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High amounts of allophane as measured by the codium
fluoride test were found in the brown forest solls and
B horizons of podzols develored on bhasalt and basalt ©ti1ll.
A hydrologlc sequence of the Darleith association was
examined and the soils' strong aggregation, high
organic matter levels and vhosphate retention were
found due to their allophane content. Allophane was

found also in the C horizons of podzéls of other material.

C horizons flocculated on ultra-sonic vibration butb
were dispersed in ammonia. All horizons however, when
»vigorously peroxidised, behaved like allophane scils
and remained flocculated in alkaline suspension. The
relative tendency of a soll to flocculate appeared to
depend on the number of aluminous sifes exposed ie, On
the amount of allophane and its S10p : AlgOz ratio.

This correlation was supported by analysis of the
alumino-silicate extracted with (a) cold 5% NagCOs
(b) cation exchange resin {c¢) 1% citric acld, and by

the rise in suspension pH on NaF treatment.

NaF released more Al, and NagCOz more Al and much
more Si when added to dry soil than to susnensions, and
this was attributed to encrgy provided by the heat of

wettingo
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Succea=ful dispersion of floca, as measured by
mechanical analysias, was obtained for a New Zealand
Tirau B horizon and the vperoxidised 3cottish golls by ¢
(1) Vibrating in HCl at pH 4.3, This was only vwosszible

for Tirau B, with negligible clay mineral present.

(2) Vibrating in zirconiuvm or thorium nitrate solution and

¥

" p controlled at 4.3. Adsorption of the hydroiysis
products (polycations) on the negative colloids, reversing
thelr charge, was the dispersion mechanism.

(3) Shaking with Na-exchange resin, followed by hand
shaking in ammonia. The resin took up large quantities

of alumina and silica and some iron, in addition to bases.
(4) Vibrating in alkaline silica sol,

(5) Vibrating in sodium hexametaphosphate, Peroxidiscd
Darleith soil dispersed 1n calgon. Tirau B was partilally
dispersed in (NaPOz)g at pH 7.5,

(6) Repeated washing of alkaline flocs followed by

shaking in NaOHi (efficlency not yet measured).

(7) Dialyeis at soil pl gave partial dispersion of Tirau B,

Alkaline flocculation of allovhane could be
explained in terms of (a) alumina groups (b) their
capacity to adsorb hydroxyl (c) the presence of free
electrolyte, Dispersion was achieved by any mechanismn
which interfered with one of these, viz. by:- magking

alumina groups with organic matter or silicaj 'degstroying!
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hydroxyl) with HY lons; or removal of electrolyte. This
Interpretation ls inherent in Mattson's 122 paper, in
which adsorbed hydroxyl ilons were shown to be flocculating
agents, and a bridging mechanism dependent on electro-
static linkages between them and divalent cations in the

free electrolyte was envisaged.

A review was made of the concepts of aggregation,
coagulation and flocculastion, Experiments showed the
validity of the distinction between 'coagulation'! by
electrolytes and 'flocculation' by polyelectrolytes wag
unsubstantiated, It was suggested that aggregation
could be Interpreted in terms of the double layer
Verwey-Overbeek theory, but flocculation required
another explanation. Mattson's work, together with his
postulate of the crucilal role of the hydroxyl group

should be reappralsed.

The unusual catlion exchange properties of allophane
described in the work of New Zealand and Japanese soll
scientists were re-interpreted in the light of Mattson's
experiments with amphoteric collolds. Anomalies were

explained in terms of the acidoid-basold complex.

Sodinm flucride was uvsged to extract allophanc-held

organic matter. Optimum conditions were established at
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pl 6 to 7. Approwimately 30% of total polyssccharide
was extracted, or allowlng for non-humified cclluloze,
about 50% of soil 'combined! polygaccharide., It

appesared to be representative In composition. Scdium
fluoride extraction of solls high in allophane offers

a technlque for the systematic study of virtually

unaltered organic matter.

N.B. Plastic artefacts interfered with organic matbter
studies: (a) Moist soils stored in plastic bags

became impregnated with mobile hydrocarbons.

(b) Dialysis tubing dissolved out reducing substances.,
These gave high values to polysaccharide analyses and

interfered with sugar chrouwatograms.,

_The Forestry Commission finding that spruce checked
on basalt brown forest gsolls, and that the needles
showed phosphate deficiency although the solls appeared
to contaln adequate phosphate, led the writer to
postulate thatvaluminium toxlcity was the cause cf the
phosphate deficiency., Large amounts of alumina were
dissolved by 1% citric acid. Mattson and Hester (1933)
showed that the pH of injury to wheat seedlings was
ralgsed in soils of low silica-sesquioxide ratio due to
the greater mobility of aluminium. If the texiclty

hypothesis were correct, the condition could he



ameliorated by adding organic mablter to mask aluminous
sites and lower the pi of injury, or by liming. An
alternative crop might thrive better than spruce., No
allophane reaction to the NaF test was found on Darleith
soils under hardwood, even where 1t was strong in the

adjoining grassland.
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"Many anomalies will therefore be encountered but
these are of value and should be studied as to their
cause, for very often the most fundamental truths are

thus established."
Sante Mattson.
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CHAPTER I : INTRODUCTION.

l, Origin of Study.

This study began as an investigation into the
weathering of minerals, It was thought that the relative
roles of complexing, acidity and the development of
chemical potential by the interaction of plant, organic
matter and soll solution with the rock minerals might be
the object of the research, At the same time, it was
decided to become familiar with the mineralogy of a
hydrologic sequence of soils on South Drumboy, a hill
farm in north Ayrshire. Thils was being used by the
writer, and with the kind permission of the owner,

Mr,., James Young, for demonstrating solls 1n the fleld

and in laboratory practice. It had been recommended as

an excellent soll catena for the purpose, by B.D. Mitchell
of the Macaulay Institute, In the event, the character

of these solls posed a number of interesting questions

and determined the direction of the research.,

2. Soil Survey.

The area studied 1s an upland reglon on the

southern edge of the Ballagioch plateau (600 - 1000 ft.)
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Small hills, including South Drumboy itself, rise from

the base of the plateau and the sharp changes in
topography and micro-cilimate that are a feature of their
slopes give rise to a hydrologic sequence of soil types.
The solid rock is lava of Calciferous Sandstone age and
comprised of basalt, porphyry and trachyte. It is over-
lain non-uniformly by glacial t111l, The ice which
affected north Ayrshire flowed southwest from the Scottish
Highlands, scouring the plateau and depositing its

burden on the lee side of the hills, which is the situation
of South Drumboy. *The till has had a marked influence

on soll type, but thls has depended on 1ts varlable depth
and texture, rather than on any difference in mineraltogy,
for, iIn general it is mainly derived from the local rock.
The Drumboy soils however, have a sedlimentary component

of sandstone tiil,

The primary mapping unit of the Soil Survey of
Scotland is the soil series, based on the morphology of
the soll profile. Variations between one profile and
another are largely governed by the drainage condltions
within the soil., ‘'he soll serles are then grouped into
a major cartographlic unit based on the parent material
and calied the Soil assoclation, Soils developed on

t£ill derived from Calciferous Sandstone lavas have been
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assigned to the Darleith association (Mitchell and Jarvis
1956). This is widespread in central Scotland,
particularly in the West, For example, it covers 1052
square miles on the Kilmarnock sheet, very small areas
are represented on the Kelso and Lauder sheet and the
Haddington sheet, and it occurs in areas of Blairadam
Forest. Due to high rainfall and altitude, the dominant
land use 1s pastural, although some areas are being

afforested.

On South Drumboy, the following soll types are
represented:- (1) peaty podzol with thin iron pan
(Baidland series), (il) shaliow, freely drained brown
forest soil (Darleith series), (iii) imperfectly
drained brown forest soil (Dunlop series), (iv) poorly
drained surface-water humic gley (Amlaird series).

(v) very poorly drained ground-water humic giey (Dunwan
series), (vi) very poorly drained surface-water peaty

gley (Myres series).

Hill farming is the agriculture of the district.
The farms are small (South Drumboy has 322 acres) and
marginal, and most of them appear %o be poorly drained,
They carry sheep and dalry cattle. ‘the limiting factors

are severe, both with respect to climate and soll,
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Rainfall is high : Kilmarnock has a recorded 41°2 inches
mean annual rainfall and the hitl farms would receive
more than this. Cioud cover is extensive : Kilmarnock's
average bright sunshine is recorded as 1,205 days or
only 28% of the possible. There is exposure to strong
west and southwest winds and little shelter exists for
the farms. Soiis are limited either by shallowness due
to outcropping rock, or by peat deposits, or by thick
periglacial indurated layers, or by clay horizons
developed from heavy textured titl, Thus, much of the
area would be considered class 4 or 5 in the land use

capability classification (Bibby and Mackney, 1969).

5. Problems raised by the Darleith soils.

Despite these strictures, the brown forest soils of
the Darleith associatvion are inherently fertile. Yhey
are developed on base-rich material, and they have a
particularly well-aggregated structure which allows good
drainage despite climatic wetness. Ferruginous soills,
world wide, are noted for their strucvural advantages
and the firm and stable crumb structure of the Darleith
have been attributed to their high iron oxide content
(Mitchell and Jarvis, 1996). Since high ralnfall and

altitude make these soils in general unsuited to arable
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farming, 1t might be thought they would be among the
better soils available to soft-wood forestry., This is
not the case, however, for workers of the Forestry
Commission have been disavpointed to find that spruce
checks badly on them and makes poor growth, The same
problem has arisen with the similar potentially fertile
tertiary lava soils of Mull and Fiunary Forest in west
Argyll. At first 1t was postulated that the trouble
might lie in phosphate unavailability, due to its
fixation by the iron oxide (¢. Pyatt, D.B. Patterson,
pers. comm, 1969). Later it was discovered that although
foliar analysis showed the spruce was indeed deficient

in phosphate, acetlic-soluble phosphate flgures for the
soil showed moderately good availability (D.B. Patterson,

pers. comm, 1971),

The first discovery that raised doubts about the
role of the iron oxides and sugzgested amother insterpretation
for the soil properties was that three of the series
in the sequence contained a high amount of allophanic
material ie. of amorphous alumino-silicate. Thils
could easily be seen in the field by the fluorlde test
(Fieldes and Perrott 1966). In this test a saturated
solution of sodium fluoride is added to a soil crumb
and the release of hydroxy groups displaced from the

amorphous alumina by fluoride 1s made visible by having
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the crumbs arranged on filter paper pre-soaked in
phenolphthalein. The B horizon of the peaty podzol
and all horizons of the two brown forest solls, with
the exception of Darleith S, stained the paper red,
The gley soils and horizons gave no reaction., In the
laboratory, the reactive soils suspended in saturated
sodium fluoride solution reached pH values between 9¢9
and 11°+4 in forty minutes, The gley soils only rose
within the range i 77 to 8.9,

Several lines of enquiry were suggested by this
information and these are summarised below, together

with others that arose out of laboratory work.

(a) The high degree of aggregation might be due to
allophanic clay rather than the iron oxide. The sand
fraction indeed contained high proportions of hematite
and pyroxene magnetite, but the sand-slzed aggregates
before dispersion were tightly bound by clay which
was not necessarily ferruginous. The argument had
practical relevance because if the allophanic material
influenced the soil structure, this might be important
in agricultural management. It might be recommended
for example, that organic matter levels should be
well maintained; or that a soil which appeared poor

because of bad drainage, was potentially fertlile and



worth an economic outlay,

(b) If the soils were indeed susceptible to phosphate
fixation, it might be the allophanic clay rather than
the iron oxide which was primarily responsible.

Liming the soil would improve rhosrvhate availability in
either case, but addition of organic matter and its
preferential fixation on the aluminous sites, would
inhiblt the retention of phosphate by the soil, 1In
view however, of the later discovery, by workers of
the Forestry Commission, that phosphate was available
in the soils but deficlent in the spruce, the writer
postulated that aluminium toxicity might be the cause

of the deficlency and poor growth of the trees.

(¢) Since allophane is well-known to have a pH dependent
charge and thus a pH dependent catlion exchange capacilty,
it was of interest to find out how far, if at all, the
CEC of the mineral colloids was lowered by the acid pH.
This was possibly of some importance since many farmers
in the area (as indeed in other parts of Britain) were

in economic straits and neglecting to lime, The pH

of the surface horizons of the two brown forest solls

ie., of the best pasture, varied during the period of
study from 48 to 5+8 pii. Up until the summer of

1970, the Dunlop sward had not been limed for nine years,
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(d) Routine mechanical analysis revealed that the Cg
horizon of the Dunlop soil could not be dispersed by

the usual method of ultra-sonic vibration, Furthermore,
when the other horizons, and also an Amlaird gley

horizon were peroxidised and then given ultra-sonic
treatment, massive flocculation followed. This unexpected
discovery led to studies of the flocculation and
dispersion propertiles of the soils, and also of a New
Zealand allophane soll, with various reagents. It

became of interest not only to find an efficient method

of dispersion but in addition to understand the various

mechanlsms and interactions which induce flocculation

and make allophane solls so difficult to disperse.

(e) Since allophane is associated with a high content
of organic matter and is thought to inhibit humus
decomposition, extraction with sodlum fluoride was

tried 1n the expectation that, if the pH were controlled
at 7°+0, this would turn out to be a mild but efficlent
method of dissociating the organlic fraction from the
clay in virtually unaltered form, It was declded to
have a preliminary look at the polysaccharides, since

these have been found important in soil aggregation.

(f) It was wondered why the allophanic material had

not developed under gleyed conditions, The Amlaird
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and Dunwan gleys had a considerable amount of Sedimentary
materlial in the profile which would not be expected to
give rise to alumino-silicate, but nevertheless they
were mainly derived from basalt, It was asked whether
the reducing condltions with mobile iron masked or
inhibited the allophanic material from developing. So
far no gley soils in Scotland have giwen a positive

fluoride test (J.M. Ragg, pers., comm, 1971),

(g) Various technical difficulties nroduced some side-
issues, The most important of these was the discovery
of plastic artefacts, For example, (i) plastic bags
leaked certaln of their components into the wet soll
collected in them when it was allowed to stand over a
period of time, The saturation was sucih that a
noticeable amount of hydrocarbon could be distilled
from a gram of soll or even a spoonful of sand grains,
(1) dialysis bags leaked a large amount of a glycerol-
like material which gave spuriously algh results to
polysaccharide analyses and spoilt sugar chromatograms.
Hence, plastic was avoided both in soll samnling and in
any laboratory work where the organic fractlon was
under examination. It was thought perhaps there might
be other cases where the use of plastic could be

detrimental or polluting and that situations whers
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this might occur should be considered.

It will be seen that a rather wide spectrum of
problems emerged, each of which deserved a speclial study,
but all of which were connected with the presence of
allophanic clay. Much of the work described in the
experimental chapters is only exploratory. The writer
has tried to indicate how it might be followed up, and
to describe experliments generated by this exploration,
part-devised but left undone, which stretch out like

waves to the horizon.
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CHAPISR LI : SUUDIES OF ALLOPHANE.

L. The Nature of Allophane.

Allophanes are amorphous alumino-silicates. ‘hey
are amorphous in the true sense, that is, they are not
amorphous to X-rays or to an electron beam merely on
account of small particle size, although the average
size of New Zealand yellow-brown loam allophane has been
found to be less than 50 X (Fieldes and Swindale 1854),
''hey are truly non-crystalline or "defined by a common
property of structural randomness" (Fieldes 1966).

T'hls was established for allophanes of geological origin
which were the first to be investigated (Ross and Kerr 1934;
Adler 1950), and found to be (a) without definite

crystal structure (giving no sharp X-ray nor electron
diffraction maxima), (b) without definite index of
refraction (varying from 1.472 to 1.496), (c) without
regular molecular arrangement (giving no sharp infra-red
maxima in the 600 to 4,500 kaysers region where character-
istic spectra of many silicates appear), and (d) without
definite chemical composition (Si0g 25°19 to 53°96%;
Al,05 30+4l to 36°03%; Hp0-- 1284 o 21°20%;

H,0+ 14443 tO 2085%) «
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Allophanes aiso vary in their degree of order and
the relative discreteness of their hydrous oxide phases.
Those with one alumino-silicate phase have been distinguished
as Allophane A and those with two discrete phases as
Allophane B (Fieldes 19b5). Allophane B is thought to
be present In younger soils or in organic horizons where
the development of the single alumino-silicate phase is
inhibited by organic matter. Allophane A is thought to
crystallise slowly under the influence of wetting and
drylng conditions to metahalloysite and finally kaolinite
(Tamura and Jackson L953; Fieldes L1L955), Hence a
pedogenic sequence has been proposed for allophane

soils derived from rhyoliitic or andesitic ash:-

allophane B — allophane AB — allophane A

- metvahalloysite — kaolinite.

Hence, allophanes may differ from each other in
their chemical composition, the discreteness or
interpenetration of their silica and alumina phases,
and in their degree of organisation. They are
distinguished from crystalline clays by thelr structural
randomness and by the properties of their surface which

has affinities with that of a hydrophilic gel.
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2., Discovery of soil Allophane.

Down to the nineteen-thirties, soil coiloids were
assumed tO be amorphous oxides and knowledge of them
was obtained from chemical analysis and observation of
thelr colloidal properties, culminating in the classic
work of Sante Mattson, Discovery of the crystallinity
of clay minerals by Hendricks and Fry (1930) and Kelly et al,
(1931) using X-ray diffraction techniques, initiated a
period of intense research into the correlation between
clay crystal structure and the associated physico-
chemical behaviour of the different minerals, The role
of amorphous clays, meanwhile, was largely overlooked,
not only because of the interest focussed on the micro-
crystals, but because the amorphous material was
difficult to isolate and characterise, It was usually
present in small amounts and as an unwanted coating
impurity on the crystal which had to be removed. For
this reason, and owing to their small size, the
amorphous coiiroids very often remained in the supernatant

after centrifuging, and were poured down the laboratory

gink.

In the past decade or so, techniques such as
differential thermal analysis, infra-red spectroscopy,

electron-microscopy and selective dissolution treatments
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have been applied successfully to the amorphous fraction.
Most of the impetus behind the research is based on the
belief that this is the most active fraction in soil

and that it strongly influences soil properties even

when present iIn very small amounts (Mitchell et al. 1964).

An amorphous colloid that could not fall to escape
notice however, was allophane, because 1t was a major
constituent, comprising up to 100% of the clay in some
soils, and was not examinable by X-ray methods.

Taylor (1953) first observed it in New Zealand during

a study of soil processes on volcanic ash beds.

Allophane soils were then discovered to be widespread

ih regions where there were relatively young rocks of
volcanic ash and lava, notably in the central areas of
North Island New Zealand, and in Japan. An early study
of the New Zealand soils (Birrell 192) arose out of
requests to report on the load-bearing capacity of the
volcanic ash soils. Their suitability as foundations for
buildings and dams and as construction material for
embankments and airports was unknown, but it had been noted
with some alarm that Mexico City had undergone settlements
of great magnitude, due to the behaviour of the under-

lying volcanlc ash clays.



Thus it came about that the first distinctive
properties observed for alliophane soils were their
engineering properties. These included variation in
moisture and compaction characteristics which depended
on the history of the sample. The soils had a high
initial water-holding capacity and shrank intensively
on drying out, but did not readily wet up again, snown
as strong hysteresis in the wetting and drying curves.
In compaction tests, a variety of water content/dry
density relationships were found, the curve for fresh
801l showing no change in density as considerable water
was lost, but that for a reworked soil showing a peak
density for Lower moisture content., Thus values for
peak density and water content were controlled largely
by the amount of pre-drying before re-wetting.
Consolidation tests demonstrated that the solls were
not compressed until the load intensity exceeded one to
two tons/sq.ft., which was far above the pre-consolidation
pressure due to the original overburden, but that there-
after the compressibility was falrly high. This led to
the recommendation that Load intensities ought to be
decreased by spreading the foundations, in order %o

avoid the dangers of settlement if the critical pressure

stage should be reached.
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Birrell attributed the lag in moisture uptake to
the veslcular nature of the grains. His laboratory tests
showed that allophane affected the rhysical properties
of s0il by virtue of its extremely small particle size
and its behaviouras a slowly reversible gel (Gradwell
and Birrell 1954), Moreover, a small per cent exerted
great influence, for Fieldes notes (1966) that a Puteraki
subsoil with 10% allophane and 35% vermiculite "had all

the engineering and field properties of allophane".

The second feature of practical interest which
drew attention to the soils was in the effect of allophane
on so0il fertility., When the broadleaved forests of
New Zealand were cleared in the last century for dalrying,
stock fattening and market gardening, the allophane solls
were notable for their fluffy crumb structure, the free
drainage and molsture storage capacity of their porous
aggregates and thelr strong affinity for organic matter,
Agricultural practice in some dlstricts has produced
soll changes. In the pasture areas, the fragile aggregates
can withstand the use of heavy machinery for the occasional
plough and resow, but in the market garden areas, fifty
to one hundred years of continuous cropping have produced
structural breakdown., Heavy machinery puddles the soll

which then sets hard. In additlon the golls have
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developed phosphate fixation. Both problems appear to
be connected with Losz of organic matter. ''he practice
of cropping one to one and a half times a year, with
four months dry faliow, and the unavailability locally
of farmyard manure, has depleted the humus, so that the
structure can only be nursed back with difficulty by
reverting to pasture for several years, or by ploughing
in barley. A few farmers have used poultry manure with
good results and claim a reduction in phosphate fixation

(Agric. Adviser, pers, comm., Pukekohe area 1968),

3. Modes of formation of Allophane.

Allophanes are found in rocks, in soils or they
mey be arvificially prepared. In rocks they occur as
linings to fissures and cavities and this suggests
precipitation at low pressure and temperature from
solutions containing hydrous alumina and silica. They
were synthesised under similar conditions by Mattson
(1928p, 19302),in a series of studies on the co-precipitation
of alumina and silica. In the soil they are found
(a) as the weathering products of rocks produced by
volcanic activity and (b) in the subsolls of podzols.
This suggests two possible modes of origin, the first
determined by the disordered structure of the rock

mineral and the second controlled by a leaching process,
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(a) The volcanic rocks giving rise to aliophane
are pre-eminentiy rhyolite or andesitlic: lava and
contaln an abundance of glass and andesine felspar.
Fieldes (1966) points out that glasses are random-
structured alumino-silicates and that the felspars have
disordered structures due to rapid cooling. He contrasts
these to sedimentary felspars, which when they weather,
produce the micaceous sheets of sericite commonly
observed under the microscope. Sericite is absent from
New Zealand volcanic felspars and he suggests that this
1s due to the fact that these have no ordered Al-Si in
the lattice capable of reorientating to produce mica
sheets (De Vore 1957). Grinding of sedimentary felispars
has been found to yleid amorphous material with allophanic
properties and this is assumed to be due to the production
of disordered material (Fieldes and Furkert 1966). One
might expect that rocks scoured by an ice sheet would
show similar effects, and there is strong evidence for
this. The Te Anau series from a New Zealand moralne
contain allophanic material. In Scotland, certaln
upland and mountain soils give a positive reaction to
the fluoride test and this has been found due to
powdered felspar resting on the angular surfaces of

sand grains which have been subjected to frost shattering
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and previous ice-action, (J.M. Ragg, pers. comm, L971),

Fieldes also notes that the formation of allophane
is not confined to acidic rocks but has been found in
soils on basalts in, for example, Japan (Kanno 1964)
and northern Ireland, and on dunite in New Zealand. In
Table 1 he shows the mineral assemblages of three rocks
and stheir derived soils, and suggests that the olivine,
pyroxene and amphibole in the basalt would have
contributed silica and alumina by dissolution and

reprecipitation.

(b) Allophane, as diagnosed by the sodium fluoride test,
has been found consistently in the subsoils of podzols,
and this 1s considered due to the dissolution of sililca
and alumina from the upper horizons and their eluviation
and reprecipitation as amorphous alumino-silicate in the
lower horizons, The parent material has no influence
upon this. The Soil Survey of Scotland now use the
fiuoride test as a routine indication of the 'degree of
leaching' in soil, It provldes a simple and effective
method for detecting whether podzolisation 1s occurring.
In the Darleith assoclation soils, those on the eastern
side of Scotland give only weak responses to the test,
or none at all (J.M. Ragg pers. comm, L971), while the

Ayrshire solls on the west, as has been seen, glve a



Table 1

Mineral assemblages in some New Zealand rocks and thelr
derived soils,

(compiled from Fieldes 1966).
felspar glass mica amphibole pyroxene olivine allophane
% % % % % % %
Rhyolitic Ash 60 30 - - - - -
Yellow brown
pumice soil 45 S - - - - Hm
m )
Y Andesitic
Agh 40 30 - - - - -
Yellow brown
loams 15 15 - - - - 30
Basalt 20 12 5 10 10 10 -
Red loam 1 5 041 0e1 0e1 e 50
J
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very strong response. From this evidence, soil survey
would classify the South Drumboy brown forest soils as
"crypto-podzols" or "pseudo-podzols", thus distinguishing
the eastern solls, where rate of leachling keeps pace
with rate of weathering, from the western soils where
rate of leachlng is faster than rate of weathering.
However, it seems unlikely that the South Drumboy
allophanic material i1s solely due to podzolisation
because of the positive response to sodium fluoride

given by the Dunlop A horizon, This is further discussed,
together with other considerations, in the experimental

part(p.436).

Allophane thus persists in podzols due to the
continuous replenishment of alumino-silicate by leaching.
But random-structured materials like glass and allophane
are not stable., They crystallise eventually, and in
the yellow brown loams and pumice soils of New Zealand
the allophane weathers to metahalloysite and finally
kaolinite., Fieldes (L1966) observes that crystallisation
Seems td be favoured by drying conditions so that as
the gel loses water cross-linking of the alumina and
silica occur, whereas persistence 1s favoured by
relatively moist conditions where the gel never shrinks

enough to allow re-arrangement.,
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In Scottish gLeys however, allophanic material
either does not persist or does not occur, Mitchell et al,
(1964) note that
"The occurrence of highly amorphous clays in
surface soils also seems to depend on the permeability
of the subsoil, since they have been observed, up
to the present, only in soils with free internal
drainage".
Since that time the total absence of allophane from
Scottish gleys has becn confirmed by Ragg, as mentioned

above,

4, 'lhe Leaching Index.

The fluoride field test, described on p.5 was
devised and assessed by Fieldes and Perrott (1966), who
roughly corretated the pH as measured by the phenol-
phthalein reaction, with known estimates of allophane
in the soil, This is shown in Table 2, for subsoils.
'he authors note that topsoils yield organic acids
which may neutralise some of the alkalinity produced and
modify the response. In the laboratory, the standard
test was deséribed as lg. soil suspended in 50mlL,
saturated NaF (which corresponds to IM NaF) for some
standard time such as 30 minutes., This gives a better

indication of the relative allophane content. It aiso
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Table 2 Corretation of sodium fiuoride field test with the allophane

content of subsoils.

(compiled from Fieldes and Perrott 1966).

Colour pH value allophane activity and content
none 88 little, less than 5%

pink, fading

quickly or

tending to fade 8¢8 - 90 intermediate, 5 - 7%

red 9.0 strong, more than 7%
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shows that all soils respond, albeit weakly, to the
sodium fluoride test, and this, together with the finding
that all soils appear to contain some hydrous alumino-
gilicate which can be mobilised by alkali, has led to

the conclusion that "amorphous materials characterised

as allophane are present in all soils", (Bilrrell and

Fieldes 1968).

5. Definition of Allophane.

This raises the problem as to what should be
deslgnated 'allophane' and what should be called
'allophanic material' or 'amorphous alumino-silicate!
or 'non-crystalline alumino-silicate!'. These materials
are characterised by structural randomness, but otherwise
they show a gradation of properties in thelr response
to sodlum fluoride, thelr dissolution in alkall and
their water-holding capacity. They also show, as will
be discussed later, similarvproperties of phosphate,
humate and silica retention, and, evidence suggests,
(Fieldes 1966) the same anomalous cation exchange
capacities, Some difference can be made between
allophanes on the basis of their DTA trace, as discussed
later ( p.32 ), but there are reservations on thils score

also., A possible distinction might be in whether the
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allophane was present as discrete particles capable of
isolation, or as coatings on clay minerals, ‘he engineer-
ing properties of allophane soils for example, may
depend more on their being a vesicular network of such
particles than on the actual amounts of allophane
present. Such a distinction however, might be difficult
to test easily, and an engineering criterion might not
be the best 1n an agricultural situation. Hence, for
simplicity, and in view of the fact that the important
properties of allophane to agriculture are in its effect
on soil structure, fertility and plant nutrition, the
writer proposes that in the context of this work, the
criterion should be that of the 'amount present' as
measured by the very simple sodium fluoride test, and
that all alumino-silicates giving a strong response in
the field, or arbitrarily, 95 pH after 15 minutes 1n
the laboratory, should be described as 'allophane',

and the rest as 'allophanic'. It is hoped to justify
this criterion in what foilows and to show that there
must be some threshold of allorhanic content above which
1ts influence is strongly felt. The term 'allophane
soil' will refer to a soll whose physical and engilneering
properties are determined by the presence of particulate

allophane clay in the soil,
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6. The compositicn of Allophane.

The silica : alumina ratios of soil allophane vary
greatly. Within the range 0.5 to 2.0 artificial co-
precipitates of alumina and silica show DTA effects
resembling geclogical allophane. A ratio < 2.0 is
regarded as due to amorphous silica and < 0.5 to
amorphous alumina, ("Soils of New Zealand" 1968 2 p.47).
Values ranging from 1.0 to 1.8 have been found for clay
fractions of volcanic ash soils of rhyolitic or andesitic
origin that have not been deferrated, or in which
glbbsite has not been detected (Birrell and Fieldes 1968),
and ratios 0.7 to 2.1 for Japanese volcanic ash soils
(Kanno 1956)., It was these silica : alumina ratios
which first led Henderson and Ongley (1923) to predict

the presence of allophane in New Zealand soils.

Structurally, allophanes are thought to be similar
to the artificial silica-alumina cracking catalysts.
These are formed by random crosslinking due to condensation
between hydroxyls attached to silicon and/or aluminium,
It is thought aluminium may be present in both 4- and
6~ coordination (Thomas 1949). Similar conclusions

have been reached for allophane (Fieldes 1955, Egawa 1964).
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7, l'echniques for investigation of Allophane,

Allophane has been ilnvestigated by a variety of
methods, many of which depend on the indirect examination
of 1ts properties rather than direct observation.
Techniques have been developed which diagnose:-

(1) its structural randomness (X-ray and electron
diffractometry, infra-red spectroscopy), (ii) its water
holding capacity (liquid limit tests, differential
thermal analysis), (iii) its pH dependent charge (cation
and anion exchange capacities, flocculation and dispersion
studies), (iv) itvs ready attack by certain chemical
reagents (dlssolution techniques with identification

of the products and residues), (v) its particle size

and shape (BET surface area measurements, electron
microscopy), (vi) ivs affinity for organic matter
(selective extraction procedures, untake of organic
material), (vii) its genesis, history and course of
weathering (field studies, rock and soil thin section
microscopy). It may be separated from other clay
minerals by differential centrifuging, electrophoresis

or by the addition of charged detergents. DBut separation
may be either difficult due to its strong tendency to
flocculate, or impossible 1f it 1s present as a surface

coating. In this case the contribution of allophane to
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the soll properties can only be deduced by examining
these properties prior to and after the removal of

allophane.

A few of the techniques are outlined below in the
following sections. Others are reserved for discussion

in the relevant chapters.

8. X-ray powder diffractometry.

The lack of crystallinity In allophane is inferred
from the absence of an X-ray or electron diffraction
pattern. Nevertheless, White (1953)and Minato (1960)
noted two X-ray diffraction halos at 3+54 and 2°25 X for
geological allophanes, and Yoshinaga and Aomine (1962)
found these for soil allophanes, together with a diffuse
band between 4 A and 4+6 £. On heating to 1000°C and
1200°¢C they obtained diffraction patterns for 5 -alumina

and £ -alumina respectively.

9. Differential thermal analysis.

This technique offers one of the best means for
iéentifying and characterising allophane., Its DITA curve
consists of a large low-temperature endothermic peak,
corresponding to considerable water loss; the absence

of a dehydroxylation peak, consistent with its random



-20 -

structure; and a high temperature exothermic peak in

the range 800 - 1000°%., Fig. 1 shows curves for three
New Zealand clays and a whole soil. (A) Egmont clay is
of allophane only, (B) Tiran clay 1s allophane, together
with what is deduced to be a small amount of kaolinite,
(C) Mairoa soil from deep subsoil shows metahalloysite
and gibbsite, (D) clay from a yellow brown earth shows
mainly vermiculite (Fieldes 1957). These curves are
discussed below in relation to each region of temperature

which gives rise to a transformation in the clay.

(1) ''he endothermic dehydration peak at low temperature

records loss of water sorbed on the external and internal
surfaces of the clay. Allophane peaks with maxima at

above 150°C, are consistently iarger than the corresponding
peaks for the expanding clays montmorillonite and
vermiculite, and indicate that allophane has a bigger
internal surface from which water may be removed. This

is consistent with a non-crystalline structure. The
metahalloysite peak is sharper and the lower temperaturec

of its maximum near 120°C. suggests a smaller internal

surface and lower cation exchange capacity.

Mitchell and Farmer (1962) examined the DI'A curves
of clays that had been rehydrated after partial ignition,

The clays were from soils developed on Ayrshire basalt
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and basalt till and which contained apprsciable amounts
of amorphous material, particularly in the surface
layers, The clays showed a large hygroscoplc peak at
120°¢, Heating was conbtlnued to 600°C. and then the
samples were cooled, re-equilibriated at 56% relative
humidity for four days and their differential curves
redetermined. It was found that the dehydrated peaks
recovered 60 - 70% of their former area. When this
precedure was applied to vermicullte, chlorite, illite
and Tirau allophane, only the allophane and 1illite
rehydrated significantly. Since the i1llite peak is
comparatively negligible, the authors suggested the
method might be useful in differentiating between
crystalline and amorphous material in soil clays. These
observations should be pondered while bearing in mind the
apparently conflicting evidence that allophane soils,
once dried, do not readily re-wet and have a much lower
liquid limit than the original soil (Gradwell and Birrell
1968), and that oven-dried samples regain an appreciable
amount of water from the atmosphere but additional

water is taken up more slowly (P.G. Harris, pers. comm.).
This 1s of interest to an understanding by farmer and
engineer of the water holding properties of allophane

golls in the field.
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Fig. 1 DTA patterns for some New Zealand clays.

(Fieldes 1957)
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The low temperature peak for clays is often a
doublet or has a shoulder, and with crystalline clay
these maxima are identified with layers of water held
with progressive tightness to the clay's internal
surface. ''he position of the peaks on the temperature
scale reflects the energy with which the water is held
and is determined by the cation species present. When
allophane shows double maxima however, Fieldes (1955)
has identified them as due to allophane B, with
desorption of water from the discrete phase of amorphous
hydrous silica at —150°C. and from the discrete phase
of the corresponding alumina at 200°C. ‘“his alumina
peak appears in fig., 1 (D). A single broad peak, as
11lustrated in fig. 1 (4), between 150°C. is attributed

to allophane A,

(1i) The endothermic dehydroxylation peak which normally

occurs for clay minerals in the region 500 - 700°C, is
absent in allophane. Its randomly arrayed hydroxy
groups are lost progressively as the temperature is
increased and thus no sharp energy change occurs, The
metahalloysite peak in fig. 1 (C) at about 560°C. is
similar to that for kaolinite. 'The peak at 300°C. is
due to gibbsite. FIh fig. 1 (B), the small endotherm

at 540°C. is consistent with keolinite, and a small



38 -

amount has been found in Tirau clay by X-ray diffraction,

(111) “'he exothermic recrystallisation peak varies with

allophane in position, sharpness, height, or whether it
appears at all, Fieldes (1955) distinguishes allophane A
as giving a strong exothermic peak between 850°C, and
IOOOOC” from allophane B showing no peak and intermediate
material having it weakly developed. Support for this
interpretation was given by the work of Insley and Ewell
(L935) who experimented with mixtures of amorphous
hydrous silica and alumina in an attempt to explain the
kaolinite exothermic peak. <They showed that wherever
methods were used which allowed co-precipitation, sharp
exothermic peaks below 1000°C, were obtained, but when
the gels were merely mixed they were absent. Fieldes
comments that since hydrous alumina and silica are
oppositely charged coiloids at soil pH, it was difficult
to see why co-precipitation should not come about in

wet soil, with production of allophane A. He postulates
that this was inhibited by the binding of aiumina in

stable organlc comnlexes.,

Some doubt was cast in the validity of the dlstinction
between allophane A and B by a discovery that conslderable
changes in the exothermic peaks could be produced by

treatments often used prior to differential thermal
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analysis (Camuvbell, Mitchell and Bracewell {(1968).
These included dispersion in ammonium hydroxide and

peroxidisation.

The clay the authors examined was from the C horizon
of an 'Imogo! layer, from Kodonbaru, Japan. It was
separated from the coarser fractions by repeated washings
with distilled water, saturated with neutral ammonium
acetate . and subjected to the various treatments
described in figs, 2 and 3 . The DTA curves give the
following information:-

(a) "'he height and temperature of the exothermic

peak increased with decrease in particle size.

(b) Increase in pH by addition of ammonium hydroxide
to acld or water-dispersed clays caused considerable
reduction in height and sharpness. The authors
comment that this might have been due to flocculation,
induced by ammonium hydroxide, increasing the particle
size. But a clay flocculated by neutral ammonium
acetate showed no such reduction. (curve not given).
Alkali-dispersed clays brought to pH 5 with acetic
acid regained the sharp exotherm. The authors go on
to say: "this behaviour suggests that elther the
addition of acid causes a reduction in particle

size, or that the height and sharpness of the
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2 The effect of pdarticle size and ni on the DIA

pattern of a Japanese allophane soil.

(Campbell et al, 1988)
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Fig. 3 The sffect of organic matter on the DTA rvattern

of a Japanese allovhane soil,

(Campbell et al, 1968)
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exotherm is pH dependent, and that this dependence
is reversible".

(¢) Removal of the organic matter associated with
the clay also caused considerable reduction in the
helght and sharpness of the exotherm. If thls
removal was effected by burning it off in exygen,
the exotherm could be restored by adding 5% by
weight of charcoal or other organic material and
reheating in a nitrogen atmosphere (fig. 3 C).
But if it had been removed by peroxidisation, then
addition of charcoal could not restore the exotherm
(fig. 3 F). Addition of charcoal lowered the peak
temperature from 908°C. to 87400., suggesting that

1t might have catalysed the reaction.

The authors conclude that the absence of allophane A
could not be inferred from its DI'A curve if the clay had
been pretreated with an alkaline dispersion or with

hydrogen peroxide, or if it had been heated ln other

than an inert atmosphere.

10, Infra-red spectroscopye.

Evidence for a random molecular arrangement in
allophane is provided by its infra-red spectrograph,

'he moest intense bands for silic¢a, alumina and the

silicates occur in the 800 - 1225 cm™t region. Fig., 4
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(Fieldes ¢t al. - 1956) gives the spectra for
trioctahedral vermiculite, halloysite, kaolinite and
allophanes A and B, It is seen that while the crystalline
clays give sharp maxima in this region, the allophanes
show broad bands. Allophane B has a blunt peak at

800 om™t corresponding to that for amorphous hydrous
silica (Adler 1950, Fieldes 1955). In addition, the

allophanes have broad bands in the 3500 cm~1

region,
corresponding to adsorbed water, whereas the crystalline

clays give multiple peaks.

It will be seen that unless the clays can be
fractionated, infra-red spectroscopy is difficult to
use for identifying soil clays because of the masking
effect they have on each other., In the experimental
work that follows the technique has only been used to
identify kaolinite, whose peak at 5698 cm™l 1s not

masked by that of any other clay.

11, Optical microscopy of soil thin sections.

Thin sections allow the micromorphology of the
soil profile to be studied in situ so that the position
and orientation of the coarse grains and fine materlal
in aggregates and throughout the network of interstices

can be seen with the minimum of disturbance. An
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Fig, 4 Infra-red absorption spectra of New Zealand

goil clays.
(Fieldes et al., 1956)
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important property of allophane is that it is isotropic
under crossed nicols, while layered clay minerals are
birefringent, and this allows the accumulation and
deposition of allophane to be detected and interpretations

of soil genesis to be attempted (Dalrymple 1964).

12, Dissolution of allophane by fluoride.

Fluoride reacts slowly with ciay minerals with
release of hydroxyl into the solutlion and for some years
the mechanism was not understood. The following account
of the ways in which this problem was solved is given
both because of the intrinsic interest in retracing the
steps of workers whose starting points were often very
different, and because a close examlnation of thelr
results helps to interpret aspects of the writer's

experiments.

When Dickman and Brey (1941) demonstrated that
large amounts of hydroxyl were released into solution
when kaolinite was equllibriated with ammonlum fluoride
solutions at room temperature, it was loglcal to
attribute this to anion exchange. Romo (1954) considered
it was isomorphous substitution since fluoride and
hydroxyl are interchangeable 1n the lattice of certain

minerals, notably the micas eg. KAly Al Siz 059 (OH,F)Z,
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and amphiboles. Samson (1952) however, concluded that
fluoride complexed the clay aluminium and removed it

in solution as (AIF%)S' groups .

Romo and Roy (1957) sought to establish the correct
explanation. Kaolinite, chrysotile, muscovite, boehmite
and dlaspore were saturated with concentrations of NaF
ranging from 0°1 to 1l+5 N at 25°, 60° and 100°C, and
were investigated by three methods: (i) titration of
the hydroxyl released and analysis of the fluoride
taken up by the solid phase, (iil) measurement of the
change in hydroxyl content of the mineral lattice by
infra-red spectroscopy, (1iiil) X-ray diffraction
analysis. The extracts were analysed weekly over a
period of three months by titrating them with acid in
situ, and sodium fluorlde was added from time to time,
''he percent hydroxyl released by kaolinite, boehmlte
and muscovite was found to depend on temperature and
sodium fluoride concentration. At the end of the
period kaolinite suspended in 0*5 N NaF had released
1% of its lattice hydroxyl at 25°C and 22% at 60°C.
The fluoride taken up by the solid phase was approximately
stolchiometric with the measured hydroxyl released into
solution and lost by the solid phase. The X-ray

diffraction measurements showed no alteration in the
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lattice =pacing consistent with isomornhous substitution,
but this was not expected in view of the similarity of
the two ionic radii., The important discovery was that
sodium fluoaluminate, better known as the mineral
cryolite, had formed in quantities that varied from a
trace to ten per cent. This was not enough to account
for all the hydroxide exchanged, but there was the
possibllity that much of the cryolite was fine grained
and X-ray amorphous. The evidence was too inconclusive
however, to decide which was‘the dominant reaction,

postulated in the equations:-
Al5Si1505(0H)y + 6Na*+ 6F~ — NagAlFg + AlS1905(0H) +3Na'+ 30H7

A15S1505(0H)g + xNa* 4 xF~ = AloSigO5(0H)gux Ful +  xNd'+ x0H™,

So far, only crystalline minerals had been examined,
but Wada (1959), in a study of phosphate uptake, found
precipitation of a separate phase when he equilibriated
allophane with ammonium phiosphate solution at pH 4. He
obtained the mineral taranakite ((NH4)g0.3A1203.3P205.18H50).
Birrell (1961) experimenting on the same lines, tried to
displace the phosphate from the taranakite by shaking

it in 3M ammonium fluoride solution. After three hours,
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the solld residue was found to contain ammonium
fluoaluminate, as detected by its X-ray diffraction
pattern., The next step was to treat allophane with
fluoride, and the formation of ammonium and sodium
fluoaluminates was found much more rarid than the
formation of taranaskite, Birrell used neutral solutions
of the fluorides and also accelerated the reaction by
lowering the pH. A solution which was M/2 with the
respect to NaF and HF produced cryolite from Tirau
allophane within two days, Under these conditions,
kaolinite, bentonite and halloysite showed alteratlon
to cryolite in a few days, but gibbsite was reslistant,
At neutral pH however, the clay minerals reacted very
slowly, and the results would probably be consistent

with those found by Romo and Roy.

Huang and Jackson (1965) were apparently unaware
of Birrell's work when they reinvestigated the mechanism
of the interaction between fluoride and layer-silicate
and oxide minerals., They used a similar procedure to
that of Romo and Roy, in that they titrated the
hydroxyl released and analysed for mineral-bonded
fluoride in the solid residue, but differed in several

respects which had important consequences for the

results.,
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These weret=

(1) A wider range of materials was used, including
allophane and soils,

(11) Yhelr exsractions with 1N KF covered a
maximum of 48 hours, but daring this time the
supernatant was removed at intervals and fresh
additions of potassium fluoride made to the residue,
thus displacing the equilibrium and re-initiating
a high reaction rate.

(1i1) The solutions were titrated separately from
the residue.

(iv) The residue was recovered from a solution
which was alkaline 1f much hydroxyl had been
released.

(v) Aluminium and iron released into the supernatant
by IN NH,F was devermined, after fusion of the

4
evaporate and distillation of the fluorilde.

A selection of their results is gilven in Table 3,
It is seen that allophane and halloysite (which probably
contained some allophane ) released large quantities of
hydroxyl, 462+ and 280°9 m.e. OH/100g. sample respectively;
the layered clays and gibbsite released only small amounts,

St111 less was released by the iron oxlde, and for quartz

it was negligible. 'They correlated the hydroxyl released



Table 3 Tiltrable hydroxyl appearing in neutral 1N KF solution 1n contact with

minerals and soils, (bOml., 1N KF / 100mg. sample was used)

(compiled from Huang and Jackson 1965).

Sample pH of extract| m.e. OH/100g sample
after 24 hrs.
avpearing in per hr. between per hr., with
single 24 hr.| 24 and 48 hr.. renewal of
without renewal extractant at
of extractant,. every O+<5 hr,
after 24 hr.
1st. 2nd.
i
0
¥ kaolinite 7 8 213 0-1 8.8 85
montmorillonite 8°5 37 3 - 00 96 77
halloysite 114 280+9 0.l 2488 24843
allophane 116 4625 1-9 2948 205 «3
quartz ==<0<5y 7 «5 Y 0<0 0«0 e
hematite =20y 8.0 19-4 00 163 17 3
m»ddmwdmnuwoﬁ\ 9.4 540 Q7 24 <0 22 +6
Dodge soil B = NT Q6 412 0.2 300 305
Albernil soll Aumjww.w 1306 0-2 55 *b 54 «5
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with the aluminium and iron found (Table 4 ) and
concluded from these results that the sesquioxides had
been dissolved by complexing reactions, with the formation

of fluoaluminate and fluoferrate.,

No mineral bonded fluoride was found on the residue,
nor did they find any evidence for potassium cryolite.
They assumed that 1t had been removed with the water-
ethanol washing owing to its solubility: 0°143 g/100g
saturated solution (Seidell 1958), but did not consider
the possibllity that like Nagp A1F6, it was soluble in

alkali, or whether it would have had time to form.

Two other points are of interest. The first 1is
that Huang and Jackson displaced the equlibrium and
re-initiated a high reaction rate by removing the
reaction products. Displacement of the equilibrium 1n
order to promote the reaction could also be assisted by:-

(1) maintaining a neutral pH and destroying the
hydroxyl as it was formed. This was done by Romo and
Roy when they titrated the suspension, and also by

Birrell, who used neutral fluoride solutlons or acldified

them with HF.

(11) maintaining a neutral pH to allow cryolite

to precipitate.



Table 4 Comparison of HCl titrable OH appearing in neutral 1N KF to the

aluminium and iron released in neutral 1N NH,F from minerals and soils,

(Huang and Jackson 1965)

-4 -

Sample milliequivalents / 100g

Al Fe Al +Fe OH titre
halloysite 259 9 S8 363 o7 280+9
montmorillinite| 334 8.1 415 37 3
quartz 4] 00 4.1 34
hematite e 201 201 194
Dodge soil B 53 «5 60 59°5 41 2
Alberni soil 1098 195 1293 1306

50ml, 1N NaF / 100mg. sample was reacted for 24 hours.
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The second point 1is the observation of Huang and
Jackson that when the residue was washed to remove
potassium fluoride and reaction products, a drop in
pH was noted, for example from 95 to 55, and when the
residue was titrated with NaOH, it was found to be very
strongly buffered (fig. 5 ). Their results showed
that NaOH titrable donor groups had formed on the surface
of the minerals in proportion to the aluminium and iron
removed and hydroxyl released., These were comparable to
the third buffer range for hydrogen-aluminium clays
described by Schwertmann and Jackson (1963, 1964) and
were interpreted as evidence that the mineral surfaces
were disrupted by fluoride interaction. Thils was
confirmed by electron micrographs of carbon replicas of

mica crystals,

The surface acidity produced by fluoride attack on
crystalline clays 1s characteristic of the allophane
untreated surface. Allophanes have been compared to
the synthetic silica-alumina catalysts used for cracking
petroleum (Fieldes and Schofield 1960). A study of
the mechanisms and reactivitles of these was made by
Hensley and Barney (1958), using sodium fluoride and
their conclusions are relevant to allophane. They state:-

"Synthetic silica-alumina catalysts react with
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Fig 5 Potentiograms showing the effect of fluoride

treatment on NaOH titration curves of clays

suspended in 1N KC1,

(Huang and Jackson 1965)

a Alberni soil < 2y b Montmorillonite
w—r‘ .
ot/
e;///
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sodium fluoride in alkaline solution to liberate
base; the reactive material, calied reactive
alumina, 1s probably the catalytically active
alumino~silicate, Other constituents of the
catalysts such as free alumina, silica and
catalytically inactlve alumina-silicate, react

slightly or not at all"

No direct measurements of the cracking efficiency
of ignited allophane have been made, but clay fractions
containing allophane gave surface acidity values, when
titrated in a non-polar solvent, similar to that of
synthetic silica-alumina,., Alloprhane B was less reactive
than allophane A, and halloysite and kaollinite very

mach less so (Birrelil and Fieldes 1968).

The simplicity and speed of the fluoride reaction
make it an ideal tool for the detectlon of poorly
ordered materials in soils., Bracewell et al, (1970)
noted the accumulating evidence for thelr widespread
distribution in Scottish soils and proposed the
fluoride reaction be made a routine test; for these
materials if present as a surface coating. might
influence the water retention, nutrient balance and

structure of the soll,
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CHAPIER 11T : STUDIES IN THE AGCREGATION AND DISPERSTION

OF COLLOIDS.

L. Introduction.

A primary aim of agriculture is the creation of
good soil structure, '‘'he rotational systems, the
timing of operations with respect to weather, season,
soil, machinery and crop, and the skill and observation
of the farmer in making use of these, constitute much
of the art of husbandry. Plants, unless specially
adapted, require soils to be well drained, well aerated’
and penetrable by roots and rootlets in search of water
and nutrients, Similar demands are made by the microflora,
insects and animals that inhabit the soil. At the same
time, water must be available and nutrients retained
against leaching. A crumb structure where large air-
filled pores drain freely between the aggregates,and of
small water-filled pores within the aggregates, 1s the

ideal fulfillment of these requirements,

Soil structure is controlled by the degree and
type of aggregation of the primary parsvicles of sand,
silt and clay, and the stability of the aggregates to
water and pressure. Mineral soils high in calclum are

well aggregated and resist deformation to pressure better
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than acid soils, Sodium soils disperse in water and
set hard and clinkery when dry. Mull soils under
grassland and deciduous forest, where organic and
mineral matter 1s intimately assoclated, and in which
high microbial and animal populations are supportved,
normally develop crumb structure, Poor soil structure
may arise naturally, or aé the result of mismanagement.
If the organic matter level is aliowed to fall too low,
soilg lose their range of soft consistency, and thus
reduce their ability tvo hold water and to resist
deformation or be stabilised against wind erosion. If
such soils are high in fine sand or silt, they slake

in water and settle out, on drying, to form an impermeable
layer, such as a hard cap on the soil surface which
resists the growing shoots of germinating seedlings, or
as a pan below the root zone, which may be impenetrable
tO0 roots, or cause water logging, thus weakenlng or

kiiling off the roots.

In arid regions, irrigated soils are liable to
become sodlum soils if thé ground water level is raised
too high; or downwash of silt and clay may lead to the
formation of impenekrable pans, upon which saline
marshes develop. In Britain, the use of bigger and

heavier machinery, the risks taken in the timlng of



operations due to the dictates of delivery dates, the
continuous cropping and intensification of grazing in
response TO economic pregsures, have led to a breakdown
of soil structure in some areas and awakened a concern

for the future resource of soil.

Widespread observations on the deterioration of
soil structure over the past twenty years and alarm
at a fall in crop yields initiated a survey of soils in
England and Wales by the Agricultural Advisory Council
whose report (1970) gave a detailed account of the
Importance of soill structure in maintaining soil
fertility, reappraised the neglected role of organic
matter, and stressed the need for drainage, liming,
careful management, and regular inspection of the subsoil

for signs of pan formation,

Thus one of the major areas of soll research 1s
in the investigation of soil structure, of the elements
which control its development, and the ways in which it
may be maintained or improved under agricultural systems.
The aggregating mechanisms may vary from soil to soll,
and depend on the crop or even the season, The study
of these mechanisms may involve (1) dispersion of the

soil into its primary particles, (il) separation of



the size fractlons, particularly the colloidal fraction
for individual study, (iii) examination of the physical
properties of the aggregates and their effects on the
bulk properties of the soil such as the voids and pore
spaces on which depend its ability to hold oxygen and
water, (1iv) differential dissolusion of colloilds or
agrregates so that the relative importance of calcium
lon, ferric and aluminium oxldes or complexes, allophane,
crystalline clay, and organic material derived from
plant, bacterial secretions, fungal tissue or animal
excretions can be deduced; (v) correlation of these
findings with the soil structure, vegetation, cropping

history and season when the sample was collected,

In addition to the field and laboratory studies
of so0il, observations made on the behaviour of clay
colloids in other industrial applications may be helpful.
Examples include: water tegchnology, where methods have
been devised for inducing the settlement of slimes and
sludges, and for removing colour and turhidity;
extraction of minerals, and of mineral from géngue which 1is
effected by techniques such as selective flocculation,
dispersion and flotvation dependent on surface properties
specific to the mineral; oil drilling where muds must

be made sufficilently well-dispersed to seal the walls



of boreholes against loss of drilling fluid, or off-
shore drilling where they must be protected against
flocculation by salt water; and civil engineering, where
the rheological properties of ciay under load and the
mechanlsms of subsidence and landslip must be understood.
Discoveries in any one such disparate field can prove

of great practical use 1in another and can generate new

conceptions of colloid behaviour,

In this chapter the experimental evidence which
led to some general conclusions on soll colloid
behaviour will be reviewed. A ratner lenguthy excursion
has been made because in covering the literature 1t has
become clear how often workers in one discipline were
unaware of advances in another which might have helped
their cause; and also because much of the work reviewed
contains threads of evidence which have helped the

writer to formulate interpretations and try new experiments.



2. GClays as hydrophobic and hydrophilic sols.

Clays in this context, are defined by particle
gize. This is usually taken to be <2 V or, as in
the experimental text < l.4t/ equivalent settling
diameter. They are complex colloids 1n that they show
both hydrophobic and hydrophilic behaviour. As charged
particles they act like hydrophobic sols whose stability
is governed by the "rules" of electrokinetic behaviour.
But the oxide and hydroxide groups on the surface of
the particles give the clays hydrovhilic properties,
and furthermore encourage non-specific van der Waals

interactions between themselves and other molecular

species to occur,

Precipitation of clay colloids depends on a variety
of mechanisms including (a) effective collisions between
similarly charged particles (b) isoelectric flocculation
(c) co-precipitation (d) flocculation by polyelectrolytes.
Dispersion of varticles may depend on their electrostatic
repulsion, or on the protection of oppositely charged
particles from mutual loss of charge by sorbed poly~-
electrolytes. The following discussion outlines the
applications of this varylng behaviour and traces the

ways in which the mechanisms have been deduced.
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3. GCoagulation and dispersion by electrostatic interaction.

Hydrophobic sols are kept in suspension and their
free fall prevented by the brownian motion. They are
fundamentally unstable and will coagulate in time, but
they may remain 1n a metastable le. a dispersed state
for long periods. 'This metastability reflects the
competition between the kinetic energy of the moving
particles promoting coagulation, and the mutual repulsion
between thelr charged surfaces rromoving dispersion.
Coliisions between coiloldal parvicles are governed by
diffusion rates and an effective bimolecular collision
takes place when two particles approach cLose enough
to be within the range of the forces of chemical
attraction. Yhese are thought to be van der Waals forces
which although individually small, of the order 5 kcal./
mole, are additive for astom pairs on the surface of the
colloid, Collisions are inhibited by the long range
forces of electrostatic repulsion between the particle
surfaces. "his repuision is modified by the nature of
the adsorbed layer of counter ions and by the dlelectric
constant of the medium, Attempts to quantify these
modifications have been made in the various forms of
double layer theory, parvicularly in that developed by

Verwey and Overbeek (1948) but the complexity of the

equations defy calculation. The essentials of the theory
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depend uron the fact that the counter ions decrease the
electric potential of the particle surface and thus
reduce the work required for a second particle to
approach close enough for chemical interaction. If

the ions are tightly held, the double layer is compressed
and the electric potential on the clay surface reduced;
with chemisorbed ions it is virtually zero. If the ions
are weakly held and the double layer extended, the
electric potential on the clay surface is large and
particles are effectively repelled. The thickness of
the double layer in water 1s a function of ilon species

and ion concentration,

Its thickness as a function of ion species has

been shown to depend on the surface charge density and
hydration of the lon as 1llustrated in the Hofmelster

series for cations, This places them in descendlng

order of coagulation power:-
Lad* » Y = Ca2* > Mg®* - Cs* > WHg > K' > Na“» Li*

The hydrated radii for univalent catlons given in Table 5

provide a partial explanation for this behaviour.

The thickness of the double layer as a function of
electrolyte concentration depends on certain threshold

1limits that determine the coagulating power of uni-, di-
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and trivalent ions and has been expressed in the

Schultze - Hardy rule (Hardy 1900)., Concentrations

can be visualised in terms of 'time spent'! by the
oscillating cation close to the colloid surface, so

that there are critical concentrations for all cations
above which coagulation will occur. These concentrations
are glven numerical values in Table 5 column 2 (van Olphen

1963) and relative values in column 6.

Double layer theory has been successful in the use
and interpretation of the four basic electrokinetic
phenomena : electrophoresis, electro-osmosis, sedimentation
potential and streaming potential. The electrophoretic
mobility of a colloid system is a particularly lmportant
measurement in clay chemistry since it gives an indicatlion
of the stability of the dispersion., Counter ions that
are held tightly to the surface of the particle move
with it when the particle is placed in an electric field,
thus reducing its charge and veloclty towards the anode.
Counter ions oscillating more freely are attracted to
the cathode so that the electronegativity of the particle
and its velocity towards the anode are increased.

Many colloid chemists describe the system in terms of
its zeta potential rather than electrophoretic mobillty,

ie. in terms of the work required to bring unit charge from




Table 5 Data on the behaviour of cations in sols.

(columns #* compiled from Jenny and Reltemeier 1935).
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Valency of Threshold Ion mwahwdma zwmﬁwwwon MHOOQMHmﬂHos
saturating limits Radius & velocity value with KC1
ion mmole/1L y/sec/V/cu.
uni- 25-150 it 10403 -3 45 216

Na* 7 9. -3.31 112

K+ 532 cee 7.8

NH, 5437 -3 48 54

Cs* 5+05 -3 +02 56
ai- 0+5-240 Mg2* ces -3+18 249

Ca®* e -3 +27 30
tri- © 0°01-0.1 a1%* ces . e

La* | ... 274 086
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some infinite point in the solution to the shear layer
Oor boundary of adsorbed water molecules moving with the
particle, The zeta potential‘5 is comruted from the
electrophoretic mobility v using the Helmholtz -

Smoluchowski equation:-

5= kTgy

Where Y] 1s the viscosity, ¢ the dielectric constant
and ? the applied field strength., Modern water
chemists tend to reject this mathematically derived
paramater in favour of the measureable electrophoretic
velocity (Tabie 5 ) but it is stitl widely used in

practice (Baker 1967).

Double layer theory can be applied vo soil
situations. Rainwater is low in electrolytes and may
peptise surface clay which is then washed into pores
and fissures to create an impermeable subsoll., Hence
liming the soil improves its drainage. Sodium and to
some extent magnesium are known as peptising lons and
calcium and hydrogen as flocculating ions. ''he anomalous
position of univalent hydrogen 1s thought to be due to
its release of aluminium from the clay lattice.

Nevertheless, acid solls are not as well aggregated as
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caLcium soils so tihat some other factors must be taken
into account, A vivid example of the practical
consequences of double layer effects is iilustrated by
the sequence of events when sea floods the land. The
retreated sea leaves a soil with a well flocculated
crumb structure, Rainfall leaches out the excess
sodium chloride and the solls disperse and then set
hard when dry. Gypsum is added to correct the structural
breakdown,‘and through time the sodium solls become
calcium soils and crumb structure returns. Thus the
electrokinetic interpretation can be aprlied to the
management of saline soils, of arid solls with high

salt subsoils, of soils reclaimed from the sea and raw
solls derived from sulphurous shale bings, whose
sulphides have weathered to sulphates; and 1t can assist
in understanding drainage. ‘here are many situations
however, where the theory is of small applicability,

and these are next examined,

4, Isolectric flocculation and coagulation.

Isolectric precipitatlon may occur by (i) coLlisions
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between oppositely charged parsticles, (ii) by oppositely
charged edges and faces or random molecular groups

mitually flocculating the same colloid, (iii) by the
colloid losing charge in the region of its isoelectric

point.,

In passing, one should note that colioid chemists
such as La Mer (1967) and Matijevit (1967) lay stress
on the difference between coagulation, brought about by
collisions between diffusing particles and flocculation
produced by cross linking or bridglng of parvicles.
Particles coagulating 4in procesd of free fall are said
to sediment. Thelr velocity is governed by Stokes' Law
and they form a compact coagulum difficult to fllter.
Flocculated particles undergo 'hindered settling' and
subsidence can be followed as a sharp line between the
flocs and supernatant liquid. These settle to a loose
three-dimensional structure, which is easily filtrable.
The two mechanisms are often easlly ldentified, but

there are occasions on which the distinction 1s blurred,

(1) Collisions between oppositely charged particles.

When negative sols of layered clays or organic
matter extracts are added to positive sols of alumina,

ferric hydroxide or allophane a precipitate 1s readily




-64 -

obtained. The isoelectric point of these positive
colloids is very often above field pH ie. it may lie

in the region 6°+6 to 8.0, Hence it is logical to assume
that the same mechanisw applies in soil and that the
crumb or nutty, porous structure found in allophane
soils and in the Darleith soils is due to their high
alumina, ferric oxide or alumino-silicate content
interacting with the layered clays and organic matter
by a purely electrostatic mechanism. There must be

much truth 1n this interpretation, although it will be

necessary to modify its simplicity.

(11) Edge-face and edge-edge flocculation,

Clay edges carry a pH dependent charge, due in
the main to the hydrolysed alumina on the broken edge.
In acid suspensions the edge-posltive charge on layered
clays may react with their face-negative charge to give
edge-face flocculation. Striking evidence for the
positive charge was demonstrated by Yhiessen (1942)
who mixed a kaolinite sol and a negative gold sol and
obtained an electron micrograph which showed the gold
particles adsorbed on the edges of the hexagonal clay

plates. Prior treatment of the kaolinite with a trace

of sodium pyrophophate reversesthe edge charge and the
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gold particles are dispersed from the edges of the
plates (Marshall 1964). Schofield and Samson (1953)
confirmed the view that positive edges could account
for the flocculating behaviour and anion uptake of
kaolinite by measuring its chloride adsorption in acid
suspension. This was of the order 0+2 m.e./100g clay.
Flocculation experiments in which anions were added to
or removed from clays, showed how the positive sites
could be blocked, thus leading to phosphate fixatlon
in the field and deflocculation in the laboratory
(Schofield and Samson 1954). In most soils, clay edges
are neutralised or made negative by adsorbed silicate,
phosphate or humate anions., 'The same effect has been
deduced to account for the negligible or negative
charge carried by some iron oxides, which would have

been expected to be positive at field pH (Deshpande et al.

1968) .

Interest in edge-face and edge-edge flocculation
and the formation of 'card house' structures has
chiefly arisen among civil engineers and workers in
clay technology. Micrographs of thin sections of
sediments can interpret soll stability under load
stress. Close packed sediments are normally stable,

although under low shear stress, face-face orientation




may promote instability, because repulsive forces still
allow the grains to slip over one another. Sediments
containing card house structures have micro-voids and

hold more water and thus tend to subside under gtress,

In clay technology, edge-face assoclation is of
fundamental importance and rheological studies of change
in viscosity, yleld stress and turbidity can follow its
development. In dilute suspensions the visgcosity is
decreased and in concentrated suspensions the formation
of continuous linked card house structures produces a gel
in which the Bingham yield stress is a measure of the
number and strength of the links in the card house
(van Olvhen 1963). Such a gel is the basis for a
thixotropic paint, butv the elimination of edge-face or
edge-edge links is often desirable when 1t 1s necessary
to get concentrated suspensions sufficiently fluid to
be poured or pumped. This is achieved by reversing the
charge with a peptising anion. A stiff clay suspension
can be turned invo a freely flowing liquid with the
addition of a few tenths of one per cent of sodium

tetrapolyphosphate or organic anlon such as tannate.

Charge reversal rather than charge neutralisation

is inferred from the large increase in sals flocculation
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values, together with an increase in electrophoretic
mobility. 'he polyanion is assumed to be adsorbed on
the reactive aluminium sites and its excess valence
accounts for the excess negative charge. ‘his gain in
suspension stabilivy is far greater than any gain that
would be due to the conversion of a calcium clay to

a sodium clay, As shown in fig, 6 the flocculation
value for such a substitution is increased from about
2 to about 20 me/1 WaCl, but in the presence of
polymetaphosphate it 1s raised to about 300 me/l. The
explanation lies in the fact that the flocculating
power of an electrolyte on a sol 1s determined by 1ts
activity, rather than its concentration, and the
activity of the Nat is much reduced by the polyanion
(van Olphen 1963). 'his may account too, for the finding
that although clays are peptised with alkali, as in the
standard practice for soil dispersion, the peptisation

is not so effective as with polyanions.

The selectivity of the processes involving
different clay substrates, anlons and cations in the

stability control of clay suspensions is 1llustrated

here by two examples.
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Fig. 6 Comparison between the dispersing effect of the

Na* ion and the polymetaphosphate ion on

montmorillonite suspensions.

(Van Olphen 1963)

400r
~Na - MONTMORILLONITE

300
Ca-MONTMORILLONITE

meg/liter

NaCl FLOCCULATION VALUE

Na 20t

Ca 2 L . [ V] 1
[} 100 200 %00 400 500 600
meq/liter SODIUM POLYMETAPHOSPHATE

Peptization of a sodium and calcium montmorillonite suspension with
' sodium polymetaphosphate.
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The first example is in the conditioning of
drilling flulds (van Olphen 1963). Polyphosphate
peptisers are used to disperse the clays in the fluid
and also in the clay formations passed through by the
drill, so that the bore walls are plastered and sealed
off against loss of fluid., More subtle proverties are
wanted in the oll producing zone where the mud must not
be so dispersed as to impregnate the rock and stop the
flow of oill, In this case the fluid is conditioned
with tannate, which unlike polyphosphate, will not
flocculate clay at high concentrations of electrolyte.
Controlled amounts of alkall can thus be included in
the 'red mud' to reduce the degree of dilspersion. In
deeper bores the mud stiffens with the higher temperature,
but again it can be thinned by incorporating calcium
hydroxide. 7The mechanism of this is obscure but 1t
may be that calcium ion promotes some face-face
aggregation, lowering the number of particles -and

reducing the tendency to gel.

The second example is from some recent work on
laponite, & synthetic hectorlte (Neumann and Sanson 1970).
This formed gels at low concentrations (2%) in the
presence of electrolyte. On adding polyphosphate,

clear sols were produced and the clay concentration
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could be increased to 10% before breaking down to a

gel. '"he observation that the sols formed more readily
in hard than in soft water led to the discovery that
additions of suitable amounts of certain cations such

as Ca®t, Mg2t, L, H, A13* increased the stability

of the sol, while others such as NH] , K} Na™ had a
deleterious effect. The stabilising cations turned out
to be those with a charge density Z/r2 of more than

2 x 1016 (where Z 1s the valency and r the radius in cm.).
The explanation put forward was similar to that given

by van Olphen for the lime red muds: such cations

caused some face-face aggregation and reduced the number
of particles available for card house formation and

gelling.

(i1i) 1Isoelectric weathering : control of charge by

ions in the collold complex,

Some of the most outstanding work on soil collolds
was done in the nineteen twenties and thirtles by
Sante Mattson in his studies of the electrokinetic
behaviour of iron and aluminium systems. 'Yhe observations
that he made and published in a seriles of papers 1in
those years are a gold mine of discovery, yet both

they and their skilled interpretation have been strangely

neglected,
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Mattson's interest was in what would now be called
the amorphous fraction of the soil, He prepared iron
and aluminium oxides, silicates, phosphates and humates
and examined the effects of pH and of ion valency and
concentration on their flocculation, floc composition,
dispersion and electric charge. From these observations
he put forward a theory of 'isoelectric weathering',
arguing that it was the soil colloids of humus, silica
and sesquioxides which "by flocculation and deposition
in one layer and by dispersion and migration in another
layer, give rise to the development of soil horizons".

(Mattson 1930a).,

Colloids with a pH dependent charge such as the
sesquloxides and atumino-silicates lose their charge
when the adsorption of cations or anions from the
solution balance. This might be expected to be
controlled by H* and OH™ ions as with the precipitation
of proteins, but Mattson showed that the floc composition
of the colloid, its isoelectric pH, charge and electro-
phoretic mobility was a continuing process affected by
the supply of silica, alumina, phosphate, humate and
other ions in the solution, Some of his findings are
outlined below and in figs. 7 to 9 which are either

taken directly from his papers or compiled from the
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tables that he zave (Matizon 1928b, 1930a,b). Figs. 7
and 8 in which the systems were prepared from AlClg
or Alo(S04)zand NaOH; AlClz and NagSiOz or AlClg

and NagHPO4 with additions of HC1 and NaOH where it
was necessary to control pH, show the influence of
anion: Alg03 ratio on the properties of the floc,
Fig. 9 shows the same situation for the humates. The
concurrent experiments with iron oxide are not generally
given, but they are as illuminating as his work on
alumina and the alumino-silicates or allophanes. The
results and their interpretation are summarised as

follows:-

(a) PFig. 7 shows the alumina systems and illustrates
the rule that the more associating the anion the lower
the pH of the isoelectric point. Thus, alumina
precipitated from AlClz had an IEP of pH 8.1 and this
was lowered to 7.6 by the more strongly held sulphate
ion. The displacement of the IEP to the acid side by
silicate and phosphate was in proportion to the amount
which had entered the complex and their relative
dilsplacing power. The reason for this behaviour is
that the stronger the presence of the anion in the

complex, the greater 1its contribution to negative charge

and the more the cations dissociate. Hence, to achieve




Fig. 7

-3

The acidoid : basoid complex :

influence of the anion on the
flocculating zone of alumina systems.

(Compiled from Mattson 1930a)
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the 1soelectric condition when the adsorbed cations and
anions balance, positive chargze due to the alumina

must be proportionately increased by a lowering of p.

Similarly from fig. 8 it is seen that the lLower
the 8102 : A1205 ratio, the higher was the pH of
precipitation of the floc. This follows because the
higher the pH the less electropositive the aluminium
oxlde and the lower the amount of electronegative
gilica with which it will combine. For a ratio of 2.9,
the isoelectric point was pH 4+25, while for a ratio
of 109 it was pH 6.6. In the convext of soil
development it is interesting to note that if the pH of
the medium surrounding the floc rises, silica will be

released, and if it falls, silica will be taken up.

(b) The results predicted that no matter how high the
SiOz : A1205 ratio in the solution mixture, an isoelectric
floc would form of compogsition less than 3.0 provided

the system was sufficiently dilute (fig.8e,g). Under
these conditions, the reaction must be between single
ions, for mutual flocculation of positive and negative
sols could hardly maintain such regularity in composition
ratio. Siliceous allophanes, of ratio > 3°+0 were

prepared in three ways: from concentrated solutions,

from colloidal silica, and from solutions containing
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Fig. 8 The flocculation zone and isoelectric floc compositlon of alumino-silicates
under varying conditions (Table 6 p.78).
(Compiled from Mattson 1930a, 1928b)
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divalent cations. (Table 6 f, h, 1 respectively).

(c) Concentrated solutions containing the same mixture
ratios as dilute solutions precipitated an isoelectric
floc with a higher SiO2 : A12O3 ratio and at a lower
pHe This is shown in fig. 8f where a concentrated
solution of ratlio 10 precipitated a floc of composition
29 at pH 42+20, while an identical but dilute solution
precipitated a floc of composition 2-15 at pH 5:6. (fig. 8 e)
Mattson comments that there must be some critical point
where free silica flocculates with the complex, and
recalls an earlier paper (Mattson 1928Bb} in which the
mixture ratio had been 8+0 but the solution concentration
had been higher, and a negative floc had precipitated
with a composition ratio of 4+27, The same paper had
shown that if the sol was sufficiently electronegative
and providing the diffusible ions were monovalent, no
floc would precipitate. This is illustrated in fig. 8k
where a sol prepared from a concentrated solution of
ratio 11.5 reached a minimum charge with eletrophoretic
mobility =08 y/sec. at pH 4.8, corresponding to the
maximum electropositive activity of the alumina, and

thereafter increased its negative charge so that no

fioc precipitated.
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(d) Mattson noted that in the higher concentrations
gilica showed by itself a tendency to flocculate when
sodium silicate was slightly acidified. Fig.83ﬁ»is of
an experiment in which acid was added to the AlCl3
before mixing with Nazsios, and added to the Nag 5104
before mixing with the AlCl5 and the results compared
for identical dilute mixtures of Sioz; A1203 ratio 14.
The isoelectric floc ratio was 2¢8 at pH 47 for the
acidified AlCls. For the acidified Nazsio5 the floc
ratio was 1055, precipitation began at pH 425 and the
floc remained negative to the end of the experiment at
pH 4$+*9, The acid had changed the silica to a partly

colloidal condition so that free silica aggregates

precipitated with the complex.

"he colloidal silica is interesting. In the
parailel experiment with ferric chloride and acidified
sodium silicate, the zone of flocculation was narrowly
confined to pH ~4+2. The silica exefted a protective,
peptising action on iron, confirming the work of
Reifenberg (1927). ‘thus, in a single experiment, Mattson
both anticipates the dlscovery of the water chemists

that colloidal silica promotes flocculation in acid

conditions (pp.92,93 ) and the finding that it can be

used as a dispersing agent, as discussed 1n the




rable 6 The flogculation of synthetic alumino-silicates under varying conditions.
" (complled from Mattson 1930a and 1928b)

(f)
(g)
(h)
(1)
(1)
(k)
(1)

System

AlClz + NaOH

A1C1z +(NagSiOz + NaOH)
A1C1z + NagSiOgz

(A1C1z+ HGC1) + NagS103
Dilute AlClz + NagSiOz
Concentrated AlClz + NagS10z
(A1Clz+ HCl) + NagS1i0z
AlClz + (NagS10z + HCL)
(A1Clz + NagSiOz) + Ca(OH)g
A1Clz + NaogSiOz

(A1Clz + NagSiOz) + HC1
(A1C1lz + NagS103) + Ca(OH)o

Solution Isoelectric Supernatant Ref.
mixture floc as mmole system
oxide
510 Si0p i Si AT (1930a)
Alp03 A1503
.o .o 8.0 .o . 3

1.43 1.09 6.6 0.83 trace 13
2.68 1.63 6 .25 2.64 0.1 11

6 .66 2.26 4,7 10,21 0.04 9
10,0 2.15 5.5 7.87 0.02 25
10,0 2.9 4,2 26 .84 0.08 27
14.0 2.8 4.7 14,14 0.05 29
14.0 ®10.35 4,15 | 5.64 0.11 31

3 .84 1.83 6.0 .o . (1928)

8.0 @ 4,27 |<4.9 oo .o "
11.5 no precipitatfion "
11,5 95,65 n.d. oo oo "

@ electronegative floc
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experimental part of this work (Chapter XIIL 1T ),

(e) Mattson observed that aluminium appeared in
increasing quantities in the solution with a lowering
of pH (table 6 ) and sucgested that it was present,

not as free metal ion, but as a complex cation thus:-

+ 0N
Al S
o

lhe positive charge was deduced because in an earlier
experiment he had found that when orthoclase was
electrodialysed, aluminium appeared together with silica
in the cathode chamber after the plH of the felspar had
been reduced to a certain value by the removal of
potassium., He had also confirmed the discovery of

Oden (1927) and Wiegner and Palmann (L1929) that silica

migrated to the cathode when soil was electrodialysed.

(f) As long as monovalent ions such as Cl™ and Nat
were the only diffusible ions present, flocculation
was confined to a narrow zone on either side of the
isoelectric point. If the reacting solution contained

divalent cations, then the range of flocculation was
extended to the negative side of the lsoelectric point

and the composition ratio could be mach more than 3.0,
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Table 6 shows the influence of Ga2+ in producing an
excesslively siliceous floc. Mattson's exXplanation was
that divalent cations allowed the precipitation of
excess silica by substituting for aluminium in the
silica valencies. Such a floc would cease to be
amphoteric as the alumina component dwindled. Moreover,
no matter how strongly electronegative the sol might be,

1t would flocculate at once if enough Ca(OH)2 were added.

(g) If the reaction solution contained di- or trivalent
anions, the range of flocculation was extended to the
positive side of the isoelectric point and the composition
ratio SiO2 : A1205 was reduced by the displacing anion.
Mattson (1930b)in Part IV of "The Laws of Colloidal
Behaviour’ conducted a series of experiments to show

how the aluminous floc composition and properties were
affected by the competition of phosphate and humate,
silicate and humate, phosphate, silicate and humate,

and also of the other important ion OH~. The order of

displacing power seemed to be:-

humate > OH- > HPO,Z™ > 8105~ > 504°7 > c17,

Phosphate was slightly displaced by humate; an isoelectric
floc of Pp0Og : Aly Oz ratio 0+*769 was reduced by the
addition of 2 mmoles Na-humate (with respect to Na ) to

0*742, but the pH was Lowered from 56 to 3°9, reflecting
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the strong electronegpativity of the humate. Silica
was powerfully displaced; an isoelectric floc of Si(b
A1205 ratio 2°2 precipitated at pH 625 was reduced to
a ratio 0°€3 by the addition of 2 wmmoles Na-humate and
the pH of precipitation fell to 55, Mattson also
notes that the silicate ion did not displace the
phosphate ion to any apparent degree, but that the
presence of silicate in the floc caused more of the
phosphate to combine, an anomaly which is discussed

later (Chapter VII 2 p.310).

The strong displacing power of the humate explains
the field and lLaboratory observations that allophane
has a great affinity for organic matter and is capable
of building it up to high levels, The displacement
order also suggests that in the absence of organic
matter, phosphate retention may be strong. Hence
Mattson's experiments are very relevant to the discussions
on phosphate and organic matter in Chaptersjzﬁéuuiiz .
He does not mention these aspects however, He interprets
the displacing power of humates as showlng that humus

desilicates the soil complex in podzolisation,

(h) In a study of iron and alumina-humates in the same
paper, Mattson categorised alkall humates as very

dispersible, alkaline earth humates as less so, and iron
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and aluminium humates as amrhoteric precipitates,
dispersible with increasing positive or negative charge,
These humates are illustrated in fig., 9 . The dotted
lines represent dispersion and the solid lines
precipitavion. It is seen that there is an electro-
positive maximum on the acid side of the isoelectric
point. This behaviour differs from that of the silicates
and phosphates, in that the humus 1s colLloidal and the
electropogitive contribution of the sesquioxides is
enhanced. Where the proportion of humus is high, the
alumino-humates show two isoelectric points, and where
it is Low they show zones of dispersion at low pH.

This is between pH 5°+€ and 57 for the humus: Al,0s
0070 complex, The correscvonding ferric-humate

disperses below pH 3.7,

These results may be relevant to the discussion

of the mechanical analysis dispersion of solls.

(1) Mattson illustrates the significance of his

findings by applying them to explanations of soil
development. In troplcal regions soil collolds are often
low in bases and silica, High temperatures prevent the
accumulation of organic matter so that the goils are

fairly neutralj silica is taus removed, together with
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Fig. 9

The relation between the pH, sign of charge,

migration veloclity and ratio of gram humus to

millimol Alo0z in a series of aluminium 'humates'.

(Mattson 1930b)
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the bases, by intensive leaching. In temperate regions
soll coiloids may be low in bases, moderate in silica 5
the accumulation of organic matter and its acidifying
influence protects silica from the heavy leaching which
removes the bases. In arid regions, silica and bases

~accumulate together with the sesquioxides.

(j) Mattson also discusses the effects of the alumino-
silicates on cation exchange capacity, but a review of

this part of his papers is left over to another chapter

(Chapter VIiI).

5, Hydrolysis products of hydrous oxides : their use

in coagulation and dispersion.

(1) Problems of coagulation in water treatment.

In 1884 Austen and Wilbur reported on the effectlveness

of aluminium sulphate as a coagulant for purlfying
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drinking water, and from that time it has become
establlished in water treatment processes. Since the
aim of the water chemist 1s to select conditions which
will give maximum removal of impurities at minimum cost,
many empirlcal studies have been made of the optimum
alkalinity, pH, concentration of aluminium, choice of
salt and use of activators, Similarly, the mechanism
of itvs action upon the water-borne colloids has been
investigated with a view to making water technology a
predictable science. Conflicting views and evidence on
this mechanism have been on (a) whether the coagulating
agent was the aluminium ion, the hydrolysed positively
changed polymer or aluminium hydroxide and (b) whether
the nature of the suspended material had any influence
on the course of the coagulation., However, it was well
accepted that there was an optimum aluminium sulphate
dose for the removal of colour or turbidity from any
particular water, and at higher or lower doses the
process became less efficient. In general it was
thought that this depended on the pH or chemistry of

the water rather than on the suspended materlal.

The discovery that the organic colloids in water
had a negative charge (Blitz and Krohnke 1904) suggested

thét the efficiency of aluminium as a coagulant could
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be explained in terms of the Schultze - Hardy rule.

However, plant operators found that optimum coagulation
occurred in the range pH 58 to 7+5 (Hatfield 1922) or
4.8 to 8¢5 (Baylis 1923). These workers were the first

to stress the advantage of pH control.

The mechanism of coagulation was investigated by
Mattson as part of a systematic investigation into the
electrokinetic behaviour of dispersed systems. He was
concerned to show the practical importance of electro-
phoresis, and to this end he had designed a micro-
electrophoretic c¢ell which was used to illustrate the
application of his technique for the purifying of milk
and molasses, the preparation of pigments and the

treatment of river water (Mattson 19283}

Optimum conditions for the coagulation of a colloid
clay by aluminium chloride were explored. 0.2g/1
electrodialysed Sharkey clay with a cation exchange
capacity of about 79 me/100g (Mattson 1931) was treated
with varying amounts of AlClz. The mixture became
isoelectric with 15 ma/AlCl6 and the effect of pH was
examined by adding this amount to clay which had been

made acid or alkaline with HCl and NaOH respectively.

The results are shown in fig. 10. Mattson's findings can

be summarised as follows:-
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Fig.1l0 Displacement of the electrokinetic

potential by HC1l and NaOH in an
isoelectric mixture of 1.5 me AlClgz
and 0.2g clay/1.

(Mattson 1928a)
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(a) There were two zones of rapid coagulation. ‘he
first was at low pH shortly after charge reversal, It
was followed by a zone of metastability with the
electropnoretic mobility reaching a maximum of +3 1 t//sec.
at pH 5+2. Yhe clay was dispersed but precipitased
slowly over 24 hours, The positive charge declined until
a narrow zone of coagulation apneared in the region of
the isoelectric noint, probably corresponding to a
suspenslion that was near neutral, Excess of alkali

created a stable dispersion which did not coagulate.

(b) On the acid side there was weak coagulation
produced by the trivalent ion, but this was incapable

of reversing the charge or even attaining tvhe isoelectric
point. Mattson (1922) had already noted that it was

"not the trivalent ion but the products of hydrolysis

of aluminium which were responsible for the electrical
neutralisation and flocculation of colloids." The
hydrolysis prbducts thus reached maximum electropositive
activity at pH 52, lost their charge as A1(OH)g

developed, and in alkali medium became strongly negative,

redispersing the system.

(¢c) By adjusting the pi of the Al1Clz; with NaOH prior

to adding it to the suspension, Mattson increased the

concentration of electropositive polymer and found that
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by this means three times less AlClz, or only 0+ me/l,
was required to make the clay isoelectric. An additional
improvement was that the flocs so produced were much

more stable to washing than those precipitated by

AlCl5 alone,

(d) Mattson assumed that the required ratio of AlCl,
NaOH would vary with the electronegativity of the colloid
and recommended that the gulding parameter for coagulation
with AJ.Cl5 should be pH 5+2, for it was at this point

that the hydrolysis products had their maximum electro-
positivity. Since there did not 'seem to be a zone

of metastability with the lower concentration of AlCls,

he did not appear to consider it necessary to discuss

the possibility of dispersion by positive charge reversal.

Nor does he discuss whether the second isoelectric point,

due to flocculation of Al(OH)5 might be useful,

Mattson's paper was neglected., For the next thirty
years plant operators continued to work empirically,
while the relative merits of aluminium ion, 1ts hydrolysis

products and Al(OH)S as a coagulating agent were

unresolved. The use of the micro-electrophoretic cell

was at last revived by Pilipovich et al. (1958) who

concluded that hydrolysils products might play the

dominant role, but differed from Mattson in finding only




one 1soelectric point, Packham (1959) reviewed the
theorles of water works coagulation and made a systematic
search for optimum conditions in which minimum coagulant
was used for maximum coagulation. He reported that this
coincided with the pd of the most rapid settling of
aluminium hydroxide. This 1s illustrated in fig, 11
where the coagulant dose Dt/2 required to halve the
turbldity was plotted against pH for a variety of colloids
and river suspensions and compared with the rate of
flocculation of Al(OH)g. It is seen that the most rapid
settling of A1(OH)z is at pH 7.1 to 7+2, while the Dt/2
curves have a minimum between pH 6°8 and 78, Further
experiment showed that the curves varied systematically
with the flocculation of Al(OH)5 when studies were made
in the presence of added anions that extended the
coagulation zone to the acld side. Montmorillonites
alone behaved differently and this was thought to be

due to edge-face flocculation of very fine clay.

Packham concluded that the mechanlsm for these
optimum results was co-precipitation or enmeshment of
the colloids with the rapidly flocculating Al(OH),
rather than mutual coagulation of the clay with the
"For

hydrolysis products, as postulated by Mattson.

if the mechanism were mutual coagulation, the minimum
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quantity of coagulant would be required between PH 5+35
and 6°0 where the aluminium hydroxide sol is relatively
more stable and presumably has a higher zeta potential."
(Packham 1960). He suggested his results were consistent
with the coating of the clay particles by Al(OH)5 and
then binding them together by Al(OH)5 precipitated in

the bulk of the solution.

Fig. 11 Variation of Dg (the coagulant dose that halves

the turbidity) with final pH for 50 ppm

mineral suspensions.

(Packham 1965)
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(1i) Silica activation,

One further aid to the flocculation of water
collolds by aluminium sulphate must be mentioned . The
discovery of 'silica activation' stemmed from research
into the ways in which the pH range of optimum flocculation
could be widened in order to eliminate the rather specific
conditions required by pH control. It was thought at
first that the addition of sulphate salts, which
laboratory trials had found effective in widening the
pH range, would be suitable, but this failed on a plant
scale. Baylis (1938), however, noted that there was a
constituent in some natural waters which was giving the
desired effect, and he set out to discover what 1t was
by adding various amounts and combinations of constltuents
to distilled water. One of these was silica solutlon
made up from an old sample of sodium silicate which had
become carbonated because the stopper did not fit the
jar. It gave considerable aid to flocculation, whereas
solutionsmade from fresh sodium silicate gave none.

This indicated that the sought constituent was colloldal
silica. Graf and Schworm (1937) independently wade the
same discovery when they were trying to prevent after-

precipitation of aluminium by treating the waters with

sodium silicate. They found that a mixture of aluminium
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sulphate and sodium silicate gave such impressive

coagulation, it was plain they had stumbled on a new aid.

The use of activated silica in water treatment was
reviewed by Wheaton and Walker (1950), soon after its
Introduction to Britain in 1947, It has extended the
range of pH over which the aluminium sulphate is
effective (fig. 12), giving excellent coagulation above
PH 55, with increased rate of coagulation and the
production of tougher more filterable flocs, This has
meant that the capacity of existing plants could be
increased and that new plants could be bullt with
smaller settling tanks and fewer filters. The silica
can be prepared in various ways including those described
for a 'Baylis sol'! and a !'Graf and Schworm sol',

Doses vary with the conditions but a 1:10 Si0g5 : A12(SO4)3.
18H20 has normally been found sufficient. It is

believed to be in a highly hydrated colloidal form with

a strong negative charge and to encourage floc development
by augmenting the supply of negative collolds reacting
with the aluminium hydrolysis products. The method has
been found applicable not only to water purification

but to treatment of sewage, and white water from paper

mills, and to the removal of petroleum from water.
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The effect of varying pH value on the coagulation

of Lake Michigan water with alum and alum plus

activated silica.

(Baylis 1936-37; rep. Wheaton and Walker 1950)
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(11i) Dispersion of colloids by positive charge-reversal.,

Packham, in his review (1958) questioned the findings
of a minority of workers (Miller 1925, Langelier and
Ludwig 1949) of two zones of coagulation separated by a
zone of dispersion, and did not refer to Mattson's (1928a)
metastable zone. Mattson, and Langelier and Ludwig had
assumed that the character of the suspended material
would have some influence on the coagulation. This was
shown in studies by Black and Hannah (1961) who used
the micro-electrophoretic technique to study the
coagulatlon of kaolinite, Fuller's earth and montmorillonite
with base exchange capacities of 8+7, 26+5 and 115 me/100g
respectively., Figs./3,/kand 15 show the mobility and
residual turbidity curves for aluminium sulphate doses
of 0,5 and 15mg/Ll., It is seen that charge reversal
giving dispersed sols occurred as the concentration of
the coagulant was increased, and that the lower the
base exchange capaclty of the clay, the lower was the
concentration required to bring this about. A very
high dose of 100mg/l reversed the charge on all three
clays but dispersion at pH 4°5 was then followed by

coagulation long before the isoelectric polnt.

Table 7 and a re-examination of Mattson's and

Packham's grarphs (figs. 10 and 11 ) allow an explanation
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coagulation and dispersion of clays of varying

cation exchange capacity.

(Black 1966)
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effect of aluminium sulphate on the

coagulation and dispersion of clays of varying

cation exéhange capacity.

Mobility— ;x/su./v/cm )

Residual Turbidity - % T

(Black 1966)
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Fig.15 COAGULATION OF THREE CLAYS WITH
A DOSAGE OF 15 mg/1 ALUM,




Table 7

The effect of aluminium sulphate concentrations on the charge

reversal of clays of varying base exchange capacity.

Workers A13F clay dispersed BEC Mobility max. |pH at max.
me/ 1 me/ 100g v/sec/V/cm. mobility.
Black and
Hannah (1964} 0+5 kaolinite 87 + 0.4 52
15 kaolinite 87 + 10 5¢0=645
1.5 Fuller's earth 26 5 + 09 5¢0-602
100 kaolinite 87 + 08 4.5
10,0 Fuller's earth 26«5 + 07 4.5
10.0 Montmorillonite 115 0 + 08 4.5
Mattson O+5 Sharkey clay 7940 flocculation
(1928)
15 Sharkey clay 790 + 31 52
Packham O-1 kaolinite 3 =15 + 03 62
(1960,1967) O+4 kaolinite 3 =15 +1el 53
04 montmorillonite 80-140 flocculation
4.0 montmorillonlite 80-140 flocculation
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in terms of the concentration dose, Packham's curves
showing a decrease in floccability below ~—pH 6.8
suggest that charge reversal for kaolinite and the other
collolds was tending to disperse the clays, while
keeping his montmorillonites coagulated below —~—pH 7.8,
This was because his highest dose was only about 4me/1l
in aluminium, Similarly Mattson's metastable zone for

a clay of 79me/100g base exchange capacity disappeared
when the aluminium concentration was lowered from 1.5

to O«5me/1.

Further curves were constructed for river colloids,
which varied with coagulation dose in the same way. It
was concluded that : "The characteristics of clay
particles; namely, the base exchange capacity, size
and charge may influence the coagulant dosage but not
the basic mechanisms of coagulation for a particular
coagulant." (Black 1967).

Thus was confirmed Mattson's evidence and his

interpretations of 1922 and 1928,

The major conclusion drawn from these results was
that overdosing a water with aluminium sulphate could

produce dispersion unless the pH was controlled between

~ 6°8 - 7.8 or activated silica introduced; and that
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electrophoretic measurements, which were now being
widely used in water works laboratories, could be a
valuable gulde to the efficiency of the dose. At the
same time Black, and other workers who contributed to
the discussion (Faust and Hunter 1967) expressed the
need for caution: it could not be assumed that measurements
of charge reversal always correlated with sol stability.
Other mechanisms such as polymer bridging might be
Involved., Packham (1967) illustrated this in fig, 16
where optimum coagulatlon with 25mg/1 Al5(S0,)s at

pH 7+1 corresponded with a zeta potential of+l10 mv, He
stated that no reasonable coagulation had taken place at
any of the lsoelectric points shown on the graph.
Electrokinetic measurements were recommended as a guide

and not a magic formula.

(iv) The domains of charge reversal,

The reversal of charge on hydrophobic collolds by
hydrolysed metal ions was studied systematically by
Matijevié and his colleagues (1960 - 1967). Using
silver halide negative sols, they establlshed the metal
1oﬁ concentration - pH domains of stabilisation by

carefully controlled electrophoretic and turbidy

measurements. The metals chosen were iron, aluminium,

thorium, zirconium and zinc, and their research showed
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that each of the ions was carable of reversing the charge
on collold particles under certain concentration - pH
conditions that were characteristic for each ion. They
put forward the view that the charge reversal was due

to adsorption of hydrolysed metal ionic species containing
hydroxyligands, and was governed by the concentration

of these species in the suspension ie. by the degree

of hydrolysis. Thils 1s 1llustrated in fig. 17

(Matijevid et al, 1964).. At low aluminium nitrate
molarities and at low pH the hydrolysed species
coagulated the sol., When their concentration was
increased, by raising either the molarity or the pH,

the sol was redispersed. The transition was abrupt.
Electrophoresis measurements confirmed that stabilisation
accompanied charge reversal. Fig. 18 plots the
boundaries between coagulation and dispersion.

Milliequivalent values have been inserted for comparison

with the stabilised clay sols.,

'Similar metal ion concentration - pH domains of
stabilisation and coagulation were constructed for the

other polyvalent metal ions lnvestigated (Matijevit et al,

1960, 1961, 1962, 1964, 1967).

These measurements 1n themselves give no indication

as to the mechanism by which the hydrolysed ilon speciles




=103 -~

Fig. 17 TIhe dependence of the dignersion of a silver

bromide sol by charge reversal on the

concentration of hydrolysed aluminium speciss

4
as governed by A1%* molar concentration and pd,

(Matijevié et al, 1964, Matijevic 1967)
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The domains of coazulation and diszeralon for

a ¢ .i- i b o E LR}
8 _silver iodlde sol suspended in aluminium

nitrate solution.

(Matijevié et al, 1964, Matijevié 1967)
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are adsorbed and the colloid's charece reversed, lost
of the compounds active in charge reversal, such as
the polycations, hexols and diol-complexes contain
hydroxy groups, and the authors surmised that it was
these which were responsible for the strong adsorption
and that charge reversal was due to the relative
tightness of the polymer's bonding to the colloid rather
than the charge per se, They noted that hydrolysed
aluminium was non-exchangedble when adsorbed on ion
exchange resin (Hsu and Rich 1960), In an early study
on thorium (Matijevié et al. 1960) they found that
"at lowest pHs, where the counterion appears to have
the highest charge, (ie. as Th4'or Th(Hg0)4" H.J.F.),
its abllity to reverse the charge of sol particles
completely dlsappears. Thus the charge or valency of
the counterion itself cannot be considered as solely
responsible for the reversal of charge effect." This
of course was Mattson's finding for aluminium (1928 b)
as shown in fig. 10, but at that stage the authors appear
to have been unaware of his work. They concluded:
"Thus we belleve that hydroxyl groups in soluble
counterion species are responsible for thelr

adsorption on sol particles, which in turn causes

the reversal of charge."
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Further understanding might be achieved if composition
of the polyions were known. This could be worked out
1f any two of the three parameters (a) OH : metal ion
ratio (b) charge and (c) degree of polymerisation
were determined. It had been attempted in various ways
by many workers., The OH: Al ratio was found to be 2.5
from potentiometric measurements and was confirmed by
the slope of the log A1%%Y/pH graph in fig. 18.
Matijevid et al. (1961a ) calculated the charge from
their coagulation curves on the basis of the Schultze-
Hardy rule. Fig. 19 shows the "critical coagulation”
concentration of the aluminium as a function of pH.

It was constant up to —~ pi 4 and its value of 2.5 x 107
mole/1 was consistent with the threshold limits of 1079
to 10=%4 M for trivalent ions., Between pH 4 and 7,

the critical coagulation concentration dropped sharply
to a second plateau equivalent to 7.2 x 10-6 M, the
threshold limit for quadrivalent ilons., Thus a value
of 2.5 for the OH:Al ratio and a charge of 4 fixed the
polymer composition as [Alg(OH)25]4+. This was the
species believed to be in solution by workers using
different techniques. Further hydrolysis appeared to
take place above pH 7, leading to the formation of

lower charged species, and a levelling off of the
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Plot of the critical coagulation concentration

(lower curve) and stability 1limit due to the

reversal of charge (upper curve) against pH for

gsilver iodide sols in aluminium nitrate solution.,

(Matijevic et al, 196la)
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coagulation concentration (3 x 10'4ND at pil 9 to 10
corresponded to a divalent counter ion whose comnosition

could be [AlS(OH)22]2+.

The hydroxyl: metal ratio, charge and degree of
polymerisation was worked out in the same way for the
other ions, including the zirconium ion, which will
be referred to in the next Chapter when the use of
zirconlum nitrate as a dispersing agent for allophane

solls 1s dlscussed,
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6. oSurfactants,

Surfactants, or detergents can be used as precipitants,
emulsifiers, dispersing agents or as collectors in foam
separations. They may be charged or uncharged. Charged
surfactants are organic salts, usually of long chain and
low valence, which are capable of coagulating sols at
much smaller concentrations than would be required by
the Schultze - Hardy rule, and at higher concentrations,

of dispersing them by charge reversal,

The cationic detergents are quaternary ammonium
salts such as cetyl pyridinium ammonium bromide (cetab),
or hexadecyl dimethylammonium bromide (EHDA-Br), When
added to a negative sol such as a clay suspension or
organic matter extract, the ammonium cation is prefer-
entially taken up by the exchange complex and at the
gsame time the hydrocarbon chains displace the adsorbed
water so that the sol precipitates. It is thils dewetting
process'which diminishes the competition of the inorganic
cations, and regardless of disparity in charge, allows
the surfactants to be strongly adsorbed. Once the
exchange complex is saturated, the colloid is dispersible
in a non-polar solvent such as oi1l, and can be used as
an emulsifier. At higher concentrations of surfactant,

and providing the chain length is long enough, a second
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layer of hydrocarbon adsorbs by van der Waals bonding
to the first, and its ionised groups project into the
water phase. The particle-surfactant complex then

acquires a positive charge and is redispersed.

Anionic detergents are normally fatty acid salts,
such as sodium dodecyl sulphate, and they behave
similarly, coagulating rositive sols and redispersing
them by reversal of charge at higher concentration.
Non-ionlc detergents are polyglycol ethers of alkylated
phenols and esters of sucrose with higher fatty acids.
This combination of polar and non-polar groups gives

them thieir emulsifying properties,

The ilonic surfactants are ildeal 1in the laboratory
for quick tests of colloid charge. They are useful 1n
biochemical separations, as for example, in the selective
precipitation of proteins or organic acids, the unwanted
detergent being subsequently 'scrubbed off' by shaking
in excess lithium chloride., Van Olphen (1951) has
sugegested that cation exchange capaclties could be
determined from measurements of the optimum emulsifying

power of clay-quaternary ammonlum complexes.

Although ionic surfactants have been widely

developed in clay technology as for example in the
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preparation of drilling fluids and clay based greases,
they do not appear to be much used in soil chemistry.
The writer suggests they might afford a method of
separating positively charged clays such as allophanes
and oxldes from layered clays. Simple addition of the
surfactant to the dispersion is not effective because

of the enmeshment of the stabllised particles with the
flocs of the coagulating ones. Some method of flotation
would be necessary. Foam separation of clays was first
vsed by Hopper (1945) for the clarification of water,
and has been studied by Grieves (1966) and Crandall

and Grieves (1968), but their interest was non-selective.
It 1s predictable that the clay minerals themselves
could be sevarated on the basls of selective flotatilon
techniques such as are used in mineral processing. The
well-known flotation of sulphide minerals by xanthate
chemisorption has been followed in recent years by the
development of a wide range of surfactant collectors

for the flotation of the oxide minerals, such as
corundum, hematite, quartz and the alumino-silicates.
The art of selectivity in mineral dressing is 1n the cholce
of suitable depressants, activators, pH- modifiers and
frothers which will allow the surfactant to concentrate
the mineral in question. In most cases the depressants

and activators are ions which are in or added to the
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susrension. It 1s conceivable therefore, that thae
clay minerals could be similarly concentrated, on plant
or laboratory scale, by selective methods which can
exploit the differences in cation exchange capacity

and other surface properties of the clays.

7. Polymer bridging.

In the past twenty years high molecular welght
polyelectrolytes like starches and polyacrylamides have
been widely introduced as flocculants, particularly in
the mining industry. At the same time, recognition
that there were many different mechanisms involved in
dispersion, coagulation and flocculation has encouraged
intensive research, in the hopes that this would assist
the planning of the concentration process., New
developments have become particularly urgent as the

exploitation and depletion of mineral reserves call for
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expertise in the winning of low grade ores and as
pollution of water resources demands the removal of
finely divided waste from water supplies. The following
example 18 given as an illustration of the discovery of
polyelectrolyte flocculation and the way in which this

affected the tninking of colloid chemists.

In 1951, the United States Atomic Energy Commission
required an efficient method of preparing vhosphate
slimes for uranium extraction (La Mer 1967). The slimes
were the waste product from the grinding of rock
phosphate fertilliser and consisted in typical clays
finely dispersed. They contained however, Osl - 0+01%
uranium and at that time were stored in artificial lakes
to avoid contamination of rivers., The extraction of
the uranium was important both in terms of augmenting
the supply and of removing a radio-active hazard. It
was also widely desirable to develop a good method for
the settlement of glimes, because slimes account for

considerable mineral losses and settling ponds are space

demanding and costly.

The project was undertaken by La Mer and his
colleagues at Columbia University. Their original plan
was to use the calculations of double layer theory to

coagnlate the slimes in the most efficient manner. 1%
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was essentlal nowever, that the dispersions should be
precipitated in such a way as to be rapidly filtrable

so that the chemical engineers could extract the U203.

It was found that when precipitated with CaClg or Ca(OH)y
the particles formed a compact coagulum which did not
filter well. Filltration aids other than salts were
sought. Overbeek suggested starch pastes. (La Mer and

Smellie 1956a,La Mer 196%7),

Cauticised corn starch had been used for years in
the Bayer process for the flocculation of bauxite
alumina, although the reason for its success was unknown.
Henry (1928) brought out a patent for the use of starch
in precipitating the fines from coal washery effluents,
and boiled starch pastes had since been employed in
this way in Belgium and Holland (van Iterson 1938)., It
was found that dropwise addition of a 70 ppm solution
of a Dutch starch nroduct 'Flocgel! to the phosphate
glime first curdled it, and then led to the formation
of flocs which subsided in a manner called 'hindered
settling', leaving a clear supernatant. The flocculated
material filtered rapidly, sometimes 200 times faster
than the coagulated slime, and the filter cake was a

loosely packed structure with large pores.

Other polyelectrolytes were tried and studles made
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of the flocculating efficiency of various substrate -
polymer combinations., The extent of flocculation was
followed by three methods (a) supernatant turbidity
(b) rate of subsidence (c) refiltration of the poly-
electrolyte through the previously formed filter cake.
This last method proved the most informative. When
refiltration curves were drawn it was found that as

the concentration of added polyelectrolyte was increased,
the rate of filtration achieved a reproducible maximum
which was characteristic for each pair of substrate and
flocculant, and was followed by a decrease which
culminated in redisversion. The specificity of these
curves suggested that chemical Interactions rather than

electrostatic ones were operating.

In searching for an explanation of the flocculation
mechanism, it was noticed that not all starches behaved
like the Dutch potato starch. Untreated corn starch was
ineffective, as judged by filtration rates, and tapioca
starch was poor. Potato starch contains 0.13% phosphorous
as terminal groups of monophosphoryl ester on the glucose
chain of the amylose comnonent, Corn starch has no
phosphorous and tapioca starch only a small amount. When
corn starch was pvhosphorylated or cauticised with alkalil

to form carboxyl groups it became efféctive. (La Mer 1967).
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NOTE: La Mer (1967) stated that 1t was the‘}?-amylose
(ie. amylose) or long chailn fraction of potato starch
which carried the phosphate and was negatively charged.
This is incorrect. It is the amylopection (once called
o< -amylose) or branched chain fraction which is
negatively charged. Whistler (1965) for example says
"potato amylopectin bears a formal charge in the nature
of 0.08% esterified phosphate groups. Thus in solution,
potato amylopectin will migrate towards the anode and
can be separated from the amylose which is free of

phosphate ester."
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Potato starch, or phosphorylated or cauticised
starch 1is negatively charged, Indeed 1t was found that
the amylose could be separated from the amylopectin by
differential electrophoresis. All the active poly-
electrolytes tested proved to be electronegative. These
Included polymethyl celluloses, polyacrylamides and
krilium, the soll conditioner. Introduction of
pyridinium groups to starch to give it cationlc properties
had a slightly deleterious effect. The discovery that
a negatively charged polymer could precipitate a
negatively charged sol proved to the authors that the
electrostatic forces were belng over-ridden by chemical
forces., The polyacrylamides' behaviour which showed that
the more hydrolysed le. negative they were the greater
thelr flocculating powers, sugzested that the electrostatilc
barrier was of minimum importance compared to the increased
number of hydroxy groups available for adsorption to
the clay., La Mer and others postulated a Langmulr type
adsorption of polymer to clay via thelr interacting
hydroxy groups. Such bonding would be strong, because
although the individual energles of van der Waals or

hydrogen bonds are low, of the order 5 kcal/mole, they

are additive for each pair of atoms,

One other finding made the case more complex but

suggested a role for the phosphate groups. Good



-1le-

flocculation would only take rlace in the presence of
certain cations., In a flocgel experiment, no flocculation
took place if only either Nat, K* or NHf was present.
All other lons tested, including the univalent Ag™*,
promoted flocculation (La Mer and Smellie 1956 b).

The authors postulated that the common property of these
lons was that they formed insoluble phosphates, and
suggested that carbohydrate was adsorbed on to the clay
by hydroxyl interaction, while crosslinking into a

three dimensional network through the phosphate by a

cation bridge was the mechanism that produced the flocs.

The writer is sceptical of this interpretation:
(a) if the ability of the cations to form bridges
depended on theilr ability to form insoluble phosphates,
why was cauticised starch as efficient as phosphorylated
starch? (b) silver would not necessarily be expected to
behave as a univalent ion; (c) what was the pd? A
possible model would have adsorption of the phosphate
or carboxyl group on the clay positive edges with
carbohydrate bridging between particles. Counter ion
adsorption might control the double layer thickness
and determine whether the carbohydrate could approach
close enough for hydroxyl inseraction with the face.

This model allows an explagation for the specificity
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of the adsorption and also of La Mer's discovery tnat
among his substrates silica flocculated with only a

very few of his polyelectrolytes; and by later reports
that various divalent cations act as promoters and
depressants in the flocculation of single mineral
suspensions by polyacrylamide and polyacrylate flocculants

(Kitchener et al, 1968).

Excess polyelectrolyte,‘as with the surfactants, leads
to redispersion of the floes. It was found that 10- 100
ppm starch flocculated the slimes but > 300 ppm sometimes
veptised them (La Mer and Smellie 1956 b). This was
attributed to the coating of the lyophobic colloid by the
lyophilic polymer, Similar effects have been observed
by Rees (1963) and Fullerton (1964) in the solubilisation
of metal cations by 1l:1 concentrations of monosaccharides

over the pH range when the hydroxides would normally

precipitate.

La Mer proposed that the action of the inorganic
polymolecular complexes such as that of aluminium in
water clarification was also by a bridging mechanism
through clay and polymer hydroxy groups. Filtration
curves similar to those of the anionic polyelectrolytes

had been obtained with A1(Cl04)3z . Electrostatic forces

were involved, he suggested only as a correction factor

to the primary bridging mechanlsm (La Mer 1967).
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Workers in mining research have developed these
discoveries into methods of high selectivity. A few
examples drawn from a recent review of the treatment
of slimes must suffice (Collins and Read 1971). These
include:- Concentration of iron by selective flocculation
of hematite with tapioca flour, and cationic flotation
of the residual silica (Frommer 1964); separation of
a dilatant fraction from the thixotropic fraction of a
clay mixture by a combination of peptiser and flocculant
(Rowland 1961); separation of hematite from felspar by
flocculating the hematite with a strongly hydrolysing
polyacrylamide and the felspar with a weakly hydrolysing
polyacrylamide, with additions of 1:1 electrolyte to

promote selectivity (Read 1969).

Nowhere but in the field of mineral processing is
there such a range of examples to illustrate the
complexities of the adsorption process and the inter-
action of electrostatic, specific and non-specific
chemical forces between substrate, flocculant, dilspersant
and ions in solution. Numerous studies of adsorption
isotherms, electrokinetic measurements and zeta potential
calculations now seek to interpret the empirical
observations (Mackenzie 1971)., One factor stands out,

however, and that is the lack of understanding of
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hydroxyl-nydroxyl interactions. Two further examples
can emphasise this point. The first 1s of the well
known ability of aluminium sulvhate (pH 5 - 6) to
separate the components of starch : amylose and
amylopectin by selectively flocculating the branched
amylopectin and leaving the long chained amylose in
the supernatant. The second 1s in the flocculating

behaviour of allophane.
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CHAPTER IV A : SOTIL DISPERSTON.

1. Classical methods of mechanical analysis.

The aim of mechanical analysis is to give a
quantitative measurement of soil texture ie. the percent
size fraction distribution when aggregates are broken
down into their primary particles of sand, silt and
clay., This may be followed by separation of the
fractions for mineralogical analysis and an investigation
of the propertles of the clay. To this end, complete
dispersion of the soil is necessary and a treatment 1is
sought which will (a) disrupt the aggregates (b) prevent
flocculation (c¢) avoid the abrasion of fragile minerals
such as biotite and hematite (d) be of routine application.
In addition, for clay studies, the method will require
to (e) avoid dissolution of the amorphous constituents
and perhaps also of the organic matter (f) avold

addition of constituents which might affect the

properties of the clay.

Classical techniques have been concerned with
disrupting agzregates and preventing flocculation.
Their treatments both destroyed organic matter and
dissolved some part of the soil colloids. This was

indeed their object, since the organic matter and the
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amorvhous material are largely responsible for the

- aggregation. The following summarises the various

methods used,

Carbonates 1f present may be removed with dilute
HCl. The step 1s omitted where possible, for fear of
acid attack on the clay minerals. Organic matter is
destroyed with hydrogen peroxide and the clay is
dispersed by shaking in alkali or in alkaline sodium
hexametaphosphate ('calgon'). Peroxidisation does not
remove all the organic matter in combination with the
clay, and a more efficient dispersion may be obtained
by alkali oxidation with hypobromite (Troell 1931),
which peptises the collolds at the same time and can
disperse calcareous soils without prior removal of lime.
Mechanical energy supplied by shaking for some specifiled
period disrupts the aggregates, but the time and method
of shaking may influence the results. Sodium
hexametaphosphate in alkali is often preferred to
alkali alone, since it removes polyvalent cations such
as calcium, iron or aluminium as soluble complexes and
is useful for calcareous soils and solls where iron or
aluminium oxides may be cementing the aggregates. The
pH of the suspension should be more than 8, below which

+ " .
sodium hexametaphosphate is unstable (Tyner 1939). Classical

7FThis cannot be true. See p.67l.



-124-~

pre-treatment may be undesirable however, for subsequent

examination of the clay.

In Britain, most laboratories appear to have used
peroxidisation, followed by shaking in alkali
(Mackenzie 1956) or by shaking in calgon (British Standards
Institution 1957)., Troell's method does not seem to be
favoured, although a comparative study of various
peroxide/calgon treatments with the alkaline hypobromite
method found that the latter gave the highest clay
percentages and would thus be considered the most
efflcient. It was not recommended for routine analysis
however, because of the need to filter excess hypobromite

(Protz and Arnaud 1964).

In passing, one should note that since complete
disruption of the aggregates may require a large amount
of energy, some central European scientists (Switzerland,
Czeckoslovakia) prefer to record measurement of 'stable
aggregates! as a practical assessment of texture I1n
the field (Keen 1931). There is much to be said for
this criterion in advisory work, and evidence will be
produced from observations on the Darleith soils which
support it. It is possible that not enough attentlon
has been paid to the importance of a classification of

aggregates in soils (Emerson 1967).
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2. New techniques,

(1) Ion exchange resins.

In recent years, loss of the inorganic amorphous
collolds from the soil has been regarded as a serious
drawback. Edwards and Bremner (1965) undertook a search
for methods which would leave the soils chemically
unchanged even with regard to the organic matter. The
first discovery was the resin technique. They shook a
wide range of surface and subsoil materials from
United States, Canada and Australia with sodium-saturated
catlion exchange resins and obtained clay percentages
which compared favourably with those achieved on the
game soils by the hypobromite method, Peroxide pre-
treatment was not necessary. The method was to shake
10g soil in 60 ml, deionised water with sufficient
16 - 50 mesh resin to supply 15 me. of monovalent cation,
Soils high in montmorillonite and organic matter were
found most difficult to disperse and the recommended
shaking times required for these to reach a clay
percentage plateau with a varlety of resins were given
as shown in Table 8 . They stated that: "The solls
effectively dispersed using the catlon exchange resin
technique have been grassland and forest soils with a

high base status in which aggregation is largely due to



Table 8

Shaking times required to reach a clay percentage plateau with
various resins.

(Edwards and Bremner 1965).

Resin Dowex A-1

Amberlite IRC-50
Hours

2

Amberlite IR-120

Amberlite 200
10

20 10
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the presence of a clay-organic matter comelex, The
maximum dispersion of mineral colloids in such soils

has been achleved co-incident with a high degree of
dissolution of organic materials.m These, although clay

contaminated, were essentially unaltered.

In a further paper (1967), the authors report that
Na© and Li* resins were more efficient than those
saturated with K* or NH4, and that H¥ or polyvalent
cation resins dispersed soil less effectively than if
it was shaken in water alone. Among the sodium resins
the rate of dispersion increased with an increase in

the selectivity of the resin for polyvalent cations,

They put forward their 'micro-aggregate' theory, in
which the basic unlt of the aggregate conslsted in a
clay-polyvalent metal-organic matter complex. Since
organic matter was well known to complex polyvalent
metals and to be bound in some form with clay, dispersion
was essentially a process of bond rupture, achieved in
this case by contact exchange of the highly hydrated,
weakly bonding sodium ion for the polyvalent metal.

They pointed out that other anions, such as hexameta-
rhosphate and oxalate also complexed polyvalent metals
and had the same dispersing effect as the resin. It

was this, they proposed, rather than any peptising effect
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due to sodium which was important. Unfortunately they
did not produce any figures for the polyvalent cations
taken up by the resin and these would have been of

interest,

(11) Ultrasonic dispersion.,

Edwards and Bremner followed up the resin experiments
by a new technique which dispermsed with all chemical
pretreatment and relied only on mechanical energy to
disrupt the aggregates: sonic and ultrasonic vibration.,
Clmstead (1931) had been the first to try sonic treatment
but there were difficulties, before the development and
commercial avallability of modern instruments, that made
the method unattractive, Vasileva (1958) reported it
as more efficient than conventional ones. Barkoff (1¢60)
found that soils could be dispersed by calgon more
effectively with 15-60 minutes sonlc vibration than in
five hours shaking. Z2dwards and Bremner (1967) made a
detailed comparison of the new technique with other
methods, using a range of solls and minerals, with a

view to establishing the efficlency of sonic dispersion,

élone or with chemical treatment.

They also compared the performance of a sonic (9 ke)

instrument with an ultrasonic (18 -20 kc) instrument
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and found little difference in the results, In future
the term 'ultrasonic' in this text will be contracted

to 'sonic' for convenience.

A selection of the authors! results have been
compiled from their two 1967 papers and are shown in
Lable 9 , They drew the following conclusions from the

results,

(a) 'Mechanical energy only' was capable of giving the
highest clay percentages, The longer the sonic treatment,
the more clay was produced, For routine work, 30 - 60
minutes was thought sufficient to reach a clay percentage

plateau without risking serious abrasion of particles,

(b) Prolonged shaking with water had a similar effect,
and was enhanced by a high soll: water ratlo, or if

the soil was high 1in sand.

(¢c) Peroxide treatment much improved the efficlency of
the calgon method, and indeed 1f calgon followed
peroxidisation it had little further effect, Peroxide
pre-treatment had only a small effect on the resin and
sonic methods. Organic matter was more effectively

removed by sonicing first and then peroxidising, than

the other way round.
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Table 9

% Clay values obtained using various dispersion methods on 1lOg. soil,

(Edwards and Bremner 1967),

pH CEC Methods of Dispersion
Organic water shake Ho09 Calgon H50,/calgon
SOIL carbon % | pH| CEC | 180m}/| 25ml/ 180m1/ | 180ml/| 180ml/
10 hr, 240 hr| 10 hr. 10 hr. 10 hr.

Scepntre

(Chestnut Ap) 1-90 7ol | 503 | 533 n.d. n.d. n.d, 74 «6
Meota

(Chernozem Ap) | 310 68| 223 | B8°4 n.d. n.d. n.d. 167
Waitville '

(Graywood B) 1°13 59| 190°1 | 226 n.d. n.d. n.d. 324
Glencoe

(Humic gley Ap)| 9°60 6°7 | 585 | 155 n.d. n.d. n.d, 376
Marshall

(Brunizem Ap) 211 5e3 | 2249 | 145 34 0 35 7 35 3 388
Reglna

(Chestnut Ap) 2°55 79 | 494 | 42°6 619 n.d. 584 66 7
Webster

(Brunizem Ap) 319 6°8 | 33°8 | 102 307 23 ¢4 23°1 298
Oxbow

(Type ? C) 035 78 8°*6 | 17 .8 n.d. 23 n.d. 24 3

NaOBr | Na-rosin | HgOp/lacwesin | Semle | Semle  2gOzisentc
10 hr,
78°4 77 °*1 n.d. 75 8 n.da. n.de.
16 3 17°6 n.d. 152 n.d. n.d.
34 «%7 33 *5 n.d. 326 n.d. n.d.
n.d. ,56‘1 n.d. 36°1 n.d. n.de
n.d. 409 409 368 403 40 ¢4
n.de. 729 719 702 732 n.d.
n.de. 322 316 2909 32 n.d.
22 o7 26°%4 n.d. 25«0 n.de. n.d,
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(d) The pH of the soils varied between 53 and 7.3 so
that the success of the dispersions in 'water only!
disposed of the belief that it was necessary to disperse
soils at high pH,

(e) Chemical disruption was best achleved by peroxidising
the organic matter, or by supplyling a strong complexing
agent such as & resin to remove the polyvalent metals.
Most of the soils were of high base status, but the
success of the resin with the acidic Marshall brunizem
suggested to them that aluminium and hydrogen bonding
contributed to microaggregate stability in acid soils,

(f) They stated that: "The validity of the zeta-
potential concept when used to explaln dispersion and
flocculation of soil colloids seems questionable,

because soils saturated with polyvalent cations are

easily dispersed by sonic or ultrasonic vibration

without previous saturation with Na' or Li", and soil-
water suspensions show no tendency to flocculate on
standing after vibration even when concentrated suspensions

(10 g in 25 ml, water) are not diluted before standing."

In the writer's view there were three dlscoveries
in this work of great significance. The first was of

the ability of sonic mechanical energy to disrurt the
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aggregates without chemical help, The second was that
the same result could be achieved by merely shaking the
soll in water, and that this need not be too prolonged
provided the soil :water ratio was high. The third was
the efficlency of the resin., Unfortunately they only
assumed that iron and aluminium were taken up by the
resin, They produced no experimental evidence for 1t.
But if their surmise was correct, it would seem as 1if
the resin had acted like a mild Tamm-oxalate reagent, or
citrate at near neutral piH. On a pessimistlc view, the
resin might have attacked those amorphous materials
which one wishes to preserve in the manner of acid
oxalate, On the other hand, at neutral pH, the effect
might have been mild enough to create dispersion but

negligible dissolution,

Some of the interpretations that the authors put
on their results are controversial, In thelr claim,
for instance, that they had 'disposed of the bellef
that attéinment of a high suspension pH 1s a pre-
requisite for complete dispersion', they seem to have
missed the point, Alkall increases the rate of dispersion
by bringing into solution & second peptising agent, the

organic matter; and it also normally prevents flocculation

if any such tendency exists, None of the solls used had
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this tendency and the posaibllity was not discussed,
although they did mention that Olmstead (1931) had found
it necessary to add ammonia to prevent his sonic
dispersions from flocculating, It would seem essential
in a discussion of this kind to separate the process

of disruption from that of dispersion, and of coagulation

from flocculation,

Edwards and Bremner's attack on 'the validity of
the zeta potentlal concept! also seems misplaced. There
is no contradiction between its use to explaln soil
flocculation and dispersion and their results. In
most soll suspensions, the electrolyte concentration
would be expected to be dilute enough to promote
dispersion, in accordance with double layer theory,
once disruption had been achieved., When chemical
dlsrupting agents are used, such as hexametaphosrphate
or alkali, it is obviously necessary to choose the salt

of a peptising cation such as sodium for the purpose.

It might however, be expected that calcareous or
gypseous solls would dissolve sufficient ca®t to exceed
the threshold limit for divalent ions, and thus call
into question the zeta potential concept., Two examples
are avallable from their paper (a) the C horizon of

the Oxbow chernozem (b) the Regina soill which was
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given sonlc treatment in CaSO,.2H50, Assuming the
chernozem contained CaC0Oz, whose solubility product is

4.7 x 1079, the calcium concentration would be 6.9 x 10-5 M;
or 5.6 x 10-4 M when the partial pressure of atmospheric
COp 1s taken into account., Hence the dissolved Ca2*

would be 0.56 mmole/1l and on the very edge of the
threshold limit 0,5 - 2.0 mmole/l for a divalent ion.

This might not be inconsistent with the dispersion of

the Oxbow soil, The only piece of evidence that

questions the validity of the zeta potentlal concept in
its application here (and the authors do not suggest it),
is an experiment in which they soniced the Regina soil

in saturated CaSO4.2HoO0 solution and obtained a dispersion
of 73,1% clay in 60 minutes (compare Table 9). Since
gypsum dissolves 15.3 mmole Ca2'/1 (Seidell and Linke 1958)
this is indeed incompatible with double layer theory
prediction., There may be some explanation for 1it,

perhaps in terms of depressed Ca?* activity or the

influence of organic matter,

However, Emerson (1971) in a recent paper had
provided a practical answer to these questions., He
made a detailed comparison of the clay percentage
yilelded by the methods of sonic vibration in water,
sonic vibration in the presence of a dispersant, and

the conventional I.S.S.S. method (1927) of peroxidisation
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Table 10 Descriptlon of soils used in dispersions of Tablell .

(compiled from Emerson 1971)

Soll Depth cm | Carbonate content Organic C content | Soluble
% welght % weight salts %

Krasnozem 0 - 15 - 4,6 0.01

60 - 90 - 0.7 0.01
Solonized
brown soil 48 - 54 18 0.6 0.05
Chernozem 60 - 75 21 1.4 0.05
Red calcareous| 70 - 80 17 0.5 4.0
soil

80 - 97 17 0.4 gypsum
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Table 11 % of <2 v partifles released by sonic treatment for 20 minutes
{

and by ISSS method for 4 Australian soils,

% <2y particles after sonic treatment

after ISSS method

sampls in water in water
Calgon added later | in calgon

Krasnozem 25 27 62 57
0O - 15 ¢cm
Krasnozem 0 87 87 87
60 - 90 cm
Solonized 31 38 38 52
brown .
Chernozem 12 12 14 11
Red calcareous
70 - 80 cm
Salts vdmmmsJ 1 48 48 -
Salts wmsoqu 34 47 47 38
Red calcareous
80 - 97 cm
Salts ﬁ%mmm54 0 0 0 - -

31 47 47 38

Salts woaoqmﬁ
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followed first by acid leachling and then by shaking in
alkaline sodium hexametaphosphate, His purpose was to
determine the range of soils over which satisfactory
analysis could be made without the addition of dispersant
and this range was carefully chosen to cover the
spectrum of hls own classification of solls based on

the relative ease of dispersion of the soll aggregates

in water (Emerson 1967)., A number of them were high

in calclum carbonate or gypsum., He was also concerned
to ensure that solls which were efficiently disrupted
remained stable to flocculation during mechanical
analysis, Tables 10 and 11 are compiled from his results,

and his findings are summarised as follows:-

(a) Of the four carbonate solls, only the chernozem,
with 1.4% organic carbon, was dispersed in the absence

of dispersant.,

(b) In an experiment in which step-wise additions of
divalent ion (Ca2% + Mg2+) solutions were made to the
chernozem and the solonized brown soils which contained
1+4 and 0+6% organic carbon respectively, coagulation
of the solonised brown increased steadily as the
molarity increased from 0¢16 to 03 mmole/1l, while it
did not begin with the chernozem untll a concentration

0+38 mmole/1l was reached, One notes that the threshold
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limit was lower than that quoted for divalent ions by
van Olphen (1963). This is further discussed in

Chapter V, 1, p.207

(¢) The gypseous soil coagulated completely with all

three methods, until the soluble salts were removed.,

(d) The subsoil of the krasnozem (a soil developed on
basic rock) flocculated completely during soniec
treatment in the absence of dlspersant, but dispersed

satisfactorily when this was added subsequently,

(e) The topsoil of the krasnozem was only about half
dispersed by sonicing in water only, and subsequent
addition of dispersant had little further effect. This
showed that the dispersed clay was not subject to
flocculation, for it was peptised by the organic matter,
and that chemical treatment (ie. peroxidisation)was
necessary to disrupt the organic bound aggregates and

release the rest of the clay.

(f) Emerson also tested other soils, including brown
clay, red brown earth, yellow podzolic and lateriltic
podzolic solls, and concluded that "Sonic vibration in
'water only' will be satisfactory for a wlde range of
soils, The exceptions will be acid soils which contaln

a suite of minerals which normally form flocculated
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suspensions in water (class 6 soils), gypseous soils
and carbonate solls with a clay fraction of low organic

matter content,"

Emmerson had used Australian soils, in which
gypsum and carbonate are widespread, and whose typlcal
soils are very different to the leached solls of
temperate climates. Edwards and Bremner (1967) stated
that they had used the method since 1960 and had falled
to find a soll which was not obviously dispersed by it,
although they allowed such soils would almost certainly
exist. It might be thought that after such extensive
trials only rather rare solls, other than those from
arid places would present difficulties, and hence it
came somewhat as a surprise when the C horizon of the
Dunlop soil flocculated on sonic vibration and when all
the other soils tested produced a massive and irreversible
flocculation after peroxide pretreatment. This was

believed to follow from its allophane content .
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5. Mechanical analysis of allophane soils.

Davies (1933) seems to have been the first to note
the resistance of certain New Zealand solls to dispersion
by conventional techniques, although at that time they
were not ldentified as allophane soils, They were
normally subsolls, occasionally the associated topsoils,
developed on volcanlic material and sometimes underlain
by a waxy pan of hydrated aluminium silicate. They
were both difficult to disperse and very susceptible to

flocculation, as the following observations indicate:-

{a) Hydrogen peroxide or alternatively sodium hypobromite

failed to disperse the solls effectively.

(b) Alkali reagents including ammonia, sodium hydroxide,
sodium oxalate and sodlum carbonate coagulated aqueous

suspensions previously quite stable.
(¢) Motor dispersion assisted flocculation,

(d) Filtering and sieving of dispersions made the solls
sticky and impervious, but they could be deflocculated
again by shaking in distilled water or N/500 HC1,

(e) Peroxidisation, and gentle boiling in N/2 HC1,
followed by addition of ammonia gave comprlete dispersion.,

This method was unacceptable becanse 14 2% soll was
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dissolved and recovered from the washings mainly as

aluminsa,

Davies recommended removal of the organlc matter
with alkaline peroxide and dispersion of the soils in
N/500 HC1l with a motor stirrer, He suggested that the
disturbing factor was probably an aluminium compound
and that fleld evidence pointed to its being leached

from the topsoil and accumulated lower down.

The soils were later 1dentified as allophane solls
and Birrell and Fieldes (1952) continued the investigation.
Table 12 sets out various procedures which were tried
for a range of allophane solls and the comparative
figures for clay vercentage. The followlng is a summary

of what they found:-

(a) The usual method for obtaining clay fractions of
allophane solls was dispersion in alkali after a
deferrationitreatment (Dion 1944 or Jeffreys 1946). It
might be expected that this would also dissolve
aluminium, and the water-sorted ash results illustrate
the point. Sodium carbonate dispersion (pi 8¢0) without
deferration yielded 64% clay, one deferration 22+6% and
three deferrations = 5%, The Tirau sample dropped from

11+3% to 7+9% clay on deferration. This might appear
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Table 12

Soll pretreatments and dispersants for mechanical analysis

of New Zealand allophane soils (peroxidation presumed)

(Compiled from Birrell and Fieldes 1952)

o

Soll Pretreatment Dispersant cla S10g2 : Alp0z clay
Egmont Dion deferration |NasCOz pH 8 138 185
Egmont Dion deferration |N/500 HC1 140 .e
Tirau Dion deferration |NapgCOz pi 8 79 217
Tirau -—- N/100 NH,4OH 113 178
Mairoa Dion deferration [NagCOz pi 8 27°0 1+61
Mairoa Dion deferration |N/500 HC1 21.2 173
Mairoa ——- K/500 HC1 30°0 1+01
pre-Hamilton N/5 HCl leaching,
ash Jeffries deférr. |NagCOz; pH 8 ~0*5 0°+55
water-sorted ash | Jeffries deferr. |NagCOgz 22°6 164
water-sorted ash | Jeffries deferr. |NasCOgz <540 306
thrice
water-sorted ash -—- N/100 NH4O0H 1°21

64-0
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Table 13 Differential thermal analysis of mineralogy of clays in table 12,

(Compiled from Birrell and Fieldes 1952)

Soil DTA conclusions
Egmont allophane with 3% kaolinite
Tirau allophane with 3% kaolinite and 2 -5/ quartz
Mairoa allophane with 5% kaolinite and some limonite
pre-Hamilton allophane with much gibbsite and 5% quartz

water-sorted ash

allophane with 3% kaolinite and 2 - 5% quartz

peaei

w7

T
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to be less but it represents a similar reduction of

about 30%.

(b) Of the seven soils, only the water-sorted ash was
eésily dispersible in alkall without pretreatment.
Dispersion in N/500 HC1l reduced the clay from 64 to
34°6%., It is not clear whether this was due to acid

attack on the clay or to flocculation.

(¢) The most difficult soill to disperse was the pre-

Hamilton ash, which contained 10 - 20% gibbsite,

(d) When a 10g suspension of pre-Hamilton ash was
shaken daily with the stable ammonia dlspersion of the
water=-sorted ash; flocculation occurred after about a
week., Only negligible alumina was dissolved in the
solution (pH 10+4), The authors took this result as
strong evldence for the theory that when glbbsite and
allophane were present together, the soil flocculated.
One notes however, that they did not add gibbsite on

its own to the stable dispersion.

(e) The Mairoa ash soil contained no gibbsite but some
limonite, and this was thought to have the same effect,
A dispersion in N/200 HC1l (pH 4-1) was strongly
flocculated by the additlon of N/10 NH,OH to pH 66,
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Flocculation began at pH 5+9 and still persisted at
11+4, Redispersion was effected by boiling in N/10
NaOH, centrifuging off and shaking with water. Addition
of N/5 HCl to this dispersion brought on flocculation

at pH 9¢6 and redispersion did not occur at any stage

of the acid addition although this was taken down to

pH 2+5. On centrifuging off and shaking with N/200 HC1

a dispersion was again obtained.

Birrell and Fileldes concluded that they were
probably dealing "with two colloidal systems of different
iso-slectric points capable of mutual coagulation under
the appropriate pH conditions, these being allophane on
the one hand and aluminiumr or ferric hydroxide on the
other," The isoelectric point of an allophane floc
with a composltion S10,5 :Alg0z of 1+09 had been found
by Mattson (1930a)to be pH 66, The isoelectric points
of Al(OH)5 and Fe(OH)5 were usually taken to be pH 7 - 8,
"Consequently," they continued, "dispersion of a soil
containing both allophane and free sesquioxides should
be possible in a weakly acid medium (provided the anlon
concentration is sufficiently low) or in a strongly
alkaline medium (provided the cation concentration is
low enough). There seems to be also some critical

concentration of iron or aluminium oxide in the soil
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above which neither acid nor alkaline dispersing media
is effective. There is no practical method in sight for
completely dispersing soils containing all but traces

of iron and aluminium oxide as well as allophane."

The authors do not comment on whether dispersion
in very low electrolyte concentration was a double
layer or some other effect, They seem to have assumed
however, that the centrifuging off of the Mairoa soil
at high and low pH which then allowed redispersion,
had removed electrolyte., Campbell et al, (1968) and
Bracewell et al. (1970) in studies of allophane soils
do not mention flocculation difficulties, but state
that the 'soills were dispersed by end-over-end shaking
until no further dispersion occurred, using distilled
water alone!', However, they only separated very small
amounts, such as 1.1% of Tirau soil, as this was

sufficient for their requirements.

The Soils Bureau produced a three volume bulletin
"Soils of New Zealand" (1968) in which the problem of
the mechanical analysis of allophane soils is again
discussed, Estimates of the clay content and allophane_
content were made by a variety of methods. Mechanical
analysis for the soil physics data was done by dispersing

50 g soil in calgon (3.5 g/l), determining clay and
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silt + clay by the hydrometer method, and the sands by
difference, The results for the allophane soils were
low or very low (tablesl4,15,16), The pedologists,
when they came to use these results in assigning
textural class, rejected them with the explanation that:
"for some soils, mainly those derived from volcanic ash,
basic rocks and peat, the mechanical analysis was
unsatisfactory and textures as assessed in the field

were recorded in the soil name."

In the mineralogical work, clay percentages of
normal solls were determined after pretreatments in
which the soll was adjusted to pH 4 with HCl1l to remove
free lime, heated with H505 to destroy organic matter
treated with cltrate-dithionite at pH 7 to remove free
Feg0z, and dispersed in 0+02% NayCOz. If allophane was
present this was removed prior to dispersal by boiling
the soil for 2% minutes in 05 N NaOH (Hashimoto and
Jackson 1958), The allophane content was then calculated
as equivalent to twice the sum of the Alzos—k 8102
determined in the extract. The sum of the oxides was
doubled on the assumption that allophane loses 50%
water on ignition. Fieldes et al. stated that this
method gave reasonably satisfactory results for soils

whose principal clay was allophane, although it was not
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Table 14 %maosd Black Loam, selected data
f

rom "Soils of New Zealand" 3,p.80).

Depth 1ns 0 3 8 18 29
Clay % of soil (=<2 p)

by calgon 22 18 9 12

by dissolution 50 48 42 41 49
Free Feg0z % of soil
Clay constituents as % <2y $

allophane 36 46 66 75 70

clay minerals

gibbsite

hydrous felspar 64 54 34 25 30
p (moist soil) 60 60 64 6«4 6 ¢4
CEC me % 369 31e2 191 1342 14 .2
Organic C % 123 87 30 17 1.1
Phosphate

total P mg% 256 238 248 1la7 127

eitric sol, P mg% 12 10 8 4 2
P-retention % 89 92 96 08 97
Tamm oxalate . _

Al % 374 334 4406 4.51 472

Fe % 1.41 185 3014 37 294

?5105 t AlyOz=2+9




Table 15 Taupo Sandy Silt, selected data.
(from "Solls of New Zealand"Z p.74).
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Depth ins. 0 7% 14 17 20
Clay % of soil Aaumﬁgv
by calgon 9 3 1
by dissolution 17 11 12
Free FegOz % of soil
Clay constituents as % =2y 4
allophane 100 100 100 100
clay minerals
gibbsaite
pH (moist soil) 55 62 63 65 6«5
CEC me % 3143 649 4.2 34 26
Organic C % 10°1 1.4 06 02 03
Phosphate - .
total P mgh 92 31 32
citric sol. P mg¥% 15 3 5
P-retention % 63 43 7
Tamm Oxalate ,
Al % 060 0478 024
Fe % 030 022 , 036
¢ m»om ¢ AloOz =22
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Table 18 Tirau Silt Loam, 3elected data.
(from "Soils of New Zealand'%,p.80).

Depth ins. o 3 8 13 24
Clay % of soil (=2p)

by calgon 17 5 7

by dissolution 20 24 33 20

Free FegOz % of soil

Clay constituents as % <2V %
allophane 100 100 100 100
clay minerals
gibbaite
pH (moist soil) 5 ¢6 5 o4 59 63 68
CEC me% 36 +8 281 1546 15 «1 141
Organic C % 10°6 . 72 23 1°1. 045
Phosphate
total P mg% 143 98 60 34
citric sol. P mg%h 10 3 1 05
P ='retention % 95 o8 95 92
Tamm oxalate . _
Al % 323 : 426 4424 - 275
Fe % : 064 085 110 1+08
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suitable where finely divided gibbsite was present.
For soils high in clay minerals, slightly high results
might be obtained due to dissolution of finely divided
crystals, but not usually by more than 2%. The main
effect of the hydroxide was to disperse the silt sized
aggregates bound by allophane and yield more clay.

The writer suggests however, that the effect is due to
the removal of a flocculating mechanism, rather than to

aggregate dispersion,

Other indirect methods used to measure clay % include:

(1) Ignition of the soil at 300°C and measurement of
the water regained by it at 56.6% relative humidity,
Under these conditions allophane regains 20% water,
Hence, water-regain percentage x 5 is an estimate of
allophane. In the presence of appreciable clay minerals

or glbbsite the method is unreliable,

(11) Clay percent can be calculated from surface area

measurements given by the BEYL method. Thus:-

clay % _ surface area of whole soil x 100
surface area of clay fraction

)
for example Tirau ash, sampled at 50 inches depth, gave

the results shown in Table 17.
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Table 17 Surface areas (BET) and Clay contents of Volcanic Ash Soils,

(From "Soils of New Zealand", table 6 - 4 - 1),
Soil and | Clay Fraction| Surface Dispersing Clay %
depth con8tituents mmwm agent fractionated [calculated
Taupo Allophane B whole 19
brown sand soil
8 - 11" =2p 183 Azmmomvm 2 11
Tirau ash |Allophane A whole 130
so" mataerial
=2y 330 NaOH, pH 12 13 39
=2y - 350 HCl, pH 3.8 13 o
Egmont Halloysite whole 111
Ash and material
23 ft. Allophane =2y 133 (Na POz ) 6 40 83
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(111) A method due to Aomine and Jackson (1959)
proposes that allophane be estimated by the difference
in CEC values resulting from treatment with, on the one
hand 2% Nazco5 and on the other sodium acetate solution
at pH 3¢5,

Volume 3 of "Soils of New Zealand" is comprised
of the complete analytical data for a wide range of the
soils, A selection of this data is given in tables 14, 15
and 16 for three allophane soils, It will be seen
that none of the clay percentages as determined by the
calgon method correlated with those determined by the
alkall dissolution method., Tirau silt loam usually has
a kaolinite component (Fieldes 1957, Follett et al, 1965)
and this was possibly mlssed in the routine analysis,
Tamm acid oxalate extractions are included because these
showed abnormally high amounts and also very high Al: Fe
ratios. Gibbsite and FepOz were absent from all three
samples, and if the volume 3 profiles are representative,
it would seem that the presence of alldphane and
sesquloxides together 1s a rarity, and that dispersion

is usually inhibited by allophane alone,

Little more was added to the discusslion than had
already been sald by Birrell and Fieldes in 1952, On p.34 2

Fleldes et al, commented "The size of particles of
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allophane in yellow brown loams is truly colloidal and
as allophane comprises 25 - 50% of the total of some
soils, active gel formation would be expected at pH
values remote from 1ts isoelectric point. However, as
shown by Birrell and Fieldes (1952) allophane remains
flocculated over a wide range of pH values, It remains
flocculated in the pH range of soils, The reason for
this 1s related to its structure, Hydrous silica
(1soelectric pH value about 3) is weakly linked with
hydrous alumina (isocelectric pH value about 7) so that
at soll pH values between 5 and 7 each particle has both

positive and negative sites and particles cohere together,"

Birrell and Fieldes in another passage (p. 40)
reiterated thelr concluslons of 1952 and added:-
"Ailophane will disperse partially in both weakly acid
and falrly strong alkaline media provided the total
electrolyte concentration is sufficiently low. By
careful neutralisation of elther acid or alkaline
suspensions it is found that maximum flocculation occurs
around pH 55 to 640, If electrolyte 1s then removed,
redispersion is possible in the weakly acid or strongly
alkaline range. The addition of gibbsite will also
cause gradual flocculation of an apparently stable

suspension, It is concluded therefore, that difficulties
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in dispersing allophane soils are due to two factors:
1. Isoelectric point higher than for the usual
crystalline clay minerals,
2. Mutual co-precipitation in the presence of

hydrous oxides."

4. Dispersion of allophane soils by charge reversal,

A comment on the failure of the sonic dispersion
method appeared in a paper by Ahmad and Prashad (1970)
who had found difficulty with some Caribbean soils,

These soils, formed from volcanic materials, were
described as having a stable granular structure and

free drainage that together permitted agriculture on
steep slopes. Their fertility was hard to assess because
crops seemed able to obtain more nutrients than would

be indicated by soil analysis, and their low base
saturation was inconsistent with their pH values 5 - 5.6.
But attempts to study the properties of the colloidal
fraction were frustrated by the resistance of the soils

to dispersion by conventional methods including sonic
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vibration. It was only achieved after pretreatment

with dithionite to remove Feg03, but the abnormal amounts
of Si and Al dissolved from the allophanold minerals

made the method un