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THE LATTICE STRUCTURE OF CLAY MINERALS

By S. N. BAGCHI

ABSTRACT. A review of the work done o far on the crystal structure of 8 clay minerals
has been given.

INTRODUCTION

Clay, or, the clay fraction of soil and natural deposits such as bentonite and
kaolin comprises all inorganic ingredients included in the mechanically separated
fraction of these systcins having particle-size smaller than 2 microns in diameter
(Atterberg, rorz). It is mainly colloidal in nature. Most of the physical
and chemical propertics of soils and other claycy deposits  which arc of impor-
tance in practical agriculture, in ceramics and in constructional c¢ngincering are
now known to be determined to alarge cxtentby the nature and amount of
their colloidal constituents, und the importance of detailed investigations of
thesce constituents by physical and chemical methods is now increasingly felt for

purposes of soil systematics, soil classification, and standardisation of clay
material for use in the industries.

CRYSTALLINE CHARACTER OF CLAYS
THE PRINCIPAL GROUPS OF CLAY MINERALS

Following Van Bemmelen (1888), the finest fraction of soil has often been
regarded as a loosc ‘absorption compound” or a mixed gel of silica, alumina,
iron oxide and water (Wiegner, 1924) present in indefinite proportions so as to
constitute somc sort of an ‘absorption complex’. TFrom studies of synthetic
precipitates formed under different conditions from solutions comparable to those
which might be expected to give rise to the ‘absorption complex’ of soil,
(Mattson, 1930) postulated that this complex arises from a mutual precipitation
of electropositive and electronegative sols. such as colloidal alumina, ferric oxide
and silica under isoelectric conditions.

The ‘mixed gel’ hypothesis for a long time kept in the background the
crystalline character of soil colloids now fully established through x-ray
studies (Hendricks et al., 1930 ; Kelley et al., 1931 ; Hofmann et al., 1934 ;
Nagelchmidt, 1934) and optical (Ross ct al., 1030, 1934 ; Marshall, 1930,
1935 ; Correns and Mehmel, 1936). These investigations havc jshown that
the clay fraction is made up of a number of secondary silicate minerals with
occasional admixtures of small quantities of rock-forming minerals, silica and
oxides as well as hydroxides of iron and aluminium ; and in some cases, of
certain amorphous inorganic substances.

Secondary silicate minerals which occur only in the clay fraction are usually
known as clay minerals. Four groups of these clay minerals have been
distingtished. These are—
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(a) the kaolin group (Ross, loc.cit), comprising (i) the four polymorphicforms
kaolinite, dickite, nacrite and halloysite, having the same chemical composition
Al,O3. 28i05.2H0, (ii) anauxite often considered as a variety of kaolinite
but having a SiQ, : AlgO, ratio greater than 2.0, and (iii) hydrated halloysite
(Hofmann, loc. ¢it) which has the chemical composition Al;035.28104.4Ho0 and
which on drying in air loses two molecules of water giving halloysite.,

(b) the monimorillonite group consisting of the minerals montmorillonite,
beideliite, saponite, nontronite, etc., having the general formula
(RsZy Ra') (Al Sitint)0,0 (OH)g, xH,0 (Ross and Hendricks, 1041
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Hendricks, 1942) derived from the idcal formula (Alg) (Siy) Oy (OH)g of
pyrophyllite ;

(¢) the illite group or the hydrous micas having the general formula (Grim-
et al., 1037) 2KoO.3R**).8Ro""*03.24Si0;, 12H,0 and distinguished from
muscovite mica, K(Alz2) (Al18i5)0,¢(OH)y,by their relatively small content of
potassium and large percentage of water ; and

(d) the attapulgile group, whose only kmown member is the fibrous clay
mineral, attapulgite, having the composition (OHg)4(OH),MgsSigOg0.4H20
(Bradley, 1940).

THE ATOMIC STRUCTURE OF CLAY MINERALS

As the clay minerals are the dominant constitucnts of most clays, the phy-
sical and chemical properties of the latter will be largely dctermined by their
nature and relative proportions in the clay. Characteristic difierences between
the properties of the individual clay minerals have been observed. These have
often been traced to differences in their crystalline structure.

The elucidation of the general scheme of structurc of the clay minerals and
certain other minerals, e.g., micas, chlorites, talc and pyrophyllite, related to
them, is duc to Pauling, (1930). From dimensional considerations of
the unit in the basal plane of the two forms of silica, S-tridymite and [-cristoba-
1lite, as well as of the pseudo-hexagonal (momnoclinic) crystals of hydrargillite
and muscovite, Pauling was led to postuiate two structural unmits for clay and
other related minerals. Omne is the octahedral hydrargillite or gibbsite unit
composed of two sheets of closely packed hydroxyl groups built around Al*"" ions
occupying the interstices of the hydroxyl groups In accordance with the
electrostatic vaience rulc of Pauling (1929), each octahedron shares three edges
and only two-thirds of the possible aluminium positions are occupicd. In the
octahedral brucite unit, having a similar structure, all the available positions
are filled up by magnesium ions. The second unit of structure consists of
hexagonal layers of linked SiOg4-tetrahedra, cach tetrahedron containing a
8i***ion at the centre and four oxygen ions at the corners. Unlike SB-tridymite
and B--cristobalite where alternate vertices of the tetrahedra point in opposite
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directions, these hexagonal layers of linked tetraliedra have ali their vertices

pointing in the same direction, Oxygen ions forming the bases of the
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(After Pauling)

(a A hydrargillite laver of octahedra

(b) A tetrahedral layer from B-cristobalite or B-tridymite. A silicon ion is
located at centre of each tetrahedron and an oxygen ion at each corner.

(¢) A tetrahedral layer in which all the tetrahedra point in the same direction.

{d) A complete layer of octahedra (Brucite layer).
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tetrabedra have their valencies satisfied, each O ion being common to two
SiO4 tetrahedia. But the oxygen ions at the unshared tetrahedral corners
have only half of their valencies satisfied and it is mnecessary_ that they be held
by further bonds. This is achieved by the superposition of the silica layer on
the hydrargillite layer such that the tetrahiedral vertices coincide with two thirds
of the shared octahedral corners. This superposition is really a fusion of the
two layers such that the vertical oxygens replace the OH groups at the shared
octahedral corners and act as connecting links between the two layers, The
unsymmetrical packet thus formed is found in clay minerals of the kaolin group.
Syminetrical packets also occur as in montmorillonites and micas, and are formed
by attaching « second tetrahedral layer to the other side of the hydrargillite
layer. 'The various clay mincral and mincrals related to them are distinguished
by the manner of stacking of these packets (further discussed on pp. 5-6).
Minerals like chlorite (Pauling, loc. ¢it) and vermiculite (Gruner, 1934 :
Hendricks 1938) are formed by the superposition of such packets interleaved
respectively with units of brucite and neutral water molecules.

a4 A

Fic. 2
The structure of Mascovite projected on (010)
(After Jackson and West)

The heights of the atoms above the face of the unit cells, as measured
along the axis of projection, are indicated by the numbers. An atom on the
lower face of the unit cell is indicated by o, on the top face by 100, and
intermediate heights are given accordingly
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A crystal consisting of symmetrical packets of fused silica and hydrargillite
layers has the composition SijAly0y0(OH), and represents the mineral pyro-
phyllite. When octahedral layers of brucite replace those of hydrargillite we
get talc having the composition Si,Mg;0,;0(0OH)s. Gruner (loc. cit.) and
Hendricks (1938) have verified these structures for tale and pyrophyllite. From
single crystal measurements Hendricks concluded that the structures are fixed in
the a- and c-directions but the individaal (OH);A1,8i,0y, or (OH)3MgsSiqO10
packets are randomly shifted along the b-axis. He preferred the space group
C# to the space group Ch proposed by Grunecr.

When silicon ions in pyrophyllite are replaced by aluminium ions of
coordination number 4, negatively chaiged layers are developed. Ilectroneu
trality is maintained by the incmporat{ion of further positive ions into the struc-
ture. There is room for these jons Dbetween the layers in pockets formed

hy two opposite hexagonal rings ot the basal oxygen ions belonging to
contiguous tetrahedral silica layers. In muscovite mica having the composition
K(SigADAIy0,0(OH)z2 every fourth Si**** ion is replaced by an Al*'* jon and
the pockets are filled up by K* ions (Fic. 2)

00 0004 Al 3214 Oci 24
+5i 0.594 QOH 4364  ©O0 2,184 osi e4l (0 OOH
Fi16. 3 Fic. 4
(After Gruner) (After Gruner)
Sheet of 2[(OT1);A1,5i,05] proposed by Pauling. _ One half of the nnit cell of nacrite.
Heig(}‘ft of at[omir ~lpuej-it‘izon‘r's ﬁ)ny vary slightly. The plane of the paper is the principal

glide planc containing the origin.
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A similar replacement in talc gives rise to biotite having the formula
I\'(SigAl)Mg.i(—)]()(OH)g

In chlorites the negative charge of the substituted pyrophyllite layers is
balanced by brucite layers which have acquired a positive charge through the

repiacenient of a part of Mg**ions by Al***ions.

(i) Mincrals of the kaolin group.—Ross and Kerr (1931) made an extensive
study of the mineralogy and chemical composition of the kaolin group of minerals
including the amorphous substance allophane.  Almost a complete lack of isomor-
phous replacement is one of the distinctive features of these minerals. This has
been traced to the unsymmetrical structure of kaolins which cannot bear the
strain arising from the incorporation of cations other than Si**** and Al'**
or of layers (c.g., brucite) having lattice dimensions different from those of
gibbsite or silica (Pauling, loc. cit.). Gruner (1932, a, b; 1933) worked out
the detailed crystal structures of the three polymorpliic varieties, kaoiinite, dickite
and nacrite. All the three give monoclinic crystals and are formed by the
stacking of unsymmetrical packets of fused silica and hydrargillite layers ;
the packet of kaolinite is shown in Fig. 3, but each shows a characteristic
manner of stacking which is different from that of the others and gives rise to
different monoclinic angles (8) as will appear from T'ig. 4(a-c). Gruner’s
crystallographic data are given below :—

Kaolinite Dickite Nacrite
ﬂ=5~133§ a=5.r4ﬁ a=5.16&
h=5.9008 b=8,048 h=8.034&
c=14.5063 c=14.428 c= 16,664
B=100°12 B=06°.50' B=01°.43
Z=4 Z=4 7=8
Ci=Cc. Ci=Cc “¢=Cec.

Z—denotes the number of molecules of the formula Al;Si;0,(0H),; Cs=Cc
represents the notation of the space group.

A displacement of the packets relative to one another is possible along both
the a and b-axes. The monoclinic angle B is determined by the shift of one
packet over the other in the direction of the a-axis. The shifts are respectively
n/2, =/3 and =/12 for kaolinite, dickite and nacrite (a=2n). As the (010) plane
constitutes a glide plane of symetry any amount of shift parallel to the b-axis
is theoretically possible consistent with a fixed monoclinic angle. Certain:
observed reflections in the case of kaolinite limit the shifts to intervals of #/3,
am/3, and 4n/3 (b=2m). But Gruner found that only the two positions A and
B (Fig. 5a) in which the shifts along the b-axis are respectively o and 47/3 are
in equally good agrecement with the calculated iniensities and a choice between
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the two is'd.ifﬁcult. For a particular samplc of Brooklyn kaolinite he preferred
the B-pc.)sx'txon. ‘For dickite, the A-position (Fig. 5b) in which the shift along
the b-axis is 7/ 3 is accepted. In nacrite the shift is 2 #/3 (Fig. 5d).

T16. 5
(After Gruner)

(@) The two possible shifts of sheets in the kaolin structure. Dotted lines are glide
planc of C*s. Arrows indicate plancs of synemery in individual sheets.

(b) The two possible shifts of sheets in the dickite structure. Dotted lines are glide
planes of C*s. Arrows indicate planes of symmetry in individual sheets. Heavy lines
represent lower layers.

(¢) The shift in dickite as compared with that of kao}ipite. Heavy-lined hexagon
represents stationary SiO, sheet for both dickite and kaolinite, Light-lined hexagon
represents upper adjoinjng shect of kaolinite.

(d) The shifts of the four layers in nacrite when seen in a direction normal to the base
(0o1), The dotted lins are glide planes of symmetry of C*s.

3—1629P—2
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The space group which is identical for thc threc minerals contains only
a glide plane of symmetry which lies in the plane of the a- and c-axes. All
packets face in the same direction giving rise to the polar hemihedral space
group Cg.*

The umit cell of kaolinite and dickite consists of two unsymmetrical
packets while that of nacrite is made up of four such packets (Fig. 5, a-d). The
ordinary planes of symmetry of contiguous shects make angles of 120° in
kaolinite and dickite ; but in nacrite each sheet is rotated through 180° in its own
plane with respect to its necarest neighbour and the sheets 2 and 3 arc each
shifted through 2 /3 x b relative to packels 1 and 4 respectively.

From measurements on single crystals Hendricks (1938) later on gave the

following crystallographic data for nacrite.

a=8.943

b=5.144

c=43.004

B=qg0°.20
7=6[{0H);A1:81;010]
Ce=Cc.

This structure is different from the onc duc to Gruner in that the former
postulates 6 kaolinitic layers in the unit cell instead of 4 and the directions of the
a and b axes have been reversed.

In order to explain the high silica-alumina ratio of anauxite Gruner
assumed a replaccment of octahenral Al'** by Si'"*". Bragg (1937) and
Hendricks (1936), doubted this hypothesis. ‘I'he latter suggested a defect of
Al{OH); giving rise lo holes in the structure. Gruncr (1937), showed that this
structure does not agrec with the observed densities. Gruner’s alternative sugges-
tion that whole units of tetrahedral SiO4 occupy positions of octahedral units of
AlO,(OH), is not structurally convinciug according to Hendricks. The latter
finally suggested a structure of anauxite formed by the incorporation of excess
of silica in the kaolinitc lattice as ncutral silica laycrs following the kaolinite
layers in irregular sequence.

There is some confusion regarding the nomenclature of halloysite,
A1,0528i0,2H,0, and the hydrated mineral, Al,0425i0,4H;0. Hofmann,
Endell and Wilm (1934) described the latter as halloysite. On heating at 50°C it
gave a product which they identified as kaolinitc. Mehmel (1935) showed that this
product is not kaolinite but a new mineral which he designated as metahalloy-
site. The following nomenclature due to Hendricks (1939) will be adhered to in

the sequel.t

* The space group CPa suggested by Ksanda and Barth (1936) has been eliminated
(Hendricks, 1938) as single crystals show strong pyroelectric effect by the Martin method.
+ Recently Hendricks (1913) suggested the name ‘endellite’ for the more hydrated

mineral,
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Halloysite, Al,0;28i052Hz0 (metahalloysite of Mehmel).
Hydrated halloysite, Al1y0,28i094H,0 (halloysite of Hofmann, et al,
Mehmel and others).

According to Mchmel, hydrated halloysite (Mchmel's halloysite) is built
up in the direction of the c-axis from allernating layers of H,SipO; and
Al(OH)g. 'They arc not linked up by principal valencies and do not form a
fused packet. In halloysite (Mehmel’s metahalloysite), on the other hand,
the two layers arc condensed  with  the climination of 2Ho0 giving rise
to a fused packet having the composition (O 4.SigAl, 0 of kaolinite. Mehmel
gave the following crystallographic data for the two mincals (—

ITydrated halloysitc. THallovsite.
a=sg.208 :1=5.15R
h=8.924 h=8.00&
L‘=l().’35R (;:7_57.?(
B~100° B~100°
Z=2 Z=1
Cl=Cm. Ci=Cm.

The structures indicated in Fig. 6(b,¢}) differ from that of kaolinite Fig.
(6a). The space group C! contains an ordinary planc of symmetry parallel to
(o10) while the space group Ci to which kaolinite helongs has a g¢lide plane of
symmetry parallel to (oro). ‘This difference in the space groups is reflected in
the dimensions of the unit cells.  That of hailoysite consists of only onc packet
while two packets go to form the unit ccll of kaolinite.

Hendricks objected to the above structures on the ground that the interac-
tion of the hydroxyl groups of the layers of SigO4(OH), and AHOH); as a
result of which water is considered to he climinated (sce above) would require
a large activation cnergy and consequently would not he expected to take place
readily at such low temperatures as 50°C.  He further pointed out that the
mtensity data do not agree with the proposed structures. He suggested an
alternative structurc for hydrated halloysite in which neutral kaolinitic layers
[(OH)4SieAleO5]n, arc interleaved with single layers of water molecules.
According to Hendricks there is no reason for considering halloysite to possess
a structure different from kaolinite, dickite and nacrite. In his opinion, the
slight difference between the powder diagrams of halloysite and other kaolinitic
minerals may be considered to arise from differences in the degrec of organisa-
tion of the crystallities, (cf. also Nagelschmidt, 1930).

Fdelman and Favejee (1940) suggested a structure of hydrated halloysite
in which every alternate SiO4-tetrahedron is inverted and the vertical oxygens
are replaced by hydroxyl groups to balance the charges. 'This layer together
with one of Aly (OH)g would give the composition [Aly(OH);08is05 (OH)]a
or [Al30328i053H30.]n  Additional ~ water moiccules ‘required for the
formula, Aly0328i0y 4H0, of hydrated halloysite atc supposed to exist in
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60
481

p 40+ 2 (0H)
¢ 441

Fi1c. 6
{a—c after Mchmel)

(@) Schematic diagram of the projection on the plane (100) of (a) kaolinite.

‘ (b) Schematic diagram of the projection on the plane (100) of (b) halloysite,
(¢) Hydrated halloysite.

Schematic diagram of the crystal structure montmorillonite. (After Hofmann).
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between the sheets. The change to halloysite takes place by the loss of one
such water moiccule, the other moleeule being obtained from the interaction of
an (OH) group of the hydrated silica sheet with an (OH) group af the adjacent
sheet of AL(OH);. The two sheets are thus linked through the residual
oxygen atom (sec Fig. 7). “I'his structurc is also opcn to Hendricks’ criticism
stated above.

! ,)'(/ ot
. \ 7/ i 4 e
T W
- . 2M0
10.254 S (' 2o0H
T 60+4si
C-Axls e oo
I /)-\\ )2» ,) O t 140”"‘20
441
o \ X *
NN S o
3 AXIS ———m
Fic. 7

‘After Edelman and Favejee)

schematic presentation of the erystal structure of hadrated halloysite

A monoclinic holohedral structure (Con) of halloysite has been  suggested by
Stoul (1939) from a study of the x-ray diagrams of halloysite before and after
fixation phosphates by this mineral. ‘The unit cell in this structure would consist
of two kaolinitic packets having their OH-laycrs facing cach other.

(i) Minerals of the montmorillonite group.—Hofmann, lindell and Wilm
(1933), proposed a symmetrical pyrophyllite-like structure of montmorillonitic
minerals (I'ig. 6d). These minerals, however, seldom have the ideal composition
Al50448i0,Ho0, of pyrophyllite. Wide variations in composition are
encountered. Isomorphous replacements within the lattice are responsible for
them. In the mineral montmorillonite, [Aly.srMg.;3(Sig)O10(OH)s[Na.ys3,
having a Si0Q,/AlyO; ratio of ubout 4.0, isomorphous replacements, e.g., of
octahedral Al'** by Mg'* or Fe*'* and of Si'''* by tctrahedral Al'"' are
limited. Extensive replacements give rise to a number of end members.

Beidellite having the Si0y/Ail,04 ratio 3:1, is the end member obtained by
the replacement of a part of the Si by tetrahedral Al*. The negative charge
developed in the silica layer as a result of this replacement is balanced by the

* Grim (1942) believes beidellite to be a mixture of montmorillonite and limonite.



64 S. N. Bagchi

incorporation of mono-, or, bi-valent cations as in micas and/or by the replacement
of octahedral A1*** by Mg**. A small quantity of the octahedral A1*** may also
be replaced by Fe*** and Fe'*. Completc replacement of octahedral Al*** by
Mg** would give rise to saponite. Nontronite is the end member obtained by
the replacement of the octahedral A1*** by Fe*** and Fe**. A differentiation
of these end members on the basis of the powder diagrams alone is not possible
excepting perhaps nontronite whose Fe has a much higher scattering power than
Al or Mg.

Hofmann, Lindell, and Wilm assume an orthorhombic cell for montmoril-
lonite with dimensions a=35.005 &, h=8.83 & and c¢=15.2 &, Gruner (1935)
however, believes that minerals of the montmorillonite group belong to the
monoclinic system. According to Hofmann and Maegdefrau (1937), the indivi-
dual packets lie parallel to and equidistant from one another but are not similarly
oriented in the a- and b-directions. Because of this random orientation there is,
strictly speaking, no space lattice but ecaclhi packet forms some sort of a surface
lattice. This ‘cross-grating effect’ follows from the complete abscnce of (hkl)
interferences. Only (hko) and (oo1) interferences referred to the space lattice
are observed.

Some orientation of the packets in the a-and b-directions has heen suggested
by Hendricks and Ross (19309).

A characteristic feature of the montmorillonite lattice, onc which differen-
tiates it from pyrophyllitc having a similar structure, is the variable c¢-axis of the
former depending on the content of water. This unique property of unidimen-
sional inner-crystalline swelling is shown by only two other known substances,
graphitic acid ‘Hofmann and Frenzel, 1932) and violet basic cobalt sulphatc
(Feitknechet and Fischer, 1935), The water molecules are loosely held hetween
tle packets and are readily given up on heating. Hotmann observed a rever-
sible dehydration up to a temperature of 550°C. Thc lattice is preserved even
at 800°C but breaks down at about 1000°C. Maegdefrau and Hofmann found a
continuous variation of the swclling with the humidity. Nagelschmidt (1936),
however, observed a stepwise variation; the (oo1) spacing increased from 10.5 X
to 15.2 & and from 135.2 & to 15.6 & as the number of water molecules per
‘ignited’ unit cell, i.e., per Aly SigQOge, increased respectively from 2 to 10 and
from 10 to 21. For a number of water molecules varying from 10 to 21 no
significant variation in the spacing was observed but in the range 20-40 HyO the
spacing increased rapidly to 18.4 X. From studies of x-ray diagrams of oriented
samples of montmorillonite Bradley, Grim and Clark (1937) showed that the
stepwise increasc in swelling is to be attributed to the formation of definite
hydrates containing 2, 8, 14, 20 and 26 molecules of water corresponding to
(0o1) spacings respectively equal to 9.6 &, 12.4 K,l 15.4 &, 18.4 &, and
21.4 K.

No entirely satisfactory and generally accepted explanation has been offered
regarding the manner in which the water molecules are held between the packets.
Hofmann (1937), Nagelschmidt and others believe that the water molecules form
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closely packed sheets between tle basal planes.  According to Hendricks and
Jefferson (1938), however, the water molecules are not densely packed but form
a hexagonal net by secondary bonds between O and H atoms of adjacent water
molecules in a given net as shown in Fig. 8(a-b). One-fourth of the hydrogen

/ \\
--{2 —-
N K
\ &*‘

Fic. 8
(After Hendricks and Jefferson)

fa) Hexagonal net of water molecules. ILarge sph( res represent oxygen
atoms and small spheres hydrogen atoms, dotted lines indicate honding through
hydrogen.

(b) Probable structure of multiple water layers.

atoms in the net, or in other words, one hydrogen atom in every two water
molecules remains ‘free’, i.e., not bonded in this manner. The net itself is tied
up to the neighbouring silica layer or other hexagonal layers by the attraction
between such ‘free’ H atoms and oxygen atoms of the adjacent layers*. The

* When the surface of the clay mineral contains hydroxy!l groups (e.g., kaolinite)some of

these hydroxyl groups are free so as to bind their hydrogen atoms to oxygen atoms of the
water layer.
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oxygen atoms in a given water iayer lie in one plane. In this configuration
cach layer contributes 4 molecules of water to the structural unit as against 6
molccules in the close packed arrangement. The observed variation in the (oo1)
spacing arises from a variation in the spacing between the cleavage planes.
Cleavages along (oo1) planes give rise to crystallites containing different numbers
of water layers corresponding to the different hydrates 2H,0, 6H,0, 10H0),
etc. 'The observed (oo1) spacing at a fixed humidity is only an average of the
spacings of the various hydrates. It is this average spacing which varies conti-
nuously with the humidity. ‘I'he stepwise variation observed by Nagelschmidt
is difflcult to explain in the light of this hypothesis. It is also difficult to under-
stand why other clay minerals and even pyrophyllite which has the samec
structure as montmorillonite do not swell.

Hofmann and Bilke (1037) showed that ata fixed humidity the swelling of
montmorillonite depends on the nature of the exchangeable cations as well as on
the pu. No satisfactory explanation of this ‘cation effcct’ has aiso been forth-
coming. A mere hydration of the cations (Wiegner, 1931; Biir and Tenderloo,
1936) would explain ncither the magnitude of the swelling nor the differences in
the relative effects of the various cations. From a study of the low temperature
endothermic effect shown by ‘thermal curves’, Hendricks, Alexander and Nelson
(1040) concluded that only a very small fraction of the water can be attributed to
a hydration of the cations in the case of Mg-, Ca- and Ba-montmorillonites, the
greater part of the water beings tacked between the packels as hexagonal nets.
No water of hydration could be detected in the casc of Na-, K-, and Cs-
montmorillonites.

The characteristic swelling of montmorillonite is probably to be attributed
to the polarising properties of the cations (W. Russel, 1934) lying on the
surface of the packets. Montmorillonite contains a much larger quantity of
such cations than any other clay mineral. In view of cxtensive and different
types of isomorphous replacements in montmorillonite considerable strains are
brought to bear on the lattice which hamper the growth of the crystals to large
dimensions and only minute crystallites are formed (¢f. Hendricks, 1942). This
gives rise to an extensive outer surface and a large number of exposed cations.
The latter have their coordination valencies only partially satisfied and this
further rcinforces the tendeney of the cations to polarise water molecules and
draw them to the surface. A layer of water molecules thus condensed on the
surface may be covered by other layers in accordance with the mechanism
suggested by Hendricks and Jefferson.

Clay minerals other than montmorilionite and also pyrophyllitc do not
contain any appreciable quantity of cations on (he surface and consequently
do not swell. The micas which also do not swell no doubt contain some
cations in between the packets. However, unlike montmorillonite, a compara-
tively small percentage of these cations is exposed. This is due to the formation
. of larger crystals favoured by absence of strains arising from different types of
isomorphous replacements,
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There is yet another rcason for the nonexpanding lattice of the micas (Grim
loc. cit). Unlike montmoriilonite where isomorphous replacements mainly take
place in the octahedral layer, they are almost entirely restricted to the silicate
layer in the micas. The centre of the negative charge within the packets lies
nearer to their surfaces in micas than in  montmorillonite and conscquently the
cations in the former arc strongly honded to the surface and, through them,
the packets themselves are firmly  held and  do not  admit of any  expansion in
the c-direction. On account of a greater separation of the charges in montmori-
llonite, the packets are ticd together eomparatively loosely through the cations
interposed between them and thus help the water molecules to force the packets
apart,

Several investigators (Holzner, 1936 : Bragg, 1038 ; D¢ Lapparent, 1938)
have taken exception to the pyrophlyllite structure of montmorillonite on the
ground that it does not satisfactorily explain the characteristic swelling (and high
base exchange capacity) of this mineral.  Fdelman and Favejee (1940) proposed
an alternative structure (Fig. o) in which the silica layer on cither side of
the hydrargillite layer has the configuration of f--cristobalite (Fig. 1, b)
hydrated as m halloysitc and has the formula 58i404(OH)g. The mineral
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itself has the composition (OH)4A14Sig0¢.nH0. Grim prefers this structure
as in his opinion it offers a better explanation of the swelling. He considers that
the projecting OH ions in this structure favour the formation of water layers
as suggested by Hendricks and Jefferson.

Other structures have been suggested but have not met with general
approval as they have no particularly strong points in their favour. The
pyrophyllite structure suggested by Hofmann is usually accepted as it provides
the best all round explanation of the behaviour of montmorillonites if isomor-
phous replacements as well as individual properties of cations are also taken into
consideration.

Minerals of the illite group o1 hydrous micas.—Until rccently there has
heen some confusion regarding the existence of micas as a distinct group of clay
minerals.  Hendricks and Fry (1¢30) recognisced certain minerals in soil colloids
which they designated as ordovician bentonite’, a term used by Ross and Shannon
(1026). Ross and Kerr (1931) described similar minerals as potassium hearing
clay minerals. Hofmann and his coworkers (1937) first dcfinitely distinguished
mica-like minerals as cssentlal constitutents of clays and named  them ‘glimmer-
ton’. Almost simultaneously, Grim, Bray and Bradley detected mica-like clay
minerals in a varicty of soils, clays and shales from Illinois and  placed them in a
distinet croup under the name ‘‘illite”’. The group-name ‘“‘hydrous micas’
proposed by Hendricks for all such micaccous clay  minerals is more suggestive
as it brings out their chemical and  structural relationships to muscovire mica
the hydrous micas, though structurally similar to muscovite, contain morc water
and less K than the latter.

The general formula, 2K30, 3R*"0. 8Rg"* "0 248i02.2H,0 of hydrous
micas is derived from the ideal formula K(Aly) (AlSig) 0,,(OH); of
tnuscovite mica by the replacement of some K by HyO. Balancing of the
charges is effected by the replacement of Si'' ' ' by tetrahedral A1""* or of O™"by
OH~ (Hendricks, 1037). Only 15%o0f the Si, and not 25% as in muscovite mica, is
replaced by Al giving a relatively smaller amount of K. Possible replacements of
Mg** for octahedral Al'** halanced by the substitution of (OH)~ for O™~ may
partly account for a higher percentage of water in the hydrous micas than in
muscovite (Hofmann and Maegdcfrau 1937).  Both ferrous and ferric iron may
also replace some octahedral Al. Isomorphous replaccments, however, are not so
extensive in the hydrous micas as in montmorillonites.

Gruner (1935) and others have postulateda monoclinic cell for hydrous
micas similar to that of muscovite ; the cell dimensions, however, have not been
recorded*. Hofmann and Macgdefrau, on the other hand, believe that their
diffraction data can be explained by assuming an orthorhombic cell having the
dimensions a=5.18 K, b=8.97 K, c=19.844.

(iv) Mincrals of the attapulgile group.—J. Declapparent (1935) gave the
pame attapulgite to a clay mineral found in fuller’s carth from Attapulgus,

N

*  Presymably they have accepted the cell dimensions of muscovite ;
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Georgia and Mormoiron in France. Formerly (Kerr, 1937) it was considered
to belong to the montmorillonitic group of minerals. X-ray studics by Bradley
(1940) however, showed “‘fibre diagrams’”.

T'he structure proposed by Bradley (Fig. 10) consists of a brucite layer fused
between two silica layers. The brucite layer is, however, not continuous and
the structure extends only in onc direction instcad of two as in the case of other
clay minerals. Consequently, instcad of sheets, fibres or rods with the c-axis
parallel to the length of the fibres arc obtained. The silicon-oxygen chains
running parallel to the c-axis along  (00Z) and (34Z) are similar to amphibole
chains (Warren, 1929) so that the silicate layer as viewed from above is conti-
nuous. Chains of water molecules wich also run parallel to the c-axis fill the inte-
rstices between the ribbons and this water is lost below 100°C without materiaily
altering the diffraction patterns. An equal amount of water is co-ordinated
about Mg. TItis less easily removed. Finally, the water which is cxpelled
above 500-600°C comes from the OH groups of the lattice, the unit cell contain-
ing four of them.

The periodicity along the c-axisis 5.29 &. Bradley gives the following
dimensions of the cell:

asinf=12.9 &, b=180 A&, c=5.20 &

The cell has the ideal composition (OH, ),( OH Jo Mgs; Sig Ogo 4H30.
There are two such molecules in the unit cell and the space group is probably
Cin —C2/m,

(v) Mixed Struetures.—Mixed structures formed by the interstratification of
more than one mineral have been encountered in minerals like vermiculites
(22,23), cronstedite and faratsihite (Hendricks, 1939). T'he possibility of occur-
rence of such mixed structures in clays was pointed out by Hendricks. He
Hendricks, and Teller, 1942) has given a theoretical treatment of diffraction of
x-rays by such mixed structures. Another type of mixed structures has been
visualised by Nagelschmidt (1944). It might result, say, “from weathering of
illite particles in which the centre would have illite, the outer layers montmoril-
lonite, composition. If the weathering had not gonec very far such particles
would give mica bulk effects (for instance, x-ray diffraction, chemical analysis)
but montmorillonite surface effects (for instance, mixed base equilibria)”’
Definite evidence for such mixed structures in clays is however still lacking.

IDENTIFICATION OF CLAY MINERALS IN
SO1L COLLOIDS

I'he importance of identification of clay minerals and assessment of their
relative proportions in clay fractions for purposgs of soil systematics and from
the point of view of theoretical as well as applied soil science is now generally
recognised. Both physical and chemical methods have been requisitioned for
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this purposc. In view of isomorphous replacements and the possibility of occur-
rence of more than one clay mineral in the satic clay fraction and owing, turther
to the association of sillca, sesquioxides and other necessary materials, identi-
fication of the mineral constituents of the clay fraction on the basis of total
analysis alone is not possible though a fairly satisfactory correlation has often
been obtained between the mass chemical composition of the clay fraction
expressed as its SiOy /R0, ratio and various physical and chemical properties
of clays, e.g., swelling, viscosity, dispersibility, heat of wetting and base
exchange capacity. While this ratio as a ‘single value' soil constant is
apparently of some importance, it is of little value for the identification of the
mineral constituents of the clay fractiom. Marshall (1935) tried to identify clay
minerals in some clays by properly fitting their analytical data in the known
lattice structures of the clay minerals. = For this purpose, he assumed  the follow-
ing major replaccments within tie lattice (a) tetrahedral Al "' for Si'* ', the
resultant ncgative charge heing balanced by one equivalent of cation per atomn
of Al; (b) Fe*™™" for Al'"" in the octahedral layer; (c) cither one Mg** for one
octahedral Al"""with incorporation of cations to balance the negative charge, or,
3Mg"" for 2 Al," " which gives a neutral layer. The following minor replace-
ments were also considered: (a) octahiedral A" by Ti' "', the positive charge
developed when the latter is tetravalent bemng  balanced within the lattice by the
replacement of Al''" by Mg*' (b) Si''** by P'''*", the resulting positive
charge being balanced by the simultancous replacement of Si''** by tetrahiedral
Al""". However, even when such replacements are taken into account, a
correct fitting of the analytical data in the lattice structures will hardly be
possible when more than one clay mineral are present in the clay fraction and
their relative proportions arc not known.

Methods using adsorption of dyes (Hardy, 1931; Huttig, 1931) and preferen-
tial adsorption of certain cations (Schatchtschabel, 1940; Hendricks and Alexan-
der, 1940) are not sufficiently developed for purposes of unequivocal identification
or differentiation of the various clay minerals.  Physical methods have heen
found to be more suitable for this purposc.  These are based on a comparative
study of clays and standard specimens of clay miuerals by x-ray, thetmal and
optical methods.  On being heated, these clay minerals lose water (present both
as HoO molecuies and as OH  groups of the lattice) cach in a  characteristic
manner and methods have been proposed for idemtifying them basced on this
effect of heat. Omne of them, the so-called ‘dificrential thermal’ method which
is originally due to Le Chatelicr (1887), consists in following the temperature of
the specimen relative to an inert material, ¢.g., calcined alumina, when the two
ate heated continuously at the same rate.  An endothermic change is indicated
by alag in the temperature of the specimen and an exolhermic change by a
sudden elevation of the temperature relative to the inert material. I'he number
and character of such breaks, and the temperatures at which they occur serve as
the criteria for identifying the clay minerals. Nagelsclunidt considers that
endothermic effects in clay minerals are to be attributed to the release of adsorbed



72 S. N. Bagchi

water und to a breakdown of the lattice, exothermic effects probably arising irom
oxidation of divalent Fe*® ion, or the formation of new silicates at higher
temperatures. The ‘thermal method’ was first applied to clays by Orcel (1926)
and to soils by Agafonoff (1935). Norton (193¢) and more recently, Grim and
Rowland (1942) have introduced improvements in the technique for differential
thermal analysis.

In the so-called vapour pressure method used by Puri (1925) Orcel (1927),
Thomas (1028) and Alexander (1936), the temperature of the material kept in
vacuum is gradually raised and changes in the vapour pressure measured. The
curve obtained by plotting the vapour pressure against temperature is considered
characteristic of the mineral.

In the ‘dchydration methods,’ the loss in weight of the sample when heated
to constant weights at various temperatures is measured and identification carried
out lrom an analysis of such features of the temperature-dehydration curves as
relative propertions of ‘adsorbed’ and crystal lattice’ water and the critical
temperature at which the lattice water is expelled, it being assumed that the
loss of weight is due entirely to loss of water and no volatile matter or substance
which gives up volatile matter on heating is present. ’Lhree different technigues
are followed in regard to the manncer of heating the specimen  giving what arc
called methods, of {(a) continuous heating, (b) single heating, and (c¢) inter-
mittent heating.  In la) heating is done ai a constant rate over the range
20°C to 1000°C andthe specimen weighed in situ (Lungchambon, 1936).  In (b)
several Jots of the same specimen are heated cach to a different temperature,
cooled, and then weighed (Dunstall, 1938). In (¢), whicl is the most comnion in
use, the same sample is heated and weiglied at suitable intervals of tempera-
ture (Kclley and others, 1939)

In the so-called ‘rehydration-dehydration” wcthod suggested by Berkel-
hamer (1943), the amount of water taken up by clay mincrals previously heated
to 300°C and that Jost between 300°C and 600°C s used as criterion for their
differeniiation and identification.

Examination under the microscope and determinations of refractive
indices are the optical methods usually employed for the identification  of
mincrals, Owing to the fine grain-size of clay mincrals a direct microscopic
cxatination of individual crystals is not possible.*  Howcver, in view of the
platy nature of the crystallites they may be deposited from a suspension as
faitly oriented optical umits of microcrystalline aggregates which are more
suitable for optical studics. These units show double refaction but im the
majority of cases, the extinction is neither perfect nor shaip. Sometimes,
when the particles are not deeply coloured, they show pleochroism.  On
account of the imperfectly crystallised state of the aggregates and in view of
the presence of materials other than clay minerals in  the clay fractions,

_ Hendricks (1930) measured only the mean refractive index {r.i.) of the aggre-

* Ross and Kerr (1930), found a few comparatively large single crystals of kaoiinite,
dickite and nacrite.
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gates. Kelley (1930) and others (Grimetal, 1937) however, determined the
refractive indices in three directions.  All of themn used the immersion method.

Several limitations of the optical method for purposes of identilying ciay
minerals in clays, however, exist.  The r.i. of any clay minceral varies within
-wide limits owing to isomorphous replacements with a consequent overlapping
of the refractive index of different clay minerals.  The r.d. of some clay
mineral also varies with their water content and the immersion liquid (Correns
and Mchmel 1936, Barner 1936). In the case of soil colloids further difficulties
arise from coatings of oxides and hydroxides of iron on the aggregates.
On account of these complications identification of clay minerals s seldom
possible by the optical method alone.

X-ray analysis offers the most powerful method for identifying the mineral
constitucnts of clays. Tt is alse the ounly mcthod with the help of which in
addition to the dominant clay mincrals in the clay fraction, aceessory minerals
as also clay mincrals occurring in much smaller quantitics can he detected. Tt
was first uscd by [Tendricks and Fry (1030) and subscquently by Kelley (1031),
Hofmann {(1934), Negelsehmidt (1034), Tdelman  (ro30), Grim “(1035), Clark
(1937) and others (Mchmel) 1038). The identification is carvied oul in a strictly
empirical manner by comparing the powder diagram of the clay fraction with
those - of known minerals. Since all the  clay iinerals have essentially the
same general scheme of structure, their diffraction patterns are extremely
similar. The most characteristic differences are provided by their hasal spacings
(0o1) which permit an uncquivocal identification and differentiation of the
clay mincrals cven in mixtures ; other lines are practically of no value for this
purposc.

In addition to the peculiar and specific difficulties conironting cach of the
above physical methods of identification, they arc all subject {o the common
limitation that they normally do not go beyond indicating the general group
to which a clay mineral found in a given clay fraction helongs. Distinction
between closely related individual members of the same group, e.g., kaolinite
and halloysite, or, montmorillonite and beidellite, is often not possible.  The
occurrence of mixed structure would further enhance the difficultics. How-
ever, a judicious combination of these physical methods supplemented by
exhaustive chemical analysis is likely to give an insight into the detailed
mineralogical make-up of the clay fraction.

A powerful tool for the differentiation of clay minerals has heen recently
provided by the electron microscope.  ‘T'he various clay minerals give charac-
teristic and sufficiently distinctive clectron micrographs (Ardenne 1940,  Eitel
1030-40, Shaw 1041, Humbert 1041, Shaw 1042). The montmorillonites
(except nontronite) and illite “show structures ranging from a fluffy, amor-
phous-appearing material to well defined, extremely thin ‘plates. Nontronitc
is characterised by flat, frayed fibres. Kaolinite and dickite both have
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hexagonal plate-shaped crystals. Dickite crystals are much thicker than most
kaolinite crystals. Halloysite is characterised by long split rods.”’*

RBRASE EXCIIANGE AND CRYSTAL STRUCTURE

Differences in the lattice structures of clay minerals are strongly reflected
in their base cxchange propertics. Since Way (1860), a part of the mono and
hi-valent cations of clay has been known to be readily exchanged for the cations
of added salts.  These are the so-called exchangeable cations or bases of the
clay. The work of Kelley (1936), Marshall (1930-1035) and Nagleschmidt (1938)
has definitely shown that the exchangeable cations are integral constituents of
the lattice.  The relation between base cxchange and crystal structure has
been discussed by Hofmann (1934-1037), Van der Meulen (1935), Ldelman (1935)
Schoficld (1934) and others. Two factors mainly determine cation exchange,
viz., the physical uccessibility of tie cation and the nature and strength of the
force with which it is held within the Iattice.  Grinding facilitates physizal
accessibility, as by this process the cations in the interior of the lattice are
brought to the surface. Kelley and his co-workers have shown that grinding
increases the base exchange capacity (b.c.c.) of a wide varicty of minerals.
The b.e.c. of the felspars which are considered to give some of the clay minerals
on weathering increases markedly on grinding, e.g., from 5.0 to o1 5 milliequi-
valents per 100 gms. in the case of orthoclase.  Felspars are- composed
of linked Si- and Al-tetrahedra, one cquivalent of cations, e.g., K, Na, or Ca
being required for each Al atom to balance the charge. These balancing cations
arc exposed on grinding and are readily exchanged.

Zeolites have a high hase exchange capacity. They are also built up by
linked Si and Al tetrahedra but unlike the felspars they have a honeycombed
structurc and the bases required to  balauce the negative charges of the Al-
tetrahedra are accessible being located inside intercommunicating channels
which permit the free passage of added cations through the interior of the
crystals.  Hence, as also pointed out by Kelley and Jenny, the size of the crys-
tals need not be reduced by grinding in order to replace the balancing cations.{
The b.e.c. of permutite is not affected by grinding which is consistent with the
amorphous nature of this substance.

Grinding tendsto reduce the sheets of mica to extreme thinness, thus
exposing a large number of K7 ions originally lying inaccessible in between
the packets. 'The b.c.c. of muscovite increases from zo.5 to 76.0 m.e./100 gin.
Both K and Mg are ‘extracted’ from biotite by a neutral solution of NH Ac and
the quantity of cach especially that of Mg, increases on grinding. The solid

* Hiectronmicroscopy appears to be the only method for differentiating raolintie from
hallovsite. o
1 The data recorded in their paper, however, indicate an increase in the b.e.c. of ‘the .
zeojite, natrolite, from 74,5 to 108.5 m,e. per 100 gm. on grinding. No reference to this:
increase has been made by the anthors nor have they tried to explain it,
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always adsorbs a quantity of NH, equivalent only to that of K found in the

extract. Apparently the exposed Mg™* ions of the broken octahedra are repla-
ced by NHi but NHgsilicale being unstable
this NHg,

Talc shows no basc exchange

the solid readily parts with

capacity cven after extensive grinding as
indicated by the fact that particularly no NI, is adsorhed by the solid.  As
in the case of biotite, however, Mg is extracted by the NH Ac solution and
its amount considerably increases on grinding ; “‘at the same time, the subs-
tance appears to undergo decomposition’.

Pyrophyllite and kaolimte which usuaily do not contain any appreciable
quantity of mono-and bi-valent cations and have a small base exchange
capacity show increases in b.c.c. ranging from 4 to 158.5 m.e. /oo gm, and 8 to
100.5 gm. respectively on being ground to extreme fineness.*  Kelley and his
co-workers believe that the cation cxchangc power of these minerals is traceable
to the H" ions of the OH groups of the crystal lattice. Kaolinite possesses two
types of OH planes, onc immediately on the cxposed surface of a lattice
package and the other, a subsurface OH plane covered by a network of O ions.
The latter OH groups arc also accessible through the hexagonal gaps in
the superimposed O-nctwork  Only the subsurface OH pilanes arce present in
pyrophyllite.  Grinding in a ball mill may split the crystals parallel to the basal
plancs or perpendicular to them. In the first case, new planes containing H*ions
would be exposed.  In the second, the octahedral and tetrahedral layers would
be broken. Hofmann, Endell and Wil (1934) suggested that the cations are held
by the free valency of the broken tetrahedra on the edges of the Si-O planes.
Kelley and Jenny criticised this hypothesis as it, according to their opinion,
violates the law of electroneutrality.  They, however, Jose sight of the fact that
when a crystal is broken, simultancously with the negative part of the bond
there exists the corresponding positive part which would remove from the
solution cquivalent amount of the anion. The large increase in b.e.c. of
kaoiinite and pyrophyllite as a result of cxtensive grinding is, according to
Kelley and Jenny, ‘‘duc in large part, octahedral layers’’. The broken bonds
may also polarise and adsorb water molecules which dissociate on the clay
surface into OH and H' ions.

Hofwann, Endell and Wilm (1934) suggest that the high b.c.c. of extremely
fine-grained kaolinite is duc to laltice distortion. They have, howcv.er, 1.10t
discussed the nature of such distortion and the pait itis expected to play in fixing
cations. Lattice distortion may produce an clectrical ficld in the neighbourhood
but it is not likely to explain the high b.e.c. of ﬁncl)" gr«,’mn(.l kaolinite.

Shaw (1942) studied the cffect of ‘dry’ as well as ‘wet’ grindings on the b.c.c,
and ‘electronmicrography’ of kaolinite. The b.c.c. increased to a greater extent
on dry grinding. Wet grinding gave thinner flakes by cleavugcjs ‘along (0o1) planes
having the hexagonal shape characteristic of unground kaolinite. The ncrease

*  Schachtschabel (1940) could not find any increase in the b.e.c. of kaolinite on grinding.
5—1629P—2
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in b.e.c. on wet grinding should be attributed in the light of Kelley’s hypothesis
to the greater number of planar OH groups thus exposed. Here again,
some doubt as to the aucid character of these OH groups and their possible con-
tribution to the b.e.c. is cast by the fact that talc which also contains similar
OH groups, shows practically no b.e.c. cven on extensive grinding. It is,
however, possibie that the acidic properties of the OH groups is not shown up
in view of the stronger basic character of Mg compared with Al

The clectronmicrographs reveal thicker but smaller particles as a result
of dry grinding but their hexagonal character has almost disappeared. The
smailer particle-size indicates a large number of broken bonds to which the high
b.e.c observed on dry grinding is attributed.

Shaw and also Grim consider that a large portion of the b.e.c. of the
hydrous micas is also due to broken bonds.

Montmorillonite is diflerentiated from other clay mincrals by its high b.c.c.
The b.c.c. is attributable in a large measure to the mono-- and bi-valent cations
which are incorporated into the lattice for halancing the negative chargesdevelo-
ped as a result of isomorphous replacements. A quantitative agreement between
the observed b.e.c. and that caiculated on the basis of isomorphous replacement
has been ciaimed by Nagelschmidt (1940) (scc also Marshall 1935). Gicseking
(1939) as also Hendricks and co-workers 1043) showed that these balancing
cations can be exchanged for large organic cations. Different organic cations
give different valucs of the basal spacing (oor) which definitely show that the
exchangcable cations are held in between the packets. Hendricks, Neclson
and Alexander (1940) consider that about 8o of the exchange positions
of montmorillonite arc located on the basal plancs and the remainder on the
edges of the flakes. Kelley and Jenny (1936) report a consideiable increase in
the b.e.c. of bentonite on grinding. One palausible explanation of this increasc
is that the grinding exposes fresh layers of the blancing cations and also
subsurface OH planes of the lattice. Electronmicrographs show that while
very fine fractions of montmorillonite consist of particles having the thickness
of a unit cell, coarser fraction contain thicker particles which on “‘wet washing”’
give particles unit cell thick. From studies of adsorption of gases Hendricks
and Nelson (1943) concluded that air-dried montmorillonite usually gives
aggregates having the thickness of about so unit cells. Hence it is probable
that montmorillonite also contains aggregates having thickness of several cells
and grinding like ‘wet washing’ reduces their thickness.

The increase in b.e.c. on grinding may also be brought about by the
appreance of a large number of broken bonds.

Grinding obviously reduces the average particle-size of the clay crystals.
However, no quantitative information regarding the variation of the average
particle-size on grinding as also the effect of such variations on the b.e.c. is
available. The clay fraction, even in the unground state, is a heterodisperse
system. Subfractions having particle-sizes [more correctly, equivalent spherical
diameters (e.5.d.)] ranging between specified limits have been isolated by the
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controlled centrifugalisation of the entire clay fraction and their b.e.c.’s deter-
mined. In the case of kaolinite and kaolnitic clays the b.e.c. increases with di-
minishing particle size (Harman 1910, Spiel, 1940, Mukherjee, el al., 1942).
An inspection of the electronmicrograph (Shaw 1942) shows that a decrease in the
average e.s.d. is accompanied by a decrease in both the cross-scctional arca and
the thickness of the particles, Consequently, the broken bonds as well as the
exposed basal OH groups of the lattice increase in number thus giving rise to
a larger b.c.c. There is some confusion regarding the part played by the e.s.d.
on the b.e.c. of montmorillonite. Hauser and co.workers (Hauser, 1941; Hauser
el al., 1937) claim to have shown that the b.e.c. does not depend on the e.s.d.
According to them, this is duc to the peculiar lattice structure of montmorillo-
nite which admits of ionic exchange in between the packets. A definite increase
in the h.e.c. with diminishing e.s.d. has, however, heen observed in the case of
bentonites as well as montmorillonitic hydrogen clays by Marshall (1035)
and also Mitra ¢f ol (1042, 1943). Electronmicrographs (Shaw 1942) show
that coarser particles ot bentonites are not only thicker than the finer ones
but have dcfinitely larger cross-sectional areas. The smaller this area the
greater will be the number of broken bonds, which would account for the
higher b.c.c. of the finer fractions even if a complete exchange of the cations in
between the packets took place. ‘lhe finer fracticns, amongst themselves, do
not appear to show any great diflercnce in regard to the cross-sectional area and
the thickness. It is just possible that the very fine fractions studied by Hauser
and coworkers consisted of particles having practically the same cross-sectional
arca but slightly diffcrent thickness.  In that case, the number of broken bonds
remaining practicaliy constant no alteration in the b.e.c. of such fractions would
be expected if ali the interplanar cations were exchangeable.

Of the two factors, physical accessibility and the nature and strength of the
force with which the cations are held by the lattice, the latter mainly deter-
mines the differences in the relative effects of various cations in regard to their
capacity to replace the cations of the clay latticc. ‘The lyotrope series Ba>
Ca>Sr>Mg>Cs>K>Na>Li has often been observed in these exchange re-
actions. Considerations of ionic size, valency, mobility and hydration have
been brought forward to account for this series. The H' ion often occupies an
anomalous ‘position in the series, and usually has a much greater exchanging
power than the monovalent cations (Wiegner, 1925; Jenny, 1032, 1936).

Most of the earlier work on cation exchange in clays was done on systems
whose mineralogical compositions were not unequivocaily known. The pure clay
minerals have been used only recently for thesc investigations.  Page (1939), Bér
and Tenderloo (1934) and Schachtschabel (1940) have observed certain specificities
in the exchange behaviour of the various clay minerals which have been traced
to their characteristic lattice configurations. Page brought forward evidence
to show that ions of a siz¢ permiting them to fit closely into the cavities formed
by the hexagonal mnet of oxygems are least replaceable. Schachtschabel
(1940) found that for NH,-montmorillonite, H" and K* have nearly the same
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exchanging power; all the divalent cations have nearly the same effect which
is definitely smaller than that of the univalent cations. NH,-kaolinite gives the
samne sequence of the relative effects of cations as NH,-montmorillonite. H*,
K* and in particular NH*,, are more tightly held by muscovite than the
divalent cations. The reiative ease of replaccment of NH," from the three
minerals follows the order montmorillonite > kaolinite > muscovite. When
a mixture of montmorillonit and muscovite is treated with a solution containing
Ca-and NH,-acetates, the mica takes up more of the NH, and the montmorillo-
nite more of the Ca*'. Hendricks and Alexander (1940) found a prefercntial
adsorption of H' by mica and of Cc¢*™** by montmorillonite from a solution

containing the two cations.
‘I'he work of Schachitschabel and Hendricks illustrates the modern trend

of base exchange studics in clays which points to an increasingly wider accept-
ance of the clay mineral concept for a clearer understanding of base exchange
phenomena. Further, base e¢xchange criteria such as those suggested by
Schachtsciiabel and Hendricks are sufficiently promising to warrant more
systematic studies for their acceptance as a method for an unequivocal differentia-
tion of the clay minerals and their identification in soil colloids.
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