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Summary

The adsorption of glycine and its di-, trie, and tetra-
peptides end also a number of naturally occurring amino-acids
by montmorillonite and illite has been studied in considerable
deteil. Adsorption isotherms have been determined and their
interpretation supported by X=ray diffraction investigations of the
complexes formed.

The adsorption of neutral andno-acids and peptides by
calcium montmorillonite or il1lite was found to give rise/ to linear
igotherms. These could be interpreted by =applying the mathematics
of constant partition to the aistribution of solute between the bulk

phase and adsorbed phase water.

) (somte)adsoxbea
(solute)bulk

The volume of the adsorbed phase was taken as the Sterm layer
volume, in which the exchangesble calcium ions were assumed to
occur. The chenge in free energy due to physical adsorption wes
calculated for each adsorbate. On the basis of these resultis a
general theory for physical adsorption from aqueous solutions by
¢lays has been proposed. The theory éhould apply to all adsorption
of organic compounds where specific sites are not involved, ‘hen
adsorbed molecules are not bonded specifically to the clay surface,
it is possible to interpret physical adsorption as the formation

ofe solution of the orgenic compound in the water conteining the
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exchangesble cations which surrounds the clay particles.

For the amino-ascids and simple peptides studied it has been
shown that the following mechanisms contribute to the physical
adsorption:

(1) Ion-dipble and sarface dipole interactions, aep«;n&ent
upon the sign snd magnitude of the dlelectric increment of the adsorbate,
and the density of charge of the substrate, The electrolyte
co;:xcentratim of the bulk phase should influence the extent of
adsorption resulting from these interactions.  Adsorption by illite
is stronger than by montmarillonite due to the higher surface density
of cMge of illite. -

(2) van der waals interactions, dependent upon the molecular
weight and the shepe of the adsorbed molecules. Flat aronatic and
straight chain aliphatic molecules give rise to efficient van der Vaals
contact.

(3) The salting-out effect of hydrocarbon side-chains. This
effect can be significant for compounds of positive dielectric increment,
when it opposes interactions (1) snd (2).

Adsorption by sodium clays has been interpreted as a non-
constant partition of adsorbate betwsen the bulk and adsorbed phase
solutions.

Proton trensfer with hydrogen montmorillonite:

+ o ——t +
clay H;O + NH} - ?H.boo < clay NI{B Y (I)H.COOH + Hzo

R R
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and cation exchange involving the basic amino-acids

olay Na + N.H;. CH,000” 5= clay NH,". Tﬁ.coo" + Na*
(CE, ), -NEL,* (CH,),, N,
give rise to extensive adsorption, with isotherms of Lengmuir type.
Physical adsorpiion forces act in addition to the electrostatic bonding
but are weaker.

The X=-ray investigations have shown that the intercalation: of
a solute of positive dielectric increment by moist caleium montucrillonite
gives rise to an increase in the equilibrium basal spacing, from 19 Z
to 21 or 22 Z, The increese is due to the increased dielectric constant
of the interlamellar solution. The apparent cantration in the van der
Waals thickness of molecules adsorbed by montmorillonite can be adequately
accounted for by keying into the hexagonal cavities of the internal
surfeaces of moantmorillonite.

Attempts to gmxine complexes formed between amino-scids or
peptides and nmntn@*illoni’ce by infra-red spectroscopy gave nc useful
results because the spectrum of the adsorbent largely masked those of
the adsorbates., However, it was shown from the infra=red spectra of
complexes formed between montmorillonite and several organic liquids
that C=H ¢  + O interactions between methylene groups adjacent to
electron withdrawing atoms in an orgenic compound and surface oxygens
of montmorillonite do not ocour. There is therefore no reason to
believe that this previously postulated mechanism is inveolved an

the adsorption of organic compounds by clays.
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INTRCDUCTICN

The present work is a physico-chemical investigation of
adsorption which, as a project in soil sclence, is primarily directed
toward a fuller understending of nitrogen transformations in the soil.
Since these transformations are largely inseparable from those involving
soil organic matter, the present work may have further implications in
this latter and broader aspect of scil chemistry.

The organic matter of a _soil is in equilibrium with the flora

end fauna that the soil supports &=

002 Denitrification
Mtotrophic flora< ¥ineralised plant matrients
L . %
Higher plants ecroflora

Root excretions

Fauna
002
Urine 2 1
Surfgce litter 2 o soil orgenic matter

Soil fauna /S' ”7

Other heterotrophic
002 —> GO

microorganisms 2
Atmospheric /
nitrogen
fixation
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The transformations 1 to 7 above, which largely determine the
equilibrium level of soil organic matter, are almost exclusively
performed by the microflora of the soil and will consequently involve
water-soluble intermediates. Soil is a porous medium and the behaviour
of these intermediates will be influenced by their interactions with
the mineral surfaces of the pores. That is, the mobility of a water-
soluble organic intermediate will depend on whether it is strongly
adsorbed to give a mobile or a localised film of adsorbed malecules,
weakly adsorbed or repelled from the mineral surfaces in the scil, The
availability of an adsorbed organic compound for microbial or enzyme
catalysed decomposition (Ensminger and Gieseking, 1939) will dejcnd to
some extent on its surface mobility and perhaps on its chemical properties
in the adsorbed phase. However, the microbiclogical investigation of
adsorbed intermediates was considered outside the scope of the pressnt
work.

The extent of interaction of an organic compound with mineral
surfaces and the properties of the adsorbed molecules depend upon the
bonding mechanisms involved in the adsorption complex and the adsorption
affinity of the compound. “the bonding mechanisms and asdsorption
affinity will be determined by the molecular properties of the organic
compound. An evaluation of these surface interactions, which leads to
&n understanding of their significance in soil nitrogen and organic matter
transformations, msy be cobtained from a physico-chemical investigation
of adsorption from agueous solution that has the following sims:-

(1) To elucidate the bonding mechanisms inveolved.

(2) To determine affinities or free energies of adsorptiocn.
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(3) To study the dependence of (1) end (2) upon the moclecular
properties of the adsorbates.

These are the three basic sims of the present investigation,
the esdsorption of amino-acids and peptides by montmorillonite and illije.
imino acids were chosen as adsorbates for the following reasons.

(1) JAmino-acids are important nitrogen conteining intermediates
in soil organic matter t{remsformations. Up to 40% of the nitrogen of
soil orgenic matter occurs as amino-acids combined with other orgsnic
substances (Bremner, 1955) but in a chemical environment different to
that of plant or animal protein. Therefore, proteclysis of the soil
orgenic matter precursors must precede organic matter formation, The
concentration of free smino-acids in the scil solution is extremely small
(Bremer, 1950, 1952) since they are rapidly utilized by the soil bacteria.
The relevent published work on the significance of amino-ecids in the
soil solution and their availebility for microbial utilization is
reviewed in Part I.

. (ii) There is a growing awareness of the importance of the
plant root-scil interface in the nutriticn of the plant (Chlrogge, 1962) .
The adsorption of amino-acids excreted by plant roots may be important
in determining the extent to which the roots can wodify their environment,
particulerly in relatian to the microbial population existing in the
rhizosphere.

(iii) 'the structures of the amino-acids and pepildes and the
physical properties of their agqueous solutions are knowmn in congiderable
detail (Cobn and Edsall, 1943). It wes envisaged, therefore, that in

addition to the direct application of the present work to the understanding
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of amino-acid transformations in the soil, the study of these compounds
would probably fulfill the third basic aim of the present work, the
establislhment of relationshipe between adsorption affinities and mole~
cular pa:rameters. This investigation would also provide a basis for
further adsorption studies using more complex but less thoroughly
characterised organic adsorbates which were related to other intermediates
of soil organic matter transformations.

Montmorillonite and illite were chosen as adsorbents because
they occur frequently in soils end have surfaces available for adsorption
that are predominantly intermal and predominently external respectively.
The structures of these two minerals are discussed in detail in Part I
end the structures of other clay minerals referred to in the text are
given by Grim (1953).

The physico-chemical interpretation of the results of the
present work (Part II) required an understanding of the adsorption
mechanisms involved in clay-water systems and the properties of adsorbed
water., The relevent literature is reviewsd in Fart I.

The menmner in which clsy mineral surfsces can influence micro-
biel or enzyme catalysed decomposition of adsorbed organic compounds is
illustrated in Part I by a brief review of the relevent literature on
protein adsorption.

As purt of the investigation of the bonding forces involved
in the adscrption complex, C=-H. « o O hydrogen bonding between methylene
groups edjacent to electronegative atoms of an adsorbed orgsnic compound
and the surface oxygen atoms of montmorillonite is oriticelly evaluated.
This mechenism, initially proposed by Bradley (1945), is considered in
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terms of the general requirements for hydrogen bonding in Part I.
Mn interaction of the C-H ,,.0 hydrogen blcnding type which is too wesk
to describe as true bond formation, but which msy contribute to the
adsorption affinity of the compound is discussed in Part III.

In conclusion, the results are discussed in terms of their
contribution to the understanding of soil organic matter transformations,
and further experiments are suggested.
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PART I LITERATURS REVIEW

1o The Structure of Montmorillonite and Illite

2

i. Genersl

The elucidation of the main structural featurss of the
ricaceous minerals by Fauling (1930) and by Jackson and ¥est (1930,
1933) begen a new era in clay minerslogy when the behaviour and
properties of the minerals could be discussed in terms of en alumino=
silicate layer lattice structure.

Hofmann, Endell and Wilm (1933) recognised that montmorillonite
occurred in an essentially pure, homogeneuus condition amongst the
bentonite deposits of the western United States. They showed that the
X=ray diffraction results accorded with a structure based on that of
pyrophyllite and hence resenbling the micas, but characterised by a
variation of the basel spacing with water content.

The structure of pyrophyllite is given in Pig, 1(a). The
layer lattice caxll be considered as the fusion of an alumina layer

(in which each A17* is octahedrally coordinated with four 0% end two

OH") between two silica layers (in which each ™ 1s tetrahedrally
coordinated with f’ourl 0%") giving ar alumino-silicate lsyer four oxygen
sheets thick., The two central sheets are composed of oxygzen shd
hydroxyl ionsg in the ratio 2:1 and are close-packed arrays. The two
outer sheets contain only oxygen ions in an open hexagonal arraey
shown in Fig. 1(b),

The complete layer is electrically neutral when 2 out of

every 3 octahedral spaces between the central oxygen sheets contains



Mg, 1 {a), 'Mhe structure of pyrophyllite.

Fig. 1 (b). The open hexagonal array of the outer sheets

of oxygen ions of pyrophyllite.

Fig. 1 (¢). The open hexagonal array of the outer sheeis
of oxygen ions of montmorillonite, incorporating
the 7° rotation of the silica tetrahedra as proposed

by Radoslovich.,



(a)

PYROPHYLLITE

4 Si
60

60
4 S

4 0+20H
4 Al
4 0+20H

Si
0

(- B

OPEN PACKED
HEXAGONAL SURFACE

(c)

HEXAGONAL SURFACE
INCORPORATING
ROTATION OF S.0, TETRAHEDRA

‘i3



-7-
an m17* (that is, pyrophyllite is a dioctabedral mineral) and every
tetrahedral space in the silica layers contains a SilH-.

ii. The structure of montmorillonite
The name montmorillonite was first used to denote a clgy~like
mineral found near ¥ont korillon in France (Demour snd Salvetat, 1647).
According to the classification proposed by Brown (1955) montmorillonite
is a dioctshedral member of the smectite group of minerals of the
triphormic family, Other dicctahedrel menmbers of the smectite group
are beidellite and nontronite.

. Vontmorillonite differs from pyrophyllite in that it exhibits
intra=crystalline swelling by intercalation of water and other polar
liquids, and has a cation exchange capacity of aspproximately 100 m equiv./
100 g, ‘The origin of this exchange capacity was atiributed by Hofmsnn
et al. (1933) to broken bonds et the edge of the clay crystals, They
gave little attention to the possibility of isomorphous replacements
occurring within the lattice, and chief credit for this idea must be
given to Marshall (1935). JAbout the same time, Holmer (1935)and
Gruner (1935) also suggested that isomorphous replacements could be of
importance in smectites. The partial replacement of SilH' by A13+ in
the tetrahedral layer and of A15+ by l‘fg2+ or eanother bivslent cation
of suitable size gives rise to a negative charge in the slumino-silicate
layer which is balanced by the exchangeable cations. The modification
of the pyrophyllite structure to give that of montmorillonite according

to the isomorphous replascement theory is:
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n H0 (2x + y)u* (2x + ¥) +
6. 0% 12 -
x a2t . (lu-x)&lh (16=x) +
by 0% 4 2. OH 10 =
(b -y 4 y 3g? (12=y) +
b, 0% 4 2. OH 10 -
x a7, (h—x)SilH (16=x) +
6. 02 1o -

0

M = exchangeable cation.
(2x + y) & 0.66

The success of the isomorphous replacement theory in explaining
the widely divergent chemical compositions of the smectite group has led
to itg widespread acceptance,

However, in 1940, Edelman and Favejee postulated a modified
montmorillonite structure in which they proposed that alternate silicon
ions were placed sbove instead of below the open packed oxygen sheets.
Hydroxyl ions were added sbove these silicons to complete their
coordination. The negative charge on the clay lattice was thought to
arise from the dissociation of the hydrogen ions {rom the projecting
hydroxyl groups, These workers attempted to justify this model in
terms of the difference between:: *he adsorption properties of monte
morillonite snd halloysite and the other silicate minerals having
O 2 units but with no considerable adsorptive

25
properties. They later mwodified the model such that only sufficient

surfaces composed of EBi
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hydroxyl groups projected to explain the cation exchange capacity by
complete dissociation, It is virtually impossible either to prove
or disprove this theory by i~ray diffraction.

The model would not have received the attention that it did
if it were not spparently supmorted by the work of Berger (1941),
Deuel and Huber (1951), Slabaugh (1952) and Spencer and Gieseking (1952)
who claimed to have prepared organic derivatives of montmorillonite
by such reactions as i~

653.0001 + Si.0H —> :"ﬁ.G.CIE).GH3 + HC1

The careful quantitative work of Greenland and Russell (1955)
showed that although montmorillonite can take up chloride from Thionyl
chloride treatment and can retain acetyl tenaceocusly after acetyl chloride
treatment, there is no positive evidence for the formation of covalent
bonds between the clay minersl and the chloride and scetyl groups and
further, it is highly probsble that in previous reports of the preparation
of organic derivatives of montmorillonite, physically adsorbed organic
molecules have been considered covalently bound.

Further detsils of the montmorillonite structure of relevence
to the present work are:-
(1) The negative charge of the alumino-silicate layer is largely
due to the replacement of A1‘3 * by }sﬁgz"' in the octashedrsl sheet. 1In
" addition there is a small replacement of &%iIH' by 1;13 * in the tetrahedral
sheets and of 41°* by Fe>! in the octahedral sheet (Greene~kelly, 1957).
(2) Radoslovich (1960) determined in detail the structure of

miscovite and showed that there is a distortion of the open packed
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hexagonal structure of the surface oxygen sheets similar to that
described by Mathieson and Walker (1954). The distortion, illustrated
in Pig. 1 (o), is related to a misfit between the tetrahedral and
octahedral layers and is described as a rotation of the tetrshedral
silica units sbout axes passing through each silicon ion and perpendicular
to the =, b plane, together with a tilting of the tetrahedra in this plane.
The rotation is epproximately I 5.5° for vermiculite (lathieson and
Valker, 1954), % 13° for muscovite (Radosluvich., 1960) and ¥ 7° for
montmorillonite (Radoslovich, private commumication).
(3) In the study of complexes formed between montmorillonite and
orgenic compounds by f~ray diffraction the resulis are frequently
interpreted in terms of the thickness of the adsorbed layer of orgenic
molecules, cbteined by subtracting the alumino-sgilicate layer thickness
from the observed bassl spacing. The slumino-silicate layer thickness
has been determined by adding twice the van der "aals radius for the
oxygen ion (1.4 Z, Pauling, 1960) to the centre-to-centre thickness of
the slumino-silicate layer, measured from one external sheet of oxygen
ions to the other:
2 x 1 + 6.6 = 9.4 Z (vacEwan, 1948; Greene-Kelly, 1955).

The O=0 distance used in this caloulaticn is that cbtained
from the date of Jackson and West (1930} for muscovite since it cennot
be obtained with accuracy for the more poorly crystalline montmorilionite.

The recent work of Radoslovich (1960) indicates that the
determination of the alumino-silicate layer thicikness by this procedure
may be in error. ‘fhe rotation and tilting of the gilica tetrahedra

@
places cne oxygen in every three approxiuately 0,15 i closer to the
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sheet of silicon ions. 4lso the mean 0«0 distance between adjacent
oxygen ions in the open packed hexagonal sheets ié 2,67 Z, suggesting
an ionic radius of 1,34 2 This is in close agreement with the ionic
radius of oxygen chosen by Goldschmidt from the messurements of
VWasastjerna (1.32 2, see Pauling, 1960). From these considerations
the above calculation of the slumino-silicate layer thickness becomes:

2 x 135 + 6,52 0.1 =9.22 041 A

The minimum basal spacing observed for collapsed montmorillonite
is 9.5 A (Greene-Kelly, 1955) and either this vaelue or the calculated
thickness of 9.4 Z has been used by those authors who discuss the
~thickness of the adsorbed layer of organic molecules (MacEwan's "A-value",
1948).

However, the minimum basal spacing of 9.02 .i. observed by Walker
(1956) for magnesium vermiculite heated between 250°C and 600°C is
difficult to interpret in terms of sn slwmino-silicate layer thickness
of 9.4 to 9.5 ;’L. In a private commmnication, Valker states that the
low basal spacing is not completely realised if the vermiculite is
finely powdered and suggests that the magnesium ion almost certainly
migrates into the crystal lattice which mey be modified in some way
as a consequence. The Fourier analyses of Heller and Kalman (1961)
lend support to this suggestion., The model of magnesium vermiculite
mede by Walker and which incorporates the distortion of the open packed
sheets of oxygen ions, allows an interlocking or keying of the oxygen
surfeces of adjecent alumino-silicate layers of gpproximately 0.2 .;;.
The contraction is not observed in magnesium saponite and the minimum

]
basal spacing in calcium and sodium vermiculite is 9.31 and 9.55 A
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respectively.

These observations suggest that the difference (d(001)-9 5)A
is sn under-estimate of ths true interlamellar distence by approximately
0.3 Z and also thet the basal spacing of collapsed montmorillonite is
probably not a true measure of the alumino-siliéate leyer thickness,

Aleo both the observed tilting of the silica tetrshedrs and
the small uncertainty involved in considering the structure of
montmorillenite in terms of ¥-ray data of miscovite or vermiculite
prevent the accurate determination of the thickness of the interlamellar
space. The significance of these obeervations will be made apparent
later in the discussion.

iii, The structure of illite

The term illite is spplied to a mica~like clay mineral with a
non-expending lattice. In the classification proposed by Brown (1955)
it is structurally related to muscovite, a dioctahedral menber of the
mica group of 2:1 minerals of the triphormic femily. 4n idealised
general formula for the illite is:

( Sih-xﬁlx) Al2( OH) 201 0

(K:H:.)Os%&sxa)x

ipart from the differences in chemical composition the principel
élifferencé between illite and muscovite is the degree of crystellinity
which reflects the grester compositional range permitted in the illije
lattice. X~ray diffraction date for illites show a few broad, weak
diffuse reflections'in addition to the strong, broad basal reflection

o
at 1 OA.
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This is in contrast to the numerous sherp strang peaks of muscovite.
Correspondingly, electron microgrsphs reveal the platy, irreguler
aggregates of illite ageinst the large clean-cut plates of muscovite
(¥olloy end Kerr, 1961). Illites are frequently interstratified with
layers of an expanding lattice mineral, the amount of which varies with
sample locality. The hydration of the expanding lagyers causes the 102
peak to become asymmetricel or, for a relative large degree of inter-
stratification, to shift to larger specings (Grim and Bradley, 1937).
The best indication of the extent of interstratification is cbtained
from a comparison of the external surface aree, determined from the
adsorption of non~-polar gases, with the total surface area, measured
by the adsorption of polar molecules or cations (Greenland and Quirk,
in press). Folar compounds cen be intercalated by the expanding
lattice lamellse. The isomorphous substitution of illite is principally
in the tetrahedral layer and is about double that of montmorillonite
per unit cell, It is approximately one Al‘z' ¥ in every six tetrahedral
positions (x'2 0,67 in the sbove formila) compered with one A1°* in

every four tetrahedral positions of miscovite (Grim, 1953).

2. The Nature of Clsy adsorbed Yiater

During the present work, emino-acids and peptides were
adsorbed fram aqueous solution by clays, the fiinal product being
therefore an equilibrium mixture of clay, adsorbed amino-acid or
peptide and adsorbed water. Consequently, it is of same imporiance
to review the literature on the nature and properties of water in
the adsorbed phase. In addition, many of the important developments

in the physical chemistry of adsorption have resulted from the detsiled
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study of the adsorption of water., Hecent review articles by
Martin (1960) and Low (1961) cover the studies in this field.
i. The mechanism of clay-water interaction

The exchangeable cations play a major role in determining
the manner in which water interacts with clays, both at high and
low water caontents.,

is water is adsorbed by clay, the exchangeesble cations become
hydrated, especially if they are smell and multiply charged. Consequently
the water molecules may be oriented arcund the excheangeable cations in a
definite marner, similar to that postulated by Mathieson and Walker
(1954) end Valker (1955) for megnesium vermiculite.

At higher water contents when the exchangesble cations that
are dissociated from the surface can be regarded as being in solution
the activity of the water in the vicinity of the clay surface is lowered
in the same manner as in ordinary aqueous solutions of salts.
Consequently, water should move into the surface region or, expressed
differently, clays may be expected to atiract water by osmosis.

These two processes, hydration and osmosis, have been separately
cbserved in swelling studies with expanding lattice minersls. Hendricks,
Nelsen and Alexander (1940) snd others have shown that entry of water
molecules into snd remo.val from interlsyer positions takes place in stieps
of about 3:»- separation, As many as four leyers of water molecules
may enter the lattice in this stepwise fashion depending on {the exchange~
able catiomn.

Norrish and wuirk (1954) and Norrish (1954) have drawn attention

to the second type of swelling in smectites at higher water contents.
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This latter type of swelling is extensive and is due to the development
of diffuse double layers at the slumino-silicate surfaces. The
transition from stepwise to more extensive swelling occurs with small
monovalent cations which have hydration energies sufficient to overcome
the potential barrier due to electrostatic attractive forces scting
between the alumino-silicate layers snd the exchangesble cations. The
hydration emergies of the larger monovalent cations are insufficient
to sffect the transition so that their swelling is limited to two or
three thicknesses of water molecules. ¥th polyvalent cations the
higher hydration energies are offset by the Tollowing factors which
restrict the osmotic swelling of the clays.
(1) The osmotic pressure is lower than in?clay—water system
containing monovalent exchangeable cations, since it is determined by
the number of cations dissociated from the clay surface, and the ionic
strength and activity of the resultant solution.
(2) The electrostatic attractive forlcaa between the alumino-silicate
leyers and the exchangesble cations is higher and opposes the osmotic
pressure. Ihe attractive force increases with decreasing average
dielectric constant of the interlameller solution and since the polyvalent
cations restrict the orientation polarization of a greater nunber of
water molecules in their vicinity then do monovalent ions, the dielectric
constant is very much reduced.

(1) and (2) are to some extent related, since the dissociation
of the clay is restricted by the attractive force betwsen the alumino-
silicate layers and the exchangeable cations.

The swelling of smectites saturated with polyvalent cations is
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limited to two or three molecular steps.

The possibility that hydrogen bonding between the water
molecules and the surface oxygen ions contributes to clay water
interactions has been investigated for many years. These hydrogen
bonds appear to be quite feasible, For instance, Hendricks and
Jeffersen (1938), Macey (1942) and Forslind (1952) meintein that the
hexagonal pattern of oxygen ions of the surface sheets of clay minerals
cen colncide at points with a simllar pattern in a hydrogen bonded
water structure (Bernal and Fowler, 1933).  According to Low (1961)
‘the perturbing effect of the oxygen ions of the surface (or more
properly, the alumino-silicate layer as a whole) on the lone peir
orbitals of the first layer of water molecules would tend to support
further hydrogen bonding of a second and perhaps subsequent layers.
However, the effect of hydration of the exchsngesble cations s experiment=
ally well estsblished, will disrupt a hydrogen bonded water structure
induced in such a manner on the surface and it is not known to what
extent this dlsruption is important,

The infra-red data of Pripiat et al. (1960) supplies some
importent evidence of the nature of hydrogen banding in the clay
adsorbed water, They studied the I.R. spectra of hydrated samples
of Li, Na, X and Sr montmorillonites and 1i, K, and Sr vermiculites
dehydrated at different temperatures. The adsorbed water in all
sanples dried at room temperature had O-H stretching frequencies

L

spproximately 500 em ' lower than the value for isolated water

molecules of 3,700 cm-1. This is approximately consistent with

the depression observed for the O~H stretching frequehcy of ice
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(500 en™!, Martin, 1947) which is undoubtedly due to hydrogen bending.
It is also consistent with the depression of the mean of the C=H
stretching frequencies observed for crystalline hydrates (e.g. Li 1.38,0
and SrC1,.6H.0) which is also approximately 500 om™' (Lucchesi snd
Glasson, 1956), Fart of the cbserved depression in crystalline bydrates
is due to electiron withdrawal from water molecules of the hydration shell
by the centrel cation.,

Fripiat et al. (1960) also observed that the magnitude of the
depression in the O-H stretching frequency of adsorbed water molecules
decreased as the‘:‘};ydratiun temperature increased, i,e. as the clay
water content decreased., This suggests that the bonding is weakened
as the water molecules are further separated at the surface by the
dehydration process, These authors conclude that the depression in
the O-H stretching frequency of adsorbed water molecules is due to
hydrogen bonding between adsorbed water molecules end to the perturbation
of the water by the electric fields of the cations and the surface.

The data of Methieson and VWalker (1954) and uwalker (1955)
support the conclusion of Fripiat et al. (1960)., The single crystal
X~-ray data for the 14.4 ;.phase of hydrated magnesium vermiculite
(which is stable under normal atmospheric conditions) showed that the
water molecules are srranged in a memner largely dictated by the }c;gz* .
but with water-to-surface O~0 distances of 2,90 f’a.. This separation
is at the upper limit for significant hydrogen bonding as determined
from the correlation between the depression in the O-H stretching
frequency and the O-H...0 distence (Lord and Mervifield, 1953).

The empirical inverse linear relation given by ILord and Merrifield
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ig derived from infre~red and A~ray data for a number of hydrogen bonded
systems including ice and hydrated carboxylic acids, and is in accord
with Badger's generalization (1940) that the displacement in the O-H
stretching frequency is a delicate measure of the force constent of
the O~H...0 bond end varies in an inverse linear ratio with the band
length,

The distance of closest approach of water molecules in the
144 :phase of magnesiun vermiculite is 2,78 j\ (Mathieson and Walker,
1954, corrected value in Welker, 1955). This separation corresponds
to a depression in O-H stretching frequency of spproximately 500 cm™ |
(Lord snd Merrifield, 1953) which is in good agreement with the maximm
depression given by Fripiat et al.(1960) for hydrated vermiculite and
montmorillonite.

he water-to-surface (=0 distance in the 14,8 .;phase of
megnesium verniculite (which is stsble in contact with liquid water at
room temperature) is 3.1 ;; (vislker, 1955). his separation is too
grest for significent hydrogen banding (lord end Verrifield, 1953).

Finally, Young (1958) and Hockey =nd Fethica (1961) show that
the physical adsorption of water vapour by silice is restricted to
the silanol groups ( =Si ~ OH) and that heat treatment which irreversibly
removes these groups, renders the silica hydrophobic to water vspour,

It may be concluded that, although the adsorbed water molecules
are strongly hydrogen bonded to cne another, there is no significant
hydrogen bonding between the water molecules and the surface oxygen
atoms of either smectites or silica. However, the availsble data on

the nature of the 5i=-0 bond suggests that the surface oxygens should
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interact strongly with adsorbed water molecules and some attempt
to reconcile these cbservations is necessary,

The structure of silicate minerals and oxides is commomnly
discussed in terms of the packing of constituent ions, This
practice is largely based on the universal success of Goldschmlidi's
coordination numbers (vhich are derived solely from ionic radii)
in the determination of silicate and oxide crystal structures,
Verhoogen (1958) considered a wide renge of physical properties of
silicates end oxides and compared the experimentally observed velues
with those calculated for both ionic and covalent models., He concluded
that these minerals behave mostly as purely ionic solids., However,
the validity of these comparisons is questioneble since it is probable
that they cennot clearly distinguish between the models proposed for
the following reasansie
(1) ‘There is little difference between the calculated values for
the ionic and the covalent models for some of the compounds considered.
This applies to lattice energles, Cauchy relations and atomic scatter-
ing factors.

(2) The experimental determination of diamagnetic susceptibility is
very sensitive to the presence of paramagnetic impurities.

the electronlic polarizabilities and ionic polarizations
considered by Verhoogen asre not sufficiently detailed to enable =
clear determination of ionic character of the bonds in silicates.

Pauling (1960) assigns 504 or less ionic character to the
%0 bond of §ilica on the basis of electronegativities of the
constituent atoms. Up to 80% covalent character has been determined
by selecting different heats of formation (Young, 1958) while
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Sheduri (1956) determined from spproximate Slater's formulae that
the smount of covalent character exceeds the iomic.

The sdsorption of water vapour by silica (Young, 1958;

Hockey and Pethica, 1961) and of a large range of orgenic and
inorgenic campounds by silica gels and porous glass (Terenin snd
Pilimonov, 1959) is discussed in terms of a purely wovalent S5i-0
bond.

Tt is difficult to interpret the fact that the surface oxygen
atoms, with directed lone-pair orbitals as a result of covalent
character of the Si~0 bond, together with s high electron density due
to pertial ionic character, do not sccept protens from water molecules
to form strong hydrogen bchds , or by complete protom transfer to
chemisorb water molecules. Proton transfer might be expected if the
§1-0 bond were lergely icnic (Hambly, 1961).

The weak interaction between water molecules and the surface
oxygen atoms msy be a specific property of the water molecule, s’noe
Folmsn snd Yates (1948, 1958) report that at low surface coversge of
silica by water, the molecules are lergely hydrogen bonded to each other
rather then to the isolated hydroxyl group of the silice surface.

In contrast to this, methyl alcohol apparently is hydrogen bonded to
the surfece hydroxyl groups.

It may also be a specific property of the silice or clay
surfaces, since water molecules hydrogen bond strongly to zeolite
(Prohnsdorff end Kington, 1958), The important difference is that

the zeolites have non~planar and the clays and silica plansr silicate

surfaces.
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It is possible that the electric fields of the clay surface
and the exchangesble cations induce hydrogen bonding between water
molecules at the expense of water-toesurface bond formation,

van der Vasls or dispersion forces are probably responsible
for a very small component of the total clay-water interaction,
Low(1961) discusses this in some detail and concludes thet the

relative importance of these Borces cannot at present be assessed.

Conclusion to Secticon 2, 1, the mechanism of clay water interaction,

The most important contributions to the interactions between
water molecﬁ.les snd clays are;

(1) ‘he hydration of the exchangeeble cations at low water

content.
(2) The osmotic swelling, induced by the exchangesble cation
solution at higher water contents.

Hydrogen bonding between adsorbed water molecules is influenced
by the surface and the exchangesble cations and is stronger than in
pure water. Other interactions inclgding van der Wasls forces ayre of
smaller magnditude,

The net effect of these forces is to influence the properties
of adsorbed water in several importent wayas. These properties are
discussed in detail by Low (1961) end kertin (1960;.

ii. The properties of water sdsorbed by clays

a. The specific volume or density

Russell (1934) showed by pycnometer measurements that clays

interacted differently with every liquid he investigated. From this
he deduced that exchengeable ion-dipole interactions were important
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in determining the density of the adsorbed liquid. His results
also show that no inert liquid can be chosen from which a reliable
value for the specific volume of the clay can be determined, This
fact also has severely restricted the accurate determination of the
specific volume of adsorbed water, and varicus attempts to overcome
this difficulty have met with only indifferent success.

Low snd Anderson (1958) derived an expression for the partial
specific volume of adsorbed water which does not involve the determin-
ation of the specific volume of the clay. Their work is consequently
the most successful of the experiments involving density determination
and from it they concluded the following:

(1) The partial specific volume of adsorbed water is different
from normal water to distances in excess of 60 ; from the elay surface.

(2) The pertial specific volume increases as the clay surface
is spproached.

(3) vithin 10 3 of the clasy surface the specific volume is
up to %9 greater than that of pure water (ice has a specific volume
approximetely 8% greater).

(4) 4s the temperature is lowered, the partial specific
volume of the water increases.

(5) The exchengesble cations affect the partial specific
volume of the water.

Low (1961) celculates the proportion of intact hydrogen bonds
between water molecules in a 1:1 sodium montworillonite:water paste

at 25°C as being 55%. However, the calculation involves two
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unacceptable assumptions:
(i) that the water has an ice~like structure and
(i1i) that the effect of the exchangesble cations can be
neglected.

Martin (1960) collected the data for density determinations
of water adsorbed by sodium montmorillonite and showed that at water
sontents below 0.3g/g of clay the density exceeds that of bulk water,
while at water sontents above 1g/g of clay the adsorbed water density
is within 2-3% of the value for pure water. At no water content does
the density spprosch that required for ice (0,90g/cu’) or for  hexagonal
network of water molecules (0.92 e;/cm3 e

b, The viscosity of sdsorbed water, fctivation energy

for flow.

Low (1961) clearly indicated that viscosity is a structure
sensitive quantity. However, Martin {1960) emphasized that the
sbsolute determination of the viscosity of adsorbed water from
permeability measurements involves an assumption, either explicit or
implied, concerning the flow path.

The presence of an indeterminate quantity in the calculation
of both th density and the viscosity of adsorbed water reduces the
validity of interpretation of the results in terms of a structure of
the adsorbed water layer.

Low (1959) celculated the activation energy for flow from
permeebility data, thus avoiding the determination of fluid viscosity.
The activation energy for flow in a paste conteining 55% of montmorillon=

jte increased with time to a value of 4350 cal./mole., of water after
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three weeks aging. This may be compared with 3850 cal./mole. for
bulk water in the same temperature range. From these results, he
estimated that 487 of the hydrogen bonds remained unbroken in the
adsorbed layer of water molecules.

fgain Vartin (1960) revealed an ambiguity in the interpretation
of Low's results, clalming that they may equally be determined by a
time-dependent change at the cley surface (e.g. by contamination with
eluminium released from the crystal lattice during aging).

c. Free angd super-coo. of adsorbed water

The fact that supercooling is very commonly observed in clay-
water systems clearly indicates that the water aiffers from pure water,
However, it is indeterminate whether the adsorbed water structure is
more or less ordered than that of the bulk phase, because a change in
either direction will account for this observation (Martin, 1960).
However, if the adsorbed water hed an ice~like structure, super-cooling
would not be so pronounced.

d. The dielectric properties of adsorbed water

The dielectric constant & in a stalic electric field of

strength E is given by

S-jm
s~ 'Y g

vhere P is the polarization induced by the field per umit volume of
the dielectric and is made up of (1) the distortion polarizetion Py
Joreely Guv Yo the distortion of the electron clouds of en atom and
(2) orientation polarization P o due to orientation of the permanent

dipoles in the electric field.



-25+
fhen the measurements are made in an alternating electric
field, the permsnent dipoles oscillate. (n increasing the alternating
frequency a point is reached when it is no longer possible for the
permsnent dipoles to orient themselves with the field, This is the
region of snomalous dispersion, where the dlelectric constant is

given by:

1 +iwT
g = the dielectric constant at very high frequencies and is due to
distortion polarization only. This is the region of dislectric
saturation,
W = 21V where V is the frequency at which anomalous dispersion
oceurs.,
T = relaxation time
i= -1
Fesolving the complex quantity €
e =¢&' 4 ie"

&' = the effective dielectric constant

it

gn the dielectric loss

In the region of normal dispersion, " is very small,

In the region of anomalous dispersion it increases to a
maximum and then falls off,

The relaxation time ¥ is related to the frequency at which
this meximum (\)m) occurs by the equation

€
°+2

- . 2m’m

4
<
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Both « and the related \)m ars structure sensitive quantities. For
example, the dielectric relaxation time for an electrolyte solutien
decreases in an spproximately linear manner with increasing concentra-
tion (Robinson and Stokes, 1959), This appears to be consistent
with the views of Frank end Evans (1945) on the structure-breaking
effects of ions, since a decrease in « corresponds to a decrease in the
restrictions placed on the water molecules by hydrogen bonding in an
ice~like structure.

The water molecules in the hydration shell of a cation, on
the other hand, are strongly bonded and orientation of the dipoles
is greatly restricted. The relaxation time for water in hydrated salt
crystals (e.g. CaSO&.ZHQO) is approximately 200 times as great as for
pure water (Lyast, 1958),

The dlelectric properties of water adsorbed by talc s kaolinite,
metehelloysite and halloysite at different relative humidities were
studied by Muir (1954). He showed that the megnitude of the dislectric
loss is proportional to the nunber of edsorbed molecules and made the
following cbservations for the individual materials.

Ialc. 4 single maximum in e" at 10 kc/sec, which increased in height
through the humidity range 0-80f%.

Kaolinite. 7Two mexima, one of which remained at 10 ke/sec. snd
increased in height through the humildity range O=-30% and the other

of constant height which moved to higher frequencies with increasing
relative humidity.

Hetahalloysite and halloysite. A single maximm which came into the
frequency range at 20,5 relative humidity end moved with increasing
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height as the relative humidlty was increased until at saturation,
ey of 10 Mc/sec. wes reached.

Since talc has only oxygen surfaces and kaolinite has both
oxygen and hydroxyl surfeces, Muir concluded that the stationary
dielectric loss meximum, which occurred at the same? o FOT both
minersls was due to water on the oxygen surfaces, IMuir related the
moving maxima for kaolinite end the halloysites to water on the
hydroxyl surfaces, The constency of the height of the moving
maximmm for kaolinite was attributed to dielectric loss ocourring only
with the initielly adsorbed water layer, and its movement was attributed
to the interaction of ocuter layers on the first,

Recently, Goldsmith and Mulr (1960) extended the range of
frequencies in the dielectric loss experiment to 0,09 ke/sec. In
addition they measured the dielectric properties of the water adsorbed
by pre~heated and non pre~heated cleys which were saturated with
different cations, O(n the basis of these experimenis they concluded
thet (1) the dielectric loss is due to the conductivity arising from
the solution of icns in the first few layers of adsorbed water, (2)
the structure of the adsorbed layer is more ordered in the presence of
smaller cations end (3) the structure is more ordsred when the exchange-
sble cations are buried in the erystal lattice by heat treatment.

Kurosski et al, (1957) recorded a peek in the dielectric loss
curve for water adsorbed by glass at 100¢/sec. Thepesk moved to higher
frequencies with increasing surface coversge. This very low ‘)m

suggests that the hydrogen bonding of water to the glass surface
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greatly restricts the orientation polarization,

Ro dielectric measurements heve been reported for water
adsorbed by montimorillonite or vermiculite, but it is reasonsble to
assume that the water moleculea close to the exchangeable cations and
perhaps also to the surface will have a low dielectric constant and a
high relaxaticn time,

e. The thermodynemic properties of adsorbed water

The swelling of montmorillonite and other clays provides direct
evidence that the partial moler free energy of the adsorbed water is
less than that of purewater, until the adsorbed films become very thick,
because even dilute clay suspensions exert a measurable swelling pressure.

The relevent equations are as follows:

'ﬁa - 5:51 = RT In P/l’“‘c:» for adsorption from the vapour phase,
Fa - 5"1 = Vw'n for adsorpiion from solution.

%"a = the partial molar energy of adsorbed water.

F, = " " i i ' pure water.

P/]E’o = the vapour pressure of water in equilibrium with the

clay relative to that of pure water,

;w = the partial specific volume of water

T = the swelling pressure at equilibrium
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All effects which intensify the bonding of the water
molecules at the clay surface will contribute to the loweriug of
the partial molar free energy of this water. Vooney, XKeenan and
Yood (1952a, b) studled the vapour phase desorption of water from
montmorillonite saturated with a wide range of exchangesble cations,
By applying the B.E,T. equation for monolayer adsorption to their
desorption isotherms they detected little difference in the amounts
of water adsorbed by K”', bt ana cst clays. As a result they assumed
that these ions are not hydrated and assigned all the adsorbed water
to the mineral surface. By subtracting the surface adsorbed water
from the total water adsorbed by the other clays studied, the relative
ionic hydrations were obtained, From this calculation the water held
by the surface amounted to more then half of the total for ﬂjo*, 13t
sr** end Ba** montmorillonites and about half of the total for Ga™ and
1g*t. This type of calculatiom is clearly over simplified for a
nunber of reasons, the most important being that the presence of any
cation at the surface lowers the activity of the adsorbed water. Thus
a cation, hydrated or otherwise, contributes to the amount of water
adsorbed by montmorillonite and the water can never be completely
assigned to the mineral surface,

When discussing the effect of cation hydration on the adsorption
of water by clays, the heat of adsorption is a more useful thermodynamic
quantity.

The change in heat content of water adsorbed by clays

Orchiston (1955), working with homionic montmorillonites,

demonstrated a linear relationship between the heats of hydration of
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the cation eand the C parameter in the B.i,T. equation (which is
related to the heat of adsorption of a monolayer) thus enphasising
the predominant role of the cations in the adsorption process.

The heat of adsorption of water on clays can also be determined

from the Clausius-Clapeyron equation

P2 —

1 9
1 T"T)

1 "2

where AH is the meen change in heat content on adsorption over the
temperature range '.1'1 to T2, and P1 and P2 are the equilibrium vapour
bressures at constent water cantent at these temperatures. To
determine these quantities, adsorption isotherms are required at

each of the temperatures considered. The quantities determined in
this manner (as opposed tocalorimetric procedures) are commonly termed
isosteric heats of adsorptiom,

The isosteric heat of adsorption is greater than the heat of
condensation of pure water (9,700 cal/mole) for both keolinite
(Goates and Bennett, 1957) and montmorillonite (Nooney et al. 1952a,
Barshad, 1955) and varies with initisal water content. For example,
the igosteric heats of adsorption of water by a Japanese bentonite at

different water contents sre given in Table 1,



Table 1
The isosteric heats of adsorption of water Ly a Jaepanese bentonite

at gifferent water contents

Heat of adsorption Water content
k.cal./mole. mg/g clay
27.0 10
18,5 50
1.7 100
10,9 200

'The figums in Table 1 were determined fram B.E.T. plots for
adsorption at 15°, 25°, 35° (Tekizawa, 1960).

Differential heats of wetting of clays have been determined by
Robins (41952), Kosenqvist (1955) end Zettlemoyer et al. (1955). The
differential heat of wetting is the heat liberated per gram of liquid
water added to a clay at constant temperature, pressure and water
content., It differs from the heat of adsorption by the heat of
condensation of pure water. All the heat of wetiing studies referred
to have two features in common, namely, that the heat of wetting becames
very close to zero when only a few layers of water have been formed,
and the first layer or two are adsorbed with the release of very large
amounts of energy (more than is released on the freezing of water).
For exarple, Zettlemoyer et al.(1955) found differential heats of
wetting for a natural bent'oﬁite clay renging from sbout ~380 cal./g.
near zero water c‘:mtent to practically zero cel./g. at 20, water content.

The date presented by Grim (1953), Slebaugh (1959) and Rosenqvist (1955)
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show thet the exchangeeble cations influence the heats of wetting and
adsorption, Generally speaking, the heats of wetting increasze with
decressing ionic¢ size.

The importence of the exchangeable cation in determining the
heat of wetting is shown in Teble 2 where the results for hamionic
vermiculite and a styrene=divinyl benzene co-polymer cation exchange
reein, each with the same exchengeable cations (Kesy and wild, 1961)

are compared.

Table 2
The comparison of the heats of wetting of a vermiculite and a cation
exchange resin for a range of exchangeable cations.
Exchengesble Heat of hydration Heat of wetting of
cation (wetting) of vermiculite polystyrene D.V.B,
k.cal.,/mole exch, cation resin, k.cal./mole,

exch, cation

g2t 41,0 -394
ce?* -33.8 -24,6
srt -36.3 -

a2t -25,2 «20,8
Na* 16,6 =91

Although the heats of hydration refer to a range of water contents
which ix rather arbitrary, they indicate that the nature of the
exchangesble cation largely determines the heat of hydration of
vermiculite,



=33~

The entropy of adsorbed watexr

This is a thermodynamic property which should enable the
differentiation of those models proposed for clay adsorbed water,
the molecules of which possess different degrees of order snd/or
freedom. Unfortunately, two important modelsl discussed in conjunction
with entropy results in the literature ( a fixed adsorption structure
with quasi-solid properties and a two dimensional liquid film) have
approximetely the same entropy. See Table 3 (lMartin, 1959).

Teble 3

Caleulated entropy velues for various models proposed for adsorbed

water,
Nodel Entropy
(eal./mole. s at 20%C, 17.53 mm Hg)

Hormal gas Sg-Sl + 35.9
Two dinensional gas

S'g— 8 + 29.3
Normel liquid S - § 0
Two dimensional 1liquid

S'y= 8§ - 646
Normal solid S = § = 5.9

This fact has led to some confusion of interpretation of entropy data.
Nartin (195¢) celculated the diffevential entropy (S, = ;) =nd the
integral entropy (sa - sl) of the adsorption of water by lithium and

sodium kaolinite by using equations of the type:
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Vhen the equation is used to calculate the differential entropy of
adsorption the subscript S becomes X, the increment added to achieve
the chenge in entropy S, ¥hen caloulating the integrel entropy of
adsorption, the subscript S becomes #, the relative spreading pressure

calculated from the Gibbs equation:

P
=1
O

the latent heat of veporization of water at temperature T.

Lo

a

Hg - Ha the integrel or differential heat of adsorption from the

n

vepour phase at temperature T snd vepour pressure p ..

The molar integral entropy of adsorbed water Sa differs from
the molar differential entropy §a in thet it is the entropy of the
whole assembly of water molecules on the surface at the particular
sctivity £, while "Ea is the change in entropy of the adsorbed water
at a particular water content due to the addition of an increment of
water,

Mertin (1959) illustrated graphically the chenge in both
differential and integral entropy with increasing relative pressure.
The differential eniropy varies in a complex menner with increasing
relative pressure (as is observed in similer reports). However,

the experimental curve for 1ithium kaolinite sgrees very well with

the idesl entropy curve calculated for a statistical model for physical
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adsorption on an inert adsorbent, ultimately resulting in a mobile
film at high surface coverage.

Martin discussed the nature of the mobile film in terms of the
integral entropy of adsorption (Sa- Sl) which is positive bver the
the whole of the pressure range. He concluded from this cbsexrvation
that the adsorbed water is more rsandcm than pure water, the randoamess
being a result of the structure-breaking effect of the negative clay
surface in sn analogous menner to the sitructure-breaking effect of
large snions such as c1 .

However, the integral entrcplies of adsorption of water by
quertz up to a double layer of adsorbed water molecules (whalen, 1961)
end by a kaolinite with an unspecified exchangeable cation at monolayer
coversge (Chessick and Zettlemoyer, 1961) are negative. At monolayer
coversge of kaolinite by water molecules, (Sa - Sl) = =18.7 .U, (Chessick
and Zettlemoyer, 1961) or +2 to +8 E.U. (¥artin, 1959). Both Whalen,
and Chessick and Zettlemoyer used a form of the eguation of Jura and
#111 (1952) which is similar to that used by Mertin, It is not clear
why the results of these authors differ. The differences are probably
too great to be explained in terms of the varisbility of kasolinite
surfaces.

¥halen (1961) concluded that at low surface coversge of gquartiz,
the adsorbed water vapour is immobile while at higher surface coverage
a mobile film apparently exists,

Jurinak end Volmen (1961) studied the water vapour adsorptiom

by lithium, calcium end barium kaolinites and reported graphically the

change in the differential entropy of adsorption with a surface



-3l

coverage peremeter, TFor adsorption by heated lithium kaolinite
(in which it is cleimed that the lithium ions migrate into the
crystal lattice) they conclude that an ice~like structure of water mole-
cules exists on the surface, Also the surface water configuration in
the presence of a hydrateable cation (Ba“' or Ca""f) is more ordered than
the configuration based on water-surface interaction alone.

Barshad (1959) determined the partial molal entropy of adsorption
of water by montmorillonite saturated .wi’ch a wide range of catioms.
The reaction between clay and water was considered to be:

n_mmntmorillonite (dxy at p = o) + n H.0(at ?,)

- n mentmorillonite n H,0 (e P)

He concluded that the water molecules are in their lowest state of
organization at low surface coverage, when the monolsyer is incomplete
and only a small proportion of the water molecules are associated with
the exchangesble cations, Under these conditions, the water behaves
almost as a two dimensional gas. At monolayer coversge, the water
molecules are in their maximum state of orderliness.

Conclusion to Section e. The thermodynamic properties of

adsorbed water,

The chenge in heet content on the adsorpiion of water by clay
clearly demonstrates once agein the importance of the exchengesble cations
in clgy-water interactions,

The interpret:ition of entropy data has led to proposals that the
adsorbed layer of water molecules at different surface coverages is a

two dimensional gas, a two~dimensicnal liquid (both less or more ordered

than pure water) or an ice-like structure. Some of these interpretatioms
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sre contradictory and the interpretation of entropy data for clay-
water and similar systems will be of doubtful validity until the
thermodynamics of these systems is placed on & firmer basis, It is
unknown to what extent the entropy changes in the region of edsorption
and desorptin hysteresis is expressed gquantitatively by the relevant
equations referred to in this discussion (Everett, 1957; Berrer and
Kelsey, 1961). ilso the extent to which statistical thermodynamics
can be used to separate the contribution to the totel entropy change
by chenges in the degrees of freedom and in the order of the molecules
on adsorption (Barrer, 1958; Everett, 1958) is unknown. It may be
necessary to derive a satisfactory model for the adsorbed lsyer of

water molecules before these questions can be answered,

5. The Adsorption of Crgenic Compounds from iguecus Solution

i. The adsorption of aminowacids snd proteins by clay minerals

Atterpts to explain the resistance of a large part of the soil
organic matter toward microbial or enzyme catalysed decomposition
include the suggestion that adsorption by soil clays might protect the
orgenic matter, either by modifying its properties, or by preventing access
of the microbes or extra-cellular enzymes to the adsorbed compounds
(Ensminger and Gieseking, 193%8).

Neny of the reports on protein adsorption since 1939 have been
concerned with this suggestion and it has been shown that intercalation
by montmorillonite reduces the rate of protein hydrolysis by both bacteris
end engymes (Ensminger and Gieseking, 1939, 1942; illison, et al., 1949;
Pinck et al., 1951, 1954). Adsorption by nou-expsnding lattice clay
minerals does not reduce the rate of protein hydrolysis (McLaren, 19543
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Melaren end Estermann, 1956; Pinck et al. 1954),

The adsorption of basic amino-acids dysine end arginine and
the neutral emino-ecid tryptophane by montmorillonite did not reduce
the rate of utilization of these compounds by bacteria (Putnam and
Schmidt, 1959). The rate of disappearance of amino-acide added to
s0ils is extremely rapid (Quastel and Scholefield, 1949; Schmidt et al.,
1960; Greenwood and Lees, 1960a, b) snd the amount of aminowacids
extracted from soil by 80% aqueous ethsnol or cold water is of the
order of ug/g (Bremner, 1950, 1952; Dadd et al. 1953; Simonart and
Feeters, 1954; Simonart and Buysse, 195k; Dahr gt al., 1955; Payne et al,,
1956; Putnam and Schmidt, 1959).

However, Paul and Schwddt (1961) showed that electrolyte
solutions extracted 5 to 25 times the smounts of the sminoeacids
extracted by 80% ethanol or water, and that the basic amino-acid lysine
predominated in the extracted solutioms. |

‘ A small number of physice~chemical investigations of the adsorp-
tion of aminowacids by clsy minersle have been reported. These
studies have been restricted to the interpretstion of adsorption
isotherms and the basel spacings of montmorillonite-smino-scid complexes
(determined by X-ray diffraction), ‘he sim of all these investigations
has been the elucidation of the bonding mechanisms involved,

Telibudeen (1955) studied the complexes formed by the adsorption
of glycine, alanine, phenyl-alsnine, hydroxy-proline and arginine by
montmorillenite et pH 2.5 and 4.0 by X-ray diffraction, and reported
that both the basicity end size of the amino-acid molecules determine

the extent of adsorption., The basici ty is the more important property.
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Mcleren et al. (1958) determined the isotherm at 25°C for the
edsorptian of slenine by montmorillonite at pH 2, They obtained
Y=ray data for the dried camplexes in conjunction with this isotherm
and showed that the basal spacings were not proportional to the amount
of alanine adsorbed. They therefore concluded that any attempts to
interpret X-ray data without relation to an adsorption isotherm are
necesserily incomplete (e.g. the data of Telibudeen, 1955)., This is
an important conclusion, although the X-ray date of McLaren et al, for
alanine are not accompenied by a sufficiently detailed adsorption
isotherm.

Siesking and ey (1959) extended their earlier, systematlc work
on the adsorption of amines by montmorillonite (sieskind end Wey, 1958)
to the study of the adsorption of a=amino acetic acid (glycine), B-amino
propionic acid, Y-emino butyric acid, $ -amino valeric acid and e-amino
propionic at e fixed concentration (0.025M) over the pH range fram 1 to
14. The results, expressed as the amount of amino-acid retained
(m equiv./100 g) ageinst washing with water, plotted sgainst pH, ylelded
a family of curves, similar in shape to acid-bage titration curves, the
emount held increasing with decreasing pH and reaching a meximum at pH 2.
They found a linear relationship between the amount of amino-acid retained
at pH 2 end the number of carbon atoms between the emine and acid groups.
This last result wen be interpreted as the increase in adsorption with
increasing basic strength of the amino~acid, increasing molecular weight,
or both., ‘These authors conclude that the emino-acids are held as
cations by the clay at pH values below their iso-electric pointa,

In a later paper, Sieskind (1960a) showed that smino~acid basicity



i e
was more importent than molecular weight in determining the amount
retained at pH 2 against washing with water. the studied two series
of compounds, the first being a number of isomeric aminowacids of
different basic strengths and the second a range of a~gmino~acids
with similar strengths but different molecular weights. Her results
show that the more weakly basic ow~aminco-acids are held to a very much
smaller extent than the more strongly basic P- to e-amino~acids, the
maximum smounts retained being approximately 10 and 90 m mole,/ 100 g
respectively. The retention of glycine is greater than that of the
other ae=amino acids, with a meximum of spproximately 50 m mole./100g.
Sdeskind (1960b) concluded from subsequent f-ray data for complexes obtein-
ed from the adsorption experiments that the greeter amount of glycine
remaining after washing was probably due to the more intimate contact
between the planar glycine molecule and the clay surface.

Poth Talibudeen (1955) end Sieskind (1960b) illustrated the
importance of basicity in determining the amount of amino-acid adsorbed
by montmorillonite at pH 2 to 2.5, but Sieskind supported this conflusion
with: omore detailed and quantitative data. However, her data are
dependent upon an arbitrery washing procedure used to determine the
amount retained by the clay.

At pH 2, the amount of amino-acid .adsorbed by clay is determined
by an equilibrium of the type:

olay ¢ + R I3 clay I, + HO (1)

2
the exchengeable hydrogen iom,

it

where clay z«zjo

REY = the dipolar ionic form of the amino-acid, end
cley FH, = the adsorbed amino-acid cation rut

2 2
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Desorption is the reverse of equilibrium (1) and it is
theoretically possible to remove completely the adsorbed amino-acid
by washing with water. The analogous desorption of amine cations
adsorbed by montmorillonite is small but measurable (Cowan and White,
1958). The desorption of the more feebly basic amino-acids studied
by Sieskind (1960a) is mch more significent. This is clearly illus-
trated by compariscn of her desorption data for alanine, where less
than 5 m mole./100 g is held at 0.1 M with the equilibrium adsorption
isotherm of Melaren et al. (1958) in which the corresponding value is
spproximately 30 m mole./100g.

Sdeskind's (1960a) experimentel procedure serves to distinguish
the aq-amino-acids clearly from the more strongly basic f~ to €= smino~
acids, since the latter are not only more readily adsorbed, but are
more difficult to desord by washing. She justifies the experimental
procedure adopted by maintaining that the determination of the amount
of amino-acid adsorbed at equilibrium by analysis of the supernatent
solution after separation of the clay is attended by errors that mey
be sufficiently large to obscure completely the adsorption phenomenon.

The determination of adsorption isotherms by solution analysis
was used by liclaren gt al. (1958) to study the adsorption of alanine end
has been adopted in the present work, It is shown from a consideration
of the errors involved (see later in the discussion) that welid results
can be obtained under carefully controlled experimental conditions,

The adsorption of amino=acids by catlon exchange resins has been
studied in great detail, chiefly with the aim of understanding the

process of amino-acid separation. The proton transfer resction with



-l
the exchange resin in the escid form, has been most thoroughly studied,
usually together with changing pH (e.g. Seno and Yamsbe, 1960), The
chemical equation describing the proton transfer reaction gpplies
equally well when either en exchenge resin or a clay is the suvstrate,
but the extreme difference between the two types of surface prevents
comparison of the contribution of physical forces te¢ relative adsorption
affinities.

The real value of equilibrium adsorption isotherms is that they
allow the calculation of thermodynamic quantities for the system, These
quantities can be interpreted in terms of relastive adsorption affinities
and the possible models for the adsorbed layer with greater certainty
then by other procedures. This is well illusirated for vapour phase
adsorption systems by the studies of Barrer and Kelsey (1961) and for
adegorption from agueous solutiagn)}; montmorillonite by Cowan and VWhite
(1958).

Cowan and white (1958) studied the adsorption of a homologous
series of n-alkyl primery amine cations from agueous solution (as
chlorides) by sodium montmorillonite. The cation exchange reaction is:

clay Na + RNH3+ o= clay RNH; + Na*

from the adsorption isotherms, they determined the mass action

quotient for the equilibrium, given by:

N +
K, = {Rma. E‘f_]

NN-l-

. 3

where NRNH; and N+ ere the amounis l m equiv./100g of amine



e
adsorbed and sodium ion remeining on the clay surface respectively
and. E?NHE] and E‘faj are the concentrations of the cations in the
solution phase, at equilibrium,

The mass agtion quotient is related to the activity constant

Ka = KX
where KY is the corresponding quotient for the activity coefficients.
fetivities cannot be determined, but in so far as Km is constant,
?L{ is also constant.
The stendard free energy for the exchange reaction is given by

I3
"".\3‘ = KT In Ka

it

RIIn K + R7 In X
m {

-AG™ 4+ C for constant K,

f

Cowan and #hite (1958) expressed graphically the variation in
-AG" with the number of earbon atoms in the n-alkyl chains of the
amine cations studied. The graph is linear for the cations between
amylamonium and decylammonium, with an increment in =AG™ of 400 cal/
CH2 group. Therefore the re}ative ease with which the alkylemmonium
ions replace the sodium ions betwsen these limits is & linear function
of molecular size,

From octylamine to tetradecylamine, adsorption exceeds the
exchange capacity and is accompanied by = decrease in the pH, The
amine adsorbed sbove the exchenge cspacity is present as uncharged mole~
cules and adsorption is preceded by hydrolysias of the amine hydrochloride.

The analysis of adsorption data as described by Cowan and White
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(1958) was used in the present work when an exchange reaction was

involved,

ii. he interpretation of i~ray end infra-red date for complexes

between organic compounds and montmorillonite or vermiculite.

a. C-H, o .0 hydrogen bonding

Sradley (1945) proposed this form of bonding to account for
the adsorption of glycols and glycol ethers. He showed thet ethylene
glycol and its dimethyl ether could at least partially displace water
from the interlamellar region of montmorillonite. Since Hendricks
(4941) had postulated earlier that the water molecules in a mon tmorilloni te-
water system are hydrogen banded to the clay surface, Bradley concluded
that the interaction between glycol or glycol ether molecules with the
clay surface is camparable in magnitude to the 6-H...0 bonds that,
according to Hendricks' postulate, would be broken on displacement of
water. Dradley's Fourier snmalysis of the X-ray data for the ethylene
glycol-wontmorillonite complex shows that the (-H,..C distance between
the glyccl molecules and the surface oxygen atoms is approximately 3.3 to
3.63.. This distance is too great for O-H...0 bonding to the surface
(Lord and Merrifield, 1953) and Bradley concluded that glycol or glycol
ether adsorption by monimorillonite led to the formation of C~He.e0
hydrogen bonds. The C-H,..0 distance of approximately 3.3 to 3.6 Z.
is the expected value for methylene-to~oxygen ven der Vasls contact
(3.4 %, Pauling, 1960).

It was shown earlier that the hydration of the exchangeeble
cations in a montmorillonite~ or vermiculite-water sysiem is of auch

greater significance than hydrogen bonding to the surfece and therefore
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it cannot be concluded that the adsorption of glycol or glycol ether
molecules is sccompanied by the formation of C-H,..0 hydrogen bonds
to the clay surface. Further, it is difficult to reconcile the
conclusion that these bonds ere formed, with the observation that the
energetically more fevoursble O-H,..0C bonds to the clay surface do not
cceur on glycol or water adsozptim. It is probable that the adsorption
of slycols and glycol ethers by montmorillonite is accompanied by
solvetion of the exchangesble cations by these compounds,

YecEwan (1948) studied a wide range of glycol snd glycol ether
complexes with both montmorillonite and halloysite by means of X-ray
diffraction and observed an apparent contraction in the van der Waals
thickness of the adsorbed molecules., (n the basis of Bradley's
publication (1945) Yaciwan attributed the a;pparent contraction to
CeteesC hydrogen bonding between methylene groups and the surface sheet
of oxygen atoms, The same conclusion was reasched by Talibudeen (1955)
from the gpparent contraction in the ven der Weals thickness of amino-
acids and proteins on adsorption by montmorillonite. The last two
authors suggest that the C-H...0 bonds involve methylene groups adjacent
to electronegative atoms which polarize the C-H bonds by the inductive
effect,

Giles et al. (1956, 1957, 1959) have interpreted much of their
own adsorption data in terms of C-H...O hydrogen bonding involving
methylene groups.

Hambly (i961) showed that the formation of & strong hydrogen
bond requires that the donor atom must have a sufficiently high
electronegativity for its bond to hydrogen to become polarized and

the exposed proton attract the elctroms in a lone peir orbital of the
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acceptor atom. On this basis, C-H...C hydrogen bonds involving
methylene groups sre unlikely to occur since the central carbon atom is
not electronegative with respect to the hydrogens. ‘That is, the dipole
of a C~H bond in sp3 hybridigation is directed with its positive end
toward the central carbon atom (Partington, 1954). The presence of
electronegative groups adjacent to the central carbon atom reduces the
C~-H bond dipole moment.  For éxan;ple, chloroform has a C~H bond nioment
of 0.15D compared with the more genersl value of O.4 to 0.6D.

¢l
C.15D C~H bond dipole
Cl -(C=H
Ccil -
i
1.0D molecular dipole

Chloroform forms a weak hydrogen bond to oxygen atoms with a bond

energy of approximetely 2.7 k cal. (Cempbell and Kertzmark, 1960).

This is because the molecular dipole, with its positive end toward the
hydrogen atom orients the molecule toward the lone pair orbital of the
acceptor atom. The lone pair electrans csn then add to the polarization
of the C~H bond induced by the 3 chlorine atoms.

This situation is not repeated with methylene groups adjacent to
an electron withdrawing atom, because (1) the C=H bond dipole moment
is greater than 0.15D (‘the electronegativity of cne oxygen atom is 3.5
compared with the sum of the electronegativities of the three chlorine
atoms of 9.0, Pritchard snd Skinner, 1955} and (2) it is unlikely that
the molecular dipole will assist hydrogen bond formation as effectively

as described for chlorofcorn.
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Therefore, it is only in special cases when a methylene hydrogen
is held close to - lone pair orbital of an acceptor oxygen atom by a
favourasble molecular conformation so that interaction is assisted that
C=H,..0 hydrogen "bonding" has been recorded. Jor exawple, ¥relog
(1950}, by a study of the first overtone o the GH, stretching frequencies
of cyclohexsnone, showed that there is a very weak intramolecular inter-
action between the s~methylene hydrogen atoms snd the carbonyl oxygen
atom,

Hoffmann and Brindley (1960) claim #eten interaction of this iype,
too weak to be true hydrogen bonding, exists between methylene groups
adjacent to electronegative atoms and the surface oxygen sheets of
montmorillonite end enhsnces the adsorption of poly-functional ketones,
esters and slcohols which contein a high proportion of z-methylene groups.

Tensmeyer, Hoffmanu and brindley (1960) studied the infra-red
spectra of 2:5 hexsnedione and 2:5:8-nonenetriane and the correspending
calcium montmorillonite complexes obtained from the earlier investigation
of Hoffmann snd Brindley (1960). They showed thet the spectrum of
nonsnetrione supported in a KBr disc is closely similar to the spectra
of the complexes containing one and two layers of adsorbed molecules.
¥rom the fact that the asymmetric deformation frequencies of nonanetrione
in the solid phase or adsorbed by montmorillenite were higher then
observed in the spectrum of the CCIA_ solution they deduced that weak
CeHy,o0=C interactions of a hydrogen-bonding type occur in the crystal
or adsorbed phase. llowever, this observation is not acconpanied by

lower C-H stretching frequencies in the solid or adsorbed phase than
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in solution and the existance of C-HeeoC=C interactions is therefore
doubtful. Splitting and slight elevation of Ceji stretching and bending
frequencies on crystallization of organic compounds due to interactions
within the electric 7ield of the crystal is commonly observed {Laby, 1959).

The above criticism of C-H,,,0 hydrogen bonding does not apply
to compounds containing C-H bonds in sp2 or g hybridization since the
polarity of the bonds is opposite to that in methylene groups where wj
hybridization is involved. fhat is, the carbon atom is more electro=
negative in 3132 or sp hybridized bonds than in a methylene group
(Partington s 1954), (=H,,.0 hydrogen bonds hsve been observed in formic
acid esters and with substituted acetylenes (Brand gt al. 1960).

Greene-Kelly (1955 a and b, 1956) studied the complexes between
montmorillonite and a wide range of aliphatic and aromatic compounds by
L=ray diffractioh and concluded that G-H, ..U hydrogen bonding probably
does not account for the observed contractions, Ie also claimed that
at least part of the apparent contraction is due to "projection" effects
but there is possibly also a true shortening of contact distances due
to distortion of the molecules on adsorption, Creene-Kelly d4id not
define projection effects » but they probably involve the interpretation
of the perpendicular distance fram an oxygen surface to the adsorbed
layer of organic molecules in terms of van der Wasls contact distances,

Pe Uther intervretations of L-ray data.

‘n alternative suggestion which has been offered to account for
the apparent contrsyction in the thickness of organic molecules on
adsorption by montmorillenite is that the molecules are keyed into the

hexagonal depressions on the clay surface (Glaeser, 1951; Barrer end
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Perry, 1961). Greene-kelly (1956) maintained that keyed molecules
(those which show en apparent contraction in molecular thickness)
should diffuse out of the moﬁtnorillonite crystal a2t & slower rate than
un=xeyed molecules, which show no spparent contraction. In fact,
very slow rates of diffusion have been observed for both types of
complexes. However, projecting groups may be keyed into the surfaces
thereby decreasing the diffusion rate without resulting in an spparent
contraction,

Haxpire and Ploch {1956) studied the adsorption of a wide range
of aromatic and aliphatic bases by montmorillonite and showed that
in meny cases adsorption was in excess of the exchange capacity.

They also determined the basal spacings end Maciiwen's A values for

the resultsnt complexes. For the eromatic bases (including o-phenylene
éiamine, p~amino diphenyl, s-nsphthylamine, p~phenylene diamine,
methylene blue and benzidine) they showed that o good correlation
existed between the amount adsorbed asbove the exchange capacity and

the ﬁmctionw/ A where W is the number of K electrons in the aromatic
system and A is MacEwan's A value,

They concluded from this correlation that a strong bonding
mechanism results from the interaction of the W electrons of the
arcmatic system with the clay surface and this produces a large
contraction in the van der fdaals thickness of the adsorbed molecule,
his mechanism i. seld tc be parallel to an oxidation-reduction reaction
and is of significance only in those cases when the aromatic system

can come into close proxinity with the clay surface., That is, for
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planar aromatic molecules.

The interpretation of the apparent contraction in the van der
wasls thickness of sn organic molescule on adsorpiion by montmorillonite
or other expanding lattice minerals in terms of & bonding mechenism
(€egs C=H4..0 hydrogen bonding or the interacticn of the Tv electron
clouds of a planar aromatic molecule with the mineral surfaces) is
invalid since the following uncertainties attend the interpretation.

(1) As discussed earlier, the assumed thiclkmess of the alumino=-silicate
layer may be too great by a maximum of 0.3. ? and irregularities in the
surface due to tilting of the silica tetrahedra may introduce an added
uncertainty of ¥ 0.1 ?&.

(2) The extent of distortion of a molecule on adsorption either by

s change in bond angles or in the ven der Weals radii under the influence
of the electric field of the clay crystal is unknowm.

(3) e amount of keying of adsorbed molecules into the cavities of

the clay surface aannot be determined with any degree of certainty since
it is dependent upon the distortion of the surface and the conformaticn
of the adsorbed molecules.

The adsorption isotherms reported in Part I1 epply to the system
where clay is in equilibrium with both water and adsorbate. ‘Therefore,
¥=ray data for moist montmorillonite complexes prepared in conjunction
with the isotherms is of considersble supplementary value, Of relevance
to this aspect of the present work is the report by Welker and Garrett
(1961) that magnesium vermiculite gives two types of swelling behaviour
.in the presence of amin'c:-aclia golutions: (1) amino-acids adsorbed by

cation exchange (ornithine, lysine and Y-anino butyric acid) confer on
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the minersl swelling properties similar to lithium vermiculite.

The degree of swelling decreases with increasing concentration of
amino-acid. (2) ¥hen the adsorbed amino-acids are not held by
cation exchange (glycine, f~-slanine, V-amino butyric acid and g~-amino
caproic acid) the degree of swelling was cbserved to increase with
doncentration. The first type of swelling is due to development

of a@iffuse double layers. The second type arises from sn increase
in the aversge dielectiric constent of the interlamellar solution on
intercalation of smino-acid dipolar ions, thus decreasing the electro-
static force of attraction between the exchangeable cations end the
mineral surfsces., This effect was also observed during the present
work (Greenlend, Laby and Quirk, 1962). Barshad (1952) reported
similar swelling data for calclum montmorillonite and magnesium
vermiculite in the presence of amino-acid solutions and concluded that
the high dielectric constant of these solutions is probably responsible

for the expansion of the minersal lattices.
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PART IT  BQUILIBIUN RAPERTRGNTS

1. Introduction

The amounts of amino-acids adsorbed by clays is a maximum at
PH 2. 2As a consequence, adsorption isotherms have been studied at
this pH alone, (Talibudeen, 1955; Sieskind, 1960a & b) where the proton
transfer mechanism is involved and the amino-acids are held by cation
exchenge forces, It is not surprising therefore that emphasis hes been
placed on the basicity of amino-acids in determining the extent of
adsorption. No attenpt has been made t0 exploit the real potential
of equilibrium adsorption studies.

However, the swelling studies of Barshad (1952), and Walker
and Garrett (1961) suggest that other properties, in perticular the
exceptionally large dipole moments of amino-acids and the related high
dielectric constant of their agquecus solutions determine their inter-
action with clays at pH velues closer to 7. The investigation of
amino=acid adsorption at neutral pH will assist in establishing the
significance of the dipolar ionic siructure in clay-amino-acid inter-
sctions, Also these studies may lead to a better understanding of
the interactions between orgenic matter (conteining smino-acids in
combination) and the minersl fractioms of soil end of the amino-acid
transformationg in the soil solution, The conflicting postulates on
the nature of water adsorbed by clays which have been derived from
thermodynamic congiderations may be evaluated to some extent by these
studlies,

These and similar thoughts have determined the spproach to the

present work which is largely concerned with the interpretation of
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adsorption isotherms and supplementary X-ray dats for moist montmorill-
cnife complexes. The work of Cowan and white (1958) and of Sieskind
end Wey (1958, 1959) illustrates the value of a homologous series
of campounds in studies on adsorption (and of course » many other types
of investigation) end partly influenced the chcice of glycine and its
peptides glycyl glycine, diglycyl glycine and triglycyl glycine in the
present work., These compounds have been studied in greatest detail
and provide a basis for comparison for the remaining smino-acids
investigated.

The interactions that occur between clay minerals and sminoe-acids
or peptides have been investigated in three different systems.
(1)  The adsorption of neutral and acid amino-acids and peptides by
calcium montmorillonite end illite (section 4, i) and by the correspond-
ing sodium clays (section 4, ii). Physical forces sre involved and
include ion-dipole, ion-induced dipole, surface dipole and van der
Waals contributions,
(2) The adsorption of the same neutral and acid amino-acids and
peptides by hydrogen montmorillonite (section 4, iii). Proton transfer
is the most significant adsorption mechanism and operates in addition
to physicel forces,
(3) The adsorption of basic smino-acids and peptides by sodium end
calcium montmorillonite and illite (section 4,iv) where cation exchange
occurs, supported by physicel adsorption.

The details of the isotherms studied are given in Table k4.
¥here possible, the relative affinities of the adsorbates and the

significeance of each type of adsorption mechanism are discussed in
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terms of thermodynemic data,
2., Preliminary lxperimental Details.

i. Description of the clay minerals and the preperaticn of

homoionic suspensions.

The cley used for the preparation of montmorillonite suspensions
was obtained from Vard's Natural Science Esteblishment Inec., It
originated from the John C, Lane tract, Upton, Wyoming and was a
sample of the standard clay mineral number 25b of the American

Petroleum Institute Project 49. Its composition is given as:

(815 g2 “to.oa) m&.ss“oas”i%.;ﬂ (cH), 044

Nag.27 (%)a.ez

The wnground clay, as received, dispersed readily in distilled water
without evidence of flocoulation., The fraction less than 2 microms
equivalent spherical diameter was separated by mechanical dispersiomn
in distilled water, followed by repeated sedimentation and decantation,
X-ray powder photographs of the clsy obtained from these suspensions
showed that approximately 3% of quartz was present. No other
extraneous lines were cbserved, The ¥-ray diffractometer trace is
given in Fig. 2.

The illite sample came from County Grundy, Illinocis and was
obtained fram the Illincis Clay Products Co,, Joliet, Illinois.
No chemicel analysis has been obteined for this sample.  After
preliminary saturation of the clay with sodium ion, the less then 2u

e.s8.4. fraction was separated by the same procedure used for montmorill-



Fig.2., in F~ray diffractometer trace for the montmorillonite

used.

Fig.3, in X-ray diffractometer trace for the illite used.



oy

(zyJenb) §2-y

]
2
=

(z35enb) €E-E

S0-€

fig.3

(zuenbyyge

(zuenb) 2.y




=55~

onite, The X-rey diffractometer trace (Fig. 3) showed that less
than 35 of quartz was present. No other extreaneous lines were
observed but the asymmetry of the 10 Zbasal reflection suggests that
the clay may be interlayered with an expanding lattice mineral (¥olloy
and Kerr, 1961). The extent of interstratification was shown to be
small by camparison of the external surface area (106 mz/s) determined
by nitrogen adsorption with the total surface area (approximately 150 mz/g.)
determined from the adsorption of cetyl pyridinium bromide (Theng, 19613
Greenland and Guirk, in press). The internal surface area of approx-
imately 4k n’/g. indicates that the ratio of montmorillonite- to micas
like lgyers in the lattice is 1 to 15

The main difficulty encountered in saturating a clay with a
given cation is Ithe removal of aluminium present es an impurity on
the surface (Martin, 1960). The complete removal of this impurity
is impossible since the spontaneous alteration of the clay that occurs
under the conditions of acidity at which surface-~bound aluminium
dissociates fram the clay (Lin and Coleman, 1960) leads to translocation
of the lattice bound aluminium which cen further contaminate the surface
(Bolt and Warkentin, 1956; Colemsn and Craig, 1961). The aluminium
impurity initially present probably consists of partly polymerised
aluminium hydroxides and decamposition fragments of the clay (Bolt and
Wiarkentin, 1956) and it contributes to the acidity of the semple (low,
1955). Neither electrodialysis nor treatment with the hydrogen form
of a cation exchange resin will remove surface bound eluminium (Thompson
and Culbertson, 1959). It is therefore necessary to equilibrate the
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clay with a salt solution of the saturating cation at a reduced pH.
The optimum pH is approximately 3 (Iin and Colemen, 1960).

The details of the methods used to saturate montmorillonite
with sodium, celcium and hydrogen ions and illite with sodium and
calcoium ions together with the experimentally determined exchange
capacities, exchangesble cations, pH and elecirolyte concentrations are
given in jppendix I.

Calcium cerbonate was present in the illite sample as received
end a longer treatment with acidified =alt solution was used to remove
this impurity than was required for the saturation of montmorillonite
sugpensions,

ii. The smino-acids and peptides studied.

The structures and sources of supply and purity of these
campounds are given in fppendix II.

iii., Separation of the clay from the supernatant solutions.

The amount of aminowecid or peptide adsorbed at equilibrium was
determined by snalysis of the supernatant solution which therefore had
to be completely free of suspended clay. Since the electrolyte
concentration was usually extremely low, it was found necessery to
centrifuge the suspensions in a Spinco Nodel L ultracentrifuge at
23,000 r.p.m. (46,000 g.) for 25 min, The temperature change in the
suspension during centrifugation was less than 4°C for s]1 experiments.
This was achieved by adjusting the refrigeration of the centrifuge.

iv. Estimation of the smount of amino-acid or peptide adsorbed

The supernatant solution obtained on centrifuging the suspension

was enalysed by a slightly modified Kjeldahl procedure (fppendix III)
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A1l quantitative volumetric apparatus was of 4 grade quality. The
calibrations were checked by weighing the volumes of water delivered
or contained, |
V. The sdsorption experiment,

Adsorption isotherms were obtained by transferring accurately
known portions of the clay suspensions to Polystyrene tubes and adding
to each, differing amounts of standard amino-acid or peptide solution,
The solutions were standardised ageinst the Kjeldahl procedure. The
contents of the tubes were adtisted accurately to a common volume
(usually 30 ml.) with distilled water and shaken overnight, at 20°C
for the earlier experiments with glycine end its peptid;es, or 25°C for
all other experiments. For the adsorption of the basic amino-acids,
equilibration time was incressed to 24 hours. The suspensions were
then centrifuged and the supernatants snalysed as described above, In
the earlier experiments with glycine and its peptides and with the basgic
amino~acids the solutions were slso analysed for the cation lisble to be
displaced I{;m;;he clay. The pH of the supernatent solutions was determined
in some experiments (see Table 4).

3. Results of the Fquilibrium Experiments

The change in the emount of amino-scid or peptide adsorbed
(m mole./100 g of clay dried at 110° or 350°) is plotted apainst the
equilibrium concentrations (mole/l.) to give adscrption isotherms.

The results are shown graphically in Figs.4 to 19 (for aefailé of each
Fig. see also Tsble 4), In some experiments reported (Teble k), the
amount adsorbed was celculated om the basis of clay dried at 110°C for

24 hours, in conformity with standard practice for soil samples,
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However, examination of differential thermal data for montmorilionite
(liacKenzie, 1957) showed that drying at 350°C would give more
reproducible results and further, this temperature corresponded to
the loss of most of the adsorbed water without severely dehﬁ'lrating
the clay lattice. A1l subsequent experiments are referred to clay
dried at 350°C,

Teble &

Detalls of adsorption isotherms illustrated in Figs. & to 19.

Figure Adsorbents Adsorbates  Iso- Irying pH
number therm  temp“C deter-
tenp °C mined
4 Na* montmorillonite glycyl glycine, 120 110 yes
diglycyl glycine
and
triglycyl glycine
5 ca*t montmorillonite glycine, glyeyl " " g
-~ glycine, diglycyl
glycine and
triglycyl glycine
6 H50+ montmorillonite as for 5 o " "
7 Ca™*montworillonite glycine and glycyl 25 & 0 350  mo
glycine
8 " n diglycyl glycine " " "
and triglycyl ,
glycine
9 re* 11lite as for 5 25 " "
10 ca*t 1l1lite as for 5 " " "
11 Caﬁmontmorillonite a~alanine, P- " " "

alanine, leucine
and serine



Table & contd.

Figure Adsorbents Adsorbates Iso- Drying pH
number therm temp®C deter-
temp °C mined

12 1130* montmorillonite as for 11 25 350 no
13 Net illite as for 11 " " o
14 ca™ illite as for 11 " " "

15 H30+ montmorillonite aspartic and " " "
glutemic acids
phenyl alanine
and p-amino
benzoic meid

16 Ca"'montmorillonite Di- and I~argin- 20 140 yes
ine hydrochlorides
and glyeine
hydrochloride

17 Ne‘montmorillont te I~arginine, 20 110 yes
histidine and
lysine
hydrochlorides

18 i b carnosine and 25 350 no
histidine
hydrochlorides

19 Cat'montmorillonite histidine " " "
hydrochloride

ca™t i11ite histidine " " "
hydrochloride

Na* illite carnosine and " " "

histidine
hydrochlorides

The experimental results from which each of these isotherms was

plotted are given in Jppendix IV,



Pig. &, Adsorption isotherms for glycyl glycine, +,
diglycyl glycine, A, and triglycyl glycine, O ,

on Na' montmorillonite.

Fig., 5. Adsorption isotherm for glycine, O, glycyl glycine, +,
diglycyl glycine, A, end triglycyl glycine, O , on

catt montmorillonite.



&
2

0g.

/10

amount adsorbed m mole

0-025

0-050 0075
equilibrium concentration M.

¥
0-100

0125

amount adsorbed m mole.élOOg.
N
@

3

LB L
0-050 0075

equilibrium concentration M.

L
0100

0125



Pig. 6. adsorption isotherms for glycine, O, glycyl glycine s +

diglycyl glycine, A, apd triglycyl glycine s Oy On I~130+

montmorillonite,
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Fig. 7. idsorption isotherms for glycine on 0ot montmorilloni te

at 0°C, O and at 25°C, .

idsorption isotherms for glyeyl glyecine on Ca*t

wontmorillonite at 0°C, — 4 ——  ana at 25°C

—— - — -
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Fig. 8., ‘idsorption isotherms for H.glyeyl glycine on Catt

montmorillonite at 0°C, A and at 25%C, A

Adsorption isotherms for triglycyl glyeine on Ja'™t

montmorillonite at 5¥C, O and 25°C, @ ,
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Fig. 9. Adsorption isotherms for glycine, 0, glycyl glycine, 4,
diglycyl glycine, A, and triglycyl glycine, O,

on Nat illite.

Fig. 10. Adsorption isotherms for glycine, [], glycyl glycine, + ,
. . +
diglyeyl glycine, A, end triglycyl glycine, O, on Ca

illite.
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Fig. 11. Adsorption isotherms for s~slanine, +, P-alanine, X ,

leucine, O , and serine, [, on ca™* montmord1lonite.

Pig. 12, Adsorption isotherms for w-alanine, + , P-alanine, X ,

leucine, @ , and serine, [1, on H3O+ montmorillonite.
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Fig. 13. 4dsorption isotherms for a=-alsnine, +,f-alanine, X ,

leucine, O , and serine, [, on Nat illite.

Fig. 14, Adsorption isotherms for a~slenine, + , P-glanine, X ,

leucine, O , and serine, [0, on Ca'™ illite.
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Fig. 15. Adsorption isotherms for asgpartic acid, O, glutamic

acid, [0, phenylalenine, X and p-aminobenzoic acid, +,
on H30+ montmorillonite.

Fig. 16, Adsorption isotherms for Dl-arginine, () , l~arginine,

O, and glycine, [1, cations on ce*’ montmorillenite.
The amounts of Catt released by DL~ and L
arginine, A and by glycine, W on adsorption

of these cations.
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Fig. 17. Adsorption isotherms for I-arginine, A, histidine,
O, and lysine, 00 , cations on Na* montmorillonite.
The amounts of Na' relecased on adsorption of

these cations are shown by the dashed curves,

Fig. 18. Adsorption isotherms for carnosine, Y, and histidine,

©, cations on Na' montmorillonite,
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Fig. 19, Adsorption isotherms for histidine cations on Ca*™*
montmorillonite, [, Ca'™ illite, @ , and Na* 11lite,

© , and for carnosine cations on Ne* illite, Y.
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i. Ihe method of calculation of experimental results.
This is illustrated by a random example, the adsorption of

serine by sodium illite. The arithmetical processes involved in

determining the amount adsorbed and the equilibrium concentration

from the experimental date are given at the head of the colums in

Table 5.
(1)

(2)

(3)

Data used to determine volume of water and weight of

clay per tube,
Tenperature of suspension 22°C

Mean weight of clay suspension per tube 16.305 ¥ ,002g.
Mean weight of clay per tube, based
on drying at 350°C 2.2955 ¥ ,0004g.
¥eean volume of water delivered with clay
sugpension 14,05 ml.
Meen made up volume in each tube 29.05 mi,
Steanderdisation of serine solution
10,00 ml, solution digested, distilled and titrated
against 0.1187 N HC1,
Volume of HC1 15.23, 15.23 ml,
Normality of serine solution 0.1808 N
Determination of equilibrium concentration and
amount adsorbed

3ix lots of standard serine solution were dispensed

into tubes contsining clay suspension (colum &, Teble 5).

Volumes were made up to 29.05 ml., equilibrated and centrifuged.
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10 ml. portions of the supernatant solution were taken for analysis,
0.02374 N HC1 being used in the titration of ammonis distilled

(colum b). 4 10 ml, end a 50 ml. burette were used for titraticns

below and above 10 ml, respectively.

Igble 5
in example of the method of calculating the adsorption isotherms
from experimental data. The adsorption of serine by sodium 1llite.

a b c 4 ] 4 g
T tration Amount Amount Amount equil, Amount
Voi.'ume volume of of of CONC, of
@ rin ml. serine serine serine ¥ x 10" serine
sao.ln.," added left adsorbed (b=blank) adsorbed
:deeé m role. m mole, m mole. 10.00 / m mole./
1. (ax.1808) (£x29.05) (e=d) x:0.0237% 1C0g.
' fx 109
2,296
2.5 5.80, 5.80 00,4520 0.3983 0.0537 1.37 Ze3
5  12,15,12.16  0.9039 0.8372 0.0667 2,68 2.9
7.5 18.45,18.54 143559 1.2745 0.0814 4,39 W3 e5
10 24.83,24,83 1.8078 1.7110 0.0968 5.89 4,2
2.5 31.30,31.42 2,2598 2.1614 0.0984 744 4.3
15 37.72,37.75 2.7117 2,6013 0.4104 8.95 4.8

blank 0.02,0.02

ii. Errors.
The two important sources of error in the adsorption experiment

are the dispensing of the stendard amino-acid or peptide solution and
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the estimation of the equilibrium cchiesntration or the amounts of
adsorbate left in the supernatant after adsorption, These together
are responsible for the error in the amount of amino-acid, or peptide
adsorbed (columm e, Teble 5):
(emount added - amount left) m mole./tube
(e - 4

The prror in the amount adsorted is reduced by

(1) Increasing the amount of clay per tube.

(2) 1Increasing the number of nitrogen atoms per solute molecule.

(3) 1Increased specific adsorption (m mole./g).

Therefore the error is a minimum for the high specific adsorption
of arginine (& N atoms) by celcium montmorillonite (0.9 g/tube) or
triglycyl glycine (4 N atoms) by hydrogen montmorillonite (0.1 to
0.2 g/tube) and is a maximum for the low specific adsorption of neutral
amino-acids containing 1 N atom per molecule by sodium montmorillonite
(0.35 g/tube) or calcium illite (1.1 g/tube). The error proved too
great to permit the estimation by this procedure of the adsorption
of the less soluble amino acids (aspartic and glutamic acids, phenyl
alanine and p~amino benzoic acid) by sodium montmorillonite or celcium
illite,

in estimate of the erver involved has been obtained statistically
by regression snalysis of two of the linesr isotherms reported, the
adsorption of triglycyl glycine by calcium montmorillonite (which,
according to the above discussion should be the most accurate of

the linear isotherms studied).snd adsorption of glycine by celcium illite



(one of the least scourate isotherms studied), The details of the
statistical analyses are given in Teble 6,

Table 6
Details of the statistical treatment of errors for two linesr isotherms

the adsorption of triglycyl glycine snd of glycine by calcium
montmordlionite, and calcium illite respectively.,

Adsorbate laximwm r.D.s. TelleSe Slope Stendard FError in
amount error of ervor of error in Km’
adsorbed lowest highast slope %
per tube, amount amount
m mole. adsorbed, adscrbed,

5o R
mglycyl 0.308 23 209 97“00 1509 1.6
glycine

The constent Km’ the error in which is given in the last colum of
Teble 6, is discussed in section 4,1,

Statisticel analysis of non-linear isotherms was not attempted.
However, a qualitative sstimate of the errors involved in eech
isotherm cen be obtesined by a comparison of the maximm amount adsorbed
for each experiment (given in /ppendix IV) with those reported in Table 6
for glyecine and triglycyl glycine. In qualitative terms, the srrors
are inversely related to the maximun smount adsorbed per iube,

Since the equilibrium experiment was performed in a system of

three components, adscrption of solute msy have resulted in desorption
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of solvent which in turn would have diluted the bulk solution,

The amount of solute adsorbed as determined by the sbove procedure is there~
fore an gpparent adsorption. ' However, at the concentrations involved,

the effect of this dilution (27 maximm) may be neglected. Trensmssicn
of solution between the surface and the bulk medium ocours during ade
sorption as a result of swelling (see X~ray data)., 1This effectively
prevents any atiemnpt to corrsct the apparent adsorption by means of the
spparent molal volumes of the solutes.

h. Disoussion of the Fouilibrium Experiments

- In the following @iscussion, the amount of amino=scid or peptide
adsorbed by the clays is considered at times in terms of O, the
proportion of the total surface occupied by adsorbate molecules,
€ is this ratio assuming a rectangular packing of the adsorbed molecules
on the clay surface and © p 15 the ratio based an the projectsd molecular
arsas of the adsorbed molecules. The method of determining © values

is discussed in detail in Appendix V.

i. The adsorption of neutral a:rﬂ.nc-aci@ and peptides by calcium
montmorillonite and galeium illite,

a. » significeance of the cation ex e reaction -

The supernatant solutions for the adsorption of glycine and
its peptides by calecium monmoz;illonite were analysed by E.D.T.A.
titration, The method of estimation (fppendix I) is sufficiently
sensitive to detect less then 0.01 m equiv./100g released from the
exchange sites and the adsorbates did not interfere at the concentrations

involved, The maximum amounts of calcium liberated on adsorption of
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glycine, glycyl glycine, diglycyl glycine and triglycyl glycine were
0.2, 0.5, 2.0 and 2,0 m equiv./100g respectively and the pH was reduced
from 6.6 to a minimum of 5.6, The minimim pH observed on adsorption
of each of these compounds is sufficiently close to the iso=electric pH
for the conclentraticn of the cationic form to be very low. For example,
it cen be shown that at pH 5.6, less than 0,5% of the totel amount of
diglycyl glycine in solution is present in the ¢ationic form, correspond-
ing to a maximum equilibrium concentration of 6 x 10'1‘1&. The hydrogen
jon concentration at pH 5.6 is 2.5 x 1084,  Therefore the caloium is
probebly displaced from the surface by the cationic form of the amino-
acid or peptide, and to a lesser extent by hydrogen ioms, The maximum
amount of glycine and its peptides adsorbed by cation exchange is between
2 and 5% of the total adsorption. This amount of cation exchange is
probebly responsible, at least in part, for the cbservation that most of
the linear isotherms obtained for adsorption of the glycine peptides by

cslcium cleys in the present work do not quite pass through the origin.

b. The significance of igotherm lineerity for adsorption by

calcium clays.
Inspection of the relevaat isotherms reveals that thelr most

cbvious feature is their linearity. The adsorption isotherwms for

dgiglycyl glycine and triglycyl glycine (Figs. 5,8,10) are linear up to
25 end 40 m mole./100 g (O, = 0,18 and 0.34) respectively for calcium
montmorillonite and up to 10 and 8 m mole./100g (er = 0.48 and 0.47)
respectively for calcium illite. The magnitude of these values of 8

definitely excludes the possibility that Figs, 5, 8 and 10 are the linear
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initisl slope portions of more extensive isotherms of, for exanple,

a Langmuir type, represented by:

) %)
plore) = K, ==

1-9

Langmuir isotherms are approximately linear at very low surface coverages
when (1= ©)=1 (Olivier and Ross, 1957). The isotherms for the remaine
der of the solutes studied, glycine and glycyl glycine (Figs. 5,7,10)
and g~alanine, P-alanine, leucine and serine (Figs. 11, 14) are linear
over the whole of the range of concentrations studied., However, since
the maximum values of er are lower and the errors are higher for these
adsorptions, the possibility that the isotherms spproximate to a
Langmuir type cannot be excluded on the basis of Qr values alone,
Turther and better ressons are given later for describing thesée isotherma
as truly linear snd therefore all the adsorptions of neutral amino-acids
are considered together in the following discussion.

When e }inear isotherm is cobserved in practice, one of two
situations apply;

(1) The adsorption is very weak snd (1-0)¥x1

(2) ©Experimentsl conditions (rather rarely observed) exist
which effectively allow the total number of sites to remain constant
as adsorption progresses. Provided that molecular interactions are
unimportent, both mobile (Volmer equation) end immobile (Lengmuir
equation) adsorption models yield linear isotherms under these conditions
(Olivier and Koss, 1957).

The discussion above spplies to adsorption from solution if a
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cancentration term is substituted for the relative pressure, provided
that adsorption of solute can result in desorption of solvent.

In their extensive survey of adsorption from solution, Giles
et al., (1960) classify linear isotherms as C type isotherms (which,
strictly speaking, ere linear right up to their maximm possible adsorp-
tion). The basic requirement of a C type isotherm is that the number
of equal energy sites does not diminish as sorption progresses (2 above).
To satisfy this, either (i) the solute, but not the solvent, must act
as a swelling sgent for the clay (that is the solute molecules "create"
the space that they occupy) or {ii) successive layers of adsorbed solute
molecules muist be adsorbed with equsl energy (Giles, 1954; Giles et al.,
1960). This second alternative is less likely, particularly with a clay
substrate where it has already been shown that the properties of adsorbed
water vary to a marked extent with increasing water content.

On the other hand, the first alternative (i) is supported by the
swelling data of Barshad (1952) and Walker and Garrett (1961). since
their X-rsy data is not accompanied by adsorption isotherms, it is not
known whetier or not the observed swelling is sufficient to acoomodate
the adsorbed solute.

In the present work, the basel spacing (determined by X-ray
diffraction) of moist montmorillonite complexes obtained directly from
the separation stages of equilibrium experiments involving the adsorption
of glycine and its peptides have been used to determine the incresase in
interlamellar volume (cmB/g clay). These have been compared with the

increase in solute volume obtained from the spparent molal volume of the



solutes and the amounts adsorbed.
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The results of these calculations

for the @pper limits of isotherm linesrity are given in Table 7.

Table

The calculated solute volumes and increase in water volumes of the

interlamellar gpace of celcium montmorillonite on adsorption of

glycine and its peptides at the upper limits of isotherm linearity.

solute

glycine

glyoyl
glycine

diglycyl
glycine

triglycyl
glycine

b c d 2 £
ipparent ‘smount of Interlamellsr Interlamellar Increase in
molal solute volume solute interlamsllaxr
volume N adsorbed incresse, volume, water vol.
of solute (from a(001 -1 bxe on solute

. isotherms) 2 1000 adsorption,
surface (G=e)
area x 10
- /mole. m mole/g P /g cw’ /g cmj/g
I 0.15 0.016 0.007 0,009
114 0.22 0.109 0.028 0.081
170 0.33 0,035 0.068 «0.033

+ epparent molel volumes were obteined fram the literature (Cohn and

Edsall, 1943) except for triglycyl glycine when it wes claculated from

the density of the ;zt:urated solution (Appendix VI).

The last three columns of Tsble 7 whow that the observed swelling

is more than adequate to accomodste the solute molecules up to the

limit of isotherm linearity for all adsorbates except triglycyl glycine
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when only about one helf of the adsorbed molecules can be accomodated
by the increase in interleamellar volume.

Thuis, mechanism (i) sbove, proposed to satisfy the basic
requirement of a linear isotherm, applies to the present system in
rather a unique menner, since the solute induces additional swelling
of the substrate by the solvent.

in explanation of isotherm lineariiy has been proposed for
the adsorption of neutral amino-acids and peptides by calcium mont-
morillonite. IHowever, it is of nc velue at this stage in determining
the nature of the bonding forces involved on adsorption of solute and
in addition it does not spply directly to the linear isotherms observed
in the case of adsorption by calcium illite where interlamellar adsorp-
tion is probably small (30% or less of the totel).

Therefore it is neceassary to investigate the adsorption data
in a more guantitative menner in en endeavour to solve these problems.

c. linear isotherms in terms of constant pertition

Giles et &l., (1960) discussed C isotherms in terms of a constant
partition of solute between solution and substrate right up to the
meaximur of adsorption. This is?useful concept, particularly in a
three conponent system where there is an adsorbed layer of solvent.

The solute can then be considered as being partitioned between the
bulk shd adsorbed phase solvents. The partition constent, which is

the equilibrium constant for the reaction:

—
solute (py) @— 00t (Lacorbed)
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is given by:
X l- ] adsorbed
= ;

E""l“*e] bulk

#n arbitrary depth must be assigned to the adsorbed layer in order

to obtain & value for the concentration of solute in this leyer
( Eolute] adsorbed ).

This concept is useful for the additional reason thet it
eliminates the necessity of discussing adsorption in terms of specifioc
sites, In a threec component system, the sites are all occupied by
solvent molecules in the first instance and adsorption of solute is
usually accompanied by desorption of solvent, However, in the present
system, the adsorption by montmorillonite is further complicated by
movement of water into the adsorbed phase on the intercalation of
glycine and its di- end tri-peptides as a result of swelling, or away
from the adsorbed phase when the tetrapeptide is intercalated, since
swelling is to some extent restricted. The mathematical consideration
of the adsorbtion process is therefoz;e greatly simplified if sites cen
be ignored in the sarly stages of the discussion,

In gas-liquid chromstography, a partition as described above
clearly epplies to the distribution of the volatile species between
the gas phase and the stationary 1iquid phase (which corresponds to the
adsorbed layer of solvent sbove; and in equilibrium studies of gas-
liquid chrometography systems, the isotherms that are produced are
almost always linesr and are termed partition isotherms, (Freiguard

and Stock, 1961). Partition constants are readily determined because
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there is no doubt sbout the distinction betwexithe two phases and also,
+he volume of the adsorbed phase solvent is exactly known, being equal
to the volume of liquid added to the inert solid supporting medium to
produce the stationary liquid phase.

A description of the adsorption of amino~acids end peptides
by calcium clays in terms of a constent partition of solute is not as
clearly defined as in gas~liquid chromatogrephy. Nevertheleas the
application of partition methematice is equelly valuable.

Amino-acids end peptides, being generally more soluble in
aquecus salt solutions than in pure water, would alsc be more soluble
in the water that contains the cations associated with the clsy and
which may be regarded as an electrolyte solution. The volume of water
in which the interlemellar ions occur in a calcium montmorillonite
sugpension is readlly obtained from the basal spacing of the fully
expended clay (19 E.) and the specific surface area (725 m‘?'/g , see
appendix V). The interlamellar thickness of water is 19~9.5 = 2.5 :;;
and there is 9'5/2 = 4,75 ch' this water thickness sssociated with
each surface., This value is close to the Stern layer thickness of
5 Zproposed by Verwsy and Overbeek (1948) and for convenience of
discussion the amino-acids and peptides are conslidered to form a
solution in the Stern layer water, the volume of which is taken as
5 x 725 x 10°% = 0.36 cw’/g of celcium montmorillonite. The celcium
jons of the external surfaces of montmworillonite and illite in suspension
are not confined to the Stern layer, but form a d&lffuse layer of greater

thickness in which the Ca’™ will decrease with distance from the

surface. However, up to 80% of the external exchangesble calcium



. .
is probebly within 5 Zof’ the surface ((uirk, private discussion)
and the adsorbed amino-acids and peptides are therefore assumed to
be in solution in the Stern layer of calcium illite the volume of

which is taken as 5 x 106 x 10.4

= 0,053 oms/g, This volume may
be toosmall by up to 30%, since the nitrogen surface area of 4106 m2/g
hag been used rather then the total surface ares (150 mz/g) determined
by cetyl pyridinium bromide adsorption.

The adsorption of amino-acids and peptides by calcium monte
morillonite and calcium illite in terms of partition of solute
between the bulk and Stern layer solvents is therefore expressed by

the equilibrium:
+ +
RH™ o RH
bulk Stern
and the equilibrium constant is:

+
K = “Stern - [I'&i"] Stern Y Stern
* Rat ’
*bulk [ ]bulk ¥ pulk
= KmKQ,

where R'Hi is the abbreviated symbol for the dipolar ionic structure
of the amino-scids or peptides and Km and K’r are the mass action and
the activity coefficient quotients respectively.
The stendard free energy for this equilibrium is :
-AG® = RT 1n Ks.
the standerd being unit activity of the solute in both bulk and Stemn

layer solutions.



In g0 far as Km is constant, KY is also constant and

“AGY = -AGT & C

The standerd free energy of physical adeorption by caleium
clay is discussed in terms of -AGT.

The applicability of thermodynamic calculations to adsorption
systems has been discussed by Barrer and Kelsey (1961). They concluded
that at least qualitatively correct interpretations of prominent physical
aspeots should be obtained, For their particular two component system
of hydrocarbon sdsorption by alkylesmmonium montmorillonite s no other
procedure could be used with comperable qualitative success., The work
of Cowan and White (1958) is another example of the succesaful spplication
of thermodynamic calculations to adsorption (of n-alkylammonium ions)
by montmorillonite from agueous solution.

The calculated values of Km and =AGT for the adsorption of the
amino~-acids and peptides by both caleium montmorillonite and calcium
illite sme;presented in Teble 8 and Figs. 20 and 21,show the variation
in -AG™ with molecular weight for the adsorption by each of these

subgtrates respectively.



Fig. 20. The variation in -AGY with molecular weight for
the adsorption of amino-acids and peptides by

catt montmorillonite.

Fig. 21. The variation in -AG" with moleculer weight for
the adsorption of emino~acids and peptides by catt
i1lite., The fine line below the points for ad-
sorption by illite is the reference line from Fig. 20

(adsorption by montmorillonite) and is included for

comparison.

Mg. 21a. The variation in ~AG® with & for the adsorption of

glycine aznd its peptides by catt montmorillonite.
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Teble 8
Dielectric increments (8 ) and the mass action quotients (Km)

and free energies (-AGm) for physical adsorption of amino-acids
and peptides by calcium montmorillonite and calcium illite,

Solute Molecular O Calcium Calcium
weight M montmorillonite illite
K -AG" K -A6™
m m
cal,/mole, cal,/mole,
glycine 75 23 1.4 175 9.3 1320
glycyl glycine 432 T 5.0 930 4.5 1590
dglyeyl 189 113 9.6 1320 2h.3 1890
glycine
trigiycyl 246 159 2343 1830 4845 2300
glycine
B=alanine 89 35 bt 837 4.3 1570
serine 105 ca 23 2.4 509 104 1390

To determine the average enthalpy change and the entropy change
the adsorption of glycine and its peptides by calcium montmorillonite
was repeated at 0°C and 25°C (ippendix IV no;s. 4 end 5). AH is given
by the van't Hoff equation:

K -E 11

ic = = (
$o x5 = L7 2732 298.2
m




Igble 8
Dielectric increments ( 8 ) and the mass action quotients (Km)

and free energies (-AG-m) for physical adsorption of amino-acids

and peptides by calcium montmorillonite and celcium illite.

Solute ¥oleculer 8__ 1 Calcium Caloium
weight ¥ montmorillonite illite
K -AG" K -AG™
m m
cal a/ mole, cal c/ mole.
glycine 75 23 1d 175 943 1520
glycyl glycine 132 i 5.0 930 1445 1590
diglycyl 189 113 9.6 1320 2h.3 1890
glycine
triglycyl 246 159  23.3 1830 48,5 2300
glycine
d-alanine 89 23 L &37 14.3 1570
f=alanine 89 35 Lot 837 143 1570
leucine 13 25 1.8 342 6.9 1150
serine 105 ca 23 2.4 509 104 1390

To determine the average enthalpy change and the eniropy change
the adsorption of glycine and its peptides by caleium montmorillonite
was repeated at 0°C and 25°C (sppendix IV nols. 4 and 5), AH is given
by the ven't Hoff equation:

C _am 1 4

L ]

leg == = (
fo 5~ L4576 273.2 298.2
m
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and AS is obtained from:

AG® = AH = T AS

The results are given in Tsble 9 and the variation in AH and AS with

molecular weight is given in Figs 22 and 23 respectively.

Table
The mass action quotients, free energies, enthalpies and entropies
of physical adsorption of glycine and its peptides by calcium

montmorillonite.

AS

Solute K (0°C) K_(25°) ~AGH(0°C) ~-AGT(25°C) -AH

cal./mole. cal./mole. cal./ E.U.

mole
glycyl 5elt2 3461 917 760 2640 6.3
glycine
diglyecyl
glycine 14.5 10.5 1450 1390 2050 22
triglycyl

The experimental errors in the values of Km probably fall between
1.6 and 3.5% (see Teble 6 and section 3, ii)

de The validity of partition mathematics as applied to

the present system.
Giles et al, (1960) concluded that the application of partition



Fig. 22, The variation in -AH with molecular weight for
the adsorption of glycine snd its peptides by

catt montmorillonite.

Fig. 23. The variation in -AS with molecular weight for
the adsorption of glycine and its peptides by

Ca'H' nontmorillonite.
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mathematics o adsorption from aqueocus sclution allows useful
correlations to be made between surface-solute affinity and molecular
structure in some cases, but the real significance of the adsorbed
solvent volume term is doubtful. In the present work, the three
following e:ﬁ)erimmtal relationships provide evidence that the
volume in which solute is adsorbed corresponds to the volume in which
the exchaengeable calcium occurs. As a result partition mathematics
in its present spplication is valid:-

(1) The relationship between _-AGm and the dielectric increment
of the adsorbate

Yost amino-acids and peptides are more soluble in agueous salt
solutions than in pure water. This is clogely related to the fact that
the dielectric constant of an amino-acid or peptide solution is greater
than that of pure water, The dielectric constant of these solutions
is a linear function of the solute concentration (Coln and Edsall,
1943).

D= Do +93C

D = the dielectrie constant of the amino=acid or peptide solution

D = the dielectric canstant of water (80 at 20°C)

8 = the dielectric increment

C = the amino-acid or peptide concentration, mole./l1.
The dlelectric increment is positive for dipolar ions and negative
for electrolytes ahd most other water-soluble organic campounds.
It has been shown theoretiocally that the activity coefficients of

each solute in a solution of a single non-electrolyte and a single



-76-

electrolyte are given by the relationships:

InY

=

2
( Ne z+5.8n)

salt m (1)

)
2RTb DY P

( N825+z Sn 5
-
Wy, = """""*--)ZR% ~ Pealt (2)
s oo
(Palkenhagen, 1934; Cohn and Edsall, 1943),
Yéal g AT, = the activity coefficient of the salt and non-electrolyte

respectively.

o
1]

the electrenic charge.
N » Avogadro's number.
2 & 2 = the valency of the positive and negative ions

respectively.

o
i

the dielectric increment of the non-elsctrolyte.

=3
f

a mean radius term for the salt.

the density of the solvent.

o®
]

Y = the nunber of ions forme2 by the dissociation of one
molecule of salt.

D = the dielectric constant of pure water.

o
m_14 and m = the molality of the salt and non~electrolyte respectively.
Rand T = the gas constant and absolute temperature,
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If Sn is negative, then InY in equation (2) is positive
since, of the other terms, only z_ is negative. In¥, increases with
selt concentration end therefore the solubility of the non-electrolyte
decreases with the addition of electrolyte. This is the commonly
observed phenomenon of selting out. The reverse is true if 8n is
positive.

Tt is shown below that the standard free energy of physicel
adsorption (~AG™) determined from the partition constant is a direct
linear function of the dielectric increment Snui- ~There are three
steps to this proof:

(1) From equation (2) -InY_ is a direct linear function of

the dielectric increment 6:1 for constant salt concentration.

=1nY = B'maal'hs

n n
' Nezz z_V
whare B = * 5
mllba DO PO

(ii) By definition

S/
-ln‘{n = In /oo

where S = the solubility of the non-electrolyte in the salt solution
80 = the solubility of the non-electrolyte in pure water where

its activity coefficient is taken as unity (Schmidt, 1938).

(41i) The partition constent for the éistribution of a solute
between two immiscible solvents is approximately equal to the ratio

of the solubilities in these two solvents (Glasstone, 1946).
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For the present system:

0

e S
-\&nﬂ / S ©

Combining thess thwee steps:
~AC® = BT 1n K
3
LRT In /s
©
= «HT In T'.n

= BTR m“us -

Therefore, provided no change occurs in the distribution of the
exchangeable cations with respeot to the clay surface as adsorption
| proceeds, "-ﬁ\’}m is a linssr functdan of ® n? positive adsorption
resulting from » positive dlelectric incoremsnt.

Figure 21a shows the experimentsl relationship between =AG
for the adsorption of glycine and ite peptides by celcium montmorillon-
ite and the delectric increment of esch adsorbate. /4 linear
relationghip is ohieined and both ~4G® and 8 are linsar functiens of
the molecular weight (Pigs. 20 and 21, end Cohn and Zdeall, 1943,
respectively).

in p},wﬁw, there are deviations from this general theorsticel
relstionship pertly due to the fact that equetion (2) which relates the
asctivity coefficient and the delectric increment of a non-slectrolyte
in an aguecus salt solution is overwaimplified,since it does not
includs contributions due to solute and solvent separstion by the
electrostatie £isld of the ians or other dipoler interasctlons. 1In

particular, the solutility (and therefore the activity coefficient)
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of sn aminc-acid in an agueous salt solution is determined by a com-
bination of a "salting-in" effect due to the ion-dipole interactions
determined by a positive dielectric increment and described by equation
(2), =nd a salting-out effect due to the presence of organic groups

(in particular hydrocarbon side~-chains). This is clearly shown by
the solubility studies of Pfeiffer end Virgler (1916) where the
solubilities of glycine, aspartic acid end leucine ( 8= 23, 28 and 25
respectively) were studied in solutions of sodium chloride, potassium
chloride and calcium chloride. Jlthough they all have epproximately
equel positive dielectric increments, aspartic acid and glycine,

which carry large electric charges =nd small hydrocarbon residues are
further dissolved by these salts while leucine, with its hydrocarbon
side-chain is salted out by sodium and potassium chlorides (See Schmidt,
1938) .

(2) The relationship between =A3™ and the solubility ratio s,

If partition mathematics apply to the present system, then:

5
Ko/ So
where S is the solubility of the adsorbate in the wolume of water
conteining the exchangesble cations, which for celcium clays is taken
28 the Stern layer.
The solubility of glycine end its peptides has been determined
in water and in a calcium chloride solution in which the [-Ca"""]

is made equal to that caloulsted for the Stern layer of montmorillonite.
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For the e:cpgrinzental details and results oi" these solubility
experiments, see jppendix V7T,

The value of log,los/ £,

solute and plotted against the molecular weight in Fig. 24. 4 linear

is calculated from this datafor each

relation is obtained for the peptides but the values of 103103/ < "’ are
well below the corresponding velues of log 1 QKm as shown in this figure.
Both the values of Km andEGa""jstem depend equally upon the
calculated value of the adsorbed phase water volume and hence an
incorrect estimate of this volume does not merkedly effect the observed

difference between corresponding values of log ’ OS/ . (where S is an
~e

approximately linear function of Ca'”] of the CaCl, solution used)

2
and log10 =

& more important criticism of the interpretation of this data
is that it is the ionic strength and not simply the concentration of
an electrolyte solution which determines the value of 3, It is diffi-
cult to assign an ionic strength to the Stern lgyer since the extent to
which the negatively charged slumino-silicate layers influence the
ionic strength is unknown., However, it is probable that the ionic
strength of the Sterm lsyer is less then that of a GaClz solution of
equivalent [Ga“] end therefore the quantity 103,i OS/ 8, determined with
this solution would perhaps be expected to show a closer agreement with
log, K then is illustrated in Fig.24. However, the observed values
clearly illustrate that the Stern leyer is a far more effective
solvent for glycine and its peptides than the "eguivalent" Cw.”}l‘,2

solution. This is supported by comparison of the solubility data
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Pig, 2b, The variation in log %/ es& 1og, K , O , and
s .
log 1 Omelog1 0 / 500 0, with molecular weight for

glycine and its peptides.

Pig. 25. The increase in the equilibrium basal spacing of moist
[+
Cat*montmorilionite, (a(001)=19)A with increase in
the dielectric constant of the interlamsllar solution,
given by 6[&1{3] Stern’ for the adsorption of glycine,
0, glycyl glycine, X, diglycyl glycine, &, and

triglycyl glycine, O .
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of Pfeiffer and Wirgler (1916) with the adsorption data of the
present work for glycine and leucine., The values of 1031 OKm for
the adsorption of these amino-acids by both calcium montmorillonite and
calcium illite are more than twice the corresponding values of 1031 OS/ 50

By tentatively assuming that RT lns/'*; represents an upper
limit to the exchangesble ion-dipole contribution to -AG" it is seen
that other interactions (in particular, surface-dipole interactions
and van der Waals forces) represented by the adifference (log 105
log 103/‘;;) in Fig. 24 are at least as important as ion-dipole inters
actions, Probably the effects of exchangeable ion-dipole and surface-
dipole interactions cammot be experimentally differentiated, because
of their common dependence upon the dipole moment of the adsorbate.

(3) e relationship between =AG" snd the surface density of charge.

A comparison between Figs. 20 and 21 and betwsen columns 5 and 7
of Tsble 8 shows that =AG" is greater for the adsorption of each solute
by calcium illite than by calcium montmorillonite. The free energiwes
given in Table 8 for adsorption by illite have been determined using the
external surface area. The use of the totel (external and internal)
area yields -AG  values 205 cal./mole. less then those quoted, but
which are still greater than the corresponding free energies for
montmorillonite, The important difference between these two substrates
is that illite has more than twice the surface density of charge (as
determined by using the -extemal surface area) and therefore a Stern
layer [Ca“] more than twice that of montmorillonite (5,67 N cfe 2.49 N).

It would therefore be expected to have higher free energies of
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physical adsorption as determined from the partition equilibrium
constant, The concentration of calcium ions in the adsorbed
phase of illite based on the total surface area is 4.00 i, The
illites generally have surface densitites of charge closer to the
rmicas (1 charge per 45 3.2) then the montmorillonites (1 charge per
120 to 140 12). The differences in -AG" values observed in the
present instance between the sample of illite used and montmorillonite
is therefore probably a genersl phenomenon. tith adsorbates vhich
heve a negative dielectric increment, the free energy of physical
adsorption may be expected to be less for illites than for montmorillone
ites, due to the increased importance of the salting-out effect for
illite suspensions,

e. The contribution of dipoler interactions, van der Waals forces

and the salting-out effect of hydrocarbon groups to the physical
adsorption of smino-acids and peptides.

It has been shown that the adsorption of amino-acids and peptides
is determined by three molecular prcpertiés:
(1) e dielectric increment & (or the dipole moment,which is related
to §) which determines the magnitude of the exchangesble ion-dipole
and surface-dipole interactions.
(2) The molecular weight, which leargely deternines the magnitude of
van der Waals forces.
(3) The salting-out effect of hydrocarbon side-cheins.

The significance of each of these properties can be seen by a
consideration of the free energies of physical adsorption for each

of the amino-scids snd peptides studied (Figs. 20 and 21).
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Glycine and its peptides substentiate experimentally the
theoretical linear relationship between the free energy of physical
adeorption and the dielectric increment because the successive
addition of a glycyl- peptide residue to glycine maintains a structural
similerity for the series which prevents marked changes in the megni tuds
of the salting=out effect with increasing molecular weight. Therefore
the lines joining the points for glycine and its peptides in Fligs. 20
end 21 are used as references to which the free energies of adsorption
of the remaining smino-acids cen be compared,

The points for leucine and phenyl alanine lie below this line,
showing the influence of the salting-out effedt of the hydrocarbon
groups on their physical adsorption. The solubility data of Pfeiffer
and Wlirgler (1916) show that the value of log, OS/:o for glyoine is
nearly double that for leucine for a 249 K OaCIP solution whereas
the free energies of physical adsorption of glycine and leucine by
both mentmorillonite end illite are approximately equal, This suggests
that the salting-out effect of the iso=butyl group of leucine is
approximately compensated for by the increase in van der Waals forces.
A1l g~amino-acide have dielectric increments approximately equal to
25 M~1 and therefore the dipolar interactions for both glycine and
leucine sre similar in magnitude.

Go. the other hend, f-alanine, with a dielectric increment of
35 M-1 and a relatively low moleculer weight, has free energies situated
gbove the reference lines. Serine, a typical segmino-acid, without

large hydrocarbon groups gives points relatively close to the reference



lines.

a=plenine has a dielectric increment normal for sn a-aminoe-
acid and also a methyl group so that the standerd free energies would
be sxpected to be slightly below the reference lines. In fact they are
coincident with the B-glenine values for adsorption by both montmorill-

onite and illite and therefore sppear to be anomalous.,

f. The complementary nsature and common origin of the two

interpretations of isotherm linearity.
Two interpretations of the linearity of the isotherms have

been presented:

(1) The mechsnistic interpretation, that the solute molecules
act as a swelling sgent for the clay, thereby effectively creating the
sites that they occupy. This interpretation is supported by the observed
swelling of calcium montmorillonite on intercalation of glycine and its
peptides, but this observation of itself is of no direct assgistencé in
expleining the linearity of the isotherms observed when calcium illite
is the substrate.

(2) The non-mechenistic, thermodynemic interpretation that constent
partition of solute occurs between the bulk and the adsorbed layer
solvents.

These interpretations are complementary and are now congldered
together. The expansion of montmorillonite on intercalation of
smino~acids illustrates the conditions necessary for constsnt partition
to spply. If the adsorbed phase volume were strictly constent, the

partition isotherm could be linear only when concentrations in the
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adsorbed layer were expressed in molalities or wole fractions,
since the total amount of solvent in a fixed volume decreases as
solute is desorbed. In the present systems, the sdsorbed phase for
both calcium montmorillonite and calcium illite expands to accomodate
the incoming solute molecules without displacing solvent into the bulk
solution and constent partition is obtained with the concentrations
in the adsorbed phase expressed in molarities, The mechenism envisaged
for the expansion of the adsorbed layer is, in qualitative terms, as
follows. Water within the hydration shells of the exchengeeble cations
is partly displaced by the stronger amino~acid or peptide dipoles on
edsorption, thus increasing the aversge dielectric constant of the
solution surrounding the cations and decreasing the electrostatic
gttractive forces which determine the dstribution of the cations with
respect to the surface. The cations therefore move further from the
clay surface to a new equilibrium distribution.

The complementary interpretations of isotherm linearity ere
therefore dependent upon a camon molecular parsmeter of the adsorbate,
the positive dielectric increment. The =mignificance of the:dielectric
increment has been illustrated both theoretically and experimentally
in the thermodynamic interpretetion. However, in the mechanistic
interpretation, the increase in the diclectric constant of the adsorbed
phase remains a postulate, provosed to explein the linearity of the
isotherms and to account for the observed swelling of calcium montmorill-

onite. Experimentel verification of this postulate has therefcre been

sought,



ge [The relationship between the swelling of calcium

montmordllonite and the dielectric increment of intercalated amino-

acids or peptides.

The basal spacings of moist montmorillonite complexes obtained
directly from the separation stages of the equilibrium experiments
for the adsorption of glycine and its peptides were determined.
The increase in basal spacing beyond 19 :1 on intercalstion of the solutes
was measured and compared with the increase in the average dielectric
constant of the interlameller solution which was assumed to be S‘[Rﬂi] )
The dielectric increments were cbtained from Cohn and Edsall (1943) azge il:}ze
Stern layer concenirations were calculated from the relevent isotherms.
FPig. 25 shows that with the exception of triglycyl glycine, the basal
spacing is directly related to the average dielectric constant of the
interlemellar solution, independently of the solute sdsorbed. The
basel spacing of moist triglycyl glycine complexes increases with the
Stern layer concentration, but is miuch less than would be predicted from
the value of the dielectric increwent. The linear relationship between
-AG® ena § (Fig. 21a) siggests that the dlelectric increments of glycine
and its peptides bear the same relationships to each other in the Stern
layer as in the bulk solution (i.e. there is no anomalous decrease in
the dielectric increment of triglycyl glycine on edsorption by calcium
montmorillonite). It is therefore suggested that the swelling of caleium
montmorillonite in the presence of triglycyl glycine is partly restrici.d
by the operation of vwan der Waals or surface-dipole interactions
which tend to bind the adjacent surfaces together, and that the

smaller molecules of the glycine peptide series are too short
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to achieve a similar inter-surface binding,

The increase in the basal spacing on intercalation of water is
not continuous, but occurs in a stepwise manner, The basal spacings
shown in Fig. 25 are the result of interstratification of a 19 :\with
a 22 g (end perhaps higher) basal spacing., The number of lamellae
with higher spacings increases with the amount of solute adsorbed and
the resultant increase in d(001) values given in Fig. 25 is epparently
continuous. It is seen however, that the values tend to occur in
two groups, at 195=20 3 and 21=22 Z.

D The enthalpy and entropy change on physical adsorption of

glycine end its peptides by calcium montmorillonite.

In considering this dsta for sdsorption from solution it must
be emphasised that the quantities determined are the resultant of the
heat or entropy of adsorption of solute end cf desorption of solvent
on an gpproximately volume-forevolume basis. ° In the present system
however, solvent desorpiion is largely restricted to the movement of
the water molecules from lower to higher energy sites within the
adsorbed layer, since it has been shown (Table 7) that at the upper
limits of linearity of the isotherms, adsorption of solute is accompanied
by e transport of solvent from the bulk to the adsorbed phase as a
result of swelling (triglycyl glycine excepted, since water is digplaced
from the interlamellar volume to the sxtent of approximately 50% of the
volume of solute adsorbed). This further complicetion of the present
system due to solvent transport on adsorption prevents the quantitative

interpretation of the enthalpy and entropy data given in Figs. 22 and 23



end Teble 5. lowever, the enthalpy change is least negative for
triglyoyl glycine, the only adsorbate for which there is & net
desorption of water. Similarly the change in entropy on adsorption
is expected to be negative as the result of the loss of one or more
degrees of translational freedom snd the gain of an equivalent nunber
of degrees of "soft" vibration, (Barrer, 1958). Vhere adsorption is
accompanied by transport of water to the adsvrbed phase, the entropy
is in fset found to be negative (Table 9, page 7h).

Lecording to the Sackur-Tetrode equation:

45 = R 1n (MT)%
the entropy decrease with the loss of one degree of translational
freedom is proportional to cne half the log. of the molecular weight
end =AS therefore increases only slowly with molecular weight.

Tt is readily seen that the net entropy change on adsorption
of the larger solute molecules is largely determined by the movement
of solvent molecules., For example, one mole of triglycyl glycine
displaces nearly six moles of water from the adsorbed phase, or more
than nine moles from the lower energy sites within the Stern lgyer
thet are ultimately occupied by solute molecules. ILven if the entropy
change per mole of solvent transported is quite small, it constitutes
a significant contribution to the net entropy change when multiplied
by the number of woles involved in the trensport. The estimation of
the number of water mclecules transported on adsorption of a molecule
of glycine or its peptides is dspendent upon the X~-rey data for the

moist complexes and is therefore of insufficient accuracy to permit



the determination of the type of adsorption nodel that represents
the adsorbed phase in the present system.

ii,  The adsorption of neutral amino-acids snd peptides by sodium

montmorillonite and sodium illite.

The adsorption isotherms for most of the substances studied
(Figs. 4,9,13) are non-linear, Since partition of solute between the
bulk and adsorbed-phase solvents probably epplies to the adsorptiqn by
sodium clays, it must consequently be a non-constant partition, the
solubility in the adsorbed phase (defined by the volume in which the
exchangesble sodium ions effectively operate) changing as adsorption
progresses. Tith sodium ions an extensive diffuse double leyer may
develop end hence it is not possible to assign & definite volume to
the adsorbed layer, 4lso the adsorption of amino-acids and peptides
would profoundly alter the distribution of sodium ions with respect to
the clay surface by virtue of the consequent changes in the magnitude
of the electrostatic forces operatirg in the electric double layer.
Therefore both the effective volume of the adsorbed phase and the
resultant solubility of the amino-acids and peptides in this volume
will alter as adsorption progresses, snd hence non-constant partition
is to be expected.

The concept of a definite adsorbed phase volume which contains
both the exchangeable cations snd the adsorbed smino-acid or peptide
dipolar ions is clearly an over simplification, 4 more precise

description of the adsorbed phase is that the exchangesble cations
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increase in concentration spproximately exponentially as the muface
is approached and the dipolar ions, by virtue of the influence of an
electrolyte on their solubilities, will have 2 somewhat sinilar varia-
tion in concentration with respect to the clay surface., ‘Their "concen-
tration” will rise sharply in the immediate vicinity of the surface
because of the asction of surface-dipole und ven der Waals forces.
Cc‘msequently, the variation in the dielectric constant of the adsorbed
phase on spproaching the surface, and the i.fluence of the dipolar ions
on the distribution of the exchangeeble ca.tions in the diffuse layer
will be complex. The isotherms (Figs. 4, 9) show qualitatively the
importance of those interactions which increase with molecular weight
(including ven der Yeals forces and the dipolar forces dependent upon
the magnitude of the dielectric increment).,  The importance of surface=
dipole forces is illustrated by the isotherm for the adsorption of
leucine by sodium illite (Fig. 13). Since leucine is salted out
of sodium chloride solutions as a result of the influence of the iso=-
butyl side chain (see Schimidt, 1938) the positive adsorption by sodium
illite shows that the salting-out effect is more than compensated for
by interactions of the leucine molecules with the clay surface.
iii. Adsorption by hydrogen montmorillonite.

The isotherms for the adsorption of emino~acids by montwoxillonite
reported in the literature have been determined at pH 2 (licLaren et al.j
1958; Sieskind, 1960). Sieskind emphasised that adsorption is

largely determined by the basicity of the amino-acids and deduced

that they occur in the adsorbed phase as cations, No attempt was
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made in the present work to maintain the suspensions at constant pH
as it was congidered preferable to keep the ionic strength of the
system as low as possible. The pH of each suspension at equilibrium
was determined snd was observed to increase with increasing amino=-
acid or peptide concentration.

The hydrogen montmorillonite suspensions were prepared by
reaction with the hydrogen form of a cation exchange resin., The
method of preparation and subsequent characterisation of the suspen=-
sions are given in jppendix II. No montmorillonite suspension could
be prepared with more than 77 m equiv./100 g of titratesble hydrogen,
either by equilibration of the clay with successive batches of exchange
regin or by passing the suspension down a column, or a conbination of
these two prosedures. The seme result was obtained with both sodium
and caleium montmorillonite, The reaction time did not exceed 90 min,
and the hydrogen montmorillonite was used lmmediately after preparation.
The Mt of contamination of the surface by aluminium is probably
less than 2 m equiv./100 g end the reason for the low values reported
for titrateable hydrogen remains uncertain,

The hydrogen form of sulphonated polystyrene resins hydrolyse
peptides more rapidly than the "equivelent" concentration of HCl at
104°C (Whiteker & Deatherage, 1955). When the reaction rates
obtained by these workers are considered in terms of both the entropy
of activation expected for peptide hydrolysis and the lower surface
concentration of hydrogen ions on montmorillonite (in comparison with

the exchange resin they used) it is apparent that the hydrolysis half
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lives of the glycine peptides by hydrogen montmorillonite at 20°C will
probably be much greater then 60 h. Therefore the peptide hydrelysis
which occurs during overnight shaking has been neglected.

The edsorption isotherms are given in ®igs. 6 (glycine and its
peptides), 12 (a-elenine, B-slanine, leucine and serine) and 15
(aspartic end glutamic acids, phenyl alanine and p-amincbenzoic acid),
Fuch more amino-acid or peptide is adsorbed by hydrogen~ thean by
sodium= or calcium=pntmorillonite. The maximun adsorption of both
diglycyl and triglycyl-glycine is in excess of the titrateable hydrogen
content (Fig. 6). The increased adsorption by hydrogen montmorillonite
is due to proton itransfer from the surface hydrogen iona to the
amino-acid or peptide dipolar ion in sn snalogous menner to salt
formation: |

R4 olay H,03"%clay B, + H,0 (1)
This mechanism is closely similar to that reported for the adsorption
of neutral smino-acids by the hydrogen form of cation exchange resins
(Seno snd Yamebe, 1960).

The equilibrium constent for this reaction is:

+
K, = = u
a HBG'h -
N+ TY
= Ri) ‘ 1. R 1
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where NRH is the amount of amino~acid or peptide adsorbed at
2

equilibrium and NK30+ the amount of titratesble hydrogen remaining at

1 ]
equilibrium, expressed in m equiv./100g and aRH; , ® HBO"' and
Y'RH; ? Y'Hsc"' the corresponding activities and activity coefficients
respectively.
In common with other excheange reactions, the isotherms are
Langmiir type., Since the values of the activity coefficients are
unknown, K is assumed to be constent and the equilibrium (1)

)
is dlscussed in terms of Kn. By plotting the ratio -R”I%‘. sgainst
the equilibrium concentration for each isotherm, a straight line of
slope Kn should result. These grephs may conveniently be described
as mass action plots, The data are expressed in this manner in PFigs.
26 (glycine and glycyl glycine), 27 (diglycyl glycine and triglycyl
glycine) 28 (a=alanine, P-alenine, leucine and serine) and 29 (aspartic
acid, glutemic scid, phenyl alenine and p-amino benzoic acid).

It mist be emphasised that considersble error is involved in
some instances when the results are expressed in this manmer. For
those isotherms with high platesu adsorptions (for the peptides in
particular, Fig. 6) the amount of titratesble hydrogen remaining,
I‘IH.SO'" is small end the estimation of its value involves anei'y large
error. The subsequent substitution of this quantity in .Ei% meens

Ry ot
3
that the relative error in this ratio increases with its megnitude.

It is therefore considered that the asccuracy of estimation of



Hass action plots for proton transfer adsorption Yy Hso"'

montmorillonite,

Fige 26. The adsorption of glycine, (0, and glycyl glycine,+.

Fig. 27. ‘The adsorption of diglycyl glycine, A, and triglycyl

glycine, O »

#Mge. 28, The adsorption of a-alanine, <+ , P~alanine, X ,

leucine, O , and serine, O,

Fig. 29. The adsorption of aspartic acid, O, glutamic
acid, O, phenylalanine, X, snd p-aminobenzoic

acid; 4 «
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the values of Kn from Figs. 26 to 29, while sufficient for the
purposes of the following discussion, does not warrent the calculation
of standard free energies of proton transfer. The greatest error for
a single point is probably not greater than 100; and the results are
therefore correct to better then an order of msgnitude. The plots

for glycine and its peptides and B~alanine involve the greatesterror
NRH+

since the magnitude of ﬁ}-;-g* is greater than 1 for most points.

Ihe following discussion zf Kn values is therefore largely confined to

the remeining compounds studied.

The curves for glycine, a=alanine, B-alenine, leucine, serine
and phenyl alanine decrease in slope above an equilibrium concentration
of approximately 0.02M. Several reasons can be advanced for this
observation:

(1) the adsorption sites are not equivalent.

(2) K, varies with increasing surface coversage.

(3) steric and other forms of adsorbed cation-cation

interactions increase with surface coverage.

(4) the collapse of the interlamellar space on intercalation
of the amino-acid cations resiricts surface migration to
the extent that the isotherms were not determined under
equilibrium conditions.

The fourth ma@ pay be discounted immediately because the basal
spacings for the moist complexes (Appendix VII, g) show that the mont-
morillonite collapses only to within 0.2 to 2.0 A of the value for the
corresponding dried complexes, and preliminary adsorption rate studies
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showed that equilibrium wes reached in less than four hours. The
suspengions were shaken overnight for all expefiments.

The initial slope portions of Figs. 26 to 29 correspond to
the regions of lower surface coverage, when contributions from (2)
and (3) are at a minimm., The K values given in Tsble 10 were

determined from the initial slopes.

Isble 10
The mese action quotients for proton transfer adsorption of aminoe
acids and peptides by hydrogen montmorillenite together with the

first dissociation constants of the cations and the product KE,.

Solute X K, x 107 -KnK1
glycine 26 4,60 0.12
glycyl glycine 56 0.85 0.05
diglycyl glycine 1270 0.55 0.70
triglycyl glycine 1270 0.89 113
a~alanine 49 448 0.22
fealanine 176 0.25 0.05
leucine 60 4,70 0.28
serine 45 6.17 0.28
aspartic acid 62 7495 0.49
glutamic acid 78 7495 0.62
phenyl alanine 97 2.63 0.25

p-amino benzoic acid 302 4,38 1.32
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To determine the significance of physical adsorption mechanisms
which operate in addition to proten transfer, the equilibrium (1)
is compared with the first dissocistion constent of the amino-acid

or peptide cation (K1) *,

Equilibrium Equilibrium constant
+
RH) + H0 S RE® 4 H30+ . . +{2) K,
proton trensfer reaction
+ —
RH= + elay HBO o—clay RH, + HO0 | A1) K,
adding (1) and (2)
+ -+
RH, + okay H,0 a—oclay RH, + HO0" . . (3) KK,

4n increase in the product KK, (or in practice KhK1) reflects an
increase in the stabllity, or decrease in dissociation of the mont-
morillonite - organic cation complex (clay RH2) due to the action of
physical adsorption forces in addition to proton transfer. These
additionel forces tend to move the hypotheticel equilibrium (3) to
the right. Therefore the product KnK,‘ has bLeen calculated for each
compound studied (see Table 10) the vealue of K, being obtained from
the literature (Heilbron, 1934; Cohn and 3dsall, 1943; Hodgmen, 1957).
KnK1 is plotted against molecular weight in Fig, 30, This figure
shows that a generel relationship exists between tne contribution by
physical forces to the adsorption of amino-acids and peptides (denoted

by the variation in KnK'i) and the molecular weight.
® K1 is related to the base dissociation constant kb discussed by

Sieskind (1960) by the equation K, = kvq/kb.



Fig. 30. ‘The variation in KnK‘l with molecular weight for the

adsorption of amino-acids and peptides by H30+

montmorilloni te,
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The points for both leucine and phenyl alenine lie below the
general line for the remainder of the compounds studied showing that
a property of the hydrocarbon groups of these two compounds tends to
oppose van der Vasels snd other forces in determining the resultant
physical adsorption contribution to their adsorption by hydrogen
montmorillonite. This property is not strictly a salting-out effect,
but is closely analogous to it since the hydrocarbon groups oppose the
increase in the amino-acid cation conceatration at the clsy surface,
The product KnK'; for RQaIrﬁ.nobenzoic acid is very much larger then is
predicted from the woleculer weight of this compound. ‘the large
physical adsorption contribution to proton transfer is almost certainly
due to the interaction of the benagene ring with the clay surface
intimste contact being possible beceuse of the planar nature of the
p-aminobenzoic acid molecule, Haxaire and Bloch (1956) showed that
significant physical adsorption occurred with planar sromstic molecules
which could associate closely with the clay surface. Since phenyl
alanine is not a planar molecule, this {type of intersction is of
little significance in determining the physical adsorption contribution
to proton transfer for this compound. The comparison of KnK1 for
phenyl slanine (C.25) with that for p-amino benzoic acid (1.32) shows
thgt the shepes of the molecules play an importent pert in determining
their physical adsorption, and that van der Vaals forces are effective
over very short distences only, Assuming that the phenyl group
of intercalated phenyl alanine is placed centrally in the interlamellar

space, and parallel to the surfeaces, the distance between the tops of



=08~

the surface oxygen atoms end the faces of the phenyl group is approx-
imately 0.6 ?-1. This distance is too great for van der Vaals
attraction to overcome the repulsive forces that the phenyl group
experiences in the aqueous environment of the adsorbed phase.
iv. The adsorption of bssic eminc-ascids

Hendricks (1941) showed that orgenic cations sre intercalated
by montmorillonite and Talibudeen (1951) emphasised the importsnce of
cationic groups in the adsorption of basic emino-acids and proteins,
It was anticipated that the epplication of thermodynamics to the
cation exchange reaction (Cowan and “hite, 1958) involving the naturally
ocourring basic emino~acids might supply importent information on the
adsorption of these compounds, The investigation may also increase
the understanding of the factors determining the relative accumulation
of basic amino=acids in soll organic matter over extended periods of
soil cultivation (Stevenson, 1956, 1957).

The adsorption of the following compounds from solutions of
their hydrochlorides hés been studied:

(1) the basic amino-scids arginine, histidine end lysine,

(2) the basic dipeptide carnosine (P-alanyl histidinej and

(3) glycine (prepared by addition 0}?%11301‘6‘510&1 quantity

of standard HCl solution to solid glycine and drylng over
NaCH and P05 at room temperature in vacuo. )

The adsorption isotherms are given in Figs. 16 to 19.

Adsorption was invariebly accompanied by the liberation of an

approximately equivalent amount of the exchangeatle cation., The
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cation exchange equilibria and equilibrium constants are as follows:

RH; + clay Ne =% clay R, + rat (1)
Ka - K’rKY
. [u
Kl" = mQ . &
NNa+ [m;]
21?1{2 + clay Ca 2 clay. ZBH2 + Ca’™t (2)
N° +]
KS = m; @ [ca ]
« 2
NC’:H [RH;]

The adsorption of glycine from its hydrochloride solution by calcium
mox};moxﬁ.llonite differs in deteil from (2) above. Since glycine
hydrochloride is the salt of a strong acid end a very weak base, it

undergoes considersble hydrolysis in solution:

ot — o +
ima + H20 <G Ril= + H30
and the overall exchange reaction is :

RH; + H30+ + clay Ga: clay HZ’C’ RHZ + catt (3)

N . N, .+
K; - RH; H30 lc a.'H'I
ot ] Bl

The adsorption of glycine is accompenied by a marked decrease

in pH and the liberation of catt equivalent to the amino-acid cation
and H30+ adsorbed (Fig. 16).
The symbols sbove are as defined in section k,iii, (The

adsorption by hydrogen montmorillonite). However, the units of
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concentration and surfece concentration are g ion/l. and mg ion/ 100 g
respectively. KY is assumed to be constant, The values of Kr’ Ks,

and K! were determined by the method of Cowan and White (1958)

whereby the ratic of concentrations in the solution phase (e.g.[¥et])

(=]

is plotted against the corresponding ratio in the adsorbed phase (NNQ-" ).

Npwt

2

A straight line of slope K _, X_or I{é is expected (Figs. 31, 32, 33
respectively). ‘This procedure differs from that employed to determine
K, for proton transfer, (section 4, iii) in that the points corresponding
to the plateau adsorptions ere closest to the origins of the graphs,
The initial slope portions of the isotherms are consequently emphasised.
The importent error is therefore in the determination of the equilibrium

concentration [fH} ] and the relative error in the determination of the

raﬁo[w] increases with its magnitude. The

(=1
exchangeable cation remsining in the adsorbed phase at equilibrium is
determined from the amount of exchangeable cation liberated into the
solution phase. The error in estimation of this quantity is therefore

less than the corresponding error in NH30+ for proton iransfer. The

initial slope portions of the isotherms for the adsorption of carnosine
by sodium illite snd of histidine by sodium montmorillonite (second
experiment, Fig., 18) ere not determined in sufficient detail to
warrant thie type of snalysis., For the remainder of the isotherms the

error probesbly does not exceed 60/ for a single point.



Mass action plots for cation exchange.

Fig. 31. The adsorption of arginine, + , histidine, O,
lysine, X, and cernosine, [0, by Na’ montmorillonite

and of histidine, @ , by Na' illite,

Fige 32, The ndsorption of Dle~arginine, 4 , L-arginine, « ,
and histidine, O , by Ca't montmorillonite and of

nistidine, @ , by Ca'’ illite,

Fig. 33. The adsorption of glycine by ca'* montmorillonite.
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The determination of K'a for the adsorption of glycine by
selcium montmorillonite reguires the values of N%O*and E’%O"'].
These are cbtained by subtraction of NRH; from the amount (in m equiv./
100 g) of cat* liberated, and from the pH of the supernatant solution
respectively,

In eddition, the standard free energies of cation exchange have
been calculated from

=AG = RTImK=-RTInJ

where the standard state (J) for each reaction is unity. The results

of the calculations are given in Table 11.

Iable 11
The mass action quotients and free energies for adsorption by

cation exchange of amino-acid and peptide cations

Adsorbate

Arginine | Histidine Lysinq Cemosin?‘ Glycine

Molecular weight 174 155 146 226 76
K | =AG K| «AG K j=AG K =-AG K | =AG
cal,/ cal./ cal./| cal./ cal./
Substrate ion g ion g.icon ion g ion

Na¥ montmorillonite|8.1 | 1240 | 8.2[1250 3.4 720 |12.9 1470
Ga*tmontmorilionite | 5350 5080 | 1045460 83 | 2600
Nat 11lite 2.3 490

ca¥™t 11lite 2860 | 4700
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a. Adsorption by sodium montmorilloni te

Cowen and Yhite (1958) studied the adsorption of a homologous
series of n-alkylammonium cations by sodium montmorillonite., They
found that the n-octylammonium ion (molecular weight 130) has a
standard free energy of cation exchange in this system of 1290 cal./ g
ion end that it is the first of this series to be adsorbed in excess
of the exchenge cepacity. The excess amine is present &s the |
uncharged molecule, adsorption being sccompanied by a decrease in the
PH due to the hydrolysis:

RNH; + H,0 3% BNH, + H30"'

A1l the amino-acid cations adsorbed by sodium montmordillonite
have molecular weights greater than that of the n-octylammonium ion B
but only carnosine (M.W. = 226) has & larger standard free energy of
cation exchenge (Table 11).  Also, -alikeuglh the hydrolysis of the
amino-acid and peptide cations is more facile then that of the nealkyl
ammonium cations, The pK velues fall Tetween 6.0 and 2.0 for the
former end are spproximately 10 for the latter group of cations, (Cohn
and Edsall, 1943; Hodgson, 1957) None of the amino~acids sre adsorbed
in excess of the exchange capacity (Pigs. 17 and 18},

There are three main reasons which may be suggested to explain
why the emino-acid and peptide catione have a smaller adsorption
affinity then the n~alkylammonium ions of comparable molecular weight:
(1) The shepe effect. The n-alkyl chains can pack closely together
on adsorption, probebly in a highly ordered menner (Weiss et al., 1957)
thus allowing the greatest possible ven der Vaals intersction.

The amino-acid and peptide cations are much less gymmetrical and
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therefore do not have the same sfficieat van der Waals interactioms.
This is illustrated guantitatively in the following comparisons:

(1) Por the sdsorption of n-alkylammonium cations above pentyl-
amponium there is a constant increment in -AG" of 400 cel,/CH, group
(14.%, = 14) for the homologous series (Cowan and white, 1958). By
comparison, the increment in ~AG" for histidire and its ealenyl peptide
carnosine, is only 240 cal./P-alanyl group (M.W. = 71).

(ii) ‘the lysine cation (M.W, = 146) has epproximately the same
standard free energy of cation exchange as the heptylammoniwm ion
(B = 116).

(2) The swelling effect. n-Propyl- and n-butyl-ammonium-montmorillonite
complexes swell readily in water (Walker, 1960).  Above n-butylammonium,
the adsorbed cations have stable configurations in which the axes of
their carbon chains form en angle of 56° to the clay surface (Weiss et
al., 1957). The basal spacings of these complexes are larger than the
collapsed amino-acid= or peptide~ montmorillonite complexes and the
internel surfaces are therefore more readlly accessible to incoming
adsorbate cations.

With the exception of the lysine complex the amino~acid or
peptide montmorillonite complexes show very little intra-crystalline
swelling (Table 12),

(3) The precipitation effect, n-Octyl- end n-decyl- amines are
only slightly soluble in water while the higher amines may be
regarded as insoluble. Adsorption sbove the exchange capacity may
therefore be facilitated by a process analogous to precipitation.

(n the other hand, the amino=-acid dipolar ions that would result from
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Table 12

Besal spacings of both collapsed (dried)and fully expanded (moist)

amino-acid and peptide complexes with montmorillonite,

Basal spacing (3.)

Adsorbed cation Dryt doist¥
arginine 13.6 16.6
carnosine 1345 13.7
histidine 1345 13.7
lysine 13.6 >100

T he moist samples correspond to complexes taken directly from

the separation stage of the relevant isotherms. They were subsequently
washed with water until chloride free, and dried over PZOS in vacuo
at room temperature. All figures are for complexes from the plateau

region of the isotherms.

cation hydrolysis are soluble in water.
b. The comparison of montmorillonite and illite subsirates
Inspection of Table 11 reveals that the ease of exchange of the
histidine cation with sodium montmorillonite is greater than with
sodium illite, This is also true of the corresponding calcium clays,
Since a histidine cation in the interlamellar region of montmorillonite
interacts with both surfaces, exchange is energetically more favoursble

than on the extermal surface of illite, whereas =AGY for cation
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exchange of histidine is less for illite than for montmorillonite,
-AGm, the free energy of physical adsorption of neutrsl gmino-acids
and peptides (section 4, i) is greater. It must be remembered,
howsver, that the basal spacings of moist Ca’™ montmorillonite
complexes with the neutral smino-acids snd peptides are too great for
efficient contact of a physically adsorbed molecule with both internal
surfaces of montmorillonite simultaneously, as ocours with the
histidine cation, Therefore, on comparison of physical adsorption
by montmorillonite with that by illite, the interaction of physically
adsorbed molecules with adjacent internsl surfaces of mon tmorillonite
simulteneously is expected to be less than the influence of the increased
surface density of charge on adsorption by illite, Zxchenge involving
montmorillonite becomes kinetically less favoursble as adsorption
progresses because of the steric restriction to cation diffusion on
the interlemellar surfaces, but this does not effect the value of -AGT,

¢, Ihe comparison of sodium end calcium clays,
Inspection of Teble 11 reveals that the ease of exchange of

amino-acid cations with calcium clays is apperently greater than with
the corresponding sodium clsys., Closer comparison could be achieved
by referring all results tc a common standard state, but, since the
precise significance of the various stendard states involved iz not
at present clear, closer comparison is not justified. Inspection of
the initial slope portions of the relevant isotherms (Figs., 16, 17, 16
19) shows that erginine and histidine are more strangly adsorbed by

sodium clays than by the corresponding cslcium clays, and csn replace
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sodium more readily than calcium at the exchange sites.
d. The desorption of smino-acid and peptide cations.

It might be expected that the small amount of intre-crystalline
swelling of the carnusine, histidine and erginine complexes with
montmorillonite (Tebie 12) would result in a very low rate of surface
migration of cetions because of steric restrictions., fThe smino-scid
or peptide cations muy therefore desorb only very slowly in the
presence of an electrolyte solution, The following desorption
experiments were therefore carried out,

(1)  imino-acid-montmorillonite complexes corresponding o
the regions of maximum adsorption were washed free of chloride ion
on a grade 4 sintered glass funnel snd then leached with a 10-fold
excess of 0.01 N NaCl over a period of 2 to & hr, The quantities
removed by, and retained sgeinst this washing procedure determined by
Kjeldahl digestion of the dried olays are given in Table 13,

(2) Semples of these clays after leaching with c.m N HaCl
were taken without drying end shaken with a 100 fold excess of N KC1
for 20 hr, and then centrifuged. The dried clays were analysed by
the XJjeldahl technique. The quantity retained ageinst this weshing
procedure is given in Table 13, column 4.

(3) Zxperiment (2) was repeated with complexss cbteined from
the separation steges of the fbllowing adsorption experiments.

Carnosine adsorbed by sodium illite and sodium montmorillond te

Histidine adsorbed by sodium illite, calcium illite snd celcium

montmorillonite. The results are given in Table 14,



-107~-

T&b 1:‘3‘@"2 .

The amounts of adsorbed emino-acids retained against extraction

with electrolyte solutions, montmorillonite substrate,

Ldsorbed Amount fmount Amount
cation present retained retained
initially against against
0,01 N NaCl 1 N XC1
n mole,/100g
erginine 76 28 21
histidine 66 4 22
lysine 75 19 |
Table 14

The amounts of adsorbed histidine and carnosine retained against
extraction with Kol solution, montmorillonite and illite substrates,

Substrate Adsorbed dnount present fnount retained

cation initially against 1 ¥ KC1
m mole./ 100g

Na* 11lite  cernosine 16 1 ole

Na¥ mont- E [£] 33

morillonite

Ne* illite  histigine 17 240

ca™ 11lite n 18 0.7

ce*t mont- B 45 26

morillonite
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It is clear from these three experiments that carnosine, histidine
snd to a slightly lesser extent, arginine, are not readily desorbed
from the interlamellar surfaces of montmorillonite because of the
difficulty of cation migration within the collapsed interlameller
spaces. This is in agreement with the results of Mortland (1961)
who showed that the adsorptlon of K* by vermiculite was restricted in
the presence of some organic cations including those of the basic
smino-acids. Histidine is the most effective of the auino-acids

in inhibiting K" edsorption and is almost as effective as Ng,*.
Mortland concluded that the inhibltion is due to a restriction of
cation migration on the vermiculite surface, possibly because the
cation sites become "clogged" (=ic) with organic cations which cannot
be displaced by K,

It is probsble that both the higher value of ~4GT for the
adsorption of histidine by sodium montmorillonite and the lower basal
spacings of moist histidine-montmordlonite complexes compared with the
corresponding values for arginine and lysine sre due to stronger inter=
actions between the polar groups of the organic cations with esch other
and with the clay surface. These dipolar interactions will be a
function of molecular struciure. This may be related to the fact that,
of these three amiro-acids, histidine iforms the most stable coordination
complexss with transition metsl cations. fThe stability of these complexes
is also dependent upon the molecular structure of the ligand (Chaberek

end Martell, 1959).



5. Conclusgion to Part II,

i. Ageneral theory for physical adsorption from agueous

soluticn by clavs,

It has been found that, provided no significant proton transfer
or cation exchange occurs, the adsorption can be considered as the
formation of a solution .. the water containing the exchangeable cations.
The properties of a solute that determine its solubility in the adsorbed
phase solvent, which can be considered as an electrolyte solution', are
the dielectric increment, the molecular weight end the salting-out effect
of organic groups. Two types of adsorption cen be distinguished,
depending on the sign of the dielectric inprement,

(1)  then the dielectric increment is positive, the van der Waals
forces snd the dipolar interactions (determined by the dielectric
increment) act together and in cpposition to the salting-out sffect to
determine the resultent chenge in free energy of physical adsorption,
-AG",  ~AG™ is increased by:

(i) increasing dielectric increment

{i1) increasing surface density of charge

(ii1) increasing moleculer weight., If the molecular
weight is increased by the addition of an organic group which alsc
increases the salting-out effect (e.g. the phenyl~ end iso-butyle
groups of phenylalanine snd leucine respectively) then the increased
van der Waals force will be partly offset. The magnitude of the van
der Waals interactions is largely dependent upon the efficiency of

contact between the adsorbed molecules snd the surfece and between the
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adsorbed molecules themselves, The mope symmetrical molecules (e.g.,
Planar aromatic and n-alkyl camprounds) allow efficient van der tiaals
contact,
(iv)  decreasing electrolyte concentration in the bulk phase,
As this concentration decreases the activity coefficient of the
non-electrolyte is increased, thersby increasing «:ﬁGm.

(2)  ¥hen the dielectric increment is negative, the dipolar

forces and the saltingsout effect are identical and they act in
bpposition to the van der Waals forces. Therefore no Physical adsorpe
tion can occur unless the molecular weight is sufficiently large to
overcome the opposing contribution. Then this condition is fulfilled,
the free energy of physical adsozp_ﬁ.on is increased by ;

(i)  decreasing magnitude of the dielectric increment,

(11) increasing electrolyte concentration in the bulk phase

(The non-slectrolyte is then salted=-out of the bulk
Phase into the adsorbed phase),

The physical adsorption by clays will also be influenced by
other factors not directly investigated in the Present work., These
factors include:

(e) The polarising power of the exchangesble cation., It ig
expected that the megnitude of ion~dipole interactions will incresse
with incressing velency and decreasing rudius of the exchengeable cation.,
However, the comparison betwsen Na* mna cat* clays in the present work
suggests that the higher polerising power of Ca’t ig offset by other
factors not clearly understood (but related to the lower adsorbed
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phase volume) since both sodium and caleium clays have approximately
equal adsorption maxima for the seame adsorbate,

(b) Hydrogen bondine, It has been shown that water-to-surface
hydrogen bonding is not significent in comparison to ion=dipole
interactions. Fowever, solute-to-water and solute~to-solute hydrogen
bonds mey influence the adsorption of some types of compound,

(¢) Coordination complex formetion. 'iis is likely to be less
importent when the exchenge sites are ocoupied by the cations normaily
present in a soil system (e.g. Na*, x*, ca’t, Ng”Al}* } than for the
transition wetal cations. Fowever, it is clear that further work
is necessary, using cleys ssturated with a wide renge of catlions,
before the significance of polarising power or coordination complex
formetlon can be evaluated,

() Monolayer saturation, Then the monolayer is saturated,
further adsorption occurs at lower energy. ilso, additional work
is required to expend montmorillonite and similer minersls on inter-
calation of molecules above the monolayer cspacity. These related
effects cause steps to appear in the adsorption isotherms, However,
for physical adsorption from aqueous solution, these complications would
only be observed either at very high solute soncentrations or for the
adsorption of large molecules, '

The general theory is supported for asdsoxrption of compounds
with negative dielectric increments by the data of Hof‘fmann'and
Brindley (1960) who studied the adsorption of a range of straight-

chain aliphatic 1:3 diketones, 1:4 diketones, ethers, ether-nitril:s,
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ether-alcohols, ether-esters and dilydrie alcohols from agqueous
solution by calcium montumcrillonite. 411 these compounds have
negative dielectric increments (in comparison with simple alcohols »
ethers and ketones, probably ranging between 0 and< 1”1) and, since
all are straight chain molecules » the influence of molecular weight
on the extent of sdsorption is clearly evident, & minimum chain
length of 6 atoms (M.¥. between 100 and 120) is required for adsorption
to be observed, and thereafter, the extent of adsorption as shown by
the slopes of the published isotherms is strongly dependent on the
molecular weight. The adsorption of 1:3 diketones is apparently
anomslous and of these, acetyl acetone is by far the most extensively
adsorbed, However, these compounds heve elmost certainly polymerised
on the clay surface since the complexes were observed to darken with
time. It is of interest to note that the first of the nealkylemines
to be adsorbed in excess of the exchange capacity by sodium montmorillonite
(Cowan end White, 1958) is n-octylamine (W, = 129),

Bradley (1945) showed from X-ray data that wthylene glycol
(¥.We = 62) is adsorbed from aqueous solutien by montmorillorni te,
This is apperently contradictory to the conclusion of Hoffmann and
Brindley (1960) that a minimm chain length of 6 atoms is required for
adsorption, However, the extent of adsorption and the concentration
of the aqueous glycol solution were not stated,

ii. Proton transfer and cation exchange reactions.
The date given in the present work show cleerly that although

proton transfer end cation exchange respectively are the dominant
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mechenisms involved in these two types of adsorption, physical adsorp-
tion has some secondary importance. The influence of the shape of the
adsorbed molecule on the van der Wasls contribution to physical
adsorption was illustrated. The carboxyl groups of aspartic and
glutamic acids do not restrict the adsorption of these compounds by
proton transfer (Fig. 30). Adsorption of organic acids at higher pH
values, where dissociation of the carboxyl groups is significent, is
expected to be restricted by repulsion of CCO groups from the clay
surface. Diglycyl glycine (MW. = 189) and triglycyl glycine

(MW, = 246) are adsorbed in excess of the titratesble hydrogen
content of hydrogen montmorillonite, but no similar excess adsorption
was observed with the cation exchange of the basic aminc-acids or
carnosine (M.W. = 226), With the exception of lysine, the intercalation
of amino-acid cations by montmorillonite ceauses the collapse of the
interlamellar space, with the result that the surface migration of the
cations (and therefore the rates of adsorption and desorption) are
restricted, Since work is required to expand the lattice, adsorption
of arginine, carnosine and histidine may be restricted to monolgyer
coverage. It is shown in Fart III that only diglycyl glycine and
triglyeyl glycine have been adsorbed in excess of the monolayer capacity.
These cbservations are in sgreement wiih the data of Pinck et al,,

(1961 a, b) wio studied the adsorption and desorption of a range of
acidic, amphoteric snd basic antibiotics by hydrogen and calcium
montmorillonite. The basal spacings of the resuliant complexes

revealed that two layers of amphoteric sntibiotic molecules were inter-
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calated by both cationic forms of montmorillonite, but only single
layer complexes were formed with the basic compounds. The amphoteric
but not the basic antiblotics were desorbed by citrate and phosphate
buffer solutions. It is apparent that the intercalation of lsrge
organic cations which causes a collapse of the interlamellsr space
results in a very low rate of desorption (and perhaps a fixzation of
some cations) whereas the adsorption of dipolar ions gives rise to
a more nmobile film, The availsbility of neutral amino-acids for
nicrobial or enzyme catalysed decomposition is therefore to be expected.
Cr: the other hand, the relative resistance of the basic amino-acids
and amino-sugars of soil organic matter to microbial decomposition may
be partly explained by the adsorption and immcbilisation of decomposition
products of the solil organic matter which are cationic in nature,
It is therefore suggested that further micro~biological studies
should be carried cut on montmorillonite compléxes with basic amino-
acids (particularly histidine) both before and after partial desorption
by sodium and potassium chloride., It would be important in these studies
to show that the basic awiro-acid catious were intercalated end not

merely adsorbed on the external surfaces of montmorillonite.
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Part 11I. ZRAL INVESTIGATION AND INFRA-RED SPECTRA
4. Introduction

The earlier parts of this thesis have shown that the mecheni sms
jnvloved in bonding organic compounds to montmorillonite or illite do not
jnolude C=H. » o0 hydrogen bonds or similar interactions. However, the
spparent contraction observed on intercelation of organic compounds by
montmorillonite has previoualy been interpreted in terms of C~Hs o o0
hydrogen bonding (VacEwan, 1948), In en endeavour to reconcile the
present work with earlier investigations, the dried (over P,0; at room
$emperature) amino-acid complexes nave been studied by X-ray diffraction.
The X-ray data for the moist complexes have been disoussed in Part Il.
Also, the infra-red spectra of clay organic complexes have beel studied,
since interactions of the C-H., . .0 hydrogen bonding type involving
methylene groups would lead to a depression in the C-H stretching
frequencles,
». Description of epparatus end experimente] dotsils.

i. Xeray investigations

Iron-filtered CoKn radiation obtained from a FPhilips PW 1010
X=-rey generator was used with a modsl PW 1005 diffractometer. X=ray
diffraction dlsgrams were obtained from the complexes by drying the centri-
fuged sanples /over P205 at voom temperature and then grinding and spreading
the powders SO obtained on recessed sluminium plates,  Some slight
orientation of the clsy platelets in the drection of the beam was obtained
by smoothing with a glass slide. ‘When measurements were made on the
;ﬁspensions, the clay was centrifuged in a tube with a detachsble base
similer to that described by Eerrin (1955).  After centrifuging, the
supernatent was decented and the base of the tube with the cley paste

mounted in the diffractometer. Alternatively, moist conplexss obtained
after separation of the supernatent during
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the equilibrium experiments were spread onto the recessed aluminium
platess The complete X~ray date ere given in Appendix VII, The
moist complexes contain a small smount of entrained solution which
increases in concentration on drying, end a slight increase in the
amount adsorbed would have occurred. Therefore, the amounts of
amino-acid or peptide adsorbed (obtained from the equilibrium experi-
ments) given in jppendix VII are slightly low for the drvied complexss.
ii, Infra-red investigations

A Perkin-Elmer model 112 single beam, double pass spectrometer
fitted with a calcium fluoride prism was used o determine the spectra
of sodium montmorillonite complexes with methyl alcohol, ethylene
glycol and p-dioxane., The investigations were confined to the region
of the spectrum beiween 3800 end 2700 cmz"1 where the fundsmental O«H
and C-H stretching vibrations occur,

The complexes prepared by equilibrating 1 g. of clay with 0,25 g
of organic liquid for 30 min. in a stoppered glass tube, were supported
as thin films between two sodium chloride plates sepedated by a 0,008 mm
lead washer, The resultant spectra were campared with those of the
pure liguids supporteé for investigation in a similar menner. No
changes in frequency or relative intensity of the absorption tands
for the C-H or O-H stretching vibraticns were cbserved on adsorption
of the organic liquid. The complete results are given in Appendix VITI,

Iried montmorillonite~amino-acid or peptide complexes proved
unsatisfactory for investigation as the spectrum of the montmorillonite

itself largely concealed the sbsorption beands for the adsorbed species.
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i, i~roy investipgations

The results oi' the J=rgy diffraction studies of the dried
complexes (Appendix VII) show that, with the exception of diglycyl
glycine and triglycyl glycine, the smino-scids and peptides formed
complexes with only a single layer of molecules between adjacent
alumino-silicate lamellae, with basal spacings within the range 12.5
to 14.8 Z. Diglycyl glycine and triglycyl glycine gave both single
and double layer ccamplexes, with basal spacings of spproximately
12.8 Z and 16.0 Z respectively.

Since the discussion is largely concerned with the significance
of the apparent contration in van der ¥aals thickness of adsorbed mole-
cules, the A-values (¥acEwan, 1948) were calculated by subtracting
945 2 (the assumed thickness of the alumino~silicate layer, Greene~
Kelly, 1955) from the basal spacing. A-values for dried complexes
sre given in ippendix VII and are collected in Table 15 (for complexes
showing the most rational series of (001) reflections). The minimum
molecular thicknesses given in Teble 15 were derived from Catalin
moleculsr models., It is necessary to corrsct the molecular thicknesses
cbtained from these models, since the van der Wasls radii are lower
than the generally accepted values (Pauling, 1960) for some atoms.

The corrections applied in the present work are given in Teble 15.
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the van der caals radii or half-thickness of methyl, methylene,
hydrogen and phenyl, ceiculated from vatalin models snd according

to Panling (1960),

Atom or group van der Waals ra.éi‘g.s or half-thickness,
L
Catalin Pauling
hydrogen 0495 142
methyl and methylene 175 2.0
phenyl 1o 17

The minimum molecular thicknesses for glycine and its peptides
were derived from the X-ray data of Albrecht and Corey (1939) and

Hughes end Moore (1949) for single crystals of glyoine and glycyl.
glycine,

It is shown in Table 16 that, for all amino-acids end peptides
studied, the spparent contrsction in the van der Waals thickness of
the adsorbed molecules ranges from O o 1,2 }'x.' The meximum extent
to which keying of the molecules into the hexagonal depressions in the
surface oxygen sheets may occur with the amino-acids and peptides
studied has been determined using molecular models, The montmorillonite
surfaces were prepared to a scale of 1 cm. to 1 ;“1 using the dimensions
and rotations of the upper oxygen atoms of the silica tetrahedra given
by Radoslovich (1960 and privete commnication). The amino-acid

and peptide molecules were made with Catalin models., It was found
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fable 16

MecEwen's A values, the minimum molecular thicknesses {derived Prom
Catalin models and corrected to accord with Pauling's values of
ven der Vaals radii) and the spparent contraction of emino-acid and

peptide molecules on adsorption by montmorillonite,

Adsorbate A lMdnimum molecular thickness /pparent
a( 0014) =545 Cajalin Corrgeted Contypactien
A A A A
glycine 342 bt 0.9
glyeyl glycine 3¢5 b3 0.8
diglycyl glycine 3.5, 3.7 %e3 0.8, 0.6
triglycyl glycine 3.6, 3.8 o3 G.7, 0.5
o~alanine b2 b,2 5.7 0.5
f-alanine 345 345 4.0 0.5
leucine 4.8, B3 4o7 543 0.5, 0
serine .7 b2 Lo7 1.0
aspartic acid Bale ‘4».55 46 1.2
giutamic gcid LTV L,2 bo7 1.0
phenylalanine 4 b bos 4.9 045
praminobenzolc 3ty 345 2.0 3 0
scid

arginine feat ‘o2 b7 0.6
carnosine Lo boZ bo7 0.7
histidine 440 L,z o7 0.7

lysine . 4e1 o2 L7 046
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possible to key the molecules into the surface to give contractions
greater by zbout 0.2 :'JJ, than those actually observed (Table i6).
The smaller hydrogen atoms of Catelin models {c.fe Fauling's values)
can key inte the depressions to a greater extent than true molecular
representations. However, this fact could not account for more than
Cel t0 052 ;.of the contraction determined from the models, and it
seems that keying of the adsorbed molecules can account for the
observed contraction without considering possible molecular digtortion,
C-H ¢ ¢ ¢ 0 bond formation or an incorrect estimate of the alumino=
silicate layer thickness (Fart I).

iandom interstratification patterns were observed when both
gingle and double layer complexes were present, and not two rationsl
series of reflections from the single and double lgyer spacings,
ihis is in contrast to the findings of Greenlard (1956} for sugars
adsorbed by montmorillonite end Hoffmann and Brindley (1960) for
various polyfunctional alcohols, ethers and ketones., It is difficult
to suggest a satisfactory explanation for the difference between these
groups of compounds. The interlamellar separation in aqueous
suspension is greater thsn that of the two leyer complex, seo that no
work has to be done in separating the lamellae. Therefore this cannot
be advanced as an explanation,

ii. Infre-red investipgations

The chief experimental difficulty encountered in determining

the infra~red spectra of adsorbed compounds is to obtsain a sufficient

number of adsorbed molecules in the incident beam without masking the
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resultant spectrum with that of the substrate or by scatter of
radiation at the ©lid surfaces. However, montrorillonite snd other
expanding lattice minerals have the important advantage that their
high specific surface area and the resultant high monolayer capacity
tend to minimise the significence of the spectra of the substrates
(which have their most intense bends at about 1100 cm_1). Also,
scatter of radiation can be reduced if the adsorption complex is sufficient-
ly stable to allow their support for investigation as bressed discs in
a matrix of KC1 or KBr.

- Hoffmann end Brindley (1960) suggested that the adsorption of
aliphatic compounds containing a high proportion of methylene groups
adjacent to electron withdrawing atoms is explained in part by C-H, , . O
interactions of a hydrogen bonding type (see Part I} ‘'Mis suggestion
has been investigated by means of infre-red spectroscopy. The infra-red
spectra of methyl alcohol, p-dioxane and ethylene glycol between 3800
and 2700 cm.1 show no change in frequency or relative intensity on
adsorption by sodium montmorillonite (/ppendix VIII). 1In perticular,
there is no decrease in the C-H siretching frequencies which would be
expected to accompany the type of interaction between CH2 groups and
the surface oxygen atoms as described by Hoffmenn and Brindley. fThe
spectroﬁzeter used is capable of detecting a change in frequency of less
than fom™" in the region of the spectrum studled. Tt is therefore
concluded that the 0H2 groups of these and dmilar compounds are not
involved in G-H , . ,0 hydrogen bonding to the clay surface on adsorption,
Neither is there any wesk interaction which might be expected to lower

the C~H stretching frequency, and augment adsprption
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of polyfunctional aliphatic compounds containing a high proportion of

c;,-uflz Zroups.

4o  Susmsmery of Part IIT.

The spparent contraction in tlie van der Weals thickness of
adsorbed amino-acids and peptides (and probably all other aliphatic
molecules) is due to keying of methyl and methylene groups into the
hexagonal cavities of the clay surface.

The infra~-red spectra of adsorbed methyl alcohol, p-dioxane
and etiylene ;lycol further confirm that both CeHe « o 0 bydrogen
bonding ohd similar interactions that are too weak to be regarded
as true bend formation are of no significance in the adsorption
process,  The adsorption of poly-functional slcohols, esters, ethers
and ketones containing a high proportion of g~methylene groups
(Hoffmann end Brindley, 1960) is readily explained in terms of the
general theory of physical adsorption from agueous solution by clays
proposed in the conclusion to Part II (page 109}, The wore deteiled
study of montmorillonite complexes with orgenic compounds by means
of infre-red spectroscopy could yield important information on the

types of bonding interaction between adsorbed moleculss.



GENERAL CONCLUSION

The three basic sims of the present work were:

(1) To elucidate the bonding mechanisms involved in amino-acid-
or peptide=clay adsorption complexes.

(2) 1To determine the affinities or free energies of adsorption of
the compounds studied.

(3) To study the dependence of (1) and (2) upon the molecular
properties of the adsorbates.

To a large extent, these aims have been realized and a general
theory for physicel adsorption of organic compounds from agueous
solution by clasy minerals has been proposed (Part II, section 5, i).
The general theory, together with the conclusions pegarding the proton
transfer and cation exchsnge reactions (Part II, section 5,ii) allow
the qualitative prediction of adsorption affinities of water-soluble
organic compounds from their relevent moleculer parsnmeters. This
can be illustrated by considering separately the bonding mechanisms
involved.

(i) Proton transfer, The extent of adsorption by this mechanism
is determined by the number of Brgnsted acid sites on the mineral
surfaces and the basicity of the adsorbed compound. The number of
acld sites increases with decreasing p¥,

(ii) Cation exchange. Adsorption by cation exchange depends upon
the nunber of cation sites available «nd cn the proportion of the
adsorbate present in solution in & cationiec form,

Mechanisms (i) and (ii) give rise to strang electrostatic
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forces., Surface migration of cations intercalated by montmorillonite
is restricted if adsorption leads to a collapse of the interlamellar
space (e.g. adsorption of histidine and carmosine cations)., The
extent of adsorption decreases with increasing concentration of
inorganic salta because of competition for cation sites. In addition
to the electrostatic bonding which results from proton transfer or
cation exchange, weaker but, for some cations, significent physicel
adsorption or van der %aals forces sct., These forces increass with
molecular weight and are influenced by the shape of the catiom,

Planar eromatic and straight chain aliphstic cations which permit an
intimate ocontact with the surface and with each other are more strongly
edsorbed than irregularly sheped cations of comparsble molecular weight.
The increase in van der Weals attraction of a cation due to hydrocarbon
groups may be partly offset by an effect that is somewhat analogous

to a salting out from the adsorbed phase.

(ii1) Ion-dipole and related surface-dipole interactions. These
yield weeker bonding forces than (1) end (i1) sbove and are dependent
upon the sign and magnitude of the dielectric increment of the adsorbate
and on the surface density of chexrge of the substrates. According

to the general theory of physical adsorption, a positive dielectric
jncrement leads té positive adsorption which increases with the
megnitude of § and with $ncreasing surfece density of charge. The
extent of adsorption decreases with increasing electrolyte concentration
in the bulk phase. A negative dielectric increment cpposes positive
adsorption to an extent which increases %ith the negnitude of & and

with increasing surface density of charge. Increasing electirolyte



concentration in the bulk phase favours the positive adsorption of
compounds with negative dielectric increments by tending to salt

the molecules out of the bulk phese into the adsorbed phase.

(iv) ven der Vaasls inderactions., Adsorption due to these intersctions
increases with molecular weight end is influenced by the shape of the
adsorbed molecules in the same menner as described for the physical
adsorption which supplements cation exchange and proton transfer,

Mechenisms (1ii) and (iv) probably give rise to a mobile film
of adsorbed molecules.

(v) The salting-out effect of hydrocerbon side-chains. (This
phencmenon is only distinguishesble for molecules with positive dielectric
increments snd tends to oppose positive adsorption,

(vi) Hydrogen bonding. Adsorbate-to-substrate hydrogen bonding
probably does not contribute significantly to adsorption from aquecus
solution by #hese cley minerals vhose availeble surfaces thai are
predominantly sheets of oxygen atoms.

The chemical implications of thé general theory of physical
adsorption and other conclusions in the present work are self evident
but their application to the understanding of soil nitrogen and organic
matter transformetions requires further consideration.,

It is possible that, in meny soils, surfaces and micro~pores
exist which are inaccessible to microbes and extra-cellular enzymes.

It is therefore of value to discuss condltions which would cause
adsorption or desorption of the water-soluble intermediates of soil

organic matter trensformations. These compounds are the nutrients



by means of which soil micro-flora largely effect orgenic matter
transformations., The intermediates envisaged include amino-acids,
plant phenols, sugars, uronic acids, purine and pyrimidine bases , and
compounds derived from these,

Any set of omditiogs which brings sbout en increase in the
ionic strength of/‘tggil solution, e.g. the drying of a soil or the
influx o_f‘ selts, will promote the desorption of orgenic cations that
are adsorbed by cation exchange or proton transfer., In addition,
uncharged intermediates which have positive dielectric increrents
(e.g. amino-acid dipolar ions) will tend to be salted out of the adsorbed
phase by the _increaaing electrolyte concentration of the soil solution.
On the other hand, those intermediates with negative dielectric incre-
ments, e.g. plant phenols and sugars, will tend to be selted onto the
minez;al surfaces, Since organic cations and aipolar ions commonly
contain nitrogen atoms in their structures, conditions which favour en
incresse in the ionic strength of the soil solution will also tend to
increase the availability of water-sol:ble organic nitrogen for microbial
utilization, 4 decrease in the ionic strength of the soil solution will
tend to decrease the equilibrium concentration of organic cations and
dipoler ions. These ideas are supported by the experimental cobservations
of Peul and Schmidt (1961) who studied the extraction of amino-acids
from soil. They found that aquecus salt solutions not only liberate
the cationically bound basic amino-acids in greater quantities than
does aqueous ethanol, but also a large number of neutral and acid amino-

acids are more extensively extracted.
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It was shown that physical adsorption affinity increases with
molecular weight, which suggests that physicelly adsorbed polymers
might constitute a significant proportion of the orgenic matter of a
soil, This would be possible only if the shape of the polymer were
sufficiently uniform to permit an adequate nunber of paints of ven der
Waals contact with the mineral surfaces, a condition one might expect
to be fulfilled if chemical polymerisation of the adsorbed monomers is
a gignificent reaction in the soil.

The retention of histidine cations by montmorillonite against
e 20 hr. extraction period using 1N FCl suggests that a significant
proportion of the nitrogen in a soil mey exist as intercalated organic
cations whose surface migration is restricted by the collspse of the
interlamellar space.

The following experiments are suggested to eugment the results
of the present work,

(1) Experiments desigsed to evaluate the quantitative relationships
between adsorption aeffinities and the relevent molecular parsmeters, e.g.

(i) The adsorption of amino-acids and peptides in the presence
of different concentrations of electrolyte could be studied to estsblish
the quantitative relationship between adsorption affinity end ionic
strength of the bulk phase for compounds with positive dielectric
increments. Glycine snd its peptides would be useful adsorbates to
study.

(i1} The adsorption of compounds with negative dielectric
increments mgy be investigated with the aim of sep-arating the contri-

butions to the adsorption affinity that are dependent upon the dielectric
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increment, the molecular weight and the shape of the molecule., The
influence of electrolyte should also be studied., The adsorption of
plent phenols, sugars and other known intermedistes of soil orgenic
matter transformations would maeintein the relevance to soil sclence of
this type of work,

(111) The influence of surface density of charge of the
adsorbent may be evaluated in & quantitative manner by studying the
adsorption of glycine and its peptides by a range of clay mineralsg
from very low (hydrated halloysite) to very high (vermiculite snd
illites) charge densities.

(iv)  The influence of the polarizing power of exchengesble
cations could be investigated along with (iii) by saturating selected
minerals with a range of cations of differing sizes and cherge.

Experiments (1) to (iv) would be largely concerned with the
interpretation of adsorption isotherms,

(v) The adsorption of plenar aromatic cations snd tncharged
molecules by montmorillonite should be systemalically studied to
evaluate the significance of the interaction of the 7- electrons of
the aromatic nuclei with the alumino-silicate surface (Haxaire and
Bloch, 1956). As a supplement to the study of adsorption isotherms,
the use of infra-red spectroscopy would be of value in this type of
investigation, since the frequencies and intensities of the aromatic
bends would very significently if this type of interaction occurred.
(2) Experiments designed to relate the present results to the

understanding of soil orgenic matter transformations with a greater
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degree of probability.

(1) n investigation of the availsbility of histidine adsorbed
by montmorillonite for bacterial utilization, particularly efter
preliminary extraction with KCl. Depending on the results of this
investigation, it may be of value to study further complexes in a
gimilar menner.

(ii) Extraction of the soil clay fraction with suiteble solutions
and solvents and subsequent deteiled organic chemical investigations of
the solutions may reveal the extent of adsorbed water-soluble inter-
mediates in the soil. The amounts of these campounds in the adsorbed

phase is likely to be small.
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ippendix I
Preparation and analytical characterisation of clay suspensions
1.  Preparation

(i) Galcium clays

The less than 2 g e.s.d. fraction of montmorillonite or illite
was separated by sedimentation, the top 17.5 cm of 2% (or less)
suspensions being syphoned from the remsinder after a settling time
of 16 h. The resultant suspensions were rendered 1M with Ca012 and
then adjusted to pH3 with HCl. Illite suspensions were kept at pH3
until all CaCO, impurity was removed, The clays were then filtered

3

on a Buchner funnel, leached with 3 1., of 1M CaCl,. and then with

2
distilled water until no chloride could be detected in the leachate,
The resultant calcium clays were stored at 5°C ss suspensions in
distilled water,
(i) Sodium clays

Sodium clays were prepeared and stored in a similar manner to
calcium clays except that the electrolyte concentration of the suspen=~
sions was reduced by dialysis against distilled water. Before use,
the dialysis tubing was boiled in successive lots of distilled water
wntil constant conductivity of the leachates was achieved.

(1i1) Hydrogen montmorillonite

Hydrogen montmorillonite was prepared from spproximately 2/
sodium or calcium clay suspensions either by passing them down a
colum of the hydrogen form of Amberlite 1.KH.120 cation exchange resin,
or by equilibrating the suspensionswith 3 successive batches of resin

(2 six fold excess in each batch).
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2e Characterisation

(i) Cation exchenge capacity

Cation exchenge capacities were determined by saturation of

the clay with smmonium ion anq subfseq;ent steam distillation of portions
of the ammonium clay suspensi“;/;d;jgg barkham still, The ammonia was
collected in 5 ml, of 4% boric acid solution and estimated by titration
against Q.02 _ZN HCl using a mixed brom~cresol green-methyl red irdicator.
Iwo procedures were used to saturate the clay with ammonium
(Cowan and White, 1958). (&) The 2% clay suspension was passed down
a column of the NHI‘_+ form of Amberlite I,R.120 (b} The clay was
shaken with three successive portions of 1 N ammonium scetate at pH7
centrifuging and decanting between shakings, The clay was washed free
of smmonium scetate with 1:1 distilled water-alcohol mixture. There
was no difference- in the results obtained using these procedures.
The supernatants, without the washings, were combined for subsequent
estimation of the exchangeeble cation initially present,
(ii) Calcium estimation
Calcium was estimated in the ammonium ecetate leachates by
titration at pH10 with ethylenediaminetetra-ascetic acid, disodium salt
solution using Eriochrome Black T indicator. It was found that none
of the compounds interfered with the estimation,
(4ii) Sodium estimation
Mn Eel flame photcmetef wes used,
(iv) [Titratesble hydrogen
Titrateable hydrogen was estimated by titration of the

hydrogen montmorillonite suspensions to pH7 with 0.02N NaOH solution.



The pH of the clay suspension was checked af'ter shaking overnight snd
was readjusted to pH7 with 0,02N NaCH if necessary. The titrations
were also repeated in the presence of Q.5N NaCl., No difference was
detected. 4 Canbridge portable pH meter and glass electrode were
employed for the pH determinations.
(v) Hlectrolyte concentrations of suspensions

Since chloride salts were used in ths clay saturations, the
chloride ion concentration of the suspensions was determined by
potentiometric titration using 0.01N AgNOB.

3. Characteristics of the clay suspensions

Substrate 4uount of pil [31'] Cation T tratesble H0*
clay in exchange or axchangeable
suspension capacity cation,

g/100 ml, N. m.equiv,/ m.equiv,/
100g. 106g .,

¥ontmorillonites:
Sodium 2.6 6,16 3.5x10™° 88 87.3 (incl. 5 of
Caloium 6o 6.60 5x10™° 90 89
Iﬁdrogen-* &a 242 3081 77.1

b 1.2 2461 70.2

[+ 2.0 Ze 86 72.0

a 2.1 2.95 76.4
Illites:
Caleium 8 <1072 29,2 29,0

* Used for the adsorption of (a) glycine and glycyl glycine
(b) diglycyl glycine and triglycyl glycine (c) g-alenine, f=alanine
leucine and serine (d) aspartic, glutamic and p-aminobenzoic acids
and phenyl alanine
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fppendix IX

Glycine

Glycyl glycine

Diglycyl glycine

Trigziycyl glycine

Dl=g=ilanine

feilanine

A=PhenyleDL=g-
Alanine

H=3Serine

DI~Leucine

p-iminobenzoic acid

DleAspartic scid

sources end formulae of campounds studied

mi;.crxzcoo' British Drug Houses
(snalsR)
NH3+,CH2.CO.NH.CHQCOO— British Drug Houses

NH;(CHQ.CO.NH. ) CH,.C007  Nutritional
Eiochemicals Co.

NH3-(CEi2.CQ.NH)3LIH2.GOO° Nutritional
Biochemicals Co,

1m3+.CH(cH3).coo' Eritish Drug Houses
ms*.crxz.crxz.coo' British Drug Houses
rm;. CH,C00™ British Drug Houses
Nﬁ;.fﬂ.coo‘ fldrich Chemical Co. Inc,
CH,,« CH
NH;.CH.GO(f L. Light and Co.
CH,,
. OGH
G +GH.CH,

Zritish Drug Houses
i, — Y- ccon

NH;.CH.GOO” British Drug Houses

CHa.COOH
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12, I=Glutamic acid British Imug Houses

m35+.czi.coc'
UH20 qu .UOOH

153, Tl~ and I~irginine Rutritional Biochemicals

hydrochloride NE ?HZ' 2.GE{.CO(.} Co. =nd
/c\‘ /CH.’Z NH: British Drug Houses
HN N . respectively
| HCl
H
14. Dl~Histidine hyarochloride California Biochemical

Research Corp.
N

‘ i‘i\cazcn.ooc‘

HOG  CuH R,

-t

| FC1

15, I~lysine hydrochloride n " "

HC1l Ny *
3

16, L~Camosine (B-alenyl L, Iight and Co.
l-histidine)

+*
NH, " .{CH
e

Z)ZQGC‘.M.?}i.COO

Sodium and calcium plus magnesium estimations were done on

solutions of compounds 1 to 16. It was found that with the exception
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of diglycyl glycine and trizlycyl glycine, all compounds contained
less than 0.015 equiv. (Na's ca*t 4 ig"™) per wole. The two
exceptians contained considerably more than this amount, but after
four recrystallizations from distilled water, this quantity was

reduced tc less than 0,004 equiv./mole,

1 7 - i‘ﬁethy‘l alcOhOJ. CH . OH

3
18, p=dioxsne 0/ CH‘?.CHE\ o
\CHQ.GE‘L{Z/
19, Ethylene glycol HO.CHQ.Cﬁzoﬂ British Dyug Houses

(AnalaR)
Compounds 17 and 18 were spectroscopically pure samples

supplied by ir. L. Sparrow, University of ielbourne.
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Appendix IIT
The modified Kjeldahl technique used for nitrogen estiuation,

Up to 10 ml. portions of the supernatant solutions were
placed in 50 ml.‘ Kjeldahl flasks to which were added 2 ml, of concenw
trated i,50, and 0.8g of catelyst mixture (1000g R,50, + 100g Cus0, +
10g Selenium) and the contents of the flasks were digested for 30 min,
(glycine and its peptides) or 45 min. (the remainder of the compounds ) ,
These digestion times were found to be conveniently within the range
of 100j recovery. Subsequent snmonia distillations were carried out
in a Markham still, after addition of 10 ml. of 50:% NaOH solution to
the sample. The ammonis distilled was titrated with 0.02N or 6.iN
HC1. the indicator used was a 3:1 mixture of methyl red: brome~cresol

green (0.1% solution in alcohol).



fAppendix IV
The finel colums of the tables in this eppendix are

intended to give a qualitative estimate of the errors involved in
esch experiment. 4s discussed in Part II, section 3, ii, the
maximum amount adsorbed per tube for each experiment (i.e., the max-
imum value of (c-d) for each experiment) is inversely related %o the

experimental error of determining the extent of adsorption (p.62).
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fppendix IV
1. The adsorption of glycyl glycine, diglycyl glycine, twiglyecyl
glycine by sodium montmorillonite, suspension pH = €.16.

Adsorbate jmount adsorbed Equil conec. pH Maximom amount
m.mole/100g M adsorbed per
tube, m.mole
glycyl 1.3 3.49 x 1072 6.19
glycine 2.7 6.36 x 1072 6.18
3.6 1.30 x 1072 6.16
10.0 3.83 x 1072 6.12
13,8 6.53 x 1072 6.06
19.4 9.62 x 1072 5498 0,074
diglycyl 1.7 3,15 x 1070 594
glycine 5¢2 6405 x 1072 5.93
7.5 1.25 x 1072 5.82
20.0 3.11 x 1072 5.70
3044 6.35 x 1072 5.63
39.4 9.61 x 10™2 5.58 0.163
triglyeyl 1.7 2.87 x 107 6,08
glyeine 5.0 5.33 x 1072 6.02
941 1.12 x 1072 5.96
22.2 2.80 x 1072 5.82
39.8 5.66 x 1072 5.66

52,2 8.59 x 10°2 5,58 0.200
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Appendix IV
2. The adsorption of glycine, glycyl glycine, diglycyl glycine
and triglycyl glycine by calcium montmorillonite, suspension pH = 6,60
sdgorbate sAmount adsorbed Hquil.cone, pH Faximum amount
m.mole/100g. ¥ adsorbed per

tube, m.mole.

glycine 145 1.75 x 1072 6,54
147 5.57 x 1072 5,32
342 7.45 x 1072 6,20
49 1.07 x 10”7 5,98

941 1.8 x10"0 592 5,087
glycyl 1.0 E.60 x ‘IO.BJ 6o bl
glycine 248 1.68 x 1072 6.28
5k 3.38 x 107° 6442
1143 67 x 107° 5.9k

17.3 1.01 x 9071 5,81 0,166
aiglyoyl 1ok 6.60 x 1072 6,10
glycine 3.2 1,30 x 1072 5,97
7.8 2.5 x 1072 5,80
16.3 5.0k x 107° 5,64
25.0 7454 x 1072 5464

38.3 12721070 5.65 0,368
triglycyl 1.8 2,52 x 1070 6.25
glycine 4,0 4,96 x 1070 6420

7ok 9.98 x 10™° 6.1



fppendix IV Z. contd,

triglycyl 1949
glycine 393
49.7

- 140 =

2

2,45 x 107 6.15

2

91 x 10 6416

7.67 x 1072 5.95

0.477
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Appendix iV
5. 'The adsorption of (i} glycine and glycyl glycine; (ii)
diglycyl glycine and triglycyl glycine by hydrogen montmorillonite,

clay suspension (i) pH = 3.81; (ii) 2.61.

sdsorbate Amount adsorbed Ggquil. conc, pi  Faximum amount
m.mole/100g. M | adsorbed per
tube, m.mole.
glycine 1345 6.23 x 1072 4,02
274 1,24 x 1072 k22
38.2 2,84 x 1072 bos6
46,5 6432 x 1072 b6
49,0 9.9% x 1072 b 69
63.2 1,70 x 1071 %820 0,399
glyeyl. 36,9 171 x 1072 #415
glycine  49.2 7.65 x 1077 468
53.0 2451 x 1072 5,02
59.0 6.0z x 1072 PR
65.6 .52 x 1077 5,16
773 1,66 x 107" 5.6 0,488
diglyeyl 26,7 8 x 1072 3,07
glycine L7.6 8.6 x 10-# 3.66
621 5.61 x 1072 b.61
75.9 2.37 x 107% £,18
75.8 5.58 x 1072 5.36
2

85,0 8.71 x 10~ 5.42 0,298
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Appendix IV 5. contd,

triglycyl
glycine

17
341
53.8
66.3
78.0
89.8

0
1.3 x 10—&
1.88 x 1072
1.28 x 1072
3,20 » 10’2

he12 x 10.2

2.90
3413
4,0k
4466
4,80
b o8l

0.315
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Appendix 1V
4. ‘the adsorption of glycine and glyeyl plycine by calcium
montmorillonite at 25° and 0°, In this experiment the shaldng was
carried out at 25%C in a water bath with variation of % 0,5%,
At 0°C, temperature was controlled in a water-ice bath., No measure
able temperature variation was observed here, or after centrifuging
at sither temperature, Iriplicate analyses were performed on the

supernatsnt solutions,

édsorbate  Amount adsorbed Equil. cone. Maximum emount
m,mole/100g, M adsorbed per
tube, m.mole.
glycine, 2.2 2.70 x 10‘2
0°c 7.0% 5.32 x 1072
7.9 8.03 x 107%
10.2 1.08 x 10!
11.9 1.35 x 107}
14,5 1.62 x 1071 0.133
glycine, 142 2.72 x 1072
259 3.7 5.4z x 1072
5.8 .09 x 1072
7.7 1,08 x 101
7oi* 1,36 % 1070

12.0 1.6hx 1071 04140
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dppendix IV 4, contd.

glycyl 2e9 1.22 x 10”2
glycine, 5.2 2.45 x 1072
e 841 3.67 x 1072
10.6 4489 x 1072
15,34 6,66 x 1072

15.4 7437 x 4072 0u141
glycyl 2.2 1.2 x 1072
glycine, 348 2.50 x 1072
25°C 548 3.7 x 1072
7ok 5.00 x 1072
9.8 6423 x 1072

11,1 7.51 x 1072 0.102

* Error incurred on transfer of suspension to centrifuge tubes,
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ippendix IV
S+ The adsorption of diglycyl glycine and triglycyl glycine by
calcium montmorillonite at 25% and QY. lenperature control and

enalysis as for previous experiments (4.

Adsorbate smount adsorbed Equil conc, Maximum ‘amount

m.mole/100g. M adsorbed per
tube, m,mole
diglycyl k.26 9.35 x 107>
glycine, 8,80 1.86 x 1072
0°C 140 2.77 x 1072
18,7 3.69 x 107%
2247 k.63 x 1072
2643 5.59 x 1072 Ouht
dglyeyl 3.36 9463 x 1072
glycine 6.47 1.93 x 1072
25°% 100 2.89 x 1072
134 5.85 x 1072
17.9 b 76 x 1072
21.5 5.73 x 107 0.197
triglycyl 5466 5.97 x 1077
#lycine 1263 117 = 10"2
19.2 1.72 x 1072
26,2 2,27 x 1072
3243 2.86 x 107°

37.6 3,47 x 1072 0o 34k
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ippendix IV 5, contd,

triglycyl lhe22 Eudl x 1070
glycine 9,48 125 x 10'2
25° 1543 1,86 x 1072
214k 22 x 1072
27 * 3,01 x 1072

33.6 5.59 x 1072 0.308

¢ grror incurred on transfer of suspension to centrifuge tube
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#ppendix IV
6. The adsorption of glycine, glycyl glycine, diglycyl ygliycine
and triglycyl glycine by sodium illite.

Adsorbate smount adsorbed Bguil., conce. iaximum emount
m.mole /100g M adsorbed per tube,

m.mole.
glycine 5.5 2.80 x 1077
546 6.02 x 10”2
€.6 9417 x 1072
743 1.23 x 1071
7.3 1.56 x 10”7

7.5 1.88 x 1071 0.1
glycyl 345 1ot x 10-2
glycine 7.0 h.52 x 1072
7.5 6,17 x 1072
9.6 7,70 x 1072

1.1 9,28 x 1072 0.255
diglyeyl ot 1.13 x 1072
glycine 6.6 236 % 1072
6.7 3.66 % 107°
1040 5.0% x 107%
11.8 6.3k x 1072

1he2 7.61 x 1072 1326
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dppendix IV 6 contd.

triglycyl glycine 2.7
bk
5e&
6.8
17
£.9

3.70 x 107>
o2k x 1073
1,31 x 1072
1.81 x 1072
2.32 x 107¢

2,81 x 10"

04204
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{+ the adsorption of glycine, glycyl glycine, diglyecyl wiygise

soo Lripdyeyl glycine by calcium i11lite,

Adsorbate fmount adsorbed

m.mole./100g.

glycine 1.6

glycyl 241
glycine 3¢5
L8

6.0

762

83

diglyeyl 31
glycine bob

648

8.3

10.0

1049

wguil. conc,

e
i

3,16 x 1072

6.29 x 10‘2

9.47 % 10™%

1,26 x 10~

1.58 x 10~1

1.89 x 1071

1 060 X 10-2

30@" &£ 13-2

1487 x 1072

6.51 x 10°2

8.14 x 1072

9.79 x 102

1.33% x 1072

2,73 x 1672
Iho0B x 1072
548 x 10-2
6,35 x 1072

8.27 x 1072

haximum amount
adsorbed per tube,

T mole .

C.107

0.092

0.121
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Triglycyl

glycine

24D
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%90 x 1077
1.01 x 9072
1.55 x 40™%
2,09 x 1072

2,61 x 1072
3.1 % 1072

C.093
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ippendix IV

T

&, The adsorption of -alanine, fealanine, leucine and serine by

calcium montmorillonite

Adsorbate fmount adsorbed waile. cone., laximum amount
m.mole/100g, M adsorbed per tube,
meniole .

amalanine 145 8.03 x 10™7

2.9 1.61 x 1072

43 241 x 407°

k.8 3425 x 1072

£e0 4,06 x 1072

640 b x 1072 0.055
B-alanine 1.9 8.36 x 1077

2.4 .72 x 1072

b6 2.5 x 107¢

5.6 3 1 107°

6.4 4,28 x 1072

648 5.16 x 1072 0.063
leucine 0.15 5.13 x 10-3

0.75 1.01 x 1072

0.85 1.53 x 1072

143 2,03 x 10°2

1.2 255 x 1072

2

1.2 3,07 x 10° 0.011
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serine

Ge7
1.6
2.6
31
342
349

- 162 -

8425 x 1077
1464 x 1072
2,46 x 1072
3.29 x 1072
413 x 1072
4,96 x 10™2

0.036
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ippendix IV

9. The adsorption of uwealanine, fealanine, leucine and serine

by hydrogen montmorillonite,

Adsorbate

s=alanine

f=alanine

leucine

Amount adsorted

m.mole./100g.

255
3ke6
4G,0
4.4

.’.;',2 A 3

40,6
51.4
5840
57.8
59 o4
&0e3
20.7
29.6
351
57.0
38,0

391

bquil., cone,

M

5.82 x 1072
1.3% x 90
2.13 x 10
2.96 x 10
3.80 = 0
hobl x 1072
ho72 x 1077
1,25 z 0
2,09 x 10
2,98 x 10~
3,86 x 10°
4,70 = 10~
3,02 x 1077
7.26 x 102
1415 % 1072

1.68 x 1072

haximum amount
adsorbed per tube,

Meii0le

0.135

0.196

O.121



- 154 ~

fppendix IV %, contd,

serine b 5.99 x 107
32,9 1455 x 402
3649 2415 x 107 ¢
40,0 3.81 x 10-2

1.5 4,65 x 1072 0.126



10. The acdsorption

socaum illite,
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Zprendix IV

of L=glanine, P=alanine, leucine and serine by

The two highest points on the leucine isctherm were

repeated in duplicate.

adsorbate

a=alanine

Beglanine

leucine

Amcunt adsorbed

w, wole/1U0g.

a5
5e0
5¢7
545
Lol
okt
bo7
5.6

6.%

&.3

- Ty Y
O o0

Eguil. conc.

M

1.17 x 1072
2061 x 1072
4,04 x 10-2
547 x 072
£497 x 1072
8.35 x 9072

1.37 x 1072

2,89 x 1072
L9 x 1072
6.0 x 107°

7.63 z 10°%

9.15 x 10™2

467 x 1072

971 x 1072

1.99 x 1072

3.00 x '50-2

Maxdimum amount
adsorbed per tube,

. mole .

C.155

.19z

0,049
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serine

Ze5

- 166 =~

1.37 x 10~
2,88 x 10”
be39 x 107
5.89 x 10”
Tbh x 107

C‘095 X 10-

2
2
2
2
2
2

0,110
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11  The adsorption of a=-alanine, Pealanine s leucine ané serine by

caleium 1i11i te,

in duplicate.

Adsorbate

w~galanine

B=alanine

leucine

serine

dmount sdsorbed

iﬂ.mle;/?oag.

D
L
e

£
[ ]
o

\n

.
<

o
[
(%Y

0.9
23

31
be5

5.8
71

1.6

kquil. conc,.

M

Foitde X 1(«3‘?

2,86 x 1072

4032 x 1072

5,70 z 1072

7415 x 1072

8056 " 10-2

1 059 X 10-2

3415 x 10
4,74 x 1072
5,31 x 10-2
7.88 x 107
9.51 & 10
1,04 x 1072
2,07 x 'iO.z

3,40 x 1072

1.51 x 4072
- -2
3-04 X 10

211 points on tre leucine isotherm were repvested

Average lizzimmm
emount adsorbed per

tube, m., nele,

Q.071

0.079

C.012
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fppendix IV 1i. contd,

serine Za't LoBh x 10'-2
344 6.0k x 1072
‘el 7.56 X 10-2

5.0 9,06 x 10°% 0.057
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fppendix IV
12,  The adsorption of aspartic acid, glutamic acid, phenyl alanine

and p~amino benzoic acid by hydrogen montmwmorillonite,

Adsorbate fmount adsorbed fguil. conc. Maximum amount
m, mole./100g. b adsorbed per tube,
m mole,
aspartic acid 13,0 3,65 x 1072
24,5 745 x 1072
31.5 1017 x 1072
5749 1,60 x 1072
42,5 2,05 x 3072
b5.6 2.51 x 107% 0.133
glutamic acid 19.7 2,96 x 140 3
3.2 6.77 x 9070
37.7 1,10 x 1072
iy 0 1.5 x §072
47,8 1,99 x 1072
50,6 2,45 x 1072 0.148
phenyl slenine 3.0 3446 x 1077
45,0 9.19 x 167
5045 1.55 x 1072
5349 2,20 x 1072
56,3 2.85 x 1077

2

5615 3-53 X 10- O.’é65
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Appendix IV 12, cuntd.

p-amine benzoic 27.¢ 9.9 x ‘IC)"'EF
ecid by oy 3.40 x 1072
51,6 6,13 x 107>
5841 9.23 x 1077
6145 1426 x 1072
66 1.59 x 1072 0.19% -

12a, The adsorption of phenyl alanine by calcium montmorillonite,
The isothermal point given was repeated in duplicate and Km was
calculated on the assumption that this value lies on a linear
isotherm passing through the orizin,

phenyl alanine 5e3 5,29 x 10.;" 0,049
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ippendix IV

13« The adsorption of Dl- and L~ arginine hydrochlorides and glycine

hydrochloride by calcium montmorillonite.,

Adsorbate

glycine

hydro=-
chloride

DL~
arginine
hydro-
chloride

I~erginine

hydro=
chloride

mount Equil.conc.

adsorbed M

m.nole/
400g
0.8  3.70 x 107>
2.9 5.93 x 107
5.5 1420 x 1072
16.5 2.90 x 1072
B2 5.77 x 1072
43.8  6.89 x 1072
7.8 5.6 x 107*
14,6  1.45 x 107
2500 k19 x 107
49,6 1.48 x 1072
63.2 4.2 x 1072
8.7 5.2x 107
15,6  1.61 x 1072
26.7 4,67 x 1077
67.8 4.6 x 1072
70.0 7.72 x 1072

catt

liberated
m.eqpiv./

100g

6.9
133
24,0
49.6
66.0

Clay suspension pH = 6.60

Ca+*

equil.
OONC. »

N x 10°

2.0L
3.09
4.8k
8.78
4.6
1845

225

he29.

7.76
16.1

21 o

2,25
440
8.03
21 .4
23.6

pH

3432
2.83
2.52
2,18
1.97
1.85

6,06
5.87
5.90
613

5.92

6'20

.09

Maximom
amount
adsorbed
per tube,
m mole.,

0.420

0.638

0.671
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by sodium montmorillonite.

Ldsorbate

Ie~arginine

hydro -
chloride

histidine

hydro-
chloride

lysine

hydro=
chloride

smount
adsorbed

m.mole./
100g .«

4.7
4eo5
6340
714
81.2

5.0

2.2
4 8
684
81.5
86.8
90.7

17.6
31.8
46 .4
5349
60,7
56.8
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_.E‘Ecnr_‘-i}; IV

Lquil. conc.

M

1e2 X 13—}"

8.7 x 107

5,10 % 402
2.3 x 072
FebS7 & 10-2

#495 % 1072

Fel x 1:)"&ﬁ

3.9 x 10'1*

4,52 x 1077

2.99 x 10°°

5056 X 10‘2

8.86 x 10°2

Tl x 10_3

2,10 x 10™°

2,00 x 10°2

e 76 X% 10-2

7.72 x 1072

e
iibverated

m.equiv./

++

1002;0

2642
45,0
65.7
77.3

Hatt

eqguil,
conc,
Hx 103

5440
5.84
Ga51
10.01
10.07

597

3430
5.95
Gebh
9.8¢
5496
9.99
3436
539
7.62
919
9.67
9.86

1lay suspension pH = 6.10.

pH

6415
6.05
5.9k
5.83
5.68

5.97

L.53
o214

4410

The adscrption of srginine, histidine and lysine hydrochilorides

Maxd muam
smount

adsorbed

per tube,

m mole.

D0e292 __

0. 349

0,180
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,Eh':enéix 1V
15, The adsorption of carnosine snd histidine hydrochlorides by

sodium montmorillonite.

Adsorbate  Amount fquil. conce watt Ne't  raximm
adeorbed A liberated equi}. emount
n.mole/ m. equiv./ conc. adsorbed
100 geo 100 g. N x ‘303 per tube,

m mole.

carnosine 2241 8.9 x 107 20,8 2,83

M. 5.0 x 107 36k 5.27

61,2 3.65 x 1077 6343 8,05

2.0 1,99 x 1075 738 9.31

75.3 .86 x 10 76.0 G.61  0.189
histidine 19 o4 3.1 x 10-1" 22,2 2.65

8k 69 x10TF M3 4490

62.7 3415 x 100 631 2,07

T3 1Sk x 1072 3.0 9444

2

76.0 A‘oai' X 10‘- 75;3 9069 01190



- 164 -

ippendix iV
16, The adsorption of histidine by calcium montmorillonite and by

godium and calcium illite. The adsorption of carnosine by sodium

illite.

System Amount fguils, conc, cation cation Mexisum
adsorbed M liberated equil, amount
m.mole/100g. » equiv./ conc. adsorbed

100 g B ox 103 per tube,
m mole.
carnosine,sodium Z2e5 2.7 x 10”5 2.5 297
illite 5.0 5.7 x 1072 5.1 6.C8
9.7 b6 x 107 1041 12.2
15.9 488 x 1070 16,3 19.6 0,365
histidine ,sodium 2. 2.3 x 1072 2.4 2.85
1llite bat 2.2 x 10 i.6 5.53
7o 17 x 1072 B4 10,44
117 5.2k x 1070 11.9 1
17k 7.63 x 1670 6.7 20,1 0,400
histidine,calcium %e8 6.3 = 10'&' .40 2.35
1114 te 6.8 1,73 x 1077 6,8 5481
11 5,72 % 1070 1441 £.98
1ha7 5453 x 1070 4.8 8,68

“7.8 1.&: X 1\(1-2 17.8 300}4' 00201



Appendix IV 15, contd,

histidine,caicium o f

mon tiorilloni te G o

- I6b6 ~

5.5 x 4077
1619 x 10-'5
2418 x 10-3
3453 x 107

7.4% = 107

&
AT

19.0
£7.0
‘E’i}".é

1.0 G410
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fAppendix V
Caloulation of the ratio of the surface area covered by adsorbate to
the total surface area availsble.

1, lMontmorillonite

The surface area of montmorillonite has been determined by
calculation from the area of the basal surfaces of the unit cell,
2 x 46 4%, and the unit cell weight, 765,as 725 n2/g expressed on the
basis of sodium clay free from interlamellsxr water, This value will be
used to calculate @, the surface covered when two layers of adsorbed
molecules occupy the interlameller regions. Vhen there is only one
layer of adsorbed molecules shared by adjacent clay faces the value for
the surface area must be reduced by half, and allowsnce made for the
basel area on the external surfaces of crystallites. The total
external area can be measured by nitrogen adsorption, when the value
obtained is 50 mz/g. (uirk end sylmore, 1960). The value to be used
in celculating <) s the surface coverage when only one layer of adsorbed
molecules occupies the interlamellar positions, is therefore, (725-50)/2
+ 50 = 388 m2/ g

In both of these celculations it has been assumed that the
edge sreas of the montmorillonite orystals are negligible in comparison
with the total basal areas, an assumption justified by observations
made on electron micrographs. If the edge area is taken as 156 of the
nitrogen surface, the values to be used in calculating © and Q' are
increased by only 1%. The menner in which the adsorbed molecules pack
on the surface is not known. At low surface coversges where blocking

of sites is the moat inmportant consideration, it is probably best to
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assume that the adsorbed molecules occupy an area equivalent to the
smallest containing rectsngle., Then a large proportion of the surface
is covered, it is probable that some adjustment and possibly hydrogen
bonding between adjacent molecules occurs as it does in the crystal.
The area which should then be used is probably close to the precisely
determined molecular projection., Values for these areas are given in
teble 1 below. Values of @and 8 calculated on the basis of the
rectangular projection are denoted by the subscript r and those
calculated on the basis of the molecular projection by the subscript m.
Pert of the surface of the dried sodium or calcium montmorillonite
complexes is probably covered by exchangeable cations and may not be
availsble to the adsorbed molecules. The maximum value of B;_ obtained
for the adsorption of glycine and its peptides by these clays in the
present work was 0,8 (appendix VIL) while the maxinum @ values for
the non-hydrated and hydrated cations is spproximately .04 and 0.7
respectively. It is not lmown to what extent water molecules in the
hydration shell of the exchangeable catione are replaced by adsorbate
molecules in the dried complexes. Also, in suspension it is probable
that the exchangesble cations will be dissociated to a large extent from
the clsy surface. Ion dipole interactions (found to be importent in
the present work, Part II) probsbly crient a significant proportion of
the adsorbed molecules around the exchangesble cations and the concept
of surface coverage is not strictly spplicable to the clays in suspen~
sione 'Therefore, no allowence has been made for surface coverage by
the exchangeable cations,

The areas of the adsorbed molecules of glycine and its peptides
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have been obtained from projections made assuming that they lie on
the surface with their shortest axis perpendicular to the clay
surface, Eond distances within the molecules have been obtained from
Y=ray snalyses of glycine and glycyl glycine crystals (ilbrecht and
Corey, 1939; THughes and loore, 1949} and van der .aals' radii have
been taken from Pauling (1960).
2. Illite

The surface area if the illite sample used was 106 m2/g
from the nitrogen adsorption isotherm and about 150 mg/g when cetyl
pyridinium bromide was used. The higher value for the total surface
area probably indicates that the illite semple contains expanding
lattice layers, presumably due to interstratified vermiculite, Since
the use of cetyl pyridinium bromide to determine surface areas is still
in the developmental stage (Grzz;enlmd and ‘wirk, in press) the nitrogen
surface area has been chosen in calculating the figures for illite
in Teble 41, it being recognised that the values of O obtained using

this value msy be higher than the true value by up to 303,
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Table 1
sdsorbate Frojected mole= |Celeulated quentity required to give a
cular srea, A |monolayer of adsorbed molecules, m mole./
100 Ee
of of ¥ontmorillonite Illite
containing| molecule
rectangle In complete In camplete complete zingle
single layer | double layer | layer complex
cong‘gex complex
O(1)e(2)| O(1)| 6(2) o (1) ¢ (2)
r m r m r m
glycine 30.8 2,8 |207 |58 | 390 |ue3 57.4  [10.7
glycyl 574 41,9 [112 15k 208 268 30.4 h2.1
glycine
glycine
triglycyl | 101 76.8 63 8l 118 157 17.3 23,0
glycine

(1) based on rectangular projection of molecule

(2) based on true molecular projection

The discussion of surface coversge in terms of e values has been

restricted to the adsorption of glycine and its peptides.
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fppendix Vi
The determinstion of saturation solubilities of glycine and its
peptides in water end in Ca012 solution.

‘the solutes were recrystallized from water where necessary
and carefully dried against P_O_ in a vacuum desiccator,

2’5
4 caleium chloride solution of mormality

0.90 m.equiv./g. = 2.1*.9

0.363 cm3/g.

was prepared and checked by titration with E.D.T.2. (see appendix I

for method).

Four portions of this solution and four portions of
distilled water were added to glass ampoules giving four pairs of
anpoules to which were added in turn a calculated excess of the four
solutes studied. The ampoules were sealed and sterilized at 121°C
for 30 min, snd then cooled to initiate crystallization. They were
then placed in a water bath controlled at 25 % 0.5°C end gently shaken
for 14 deys. At the end of that period they were opened and filtered
at 25°C., 5 ml, portions were taken at 25°C, weighed and diluted to
25 ml, The diluted solutions were analysed by the Kjeldahl technique
(eppendix III). These experiments were not intended to produce
solubility data of the accurscy of earlier workers (see Cohn end Edsall,
1943) but simply to cbtain data for the solubility of these substances
in a 2.49N Cam.2 solution more accurately than could be cbtained by
interpolation from existing results., No recorded dete could be found
for the solubility of triglycyl glycine in 03012 solutions and also
the results were required in mole./Ll. rather then in the more usual

molalitv.



Solute

glycine

glyeyl glycine

diglycyl glycine

" ”®

triglycyl glycine

- I7I -

Solvent

HO

CaCl
soln,.

HO

CaCl
soln,

H.O
CaCl
SOlno
HO

CaCl
soln,

Density Concentration

g./ml,

1.078

1.083

14032

1.007

mole./1.

2.88
3.88

151
2428

0.98
2.45

0.106
0.408

Solubility log,,

ratic-%;
1.35 0.130
151 0.178
2,49 0.396
3484 0.584

o"*' 0
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fppendix VI
Camplete results of x-ray analyses,

1. Adsorption of glycine end its peptides by calcium montmorillonite,
ata for moist complexes. The Stern layer concentration is obtained
by dividing the amount of solute adsorbed (m mole./g.) by the volume
of the Stern layer (0.36 cms/g).

Adsorbate Anount Stem a(001) Expeansion
adsorbed, layer .?\ in basal
m mole/ concentration, spacing,
100g. o
U a(001)=19.3 4
moist calcium - - 19.3
montworilloni te
glycine 4.5 0.4 19.7 0.4
glycyl glycine 3.0 0,08 19.5 0.2
8.1 0.22 19.3 0
9.5 0.26 19.7 O
10.8 0.30 19.5 0.2
110 0.30 20,2 0.9
13.5 0.37 20.2 0.9
16.0 Oelids 21.8 2.5
diglycyl glycine 6.5 0.18 193 0
8.8 Co2k 19.7 N
13.5 0.37 21.5 242
14,0 0.39 20,9 1.6
17.9 0.49 2242 2,9
21.5 0.59 2241 2.8

26.3 0.73 22.2 2.9
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fppendix VII 1, contd,

triglycyl glycine 26.2 0.72 19.3% 0.04
334 0492 20,1 0.8
37.6 1«0k 20.3 1.0

Yarlier results

moist calcium 20,0

montmorillonite

glycine 10 - 224 24

glycyl glycine 17 047 22.5 245

diglycyl glycine 12.5 035 22.5 245
25 0.63 24,0 4.0

2. Adsorption of glycine and its peptides by calcium montmorillonite.

Dry complexes,
sdsorbate Amount a(ee1) a{003) a(ook)
adsorbed Z i Z
n mole./4100g
glycyl glycine 12 13.15 3412 (v.Br.)
diglycyl glycine p. % 13.20 3017
triglycyl glycine 20 13.7 (Br.) : 3.20
39 15.2 (Br.) ’ 3.2
50 16.40 542 302k

¢ Br., = Broad
#* vy, Br, = very broad



- 174 -

3+ Adsorption of the giycine peptldes by sodium montmorillonite.

Iry ccnplexss,
#dsorbate Amount a(oo1) a(ook) A
adsorbed h L a(001)-9.5 0
m mole,/100g A
glycyl glycine 1 1285 3,17 3.3 0.12
diglycyl glycine 8 12.80 3.6 343 0e10
20 12.75 3418 33 0.26
triglycyl glycine 9 12.75 5416 343 Outh
4o 13.00 3.21 345 0.63

4, Adsorption of glycine snd its peptides by hydrogen montmorillenite.

Dry complexes.

Adsorbate smount a(001) a(002) a(003) a(eekt) a(oos) A
adsorbe ° N = B @ . Y
- A A A A A d3(001)=9.5 Gr
m MIGQ/ 3
100g .
glycine l+7 12.?0 6‘% #030 3.15 3-2 0@23
63 12,50 3412 3,0 0.30
glyeyl 53. 13.00 3.17 3.5 047
glycine
glycine .
48 43,00 6.39 Lo 3448 3.5 0.62
62  13.20 631 4 3.20 3e7 0484
(VW) -
Te bk 3,23 0.96
(Br.) *
78 14,70 3420 1.01
85  16.33 5.43 4,10 3,25 6.8 1,10

+ V.We = very weak ¢ Br. = broad
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fppendix VII, 4 contd.

triglycyl 34
glycine

66

78

90

* Br. = broad

1342 6k
13,30

15.25
16,0(Br. )

»

16.75(51',)

3.20

.21
3423
32k
3.26

346 0.54
3.8 0.86
1.05
124
143
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5., Adsorption of owalenine, P-alanine, leucine, serine, aspartic

ecid, glutamic acid, pramino benzoic acid and phenyl alanine by

hydrogen montmorillonite. TBoth moist and dry complexes.

idsorbate amount d(goﬂ d(goz) a(gos) a(gm) d(305)

adsorbed A A A A A
m mole/
100 g.
aealenine 35 13,0k 3419
(axy)
(moist) L4 1349
(axy) bk 13,70 6455 3420
(moist) by T
Peplenine 60 13,00 6.50 435 3.22
(ery) ,
(moist) 60 13.2(%}%
leucine 30 14,2 354
(ary)
35 14,30 . L,79 3,50  2.99
(mi!%t) 37 15.8
(ary) 39 1480 . 1490 3.6k 293
(moist) 39 1543z f
serine 42 13.20 3.2‘*

(méi‘ﬁ) L2 15,0(VeWa)

aspartic aclid

(ary) 25 12,40 3ot
38 12,30 6438  ha2h 3419
(moist) L3 1343
(axy) L& 12,90 6435 3419
(moist) L6 1345
* m = medium weak ¥ v,4. = very weak

A
d(og1 )=9.5
A

346
ko2
3¢5

L7
4,8

5e3

3.7

249
343

3ot
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glutanlc

ecid (ary)

(moist
(ary)

(moist)
(ary)

p-amino

benzoic

acid (dry)
(moist)
(ary)
(moist)
phenyl

alanine
(ary)

(moist)

b
b1
bt
48
"
Ly

52

13.20

- I77 -

6.60

13.5 (VoWe)

13.23
133

13.23
12,90

a5
4.7
13,00
149

13.70

13485
15,60
15.70

6.60

636

61

6.75

777

b2
l". 28

452

+e53
Setd
515

3423

325

3.26
317

2.70

2.72
5.08
5407

3.7

Bok

3¢5

be2

ol
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6. idsorption of arginine, carnosine, histidine ang lysine by
sodium montmorillonite. Both woist snd dry couplexes. The

moist complexes were washed free of U1l before examination,

Aésorbate Amount d(gm) d(goz} d(cgos) a(goh) A
adsorbed & A A A d(001)=9.5
r mole./ 2
100 g.
arginine 63 13.35 3.28 3.9
(ary)
?6 13.60 l".l“j 3.‘1“0 "4'.1
(moist) 76 16.6
(51'5?) 81 13460 337
carnosine 75 13.52 4,38 3,32 4,0
(ary) "
(moist) 75 1347
histidine 68 13035 3-30 309
(ary) |
87 13,35 443 3430 3.9
2 13.52 4,38 3,32 4.0
(moist) 91 13.7
lysine L6 13.31 3430 3.8
(ary)
57 13.55 3o 441
61 13460 3e34 4ot

(moist) 61 >100
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Jppendix VIII
Infra red data

Frequencies () } expressed in —

Adsorption of methyl alcohol, ethylene glycol and p-dioxane by

sodium montmorillonite, No change was cobserved in the absorpticn band

frequencies or relative intensities on adsorption of these liquids.
Methyl slcohol 3342 (DOH) 2965 (W, CH,) 2833 (Y CH)

Ethylene glycol 3340 (Von) 2933 (Qascﬁz) 2875 ()BCHQ)
p~dioxane 2968, 2926, 2890 2861
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