximum of 10 cells
per clay particle; the number required to completely coat each clay
particle. At pH 4.5 a two-step isotherm was apparent with the maximum
number of cells apparently adsorbed per clay particle approaching 15.

The second isotherm was attributed to formation of flocs of E. coli
alone; the cells were being bound by aluminium released from the

allophane after acidification.

2.4 Structure of Allophane

Early ideas of the structure of allophane and amorphous alumino-
silicates can be found in referei.ces 7, 11 and 37.

There is now a general consensus that in allophane there is a
skeletal matrix of tetrahedral silica with a high proportion of these

silicon atoms replaced by aluminium atoms which are then also four

37

coordinate. This matrix has been described as both linear and

sheet-like.2"’ %8

With it is an external layer of octahedrally
coordinated aluminium associated in a manner similar to that found
between the tetrahedral and octahedral layers of kaolinite. Substitution
of silicon by aluminium results in the presence of an internal negative
charge which must be neutralised by other cations, particularly the
octahedral partially hydroxylated layer. Surface protonation must also

. . . . 7
be considered to be an important charge neutralisation process.3

11

Milestone proposed that the surface cf allophane could he

represented by the structure shown in figure 2.1.
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Okada et al.2® considered that the mineral series of allophane
could be represented as having compositions lying between the two end
members 28i0,.A1,0,.nH,0 and $i0,.A1,0,.nH,0 which have structures
incorporating not only Si-0-Al1(IV), Si-0-Al(VI), Si-0-Si, Al (IV)-0-Al(VI),
and Al (VI)-0-Al(VI) bonds (where the Roman numerals refer to coordination
numbers) but also some vacant sites within the tetrahedral layer
especially, which perhaps may contribute to a general loss of planarity.
The structures of these two minerals are reproduced in figure 2.2.

No comment was made of the relationship between such sheets or
whether they were distorted or curved. A variable degree of curvature
or distortion wculd tend to make the properties of specific groups be
scattered widely about the norm so that, for instance, infrared
absorption bands would be quite diffuse. However, the smallest unit of
allophane has been observed to be a sphere of about 5 nm diameter!®’ 21
and as the thickness of the sheet described by Okada et al.?5 will be
similar o the thickness of the kaolinite lamella, about 0.7 nm, it
could form the wall of these spheres which Kitigawa21 described as
being hollow. fultilayer deposits of this structure, as found in the
other clay minerals, might also be feasible provided charge neutrali-
sation was total. However, no swelling occurs on hydration and so this
morphology would be unlikely. If allophane does indeed exist as small
spheres of about 5 nm diameter then the bodies described by Cloos et
al.,?” based upon a tetrahedrally coordinated Si, Al (IV),,0,,,.nH,0
unit with a coating of polymeric peositively charged aluminium
hydroxide, are still tco small to form these spheres.

Iron(III) is of much greater importance in allophane samples
derived from volcanic ash soils than it is in those from geological

origin. This is clearly borne out by the analyses of Milestone!!

and
Okada et al.?® who found mean contributions to the composition of 4.79%

and 5.26% as Fe,0,; for five and four samples respectively for soil
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allophane. Those reported by Weaver and Pollard?® for six geological
samples had a mean iron content of only 0.36% as Fezos' In the soil
samples the iron/aluminium ratio varied between 1:50 and 1:6, but as
the structural properties did not vary greatly with this ratio, nor with
the removal of the iron, it would be unlikely that the iron could be a
significant structural component. wada"? in fact considered the iron to
be of so little importance that he removed it before making morphological
studies. :

If the iron (III) is not a significant structural component then
it must be present in some other position of which there are two
possibilities. It could exist as either a discrete phase of hydrous
iron (III) oxide or it could be adsorbed onto the aluminosilicate
surface. If it covers a significant proportion of the surface of the
allophane clay sized particles it would induce colloid properties
associated with the oxide to the clay; in particular it would increase
the tendency of the particle to have a nett positive external surface
charge at near neutral pH's. 1In such a position it would also act as a
binder between aluminosilicate bodies and so its removal would not
greatly influence most properties of allophane other than its electro-
kinetics which would then approach those of the pure aluminosilicate
itself.

The above structures suggest that polymeric aluminium hydroxide is
also a major surface adsorbed species on some allophanes and so it too

will temper the surface properties of the clay towards those of its own.

2.5 Properties of Soils Containing Allophane

The soils derived from volcanic ash showers in the Waikato and
Taranaki regions are the most productive pasture-bearing soils in New
Zealand. Furthermore, they have the highest nitrification activity

(conversion of ammonium intc nitrate) which is also generally higher than
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1

soils overseas. To maintain high pasture yields, however, there is

a large requirement for both phesphate and potassium. These soils are
not sticky, they may have a waxy feel if the clay content is
sufficiently high,"2 and they can absorb large quantities of water
without swelling. In the topsoil a large proportion of organic matter
is common, often about 10% but sometimes as much as 20% by weight;18
stable mineral-organic complexes are frequently found.!®

These soil properties can be related to the high content of
allophane. The structure properties arise because in the soil the
allophane is in a flocculated state and so the particles maintain an
open structure rather than form a thick pug which would result if they
were consolidated from a dispersed state. The absorption of water
without swelling occurs because the liquid can be taken into the
material's pores where, as it is not forcing layers of clay apart, it
cannot cause significant morpholcgical changes. These physical
advantages of the soil for pasture growth are offset to some degree by
its chemical requirements, the fixation and elemental deficiency
problems, but good farming practices generally overccme these.

Whilst these soils are good for pastural farming they are often
unsuitable for base structures for roads as they become mobile under
pressure if they are moist (they are plastic). Failure of road beds is
a very expensive problem throughout much of the North Island and it is
all too frequently associated with allophanic ash deposits.
Stabilisation of base structures by incorporation of cement and lime
(both cause greater interparticle interacticng) has become a common
highway engineering practice. Alternatively the beds giving this

problem are removed.
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THE PROPERTIES OF CLAYS SEPARATED
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3.1 Origin and General Description

The clay fractions of three soils developed from geologically
recent volcanic ash (the preferred term for all air-transported matter
ejected from a voicano is tephra; ash being reserved for the less than
4 mm fraction) were separated. The soils from Ohaupo and Tirau have
been used for general studies of New Zealand soils by the New Zealand

18,43

Soil Bureau. The horizon of the Mangawara soil investigated here

has not previously been studied (but see Shepherd, ref. 44).

OChaupo Silt Lcam

This soil developed on Mairoa ash (rhyolitic) in rolling country
under a rainfall of 130-140 cm per year. The sample, a yellow-brown
silt loam, was collected from the C horizon, 60-80 cm, frcm a site at
McGregors Road, Ngahinapouri.

Map reference: N.Z.M.S. 1 N65/769341

S$i0,:Al,0, ratio 1.69:1

Al,0,:Fe,0, ratio 7.5:1

Tirau Sandy Loam

This soil dJdeveloped on Tirau ash (andesitic) in easy rolling
country under an annual rainfall of 130-150 an. The sample, a
yellowish-brown sandy loam, was collected from the (II)C horizon,
60-80 cm, from a site at Hetherington Road, Tirau. A full description
of this soil can be found in Soils of New Zealand (ref. 18).

Map reference: N.Z.M.S. 1 N66/273253

SiOZ:A1203 ratio 1.85:1

A1203:Fe203 ratio 9.0:1
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Mangawara Clay Loam

The soil was taken from the K horizon, 200-230 cm, an early
Hamilton ash (andesitic) about 0.5 million years old. The site at

Welches Road, Mangawara, is easy rolling country receiving 120-140 cm

rainfall annually.
Map reference: N.Z.M.S. 1 N56/763782

All samples were taken from roadside cuttings adjacent to pastures

used for dairy farming.

3.2 Preparation of Samples

The soils collected in the field were kept in tightly closed
plastic bags to retain moisture. When required they were passed through
a coarse (2 mm) sieve which removed gross bodies. The clay fraction was
separated by dispersion in the following manner.

About 200 g of sieved soil was suspended in one litre of distilled
water, 30 ml of 30% hydrogen percxide was added to oxidise organic
matter and the mixture stirred for one hour. The pH was adju=ted to
near 9 with dilute sodium carbonate to assist dispersion (this stev was
unnecessary for the Mangawara soil as it dispersed in distilled water
alone) and the mixture was stirred vigorously and boiled for two to
three minutes. If the suspension had flocculated upon cooling, the
supernatant was discarded and the sediment resuspended with stirring
in fresh distilled water. When significant quantities of suspenoid were
evident in the supernatant they were retained and the sediments furthéer
washed until free from clay. The liquids containing suspended material
were then combined and the clay fractions separated from the larger
bodies by sedimentation and centrifugation as described in section 3.7.

The clay suspensions produced in the akove manner were concentrated
either by high speed centrifugation in a Sorvall RC2-B high-speed

centrifuge or by flocculation with sodium chloride. Working suspensions
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were then prepared by resuspension in distilled water. If low
electrolyte conditions were desired these suspensions were washed at
the centrifuge until the desired concentrations were achieved. For
most experiments the clay suspensions produced in this manner were
suitable. They were maintained in suspension rather than as a dried

powder as the processes that occur on dehydration are not necessarily

reversible.??

The concentration of clay in any suspension was initially determined
from the dry weight of the residue of a suitable aliquot after oven
drying at 110°C to constant weight.

When dry powder samples were required the suspensions were
flocculated with acetone, washed twice with 50% aqueous acetone and
then twice with acetone or ethanol and air dried. They were then
ground lightly with a mortar and pestle to pass a 150 um sieve and dried

at llOOC for at least 24 hours or to constant weight.

3.3 X-ray Diffraction Studies

Powder samples of various fractions of the clays were scanned from
3 to 30O using a Philips 1130 X-ray system using Cu Ko radiation.

Both Tirau and Ohaupo clay samples were all essentially amorphous
although the spectrum of Ohaupo clay showed weak, broad peaks at 0.73
and 0.44 nm which indicated a small amount of crystalline material.

The Mangawara clay, however, gave strong peaks at 0.73, 0.44 and 0.36 nm,
all indicative of metahalloysite. This mineral was also probably the
crystalline material present in the Ohaupo clay. No significant
differences were found between size fractions.

These results are consistent with the Tirau and Ohaupo clays being

predominantly allophane and the Mangawara clay being halloysite.
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3.4 Electron Microscopy Studies

Electron micrographs were recorded by both scanning and
transmission electron micrography. For viewing by the transmission
mode the clays were deposited from dilute aqueous suspension onto
collodian film, evaporated to dryness in a vacuum desiccator and shadow
cast with platinum. The samples for viewing in the scanning mode were
deposited again from dilute aqueous suspension onto either brass stubs
or filter paper, dried under an infrared lamp for five minutes and
coated with a gold—pallaéium mixture. Some of the micrographs
obtained are reproduced in Plates I to VIII.

The Tirau clay (Plates I and II) is similar to the sample of the
same material shown by Fieldes!® (a clearer reproduction is shown in
reference 45, Plate 24D) and illustrates the typical allophane
characteristics; it is predominantly aggregates of widely varying sizes
with no regularity and the very fine constituent particles that are free

20, 46

have a tendency to flocculate into platy aggregates. Similar

material from other soils of volcanic ash origin has been reported by,

47 11

for example, Fieldes and Williamson and Milestone. The Ohaupo clay
(Plates III to VI) also shows these characteristics, although the
aggregates are quite irregular; this confirms its classification as
allophane. A small amount of ordered material can be seen, particularly
in the transmission micrograph, Plate VI, which because of its tubular
nature suggests that it is halloysite, a supposition which concurs with
the XRD analysis of this material. From these and other micrographs the
allophane content has been estimated as near 90%.1'8

The Mangawara clay (Plates VII and VIII) appears to be very similar
to the allophanes but in addition to the apparently amorphous material
it contains there are a large number of small spherical bodies of about

100 nm diameter and a high proportion of elongated bodies about 400 nm by

about 70 nm. It is probable that the stick-like bodies are actually
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Plate I. SEM of Tirau clay. (x 660.)

Plate II. SEM of Tirau clay. (x 13,000.)
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Plate III. SEX of Ohaupo clay. (x 3600.)

Plate IV. SEM of Ohaupo clay. (x 6,600.)



Plate V. SEM of Ohaupo clay. (x 18,000.)

— .
1um :

Plate VI. TEM of Ohaupo clay. (x 15,000.)
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Plate VII. SEM of Mangawara clay. (x 7,200.)

Plate VIII. SEM of HMangaware cley. (x 12,000.)
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tubular, the most common halloysite morphology (for examples see refs.
l6, 46, 47, 49). Halloysite is also known to have spherical forms.

The very fine particle size and low degree of crystallinity associated
with the two regular structures observed here will account for the low

intensity and broadness of the peaks recorded in the XRD analysis of

this clay.

3.5 Density Studies

3.5.1 Introduction

The density of a particle is an important factor in its sediment-
ation. A simple method of density determination is to prepare a dilute
suspension of the solid in a liquid medium and subject it tc a force
which acts upon its mass. If there is a density difference there will
be a tendency for the suspenoid to move under the influence of this
force and so the greater the force and the greater the density
difference the more proncunced the movement. If both densities are
equal no movement will occur even when the system is subjected to
forces as large as those found in the centrifuge. 2An advantage of the
procedure outlined here is that only a few milligrams of material are
needed.

3.5.2 Method

Small samples (about 50 mg) of clay, which had been dried at llOOC
overnight were shaken in 5 ml of a mixture of bromofcrm and acetone of
known density and centrifuged for 2 min at 2,000 rpm in a closed vessel.
If the clay was not evenly dispersed through the liquid phase but
accumulated =zt either the top or bottom of the vessel the density of
the liquid was adjusted by the addition of either bromoform or acetone
respectively and the procedure repeated. When the clay dispersed evenly
through the liquid the density of the supporting liquid was determined

with a pyncnometer and this was also taken to be the density of the clay.
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3.5.3 Results and Discussion

The densities of the three clays are presented in Table 3.1.

Table 3.1 Clay Densities

Clay Density (g cm™?)
Tirau allophane 2.16
OChaupo allophane 2.30
Mangawara halloysite 2.55

These are not greatly different from the values of 2.3 g a3

quoted for allophanelu

and 2.55 for halloysite.5° Halloysite has a
similar composition to kaolinite but is more hydrated and would be
expected to be less dense (kaolinite has a density between 2.61 and
2.68).51 As the allophanes are more highly Hydrated again their
densities are somewhat lower. From Table 3.1 it might be expected that
Tirau allophane is more strongly hydrated than the Ohaupo allophane.
This expectation has been verified by thermal gravimetric an‘tlysis.u
(The reduction in density by hydration arises because water is less
dense than either alumina or silica, which are the major components

of allophane. Such a situation is illustrated by the difference in
density between boehmite, Al0(OH), and gibbsite, Al(OH)3- These have

densities of 3.01-3.06 and 2.38-2.42 g cm™® respectively.’!)

3.6 Surface Arca Studies

3.6.1 Introduction

A number of the characteristics of colloidal species depend upon
the specific surface area which can be detexmined by the adsorption of
small molecules. A quantitative theory for gas adsorption was
developed by Brunaeur, Emmett and Teller’®? (the BET theory) and this is

frequently used in surface area determinations particularly with
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nitrogen gas at its atmospheric boiling point, 77.4 ¥, and also with
water at room temperature.

For a monolayer of adsorbate molecules on the surface of the

adsorbent the BET equation has the fomm;

P plc = 1) 1
_ = + (3.1)
x(po P) poxm c xm c

where p is the partial pressure of the adsorbate, po is the saturation
(condensation) pressure, x is the number of moles of gas sorbed, and

xmax is the number of moles of gas needed to form a monolayer. The

constant ¢ is defined by;
c = expl(E, - EL)/RT} (3.2)

where E1 is the heat of adsorption of the first layer and EL is the neat

of condensation of the gas.

A plot of p/x(po - p) against p/po will have a slope a = (¢ - ])/xmaxc

and intercept b = l/xmaxc from which it can be seen that;

= ]
X nax a2 + b (3.3)

The surface area is given by;

(crosssectional area of gas molecule)
surface area = X N

3.
max {(weight cof sampie) (3.4)

2 52

The crosssectional area of water®’ is 0.105 nm? and of nitrogen,

2

which is somewhat larger, is 0.162 nm. N is Avogadro's number.

3.6.2 surface Area by Adsorption of Water

3.6.2.1 Method

Known amounts of clay that had been dried to constant weight at
110% were exposed to various relative humidities in closed vessels at
25.0 % O.ZOC. The vapour pressure was determined by the nature of the

saturated salt solution in each vessel. After three days the samples
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were weighed daily until their weights were constant.
3.6.2.2 Results

The results for the Mangawara and Ohaupo clays are shown in
Table 3.2 (each value is the mean of either.two or three samples). The
plots of p/x(p0 - p) against p/po became curved at values of
p/po > 0.35 so that calculations could only be done with lower relative
humidities.

A linear regression best fit analysis of the form y = ax + b was
made, using a Hewlett Packard 9100a calculator and programme 09100-70803,
for the lower relative humidity measurements and the surface area was
calculated from the coefficients obtained. The value of the
correlation coefficient, r, is given in each case and as r = 1 the linear
approxdmation was not unreasonable.

The surface areas obtained for the two clays were 70 and 420 ng‘1
for the Mangawara and Ohaupo clays respectively. The value for the
allophane whole clay fraction is in excess of that obtained by

Milestone!!

for just the fine clay part of the same material. Although
the surface area found here lies within the range of other
determinations for allophane by the adsorption of water!l’ 2%/ 2% 4o
discrepancy noted above suggested an alternate adsorbate should also be
used. To allow comparison with published data the adsorption of

nitrogen gas at its atmospheric boiling point was chosen.

3.6.3 Surface Area by Adsorption of Nitrogen

3.6.3.1 Method

The sorption of nitrogen gas by various clay samples was determined
at 77.4 K using a BET apparatus similar to that described by Salzburg
et al.>* The sample was degassed at 1200C and 0.1 Pa prior to
adsorption for which the method described by Salzburg et al. was

£ollowed.
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Table 3.2 Surface Area by Water Adsorption

Ohaupo (< 2 um)

o/p % weight moles H,0 P
o increase per g clay x(po - p)

0.083 4.14 2.3x1073 38.9
0.113 5.95 3.3x107° 38.5
0.327 12.2 6.8x107 3 72
0.53 16.2 9.0x107 3 126
0.75 23.3 1.29x1072 230
0.86 28.2 1.57x102 392

for p/p_ < 0.35 ;jgggz—gy = 142 p/p_ + 25, (r = 0.992)

Surface Area = 420m?g” !}

Mangawara (< 2 pum)

p/p % weight moles H,0 jS)
°© increase per g clay x(pO - p)
0.083 1.03 5.70x10""* 157
0.113 1.37 7.57x10" " 167
0.327 2.50 1.39x107° 342
0.53 3.40 1.89x1073 597
0.75 6.47 3.60x1073 832
0.86 9.80 5.45%x10~°3 1120
p -
for p/p < 0.35 ——— = 812 p/po + 84, (r = 0.998)
o X(Po P)

Surface area = 70 m?>g "}
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3.6.3.2 Results

The results of the experiments are shown in Table 3.3. Again a
regression analysis was made, this time over all pressures, and the
value of the correlation coefficient, r - 1, indicated that a good fit
was obtained. The Mangawara halloysite had a similar surface area to
that determined by the adsorption of water; viz., 78 versus 70 ng'l,
which is somewhat lcwer than that of allophane but it is consistent with
the degree of crystallinity enjoyed by halloysite and also the very fine
particle size of this sample. The surface area of the Ohaupo allophane
measured with nitrogen was significantly lower than its area by water
adsorption; viz., 250 against 420 ng'l. The surface area determined
for the Tirau allophane agreed well with the figure reported by Birrell

and Fieldes;"®

these were 320 and 330 ng'lrespectively.
3.6.4 Discussion

The surface areas reported for a number of clay minerals, determined by
using different adsorbates, are given in Table 3.4. The different methods
tend to be consistent except for determinations made with water and
glycercl on montmorillonite and allophane.

Montmorillonite is a layer mineral which has negatively charged
aluminosilicate sheets held together by cations. Water and other sméll
polar molecules may diffuse in between the sheets, causing expansion of

5 fThis interlamellar

the mineral, until a monolayer is built up.s
diffusion is not available to non-polar nitrogen and so it is able to
condense only under the external surfaces.

As much of the surface of allophane is internal and found within
pores and interstices this material will have a greater capacity to
adsorb small mclecules able to pass through narrow passages. If the
adsorbent gas is also polar and capable of swelling layer minerals it

would be likely to penetrate further into crevices. Thus a monolayer

of water molecules would cover a greater surface area than would a



Table 3.3

Surface Area by Adsorotion of Nitrogen

Ohaupo (< 2 um, 0.281 g)
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Surface area

320 ng'_1

p/p moles N2 P
o adsorbed, (x) x(po - p)
2.04x10~2 6.22x10"" 33.5
3.16x1072 6.50x10™" 50.2
4.25x1072 6.75x10™" 65.8
5.09x10~? 7.01x10~"% 76.6
5.95x10~2 7.14x10”" 88.5
6.74x102 7.27x10™" 99.3
p
—_— 1392 p/p_  + 5.8 (r = 0.9998)
X(p0 pP) o
Surface area 250 m?g~!
Mangawara (< 2 um, 0.454 g)
/ moles N, P
P Po adsorbed, (x) x(pO - p)
5.07x10 2 3.72x107" 143
8.66x10_~ 3.93x10”" 242
1.29x10 } 4.10x10™" 359
1.69x10_} 4.48x107"* 453
2.12x10 * 4.60x10"" 585
2.53x10 * 4.84x10"" 699
P _ 5 + .2 = 0.9996
x® - p) 2734 p/po 3 (r )
o]
Surface area = 78 m?g~!
Tirau (< 2 um, 0.173 g)
moles N, p
p/po adsorbed, (x) x(po - p)
4.89x1072 6.02x10"" 85.5
8.2x1072 6.27x107" 143
1.17x107! 6.61x10"" 201
1.88x107} 7.10x107" 326
2.24x%107}! 7.29x10"" 395
—_ =1 - 2.2 (r = 9998
x(po =) 760 P/po ( )
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Table 3.4 Surface Areas of scme Clay Minerals

Surface Area and Adsorbate
Material (ng_l) Ref.

nitrogen water glycerol

Kaolinite 15.5 30 56
" W. Aust. 36 29 23
" Rotorua 40 9 23
Halloysite (73) 43 56
" (108) 50 19 23
Montmorillonite 27-40 400-440 55
" 460~-480 57
" 47 300 23
Allophane, Egmont 138 495 23
" Whenuapai 172 22
" Tirau 330 45
" " 320 *
" Whakamaru 855 58
" Chaupo (fine) 350 11
" various Ando 130 500 24
" Chaupo (< 2 um) 250 420 *

* This study.
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monolayer of larger nitrogen molecules.

A disadvantage with using water as the adsorbate for surface area
determinations of allophane is that it is a major component of the
mineral. Before adsorption the surface water must be removed but the
amount lost during drying is dependent upon the treatment,22
particularly the dehydrating temperature and the time allowed. (Water
is lost by allophane from room temperature to about 300°C which gives
it an endothermic peak in its DTA curve;"*® see section 3.12.) Some of
this water is an integral part of the structure and may be replaced
from atmosphere in a manner other than surface monolayer formation.
Quirk59 has pointed out that water tends to congregate about cation
sites in non-monolayer manners; this was also observed by Kutilek®?
particularly with acid-form clays. Birrell®! also found an increased
surface area for allophane when determined with water. ﬁis preparation,
like that employed here, would not necessarily have removed all free
cations and so clusters of water may have been present about these
centres and yiven an enhanced capacity and apparent surface area.

The surface areas determined here correspond well with published
values. The surface areas that will be used in subsequent discussicns

in this thesis will be those from nitrogen adsorption.

3.7 Particle Size Studies

3.7.1 Introduction

By far the greatest surface area, and hence the reactivity, of the
inorganic part of a soil towards microscopic, molecular and ionic species
is associated with the fine particle fractions, i.e., the clays. The
large particles contribute much bulk but little reactivity; their
presence also prevents the formation of suspensions of constant
composition because of their rapid rate of sedimentation. For these

reasons it is desirable to separate the clay fraction from the remainder
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and this is most commonly done by sedimentation and centrifugation. A
comparison of the surface area and the distribution of particle size
allows some comment upon the nature of the active clay body to be made.
This distribution will effect the colloid properties of the material,
in particular its suspension stability, flocculation and coagulation
with other colloids.

Particle size distributions may be made by optical methods,
electron microscopy or from sedimentation and centrifugation. The
large number proportion of very fine particles in relation to the
contribution they make to the total mass of allophane makes the optical
methods of dubiocus value. In the absence of suitable electron
microscopy facilities at the stage when this study was made, a method
based upon centrifugation was developed. In this section the
theoretical basis for particle separation by sedimentation and
centrifugation will be presented and then extended for particle size
distribution determination.

3.7.2 Differentiation and Sepavation

Size differentiation of colloidal particles can be made because of
the differences in the rates at which they can pass through a fluid

medium which resists their movement when they are being operated upon

<
~

by a mass related force. This process is idealised by Stoket; Law which
states that the frictional resistance, Fr' offered a perfect sphere

moving through a fluid under a condition of streamline (viscous) flow is;

r

ds
= DN o 3.5
Fr 31DN 3t ( )

where D is the particle diameter, n is the fluid viscesity and dx/dt is

the velocity. Movement by a mass related force, Fa' gives;

o= ndX (3.6)
a dt
2
™ .3 dcx
= —D 5 (3.7)
e D .3z
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where m is the particle mass, dzx/dt2 is the acceleration induced and

Ap is the difference between the densities of the particle and the fluid.

At the terminal velocity;

.o

D¥Ap == = 3mDn .gx—t (3.8)

o
Q

t

When the force acting upon the colloid is gravity d%x/dt? can be
replaced by g, the gravitational acceleration constant. Substitution of
colloid parameters in (3.7) shows that the terminal velocity, Ver of the
particle under gravity is reached rapidly and this rate can be calculated

for any specific particle;

_ & _ D?Apg
Ve T d@& T T1en (3.9

Knowledge of vt allows predictions of the time required fcr all
particles with diameters greater than a desired size to sediment a given
distance. When particles become tco small Brownian motion impedes
sedimentation and the times required become excessive. For clays this
limit is reached at about 1 um. Smaller particles need larger forces
such as those available in the centrifuge.

Under centrifugation the acceleration at a distance r from the

axis is given by:

2
%ﬁ = wlr (3.10)

where w is the centrifuge angular velocity (in radians per second).

(3.7) now beccmes

m 2. - dr 3.11
e DApw*r 31TnD.dt ( )

Once again the terminal velocity is attained rapidly but it is now
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dependent upon the distance of the particle from the axis;

d& - D2?Apw?
< = _lSTdt (3.12)

Integration of (3.11l) over the maximum distance a particle may

travel in time t yields;

2 2
R _ D“Apw
In s = __Igﬁ_— t (3.13)

R is the distance from the collecting plane to the axis and S is

the radius to which the centrifuge is filled.

o

- ST

<—— R )

Figure 3.1 Parameters of the centrifuge.

It must be noted that the theories discussed have been developed
for spherical particles. Most colloids are not spherical but they can be
differentiated according to their behaviour under strong forces. The
value of D is then the equivalent spherical diameter, {(esd); i.e., the
diameter of the sphere of the same density to which the collecids
behaviour is analogous. Convenient nomographs of sedimentation times
plotted against particle diameter (esd) for gravity and centrifugal
62

sedimentation have been prepared by Tanner and Jackson.

3.7.3 Method Used for Size Fraction Differentiation

Particle sizes greater than 2 um esd were separated from dispersed
soils by repetitive sedimentation for times determined using (3.8). The
suspended clays (< 2um) were ccmbined and if desired smaller size
fractions were separated by repetitive centrifugation under conditions

determined using (3.12). Usually five or six repeated cycles were
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required. These were carried out in an MSE Multex centrifuge at room

temperature.

3.7.4 Size Distribution

Determination of the particle size distribution can be achieved
by exhaustive repetitive centrifugation for defined size fractions.
This approach is tedious and laborious for more than a few fractions.

Murley63 described a method which allows a continuous distribution
determination to be carried out readily by centrifugation. (3.12)
shows that the diameter of a sedimented particle is dependent upon the
time of running, the centrifuge speed, the collecting plane radius, R,
and the inner liquid radius S. A convenient method involves variation
of only S and weighing either the amount of precipitate or determining
the amount of material still in suspension. This method was described
for use in a disc centrifuge63 but as this type of apparatus was not
available the theory was modified for use with a bucket centrifuge with
cylindrical tubes. A source of error was introduced because the
conditions did not change instantaneously at the ends of the prccess as
presupposed; this was reduced to some extent by operating for relatively
long periods. Furthermore, as particles moved along a radius away from
the axis of roctation, a small proportion of them would strike the tube
walls; no account of this was taken although it would not be a large
problem as only small volumes of liquid were taken and so the walls
would lie in the path of only a few particles.

If the inner radius of the entrifuging system is decreased by a
small amount dS the extra weight of sample in the tube is given by
g-cTz.dS where c is the weight of solid per unit suspension volume and
T is the tube diameter. For this extra amount only those particles with
a size larger than the equivalent diameter D given by (3.12) will reach

the collecting plane after time t, whilst those with a smaller diameter

than D will not. The extra weight of material deposited at the
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collecting plare by this change in the top surface radius will be;
[oo]
-T 92
aw = TT'T c.ds f £(D).dp (3.13)
D
The negative sign arises because the extra sample must decrease S.
If the suspended material is being analysed it is necessary to consider
the particles with size less than D by integrating the distribution

function, £(D), over the range O to D.

D
aw = _T“Tzc.dsj £ (D) .dD (3.14)
(o]

As f(D) is the distribution function then Jt)f(D).dD will be the
cumulative weight proportion in the range a to b? (Thus in an experiment
variation of only S is enough to determine the cumulative weight
percentage and hence the proportion of the sample any fraction represents.)
The tangent to the curve of a plot of S against W yields the derivative
ds/dWw for that particular value of S and, from (3.12), a unique value
of D, which when divided by the term nT2C/4 gives the cumulative weight

fraction up to that value.

" tmy.ap = -4 . = (3.15)
D TT C ds

If a volume x of suspension is added to the centyifuge tube then;
s = R - 2= (3.16)

W can be plotted against x and so the derivative dW/dx can be

found. In addition

g_‘g - %{. . E‘éls‘- (3.17)
2
- % ) "”4’1‘ (3.18)

(o]
= - L p2q, ID £(D).dD (3.19)
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o
. \ _ 1 aw
.« JD f(D).dD = ; a; (3.20)

W can be expressed as a function of x by determination of a degree

n least squares fit polynomial of the type

n n
W = 21 a x (2.21)
R aw - Znna n-1
© o ax , B nx (3.22)
® 1 1
- n n—
.« . £ . = = .
f (D).dD = = 21 n.a x (3.23)
D
The esd can be calculated from (3.12) and (3.16);
]
R
18n
D = . 1n 4 (3.24)
Aow?t R - 2
mT x

This finally allows a plot of the cumulative distribution function

against particle size.

Furthermore, the proportion of the material in the size range D, to

D, is given by;

Dl 00 o
J f(pD).dD = I £(D).dD - J f(D).dD (3.25)
D, D, D,
1 S n-1 o n-1}
= - e (2.26)
E{g n a x; g n anyz

where X, and X, can be found for D, and D, respectively using (3.24).

Two further distributions of interest are the number and surface area
distributions, i.e., the number of particles of esd D and their surface
area assuming that they axe spheres. If dW is the mass of particles of

esd D then the actual number of particles this is N, given by;

6 D+dD
N = —sp f(D).dD (3.27)
TeD D
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The surface area for the same mass, Ao' is given by;

6 D+dD
A = f £(D).dD (3.28)

oD

o P D
For comparison between samples it is necessary to normalise these

parameters with respect to some property and this can be done for the mass
by dividing by the cumulative weight for the whole sample in the size

~

fraction of interest.

3.7.5 Method used for Particle Size Distribution Analysis

Duplicate samples of stable salt-free clay suspensions, prepared
by sedimentation of dispersed organic-free soil (see section 3.2) to
produce particles of less than about 4 um esd were measured into the
cylindrical tubes of an International clinical centrifuge model CL.
This was run for a set time at a constant speed determined with an
electronic stroboscope. After stopping slowly the supernatant liquid
was discarded and the precipitate was washed into glass centrifuge
tubes, flocculated with one or two drops of dilute hydrochloric acid,
collected ky centrifuging, dried overnight at 110°C and weighed. The
concentration of the original suspension was measured in a like mannar.

A least squares fit 4th or 5th degree polynomial cf the form of
(3.21), which expressed the precipitate weight, W, as a function of the
volume of suspensicn added, x, was obtained for each sample using a
STATUS program (reprocduced in Appendix I) run in an IBM 1130 computer.
Plots of these functions were superimposed upon the experimentally
determined values with the aid of a Hewlett-Packard Model 910CA
calculator-plotter. This instrument was also used to plot the cumulative
distribution function (3.23) against the particle diameter (esd) from
(3.24). A PDP-11/05 computer was used to calculate values for the
weight, number and surface area distribution functions with respect to

the diameter and also to calculate the cumulative values for the weight
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and surface areas of some fractions.
3.7.6 Results

Figure 3.2 shows the weight of sediment collected against the

volume of suspension taken for the three clays. The curve superimposed
upon these points is the best fit polynomial, in each case found to be
of the 4th degree, i.e., W = % anxn. (If n £ 0 the polynomial would not
pass through the origin so that a necessary condition was n > 0,) The
coefficients for the various polynomials are given in Table 3.5.

Table 3.5 Coefficients of the Least Squares Fit Polynomial
(3.21) for Ohaupo, Mangawara and Tirau Clays

Coefficients
Clay
first second third fourth
Ohaupo 3.30310 -0.11388 0.00369 -0.00005
Tirau 1.70707 -0.02821 -0.00138 0.00005
Mangawara 92.68507 -0.86445 0.04786 -0.00094

In figure 3.3 the distribution function, f£(D), has been plotted
against the ecuivalent spherical diameter, D. The percentage by weight
of the total material of diameter less than D is given by the area
beneath the curve from 0 and D. All three clays were quite distinct.
The Mangawara halloysite had only a small proportion greater than 1 pm
esd whilst meore than 50% of its mass was associated with particles
smaller than 0.5 um. The Ohaupo allophane was somewhat coarser with
more material larger than 1 um and less very fine material; its mean
diameter on a weight basis was 0.7 um. The Tirau allophane was even
coarser with a mean diameter of 1 um and very little fine material.

The sharp cut-off above 1.5 um may be due to a loss of this fraction in

preparation. About 5% of this clay was very fine, i.e., less than
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Plots of the normalised number distribution are shown in figure
3.4. (Note that the ordinate is logarithmic.) The form of this
distribution does not lend itself to prediction of values at small
diameters and no real confidence should be placed in the actual
estimates of the numbers of fine particles (< 0.2 um) although it is
clear that they are very important in the halloysite; they are of less
consequence in the allophanes.

The final figure of this section, figure 3.5, shows that if the
particles are all considered as solid spheres the surface area would
be primarily that of the small particles of the halloysite and to a
lesser extent of the Ohaupo allophane, but it would be evenly spread
throughout the fraction O to 1.2 um of the Tirau allophane. The

surface areas based upon these calculations are:

Ohaupo allophane 9.8 ng—l
-1

Tirau allophane 7.3 ng
-1

Mangawara halloysite 9.7 ng

3.7.7 Discussion

The size distribution of the Tirau clay obtained here is in
reasonable agreement with other reports of size distributions of clays
extracted frcm the same soil. Fieldes and Furkert®* reported that 2%
of the clay was fine (< 0.2 pm) compared to the 5% found here. Their
method of analysis was not reported. Using a Coulter Counter (which
was unable to detect small particles) Cooper36 fourd a similar wide
distributicn but with a mean diameter of about 1.4 um.

The variation in the particle size distribution of the three clays
may be correlated with other properties. These include the age of the
material, the nature of the readily soluble fraction of the aluminium

associated with the clay (see section 8.3.1) and the surface area as
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determined by the adsorption of nitrogen.

The halloysite used in this work was at least a half million years
old, its readily soluble alumirnium was bound to species other than an
infinite matrix of aluminium hydroxide and it did not have a very large
surface area; 78 ng‘4. This is in agreement with the particle size;
spheres of density the same as this clay and diameter 0.1 pm would have

a specific sutrface area of 23 m?q~}

although the area calculated from
the distribution was even less. The contribution from surface
irregularities, from aggregates and non-spherical bodies would enhance
this value somewhat. The electron micrographs, (section 3.4), Plates
VII and VIII, also showed that the material was predominantly small
bodies of about 0.1 um diameter with aggregates and larger particles
also present.

The Ohaupo allophane is somewhat older than the Tirau sample but
mich younger than the halloysite. The lability of its aluminium and
its surface area were both intermediate between the other two clays.
Because the mean particle size was larger, as confirmed by the electron
microscope, Plates III to VI, it would be expected to have a lower
surface area than the halloysite. However, its specific surface ar=za
was much greater; viz., 250 ng'l. The Tirau allophane, the youngest
clay studied (30,000 years), was predicted on the basis of its particle
size distribution to have the lowest surface area, but in fact it had
the largest, viz., 330 ng'J. It also had the most labile aluminium.
These facts can be reconciled if the allophane particles are considered
to be aggregates of very small units, perhaps as small as 5 nm,
cemented together into large porous units by the hydrous cxides of iron
and aluminium, (see section 2.4). The younger clays would be less well
ordered and leached than the older clays and so they would have more

surface irregularities and pores. Thus they have not only freer

aluminium but as a result greater amounts of included water and hence
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a lower density.

It is predicted that if the surface properties of the three clays
were equivalent the Tirau allophane would be the best adsorbent because
it has the largest surface area. However, because there are relatively
few particles it would be a poor flocculant. On the other hand the
Mangawara clay would be a good flocculant because of its small
particle size but it would make only a moderately good adsorbent. The

Ohaupo clay would have intermediate properties again.

3.8 Dissolution by Sodium Hydroxide

3.8.1 Introduction

hmorphous silica, alumina and aluminosilicate gels can be removed

from crystalline clay materials by selective dissolution using alkaline

65,6€

reagents. Cold and hot 0.5 M sodium carbonate effectively dissolve

not only most of the amorphous material,66 but also significant amounts

67

of crystalline substances. Boiling €.5 M sodium hydroxide, as

suggested by Hashimoto and Jackson, ®° does not effect the crystalline

materials as extensively67 provided the time of interaction is not

68

excessive. Highly crystalline clays such as montmorillonite,

irrespective of particle size, are much less susceptible to alkaline
dissolution than poorly ordered kaolinite and halloysite69 whilst
amorphous materials appear to dissolve readily. The success of a method
of selective dissolution depends upon using a time and a temperature which

allow differentiation in the amounts of materials dissolved. According

1¢

to de Villiers selective dissolution with scdium hydroxide using the

68

methcd of Hashimoto and Jackson®® was the most sensitive quantitative

method for the determination of allophane in soils. It is this
procedure that was used in this study. (In a recent paper Kitigawa has
reported the reliability of various methcds for the determination of

0

allophane in mixtures of clays.7 He found that the method used here
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tended to over-estimate the quantity of allophane, particularly if
halloysite was present. The most accurate procedure involved alternate
dissolution, first in 8 M hydrochloric acid and then in 0.5 M sodium
hydroxide for several cycles with weight determination after each. A
method based upon the weight loss between 105 and 200°C was much more
straightforward and necarly as reliable.)
3.8.2 Method

Aliquots of suspensions of the various clays and clay fractions,
which contained less than 100 mg of clay, were taken in a large
platinum crucible and an equal volume c¢f 1.0 M sodium hydroxide added.
The mixture was brought to the boil rapidly over a bunsen burner and
held at that temperature for 2.5 minutes before being coecled in
ice-water. The undissolved material was collected in a dried and
weighed Gooch crucible, washed with 0.5 M sodium hydroxide, distilled
water and then twice with 50% aqueous acetone. It was then dried to
constant weight at 110°C and the guantity of dissolved material
calculated. Iron (III) hydrous oxides had been removed from some
suspensions with the citrate-dithioaite reagent prior to sodium
hydroxide reaction; the total loss of weight includes the loss by both
processes.

3.8.3 Results and Discussion

The amounts of material dissolved by 0.5 M boiling sodium
hydroxide are shown in Table 3.6. Each value is the mean of that
obtained for two samples.

It is perhaps notable that the most soluble clay, the Tirau
allophane, had the largest particle size. The amount of this clay
dissolved was similar toc that reported by other workers, 1’ 36/ 58
It was suggested that the undissclved material might be feldspars and

a small amount of urweathered volcanic glass.!!’ °®¢ Yet if the clay

was first subjected to the dithionite-citrate process to remove free
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Clay Fraction Percent dissolved

Tirau whole clay 81.0

< 0.5 um 85.0

< 0.5 ym, Fe free 100*
OChaupo whole clay 75.8

< 0.5 um 81.0

< 0.5 Um, Fe free 94,5%%*
Mangawara < 0.5 um, Fe free 77.5%*%

* insufficient left for analysis

** jncludes amount dissolved by dithionite-citrate reagent.

iron(II1I) species the combined amount lost to sclution was greater and

did not always leave sufficient for analysis. (The order of treatment

of these reagents is not important.)71 As the sodium hydroxide and
the dithionite-citrate treatments do not attack the crystalline clay
minerals significantly, and as the iron(III) is a significant part of
the mineral a hetter measurement of the allophane content of a soil
might be made by using both procedures consegutively.

The lower quantity of the Ohaupo clay dissolved is consistent
with it containing a significant proportion of more highly ordered
components. Similar materials must also be present in the Mangawara

clay. That the Mangawara clay can dissolve more readily than the

weakly soluble halloysite reported elsewhere®® would be a result of its

very fine particle size and an amorphous component.

3.9 Iron Content

3.¢.1 ZIntroduction

The clays derived from the weathering of volcanic ash showers

commonly contain up to 8% by weight of hydrous iron (IIT) oxides. The
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removal of these oxides from crystalline clays often enhances the
sensitivity of analytical procedures. A reliable method for their
dissolution from aluminosilicates using sodium dithionite and sodium
citrate was developed by Aguilera and Jackson’? and subsequently
improved by the incorporation of a buffer, sodium bicarbonate.’® This
procedure is almost quantitative for the free hydrous oxides but it
does not dissolve such materials as magnetite to any extent and so it
does not give the total iron content of a soil.

A method for elemental analysis of insoluble silicates following
fusion with sodium hydroxide, from which the total iron content can be
determined, is described by Vogel (p.660).7li
3.9.2 Methods

The dithionite-citrate-bicarbonate procedure as described by

Mehra and Jackson73

was carried out using oven-dried samples of the
clays in teflon tubes. Three extractions were found to be necessary.

The procedure described by Vogel (p.660)7“ was followed for the
sodium hydroxide fusion of over-dried material. Nickel crucibles were
employed for the fusion and the melt was taken up in twice-distilled
water and neutralised with concentrated hydrochloric acid.

The solutions obtained from both procedures were analysed for
iron(I1I) by colohfimetric determination of the iron(III) thiocyanate

complex at 490 nm (Vogel, p.785).7"

3.9.3 Results and Discussicn

The guantities of iron extracted by these two processes from the

various soils and clays are shown in Table 3.7.
The total content of iron found here for the Tirau soil is in
8

. 1 a
agreement with that determined spectrographlcally, (2.5% as Fe or

3.6% as Fe203)‘

<
The dithicnite-citrate reagent can yelease more than 90% of the
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Table 3.7 Iron Contents of Various Soils and Clays

Iron (% by weight as Fezoa)

Sample Total Free
(fusion) (dithionite/citrate)

Ohaupo soil 5.12
5.17

Ohaupo clay 6.09 5.66

6.13 5.67
Tirau soil 3.40
3.38

Tirau clay 4,17
Mangawara soil 5.78
5.81

Mangawara clay 5.12 4.79

5.21 4.80

total iron found in materials of the type studied here. 1In such clays
only a small amount of iron can be considered to be in unavailable
forms, e.g., in minerals such as magnetite cr substituted for aluminium
in the aluminosilicate matrix of the allophane itself.”’

The free iron in these clays is thus probably not a major part of
the skeletal matrix. It is more likely to be present as a discrete
phase or perhaps as an adsorbed species. If a neutral agueous suspension
of a material like an aluminosilicate is supersaturated with a
hydroclysing metal, such as aluminium or iron(III), the metal species will
tend to deposit as a separate hydrous oxide phase; only a small part will
be adsorbed by the aluminosilicate. In this way aluminium has been

6

. s . . 7
desorbed frcom montmorillonite and transferred to gibbsite. The

11

allophane structure proposed by Milestone (fig. 2.1) should perhaps be

on a collcidal scale and not on a molecular scale. Furthermcre, since
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the aluminium:iron(III) ratio is high (9 for the Tirau allophane) if
the iron is colloidal the larger part of the tetrahedral core charge
arising from isomorphous substitution will be balanced by the
octahedral aluminium hydroxide and only a small part by the iron(III)
colloid.

The influence of the dithionite-citrate reagen: upon surface

properties of allophane and similar materials is discussed further

in Chapter Nine.

3.10 X-ray Fluorescence Analysis

3.10.1 Introduction

Tube excited fluorescence analysis (XRF) provides a simple and
clean method for both gqualitative and quantitative analysis for elements
heavier than magnesium (although the efficiency is low for elements
lighter than potassium). It is particularly suitable for elements of
the first transition series. In this study XRF was used to determine
whether any measurable elements (other than silicon, aluminium and iron)
were present in the materials used in this investigation and, fuxrther,
to see if their concentrations were sufficient to make them important
constituents. This investigation was therefore qualitative and only
approximately quantitative.

3.10.2 Method

Oven-dry clay samples were exposed to molybdenum ¥-radiation in an
Ortec Model 610C Tube Excited Flucrescence ARnalyser. The anode voltage
was 25 Kv, the anode current was 20 pHA and a counting time of 200 s.

The contents of the multichannel analyser were transferred to paper
with an X-Y plotter to give intensity-enexrgy spectra.

3.10.3 Results and Discussion

The spectra obtained are shown in figure 3.6. The ordinate is

logarithmic and records the number of counts received for the particular
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fluorescent energy. Because the efficiency of interaction with
X-radiation increased with atomic number the peaks due to both silicon
and aluminium are small relative to iron even though these elements were
present in the clay to a greater extent. The only other element present
in the Chaupo clay in a significant quantity was titanium but its
concentration would be considerably less than that of iron. Very small
amounts of potassium and calcium were also present. The Mangawara clay
was very similar to the Ohaupo but traces of manganese and zinc were
also apparent. The elemental composition of the Tirau clay has been
determined spectrographically.18 The three clays all have a roughly
similar elemental composition.

The spectrum of a synthetic aluminosilicate was also determined
(fig. 3.6c). Besides aluminium and silicon, and a quantity of sodium
77

and chloride probably incorporated or adsorbed during preparation,

only trace amounts of calcium and iron were present.

3.11 The Optical Properties of Allophane

3.11.1 1Intrcduction

The optical density of a suspension provides a useful method for
the determination of the concentration of the colloid; it can also
yield infoxmation akout the size and shape of the suspended particles.
Both of these features have been investigated and are commonly used
for the characterisation of monodisperse sols. The visible and
ultra-violet spectra of some clay minerals have been recorded to see
what information they could provide about the nature of the material.’®
As the fundamental structural units of clay mineral lattices, the
oxy-groups of silicon and aluminium, do not absorb light in the visible

or u.v. regions (220 to 800 nm) any chromophores present will be

associated with other species, notably transition metals. Although many
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clays contain these elements they are usually present in trace quantities
except for iron which tends to be the major contributer to the absorption
spectra.78 A study of the absorbance peaks, if they can be observed,
should give some information of the nature of the metals in the
chromophores of the clay.
3.11.2 Theory

The relative decrease in the intensity of light as it passed through
a suspension is measured experimentally as the optical density, A,
defined by Lambert's law;

1
log = (3.29)

o
]
-

where Io and I are the intensities of the incident and the transmitted
light respectively and £ is the optical path length through the
suspension. There are two components to the optical density; that due
to absorption by specific atomic and molecular functions and that due to
scattering caused by the differences in the refractive indices of the

particle and the dispersing medium. For a narrow beam of light;

1 Io 1 Io
= < log —m— = —_— 3.30
A g9 -3 t*t glog T —3 ( )
o a o s
= 0.4343 (E + 1), (2 =1 cm) (3.31)

where I and I are the intensities of the absorbed and scattered light
a s
respectively, E is the extinction and T the turbidity. At any specific

wavelength;
E = egcf (3.32)

where € is the axtinction coefficient for the absorption at that wave-
length and ¢ is the concentration of suspenoid.
The Rayleigh equation for light scattering relates the turbidity

at constant wavelength to the concentration of particles, N, each of
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volume V thus;

T = knv? (3.33)

where k is an optical constant. This equation holds for ideal scatterers
with diameter D less than a tenth part of the wavelength, A, but it loses
validity for larger particles. If particles coalesce although the number
concentration decreases the mean volume increases at a greater rate and
so with the commencement of flocculation there may be an increase in the
turbidity. For a flocculating system Timasheff’? has shown that;
! m
T = K} N v % (3.34)
) . X X A

where X is a constant, Nx is the number concentration of particles cf
degree of association x, Vx = x.V and m is a constant which varies
between 4 (for ideal Rayleigh scattering bodies) and -2 in a complicated
manner and has some relation to particle size. For constant degree of

aggregation, or dispersion, (3.34) can be rewritten as;

T = pA ™ (3.35)
and so;

d log T _ _ m (3.36)

d log A

The relation (3.35) has been found to hold for many dispersions
(e.g., refs. 80 and 8l). As the total optical density is the sum of the
consumptive absorption and the turbidity, if a function which adequately
describes the turbidity can be generated the difference between this
function and the optical density at any wavelength will be the
absorption due to the chromophores of the suspenoid.

3.11.3 Methods

Spectra of suspensions which had been washed at the centrifuge at

ieast si¥ times in twice-distilled water were recorded with a Cary model
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17 spectrophotometer using 1 cm path length quartz cuvettes. The
iron(III) colloid was prepared by refluxing a 0.1 M solution of
iren (III) chloride for one hour.

Exponential curves of the form of (3.35) were superimposed upon
the spectra with a Hewlett-Packard 9100A calculator-plotter.

3.11.4 Results and Discussion

The spectra for a variety of size fractions of the Ohaupo
allophane are shown in figure 3.7. The exponential nature of *hese is
evident for the smaller fractions. It is not as dominant for the
larger particles particularly at lower wavelengths where the assumption
that the bodies are ideal scatterers is not valid and m > O and is not
constant. Fiqure 3.8 shows the exponential function generated by
(3.35) superimposed over the spectrum of the < 0.25 um fraction of the
clay. The spectrum deviates from ideality in that m is not a true
constant but does vary with A, again probably the result of particle
diameter approaching the wavelength. The mean particle equivalent
spherical diameter on a number basis is, from section 3.7.4, about
0.1 pm (10O nm); in the far uv this is only one-half the wavelength.
Increasing the particle size also lessens the effect of scattering.
Nevertheless, weak deviations from the exponential curves can be seen
at 275, 360 and 480 nm which cannot be ascribed to variation of the
exponent m but are probably associated with abscrption by
chromophores belonging to the colloid.

The spectra for hydrous iron(III) oxide suspension have been
reproduced in figure 3.9. The superimposed curve is for the exponent
m = 4, i.e., for an ideal scattering body. As the curve is not close
to the absorbance spectrum the interaction of this colloid, unlike
allophane, is dominated by consumptive absorption although scattering
is still important. There are three regions of absorption and these

coincide with the regions found for allophane although for the iron(III)
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colloid they are considerably more intense. It would appear likely that
the iron(III) found in Chaupo allophane is in a similar state to that in
hydrous iron(III) oxide.

The optical absorption spectra of a number of clay minerals have
been recorded by Karickhoff and Bailey.78 Although the clays they
studied showed a roughly exponential increase in the absorbance
associated with scattering a number of them gave maximé associated
with transition metal absorptions. The two minerals most like allophane
studied, halloysite and kaolinite, showed little consumptive absorption,
and their spectra, like that of allophane, were also dominated by

scattering.

3.12 Thermal Properties

Two methods of studying thermal properties of clays are commonly
used. These are differential thermal analysis (DTA) and thermal
gravimetric analysis (TGA). Both measure a property of the solid as it
is heated.

TGA measures the weight loss with increasing temperature. Using

11 found, for the clays extracted from a wide

this technique Milestone
range of Waikato soils, that practically all weight loss was from water
and occurred below 6OOOC, mostly between 50 and 200°C. The weight loss
by freeze-dried samples of Chaupo and Tirau allophanes was 25 and 32%
respectively. This is confirmafiion of the erpectation, based upon
their densities (section 3.5), that the Tirau clay was more hydrated.
The parameter measured in DTA is the difference in temperature
between the sample and a reference material as their temperature is
increased at a regular rate. Heat effects associated with physical
and chemical changes in the material are then recorded. These may be

excthermic or endothermic and include fusion, crystal structure change,

disseciation, dehydration, etc. As thetemperatures at which these
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occur depend upon the material, characteristic spectra can be
obtained.

The DTA curves of allophane have been reported by White® and also
by MacKenzie. %2 They show a large endotherm due to water loss between
60 and 350°C and an exotherm at above 1000°C from the formation of
mullite. These features are generally characteristic?®’*® and have
been used as part of a definition of the mineral.® Halloysite, as a
member of the kaolinite group, is characterised by a sharp
dehydroxylation (endothermic) Jjust below 600°C and by an exotherm in

o)
the region 950 to 1000°c. 82  1f it is hydrated (halloysite (10R)) %3

X o .
there is also a large arndotherm near 125 C as interlayer water

o
escapes. Dehydrated halloysite, metahalloysite or halloysite (78) 83

show a small endothermic peak in the region 100 to 140°c.2?

For this study the DTA curves were determined with a Stone
Differential Thermal Analyser. The spectra cf the Mangawara and
Ohaupo clays are presented in figure 3.10. The curve for the Ohaupo
clay displays a typical allophane feature, the broad endotherm at
125°C. As the temperature did not exceed 9000C the high temperature
properties could not be observed. The weak broad exctherm at 300°C
and the endotherm at 47OOC show that this clay also has some of the
characteristics of Hamilton ash, a highly halloysite clay.29 It is
again evident that Ohaupe clay is a mixture of allophane and
halloysite. The exotherm at 530°C in the spectrum of the glycolated
sample corresponds tc a halloysite content of about 17%. The curve
recorded for the Mangawara clay with its endotherms at 125 and 5250C
is typical of hallioysite (7%) which contains some allophane. The
peaks in between these two are obscured by the peak from the loss of

glycol.
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3.13 Conclusion

A number of physical and chemical properties of the clay fractions
of soils developed on three Waikato tephra were investigated. 1In
general standard procedures were utilised but it was found necessary
to develop a centrifugal method to determine particle size
distributions. A fresh approach was also used to interpret the
uv-visible spectra of a clay suspension.

The three clays can now be reasonably categorised. That
separated from Tirau soil was a coarse form of allophane with a high
solubility in alkali and a very large internal surface area. The
Ohaupo clay was predominantly allophane (about 90%) with some
halloysite. It had a moderately hich solubility in alkali, a high
internal surface area and a high proportion of small particles. The
iron(III) present in the Ohaupo clay was in a similar form to that in
hydrous iron(III) oxide. Dispersion of the clay fraction from a
Mangawara soil yielded a very finely divided, moderately alkali
soluble halloysitic clay containing some amorphous material.

No results of this chapter have offered any evidence that would
contradict the models for the allophane structure that have been

37 (see section 2.4). The

proposed by Okada et al.?% or Cloos et al.
model used in further discussions will be that allophane has a
tetrahedral aluminosilicate core of irregular structure and
composition, coated to a variable degree with polymeric hydrous
aluminium oxide. Other colloids, notably hydrous iron(III) oxides,

may be adsorbed onto these units and assist the hydrous aluminium

oxide in binding them into clay sized aggregates.
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4.1 Introduction

The electrochemical double layer* at the solid/liquid interface
of a charged particle in a liquid medium dictates much of the
behaviour of that particle, particularly its suspension, flocculation,
electrokinetic and adsorption characteristics. A discussion of the
double layer is made here to introduce some surface and colloid
properties required in subsequent chapters of this thesis. Reference
will be made to the hydrous oxides because their surface electro-
chemistry has been well studied, much more so than the clay minerals
to which they bear many similarities. Excellent reviews cf this
subject include; overbeek®" (in Kruytes), Dukhin and Derjaguin,86
Sparnaay87 and (with particular reference to oxides) Ahmed.®® Much
relevant material can also be found in Discussions of the Faraday
Society, No.52, "Surface Chemistry of Oxides" (1°971).

In order to understand the electrokinetic and surface properties
of aqueous colloids it is necessary to know the distribution of
electrical charges and the potential gradients at the surface and
their alterations with varying electrolytic and solution conditions.
A number of concepts may appear straightforward but in many instances
the real situation is less distinct, particularly with regard to the
pesitions of adscrbed ions. One reason for this uncertainty is that
the double layer is an interfacial region and the extent to which any
component belongs to either bulk phase or to a third separate inter-
facial phase is not always determinable.

This chacter is devoted to a discussicn of theories of the origin

*Electrochemical double layer is the preferred term but for brevity
double layer may be used.
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and nature of the distribution of charges and electrical potential at
the hydrous oxide/aqueous phase interface. These theories will be used
in subsequent chapters when some aspects of the electrochemical double
layer at the allophane/aqueous interface will be discussed. First,

however, the concept of adsorption must be dealt with.

4.2 Adsorption

When two phases are in contact although the total amount of
material may be known it is impossible to determine how much belongs to
each phase and to the surface itself. It becomes necessary to make an
approximation and consider that the major component of each phase is
not adsorbed at the interface. This will not apply to concentrated
systems but these are not considered in this thesis. For dilute
solutions it follows that adsorption of the minor component may occux
and this will lead to a specific surface excess, I'. This is the
difference between the concentratiocn of the adsorbing species, or
cdsorbate, at the surface, i.e., in a zone of depth at the surface
equal at least to its diameter, and that which would occur if the
surface had no influence, i.e., that of a like region in the bulk
golution. A species can be considered to be adsorbed if its surface
excess concentration is non-zero. If I' < C negative sorption has
occurred and the species has been excluded from the surface. Here-
after adsorption will be implied to be positive unless specified as

negative.

4.3 Electrical Potentials at a Phase Boundary

At the interface between two different phases a potential
difference frequently arises. This is because of non—-equivalent
effects between the interactions of the two phases with anions and

cations as well as by surface group pclarisation, dipole orientation,
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dissociation and unequal dissolution. The potential difference over
such a phase boundary, ¢, also known as the Galvani potential, is the
sum of two parts; the Volta potential, Y, arising from the free
charges, which is 1/e (e is the electron charge) times the work
required to bring unit charge from infinity to a point close to the
surface, and the surface potential, ¥, arising from oriented dipcles,
which is 1/e times the work needed to move the charge across the phase

boundary into the interior. For any surface;
¢ = ¥ + X (4.1)

At an interface between two different phases this can be rewritten

as;

o

Ay + Ay (4.2)

only the Volta potential difference, Ay, may be measured. &
The total amount of work to bring the species i of charge z, from
infinity into a phase, the electrochemical potential, ﬁi’ is the sum

of the chemical potential term and the electrostatic work term zie¢

_ (4.3
ui u, + zie¢ 3)
- (0] + (4-4)

w o+ kTlna, + zie(w X)

where u? is the standard chemical potential and a, is the activity of
i X
the species i. If i is a component of the solid matrix, i.e., it is
potential determining, then variations of its concentration gives;
- o ‘ A
T Ay + kTAlna, + ze o) (4.5)
But uo cannot change and Al. = 0 at equilibrium so that for ideal
i i
solution behavicur and assuming that ¥ does not change for only

noderate changes of the sclution composition then;

- - XT_ a1n (4.6)
N = p— Alrai

i
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This is the Nernst equation which in this form allows approximate
calculation of the surface Volta potential from the adsorption of
matrix components or potential determining ions.

A surface which becomes charged by thé transfer of charges across
the interface in this manner forms a reversible electrochemical double
layer and is found for solids such as the sparingly soluble salts and
oxides. A completely polarised double laver is established when an
external potential is applied across an interface. The similarity in
the charge distribution in the liquid part of the double layer
structure of these two systems has been shown by equilibrium studies
using silver halides®® and mercury89 in contact with aqueous
electrolytes. There is a difference between both of these materials
and the hydrous oxides which will be established in Chapter Seven when

cation adsorption is further considered.

4.4 Origin of the Surface Charge of ihe Reversible Double ILayer

As has already been mentioned in the previous section an inter-
face may become charged by non-equivalent adsorption of the pctential
determining (p.d.) cations and anions from solution. With a material
such as silver iodide the matrix ions are of course Ag+ and I so that
these will ke potential determining in the suspending medium. As 1 is
more strongly adsorbed than Ag+ the iodide surface tends to ke
negatively charged because of a surfeit of adsorbed I ions unless
there is a large excess of the cation in the solution. The situation
for hydrous oxides is a little more complex because of the sclubility
of the cation and its subsequent hydrolysis reactions which both
depend upon the pH. This resultsin H+/OH— being the p.d. ions even
though they are not the primary units of the solid. At the surface
they are extremely important because of their involvement in the

following reactions usually considered to be the charging mechanism of
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the hydrous oxide surface;

_ * o o _ © oH -
= M(H,0) ,0H| ==~ = M(H,0) (OR),| === Mo(Hzo)ox:I-l (4.7)
H H

The oxide negative charge originates from acid dissociation of
hydroxyl groups and will increase with pH. This will enhance surface
cation attractive interaction and induce cation adsorption to maintain
electroneutrality. Sufficiently basic oxides on the other hand can be
protonated by more strongly acid substances and hence acquire a
positive charge which also must be balanced, this time by adsorbed
anions. Amphoteric materials will display kcth cf these properties.
At some point the surface charge must equal zero and the electrolytic
conditions, particularly the p.d. ion concentration, where this results
is known as the point of zero charge or PZC (it has also been known as
the ZPC) and for hydrous oxides it is commonly referred to by the pH
of the medium at this point.

The position of the counterions or charge neutralising ions
relative to the surface is of interest. Obviously they do not form
part of the surface in the same manner as the p.d. ions. In the next
section the distribution of ions at the solid/aquecus interface is
considered in terms of some current concepts. This topic will be
raicsed again in Chapter Seven with special reference to the nature of
the relationship between adsorbed cations and the hydrous oxide

surface.

4.5 Structure of the Double layer

4.5.1 Develorment of Ideas

The first model for surface charge separation was proposed by
Helmholtz?? who considered the charges to be in separate planes on

either side of the interface; one being negative and the other positive
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i.e., a double laver. Later Perrin®! recognised that this was a
molecular condensor. Since then the ionic distribution has been found
to be somewhat more complex. For the effects close to the surface
discussion will be restricted to planar surfaces. The implications of
curved surfaces will be considered where they become important’ that
is, with influences of distance similar to particle size. (See section

4.8.2.)

4.5.2 The Gouy92 and Chapman93 Diffuse Double Layer Theory

The solid phase bears a charge due to ionic or electronic excesses
at its surface which is matched by an equivalent amount of charge in
the solution near the surface. The surface charge is considered to be
smeared out uniformly over the surface whilst the liquid phase charge
is discrete and the ions which compose it are distributed to form a
gradient by thermal motion.

Poisson's equaticn which describes the coulombic interactions of

the charges in the system is;
v2w = - 420 (4.8)

where V? is the Laplace operator, which for a plane can be replaced

by dz/dxz, U is the potential which varies between ¢O at the surface
and zero in the solution bulk, p is the charge density and £ the
dielectric constant of the phase. The ionic distribution at any point
is governed by a Boltzmann relationship which concentrates cations and

repels anions in regions of negative charge, and vice versa;

c, = ¢ .exp (- zi.E%J (4.9)

h]

where c. is the concentration of ion i at a point where the potential
i

is ¥, ¢_ is the concentration (in ions per unit volume) in the bulk
s

sclution, and e,k and T have their usual meanings. For any unit

volume the charge density is;



84

p = Jz;ec; (4.10)

Combining (4.8), (4.9) and (4.10) gives;

aty _ _4m ')
e LZ%;9C% .exp(- z, kT) (4.11)

de

Multiplying both sides of (4.11) by 2d/dx and integrating yields;

2
[é&] = 82?T ch{exp(— zi.ﬁ%ﬁ - 1} (4.12)

for x > ©, Y + 0 and dP/dx -+ 0.

In the particular case where z:z electrolytes are used or when
the similion (an ion with the same charge as the surface) is
unimportant because it often plays little part in the double layer

from which it is repelled, then z, may be replaced by z;

3
% = [@-65—?] Aexp (S ) - exp (- S5 =0} (4.13)

Electroneutrality over the double layer must apply and the surface

charge, GO, is equalled by the charge beyond the surface;

[ee)
o = -J 0 dx (4.14)

Using (4.8) and integrating;

¢ = - £ &, (4.15)
0 am dx x=0
- [exr . (== W - exp (- V) (4.16)
= Eak e exp 2kT 2kT

wo is the potential where x = 0, i.e., the surface potential.

Integration cf (4.13) using Y = '0 when x = O produces;

(E + 1) (EO - 1) (4.17)
¥k = In (€ - D(E, + 1) .
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2 2 1:
where K = [235—51- s] , E

e = exp(2kT ), and E, = exp(- EEE-w ).
At low potentials (4.17) can'be approximated by;
v,
XKk = 1n v or Y = woexp(- KX) (4.18)

and it can now be seen that the potential drops off by the factor 1l/e
over a distance of the order of 1/k. Under these conditions the double
layer is equivalent to a capacitor of separation 1/k. This distance,
1/k, is often referred to as the double layer thickness or
alternatively as the Debye length. For aqueous solutions of 1:1
electrolytes 1/k = 3.06 c;% .1071% m,

A plot of the distribution of ions behaving according to this
system is presented in figure 4.1. Although the ion concentrations
are reasonable in the more diffuse parts of the interfacial region at
distances in the order of less than atomic dimensions unrealistic

values are predicted.

4.5.3 Stern and Grahame Modifications to the Double Layer Theory

The major discrepancies of the previous section occur within the
first layers of atoms and ions close to the surface. tern"
considered the possibility that ions could only approach within a
distance d of the surface which has a maximum capacity and that
specific adsorption* of ions could also occur on this plane. It is
this division of the region into two parts, the fixed layer, where
ions and solvent molecules are bound to the surface, and the diffuse
layer, which merges into the bulk liquid where they are free, that is

of great importance in understanding the surface electrochemisty of

hydrous oxides and clays.

*So-called specific adsorption includes adsorption influencgd by .
effects other than just pure coulcmbic attraction. In particular it
means some covalent bond formation occurs.
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The potential distribution for x > d follows the Gouy-Chapman theory
whilst between the surface and x = 4 it varies linearly from wo to wd'

Electroneutrality means that;

00 + Oi + Od =0 (4.20)

d 00
where 0, =/ p d&x and 0, = . p dx. 0., the charge in the diffuse
i o d d d
part of the double layer, is also given by the Gouy-Chapman theory if
in (4.16) wo is replaced by wd'
Stern's equation to describe the adsorption of ions into the fixed
or Stern layer, which can be derived from a consideration of the

adsorption equilibrium kbetween two phases of different electrical

potential,gh is;

_ . (4.21)
m,

where N, is the total number of possible adsorption sites, N is

Avogadro's number, h&lis the molecular weight of water, c¢; is the
i Tz eV <0y
concentration of species i in the Stern layer, Ed = exP[——___Ef— —

and ¢i is the specific adsorption potential for the ion. This latter
potential accounts for the energy of interaction between the species
and the surface which is not coulombic. (If ¢i is non-zero the
species is said to be specifically adsorbed.) For z:z electrolytes;

+ -
zeNo(Ed - Ed)

o = (4.22)
R L
°s™
+ -
- Zeu‘) - ¢ - Ze‘pd —¢ - + - -
where Eg = exp —————ﬁ%—”‘ ’ Ed = exp|— 7z and ¢ and ¢ are the

specific adsorption potent&gls of the cation and anion respectively.
Ltz #7
If only one ion is adsorbed significantly in the Stern layer (4.22)

can be siwplified. If in addition c; << Ny (4.21) transforms to;
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° _ No'm s
s T Tn Ea (4.23)
S

At the aqueous/mercury interface the plane of specifically
adsorbed ions is not the same as the plane of closest approach of the
ions in the diffuse layer. This has been considered to be due to the
presence of hydration layers. Grahame®® considered the plane of
specific adsorption, the inner Helmholtz plane or IHP, to be a
distance B from the surface whilst the plane for closest approach of
the ions in the diffuse layer, the outer Helmholtz plane or OHP, is a
further distance vy = 4 - B from the IHP. The diffuse layer is still
described by the Gouy-Chapman model. An illustration of ion and
potential distributions controlled by this system is shown in
figure 4.2.

The electrochemical double layer may now be reasonably described
for a z:z electrolyte by the following equations provided that the
interior potential of the solid is insignificant. From electrostatics

the capacitance across the first region (x = 0 to x = B) gives;

- _ 4m8 (4.24)
IPB - €1 OO

and across the second region

Vg - by = 2 (o + 0p) (4.25)

€2 B
where €, and €, are the effective mean dielectric constants for the

first and second regions respectively. The Gouy-Chapman theory can be

applied to the double layer;

: _  _ EKKT _. ze ] (4.26)
O3 = = Bnge Sinh Gz Vg

€ ic the dielectric constant of the bulk liquid phase. The existence oi

electroneutrality across the region means;
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+ + =
00 08 Od 0 (4.27)

whilst the charge in ths IHP is given by the Stern equation for

adsorption a distance P from the plane;

+ -
zeNo(E - E)

= .2
OB 2, gt L g (4-28)
s
R CE A N [zewB -1¢‘]
where E = expl—————szf~—j and E = exp *T .

For any value of wo and cs the double layer parameters can then be
determined. For a number of systems this model may be sufficient,
particularly for low surface densities. However, a number of effects
are ignored which may be of some significance in some other systems.

4.5.4 Some Further Aspects of the Double Layer

As is usually the case with most simple models a number of
approximations have been made and some physical properties of the
various species involved ignored in the double layer theory presented
above. Amongst the assumptions made here are that the ions are
non-polarisable, they are volume-less point charges, the dielectric
constant of the fixed layer is constant and the Poisson equation holds
for the surfaces considered. In general account needs to be taken of
these properties only for sensitive measurements such as capacitance
measurements of the mercury/aqueous interfaces.?® %% A significant
correction sometimes arises from the discreteness—of-charge effect,
caused by the finite volume of any adsorbed ion which must have about
it a region devoid of charge whilst further away a mean charge is

|100

observed. This has been shown tc produce a maximum in lwd and in

101 with increasing

the potential of the double layer for silica
surface potential for 2:2 and 3:3 electrolytes.

The change in solvation energy of an ion as it adsorbs has been
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considered by Healy and co-workers?1=10% 4o pe a significant term in
the adsorption isotherm for divalent cations. They suggested that
when cations adsorbed onto silica gel they may retain their primary
solvation sphere but suffer severe disruption of the secondary
hydration system (but see section 6.3.3). The absolute value of

this free energy chance, AGsolv' is dependent upon the relative
differences between the dielectric constants of the solid, eo, and the
bulk, €. (A better expression for AGsolv is given by Levine!®® who
showed the necessity of including the dielectric constant of the

hydration layer itself.) When € - €, - O,AGso is small but it may

1v
become important when the difference is large. Using James and
Healy's!®" expression for €, the dielectric constant of the inner

region of the fixed layer, (ei p.75), it can be shown that if the

nt’

Nernst equation (4.6) expresses the surface potential, the free energy

of solvation change is constant except at high field strengths. With

the modified Nernst equation (described in the next section) the

chenge is constant throughout cnd so it can be considered to be.a part
+

of ¢ in (4.28).

Using (4.24) to (4.28) it is still not possible to calculate
completely an adsorption isotherm for any ion, or completely describe
the double layer, unless two of the variables are known. For any
system the total amount of adsorbing ion present is usually known and
so one further factor is required. This is commonly the surface
potential which is directly determinable for completely polarisable

electrodes or approximately available by calculation for reversible

electrodes.

4.6 The Surface Potential of Hydrous Cxides

In section 4.3 it was shown that in some cases wo may be

determined using the Nernst equation, (4.6), if the concentrations of
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the p.d. ions are known. For silver iodide, replacing activities by

concentrations will give (4.6) the fomm;

_ kT - _ a3 kT
b, 2.3 75 ApAg = - 2.3 = ApI (4.29)

(p = -1og10). If the logarithm of the concentration of Ag+ at the

point where wo =0, i.e., the P2ZC, is pAgz, then;
_ KT
b, = 2.3 - (PAg_ - pAg) (4.30)
For oxides of the form MZOZ;

KT KT
Ay =2.3 =— = - 2.3 = .
Vo =2.3 = Aph 2.3 == Ap0 (4.31)

o i + + .
If the equilibrium M%7+ 2H20 = M(OH)2 + 2H is reached between
the hydrous oxide surface and the solution then ApM = zApH. BAgain if
the pH at the PZC is pHZ (assuming wo = 0 when OO = 0, which is

approached in the absence of specific adsorption);

kT
- - 4,32
UJO 2.3 py (sz PH) ( )

This equation is consistent with the charging mechanisms for
hydrous oxides given by (4.7).

Berubé and de Bruyn!®® have studied the applicability of the
Nernst equation to hydrous oxides and concluded that it is a valid
approximation provided the activity of the p.d. groups at the surface
is constant, i.e., the total of neutral surface species at the PZC is
low and most groups are charged.

A more general expression for the relationship between the pH and
wo has been developed by Levine and smith!®’? who supposed that the p.d.
icn adsorption isotherm could be described by a Stern-type equation
vhere the potential felt by the adsorbed ion is the sum of the surface

, + 4 -
or macropotential, ¥ , and self atmosphere potentials, ¢ ¢ ¢, and ¢
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are the self atmosphere (or specific adsorption) potentials for the

: + - .
p.d. ions H and OH respectively. Their equation, in the form of

Wright and Hunter,”8 is;

o0 + ¢ o
= - & 0 °01_ L 9o
2.3ApH T {Awo + > } >in {1 + R fn(co,y,No)}
+ further power terms in OO and y (4.33)

Y is a term relating to the proportion of charged grcups and is
unimportant for highly ionised surfaces, and No is the total number of

active ionisable surface groups. Hunter and Wright!%87109 414 Bowden

1'1101111

et a also doubted the reliability of direct application of

the Nernst equation to weakly dissociated hydrous oxides because it
overestimated wo. Consideration of the adsorption of p.d. ions
obeying a Stern-type adsorption isotherm lead both groups to produce a
similar relationship between wo' 00 and the p.d. ion concentration,
which is;

+y _+ -1 -
N (|H E - |(OH E )
el 5] - o] £ e

0 1000 + + it =
+[H]Eo+[0H]EO
h
+ -
- eb - o7 ey - ¢ -
wh EV = expl—naQ 9| a4 = exp;__jl___JZ'. ¢+ and ¢_may,
ere B = expi e j o : T J o o

for sparingly soluble hydrous oxides, be related to the acid and base
dissociation constants of the neutral metal hydroxide and can be
determmined from the adsorption isotherms of the p.d. ions obtained

. . . 112 :
from acid/base titration experiments (see also section 4.7).

4.7 Surface Charge Determination and Point of Zero Charge

One of the most important parameters used to describe the state
of the double layer at an electrolyte/solid interface is the point of
zero charge (PZC)113 which is again defined as the electrolyte

conditions rnecessary to make the surface charge zero, i.e., 00 = 0.
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For a reversible electrode;

++ -+
00 = e(z Po + z Fo) (4.35)

+ -
where Fo and Fo are the surface excess concentrations of the p.d.

. . . + -
cation and anion respectively. If z = gz then at the PzC F: = Fo

The activities of the v.d. ions responsible for Uo can usually be
determined experimentally but criteria are needed to establish when the
surface has no charge. From (4.24) if wB = 0 then when wo =0,
Oo = 0. This condition is only approached if GB = 0, i.e., there is
no specific adsorption in which case from (4.25) wd = 0. In the
absence of specific or non-equivalent specific adsorption, at the PZC
all potentials associated with the surface are zero.

If wd = 0 then the zeta potential, I, (see Chapter Nine) with
which it enjoys a direct relationship, will also be zero so that
electrokinetic phenomena associated with Z will themselves be zero or
pass through minima or maxima at this point. The negative logarithm
(base 10) of the concentration of p.d. ions at this point is defined
as the isoelectric point or 1EP*.!!* Some electrokinetic preperties
of colloids are discussed in Chapter Nine.

Again if o, = O then from (4.27) GO = = 0, so that from (4.26)

B a

IOOI &« c:. This relationship is the basis for potentiometric titration
determinations of the surface charge and PZC since OO is dependent

upon the p.d. ion concentration. If it can be measured plots of the
amount of p.d. ion adsorbed against the p.d. ion solution concentration
at various strengths of indifferent electrolyte (¢i - 0) should inter-

sect at the Pz2C. These plots can then be calibrated in terms of Oo.

*It is important to distinguish between the IEP (g = O).and the PZC
(0. = 0). Generally in the absence of specific adsorption, or '
providing that the specific adsoEPtiog potentials of both the_catlon
and the anion are equal, i.e., ¢ = ¢ , then the IEP and‘the PZC
coincide. However, this distinction is not always made in the
literature and the two have been frequently confused.
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An alternative picture may be visualised if the surface is considered

to have ion exchange properties. For any sample, increasing electro-
lyte concentraticn results in a release of p.d. ions, predominantly
cations for 00 > 0, predominantly anions for 00 < 0 and roughly equal
for 00 = 0. The release is proportional to the electrolyte
concentraticn and so when it is reduced lcol will be greater. At the
PZC there is no change in the bulk concentration of the p.d. ions with
electrolyte strength so that the PZC may be determined by adding
electrolyte at different p.d. ion concentrations until the conditions
at which the p.d. ion concentrations do not change are found.

The surface charge of soil components particularly has been
determined by following the adsorption of an indifferent salt (d)i -+ 0
or ¢+ = ¢-) such as sodium chloride which provides the counter-ions to

the surface charge.115

At the PZC the adsorption of both cation and
anion will be equal. Two situations are likely here:
(i) No adsorption in the Stern layer. This has frequently

been assumed for the adsorption of salts such as sodium

chloride but it may apply only to surfaces such as mercury

or perhaps the silver halides. Here OB = 0 so;
6 = 0 +0. = © (4.36)
(o] d d d

where 0; and U; are the positive and negative components

of the charge in the diffuse layer respectively. At the

PZC 0o = 0 and O; = —-O;. Differentiation of the surface
0

cas : . 30
charge into positive and negative components has been made,

i + R that 07 + 0. =0 and 0 + 0. = 0

l.€., Oo = 00 + Go so a o a o 4 .

This assumes that the positive and negative surface sites
are discrete and they are not exhaustively self-neutralising.

This is a reasonable assumption provided the surface is

jonised at the PZC or is composed of more than one surface
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group with different p.d. ion interactions.

(ii) significant adscrption in the Stern layer. Most hydrous
oxides adsorb small cations and anions into the fixed
layer (see Chapter Seven). In this case equivalent adsorption
of electrolyte ions will depend upon their having the same
specific adsorption potential. Now however Gz + 0; + cé =0
and 0; + 0; + GE = 0 at the PZC. Before this method can be
used it should be verified that the specific adsorption
potentials for both cation and anion of the electrolyte are
equal.

A typical surface charge-pH plot for a hydrous oxide is shown in
figure 4.3 for a situation without specific adsorption, i.e., the cation
and anion of the electrolyte had similar (low) specific adsorption
potentials. At high electrolyte strength the relationship is nearly
linear. Boo/bwo is a measure of the surface capacitance and as wo is
near linear with pH it can be seen that the capacitance will pass
through a minimum at Oo = 0, the PZC, a2 feature of both reversible and
completely polarisable surfaces.

Adsorption of cations with a high specific adsorption potential
(specific adsorption) causes a shift in the surface charge by
decreasing its positive contribution. Consequently a greater soclution
activity of the p.d. cation will be found at the PZC. A conceptual
view of this may be aided by recognising that specific adsorption
results in the adsorbed ion approaching a state like that of a p.d.
ion but still being quite distinct. This effect is evident not only in
the position of the PZC but also in the Esin-Markov coefficient, DEM’
which is a measure of the p.d. ion concentration change required to
keep 00 constant for a ten-fold change in the concentration of the

electrolyte.116 For cation adsorption onto oxides from a z:1

electrolyte this is;



(umole/g)

o

Adsorption Density

N
S
l

Figure 4.3.

6 7 8 9 1 11

‘Adsorption density of p.d. ions on-

ferric oxide as a function of pH and
electrolyte concentration. (Redrawn
from ref. 113.)
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b o= |—@eH | _ ,_z+1 3"
+
EM dlog a> ; z boo ai (4.37)

o

where ai is the salt activity and G+ the charge contribution of the
cation. In the absence of specific adsorption for z = 1, when Oo is
large and negative 60+/boo = 1 (all the charge is balanced by cations)
and so DEM = -1 whilst at high positive OO there are no adsorbed
cations, bo+/boo = 0 and D, = 1. At the PZC anion and cation
contribute equally to the neutralising charge, BO+/600 = 0.5 and

DEM = 0. This is also seen in the plot, figure 4.3. When a cation
adsorbs specifically, its specific adsorption potential is relatively
large compared with that of the anion, the contributions to Go at the
p.d. concentration extremes will not be changed but in the region of
the PZC the cation contribution will exceed that of the anion, i.e.,
60+/600 > 0.5, DEM < 0 and so for oxides the PZC will move to lower pH.
Adsorption of divalent cations will be expected to give DEM -+ 1 at Jow
pPH and DEM - - 0.5 at high pH. Frequently divalent ions are
specifically adsorbed up to a limiting value after which further

116 This results in a decrease of the

adsorption appears non-specific.
PZC and Oo for low concentrations which is not maintained at higher

concentrations, causing, in turn, a congregation of the Gd'PH plots
for various concentrations of the electrolyte at low pH. Examples of

this have been reported by Keng and Uehara'!? for both divalent

cations and anions.

4.8 Further RAspects of the Diffuse Part of the Double Layer

4,8.1 The Potential of the Diffuse Layer

In general the potential at any point in the diffuse layer can be
-2y 118,119
represented, at least for 1l:1 electrolytes below 10 °M, ! by the

Gouy-Chapman solution to the Poisson-Boltzmann equation (4.17) or the
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approximation (4.18) but with replacement of wo by wd and x by (x - 4)

so that (4.18) would become;
(x - dxk = 1ln — (4.28)

With multivalent ions and at higher concentrations a number of
corrections must be introduced but the complexity of these is excessive
particularly as the effects, image forces, ion wvoclumes, dieletric
constant variation, electostriction, must all be incorporated in the
manner used by Levine and co-workers!?9/ 118 £or the properties of the
inner region (section 4.5.4). At least part of the difficulty,
especially with the dielectric constant and the viscosity, arises
because for simplicity, the property is regarded as a step functicn
in x rather than varying continuously. For the diffuse layer
discussions in this thesis the simple Gouy-Chepman distribution will be
sufficient. (See alsc section 4.8.3.)

4.8.2 The Effect of Specific Adsorption on the Diffuse Layer

As {, in (4.38), is a function of wd' the potential at the OHP, it
will reflect all the charges at the surface and within the IHP.
With ro Stern layer adsorption only the surface charge will be
effective so that for reversible surfaces the diffuse double layer
potential and diffuse layer ion distribution will depend upon the p-d.
ion and electrolyte concentrations. Stern layer adsorbed ions will,
however, either enhance (if they are co-ions), or reduce (if they are
counterions), the effective surface charge felt at the diffuse layer.
If sufficient adsorption of counterions occure there may be a
reversal of the nett surface charge as cbserved in the diffuse layer
which means a considerable rearrangement of the counterions in the
diffuse layer must also occur.

4.8.3 The Diffuse Layer at a Curved Surface

For a surface of radius of curvature ro the form of the
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Laplacian operator used to solve the Poisson equation (4.8) will be

acceptable provided that ro is considerably greater than the diffuse

layer, i.e.;

Kr > 1 (4.39)

a condition which will not be satisfied for small colloids in dilute
electrolytes but which usually holds in more concentrated solutions
and for larger bodies. A similar condition can also be applied to the
fixed layer near the surface but as 4 is commcnly of the order of 1 mm
or less few colloids would not satisfy the requirements for
approximation to a plane. When (4.39) does not hold it becomes
necessary to solve the Poisson-Boltzmann equation (4.8) using the
three dimensional Laplacian operator V2 = a?/ax?® + dz/dy2 + d%/dz%, a
much more complicated procedure which is discussed in the review by

Dukhin. ®®

This will not be considered here but it will be pointed out
that its neglect may produce errors when quantitative diffuse layer
calculations are carried out for electrolyte solutions of less than

10_2M when ro ~ 50 nm or less.

4.8.4 pH in the Diffuse Layer

As the pH is determined by the activity of ionic species in the
diffuse layer it will be influenced by the nett effects of the
surface and Stern layer charges via the potential at the OHP, wd. If
the nett surface charge is positive the diffuse layer will appear
depleted of H+ when compared with the bulk solution whilst negative
surfaces will attract H+ and repel 0H in this same zone. Thus the
pH in the diffuse layer will be moved from its value in the bulk
120

solution in the direction of the IEP.

In the diffuse layer at a distance x from the surface, at which

point the potential is ¢5using (4.2) the pH, pHx, will be given
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by;

2.3KT (4.40)

Y can be found from (4.17) if wd is substituted for wo'

The difference in the potential at a point in the diffuse layer
will depend upon the thickness of the double layer, i.e., 1/k, the
position of the point of interest in the diffuse layer and the
potential difference between the bulk solution and the OHP. Thus for
concentrated electrolyte solutions with compressed diffuse layers the
difference will be small even at pH away from the IEP. For extensive
diffuse layers such changes may be significant, particuiarly for
adsorbed species such as enzymes whose activity may then be

altered, 21,122
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CHAPTER FIVE

SURFACE CHARGE STUDIES AND

THE POINT OF ZERO CHARGE
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5.1 Introduction

In Chapters Two and Three it was shown that allophane is basically
an aluminosilicate with variable coatings of aluminium hydroxide and
perhaps iron(III) hydroxy species. These hydroxide ccmponents give
the whole surface in aqueous suspension some of the characteristics of
a pure hydrcus oxide. Thus allophane might be expected to behave like
these substances whose surface chemistry is more thoroughly understood.
The development of surface charge on hydrous oxides, its variation
with pH, and methods for its determination have been discussed in
sections 4.4 and 4.7. In addition, the point of zero charge (PZC) was
defined and the difference between it and the isoelectric point (IEP)
was stressed. Because they do not necessarily coincide an attempt will
be made to distinguish between values reported indiscriminately as
PZC or IEP in the literature (e.g., in ref. 123) by using P2C only for
zero points determined from ion adsorption experiments, whether with
potential determining (p.d.) or "non-specific" ions, and IEP for fhe
zero point from electrokinetic processes. Values of PZC's, and the
influences of various phenomena upon them are stressed because of the
relevance they have to ion adsorption processes and the total

particle surface charge.
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5.2 The Points of Zero Charge of some Hydrous Oxides

123
Parks 1124 pas collected the points of zero charge and the

iscelectric points of a number of oxides, hydroxides and oxide
minerals. He has shown that the values of these points correlate with
other properties of the matrix metal such as its ionic radius, crystal
field stabilisation energy, and the difference in the acid and base
dissociation constants of the surface hydroxyl groups. These were
fitted to an empirical equation which predicted the PZC with reasonable
reliability. The above properties show the effects of metal
coordination number and the ratio of bonds exposed to the solution to
those involved in the structure. They also show the degree of surface
hydration which must effect the acid/base interactions. It is notable
that these properties are also those associated with solubility and it
has frequently been observed that the PZC coincides with, or is close
to, the point of minimum solubility.

A further number of PZC values have been collected by Ahmed
(p.438).BB A number of these, as well as some from Parks,124 are
reproduced in Table 5.1.

The most important values here are those for silica, the various
aluminous systems and the materials of mixed composition. The acidic
nature of silica is apparent from its low PZC. Furthemnnore, the plots
of the surface charge, OO, against pH for this material tend to
approach 00 = 0 at low pH and do not go above this even at pH 1.°8
Parks has shown that for a binary mixture of two independent sites the
PZC will be expected to be the site concentration weighted mean
provided Go for each varies linearly with the concentration of the
p.d. ions. If the PZC's of the two materials were sufficiently
different separate regions of positive and negative charge would

> L}
occur in suspensions of pH near the PZC of the mixture. Parks

predictions for ortho-aluminium silicates were reasonably accurate but
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Table 5.1 T@e.Points of Zero Charge of some Hydrous Oxides and
Similar Materials. (Taken from refs. 88, 123 and 124.)

oxide form PzC
sio, quartz 2.7 to 3.0
sio, hydrous sol 1.8
Fe,0, pPrecipitate 8.3
a-Fe,0, haematite 9.0
Al,0, alumina 7.8
a-Al,0, amorphous 2.1
¢-Al (OH) , gel 9.25
Al,0, tetrahedral 4.7
SiOZ/Alzo3 hydrous co-gel
STagT - 040 6-2
0.50 5.5
0.58 4.2
0.44 (dried) 6.2%
g0 12
As,04 0.4

*Fromn reference 125.

for more complex chains and sheets they were less reliable. The
co-precipitates of silica and alumina are complicated by the presence
of both tetrahedral and octahedral aluminium. This introduces a
negative charge to the structure from isomorphous substitution; i.e.,

125

from A1(III) replacing Si(IV). Perrott found good correlation

between the P2ZC's of a number of amorphous aluminosilicates, using
Schofield's method for surface charge determination, and the IEP's of

23

similar materials reported by Parks. '’ Mechanical mixtures of

silica and aluminium also behaved in the manner predicted but at high
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silica content alumina had a disproportionate effect.'?® This was
probably because the increasing solubility of aluminium with
decreasing pH, particularly near the silica PZC, allowed a distribution
of aluminium hydroxide over the silica surface (see section 7.3.7).
Drying and heating hydrous oxides has been found to cause large
changes in their PZC's which have not always been readily reversed. 2"
Dehydration may force the incorporation of entrained salts and this

would alter the surface properties. (A similar irreversible change

has also been found for the clay mineral kaolinite.'?®) Thus it would
be expected that the surface properties of a clay after drying may not
be the same as those it displays in the soil.

Specific adsorption of cations by hydrous oxides gives a general
movement of the surface charge to more negative states whilst the same
type of adsorption of anions causes a movement toward more positive
values and a rise in the value of the PZ2C. This has been discussed in

section 4.7.

5.3 Surface Charge and Point of Zero Charge of Soils and Clays

The importance of surface charge in reactions of soils has long
been recognised but not well studied. As by far the greatest
proportion of the surface area of a soil is associated with its clay
fraction the nett surface charge will depend mostly upon this part.
In this discussion the influences of organic matter, which are
important in many soils, are ignored.

The external surface of a crystalline clay mineral will be a
tetrahedral silica sheet or an octahedrai aluminium sheet, or in some
cases both. The silica sheets, such as those of the three layer clay
mineral montmorillonite or the micas, are comparatively unreactive as
they contain few hydroxyl groups and these, like those of silica

itself, are rot readily protonated; nor are they easily deprotonated orx
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suitable for hydroxyl adsorption except at higher pH. At the ends of
these sheets a larger number of hydroxyl groups do occur, from
so-called broken bonds, and these are more susceptible to acid/base

: 127,128 . . cers
reactions. ’ A large negative charge is usually present within

the lattice from isomorphous replacement, usually of aluminium for
silicon. Generally adsorbed, but freely exchangeable, cations occur
in the fixed layer at the surface to neutralise this internal
structural charge. The nett surface charge of these minerals is
roughly constant over a wide pH range unless the acid or base strength
becomes strong enocugh to involve the surface in ionisations, such as
silanol dissociation at pH greater than 6.12% Because their surface
charges have not been dependent upon pH or electrolyte concentration
these materials have been called "constant charge" minerals.

Minerals such as kaolinite and halloysite have, in addition to a
surface of silica, a surface of octahedral aluminium with its
associated hydroxyl groups. As the reactivities of these groups are
dependent upon both the pH and the electrolyte concentration, and
furthermore the Nernst equation, (4.6), might be applied to them, they
are known as the "constant potential" minerals. The surface charge of
this class of substance, which includes the hydrous oxides, varies
continuously with pH as the hydroxyl groups undergo acid/base
dissociations. However both kaolinite and halloysite also have a large
negative charge contribution from isomorphous replacement. It has been
suggested that the charge sites on kaolinite are discrete as the charge
increases with electrolyte concentration. According to Schofield!!s
this arises from reduction of thickness of the double layer about any
site and prevention of overlap of the fields of opposite charge sites

130 This idea

and their consequent mutual reducticn in effectiveness.
is somewhat at variance with the double layer theory which suggests

that more ionisation occurs; when an electrolyte increases 1n strength
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it is to be expected that any ionisable material present will beccme
more ionic, like its surroundings, and not merely be able to more
effectively display the same ion content.

Hydrous iron(III) oxides gave a pH dependent contribution to the
surface charge of a predominantly illiti¢ soil clay115 and to
kaolinite mixtures!3! but played little part in the charging of
allophanic clays according to Fieldes and Schofield.3? Upon acid
leaching kaolinite experienced a decrease in surface charge which was
associated with the loss of substantial amounts of aluminium.!3? If
aluminium was specifically adsorbed, in the same manner as, say,
calcium is said to be, its removal would have been expected to bring
about an increase in the P2C. The aluminium associated with kaolinite
is in a hydrolysed state and should be considered to be a part of the
surface, not an electrostatically adsorbed species. Its removal would
cause the loss of a positive charge component and expose underlying
silicate, a more acidic fraction. Similarly the adsorption of silicate
by goethite has been seen to reduce this oxide's surface charge.133
The influence of an adsorbed species on surface charge will depend upon
its relation to the surface. Adsorption cof a hydrolysable ion that can
be readily charged by adsorption of H+ or OH will give charge
characteristics of its own hydrous oxide to the surface.

In general, adsorption studies of allophane show PZC's between
pH 5 and6 with rapidly increasing charge away from this region.
Acid/base titration of a New Zealand allophane in 0.2 M sodium chloride
gave a near linear response tc the amount of acid or base consumed in
the pH region 4 to 8.%% TImogolite, like the synthetic aluminosilicates,
has been fournd to have an increasing positive, or decreasing negative,
surface charge with increasing aluminium content. This may be
correlated not only with the difference in the pPzC's of the two

e s . . . . a
constituents but also with the increasing contribution of occtahedral
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aluminium at the surface and the decreasing contribution from

tetr i ini 134 i
ahedral matrix aluminium. Allophanes did not give a similar

correlation. The PZC's of a number of clay minerals are given in
Table 5.2.

Table 5.2 Points of Zero Charge and Isoelectric Points of
some Clay Minerals

clay mineral IEP PZC method* Ref.

kaolinite 3.3 em 132
2.8 - 3.0 titr 126

3 ads 135

montmorillonite 3 em 136
< 4 ads 137

imogolite 9 - 10 em 35
allophane > 17 ads 137
5 -6 ads 30

5.8 ads 138

6.2 ads 139

6.5 floc 140

6.7 em 141

5.8 em 35

* em, electrophoretic mobility; titr, potentiometric titration;
ads, salt adsorption; floc, flocculation.

A number of reports of the surface charge and PZC's, determined by

potentiometric titration, of some ash derived soils from the tropics

142,143 75 such soils of low organic

have recently been published.117’
and high aluminium or iron{(III) content the apparent PZC is usually

above 4 and may exceed 6. In soils low in both these elements but

containing more silic eous material or organic matter the apparent
(g

P7C's tend to be below 4. These determinations were made by the slow
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batch method but no consideration of any dissolution processes was
made. It will be seen later in this chapter that although this

effect may not necessarily change the PZC greatly it does have large
effects upon the apparent surface charge. The surface charges of two

soils from Hawaii were also determined by salt adsorption and these

gave similar PZC's to the titration method.!“*® fThis was also found

for kaolinite.!35

5.4 An Experimental Study of the Surface Charge of some Materials
by Potentiometric Titration

5.4.1 Introduction

Determinations of tﬁe PZC's of allophanes have previously relied
upon the methods of equivalent adsorption cof a cation and an anion
with a low specific adsorption potential, i.e., "non-specifically"
adsorbed ions. This does not satisfactorily illustrate the inter-
actions of the p.d. ions with the surface and so a procedure that
could supply this information was sought. The titration method of

Parks anddeBruyn113

was chosen after the fast titration method of
Berub€¢ and de Bruyn106 had been used and found to have some short-

comings when applied to allophane.

5.4.2 Experimental Determination of Surface Charge by Titration

The titration method for surface charge determination was adapted

13

for oxides by Parks and de Bruyn.1 Later Berubé and de Bruyn

106  The slow method

considered two methods of acid/base titration.
allowed sufficient time for complete equilibrium to be reached and pH
to become constant although this might not be for several days. The
fast technique allowed only a few minutes between additions of acié or
base and consequently permitted only a quasi-equilibrium of the surface

metal-aquo complexes tc be attained and not the clow redistribution of

the matrix caused by dissolution and reprecipitation of the oxide
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canponents. The differences in the results between the two methods

for well characterised sparingly soluble oxides were not very great106
but with more soluble materials such as zinc oxide there were
significant slow processes which could be interpreted in terms of ion

exchange between hydroxide and anions incorporated in the oxide during

: 144 :
preparation. To obtain the true surface charge it was necessary to

correct for the dissolution of the oxide which was done by considering
a mass balance of the added titrant.
When an aliquot AV of a strong acid of molarity x is added to a

suspension of an oxide MO in an electrolyte a total balance of the

material is;
+
x. AV = X+ Y + A.AFO (5.1)
where X is the increase in the total free acid given by;
x = v+ avn.([u], - o] - v([E], - [os ] (5.2)
f f i i ‘

V is the suspension volume, i and f refer to initial and final states
respectively. The amount of acid consumed in solubility changes for

the oxide is given by;
] - r
Y (Vv + Avx.(g zj[MHoj]f) v<§ szMHOj]i) (5.3)

where MHOj represents all species of the metal involved in the solution

. - +
equilibrium including hydrolysis prcducts (for Zn0O these are zn? R

% The final term in (5.1) gives the total

Zn0H+, Zn(OH);, etc.). "
amount of acid actually adsorbed onto the surface since A is the total
surface area of the sample and AFZ is the change in the specific
surface excess of the adsorbed proton. X can readily be determined
by pH titration of blank electrolyte solutions, whilst Y may be

calculated if the concentrations of all species MHOj are known Or can

be calculated.
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5.4.3 Rapid Titration Procedure

5.4.3.1 Method

A sample of the Ohaupo allophane in the sodium form was treated
twice with 0.1 M sodium chloride by stirring the suspension for 24

hours and centrifuging. The clay was then washed with twice-distilled

water until the supernatant liquid from the centrifuging gave no
precipitate when mixed with 0.1 M silver nitrate. The clay was then
resuspended in the required electrolyte, stirred overnight, and a
known aliquot taken into a pyrex reaction vessel maintained at
25 # O.2°C and stirred with a teflon-coated magnet. Moist carbon
dioxide-free nitrogen was passed through the suspension for one hour;
during the course of the titration an atmosphere of nitrogen was
maintained above the suspension. Known aliquots of 0.1 M hydrochloric
acid were added with a Radiometer Autoburette ABUll every 2.5 minutes.
Two minutes after the addition the stirring was halted (the pH meter
fluctuaied during stirring) and the pH determined with Radiometer
K401 calomel and G202C glass electrodes connected to a Radiometer
26 pH meter.

The amount of H+ adsorbed was taken as the difference between the
amount added and the amount required to induce the same pH in an
equivalent solution of the electrolyte alone.

5.4.3.2 Results and Discussion

The consumption of acid with pH by the clay is shown in figure
5.1. This amount was found to vary with the aliquot size and time
between additions. The latter was kept constant but the former needed
to be increased at various pH values. The titration curves did not
have a common point of intersection although crossover did tend to
occur in the region 4.7 to 4.9. Because cf the pH variations with
time and the consequent difficulty in comparison between the different

curves an alternagk method was sought. The individual sample or batch

W
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Figure §.1. Consumptior of acid during titration of Ohaupo allophane as
a function of pH and electrolyte concentration. (a) 0.1 M, (b) 1 M,
(c) 0.001 M.

€1T



114

procedure, which is based upon the method of Parks and de Bruyn,113
allows comparison of the various samples after the same time has
elapsed from preparation and avoids some of the uncertainty
experienced with the "rapid" method.

5.4.4 Batch Procedure

5.4.4.1 Method

Aliquots of clay suspensions, electrolyte and either standard
0.1 M sodium hydroxide or hydrochloric acid were taken in a plastic
centrifuge tube, made up to 10 ml with fresh twice-distilled water,
sealed and mixed by "end-over-=nd" rotation at 6 rpm. After desired
time intervals the pH of the suspension was determined with a
Radiometer GK2321C combination electrode and model 28 pH meter. In
some instances the clay was removed by high speed centrifugation and
the aluminium concentration of the supernatant liquid measured using
the solochrome cyanine R method. "5
The amount of acid or base consumed was again taken as the
difference between the amount acdded and the sum of the amouw.t required
to induce the same pH in an equivalent electrolyte solution. In those
cases when dissolved aluminium was determined the amount of acid or
base consumed was calculated using (5.1), i.e., the difference between
the amount added and the sum of the amount reguired to induce the pH
change and the amount reguired to account for the quantity of free
aluminium. The last quantity was calculated from the amount in
3t 2+
solution and the distribution between the forms Al and AlCH at
the sample pH using the equilibrium constants taken from Sillén and
Martell.!"® fThe dissolution of other specics was not considered
important.

5.4.4.2 Results and Discussion

The amount of acid or base consumed by the same sodium form clay

as used for the rapid titration procedure is shown in figure 5.2.
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The point of intersection was initially near 4.5 but an exact value

cannot be readily ascribed. Upon ageing there was a small increase

and the apparent PZC approached 4.8. As time progressed acid
particularly was consumed, probably mostly by dissolution of aluminium
although some adjustment with the interior of the material may occur
as is evident by the slow changes occurring around pH 6 to 8 where
aluminium hydroxide dissolution was slight. (The concentrations of
aluminium found for this clay after equilibration for 24 hours are
shown in figure $.1.) Before dissolution was much advanced, i.e.,
after 10 minutes, the plots were somewhat similar to those observed in
the presence of a divalent (specifically adsorbing) cation for some

tropical subsoils,“7

with an apparent Esin-Markov coefficient
(section 4.7) approaching 1 at high pH and 0 at low pH. It appeared
possible that some cation present was being specifically adsorbed. To
check this proposition a sample of the clay was washed with 0.1 M
hydrochloric acid several times, including an overnight stirring,
prior to 6 washes with fresh twice-distilled water. This procedure
removes most exchangeable free cations and should induce an increase
in the PZC if specifically adsorbing cations had been removed.
Instead, intersection of the curves did not occur at all (fig. 5.3).
Ageing of this suspension in distilled water in a closed vessel with
stirring slowly reduced this effect and after two weeks its behaviour
had almost returned to that of the parent material (fig. 5.4a). Again
a sharp increase in acid consumption became apparent at low pH this
being due predcminantly to aluminium dissolution. The apparent PZC

of this aged material was near 4.4 which is a movement in the
opposite direction to that expected if cations with high specific
adsorption potentials had been removed but it is that observed when
high PZC components are removed from the surface leaving low PZC

siliceous matter.'3? 1In this case the high PZC component would be
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octahedral aluminium hydrous oxide as well as a small amount of hydrous
iron(III) oxide.

The aluminium removed must be considered to have been

a part of the surface and not an adsorbed cation in the manner of, say,

2+ A . .
Ca” . This is consistent with the concept of the external surface of

allophane being at least partly polmeric hydrous aluminium oxide over
an aluminosilicate matrix.25’37

The actual amount of H' or OH adsorbed (A.Afs in (5.1)) is
shown in figure 5.5b which includes the correction for aluminium
dissolution (Y). All curves tended to ke superimposeable on the acid
side of the PZC which reflects the greater aluminium concentration
found for the stronger electrolyte systems. Bolland et al. found a
similar relationship between the concentration of dissolved aluminium

and the electrolyte strength.135

The cause of the tendency of the
apparent surface charge to be independent of the electrolyte (f~§-§$85.4n¢6 )
concentration is not specific adsorption but may be involved in the
mechanism that induced the strong acid ion exchanging behaviour in

the freshly acid-washed allophane. Strong acid ion exchangers

adsorb H+ in a more ionic form rather than binding it to weak, not
readily dissociated sites to form groups like = Al - OH or - coon. "7
To affect this property the adsorption sites for at least part of the
adsorbed acid on the acid-form allophane must be strongly ionic and
not dissociated weak acid Si - OH or Al - OH groups. Allophane, like
kaolinite, is considered to have a permanent negative charge in its
matrix from the presence of tetrahedral aluminium. These charges must
be satisfied at a distance and this is usually done in allophane by
octahedral aluminium hydroxide species. Acid washing will remove
variable amounts of this material and replace it with H;q, adsorbed
hydronium ions. These can be released by ion exchange with cations
and this is favoured by high electrolyte concentrations. This ion

exchange occurs simultaneously with normal surface adsorption at the
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hydrous oxide hydroxyl groups which adsorb more H+ as the electrolyte

strength grows. The result is an unusual series of close, perhaps

collinear, curves.

The ageing process that occurs in acidic media is a slow transfer
of aluminium from the matrix to the solution and to permanent charge
neutralisation sites otherwise occupied by cations such as H; or Na+,

a process well known for hydrogen—form montmorillonite and other acid

washed clays.!%8715!

To investigate further the role of acidification upon the
surface charge and PZC of aluminous materials a sample of an amorphous
aluminosilicate with an Al/Al + 3Si ratio of 0.556, which is very
similar to that of the Ohaupo allophane, was obtained from Dr. K.W.
Perrott.* (The preparation of this material is described in reference
77.) The results of the titrations of this material are shown in
figure 5.6. The 10 minute acid consumption shows no evidence of
specific adsorption and gives an appaient PZC at pH 4.6 which
increased on ageing to pH 5.0. Both values are outside the range of
IEP's given by Parks!?"* for aluminosilicates of this composition,
~ 5.8, unless there was a large tetrahedral contribution. The
figures quoted by Parks were determined by microelectrophoresis and
not by ion adsorption, i.e., they were IEP's and not PZC's, and so
they are not necessarily completely comparable. (For an alumina a
difference of 1.4 pH units was found between the PZC and the 1EP,!52
but again the absence of specific effects was not confirmed.) No
significant quantity of any specifically adsorbing cation such as
calcium was found in the aluminosilicate either chemically or by XRF
(section 3.10). Perrott!?® determined the PZC of this material

using Schofield's method with sodium chloride and obtained €.2,more

*Ruakura Agricultural Research Centre, Hamilton.
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than a full pH unit higher than the value determined here. The slopes
of the plots near this region (fig. 5.6) are low and only a small
contribution to the surface charge from ion-exchange processes rather
than adscrpticn would have a large influence upon the position of the
PZC. 1In fact a change of only 8mmoles/100 g for the 1 M curve would
make the point of intersection with the curve of the lowest ionic
strength be at pH 6.0; the amounts required for the other curves are
somevhat less.

The lack of a definite point of crossover for a material which

changes its charge from negative to positive is unusual and has not

been observed for similar materials by either Van Raij and Peech!*? or

Keng and Uehara!?l’ although a problem of this nature was reported by

Espinoza et al.'3? from their studies of two allophanic soils of
Chilean origin. They suggested that the apparent PZC by titraticn was
too low for two reasons. The first was that nitrate adsorption
indicated an apparent positive charge at the pH of curve crossover. The
second was the difference between this point and the pH of the soil in
the salt sclution prior to addition of acid or base, the zero point of
titration of ZPT. Unfortunately the pH dependent cation adsorption
over the same range was not determined and so no point of equivalent
ion adsorption was obtained. 1In addition the ZPT will reflect the
state of the soil after its equilibration in the field which will not
necessarily be at a pH such that the soil was uncharged. The
suggested PZC's between 6 and 7 seem somewhat elevated when compared
with the values reported in references 117 and 142 and those detexrmined
here.

The influence of permanent negative charge upon titration
procedures is again illustrated in figure 5.7, the results for the
consumption of acid and base by Mangawara halloysite. After a short

time no common point of intersection was observed in the pH region
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3 to 9 although negative charge appeared to be less well developed at
low pH. BAfter some hours an apparent PZC was observed near pH 4 but

as surface rearrangements are reasonably rapid this may be expected to

be an artifact of aluminium dissolution which is dependent upon the

electrolyte concentration. A similar effect was observed by Bolland

et al.!®% for kaolinite. The true PZC of halloysite would then be at

low pH like that of kaolinite.
It has been suggested that the pH of a suspended oxide in an

electrolyte will tend to move in the direction of its PZC with

. 106,154,155 . .
time. ’ ' As the PZC's are close to the points of minimum

solubility dissolution effects seem to have little influence on the
PZC's of pure oxides determined by this method.!?* The values
obtained in this manner for mixed oxides should be considered with
care, as the results for the various materials used in this study
indicate. All of them tended to change their pH in the direction of
the pH of least solubility of the most labile component, i.e., the
aluminium hydrozide near pH 6 (fig. 5.8). However, the true PZC of
the halloysite was much less than 6, in fact it was below 3 so that
this method of PZC detexmination is too unreliable for use with mixed
systems and probably also for one-component materials where the PZC
does not coincide with the pH of minimum solubility.
5.4.5 Conclusion

This work has shown that the surface charge of allophane
suspended in neutral and alkaline solutions can be determined by
titration methods. The occurrence of permanent negative charge was
found to interfere with the determination in acid systems and
resulted in values of the surface charge and the PZC that were low
compared with those determined by other methods. Furthermore, in
acid suspensions, dissolution particularly of the hydrous aluminiuvm

oxide, occurred and this also interfered with the measurements.
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This could ke minimised if the time of contact was short. Alterna-
tively if the amount and nature of the dissolved material could be
determined, then the amount of acid consumed by this process could be
calculated and allowed for in determining the surface charge.

As the dissolution cannot be measured readily in the single
sample titration procedure this method is unsuitable for surface
charge determinations of materials with significant quantities of
soluble components. Any method which relies upon pH change with time
to determine the PZC will also be too unreliable for general use
because of interference from dissolution.

The results of this chapter of particular interest are:

(1) the relatively high value of the PZC of allophane

which, together with its amphoteric nature, separates
allophane from the other common clay minerals,
(ii) the importance the presence of hydrous aluminium oxide
has upon the surface properties of allophane, and

(iii) the modifications to the surface interactions with the
potential determining ions that occur after acid
washing.

The consumption of acid and base by allophane can be understood
in the terms of current concepts of its structure (see section 2.4)

i.e., by the reactions of its hydrous aluminium oxide or the exposed

alumninosilicate core.
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CHAPTER SIX

ION ADSORPTICN : A REVIEW OF THE LITERATURE
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6.1 Introduction

The partitioning of ions between solutions and solid interfaces,
and the phencmena which influence this process, is of considerable
interest in many disciplines. To the agriculturists the retention,
fixation and release of ionic nutrients, trace elements, heavy metals
and radionuclides has occasioned much research with clay minerals and
hydrous oxides. Environmentalists and ecologists are concerned with
the binding of the same materials not only by soils but also by
suspended matter in bodies of water. Some engineers are interested in
ion adsorption when water containing ionic contaminants requires
purification; others modify mineral surfaces by ion adsorption to
achieve ore separation by flotation, whilst a further group is
interested in the changes brought about by electrolytes in the
properties of lubricating driliing muds. These fields and many others
are within the domain of the colloid and surface chemist.

With allorhane the greatest interest has been in its interactions
within the soil. However, it is also washed into lakes and rivers
during the course of erosion in many areas; there it may have
important consegquences upon the availability of nutrients. Furthermore
if it is to be used as a flocculant for the treatment of industrial
effluents! 67157 the conditions under which it binds simple ionic
species should be understood. The interactions of allophane with
anions such as phosphate have been the subject of much study elsewhere
(e.g., refs. 158-161}. Its interactions with cations in dilute
solutions have up till now been neglected. For this reason the
emphasis in this study is upon cation adsorption from dilute

solution.
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As allophane behaves like a constant potential material (i.e.,
like a hydrous oxide), it is to be expected that its interactions with
ionic materials will, in principle, be similar to those of the hydrous
oxides. These adsorbents have been studied not only because of their
impcrtance in many natural and industrial situations but also, because
of their simplicity, they may be useful as model systems for the
reactions of the more complex clay minerals. In comparison allophane
has an aluminosilicate core of variable composition, coated to
differing degrees with hydrous aluminium oxide and with iron(III)
hydrous oxides also present. The allophane surface may be a complex
mixture of all these components or they may be present as discrete
phases.

In this chapter the state of knowledge of the partitioning of
cations between solutions and the surfaces of hydrous oxides and clay
minerals is critically reviewed. A number of theories of the
mechanism of adsorption have been proposed; some of these are
discussed. 1In the next chapter a recent theory describing *he
interaction of ions at the hydrous oxide/aqueous interface is
critically discussed. It is then developed into a theory which will
assist explanation of the observations of an experimental study of

the adsorption of several simple cations by allophane.
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6.2 Ton Adsorption and Cation Exchange Capacity

Ion adsorption at a surface, as discussed in Chapter Four, is the
result, at least partly, of an electrostatic attraction. The nature
of the electric charge of the surface inducing the adsorptive force
has been discussed in sections 4.4 and 5.3. This charge has two
origins: it may be structural (and pH independent) or it may be
associated with surface oxygen functions such as - (Si) - OH and
- (Al) - OH groups. In the latter case it varies with pH becoming
more positive as pH decreases and more negative as the pH rises.

This will cause the distribution of ions between the surface and the
solution to be pH dependent, i.e., the ion adsorption, cation and
anion exchange capacities (CEC and AEC respectively) will vary with
PH. In general all minerals with surface oxygen functions display pH
dependent cation adsorption and cation exchange capacities.

The cation exchange capacity of a soil or a clay mineral is the
total quantity of exchangeable cations, such as hydrogen, sodium,
potassium, ammonium, magnesium or calcium, that it can retain. It has
commonly been measured by saturatirg a sample with a 1M solution of a
salt at a predetermined pH, e.g., sodium acetate at pH 7.0, and then
determining the quantity of that cation released (or exchanged) by a
1M solution of a similar salt of a different cation, e.g., ammonium or

162,163 qpjig approach has been criticised as the

magnesium acetate.
surface charge for constant potential materials is a function of the
electrolyte concentration (see Chapter Five). Soil solutions have an
ionic strength of the order of 1073 to 1072 M and so exaggerations of
the real ability of the soil to retain cations may have been
common.lsl”165 A more reasonable approach is to use solutions of
similar strength to those in the soil, i.e., about 1072 M.

Cation adsorption and cation exchange capacity measurements

differ in that for the former it is the distribution of ions between
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the solution and the surface that is of interest whereas for the
latter it is the maximum amount that may be adsorbed.

It was from CEC measurements of some minerals, montmorillonite
especially, which were constant in weakly acid systems that led
Schofieid!®® to postulate the existence of permanent negative charge
from structural substitution. This charge dominates the electro-
chemistry of such minerals, which have silica surfaces, when the
surfaces are not involved in reactions with the potential determining
ions, H+ or OH—, i.e., below about pH 5.5. Materials with hydroxylic
surfaces, such as kaolinite, allophane and the hydrous oxides, whilst
possibly having permanent charge, have surface charges which increase
continuously with pH and so their interactions with ions also change
monotonically with pH.

The CEC of any mineral sample will also be dependent upon the
number of hydroxyl groups, and their acidity, so that clays with a
large surface area will tend to have nigh exchange capacities. Finely
divided clays such as allophane and imogolite, which have large
surface areas and high concentrations of surface hydroxyl groups,
also have large cation exchange capacities. For a wide range of
minerals Sawhney and Norrish!®7 observed a near linear relationship
between CEC at pH 8.2 and surface area, as measured by the
adsorption of nitrogen, which was said to relate the CEC to the

concentration of surface hydroxyl groups.

6.3 TIon Adsorption by Hydrous Metal Oxides

6.3.1 Alkali Metal Cations

Adsorption of simple monovalent cations of the alkali metals onto
hydrous aluminium oxides from dilute aqueous solutions is strongly pH

dependent168 and does not occur with any strength below the point of

9

zero charge (PZC).16 Similarly none of these cations sorbs strongly
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onto haematite belcw its pzcl16,170,171 except for lithium from high

concentrations which, because of its similar ionic radius, may replace

an iron(III) ion in the oxide matrix.''®7!7! a¢ moderate surface

charges there is no specific interactions between these cations and
hydrous iron(III) oxides!’!7172 oy with silica gel,173'175 and
adsorption follows the lyotropic series. This is the order of
selectivity shown by ion exchange systems for cations in the absence
of specific chemical interactions, i.e., ¢+ of equation (4.28) tends
to zero. As the strength of binding of a mobile ion is purely
electrostatic it will depend upon the ion charge and its distance of
separation from the surface. In aqueous systems most ions are
hydrated with a strength that is inversely related to the Pauling ionic
radius so that small ions are more strongly hydrated and consequently
their effective size is actually greater than the less hydrated larger
ions. The larger and more polarisable ions may easily part with their
hydration sheath and allcw closer approach to an adsorption site. 1"’
For monovalent cations this series of ease of adsorption is {most
strongly bound first): T1 > ag® > cs” > Ro' > k' > il > na® > 127,

At very high electric field strength, i.e., at high surface charge
densities, near pH 12 the reverse order for the alkali metal cations,

+ +

+ .
i > Na > K+ v Cs , has been cbserved for haematite.!72

This has
been explained in terms of the structured water model which proposes
considerable fixed orientation of the water occurs at surfaces which

have high electrostatic fields.!?®

On ion hydration the binding energy
of the water molecule is partly compensated by a loss in its entropy as
it becomes restricted in its movements. If the water in a region is
already structured the loss of entropy from cation adsorption will be
lower and so the cation with the greatest order in its hydration

sheath will apparently be preferentially adsorbed. A similar reversal

of preference has been recorded for similar circumstances with
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hydrogen and aluminium form silica gel at high pH and also with sodium

and calcium form gel at lower pH.177 In all cases the surface was

highly charged. The preference order Li+ > Na+ > K+ v Cs+ is the same

as the order of stability of the hydroxyl complexes.“'6 It was

suggested that some degree of covalent bond formation with the surface

was occurring.177

Thallium(I) behaves very much like potassium or rubidium in its

interactions with ion exchange materials.!®® This is also true of its
interactions with hydrous iron(III) and manganese (IV) oxides.!’® The
adsorption increased withpH from near zero at the PZC of the adscrbent.
At low pH in the manganese {1V) system the thallium(I) was oxidised to

thallium(III) which adsorbed much more strongly and made the isotherm

appear anomalous.

6.3.2 Multivalent Cations and the RSle of Hydrolysis

As a consequence of their greater charge multivalent cations are
usually sorbed more strongly than monovalent cations. In the absence
of hydrolysis adsorption tends to follow the lyotropic series. At

- 2o s + +
pH 2 the following series has been observed on silical’®: Ba?" >> ug?

5 + + + o + + + +
s*¥ 5 pp2t > sr2t > ca?t > a1 > ni?t > en?t > zn?t > cu?t > 2t >

> Fe
C02+ > rg > x+ > Na+ > Mg2+. A similar sequence was observed for
cation adsorption by a hydrous iron(III) oxide except that at high
concentrations magnesium, like lithium, is particularly strongly

a.'7’! At the same time adsorption of multivalent cations tends

adsorbe
to increase with pH frcom well below the PZC, i.e., in (4.28) most
multivalent ions have non-zero ¢+ and aré said to specifically
adsorbed. 17171727180 Many anomalies can be found in the preferences
surfaces show for ions. Quartz and iron(III) hydrous oxides follow

+ + . 179-181
the order Ba2+ > Sr2+ > ca?’ > M92 at high and low pH but

2
82 ;
alumina has the opposite preference.”g'1 Adsorption of Ca
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appeared to correlate with the release of one proton.”g'182 (The

method used to obtain this figure is criticised in the next chapter.)

The following exchange was postulated;
+
-(Al) - 0H + ca?” = -(a1) - oca' + &' (6.1)

The nature of the surface complex -(al) - OCa+ was not specified
except that the calcium ion was said to be specifically adsorbed. The
structured water model was invoked to explain the adsorption sequence
as the pH for some adsorption appeared too low to allow significant
hydrolysis, necessary to allow formation of a covalently bound complex.

In the pH region where a cation may hydrolyse its adsorption
invariably increases greatly. On aluminium hydroxide the preference
follows approximately the stability of the first hydrolysis complex

MOHZ-I, (Table 6.1), when coupled with selection for small ions; 82

2+

+
cu?” > pp?

2+ 2+

+ + + + + +
> zn?" > Ni?" > co?" > cd?” > Mg?T > ca?’ > sr?” » Ba?”,

whilst similar sequences with selection for large ions have been

. + + + +
voserved for hydrous iron(III) oxides; pb2” > ca?” > zn?" > ca? ;178,184

2t .

+
> Cu2

2+ 2+

+ + + + +
Hg > pp2" > zn?" > ca?” > co?7; 1'% ang pb?” > cu? > zn? >

2+ 2t

+ . cq s
Ni2+ > Cd2+ > Co > sr?” > Mg .182 At increased PH silica

adsorption sequences show a greater dependence upon hydrolysis than

+ + + + +
02 27 > an > Ba?" ~n sr?” >

upon ion size; Al3+ Y Fe3+ Y Cr3+ > C N Cu
ca?” g2t > rot A k7 > Na' at near neutral pyl73,186,187

Dugger et al.l7® and wakatsuki et al.'®? poth proposed mechanisms
similar to (6.1) but with the possibility of more than one silanol
group (for silica) being involved with a cation. Some similarities
might be expected before the reactions of OH and -(Si) - 0~ towards
metal ions. Hydrolysable ions may enter into complex formation with
silanol groups and the surface may then act as a multidentate ligand.

The metal ion-surface bond might also involve hydrogen bonding in the

+
following manner which releases H ;
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Table 6.1 Ionic Radii and Stability Constants for the First
Hydroxide Complex of some Divalent Cations

Cation rzggi:?i) 1og X
10719 n (2)

Mg 0.65 2.58
Ca 0.99 1.3
Sr 1.13 0.85
Ba 1.35 0.68
Mn 0.80 3.3
Fe 0.75 3.9
Co 0.72 2.8
Ni 0.69 3.1
Cu 0.929 6.7
Zn 0.74 5.0
Ccd 0.97 6.1
Hg 1.10 10.3
Pb 1.27 7.82

(1) from ref. 183.

(2) from ref. 146; K = [mou™]/[M2 1 [ou"].

g Goldschmidt radius frem ref. 183.
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+
M2 4 HC = Mon + u' (6.2)
R - OH . R-0 - H...0H
| + MOH = | +
R - OH R - OH M
(1)
+ +
IL-u 1-= (6.3)
R-0-H R-0-H
= OH
- + -
R-0 ....Mmo0m R=-0....M
(I1) (II1)
+ -
R-0H + M &« R-o0....m2" + ¢ (6.4)
(IV)

Apparently adsorption of calcium onto hydrous iron(III) oxide
could be consistent with either (I) or (1V)!®? whiilst adsorption of
more strongly hydrolysing ions, which appeared to release more than

one proton per ion sorbed,!®?

could also involve species (II) and (III)
as well. The nature of the surface hydroxyl-metal ion interaction for
(IT) and (III) has not been specified. Direct bonding and association
of the fully hydrated cation with the surface have been suggested as
the modes of interaction for the sorption of lead onto hydrocus iron(III)
oxide because of its readiness for replacement (fully hydrated cation)

in some situations and difficulty (direct bonding) in others.!®®

Forbes et al.l®?®

measured the amount of acid released by the
adsorption of divalent cations on goethite and found a near
stoichiometric exchange, i.e., about two H+ per cation. Similar
stoichicmetric exchanges have been found for cation adsorption by
silica.,78, 180,191 Although with goethite a value other than two was not
ruled out!®? the species (I) and (IV) of the above reaction scheme

would seem unlikely. So too does the hydrolysis reaction (6.2) or, in

fact, any other adsorption process that invokes hydrolysis in a
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suspension of pH where only a very small part of the free cation can
be involved in hydroxy-complex formation. The mechanism of cation

adsorption, an ion exchange process, is discussed further in Chapter

Seven.

6.3.3 ROle of the Dielectric Constant of the Adsorbent in Cation
Adsorption

An observation not yet considered is that at the silica surface
. 2+ 2+ . .
adsorption of Co and Ca increases profoundly in the region of
hydrolysis of each, at pH 6 to 7 and 9 to 10 respectively, whereas at

the rutile (Tioz)/aqueous interface both cations adsorb strongly in
102

the same low pH region. A major part of this difference may be

associated with the dielectric constant of the substrate which
strongly influences energy changes. James and Healylou have suggested
that cations adsorbed onto silica surfaces, especially when they may
hydrolyse, are separated from the surface of the solid by one water
molecule. Some cf the evidence cited to support this theory, such as
that referring to the hydration status of ions on exchange resins, may
Le reasonable although resins are strong acid systems and oxides are
comparatively weak; other interpretations are questionable. From their
own work and that of Hahn and Stumm?®? they found that the maximum
adsorption density for cobalt and aluminium sorbed onto silica
corresponded to a monolayer coverage of species radius ri + 2rw where
r, is the Pauling ionic radius and T, is the radius of a water molecule.
Although this indicéées at least part of the solvation sphere is
retained the apparent radius is only a measure of the surface area
occupied by each sorbed ion and not the distance the ion is from the

surface. (At elevated temperatures even some of this watexr can be

191}) 185

lost. It was suggested that the studies of Hathaway and Lewis

indicated that on adsorption at the silica/aqueous interface there was
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little perturbation of the primary hydration sphere of a potentially
hydrolysable cation. However, the spectral data presented was
inconclusive as to the nature of the coordinated groups and
coordination of free silicate was actually proposed.195
Notwithstanding the above with a system of low dielectric constant

)

such as silica (eo = 4 to 5196) the energy of adsorption of an ion
requiring scme loss of its primary hydration sheath is apparently
fnconsistent with experimental results. %2/ 10% paoy¢lo7? pointed out
that short range interaction between ions and surfaces can only be
appreciable if dehydration of the ion close to the surface occurred and
he further stated "in the case of cations and ccunterions dehydration
does not seem probable, in general, unless the dielectric constant of
the colioid exceeds that of water." Thus short range interaction of
divalent ions and silica would not be strong. Rutile, haematite and
corundum all have somewhat higher dielectric constants than silica
(170, 25, 12 and 4 respectivelySI'lgs). Hydration of a surface
usually increases the values of these constants towards that of
water!?® (80 at 2OOC). Thus adsorption of multivalent ions will be
more facile on these surfaces than onto silica and dehydration will be
less important. This has been shown clearly by James and Healy”2 for
cobalt adsorption onto both rutle and silica. For rutile adsorption
occurred at a lcwer pH, and was mostly of the divalent species, than on
silica even though rutile has a much higher PZC. Hydration of the
caticn is apparently such a hindrance to adsorption onto silica that

hydrolysis is needed to reduce the solvation energies enough to allow

significant adsorption to proceed.

6.3.4 Maximum Adsorption Density

A further phenomenon that has been observed is the increase 1n

the apparent mazimum cation adsorption capacity of a hydrous oxide
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surface with pH.“°'179 For a surface with a limited number of

adsorption sites if only a monolayer of adsorbate may occupy these

sites then the concentration dependent adsorption isotherm takes the

form of the Langmuir eguation;

T X * ax (6.3)

where cs is the eguilibrium soluticn concentration, x is the amount of
adsorbate per unit area of adsorbent, xmax is the amount of adsorbate
required to form a complete monolayer and o is the adsorption intensity,
a term related to the strength of the adsorption. A plot of cs/x

against g should be linear with slope X ooxt (6.5) can be rearranged

X .0.C
max S

* T Tvae, ©-e
s
which is similar to the Stern equation (4.28) if x is identified with

o./ze, %
i max

H

with Nl, cS with cs/Mh and o with the exponential function.
Langmuir-type plots have been obtained for calcium adsorption onto
17¢

10

hydrous alunina and zinc onto goethite.1

In each case the
apparent maximum surface concentration increased dramatically with pH
as shown in figure 6.la. The logarithm of the maximum adsorption
density, log Xmax' was taken from figure 4B of reference 179; it
clearly increases linearly with pH (fig.6.1Db).

The hydrous oxide surface has then a maximum capacity which is
dependent upon the pH. It is also dependent upon the nature of the
cation; those icns which bind more strongly also bind to a greater
extent at a conztant pH. This has been found for manganese (IV) oxide
where the maximum capacity for cobalt, which sorbs most strongly, is
greater than for zinc which in turn is grecater than for calcium, the

least firmly pound. !°?°
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6.3.5 Adsorption of Anions

The adsorption of anions by hydrous metal oxides has a number of
similarities to caticn adsorption. The major difference is that the
pPH effect is reversed, i.e., adsorption decreases as the pPH rises. The
adsorption preference sequence shows dependence upon similar ion
characteristics and the most strongly adsorbed species are those which
are highly charged and hydrolysable. A typical sequence for anions
adsorbing onto iron(III) hydroxide is (as their neutral acids); H,As0, >
HVO, > H,PO, > H,M0O, " H,Si0, > H,Se0, > H,BO, ™ H,50, > HCL Vv HNO,.}®’
Non-specifically adsorbing monovalent anions such as chloride and
nitrate do not adsorb strongly above the PZC but other multivalent
anions such as sulphate and phosphate do. These higher charged ions
can shift the apparent PZC to higher pH; the reverse of the change
caused by multivalent cations.

There are two main mechanisms of anion adsorption. It may
proceed following surface protonation in which case the anion remainrs
as a surface counterion to a positively charged surface group. Anions

such as nitrate, chloride and sulphate bind to oxides such as rutile,2°°

169 201

alumina, goethite, chromium (III) oxide??! and haematite!”? by this
manner. Alternatively the adsorption may be by exchange for surface
groups (c.f. the adsorption of hydrolysed caticns) in which case the
anion becomes covalently bound to the matrix metal cation. In scme cases
at high activity, with phosphate at least,171 the anion may become
potential determining, i.e., the surface has taken on the
characteristics of the metal phosphate at the expense of the hydroxide.
Systems that show ligand exchange of this nature include fluoride,

133,202,203

selenite and phosphate adsorbing onto goethite, and

171 204

phosphate on goethite,201 haematite and alumina.
Maxima in the adsorptions of anions occur at pH = pK. This has

been taken to show the necessity of having both proton donors and
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pProton acceptors present to enhance adsorption, the neutral acids are
not strongly adsorbed;!33,202 e.g., the major adsorbing species of
orthophosphate are H2P0: and HPOﬁ—.2°5

A difference between the adsorption characteristics of
hydrolysable cations and anions at the hydrous oxide surface becomes
evident at this point. Adsorption of cations is strong even when they
are sufficiently hydrolysed to form neutral hydroxides but neutral
acids tend to remain in solution. This might be correlated with their
general aqueous solubilities; many acids are liquids and are miscible
with water but the hydroxides of readily hydrolysable metals form

separate phases.

6.3.6 Influence of Anions on Cation Adsorption

The presence of anions can influence the adsorption of cations by
hydrous oxides in three ways.

First, the hydroxide ion can enhance adsorption by increasing the
surface negative charge and by hydrolysing the cation; these =ffects
have been discussed previously.

Secondly, anions may interfere by forming stable complexes with
the cation. These complexes may not be readily bound. A particular

205

case occurs with the adsorption of mercury(II) by both silica and

goethiteleh from solutions containing chloride. Mercury{II) is

* and this

probably bound to silica and goethite by a hydroxo bridge18
is stable only if the pH is sufficiently high to ensure hydrolysis to
Hg(OH)Z. In the presence of chloride the non-adsorbing chloride
complex, chlz, is formed. The mercury then remains in solution unless
the pH is very high in which case hydroxy-chloro complexes of Hg(II},
capable of binding through the hydroxide ligand, can form.

The third influence arises when anions are specifically adsorbed.

This will increase the surface negative charge, as seen from the
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diffuse layer, and so enhance the adsorption of cations. Specific
adsorption of anions such as selenite, phosphate, arsenate and sulphate
onto hydrous oxides has been reported, but the influence of this
phenomenon upon cation adsorption was not described. This process has
been investigated for soil constituents and phosphate, pyrophosphate

and cxalate all greatly increase the CEC of not only the clay fractions
of a wide variety of soils but also of some synthetic aluminosilicates.!®?
The adsorption of zinc by plants from soils containing hydrous iron(III)
oxides was prevented by the addition of phosphate to the soil.2?7

Presumably the phosphate was adsorbed by the hydrous oxide and this in

turn firmly bound the zinc.

6.3.7 Summary of Cation Adsorption by Hydrous Oxides

Two phenomena promote cation adsorption by hydrous oxides from
aqueous solution. These are electrostatic attraction and bond
formation. Both are modified by the following properties of the
surface and the ion itself:

(i) the surface charge which is a function of the p.d. ion

concentration, i.e., pH. Adsorption generally increases with
PH.

(ii) the charge and ionic radius of the cation. Adsorption

tends to increase with cation size and charge.

(iii) the state of hydrolysis of the cation, another function of
pH. Upon the onset of hydrolysis adsorption is greatly
enhanced.

(iv) the surface dielectric properties.

(v) the nature of other adsorbed species (including surface

hydration and the presence of surface charge modifying
groups) .

s . i
(vi) e occurrence of other specific effects such as inclusion,
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complex formation and redox influences.

6.4 Ion Adsorption by Clay Minerals

6.4.1 Effects of the Mineral

Because of the presence of more than one ionisable species and
charge site, variations in the sorptive characteristics of clays are
not as regular as those of the hydrous oxides. Montmorillonite, for
example, has a high permanent negative charge from isomcrphous
substitution and only a small pH dependent charge so that in the pH
region 4 to 8 its cation adsorption properties are almost pH
independent in the absence of hydrolysis.127'137'2°8 Outside this

range protonation and dissociation or hydroxylation, have strong

209

effects and the plot of ion uptake against pH has two points of

210

inflexion. This contrasts with adsorption on most other clay

minerals where the ion uptake varies monotonically with pH, e.g., sodium

adsorption by xaclinite,2!?!

Sorption onto kaolinite is similar to
that onto silica at low and neutral pH but at high pH for cations it
is enhanced by the aluminous groups which become negatively charged.
The likelihood of kaolinite having at least two surface components has
support from the electrophoretic studies of Buchanan and Oppenheim;132
they suggest that its surface chemistry should be considered in terms
of silanol or aluminium hydroxyl species depending upon the pH. When
freed of surface aluminium kaolinite, montmorillonite and vermicullite
all lost pH dependent alkali metal cation adsorption characteristics
in the near neutral pH range; in such materials the pH variable
properties arise from the surfacial hydroxylic components.

The nature of the clay mineral has a strong bearing upon the
influence of concentration on cation adsorpticn. A correlation may be

observed between pH dependent and concentration dependent adsorption,

within reasonable limits.
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This arises because a surface whose reactivity varies with the
activities of one ionic species (e.qg., H+) will also respond to
changes in the activities of other ions. The CEC of montmorillonite
is independent of both pH (between 4 and 8) and cation concentration
whilst halloysite, kaolinite, allophane and imogolite, like the

hydrous metal oxides, respond to changes in both (see figs. 6.2a and b).

6.4.2 Influences of the Cation

In general the preferred sequence for alkali metal cation

. ) ) ] + + + + .+
sorption follows the lyotropic series, i.e., Cs > Rb > K > Na > ILi ,
(refs. 45, 127, 164, 211-215). 1In some cases the adsorption of one ion

is greatly increased and fixation may occur particularly with the layer

+

. . + + + . )
minerals. The ions K , Rb , Cs and NH“ lose their hydration shells on

entering the space between the negatively charged layers which then

s . . . . 2+ 2+
meet the ion solvation requirements; other ions such as Mg® , Ca® , and

Na+ are adsorbed hydrated. (A review of this subject is given by

216
)

Sawhney. Divalent ion adsorption sequernices generally also follow

the lyotropic series (refs. 127, 207, 217-219). Size effects cau be
sufficiently important to cause magnesium to be sorbed more weakly than

220

rubidium. Two major exceptions to this order occur. Vermicullite

sorbs magnesium particularly strongly between its highly charged

217,221,222 a4

silicate layers which induce strong field effects.
increased pH, especially for montmorillonite, the alkaline earth metal
cation sequence is approximately reversed from its lower pH order, an
effect that has been correlated with ease of hydrolysis and hydroxide

precipitation.21°'223 Chaussidon??® found that the ionic behaviour

+
appeared monovalent at elevated pH and corresponded to MOH , the

. . 210,223
suggested adsorbing species. !

Hodgsonzzu'225 showed hydrolysis of transition metals was

important in specific adsorption and that surface hydroxyl groups were
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involved even on high permanent charge montmorillonite.2?!'? The

general selectivity orders are, as with the hydrous oxides, a
combination of hydrolysis and hydration strengths (or ion size):

2+

+
Ba®" > sr2¥ > ca?t > un2t > mg2* 207.218,224,226 2+

+ +
and cu?” > zn?" > co

2+ .2t 2+ 224,22 .
> Fe® ™ Ni¢ ~ Mn?", 1227 Exchange and infrared spectral data also

showed direct involvement of the surface hydroxyl groups of
montmorillonite, illite and kaolinite in lead adsorption; 188 at PH < 6
the hydrated ion was the major adsorbed species but increasing the pH
decreased the amount of exchangeable lead and increased the
proportion chelated to the surface.

At high pH it has been suggested that the kaolinite surface can

act as a nucleation centre for hydroxide precipitation, particularly

228

with copper. Because adsorption appeared at lower pH than

precipitation it was also suggested that the hydroxide ion
concentration close to the surface was greater than in the bulk.
However near a negatively charged surface, such as that of kaolinite
at neutral pH, the concentration, and hence the activity, of anions
such as hydroxide is reduced (section 4.8.4) and so this explanation
for the adsorption is erroneous. Furthermore these authors suggested
that copper adsorption might proceed not only upon the negative
surface but also by hydroxide adsorption onto positive edge charges
with subsequent copper deposition. Electron spin resonance spectros-
copy has since shown that these edge hydroxyls were of little
importance for copper adsorption and the cation was evenly distributed

229 This is consistent with the negative

across the planar surface.
charge being associated with the silica layer. Nevertheless, it was
shown that where ligands capable of forming stable complexes able to
maintain copper in solution at high pH could form adsorption onto clay
minerals was substantially reduced and did not proceed at all if the

. 228
complex was neutral or negatively charged.
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The exchange of copper and calcium cations on kaolinite was
studied by Kishk and Hassan?3°? at PH 3.3 where calcium was preferred,
and at pH 5.2 where copper was preferred. This behaviour, which is
similar to that reported by El Sayed et al.,231 was related to the

s + + - .
competition of H with Cu? . This was said to be more effective at

lower pH than at high.

Trivalent ions usually adsorb to a greater extent than the lesser

. 197,208,219 \ .
charged species. ’ ’ These ions have very large influences

upon the surface properties; as they hydrolyse strongly they may
completely coat the clay and force it to act like a particle of the
precipitated hydroxide.lal'232

The cation effects on adsorption at clay surfaces are similar to
those at the hydrous oxide surface. 1In general selectivity fcllows the
lyotropic series with allowance for hydrolysis which suggests a low
dielectric constant such as observed for silica. The ready adsorption
of cations in the divalent state however suggests a higher dielectric
constant. This concurs with with the determinations of this property
for the aluminosilicates which have shown it to be intermediate between

1
quartz and corundum. °

6.4.3 Effect of Acid Treatment on Cation Adsorption

Washing soils and clays with distilled water or dilute mineral
acid is frequently carried out to remove readily exchangeable ionic
species and reduce surface salt concentrations. (Leaching of hydrous
metal oxides has little permanent effect as dissolution of the surface
layer exposes a material which will assume the same characteristics.?%?)
With minerals of mixed composition quite dramatic irreversible effects
can be procduced.

washing clavs with distilled water can remove bound ions by a

hydrolysis oxr exchange reaction;
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+ - + -
-R -Na +HO0 = -R -H + Na' + OH (6.7)

A comparable reaction may proceed for the hydrolytic loss of
anions. In some cases the adsorbed proton may then attack the
structure and release aluminium (or magnesium from the magnesium

kased clay minerals) which can then assume the surface adsoxption

; 151,233 . s s ‘s .
site. 4 Water can also dissolve finite quantities of the minerals

particularly as aluminium and silicon hydroxides are both slightly

234,235 . .
water soluble. ! This process also alters the surface properties.

Silicon hydroxide is more soluble than aluminium hydroxide at pH 6 so

leaching at this pH results in a more aluminous material with a more

32

positive surface charge.1 Acid treatment, on the other hand, removes

the more acid soluble fractions, such as the divalent cations!?? and
aluminous materials, which results in a more siliceous surface with an

32

intensified negative charge.1 If the acid strength and quantity are

great enough silica gel may form following dissolution of the acid
soluble materials from some clcy minerals. 238
Addition of aluminium to clay end soil surfaces usually results in

150,237

large decreases in their CEC's because the aluminium occupies

adsorption sites and, as its hydrous oxide has a high PZC, in the
hydrolysed form it will not adsorb cations readily. Subjecting soils?3®
and clays239 to processes which remove their iron(III) was found to
increase their CEC and ability to adsorb cobalt(II). BAs the reagents
used also remove aluminium it may not be stated unequivocally that it
was the loss of iron that brought about the change; it may also have
been the aluminium loss. However, acid washing of montmorillonite
impaired its ability to adsorb cobalt from a dilute solution of 0.05M

%  The mechanism was not known but it may have

calcium chloride.??
involved the transport of aluminium from the matrix to adsorption sites.

Although this result is quite different from the usual immediate result
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of acid washing of the lower crystalline clay minerals it is the same
as that observed in this study for the ageing of allophane and

halloysite in acid (see Chapters Five and Nine).

6.4.4 Adsorption of Cations by Allophane

The adsorption of cations by allophane from dilute solution has
not previously been reported although Fieldes and Schofield?®
measured sodium retained by some allophanic clays from 0.2M sodium
chloride. They found the adsorption increased slowly with oH between
PH 4 and 5 and more rapidly above pH 6. The cation exchange capacity
has keen more frequently studied and it has been found to increase
with pH and concentration, charge, and ionic radius of the determining
cation (refs. 20, 31, 137, 240-243).

The ability of allophane to bind cations has been attributed to
its permanent negative charge from structural isomorphous replacement
(section 2.4) but this may be blocked by adsorbed aluminous groups.zu“
With pH increase it has been sudgested that the aluminous groups
become deprctonated and less able to neutralise the structural charge,

: . bh=24
consequently increasing the CEC.2"#~246

Alternatively the variable
charge might arise from the presence of aluminium in tetrahedral
coordination, linked by hydroxyls. This coordination would give these
hydroxyls weakly acidic properties and they would ionise to a pH
dependent extent, providing negatively charged cation retenticn sites.ZQé
The possibility that the dissociating groups are silanolic hydroxyls
influenced by the tetrahedral aluminium of the core has also been
raised.zl+e If dissociating hydroxyl groups were responsible for the
pH dependence of the cation adsorption and retention properties of
allophane then, like the clay minerals kaolinite, halloysite and

gibbsite, it would also behave in some respects like a hydrous oxide.

Variations in the CEC between samples has depended upon their
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composition, pParticularly the Si/Al ratio. This is a consequence of

the difference in the ease of the ionisation of the hydroxyl groups;
as silanol is weakly acidic, and aluminium hydroxide amphoteric,

allophanes with larger Si/Al ratios have larger CEC's below saturation

40 . s . . . .
PH. Some of this increase may be involved in the greater contribution

that tetrahedral aluminium makes in the core of the siliceous allophane,

i.e., the greater matrix negative charge. Some typical CEC values are

given in Table 6.2.

Cation preferences on allophane have not been widely studied but
the lyotropic series is usually followed at near neutral pH. Some

+ + + + + +
observed preferences are: Ba?" > ca?” > K > Mg2 > NHR;IGQ ca?” >

+ 242 2+ 2+
’

NH
Y

+ + + + . .
Ba®" > ca? > Mg?" > K 2! and Rb > K .2%! The interaction

249

of allophane with potassium is similar to that observed for a

synthetic aluminosilicate.?"®

This cation may be fixed and this has
been thought to be linked to the magnesium deficiency in some allophane
soils; the magnesium having been replaced by the potassium and leached

out cf the soil.25°

Fixed potassium is beneficial in a soil as it is
still usually available to plants but it is not lost by leaching. The
loss of magnesium is not desirable however.

Most of the increase of the CEC with salt concentration may be
due to increased exchange of cations for the protons of surface
hydroxyl groups. A part of this increase has been found to be

. . : 251
associated with aluminium displacement.

252 is the

An important phenomenon reported by Wada and Harada
increase in CEC with temperature. The qhange observed between
ambient and 50 - 60°C for allophane and imogolite was relatively
large, that for kaolinite was moderate whilst only a very small change
was noted for montmorillonite. These relative changes are also similar

to the pH éependent variations and also suggest that the cation

adsorption properties of these clays have different origins. The total



153

Table 6.2 Cation Exchange Capacities of some Soils and Clays
Material CiE;Z?(E?d PH meé??%Og Ref.
soils
Allophane
Dunmore Mg, 0.025 5. 6.9 251
" Ca, " 4, 8.3 "
Oruanui Mg, " 5. 5.6 "
" Ca, " 4. 6.2 "
" Ca, 0.05 4. 7.3 "
Montmorillonite
Arapohue Ca, " 6.2 36.2 "
Allophane
SiOz/Alzo3 = Ca, " . 22.5 242
" Ca, " . 34.9 "
SiOz/AlZO3 = Ba, " . 18.9 "
" Ca, " " 16.1 "
" Mg, " " 13.0 "
" K, " " 9.8 "
Clays
Halloysite NH,, 1.00 - 37 137
Montmrorillonite~-
illite NH,, " " 46 - 50 "
Allophane " " 4 20 "
" " 0.20 5 6 "
" " 0.50 " 10 "
" " 1.50 " 30 "
" " 0.20 7 23 "
" " 0.50 " 30 "
" " 1.00 " 40 "
" " 1.50 " 52 "
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effect was found to be only partially reversible so that material after
wet heat treatment had a permanently enhanced CEC (and consequently an
enhanced cation adsorption ability). The irreversibility may be
associated with surface polymerisation of aluminous groups or

association of anionic and cationic surface sites.2"27252 purthermore

in an investigation of the r3le of the proton in the determination of
CEC and AEC of allophane Harada and Wada?"? found that an increase in
the CEC was always matched by a greater amount of hydrogen ion release
but not by an increase in the AEC except when the increase arose from
concentration changes.

Cation adsorption by allophane and by hydrous oxides is similar
in scme respects; the adsorption site appears to be associated with

+
surface hydroxyl groups and H is released upon adsorption.

6.4.5 Anion Adsorption

As most clay minerals have strong negative charges on their faces
they do not readily bind anions to these parts; they may even be
stroncly repelled by them. Where positive surface charge can develop,
for instance at edge sites, anion attraction can occuxr and so some

clay minerals under differing conditions may exhibit both positive and

253-256

negative anion adsorption. On montmorillonite positive

adsorption of ions of low specificity such as chloride does not

procezd significantly unless the pH is less than 6!15 although on

.. . 131,135,211
kaolinite the upper limit varies between pH 8 and 10. ! ! The

adsorption of kaolinite and similar minerals, including allophane, is

like that on the hydrous oxides and the amount bound increases

. . : 131,135,211 s s
approximately exponentially with decreasing pH.ao’ ! ! This is
seen not only from the adsorption frem dilute solution but also from

. . 158,204
Langmuir-type adsorption experiments at constant pH. !

The treatment given a clay may have a strong influence upon its
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ability to adsorb anions. When previously subjected to large quantities
of phosphate or to processes which removed surface positive components
such as iron(III) and octahedral aluminium a number of clays,

including Tirau allophane, had their ability to bind anions drastically

reduced and in some cases completely blocked.!387257 at the same time

the cation adsorption capacity was greatly enhanced. The importance
of the positive charge components to anion adsorption was alsoc shown

by the AEC enhancement observed when iron(III) hydroxide was added to

kaolinite.}3!

Adsorption preferences have not been widely studied but they tend
to parallel those for the hydrous oxides, i.e., high charge and ready
hydrolysis induce strong adsorption. A significant difference from
cation adsorpticn is that large diffuse anions are displaced by small

anions, at least on montmorillonite where the following sequence was

observed;2%® F > OH > H,PO, > Cl > CH,CO, v Br > NO, > I > CNS
The mechanism for adsorption of chloride and sulphate, and presumably
also for the last five of the above series, is by surface protonation,158
i.e., the first mechanism discussed for anion adsorption by hydrous
oxides. The mode of interaction of the other three ions, and also
selenite and arsenate, is by ligand exchange with the groups attached

to matrix metal cations. The following sequence was found for a

basaltic N.Z2. clay;259

HVO, > H,PO, > H,Mo0, > H,S0, > HCLl (c.f.
hydrous oxides, section 6.3.5).

Allophanic soils and clays can adsorb much larger quantities of
anions than can those of the layer silicate minerals under comparable
conditions. This is a result of the greater surface positive charge
of allophane, a property derived from its surface hydrous oxides. The
amournit of anion adsorbed is dependent upon both concentration and pH;

the adsorption of chloride and sulphate by a tropical allophanic soil

increased with concentration up to a limiting value which itself
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increased approximately exponentially with decreasing pH.lse At pH
near 5, and relatively high concentrations of free anion (5 x 10 2m),
the amounts of chloride, sulphate and phosphate bound were about 5,
20 and 45 mmole/100g respectively. Chloride and sulphate appeared to
adsorb in a manner mostly in response to surface pProtonation.

The adsorption of polyvalent anions such as phosphate and molybdate
has aroused much interest because of their importance to soil fertility.
The quantity of phosphate adsorbed by an allophanic soil has been
found to be influenced by the extent of its hydrolysis, i.e., the
effect of pH is not only on the surface charge but also on the anion
itself.!58 Adsorption of selenite, phosphate and molybdate from
dilute solutions onto allophane clay could be described by a single

161

term Langmuir equation. Under these conditions the adsorption

proceeded by exchange for adsorbed sulphate, silicate, aquo and
hydroxyl g‘roups.lsg'168 At high concentrations however phosphate alone
continued to bz adsorbed by displacement of structural silicate and
possibly also by disruption of hydrous oxide polymers. This

adsorption was able to be described by a two-term Langmuir equation
which differentiated between the two sorption mechanisms. The
intensity of the interacticn was such that phosphate may become fixed
and almost completely unavailable to the soil solution.

The larce anion adsorption capacity of allophane, and similar
poorly ordered and amorphous materials, has been used to estimate its
presence in soils by an exchange technique. When neutral sodium
fluoride solution interacts with allophane the fluoride replaces
surface hydroxyl groups which are released and the pH increases. The
"allophane test" utilises this reaction in the presence of the pH
indicator phenolphthalein; the rapid appearance of a strong pink
260

colouration is taken as being a positive identification of allophane.

More precise methods for lower concentrations of the material depend
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upon measuring the amount of hydroxide freed. Perrott et al.28?
showed that the amount of acid consumed in maintaining the pH constant
for 25 minutes after addition of a soil sample to a 0.85M solution of
sodium. fluoride had a high correlation with the content of

non-crystalline and poorly ordered components of a large number of

soils.

6.4.6 A Summary of pH Dependent Cation Adsorption by Clays

A simple description of the pH dependence of cation adsorption
at the clay/aqueous interface can be drawn vp as follows:

At low pH cations appear to be interacting with the more acid
components and the permanent negative charges of the clay. Cations
retained by these sites are generally reversibly bound as hydrated
entities with a binding strength related to the cation charge and
size.

Increasing the pH increases the surface negative charge by
deprotonation of surface hydrorvl groups; this promotes further
electrostatic attraction and complex formation between the surface
and the cation although complex formation does not usually proceed
unless the pH is sufficiently high as to allow cation hydrolysis to
occur. Hydrolysis in turn not only reduces the ion solvation energy,
which promotes adsorption by materials with low dielectric constant,
but also increases surface ccmplex formation.

At higher pH precipitation of the cation as its hydroxide may
occur. The surface then takes on characteristics of the

precipitated hydroxide.

6.5 ggnclusigg
Although the interactions of allophane with cationsS appear to show

. . . . -
many similarities to the hydrous oxide~cation interactions a number of
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pPhenomena associated with this process are not understood. For
instance, there is the influence of the surface aluminium hydroxide,
the extent of cation adsorption from dilute solution at variable pH
and the nature of the cation properties that affect cation selectivity.

Furthermore, no mathematical basis is currently available to enable

adsorption behaviour to be predicted.
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CHAPTER SEVEN

AN IMPROVED MCDEL FOR ION ADSORPTION

BY HYDROUS OXIDES
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7.1 Introduction

Mathematical models that describe chemical systems have been
sought because they allow a greater understanding of the nature and
mechanisms of the systems. They also permit both the results of
changes within a system and the behaviour beyond the regions of direct
measurement to be predicted.

Such models may be empirical, e.g., the Freundlich adsorption
isotherm or Bilinski's equation for the adsorption of hydrolysing

species by hydrous oxides.?2%2

Alternatively they may be derived f£rom
mechanistic considerations, e.g., the Langmuir and BET adscrption
models.

No model is currently available to describe the adsorption of

cations from sclution by allophane. As clays containing this mineral

display

0]

imilar iocn adsorption properties to the hydrous oxides,
models that describe the interactions of ions with hydrous oxides were
investigated. The presently accepted models have a number of
shortcomings that make them unsuitable for general application. Some
of these models are discussed briefly in the next section.

A Stern-type model that has successfully described the variation
of surface charge at the silica surface is investigated in section
7.2.3 and the anticipated behaviour of the adsorbing electrolyte is
now clear. To allow application to allophane this model needed to be
further extended to include multivalent cations, mixtures of cations
and the influence of the presence of a hydroxide like aluminium

hydroxide.
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7.2 Ion Adsorption Models:- The Present State

7.2.1 The Mass Action Model

It has been found that the mass action approach to cation
adsorption at the clay mineral surface has provided a reasonable
description of the exchange of some cations at relatively strong acid
. . . . 147,168,226
ion exchange sites, already saturated with some other cation. ’ ’

Kurbatov et ai.2%®3 in 1951 applied this approach to the adsorpticn
of a number of divalent cations on hydrous iron(III) oxide. The more
generalised equilibrium proposed between the cation M% and the hydrous
oxide surface group HqA can be represented by;

- +
Ha + M7 = mu a®" + mm (7.1)
q g-n
n is the number of hydrogen ions apparently released per cation
adsorbed. If the total concentration of possible sites for adsorption
is N then by application of the mass action concept the equilibrium
o
constant, K, for (7.1) is given by;
- |H A +1n
o = (1At
H A]
L q

: (7.2)
M%7

The partitioning of the cation between the two phases is described
by the distributicn coefficient, D, which is the relative amount of the

cation in each state;

- [H A)])
. (N [q] .3
%]

.. log D = 1log K + log [HqA] + n pH (7.4)

For systems where only a small number of adsorption sites are
occupied, i.e., [HqA] + N_, the plot of log D against pH would be
linear with a slope, n, that would equal the apparent number of

hydrozen ions released by each adsorbing cation.
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Using this basis n has been found, for the adsorption of some
divalent cations onto some hydrous metal oxides, to be; 1 for dilute
solution in dilute electrclyte but decreasing to 0.7 when the cation
concentration was raised to 10”3 M, or the electrolyte to 1 M;ZS“

1.0 at low cation concentration, but decreasing to 0.2 for 5 x 1072 M

solution;2®% and various values between 0.8 and 1.7 depending upon the

cation, the adsorbent and the pH range.18°

Kolarik?®5 proposed that the variation of this number with the

concentration of the cation was the result of the formation of
"multinuclear" adsorption complexes where one adsorption site bound
more than one cation but released only one H+. However it can be
shown that if this assumption is made the derivation d log D/d pH is
no longer constant over the whole pH range and changes value at the pH
where log D = 0 (Appendix III). This change has not been observed
experimentally and so this theory does not hold.

Although plots of 1log D against pH suggest that the exchange of
a divalent caticn is for about cne H+, direct measurements have shown
that the actual amount released is greater; generally near two. 182
Furthermore aluminium adsorption on clay minerals has been accompanied

6

by the release of 3 moles of acid per mole adsorbed,?%® whilst on a

manganese oxide adsorption of a divalent cation was a quantative

+ o+ + 199
exchange for H , Na , and K .

It would appear that cation
adsorption by hydrous oxides is frequently a stoichiometric ion
exchange; for surfaces with low concentrations of other adsorbed

+ .
cations the exchange is for H . In (7.1) it follows that generally

n= 2.

7.2.2 Electrochemical Models

A major criticism of the simple mass action approach is that it

considers the chemical potential of all species to be related only to
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their concentration (or activity); the electrical influences present
are ignored. At strong acid adsorption sites, such as those of most
common ion exchange resins, this is reasonable as all ions may occupy
the same position and so experience the same electrical potentials. At
a charged surface this is not necessarily true, especially if the
exchange is between ions from different parts of the double layer.
(The electrical double layer is described in Chapter Four.)

The partitioning of a non-potential determining ion between a
solution and a charged interface has been discussed by Stern®* (see

section 4.5.3 and equation (4.22)). His theory was subsequently

improved by Grahame,95 but neither worker (nor more recently James and

104

Healy and Bowden et al.!!?) has considered the adsorption process

to be an exchange. That this was the case for hydrous oxides has been

189 267

recognised by Forbes et al. and Yates et al. in their models.
Although both treatments are similar (they are both "Stern-type"),
the site-binding model of Yates et al. is the more thorough; it does
not presuppose the validity of the Nernst equation (see section 4.%).
In their treatment Yates et al. were concerned only with the
adsorption of the potential determining ions, H+ and OH_, at the
hydrous oxide surface in the presence of an indifferent electrolyte.
The adsorption behaviour of the electrolyte was not revealed.

7.2.3 The Site-Binding Model of James, Levine and Healy269

The adsorpticn of simple monovalent ions at the hydrous
oxide/aqueous interface occurs at a surface charged by the adsorption
of either H+ or OH . As adsorption of OH is perhaps better

+ . .
represented by desorption of H the surface charging reactions are;
- +
HA = A + H (7.5)

. +
HZA.' => HA + H (7.6)
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h + - :
where HA, H A and A are discrete neutral, positive and negative

surface groups, respectively. These surface charges are balanced by
. . + . -
the adsorption of monovalent cations M  or anions X , from the

electrolyte MX, into the inner Helmholtz plane (IHP) (see section

4.5.3, fig. 4.2) to form interfacial ion-pairs. The processes by which

this can proceed are;

2 2 (7.7)
(7.8)

where AM and HZAX are interfacial ion pairs with the adsorbed ion lying
in the IHP. Thus the cation M+ when adsorbed is a distance Bm from the
surface and the anion X a distance Bx. For this system the electro-
chemical potential of each ion can be obtained from (4.4) (but with

wo =Y + ¥), for the charged surface sites A and H2A+, and for the
adsorbed cation and anion with Y + ¥ replaced by me or wex, the
potentials experienced by each in the IHP, respectively. Equilibrium
for the akove four processes, as the difference between the electro-

chemical potentials of species i in the two states is zero, therefore;

Hi(soln) ~ H; (surf) (7.9)

Thus the following relationships hold (concentrations have used

in lieu of activities):;

+
ke 1nlEAL L0 Z 10 0 10 bk 1n [H'] - ey (7.10)
wr 1n—tAL L0 L0 L0 Ly 1n[EY] + ey (7.11)
nT BHA  "H THA o
(1,8 ] 2
+
(B,2"] o

(o] -
— + + + kT 1n [X] + ey
kT ln[ﬁZKfT quA Hy Yo

o
= UH AX + ewo - e¢8x (7.12)

2
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(a]

kKT 1 o] (o] + _
: nm+uA+uM+kT1n[M] b,

—-— O -
= Ham ~ &V, * el (7.13)

where uz is the standard chemical potential of species i. The
equilibrium ccnstant for an eguilibrium reaction can be obtained from
the relationship ui = = kT 1n K. If K_ and K+ are the equilibrium
constants for the processes (7.5) and (7.6), and Kx and K.m are the

dissociation constants for the ion pairs HZAX and AM respectively then;

K, = exp.(ufIZA - Wy = HD)/KT) (7.14)
K_ = exp\(].l(:m - “Z - u;)/k'l") (7.15)
K= exp((ungx - ung - u$) /1) (7.16)
K = exp((u:M - “'Z - .u;)/kT) (7.17)

(7.10) to (7.12) can now be rearranged;

K
+
[aA] = [H2A+] Qs 9, = ——;—exp(—k% b)) (7.18)
(5]
+
[ua] = [a7] Q_ i Q= [E]exm-k—el;wo) (7.19)
+ [X—] e
[HZAX] = [HZA ] szx; Qx = K exp(k—T wa) (7.20)
+
- M ] e
(aM] = [a] Q. P Q= [K exp (- EE-me) (7.21)
m

The functions ., functions of the solution concentrations of the
i
adscrbing species, the equilibrium constant for the formation of the

adsorption complex and the electrical potential term, have been
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introduced for convenience. The various equilibrium constants for the
formation of the adsorption complexes, Ki, incorporated not only the
term for coulombic interaction between both parts of the interfacial
ion pair but also the specific adsorption potentials, ¢i, of (4.22)
or (4.28); i.e., Qm = M1 £ ana Qx =[x1E

If the total concentration of surface hydroxyl groups is N
o

thern;

Ny = [H,2x] + [8,a"] + [5a] + [a7] + [an] (7.22)

and the surface charge, OO, is given by;
s + -
= i, ¥ <+ -— -
0o =rHax] + [ma"] - [a7] - [an])/a, (7.23)

where Av is the specific area per unit volume of suspension. (This is
rceded as, for simplicity, all other concentrations have been defined
as moles per unit volume.) If it is assumed that both the anion and
the cation adsorb in the same plane, i.e., Bm = Bx, the charge in the

IHP is;

g =7 ([aM] - [HZAX])/AV (7.24)

Using (7.18) to (7.21) and (4.24) to (4.27) it is possible to get
a complete solution tc the double layer equations. This was done by

Yates et al.257

and the calculated plots of both GO and wd against pH
were very similar to experiment. No indication of the adsorption
behaviour of the electrolyte was given except that it was required to
lie close to the surface, perhaps almost on the same plane as the

adsorbed p.d. ions, as suggested by de Bruyn and co-workers., 1067 144

7.3 An Attempt to Extend the Site-Binding Model

In this section the adsorption of the indifferent electrolyte

predicted by the site-binding model of the electrical double layer at
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the hydrous oxide/aqueous interface, as described in the previous
section, is revealed. The treatment is then extended to multivalent

cations, mixtures of cations and cation adsorption in the presence of

a slightly soluble hydroxide.

7.3.1 The Adsorption of Monovalent Electrolytes

The total concentration of surface groups, No' is the sum of
theixr concentrations in the five available surface states. Using the

exponential functions defined by (7.18) to (7.21) and incorporating

them into (7.22) yields;

1. 1
o [am] (1 + g A+ g1+ (7.25)

m +

b
I

1 Q_ Q_ Q_QX
[aM] |1 + =+ 5=+ 5o+ 5= (7.26)
Qm Qm Qmﬂ+ Qm9+

The relationship (7.26) expresses the distribution of the surface
sites in each of the five states; AM, A-, HA, H2A+, H,AX. (The
similarity of (7.26) to the Stern equation is shown in Appendix[ﬂ .)

A convenient representation of experimental results has been the
plot of the logarithm of the distribution ccefficient, log D (where
D = [AM]/[M+]), against pH. These plots have often been

linear 180,191,263 — 265
- ’

and so the derivative d log D/d pH has been
constant. A reguirement of any model is that it should also satisfy
this condition for typical situations.

In (7.26) as Qx and Qm are functions not only of [X_]and[M+]
but also of pE (via wa and me) then with pH change the adsorption
behaviour of the cation and the anion will go through different stages.
There are five possibilities of consequence depending upon which state

dominates the surface. This in turn will depend upon the values of

the exponential functions, Qi' themselves functions of the pH and the
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concentration of the electrolyte components.

Condition (i): high pH and high electrolyte concentrations; from

(7.18) to (7.21);

1
1 >>-s2—+§—-1- eese (7.27)
m m

i.e. O > >> Q
i.e ' 1, Qm s Q+, Qx << 1

. ‘ . r = )
[aM] N (7.28)
and log D = log (No/[M+]).

Differentiating with respect to pH produces;

d log D _
3 pH 0 (7.29)

nder these conditions all surface sites are deprotonated and
occupied by cations (i.e., as BM) in which case the slope of the
log D/pH plot is zero. D is now a function of [M+].

Conditicn (ii): high pH and low electrolyte concentration or low
adsorption potential; from (7.18) to (7.21);

1 Q-
5;->> 1+ gt (7.30)

m + - X
N [M]
. [aM] = N Qm = -—2;——' exp (- EE-me) (7.31)
e

_ - - & 7.
log D log No log Km KT me (7.32
. d log D _ _ e ?me (7.33)

> d pH 2.3kT d pH :

This situaticon could only occur at sufficiently high pH for the

adsorbed cations to occupy only a small part of the surface or if the
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cation is unwilling to form an ion pair with the surface. The surface
would be highly dissociated (i.e., mostly A ) and the amount of a
cation adsorbed would be dependent upon its concentration. D is now

independent of [M+].

Condition (iii): moderate pH and low electrolyte concentrations;
from (7.18) to (7.21);

Q—

.S_?n. >> l+.£2;+ ceecocco (7.34)

-

i.e. >> >> >> 1
i.e. Q_ Qm' Q 1, Q+ > 1, Qx << 1

+
) Q. [M]x_ .
C. [aM] = Nog-i— = NOEH—"']—K— eXp(‘}E(l\Uo "‘JJBm)) (7.35)
m
K. e

log D = 1log No + log E;-+ pPH + > 3RT (wo - me) (7.36)
. d log D _ e d _
e Tapr - YtI3omaom Yo o Ve (7.37)

At modarate pH the surface is mostly neutral, HA, or about
+ -
equivalently ionised as H,A and A . Each cation adsorbing will
exchange for one proton and each adsorbing anion will be accompanied
by the adsorption of another proton. Furthermore the quantity of
cation adsorbed will be dependent upon its concentration, i.e., D is
+ . +q .

independent of [M ] except insofar as [M ] influences wo or me.

Condition (iv): low pH and low electrolyte concentration or low

anion adsorption potential; from (7.18) to (7.21);

. 1
ol >> 1 + Q——+ (7.38)

m + m

e, 0 << 1, 0 << 1, Q> Q.0
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+
Q0 M] x
. m + - 4+ e
o [amM] = = = -
[am] N, o8 N, N exp (1 (mpo me)) (7.39)
[0 ] L9
K _K .
log D = log NO + log n + 2 pH + >3RT (2\1)0 - lme) (7.40)
dlogp = 2 +=—2— S _ (2 -y ) (7.41)
R i) 2.3kT d pH ‘"o _ “Bm :

d pH

At low pH the surface is mcstly protonated and so adsorption of a
cation would be accompanied by release of two protons. Again the
tendency for cations to adsorb is low and the quantity adsorbed is
dependent upon the concentration, i.e., D is independent of [M+].

This situation is analogous to condition (ii) except that the charges
are reversed.

Condition (v): very low pH and high electrolyte concentration;
from (7.18) to (7.21);

i N (7.42)

Q.0 f

+ m m

ie. Q >> 1,0, <<1, Q >>1, Q << 1.
X + - m

+
Q Q. (MK _X K o
° = = —_— —_ | - - .42
oo [am] Nog - Yo o exp (3w (20 = Voo = Vg ) (7.43)
X - [H K
K _K K .
log D = log N_ + log —¢ + 2 pH + log[x ]
m
e

- - .4
* 23kt @ T Van T Vey! (7.44)
- 81log D _ e 4. - - [x71 7.45
0 d pH =2+ 2.3kT 4 pH (ZWO me wa) + g—%g%;;—*— ( )

At very low pH the surface would become saturated with adsorked

anions and so adsorption of a cation would reguire the exchange of two
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prctons and an anion.

Both of the last two situations are of little significance except
perhaps at low pH; they will not be considered in depth again.

In all cases, except when the surface is completely saturated
with cation, the derivative, d log D/d pH, is positive and so the
amount of cation adsorbed will increase with pH. Furthermore the
influence of a change in pH has a greater relative effect at lower pH
than at high. From (7.22) and (7.23) as the pH increases the surface
charge becomes progressively more negative and the charge in the IHP
more positive.

In the absence of strong acid or high surface concentrations of
the anion there are three regions displaying differing cation
adsorption behaviour. Such a system may have been observed by Allen
and Matijevié191 for the adsorption of sodium onto silica over a wide
pPH range (see fig. 7.1). At low pH near the PZC log D was cbserved to
be linear with pH; the slope was 1.0. This result was intexpreted,
using the mass action approach,268 as indicating that the exchange was
for a single H+. In terms of the site binding model, however, it
would also be noted that upon adsorption the sodium ion occupied a
position electrically equivalent to that vacated by H+, i.e.,

me = wo; in the low pH region the adscrption might be described
adequately by (7.35).

In neutral and alkaline systems log D was still linear with pH,
but with a reduced gradient. Furthermore it was no longer independent
of the cation concentration. 1In fact log D decreased with increasing
cation concentration as if the surface was saturated although greater
adsorption was found at higher pH. From this observation it is
apparent that only a definite amount of the surface can be occupied at
any pH; the amount increasing approximately exponentially with pH

up to complete surface saturation in a manner similar to that found
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f' |
A G 8 10
pH

Adsorption of sodium by Ludox HS silica-

e
e

Figure 7.1,
at four different concentrations of MaCl.

(Redrawn from ref. 191.)
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with other hydrous oxides (see section 6.3.4). The explanation offered
for this behaviour was that it was due to a combinaticn of the existence
of two adsorption site types of different binding energy and equilibrium
constants for the adsorption reaction that varied with surface
occupancy and resisted adsorption as saturation was approached.268
These suggestions are reasonable but they do require the application of
non-linear functions to describe what appears to be a linear
relationship.

That the second region of linear dependence of log D upon pH in
figure 7.1 is not associated with condition (ii) here is implied by
the pH at which the two linear parts meet. From (7.30) and (7.34),
this would be at the pH where Q_ = 1. As hydrous oxides, such as
silica, are constant potential materials the Nernst equation (4.6)
may hold approximately and so, from (7.19), Q_ and pH will be constant.
That is, the pH where the two linear parts of figure 7.1 meet would
also be constant; it should not vary with cation concentration as
ctserved.

The existence of a region described by (7.30) and (7.33) is also
unlikely as it requires a solution of high alkalinity to induce a
high degree of dissociation of surface groups. This in turn requires a
high cation concentration and provides the opportunity for adsorption
to proceed at the IHP. If large charge densities could occur in the
diffuse layer this would stabilise a highly dissociated surface but
large diffuse layer charges are not consistent with electrokinetic
studies.267 The highly dissociated surface may not be significant
with hydrous oxides.

In a much simplified electrochemical theory of the hydrous

. 11
oxide/aqueous interface Bowden et al. 0

observed that the predicted
maximum adscrption increased exponentially with pH. This is in

agreement with the experimental cbservations for such systems (see
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also section 6.3.4). A full solution of the site-binding model is

expected to show the same results.

7.3.2 The Adsorption of Multivalent Cations; Fixed Surface Groups

The adsorption of multivalent cations is complicated by a difficulty
experienced in defining the adsorption sites. For simplicity the two
extreme situaticons for the equivalent exchange of H+ for the adsorbing
cation MZ+ will be considered. 1In this section the exchange will be
considered to be from a fixed neighbouring hydroxyl groups, i.e., (HA)
or (HZAZ). In the next section they will be considered to be guite
free and independent. In both cases it is assumed that the adsorption
of a z-valent cation can occur only after the loss of z H+ ions frcm
neutral groups. (This is not necessarily always true.!??)

Provided there are no significant charge transfer processes
operating through the solid it will be assumed that the individual
hydroxyl groups can icnise independently; an ionisation reaction at one
group interacts upon its neighbours only through the surface potential.
The adsorption site will act as a z-dentate ligand with the z groups
ionising independently from their fixed positions. Adsorption of MZ+
can only proceed at a site if all the groups are deprotonated, i.e.,
the site is in the form Az_. If the anion is still a monovalent
indifferent species X the possible reactions that may occur are, for

surface ionisation;

— (7.46)
HZAZ + H HZ’f‘lAZ
g at o+ BH = ®m a2t (7.47)
z+1l 2 z+2
- +
H a2t 4+ gt = u A% (7.48)
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- +
HA = +
P HZ_IAZ H (7.49)
- 2- +
E —_—
1Py S H,_ A+ H (7.50)
1-Z Z +
HAz = AZ + H (7.51)
and for ion adsorption;
A + ¥ = u ax 7.5
z+1°z . z+1 'z {7.52)
2+ T = B
+
z+2' 'z X & H AKX (7.53)
H AX + X = H AKX (7.54)
z+2 2z S z+2 2 2 :
+ = S
A X + X = H A X (7.55)
22 2 zZ-1 22 Z2 2Z
- + .
a2 + MF = am (7.56)
z V4

Adsorption in the region of low pH where anion influences upon
cation adsorption may be significant will not be considered.
The equilibrium conditions for the dissociation reactions (7.46)

to (7.51) are;

[H'A ] o 0o +]
kT 1ln - o] + UAZHZ = qu..lAz + UH + kT 1nl[H - elPO (7.57)
zZ-1 2
(1, .A_]
kT 1n z=l 2z +u A -
[H 2Az"'] BBy &Y,
2
= u° ° gl - 7.58
=My a4 Myt KT inld ] 2y, { )
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[u al™%]
kT In —22 4+ 1 4+ 1 - 2)ep
[AZ"] HA o
2 z
_ .o o +a
= qu + uH + kT In[H ] zelpo (7.59)

For which the equilibrium constants are;

_ o _ .o o
Ki7.06y = ex@lly 5 My Hy) /KT) (7.60)
Z Z z=1 2z
= o _ .0 _ .0
Kizoapy = oWy 4~y 5 = W) /KT (7.61)
z=1 z z=-2 z
= o _,° _,0
Kiz.s1y = exp((“HAz “Az ) /KT) (7.62)

As it has been assumed that each hydroxyl group can dissociate

independently of its neighbours;

0 - o = o - o = e o0 e 000
uH A uH A uH A H A
z z z=1"2z z=1 'z z-2 'z
o o o
= Hyp " Hp = UHA = Ha (7.63)
z z -
. = = LN} LN = 2 = - 4_
i-e. K7 46 X(7.47) X(7.51) K. (7.64)
Thus it follows that;
[HA;-Z] = [Az—]g_; secee o [I{ZAZ:I = [Az—]Qf (7.65)
gimilarly it can be shown that;
+ z- Qf z+ z- Qf
= —_— e es2ecec o H ' = -_— ’7.66)
(u_, Al (a1 q, [szAz ] (a) ] " (



z Z AZ
- z- - x - o000 - z— - x
[Hz+1Azx] = [AZ ] o ; ; [szAzXz] [A ] =

+

The equilibrium expression for the cation adsorption is now;

[A:-] [ +] (o} [o}
-2 __ + M + -
KT 1n (A m] kT 1n uAZ o zelpO
z
= o + w - !
a m 2¥en zey,,

z

But the dissociation constant for AZM, Km, is given by;

_ o _ o _ o
Km = eXP((uA M Ho Ha ) /KT)
VA V4
z+
. _ Z=q4 . (7 R
.. [AZMJ = [Az ]Qm, Q. n p( me

1a

177

(7.67)

(7.68)

(7.69)

(7.70)

If the total concentration of surface reactive hydroxyl groups is No

then the total concentration of possible sites for cation adsorption

is;

+ z+
+ + A + oo oo +
[HZ+1AZJ [H *] [HZZAZ ]
+[H Ax1+[H ,AX 1+ ee oo +[u ax!]
z+1 'z z+2 2z 2z 7

© = [awml+[a%]+ [ua% "1 4 e et [u_ A1+ [HA]
z z z z-1 2z z z

* [HZ+2 2 2] Foee et [H A x ] Foee e F I:HZZAZXZ]
(7.71)
zt i-z & i+
= [anml+ Z (a,27 "1+ na 1+ ) (6 A7)
=0 i=1 z+1 z

Z l ..
+ 7 ) (v, a x*3]
i=1l j=1 *1oz3

(7.72)
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By using the expressions that can be generated for each possible site
state as in (7.65) to (7.67) and utilising (7.70) and (7.72) the total
number of possible sites for cation adsorption can be obtained as a

function of the function of the concentration of adsorbed cation, [AZM];

N _ 1 -
o = [aM G+ +g-Q+0 @ +... ...
z m m
1 1
+ 2 (1 +5(1 4+ + i ce))eee w0))) (7.73)
2 Y/
+ +
. 9 - e o -1
= b Qg gy g ) (7.79
m - m -1

It can be seen that as each term in (7.74) except the first
involves exponential functions of [H+] the complete equation can ke
simplified under a number of conditions, notably pH and cation
concentrations. Four terms are present; it will be remembered that
five terms occurred in the monovalent case but adsorbing anion has
been omitted here. Again the condition for saturation is of little
interest and the next condition (highly dissociated) has no
experimental confirmation of its existence. Similarly the low pH
situation may be neglected. This leaves only the condition for
adsorption at pH near PZC with low cation concentrations, condition

(iii) above;

N

Q
Here ﬁl- 3> 1 + euues (7.75)
nm

ie. Q_>> 1,0 >>Q,Q > 1

=4

NO[MZ+] K> e
= — g exp(i T W, - Vg )) (7.76)

[AZMJ = -;9 :
z[u']
m

K)N IE:O
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z
N, K> e
log b = 1 — + i - .
o 09 Tl T EE Y ma Yo T Ve (7.77)
d log D _ ze d
d pH z v 55k apE Yo Ve (7.78)

These equations are identical to (7.35) to (7.37) except for the
inclusion of the ion charge z. This particular situation will be

considered in more detail in section 7.3.4.

7.3.3 The Adsorption of Multivalent Cations; Independent Surface
Groups

An alternate approach to multivalent cation adsorption is to
consider the adsorption site to be made of z quite independent
surface groups which ionise independently and influence each other
only via the surfzce potential. The adsorption reaction for Mz+ is

now;

zA + M = A M (7.79)

for which the equilibrium condition is;

[a_m]

<

o
kKT 1n + Ha M + zeme zey

(2 %] z °

= kr1nlM®*] + 20° + ° - zey (7.80)

but the equilibrium constant is;

o o o
= - - .81
Km = exp((uAZM um zuA)/kT) (7.81)
. -1Z _ [Mz+] ze
. [AZM] = [a] Qm; Qm = = exp (- —E-wsm) (7.82)

Tf the total concentration of exchangeable surface hydroxyl groups

is N then;
o)



N, o= oz [AZM] + [a] + [HA] + [H2A+] + [HzAX]

Using (7.18) to (7.21) and (7.82) then;

1
[AZM]Z 1
N, = z[AZM]'l' T (1+Q_(1+q(1+ﬂx)))
@) *

If, for the same reasons as previously, the situation is

considered only for relatively low adsorption density then;

>> <
Qm <1, Q_>>1, Q+ 1, Qx <1

NZ

z Q m

z
Kf ze
log D = 2z log No + z pH + log E;- 2 3RT (wo
ze d

dlogD = z+ 575 3 PH (‘Po l‘[)E-m)

d pH

_‘\pB
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(7.83)

(7.84)

(7.85)

(7.86)

)

(7.87)

(7.88)

The two egquations that describe the behaviour of the distrxibution

coefficient and the gradient, i.e., (7.87) and (7.88), differ from

those for the situation where the surface groups are restricted,

(section 7.3.2), only in the term in No.

Determination of the independence of the surface groups would

require experimentation with varying concentrations of the adsorbent

for multivalent ion adsorption. If the relationship between D and N°

was found to be linear then the surface groups would not be free but

would cooperate to form a z-dentate ligand. An expcnential relation-

ship between D and No would indicate that the surface groups were

quite independent; a situation perhaps approached with the
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adsorption of cations unable to form covalent bonds.

A more precise, but more complex, approach to this problem would
consider the probability of finding amongst the complete array of
surface groups an arrangement of z of them suitably ionised or

ionisable and capable of forming an adsorption site for a z-valent

cation.

7.3.4 Adsorption at Low Concentrztion and Comparison with
Experimental Observations

When the hydrous oxide surface is not highly charged and the
total concentration of the adsorbing metal cation is low the
adsorption isotherm may be described by (7.76) or (7.86) and the slope
of the log D/pH plot will be given by (7.78). This slope is dependent
not only upon the ion charge but also upon the differences in the
electrical potentials experienced by the adsorbing cation and the
ion that it replaces. Because one of these ions is a matrix
component, a p.d. ion, it experiences the surface potential wo’ which,
using (4.28), can be replaced by a function of the surface charge, 00.

(7.87) and (7.78) become;

Kf 4ﬂze8moo
log D = =z log No + z pH + log E;'+-ET§§EE:; (7.89)

4mzeB do
m o

- =z (7.90)

3 pH ¥ 3T3kTe_ d pH

where Bm is the distance between the surface and the plane of centres
of the adsorbed cation, and o is the electrical permittivity of this
region. (7.89) with z = 2 is essentially the same as equation (9) of
Forbes et al.l8% for the adsorption of divalent species by goethite.
The slope of the log D/pH plots is not simply the ion charge,

nor as commonly suggested, equal to the number of protons released
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from the surface on adsorption.

In Chapters Four and Five it was seen that.for most hydrous
oxides doo/d PH is approximately constant with a value dependent upon
the electrolyte concentration. Furthermore as pH increases, the
surface charge becomes more negative so that doo/d pH < 0. Thus log
D/d pH will be constant but decrease with increasing ionic strength
as reported by Kolarik?®® and Bonner et al.?®* for strontium
adscrption onto the hydrous oxides of iron(III), manganese(IV) and
aluminium (fig. 7.2).

The parameter Bn may represent the position of the adsorbed ion
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near the surface or alternatively it is a measure of the difference

between the two potentials wo and me, i.e., it is related to the
difference between the environments of the two ions in the adsorbed
state. For ions that are adsorbed close to the surface 4 log D/d pH
will be greater than for those further away, i.e., from (7.90) the
difference, z - (d log D/d pH), for any series of cations adsorbed by
the same surface will be a measure of the proximity of each tc the
surface, or the similarity each bears to the exchanging ion.

For cations that do not enter into covalent bonding with the
surface, e.g., non-hydrolysing cations, d log D/d pH might decrease
with ion size. Kinniburg et al.'®% studied the adsorption of calcium
and strontium conto gibbsite and a hydrous aluminium oxide gel. 1In
each case d log D/d pH was less for strontium than for calcium, viz.
0.81 and 0.85 on gibbsite and 0.94 and 1.0l on the gel. Huang and
stumm!’?? studied the adsorption of the alkaline earth metal cations
onto alumina. From an indirect method, making simple mass action
assumptions, they found that the apparent quantity of H+ released by
adsorption increased most rapidly with pH for M92+, less for Ca2+ and
least rapidly for Ba2+; the reverse of the ion size order. It can

be shown from their assumptions that the values of d log D/d pH would
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Figure 7.2. The adsorption of strontium by hydrous
manganese(IV) oxide. (Redrawn from ref.
265.) Strontium concentrations; 1 5 x 1072
My 2, 2 x 10 °M; 3, 107°M; 4, 5 x 107°M

5, 107"M,6107°M and 107 M.



184

. . 2+ 2+ 2+ + + .
decrease in the order: Mg > Ca > sr > Ba2 . The Mg2 cation

is small and highly charged; it is the ion most like the iocn that it
replaces, i.e., H+. Of all these ions, Mg2+ will, on adsorption,
experience a potential most like that of a surface component.

A different situation is found for hydrolysable metal cations.
Table 7.1 gives the values of B<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>