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CLAY-POLYMER INTERACTIONS:
SUMMARY AND PERSPECTIVES
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Abstract—The adsorption of uncharged polymers by clays is largely ‘‘entropy-driven.”” Polymer confor-
mation changes from a random coil in solution to an extended form at the surface in which adsorbed polymer
segments or trains alternate with loops and tails extending away from the surface. Although the net inter-
action energy, €, per segment-surface contact is small (~1 kT unit), the total energy of adsorption is large
because the fraction of train segments, p, is commonly between 0.3 and 0.5. The adsorption isotherms are
typically of the high-affinity type, and there is an apparent lack of desorption on dilution. Positively charged
polymers (polycations) are adsorbed largely through electrostatic interactions between the cationic groups
of the polymer and the negatively charged sites at the clay surface. Here € > 1 kT unitand p > 0.7, leading
to an almost complete collapse of the polymer chain onto the surface. Indeed, beyond a given level of
adsorption charge reversal can occur in that the clay—polycation system effectively behaves as an anion
exchanger. Little adsorption occurs with negatively charged polymers (polyanions) due to initial charge
repulsion between the polymer and the clay surface. Acid pH, a high ionic strength, and the presence of
polyvalent cations in the system enhance and promote polyanion adsorption. Uncharged polymers and
polycations can enter the interlayer space of expanding 2:1 type layer silicates but polyanions generally
fail to intercalate.

The interactions of clays with biopolymers, such as proteins, nucleic acids, and polysaccharides, can be
rationalized in similar terms. When intercalation occurs, the interlayer biopolymer is further stabilized
against microbial (enzymatic) degradation giving rise to practical applications of clay—polymer complexes
as flocculants and soil conditioners. Polyanions are effective as flocculants because of their large ‘‘grappling
distance,”’ whereas uncharged polymers are better suited as soil conditioners because they can spread over

adjacent clay/soil particle surfaces like a coat of paint.
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conditioner.

INTRODUCTION

The interactions of clays with organic polymers have
attracted the interest of soil scientists for a long time
(Schloesing, 1874), being prompted by the biostability
of soil organic matter (‘‘humus’’) which, for the most
part, is a mixture of dark-colored polyanions, referred
to as humic substances. It is now generally accepted
that clay—humus interaction in soil plays an important
and sometimes crucial role in many soil processes, such
as mineral cycling and weathering, profile develop-
ment, and aggregate stabilization. Indeed, the oft-quot-
ed statement by Jacks (1963) that this interaction is
“. .. as vital to the continuance of life as, and less
understood than, photosynthesis’’ is not as farfetched
as it might sound. With the possible exception of some
desert and polar soils, surface soils are essentially clay-
or mineral-organic complex systems.

Since the early 1940’s rapid advances have been
made in our understanding of the principles underlying
the interactions of clays with organic compounds. For
many systems involving small organic molecules, fairly
accurate predictions can be made about the mode of
bonding and the orientation of the adsorbed species at
the clay surface (Mortland, 1970; Theng, 1974). Al-
though the information gained from adsorption studies
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of short-chain organic species forms the basis for in-
terpreting the behavior of polymeric compounds at clay
mineral surfaces, additional variables enter the picture
when dealing with organic macromolecules. Besides
being long, polymer chains are fiexible, multisegment-
ed, and polyfunctional. They may, therefore, adopt
various conformations in solution and become attached
to the clay surface by numerous segment—surface
bonds. In addition, accessibility, solubility, and steric
factors come into play during the interaction process.
Even the order and way in which the components of the
system are brought together and mixed can influence
the resultant complexes. For these reasons, clay-poly-
mer chemistry is still largely a descriptive science, and
the clay—polymer interaction can at best be discussed
in semiquantitative terms (Theng, 1979).

The following review highlights the interactions of
layer silicate minerals with selected polymers of the
charged and uncharged type in an aqueous environ-
ment.

ASPECTS OF POLYMER ADSORPTION

The adsorption of an uncharged, flexible, linear poly-
mer onto a clay surface generally leads to the desorp-
tion of numerous solvent (here water) molecules from
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Figure 1. Diagram illustrating the desorption of numerous
water molecules from a clay surface during the adsorption of
an uncharged linear polymer, leading to a net gain in entropy
by the system. The change in polymer conformation from a
random coil in solution to a more or less extended one at the
clay/solution interface is also indicated.

the surface. The entropy so gained provides the driving
force for adsorption because the enthalpy change of the
process is commonly very small and may even be pos-
itive. Thus, the adsorption of polymers, especially of
high molecular weight species, is largely an ‘‘entropy-
driven’’ process. The data of Parfitt and Greenland
(1970a) for polyethylene glycols adsorbing onto Ca-
montmorillonite illustrate these points (Table 1).

Adsorption also leads to a change in conformation in
that the polymer, which in solution tends to exist as a
random coil, uncoils and spreads out at the solid/solu-
tion interface. Thus, the surface conformation is one in
which contiguous sequences of adsorbed segments or
““trains’’ alternate with three-dimensional ‘‘loops”’ ex
tending away from the surface, and the polymer chain
terminates in two free-dangling *“tails’’ (Figure 1). Even
when the net segment-surface interaction energy, e, is
only of the order of 1 kT unit, the total energy of ad-
sorption can be very large because there are so many
adsorbed segments. The fraction of train segments, p,
is therefore an important parameter which for un-
charged polymers is commonly between 0.3 and 0.5,
i.e., an average of 40% of the total number of segments
in the polymer chain can be attached to the mineral sur-
face.

The strong interaction of uncharged polymers with
clays means that a great deal of material can be re-
moved even from dilute (<0.2% w/v) solutions so that
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Table 1. Data for the interlayer adsorption of polyethylene
glycols (PEG) and associated change in entropy (AS).!

Volume of AS
water desorbed  (entropy
(cm?g) units)”

Molecular Weight of Volume of
weight of PEG adsorbed PEG adsorbed?®
PEG (g/100 g) (cm¥g)

200
300
400
600

7.0
13.5%
14.6
19.0*

0.070
0.114
0.124
0.160

0.110
0.114
0.124
0.132

-0.2
+2.0
+2.8
+11.1

! From Parfitt and Greenland (1970a).

2 Taking 61 x 1072* cm? as the volume per segment (mono-
mer unit).

3 At the upper limit of isotherm linearity.

4 At plateau adsorption.

the isotherms for polymer adsorption are commonly of
the *‘high-affinity’” (H) type (cf. Figure 8). Indeed, the
most informative region of the isotherm corresponding
to the initial rapid rise may be experimentally inacces-
sible because its slope is so steep. By the same token,
the rate of polymer desorption in the same solvent sys-
tem is very small; so much so, that adsorption is com-
monly virtually ‘‘irreversible’” because of the small
probability that all train segments can be simultaneous-
ly detached from the surface and remain so sufficiently
long for the polymer chain to move away from the in-
terface into the bulk solution. Recent theoretical anal-
yses by Cohen Stuart et al. (1980), however, suggest
that the apparent lack of desorption on dilution can, in
many cases, be ascribed to polydispersity.

As might be expected, the amount adsorbed in-
creases with the size or molecular weight of the poly-
mer, if surface accessibility is not restricted, e.g., in
dilute suspensions of Na-montmorillonite. However,
the opposite behavior, that is, one in which uptake de-
creases as molecular weight increases, is by no means
uncommon, and is illustrated by condensed clay-water
systems (e.g., illite, kaolinite, and montmorillonite sat-
urated with cations other than Na or Li). Such systems
are essentially ‘‘porous,’’ and molecules beyond a cer-
tain size are physically excluded from some pore sur-
faces. Figure 2 illustrates these points.

The interactions of charged polymers with clays are,
if anything, more complex than those involving non-
ionic species (Hesselink, 1977). Apart from the vari-
ables mentioned above, polyelectrolytes can undergo
changes in surface charge and conformation (stretch-
ing-coiling transformations) in response to changes in
the pH and ionic strength of the ambient solution.
These effects are of great importance in the use of poly-
electrolytes as aggregating/flocculating agents of clay
and colloidal dispersions.

The adsorption of positively charged polymers or
polycations by clays largely occurs through electro-
static (coulombic) interactions between the cationic
groups on the polymer and the negatively charged sites
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Figure 2. Influence of molecular weight on the adsorption of
uncharged polyacrylamide from aqueous solutions at 25°C by
different clay minerals. Curve 1, Na-montmorillonite; curve
2, H/Al-montmorillonite; curve 3, H/Al-illite; curve 4, H/Al-
kaolinite (after Schamp and Huylebroeck, 1973).

at the mineral surface. Indeed, beyond a given level of
uptake a reversal of ‘‘surface’’ charge (from negative
to positive) takes place, as shown in Figure 3. Here, the
value of e greatly exceeds 1 kT unit, and adsorption
generally leads to a rapid two-dimensional collapse of
the polycation chain onto the surface with relatively
few short loops (p > 0.7).

On the other hand, negatively charged polymers or
polyanions tend to be repelled from the clay surface,
and little adsorption occurs. Appreciable uptake, how-
ever, can take place under acid conditions and/or at
high ionic strength when the negative charge on the
polyanion becomes effectively neutralized by proton-
ation and/or is screened by the electrolyte. Adsorption
is also promoted by the presence of polyvalent cations
which act as ‘‘bridges’” between the anionic groups on
the polymer and the negatively charged sites on the
clay, as illustrated by the work of Mortensen (1962)
(Figure 4). At acid pH, polyanions also adsorb onto the
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Figure 3. Changes in electrophoretic mobility of kaolinite

suspensions on adding a polycation (N-substituted piperidi-
nium chloride polymer). Initial clay concentration: 14.9 mg/
liter (A), 29.8 mg/liter (B), 73.2 mg/liter (C). Note the charge
reversal as the polymer dosage is increased beyond a certain
level. Arrows indicate the concentration of polycation at
which maximum aggregation (coagulation) occurred (after
Black et al., 1966).

clay crystal edges by electrostatic interactions (‘‘anion
exchange’’) because aluminum exposed at these sites
acquires a positive charge. Another possible bonding
mode is that of *‘ligand exchange’’ by which the anionic
group of the polymer enters the inner coordination lay-
er of edge aluminum to form a coordination complex
with it (Tate and Theng, 1980). On the whole, however,
polyanions are adsorbed by relatively few train seg-
ments unless the system is allowed to dehydrate when
other bonding modes of short-range order (e.g., van der
Waals interactions) become operative. Another feature
of their adsorption is that, unlike uncharged and posi-
tively charged polymers, polyanions do not enter the
interlayer space of expanding layer silicates (e.g.,
Ruehrwein and Ward, 1952). However, appreciable in-
tercalation may occur at low pH when the polyanion
behaves and adsorbs like an uncharged species
(Schnitzer and Kodama, 1966).

FORMATION AND PROPERTIES OF
CLAY-POLYMER COMPLEXES

By way of illustrating the above principles experi-
mental data on the clay-polymer interaction may be
cited, taking polyvinyl alcohol (PVA), cationic poly-
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Figure 4. Adsorption of hydrolyzed polyacrylonitrile (a
polyanion) from aqueous solutions by kaolinite as influenced
by the nature of the exchangeable cation at the clay surface
(after Mortensen, 1962).

sulfone, and soil fulvic acid as examples of an un-
charged polymer, a polycation, and a polyanion, re-
spectively. The adsorption of PVA by montmorillonite
is influenced by the nature of the exchangeable cation
and by ionic strength (Greenland, 1963), as shown in
Figure 5. These results may be rationalized in the fol-
lowing way. In water (zero ionic strength), Na-mont-
monillonite crystals swell and give basal spacings of
~130 A, whereas the Ca- and Cs-forms do not expand
beyond a d(001) value of ~19 and ~15 A, respectively.
The coil dimensions of PVA (molecular weight range,
17,000—67,000) in solution are 44-67.5 A and 53-117 A
for the hydrodynamic and root mean square radii, re-
spectively (Garvey et al., 1976). Thus, the polymer can
presumably gain unrestricted entry into all external and
internal crystal surfaces of Na-montmorillonite, giving
rise to a relatively large uptake (cf. Figure 2). By the
same token, interlayer entry is severely restricted for
the Ca-clay and impossible for the Cs-clay. The amount
adsorbed is correspondingly reduced as compared with
the Na-clay. The addition of electrolytes, such as
NaNOQ;, to the Na-clay suspension reduces interlayer
swelling. Accessibility of interlayer surfaces to the
polymer is thereby reduced, and uptake falls off ac-
cordingly (Figure 6).

The complex with Na-montmorillonite at maximum
adsorption of PVA (~0.8 g/g) has a basal spacing of ~30
A, corresponding to an interlayer separation of ~20 A
(Figure 5). For an interlayer area of ~750 m?/g, the
maximum amount adsorbed is compatible with a rather

Final concentration (g/100 ml)

Figure 5. Adsorption of polyvinyl alcohol (molecular weight
25 x 10% from aqueous solutions by montmorillonite. The
polymer solution was added to air-dry clay to give a 0.5% w/
v suspension. A = Na-montmorillonite; B = Ca-montmoril-
fonite; C = Cs-montmorillonite (after Greenland, 1963).
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Figure 6. Effect of ionic strength on the adsorption of
polyvinyl alcohol by Na-montmorillonite. The basal spacing
of ~130 A for the Na-clay in distilled water can be reduced to
the level of its Ca (~19 A) and Cs (~15 A) forms by electrolyte
(here NaNO,) addition. The polymer was added to 6% w/v
aqueous suspensions of clay to form 1% w/v final suspensions
(after Greenland, 1963).
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Table 2. Adsorption of a cationic polysulfone! by montmorillonite.?

Proportion
& (D) of segments
Amount (B) (9] Amount in trains Sum of columns in trains (p)
adsorbed CEC AEC (meq/100 g) (B) + (D) Colume DY
(meq/100 g) (meg/100 g) (meg/100 g) (Column A—Column C) {meq/100 g) Column A
0 62.4 0 0 62.4 1
8.56 49.6 0 8.56 58.1 1
18.5 44.6 0 18.5 63.1 1
33.6 30.7 0.97 32.6 63.3 0.97
40.7 24.5 3.85 36.8 61.3 0.90
43.5 239 5.34 38.2 62.1 0.88
47.9 21.4 6.68 41.2 62.6 0.86
46.6 23.7 6.37 40.2 63.9 0.86
57.7 15.8 13.2 44.5 60.3 0.77
58.5 14.4 15.1 43.4 57.8 0.74
63.0 12.8 15.5 47.5 60.3 0.75
64.3 11.1 18.2 46.1 57.2 0.71

! Diallyldimethylammonium chloride-SO, copolymer; molecular weight 16.7 x 10%.

2 Suspension concentration = 1.5 g/100 ml; 30°C.
3 From Ueda and Harada (1968).

flat, extended monolayer of PVA on each of two op-
posing interlayer surfaces, with an average loop length
of 10 A and a p-value of ~0.5.

That polycations are largely adsorbed by electro-
static interactions with the negatively charged sites at
the clay surface, resulting in mutual charge neutraliza-
tion and chain collapse, is demonstrated by the work
of Ueda and Harada (1968). Using Na-montmorillonite
with a cation-exchange capacity (CEC) of 62.4 meq/100
g, they followed the changes in CEC and anion-ex-
change capacity (AEC) of the complex with cationic
polysulfone with progressive adsorption. Note in Table
2 that as the amount adsorbed increases, the AEC rises
whilst the CEC declines. As the parent clay has no
measurable AEC, the development of an AEC, i.e., of
positive charges, by the complex can be ascribed to
cationic groups contained in the loops and tails of the
adsorbed polymer. By the same token, the decrease in
CEC must be due to neutralization of the negative sur-
face charges by train segments. The difference between
the total amount adsorbed and the AEC therefore rep-
resents the amount of segments in trains. Interestingly,
up to a surface coverage of ~0.5, all or nearly all of the
polymer segments are adsorbed in the form of trains
(p ~ 1); even at full coverage, only about 25% of the
segments are contained in loops and tails.

The isotherms for the adsorption of a polyanion,
such as fulvic acid (FA) by montmorillonite saturated
with different polyvalent cations at pH 7, is shown in
Figure 7 (Theng, 1976). The data are consistent with a
cation-bridge type of interaction in that the affinity of
FA for the clay surface is closely related to the ionic
potential of the respective cation. The linearity of the
isotherms indicates that fresh sites are created as ad-
sorption progresses. Since there is no interlayer up-
take, these sites are presumably located between clay

crystals within a ‘‘domain’’ or in the *‘pores’’ between
individual clay domains. However, if the solution pH
is taken below 4, the ionization of the carboxyl groups
on FA is suppressed, intercalation is possible, and ad-
sorption is greatly increased (Schnitzer and Kodama,
1966).

The above considerations apply to the interactions
of clays with biopolymers. Thus, the adsorption of pro-
teins is pH-dependent, generally reaching a maximum
close to the isoelectric point of the protein (McLaren
et al., 1958) (Figure 8). At this point the material is least
soluble and so tends to accumulate at the clay/solution
interface. Proteins, at least the globular type, appar-
ently retain their gross native conformation on adsorp-
tion (Morrissey and Stromberg, 1974). The adsorption
of enzymes by clays commonly leads to a reduction in
their respective activity, and the pH-optimum for ac-
tivity is shifted to more alkaline values (Ramirez-Mar-
tinez and McLaren, 1966). The presence of clays also
modifies the maximum velocity and the Michaelis-
Menten rate constant of the enzyme-catalyzed reaction
(Kobayashi and Aomine, 1967; Makboul and Ottow,
1979). Complex formation between clays and proteins,
especially when intercalation occurs, tends to ‘‘pro-
tect’”” the adsorbed species from enzymic attack (Es-
termann et al., 1959).

As might be expected, the adsorption of nucleic acids
and nucleoproteins by clays is sensitive to solution pH,
generally decreasing with an increase in pH (Greaves
and Wilson, 1969). Like most proteins, nucleic acids
can intercalate into montmorillonite without undergo-
ing a great deal of conformational change and so be-
come stabilized against microbial decomposition. The
strong adsorption of viruses by clays and soils is ac-
tually an advantage in that little virus gets into the
ground-water system (Malina and Sagik, 1974).



6 Theng Clays and Clay Minerals
Fe¥
9,
60
Ccu®
50} 7 ' AL* 3 |
S
- La30 - S © O— 41
= _8 1.0
S~ o i —
[=.] D 0, 77
£ 4OF - g
) 3 |
3 . a Zﬂ 2 £ @ (=]
S a0k - < ) 19
o 30
a— - S 05 -]
= A
2 4 ) 3* 0 I 1 L i
& ° o 0 05 10 15 20
20 . Bk Final concentration (mg/ml)
o
. Figure 8. Isotherms for the adsorption at 25°C of lysozyme
9 by montmorillonite at different solution pH values, ranging
10F © from 1.9 to 10.3. Highest uptake occurs at pH 10.3 close to the
". isoelectric point of lysozyme (after McLaren et al., 1958).
1 1 1 atively few segments and the amount adsorbed depends
0 02 0.3 0.4 on the nature of the exchangeable cations at the clay
Equilibrium concentration (mg/ml)  surface and the pH of the system (Parfitt and Green-
1 . i i b
Figure 7. Isotherms for the adsorption at 20°C and pH 7 of land, 1970b). The adsorption of polysaccharides by

fulvic acid by montmorillonite saturated with different cat-
ions. The slope of the isotherms, a measure of the affinity of
the polymer for the surface, is related to the valency/radius
ratio (i.e., ionic potential) of the respective cation (after
Theng, 1976).

Polysaccharides, important components of soil or-
ganic matter, may be uncharged, positively, or nega-
tively charged; their interactions with clays vary ac-
cordingly. Thus, high-affinity type isotherms are
obtained for the adsorption of uncharged polysaccha-
rides (e.g., dextrans) by montmorillonite; the polymers
are intercalated with a large fraction of their segments
in trains (Olness and Clapp, 1975). Despite their rela-
tively low intrinsic viscosity (molecular weight), posi-
tively charged polysaccharides (e.g., chitosan, deace-
tylated chitin) are adsorbed to the same extent as the
most strongly adsorbed uncharged species (Clapp and
Emerson, 1972). The former are presumably adsorbed
with a larger segment-surface interaction energy as
compared with the uncharged polymers of similar mo-
lecular weight, giving rise to a virtually complete col-
lapse of the polycation onto the clay surface. By the
same token, negatively charged polysaccharides (e.g.,
polygalacturonic acid) are apparently adsorbed by rel-

clays and soils has received much attention because soil
polysaccharides of bacterial origin are strongly impli-
cated in soil aggregate stabilization (Hepper, 1975).
Thus, the addition of polysaccharides to soil can mark-
edly increase the amount and size of water-stable ag-
gregates, and the polysaccharide content of many soils
is positively correlated with the degree of aggregation.
Polysaccharides are likely to be very important in soils
whose total organic matter content is naturally low or
has been depleted by cultivation.

PRACTICAL APPLICATIONS

The clay-polymer interaction has found many and
varied practical applications in agriculture and chemi-
cal technology. One is the use of polymers as floccu-
lants of dilute clay and colloidal dispersions in which
the particles are separated by relatively large distances.
Flocculation involves both attachment of the polymer
onto the particle surface and the bridging of several
particles by the adsorbed molecule. Because uncharged
polymers exist as randomly coiled units rather than as
extended chains in solution, they are generally not very
effective as flocculating agents (Vincent, 1974). Poly-
cations, as has been shown above, can neutralize the
charge on clay particles and so serve as effective co-
agulants (Black et al., 1966; cf. Figure 3); however,
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because of their rapid collapse onto the clay surface,
only limited interparticle bridging can be achieved. On
the other hand, polyanions are effective flocculants,
especially in the presence of polyvalent cations (Rob-
erts et al., 1974), because only a few segments of the
polymer chain are involved in adsorption; the majority
are present in the form of long loops and tails. Thus,
polyanions have arelatively large ‘‘grappling distance”’
that facilitates the formation of interparticle bridges.

Polymers have also been used as ‘‘soil condition-
ers,” that is, materials capable of increasing the me-
chanical strength and water stability of soil aggregates
(De Boodt and Gabriels, 1976). In many cases, the in-
corporation of polymers into soils also has a favorable
effect on seed germination, seedling emergence, and
crop yield. These effects stem more from the improve-
ment in the physical conditions of the treated soils than
from the presence of (a small amount of) polymer as
such. Uncharged PV A types have been found to be ef-
fective because they spread like a ‘‘coat of paint” over
the surface of soil/clay particles which are already in
close proximity to each other (Greenland, 1963). Their
effectiveness can be greatly increased by introducing
the polymer at strategic positions into pores of a certain
size range (15-50 pm) (Quirk and Williams, 1974). As
might be expected, the larger the molecule, the more
effective it is in stabilizing soil aggregates. For the rea-
sons stated above, polyelectrolytes are relatively in-
effective as aggregate stabilizers.

Industrially, clays are used as fillers and reinforcers
in polymer systems, such as elastomers, polyethylene,
polyvinyl chloride, and other thermoplastics, and as
coating agents for various types of paper. All things
being equal, the efficiency of a filler in improving the
physico-mechanical properties of a polymer system is
primarily determined by the degree of its dispersion in
the polymer matrix. Because clay surfaces are essen-
tially hydrophilic, raw or untreated clay is not readily
dispersible in, or rapidly wet by, the organic phase. To
make the mineral and organic phases mutually com-
patible, it is often necessary to render the clay surface
organophilic prior to blending or compounding the filler
with the polymer. This can be done by attaching a suit-
able organic compound to the filler surface (Helmer et
al., 1976), by exchanging the inorganic cations with
organic counterparts (Jordan, 1963; Nahin, 1963), or by
treating the mineral with organosilanes (Libby et al.,
1967). The most effective ways of achieving compati-
bility are to graft a suitable polymer onto the filler sur-
face (Kaas and Gardlund, 1976) and/or to encapsulate
the mineral particles with a polymer layer (Hawthorne
et al., 1974).

OUTLOOK

Itis clear that clays cannot be regarded as chemically
inert materials or substrates. Indeed, clays are known
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to catalyze a variety of organic reactions including
those which lead to polymer formation (Theng, 1974).
Some of these reactions, if not unique to clay systems,
give yields much in excess of those obtained in homo-
geneous solutions. Examples of such reactions are the
formation from their respective precursors of unusually
bonded metal-arene complexes and higher molecular
weight species (Doner and Mortland, 1969; Tricker et
al., 1975; Mortland and Halloran, 1976; Stoessel et al.,
1977), of polypeptides (Paecht-Horowitz, 1978), of
polynucleotides (Ibanez ef al., 1971), and of porphyrins
(Cady and Pinnavaia, 1978). Equally relevant in this
context is the ability of clays to transform and alter a
variety of organic compounds through reactions which,
in the absence of clays, would only proceed under ex-
treme or special experimental conditions. Thus, clays
can catalyze the oxidative degradation of amino acids
and phenolic compounds (Thompson and Tsunashina,
1973); in the latter system the reaction can lead to the
formation of humic substances (Wang et al., 1980).
Similarly, clays acting as strong Lewis and/or Bregnsted
acids, can transform purines and pyrimidines (van der
Velden et al., 1973), sterols (De Leeuw et al., 1973;
Sieskind et al., 1979) and fatty acids (Almon and Johns,
1976) to yield products which occur or closely resemble
those in sediments and crude oil. By the same token,
clays catalyze the dimerization and isomerization of
alkenes (Sohn and Ozaki, 1980). Clays are also impli-
cated in chemical evolution (Lahav and Chang, 1976)
and in the prebiotic synthesis of organic molecules
(Fripiat and Poncelet, 1973). The earlier literature on
this topic has been summarized by Theng (1974). Some
more recent examples are the formation of amino acids
from KCN and their intercalation by montmorillonite
(Aragon de la Cruz and Viton Barbolla, 1979), and from
CH,-N, under conditions simulating those of the prim-
itive earth (Shimoyama et al., 1977). It is in this area
of organic catalysis/synthesis, and related processes
such as chemical evolution, petroleum genesis/recov-
ery (Foscolos er al., 1976; Czarnecka and Gillott,
1980), and in soil-organic matter transformation (Tate
and Theng, 1980) that future research is likely to de-
velop.

REFERENCES

Almon, W. R. and Johns, W. D. (1976) Petroleum forming
reactions: clay catalyzed fatty acid decarboxylation: in
Proc. Int. Clay Conf, Mexico City, 1975, S. W. Bailey, ed.,
Applied Publishing, Wilmette, Illinois, 399-409.

Aragon de la Cruz, F. and Viton Barbolla, C. (1979) For-
mation of amino acids from hydrolysis of potassium cyanide
in the presence of montmorillonite or graphite oxide: An.
Quim. 75, 820-826.

Black, A. P., Birkner, F. B., and Morgan, J. J. (1966) The
effect of polymer adsorption on the electrokinetic stability
of dilute clay suspensions: J. Colloid Interface Sci. 21, 626~
648.



8 Theng

Cady, S. S. and Pinnavaia, T. J. (1978) Porphyrin intercala-
tion in mica-type silicates: Inorg. Chem. 17, 1501-1507.
Clapp, C. E. and Emerson, W. W. (1972) Reactions between
Ca-montmorillonite and polysaccharides: Soil Sci. 114,

210-216.

Cohen Stuart, M. A., Scheutjens, J. M. H. M., and Fleer, G.
J. (1980) Polydispersity effects and the interpretation of
polymer adsorption isotherms: J. Polymer Sci., Polymer
Physics Ed. 18, 559-573.

Czarnecka, E. and Gillott, J. E. (1980) Formation and char-
acterization of clay complexes with bitumen from Athabas-
ca oil sand: Clays & Clay Minerals 28, 197-203.

De Boodt, M. and Gabriels, D. (eds.) (1976) Third Interna-
tional Symposium on Soil Conditioning. Mededelingen
Fakulteit Landbouwwetenschappen Rijksuniversiteit Gent
41, 464 pp.

De Leeuw, J. W., Correia, V. A., and Schenck, P. A. (1973)
On the decomposition of phytol under simulated geological
conditions and in the top-layer of natural sediments: Advan.
Org. Geochem., Proc. 6th Int. Congr., 993-1004.

Doner, H. E. and Mortland, M. M. (1969) Benzene com-
plexes with Cu(II)-montmorillonite. Science 166, 1406—
1407.

Estermann, E. F., Peterson, G. H., and McLaren, A. D.
(1959) Digestion of clay-protein, lignin-protein, and silica-
protein complexes by enzymes and bacteria: Soil Sci. Soc.
Amer. Proc. 23, 31-36.

Foscolos, A. E., Powell, T. G., and Gunther, P. R. (1976) The
use of clay minerals and inorganic and organic geochemical
indicators for evaluating the degree of diagenesis and oil
generating potential of shales: Geochim. Cosmochim. Acta
40, 953-966.

Fripiat, J. J. and Poncelet, G. (1973) Clays and prebiotic syn-
thesis: Advan. Org. Geochem., Proc. 6th Internat. Congr.,
875-881.

Garvey, M. L., Tadros, Th. F., and Vincent, B. (1976) A
comparison of the adsorbed layer thickness obtained by
several techniques of various molecular weight fractions of
poly(vinyl alcohol) on aqueous polystyrene latex particles:
J. Colloid Interface Sci. 58, 440-453.

Greaves, M. P. and Wilson, M. J. (1969) The adsorption of
nucleic acids by montmorillonite: Soil Biol. Biochem. 1,
317-323.

Greenland, D. J. (1963) Adsorption of polyvinyl alcohols by
montmorillonite: J. Colloid Sci. 18, 647-664.

Hawthorne, D. G., Hodgkin, J. H., Loft, B. C., and Solomon,
D. H. (1974) Polymerization of vinyl monomers on mineral
surfaces; a novel method of preparing reinforcing fillers: J.
Macromol. Sci. Chem. A. 8, 649-657.

Helmer, B. M., Prescott, P. 1., and Sennett, P. (1976) Sur-
face-modified kaolin in plastic: 31st Ann. Tech. Conf. Rein-
forced Plastics/Composites Inst., Soc. Plastics Ind. Section
8-G, 1-4.

Hepper, C. M. (1975) Extracellular polysaccharides of soil
bacteria: in Soil Microbiology, N. Walker, ed., Butter-
worths, London, 93-110.

Hesslink, F. Th. (1977) On the theory of polyelectrolyte ad-
sorption. The effect on adsorption behavior of the electro-
static contribution to the adsorption free energy: J. Colloid
Interface Sci. 60, 448-466.

Ibanez, J. D., Kimball, A. P., and Oro, J. (1971) Possible
prebiotic condensation of mononucleotides by cyanamide:
Science 173, 444-446.

Jacks, G. V. (1963) The biological nature of soil productivity:
Soils Fertilizers 26, 147-150.

Jordan, J. W. (1963) Organophilic clay-base thickeners: in
Clays and Clay Minerals, Proc. 10th Natl. Conf., Austin,
Texas, 1961, Ada Swineford and P. C. Franks, eds., Per-
gamon Press, New York, 299-308.

Clays and Clay Minerals

Kaas, R. L. and Gardlund, Z. G. (1976) Surface modification
of fillers by radiation polymerization: Res. Publ. General
Motors Res. 2304, 15 pp.

Kobayashi, Y. and Aomine, S. (1967) Mechanism of inhibi-
tory effect of allophane and montmorillonite on some en-
zymes: Soil Sci. Plant Nutr. 13, 189-194.

Lahav, N. and Chang, S. (1976) The possible role of solid
surface area in condensation reactions during chemical evo-
lution: re-evaluation: J. Mol. Evol. 8, 357-380.

Libby, P. W., Iannicelli, J., and McGill, C. R. (1976) Elas-
tomer reinforcement with amino silane grafted kaolin:
Amer. Chem. Soc., Div. Rubber Chem., Spring Meeting,
18 pp.

Makboul, H. E. and Ottow, J. C. G. (1979) Michaelis constant
(K of acid phosphatase as affected by montmorillonite,
illite, and kaolinite clay minerals: Microbial Ecol. §, 207-
213.

Malina, J. F., Jr. and Sagik, B. P. (eds.) (1974) Virus Survival
in Water and Wastewater Systems: Center for Research in
Water Resources, Univ. Texas at Austin, 264 pp. :

McLaren, A. D., Peterson, G. H., and Barshad, I. (1958) The
adsorption and reactions of enzymes and proteins on clay
minerals. IV. Kaolinite and montmorillonite: Soil Sci. Soc.
Amer. Proc. 22, 239-244.

Morrissey, B. W. and Stromberg, R. R. (1974) The confir-
mation of adsorbed blood proteins by infrared bound frac-
tion measurements: J. Colloid Interface Sci. 46, 152-164.

Mortensen, J. L. (1962) Adsorption of hydrolysed polyacry-
lonitrile on kaolinite: in Clays and Clay Minerals, Proc. 9th
Natl. Conf., West Lafayette, Indiana, 1960, Ada Swineford,
Ed., Pergamon Press, New York, 530-545.

Mortland, M. M. (1970) Clay-organic complexes and inter-
actions: Advan. Agron. 22, 75-117.

Mortland, M. M. and Halloran, L. J. (1976) Polymerization
of aromatic molecules on smectite: Soil Sci. Soc. Amer. J.
40, 367-370.

Nahin, P. G. (1963) Perspectives in applied organo-clay
chemistry: in Clays and Clay Minerals, Proc. 10th Natl.
Conf., Austin, Texas, 1961, Ada Swineford and P. C.
Franks, eds., Pergamon Press, New York, 257-271.

Olness, A. and Clapp, C. E. (1975) Influence of polysaccha-
ride structure on dextran adsorption by montmorillonite.
Soil Biol. Biochem. 7, 113-118.

Paecht-Horowitz, M. (1978) The influence of various cations
on the catalytic properties of clays: J. Mol. Evol. 11, 101~
107.

Parfitt, R. L. and Greenland, D. J. (1970a) The adsorption of
poly(ethylene glycols) on clay minerals: Clay Miner. 8,305-
315.

Parfitt, R. L. and Greenland, D. J. (1970b) Adsorption of
polysaccharides by montmorillonite: Soil Sci. Soc. Amer.
Proc. 34, 862-866.

Quirk, J. P. and Williams, B. G. (1974) Disposition of organic
materials in relation to stable aggregation: Trans. 10th Int.
Congr. Soil Sci., Moscow 1, 165-173.

Ramirez-Martinez, J. R. and McLaren, A. D. (1966) Some
factors influencing the determination of phosphatase activ-
ity in native soils and in soils sterilized by irradiation: En-
zymologia 31, 23-38.

Roberts, K., Kowalewska, J., and Friberg, S. (1974) The in-
fluence of interactions betwen hydrolyzed aluminum ions
and polyacrylamides on the sedimentation of kaolin sus-
pensions: J. Colloid Interface Sci. 48, 361-367.

Ruehrwein, R. A. and Ward, D. W. (1952) Mechanism of clay
aggregation by polyelectrolytes: Soil Sci. 73, 485-492.

Schamp, N. and Huylebroeck, J. (1973) Adsorption of poly-
mers on clays: J. Polymer Sci., Symposium 42, 553-562.

Schloesing, Th. (1874) Détermination de I’argile dans la terre
arable: C. R. Acad. Sci., Paris 78, 1276-1279.



Vol. 30, No. 1, 1982

Schnitzer, M. and Kodama, H. (1966) Montmorillonite: ef-
fect of pH on its adsorption of a soil humic compound: Sci-
ence 153, 70-71.

Shimoyama, A., Blair, N., and Ponnamperuma, C. (1977)
Synthesis of amino acids under primitive Earth conditions
in the presence of clay: Origin Life, Proc. 2nd Meet. Inter-
nat. Soc. Study Origin Life, 95-99.

Sieskind, O., Joly, G., and Albrecht, P. (1979) Simulation of
the geochemical transformations of sterols: superacid effect
of clay minerals: Geochim. Cosmochim. Acta 43, 1675-
1679.

Sohn, J. R. and Ozaki, A. (1980) Acidity of nickel silicate and
its bearing on the catalytic activity for ethylene dimerization
and butene isomerization: J. Catalysis 61, 29-38.

Stoessel, F., Guth, J. L., and Wey, R. (1977) Polymerisation
de benzene en polyparaphenylene dans une montmorillonite
cuivrique: Clay Miner. 12, 255-259.

Tate, K. R. and Theng, B. K. G. (1980) Organic matter and
its interactions with inorganic soil constituents: in Soils with
Variable Charge, B. K. G. Theng, ed., N.Z. Soc. Soil Sci.,
Lower Hutt, New Zealand 225-249.

Theng, B. K. G. (1974) The Chemistry of Clay-Organic Re-
actions: Adam Hilger, London, 343 pp.

Theng, B. K. G. (1976) Interactions between montmorillonite
and fulvic acid: Geoderma 18, 243-251.

Clay—-polymer interactions 9

Theng, B. K. G. (1979) Formation and Properties of Clay-
Polymer Complexes: Elsevier, Amsterdam, 362 pp.

Thompson, T. D. and Tsunashina, A. (1973) The alteration
of some aromatic amino acids and polyhydric phenols by
clay minerals: Clays & Clay Minerals 21, 351-361.

Tricker, M. ., Tennakoon, D. T. B., Thomas, J. M., and Gra-
ham, S. H. (1975) Novel reactions of hydrocarbon com-
plexes of metal-substituted sheet silicates: thermal dimeri-
zation of trans-stilbene: Nature 253, 110-111.

Ueda, T. and Harada, S. (1968) Adsorption of cationic poly-
sulfone on bentonite: J. Appl. Polymer Sci. 12, 2395-
2401.

van der Velden, W., Chittenden, G. J. F., and Schwartz, A.
W. (1973) Studies on the geochemistry of purines and py-
rimidines: Advan. Org. Geochem., Proc. 6th Int. Congr.,
293-304.

Vincent, B. (1974) The effect of adsorbed polymers on dis-
persion stability: Advan. Colloid Interface Sci. 4, 193-277.

Wang, T. S. C., Kao, M. M., and Huang, P. M. (1980) The
effect of pH on the catalytic synthesis of humic substances
by illite: Soil Sci. 129, 333-338.

(Received 7 October 1980; accepted 11 April 1981)

Pessome—[IBioxymie# cunoff ancopOiun He3apsKEHHBIX NMOJIMMEPOB [JIMHAME SIBJISIETCS, TJIaBHbIM 00pa-
30M, 3HTpomHs. Kondopmalus nojmmepa u3MEHSIETCS OT CIIy4alHOH CIIMpaii B pacTBOpE 10 BLITSHYTOMH
¢opMbI Ha MOBEPXHOCTH, B KOTOPOH CETMEHTHI a/iIcOpPOMPOBaHHBLIX NMOJIMMEPOB JTHOO UX MOCIEI0BATENb-
HbIE Psifibl YEPEAYIOTCSl C H30THYTOCTSAME M KOHIEBBIMU YACTSIME, NPOCTHPAIOIUMHCS OT MOBEPXHOCTH.
XOoTs 4uCTasi HEPIusi B3aUMOJCHCTBHSI, €, HA KOHTAKT CETMeHT, MOBEPXHOCTh HebOoybmasa (~1 kT),
obwlast 3Heprust aacopduuu Gosbliasi BCJIEACTBHE TOrO, YTO (paKUus CePUHHBIX CErMEHTOB, p, OObIY-
HO HaxoauTcs B mpenemax mexnpy 0,3 u 0,5. AgcopOnmoHHbIE H30TEpMbI OGBIMHO GOABLIOTO POACTBA
U IMEETCS TaKKe KaKylleecs OTCYTCTBHE JecopOuuH npu pa3basiieHHHH. [10JI0KHTENBHO 3apsiPKeHHbIE
OJTAMEPHI (TOUKATHOHRLI) aACOPOMPYIOTCs, TaBHbLIM 00pa3oM, NOCPEACTBOM 3JIEKTPOCTATHYECKHX
B3aUMOJICHCTBHH MEXKJy KaTHOHHLIMM I'PYNIAMH [TOJIMMEPA ¥ OTPUIATENBHO 3apSIXKEHHLIMU MECTAMH Ha
NoBepXHOCTH rauHbl. IIpu 3toM € > 1 KT n p > 0,7, 4T0 NPUBOAUT K MOYTH IOJHOMY pa3pyLICHHIO
TIOJIMMEPHBIX NENOYEK Ha OBEpXHOCTH. JIeUCTBUTEIBLHO, BHE JaHHOTO YPOBHA acOpOUHN MOXKET BLICTY-
IIUThL [IepeMeHa 3HaKa 3apsAfa ¢ TeM, YTO CHCTeMa TJIMHA—IOJMKATHOH 3¢ heKTHBHO BegeT cels Kak
OOMEHHHK aHMOHOB. BelecTBre HauaJlbHOrO OTTAJIKABAHKS 3aps/ia MEXKAY NOJIMMEPOM M IOBEPXHOCTDIO
IJIHBbI MOSIBJSIETCA HeOOJbIiasi ajcopOuus ¢ OTpUIATENbHO 3apsKEHHBIMH MONMMepamu (IIOJIHAHHO-
Hamn). KucnotHocts pH, 6onbinast HOHHAs CHJIA M TIPUCYTCTBHE MHOTOBAJICHTHbIX KATHOHOB B CHCTEME
ONaronpuUATCTBYIOT U YCKOPSIOT afcopOuuio nonuaanonor. HezapspkeHHbie nONMMEpD M NOJMKATHOHbE
MOFYT BXOJHUThL B MEXXCJIOHHbIE IPOCTPAHCTBA PACIIUPAIOMUXCS CIOEBBIX CHIMKATOB THma 2:1, TOJNBKO
TIOJIHAHNONBI, B OCHOBHOM, OTKA3bIBAIOTCS MEPEC/TaNBATLCH.

B3awmopelicTBusl TIIMH ¢ OMOTIONMMEPAaMH, TAKAMM Kak OeJIKH, HYKJIEHHOBbLIE KHUCIOThLI M MOJUCAKA-
pHABI MOTYT OBITH pallHOHAIM3UPOBaHbI MONOOHBIM 06pa3zoM. Koraa nosiasisieTcs npocioika, mpoMexy-
TOUHBbIH GHOMmoJMMEp cTabUNH3UpyeTCs B fajibHeilllleM OT MUKPOGHOro (€H3MMaTH4ECKOro) pacnaja
[IPHBOMS K MPAKTHIECKOMY NPUMEHEHHIO TJIMHONOJAMEPHLIX KOMIUIEKCOB B Ka4ecTBe (PIOKKYJISHTOB H
KOH/MIHOHEPOB 1ouBbI. [losmannonbl 3¢hdekTHBHEI Kak (hJIOKKYISHTBL U3-3a UX OOJIBIIOTO ,,CXBATbI-
BAIOIIETO PACCTOSHUSI" , B TO BPEMS KaK HE3apSDKEHHbIE MOJUMEPLL TyYllie YOBICTROPAIOT TpeGOBaHAAM
B KaY€CTBE KOHAUUMOHEPOB NOYBLI, TaK KaK OHM MOT'YT pacTeKaThCsl 0 NPHICralonX YACTHIIAX TJIAHbI/

no4Bbl NOAO6HO pacTekaHuto kpacku. [E.C.]
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Resiimee—Die Adsorption von ungeladenen Polymeren durch Tone héngt hauptséchlich von der Entropie
ab. Die Polymerkonformation &ndert sich von einer Spirale in der LOsung zu einer gestreckten Form an
der Oberfliche, an der adsorbierte Polymer-Segmente oder Ziige mit Polymer-Schleifen und -Enden ab-
wechseln, die von der Oberfliiche wegstehen. Obwohl die Vernetzungsenergie, €, pro Segmentoberflich-
enkontakt gering ist (~1 kT), ist die gesamte Adsorptionsenergie groB, da die Spaltung der Polymerseg-
mente, p, meistens zwischen 0,3 und 0,5 ist. Die Adsorptionsisotherme sind typisch vom Hochaffinititstyp,
wobei auch bei der Verdiinnung eine Desorption offensichtlich fehlt. Positiv geladene Polymere (Polyka-
tionen) werden hauptsichlich durch elektrostatische Wechselwirkungen zwischen den kationischen Grup-
pen des Polymers und den negativ geladenen Stellen auf der Tonoberfliche adsorbiert. Dabei ist € > 1 kT
und p > 0,7, was zu einem nahezu vollstindigen Zusammenbrechen der Polymerketten auf der Oberfliche
fiihrt. Tatséchlich kann iiber einem bestimmten Grad der Adsorption eine Ladungsumkehr auftreten, wobei
das Ton-Polykation-System wie ein Anionenaustauscher wirkt. Eine geringe Adsorption tritt bei negativ
geladenen Polymeren (Polyanionen) auf, die auf dem anfénglichen Ladungsabsto zwischen dem Polymer
und der Tonoberfliche beruht. Ein saurer pH, eine grol Ionenstarke und die Anwesentheit von polyva-
lenten Kationen im System erhéhen und férdern die Adsorption von Polyanionen. Ungeladene Polymere
und Polykationen kénnen in den Zwischenraum von quelifahigen 2:1 Schichtsilikaten gehen, Polyanionen
konnen dagegen im allgemeinen nicht eingebaut werden.

Die Wechselwirkungen von Tonen mit Biopolymeren, wie Proteinen, Nukleinsiuren und Polysaccha-
ride, kénnen auf dhnlichem Weg verwirklicht werden. Wenn ein Einbau stattfindet, ist das Zwischen-
schichtpolymer gegen mikrobiologischen (enzymischen) Abbau geschiitzt. Dies fithrt dazu, daB man Ton-
Polymerkomplexe als Flockungsmittel und Bodenstabilisierungsmittel verwenden kann. Polykationen wir-
ken wegen ihres groBen ‘‘grappling distance’ als Flockungsmittel, wahrend ungeladene Polymere besser
als Bodenstabilisierungsmittel geeignet sind, da sie sich wie eine Farbhaut iiber aneinander grenzende Ton/
Boden-Teilchen breiten kdnnen. [U.W.]

Résumé—L adsorption de corps polymeéres sans charge par des argiles est pour la plupart ‘‘conduite par
entropie.”’ La conformation de corps polyméres change d’une bobine au hasard en solution en une forme
étendue a la surface dans laquelle des segments ou des trains de corps polymeéres adsorbés alternent avec
des boucles et des queues s’éloignant de la surface. Malgré que I’énergie nette d’interaction, €, par contact
segment-surface, est petite (~1 kT) ’énergie totale d’adsorption est grande parce que la fraction des seg-
ments de train, p, est souvent entre 0,3 et 0,5. Les isothermes d’adsorption sont typiquement de la sorte
a haute affinité et il y a un manque apparent de désorption lors de la dilution. Les corps polyméres chargés
positivement (polycations) sont pour la plupart adsorbés par interactions électrostatiques entre les groupes
cationiques du corps polymere et les sites chargés négativement a la surface de I’argile. Dans ce cas, € >
1kT et p > 0,7, menant a un effondrement presque complet de la chaine polymeére sur la surface. En effet,
au dela d’un niveau donné d’adsorption, un renversement de charge peut se produire en le fait que le
systeme argile-polycation se conduit effectivement comme un échangeur d’anions. Peu d’adsorption se
produit avec les corps polymeres chargés négativement (polyanions) 4 cause d’une répulsion de charge
initiale entre le corps polymere et la surface argileuse. Un pH acide, une force ionique élevée et la présence
de cations polyvalents dans le systéme accroit et promeut I’adsorption de polyanions. Des corps polymeéres
et des polycations peuvent entrer dans I’espace interfeuillet des silicates en expansion a couches du type
2:1, mais les polyanions ne s’intercalent généralement pas.

Les interactions des argiles avec des corps biopolymeres tels que des protéines, des acides nucléiques
et des polysaccharides peuvent étre rationalisées en des termes semblables. Lorsque I'intercalation se
produit, le corps polymere interfeuillet est stabilisé d’avantage face a la dégradation microbiale (enzy-
matique), menant a des applications pratiques de complexes argile-polymére en tant que flocculants et de
conditionneurs de sols. Les polyanions sont de bons flocculants 4 cause de leur grande ‘‘distance étreig-
nante,”’ tandis que les corps polymeéres sans charge sont de meilleurs conditionneurs de sols parcequ’ils
peuvent s’étendre par dessus des particules argile/sol adjacentes comme une couche de peinture. [D.J.]



