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CLAYS: COLLOID AND SURFACE PHENOMENA
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INTRODUCTION In equations 1-3, the surface or interfacial tensign,

The interface between the surfaces of clay mineral® th((a) sungZtyvo components (van Ossal., 1988;
and other materials (aqueous solution, organic moi¥dd" 9SS ):
ties, biomoleculesstc) is of great importance to many i = YW 4 r8 4)
geological, technological and biological processes.

o " here y*V is the Lifshitz-van der Waals component
The examination of the structure and composition o . - .
. . . . and y*® is the Lewis acid-base component.
mineral surfaces is advancing rapidly. However, thée

crystal structure of a mineral is only part of the inforapolar or Lifshitz-van der Waals (LW) interactions
mation needed to understand the activity of the sur-

) : . The apolar or Lifshitz-van der Waals electrodynam-
face; we still do not fully understand the chemical and . L . ) ]

. ; - . ic forces (LW) comprise three distinct interactions:
physical interactions at the surface or interface. O

very powerful methodology for the study of surface ) randomly oriented permanent dipole-permanent

yp S 009y y ot dipole (orientation) interactions (described by Kee-
and interfacial interactions is the determination of thgOm 1915, 1920, 1921a, b); (2) randomly oriented
thermody_namlc properties of the su_rface. It pec.ameermanent dipole—induced dipole (induction) interac-
possible in the late 1980s to determine quantltatlveﬁ/

the apolar and polar surface-tension components c()jns (described by Debye, 1920, 1921); and (3) fluc-

P po . P ~ “tuating dipole—induced dipole (dispersion forces as de-
parameters of liquids and solids (van Ggsal., 1988; scribed by London, 1930; see also Overbeek, 1952)
van Oss, 1994), and the experimental techniques n%— ' ' : :

- ach of these interactions decays rapidly with distance
essary for obtaining surface free-energy components

or length, ¢, as{~¢ (see below). Of these three, the

are also a recent development (Costaetral., 1990; d!gper5|on (o_r London) forces rgpre§ent_the main sig-
nificant term in condensed media. Historically, the ex-

van Osset al., 1990, 1992; Gieset al., 1991). . e
. . istence of these three apparently distinct effects com-
The theory underlying the thermodynamics of sur-,. o
) s ) . licated the treatment of the LW forces, but this im-
faces and interfaces is introduced here, illustrating the

methodology of contact angle aridpotential mea- pédiment was removed by Lifshitz (1955) and Chau-

surements, and summarizing the results of these mgg_ury (1984) who showed that, on a macroscopic

surements on the Source Clays. Detailed studies %(Eale, all three should be described with the same

. - mathematical formalism viating the n -
colloid and surface phenomena are found in Adams:onat ematical formalism, obviating the need to sepa

. rate each contribution.
(1990), van Oss (1994), and Hiemenz (1986). On a macroscopic scale, LW energies between plane

of minerals, and particularly of colloid-sized minerals

SURFACE FREE ENERGY parallel surfaces decay with distance(faé_The applar
) o ) or LW component of the free energy of interaction for
Free energy of interfacial interaction two spheres is:
The free energy of adhesion between materials 1 AR
and 2,in vacuo,is (after Dupfe 1869): AGHW = 120 (5
AGE =Y = V1~ Y2 1) whereagw = apolar free energy component (LW),

wherey is the surface or interfacial tension and sub® = Hamaker's constant; = the surface to surface
scripts 1 and 2 refer to the materials under study. Tdstance, an® is the particle radius.
free energy of interaction between materials 1 and 2, Considering only LW forces, the Hamaker constant

immersed in liquid 3, is: can be calculated by using:
A
AGi; = Y12 = Y1z — Va3 (2 2yW = —AG = 12n(2

and the interaction between two particles or molecules i
of material 1, immersed in a liquid 3 then is where the apolar surface tension compongkt, of
condensed materials can be determined by contact an-

AG5; = —2yy5 (3) gle measurement with apolar liquid§, is the mini-

(6)
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mum equilibrium distance and was shown to bways positive, the total interfacial tension consists of
0.157 nm(van Osset al., 1988). Although A applies contributions by apolar and polar forces simultaneous-
to all three electrodynamic interactions (dispersiory, so that the resultany;, may be either positive or
orientation and induction), ¥&eersonjs usually the sig- negative.
nificant term in condensed media (Chaudhury, 1984; The decay of the AB component of the interfacial
van Osset al., 1988). surface free-energy with distance, for spherical parti-
For two different apolar materials 1 and 2, the apceles of radiusk, can be expressed as:
lar or LW interfacial tensionyf¥, is given by the B
Good-Girifalco-Fowkes combining rule (Fowkes, AGES = mRAAGE? o0 (12)
1963; Good and Girifalco, 1960): where AG{E is the free energy of interaction in the
N AT parallel flat-plate conformation, at the minimum equi-
vi2' = (VR = VY @ librium distancef, ~ 0.157 nm), as measured by con-
To derive values for the apolar or LW surface tentact angle determinations, whet&)? = —2y*8 and
sion component of a solidysV, but only for those N\ is the decay length of the liquid molecules taken here
instances in which, besides electrostatic interactioms\ = 1 nm for water (Claesson, 1986).
(EL), no other energy components are active, the )
Young-Good-Girifalco-Fowkes equation (van Oss Contact anglef) and Young's equation

al., 1988) can be used: Expressing the Young-Duprequation for the con-
W tact angle §) of a liquid on a solid surface as:
T — o [¥s
1+cosb =2/ w ®) (1 + cos)y, = —AGE (13)

wheref is the contact angle formed between an apoland taking into account that the total interfacial (IF)

liquid and the surface of the solid, and the subscripfeee energy as:

S and L are solid and liquid, respectively. See below _

for an example where there are both apolar and polar AGL = AGH + AGR (14)

interactions. then, the relation between the contact angle and the

surface-tension components and parameters is given

by the extended form of the Young's equation (van
The AB forces are always asymmetrical becaug@sset al., 1988; van Oss, 1994):

they comprise the electron donating as well as the

electron accepting properties of a surface. Thus, the

AB surface fr'ee-energy component,®, consists of = 2(VAEYYY + VYYD + VyEyE).  (15)

two non-additive parameters, one for the electron do- ]

nor (y©) and one for the electron acceptor®f. The  The values ofy"™, y*a and y© of a solid can be

relation between the AB component of the surface tef€rived from measurements of the contact angle,

sion and these parameters for a single material, i, f@rmed by a drop of liquid on a smooth surface of the

Polar or Lewis acid-base (AB) interactions

(1 + cos6)y,

(van Osset al., 1988; van Oss, 1994): solid, provided that the surface-tension properties of
the liquid are known. Three or more liquids must be
Yi® = 2VyPye (9)  used, of which at least two must be polar. Contact

and the AB interfacial free-energy component for th@ngles obtained with apolar liquids (for whigh and

polar interaction between two different condensed.” @ré zero) so thay, = vyt give directly the value
phase materials is expressed as: of the LW surface tension componeng" for the sol-

id. Contact angles obtained with polar liquids yield

Vi = 2(VAPYP + VA9YE — V9% values fory@ and yg by the solution of a set of si-
multaneous Young’s equations, with the number of
— VAEE). (10) 9= =

equations equal to the number of polar liquids. With
The total interfacial tension can then be expressed #sese techniques, contact angles may be measured with
a standard deviation of° lwhich translates into errors
= (\/~LW — \/~LW)2
Y2 = (Vs v2") for the y values of~2%.

+2(VAEYP + VY9G — VY9ys — Vy9v9).
(11

Hydrophilicity vs. hydrophobicity of mineral surfaces

Water is often assumed to wet the surface of a hy-
Equation 11 shows that whekg8| > v7% andv4% < 0, drophilic solid and not wet the surface of a hydropho-
the total interfacial tension is a negative value anldic surface. In terms of thermodynamics, this criterion
gives rise to a repulsive interaction. Because the nist unsatisfactory because all surfaces of condensed-
interfacial tension+;, or, in aqueous systen,,) also phase materials attract,®@ molecules to a consider-
comprises the apolar (LW) component, which is alable degred,e. with a free energy of adhesion varying
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from a value of—40 mJ/ni for completely apolar sur- layer, { potential can be related to the electrophoretic
faces, to—140 mJ/m for strongly hydrophilic solids velocity, U, as follows (Overbeek, 1952):

(van Oss, 1994). Recent developments in surface ther- E

modynamic theory provide the basis for a quantitative U= <E (16)
definition of hydrophilicity and hydrophobicity, in 4mm

terms of the free energy of interfacial interaction bewheree is the dielectric constant of the mediu,is
tween two surfaces, in an aqueous environment (vaie electric field strength, anglis the viscosity of the
Oss and Good, 1988; Good and van Oss, 1991; vaiedium.

Oss and Giese, 1995). The value is the value that  For low to medium electrokinetic potentialse( ¢
is most closely connected to the hydrophilicity or hy< 50 mV), the potential at the particle surfaag)(is
drophobicity of the mineral surface. The free energsipproximated from:

of interfacial interactionAGY,,;, between mineral sur-

faces 1 dispersed in water w, is the combination of Yo = g(l + E)exp(xz) a7)
equations 3 and 11. The Lifshitz-van der Waals or apo- R

lar part of this interaction (LW) is always negativein this equationz is the distance between the surface
(attraCtiVe) and is rarely the dominant factor for th%f the Charged partic|e and the S||pp|ng p|ane (One usu-
solid surface. This value ranges from 0 t®.5 mJ/ ally may take this to be-0.3—0.5 nm, taken here as
m?. The polar part of the interaction (AB) is most im-0.5 nm),R is the Stokes radius of the particles, and 1/
portant in determining whether a particle is hydrophak is the thickness of the diffuse double layer (Debye
bic or hydrophilic. For a material to be neither hydrotength) €.g.Overbeek, 1952). The value efmay also
philic nor hydrophobicj.e. for AGF,,;, = 0, y? usually be obtained by:

has to be of the order of 28 mJXr{taking the slight

LW attraction into account). Hydrophobic surfaces, K = /4ﬂezz v2n2/ekT (18)
whereAGY,;, < 0, i.e. those substances which tend to

aggregate in water, havey@ < 28 mJ/ni in general. wheree is the charge of the electron (4:810-1° esu
Hydrophilic materials, for whichAGf,,, > 0, repel or 1.6 x 10-%° C), v, is the valency of each ionic spe-

each other when immersed in water; and tend to haeges,n, is the number of ions of each species per cubic
values foryp > 28 mJ/ni (van Oss, 1994; van Osscentimeter of bulk liquid, k is Boltzmann’s constant

and Giese, 1995). (1.38 X 1002 T/K), and T is the absolute temperature
in degrees K.
Electrostatic interactions (EL) Having determineds, andk, the electrostatic inter-

. L . )
When a solid mineral comes into contact with Wate\gf,lc'[Ion energy AGi,) for two spherical particles as a

its surface typically acquires an electrostatic chargeu,nctlon of interparticle distancé is given by:
expressed as the surface potentigl, The origin of
this charge is diverse and includes a differential dis-
solution of the surface, an ionization of the surface, a . . .
permanent structural imbalance in charge(the lay- whe_re R is the radius of curva_lt_ure of the spherlc_:al
er charge of clay minerals), a permanent electrostaf@rticle, and the other quantities are as described
charge on the surface resulting from broken bond@P0ve. o ) _

and a specific adsorption of charged species from ”q_The electrostatic interactions for materials whagse

uid (Everett, 1988). The charges on the surface of thotentials are<~25-30 mV can usually be ignored
particle and the ions in solution create an eIectricgvﬂec";‘uSe the electrostatic interaction energgsit,)

double layer. An extensive discussion of the role nds to be much smaller than the polaGi,) or

double-layer theory in colloidal stability was given byeven the apolarA((_B&_wl)_ interactio_n energies\Gyy, is
Overbeek (1952). Whereas the exact arrangement arly always positive,e. repulsive. Note that the to-

ions directly adjacent to the particle surface is ndf interaction energy between particles 1 dispersed in

completely known, what is clear is that an anisotropi\elater’ 1S

distribution of ions is associated with the surface and AGIOT = AGYY, + AGAE, + AGE,, (20)

that the potential at the surface decreases with distance . R

from the particle. The potentialg) at the slipping For S’T‘a” particles or molecules, adiGyy, for a
plane can be determined from measurements of elé?ér_ownlan energy of-1 kT.

trokinetic mobilities. Such experiments involve, for METHODS

example, the velocity of a particle as it moves through . .

an electrolyte solution in response to an applied eleg_reparatlon of clay films

tric field. For the case where the particle size is much The most accurate contact-angle measurements are
larger than the thickness of the diffuse ionic doublebtained using a smooth, solid surface, although this

AG = %eRngln(l + e ) (19)
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Table 1. Values of the surface-tension components and parameters (if) naldhof the viscosities (in poise) of test liquids
used for contact-angle measurements, 4€20

Liquid Y - e ¥© m
Hexane 18.40 18.40 0 0 0.00326
Octane 21.62 21.62 0 0 0.00542
Decane 23.83 23.83 0 0 0.00907
Dodecane 25.35 25.35 0 0 0
Tetradecane 26.56 26.56 0 0 0.02322
1-bromonaphthalene 44.4 44.4 0 0 0.0489
Diiodomethane 50.8 50.8 0 0 0.028
Ethylene glycol 48.0 29.0 1.92 47.0 0.199
Formamide 58.0 39.0 2.28 39.6 0.0455
Glycerol 64.0 34.0 3.92 57.4 14.90
Water 72.8 21.8 25.5 25.5 0.010

1 From van Oss (1994).

is not possible for finely divided minerals such as nonFhin-layer wicking
swelling clay particles. A pseudo-crystal surface can

. - . . Kaolinites and attapulgites, however, in common
be created by forming swelling clay minerals into a . ) : .
. : ; with many other fine-grained minerale.g. all non-
self-supporting, smooth film suitable for contact-angle . . ) ’
measurement swelling clays) do not form suitable films; nor do they

; . S occur as large, perfect single crystals with well-devel-
For this study, self-supporting smectite films were .
. . . Oped faces. To determine the contact angle formed be-
made by the evaporation of dilute (1-2%) clay min: T . . .
- . tween a liquid (and air or vapor) and finely divided
eral-water suspensions. The suspensions were depos: . . .
) . : - - . -solid minerals, for which direct contact-angle mea-
ited and dried on a variety of materials, including mica - .
. surements cannot be performed, the capillary rise

sheets, polystyrene, and sheets of various commercia . T . .

) S . method, or thin-layer wicking is applied. In this meth-
polymer films. Smooth, thin films of the smectite and . o . .
d, the rate of capillary risd.€. the capillary riseh,

other clay minerals for contact-angle measurements’ - ST - .
4 9 - In a time,t) of a liquid, L, is observed through a thin,
can also be prepared on glass microscope slides or. . .
uniform layer of powdered material deposited on a

porous silver membrane filters (Hytrex Filter Division, . . . ) )
Osmonics Inc., Minnetonka, Minnesota). The par'ticle%laslS microscope slide, using Washburn's (1921) equa

were kept in homogeneous suspension (1-2%) by cothqn'
tinuous stirring on a magnetic stirrer, and aliquots of tR.;y,COS 0
5 mL were withdrawn with a pipette and distributed h? = o (21)

evenly on clean glass microscope slides (7.8.5 cm)
or on the filters (diameter 4.7 cm) which are kept whereR, is the effective interstitial pore radius, is
strictly horizontal. The dried slides coated with thehe surface tension of the liquid, the contact angle
clay particles were extremely smooth. between the liquid and the solid, amdthe viscosity
of the liquid. There are two unknowns in this equation,
so that before co$ can be determined, the value of
After a film was removed from its substrate, it wa®l.z must be ascertained. This can be achieved by using
placed upside downi.€é. with the smooth side up) on low-energy apolar liquids, in this case heptane, octane,
a glass microscope slide, which was positioned in frotecane and dodecane, which spread over the solid sur-
of a telemicroscope (Gaertner, Chicago, lllinois) wittiace without forming a finite contact angle. With spread-
an eyepiece goniometer. Using Teflon/glass syringexw) liquids, 6 remains equal to zero, and cés= 1,
equipped with stainless steel Luer-tipped hypodermliecause of the formation of a precursor film (van Oss
needles (Gilmont instruments, Chicago, lllinois), a&t al., 1992). With R,z known, the contact angle be-
drop (diameter of~5 mm) of a liquid @-bromonaph- tween solid and the test liquidsbromonaphthalene,
thaline, diiodomethane, formamide, glycerol or watediiodomethane, water, ethylene glycol and formamide
Table 1) was placed onto the smooth surfaces of tlean be determined (see Table 1).
(smectite) clay films and the advancing contact anglesTo prepare the slides for wicking, the following pro-
(6.40) Were measured directly on each side of the dropedure was used. Dry powders of the clay minerals
No. 24 needles were used for water, formamide, ivere dispersed in distilled water as 2%, (w/v) suspen-
bromonaphthalene and diiodamethane, and no. 18 ne@ns. The particles were maintained in homogeneous
dles for glycerol because of its high viscosity. For eackuspension by continuous stirring. Aliquots of 5 mL
clay mineral, a total of 15 contact-angle measurementgere withdrawn with a pipette and distributed equally
was made for each test liquid. on clean glass microscope slides (X%.5 cm) which

Direct contact-angle measurements
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o L L ] al. (1974), in which the capillaries used (1Q€L
] 4 “Drummond Microcaps”, Drummond Scientific Co.,
1.2 1 ¥ Broomall, Pennsylvania) have an internal diameter of
1 { 1.0 mm and a length of 116 mm. They were coated
1.0 + " < on the inside with several layers of warm agarose, (5-
] = . 1 A426, standard low electroendosmosis, J.T. Baker
= 0'8'_ 71 Chemical Co., Phillipsburg, New Jersey), in phos-
= 06 _ phate-buffered saline (PBS/10) solution, which was al-
o] 1 lowed to gel upon cooling. The PBS/10 solution of pH
0.4 - 4 7.3-7.5 and ionic strength’f2) of 0.015 M consisted
1 { of 1 L of 0.880 g NaCl, 0.022 g KiPQO,, 0.119 g
0.2 4 NaHPQ, and distilled water. By using plastic tubing
00 ] ——— 1 of appropriate internal diameter and length to draw the

2.5% warm 55—-60C) agarose solution through the
capillary and slowly blowing it out, a layer of agarose
L gel was deposited along the inner wall of the capillary.
Figure 1. Plot of &h?%t vs.y,_ (see equation 21) obtained byThIS p.rocedure was repeated.three or four times. O.nce
thin-layer wicking on KGa-1b plates with the test liquids:2 capillary was coated, a dilute particle suspension
ordinate in 104 P cnt s, abscissa in mJ/m The open 0.05% (w/v) in PBS/10, of[/2 = 0.015 (ionic
square symbols represent the low-energy spreading liquiggength), could be drawn into the capillary. The par-

and the solid square symbols represent the polar and ap ; ; _
non-spreading liquids. The slope of the line yieR]g = (2.29 ()Hﬂe SUSpenSIODS Were shaken Ilghtly, and a feW_ par
+ 0.03) X 105 cm. ticles were aspirated into the capillary by suction; the

capillary was then plugged at both ends with the same
. agarose gel.
were horizontal. After .the water was allowed to evap-after the capillary was placed into position and the
orate for 12 h, the slides were dried for 12 h in an,iential applied, the particle velocities were measured
oven at 105 and subsequently stored in a vacuum,mediately. Since individual clay crystals are too
desmcatqr u_ntll needed. . i small to be observed using a microscope, aggregates
The wicking occurs by placing the dried, coateqo e measured. Each sample was measured indepen-
glass slides in containers with a gas-tight ground-glagg yy with at least three coated capillaries. The ve-
stopper. Glass containers are filled to a height 9 jies of 6-12 aggregates in each capillary were tak-
~5 mm with one ,Of the various liquids “St?d n Tablg n in both directions and the average mobility was
1._Befo_re _actual immersion, the coatgd slide is MalfAen calculated from these data and corrected for the
tained inside the closed glass cgptalner m h, 1o true electrical length of the capillary and for the small
allow the powder to become gqumt_:)ra_ted with the V&|ectro-osmotic backflow caused by the slightly neg-
por .(.)f th_e Io_w—energy—spregdmg "q_u'd_s whereas ngtively charged agarose coating and plugs. The electric
equilibration is necessary with test liquidsbromon- field strength was between 5.0 and 12.0 V/cm, from a
aphthaline, diiodomethan_e, f_ormamide, e_thyleng gI_ 5C power supply. In addition, the electrophore’tic mo-
col or water. Then, the slide is immersed in the liqui ilities of standard glutaraldehyde-fixed human red

(to a liquid height of~5 mm), and the vertical move- blood cells in PBS/101§2 = 0.015) were measured

ment of the liquid front through the layer of powderv¥ith this apparatus and fOUI'.ld to be 2.Qf s!

1S obsgrved. U_smg a s_,topwatch and_wnh the help c\>/,1 cm which, within experimental error, was the same

small indentations which were applied to the glass . .
. . . as published previously (van Oss al., 1974).

slide at 2 or 3 mm intervals, several observations can The ¢ potential measurements can also be accom-

be made of the times elapsed for the liquid front toIished in a number of different ways such as with a

reach different height intervals. About 35 slides Wer§ .
- etasizer (Malvern Instruments, Malvern, England) or
made for each clay sample, and each liquid was mea-

sured with at least three slides. an Automated Electrokinetics Analyzer (Pen Kem,

The best way to ascertain the value Ry; (equation Inc., Bedford Hills, New York).

21) in thin-layer wicking experiments is by plotting RESULTS AND DISCUSSION
2nh?/t vs.~, for all spreading liquids used. A straight .
line should be obtained, going through the origin; the The observed contact angles of the various polar and

slope of this line yieldsR,;. Figure 1 shows such air();la; I'g:i'ldf (;r\]/vdlfzferg_rllt clla)épp\)arfclez ngléGal-lb,
plot for the wicking of KGa-1 particles. @, P y-e, o1x-1, SAz-1 an a-Lare

listed in Table 2. The surface-tension components and
{ potential the { potentials for these minerals are given in Table

Electrophoretic mobilities were measured with 8. The values of the apolar LW component of the sur-
microelectrophoresis device described by van €iss face tension of these clays are similar. However, the

0 10 20 30 40 50 60 70
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Table 2. Contact angle$)(of test liquids from various clay minerals at°20

Liquid KGa-1b KGa-2 1PFI-1 2SWy-2 2STx-1 2SHCa-1 2SAz-1
1-bromonaphthalene 26.5 29.4 47.7 216 (24) 17.2(1.8) 24.1(1.0) 21.4(3.1)
Diiodomethane 34.5 384 53.0 38.2 (1.7) 325(1.4) 37.3(2.7) 328 4.1)
Ethylene glycol 23.3 25.6 43.6
Formamide 27.2 315 51.8 27.3 (1.6) 7.4 (1.2) 13.8(0.8) 13.1(1.1)
Glycerol 448 (1.8) 34.1(3.6) 25.6 (2.7) 26.8 (2.2)
Water 46.1 42.0 61.0 33.1(1.4) 205(2.8) 457 (1.5) 21.7 (2.6)

Pore sizeR X 10°cm  2.29 (0.03) 1.15 (0.03) 2.62 (0.05)

Number in parentheses is the standard deviatipn (
1 = Thin-layer wicking.
2 = Direct contact-angle measurements.

polar or Lewis acid-base parameters vary greatly dand Hurlbut, 1993). The surface of an homogeneous

pending on the mineral-surface properties. dry polar solid is electron-donating only. Any elec-
. tron-accepting capability occurs because the covalent
Surface properties and the electron-donor/electron-acceptor bonds be-

Kaolinite (KGa-1b and KGa-2)The kaolinites are tween the atoms and/or molecules of the solid are
moderately hydrophilicy® varies from 30 to 35 mJ// completely coordinated inside the solid. Therefore,

and have large negatiepotentials. none of the covalent bonds is available for surface
Palygorskite (PFI-1).This mineral is mildly hydro- interactions, whereas either excess electron-donating
phobic and has small negati¢epotential. or excess electron-accepting sites are available for sur-

Smectites (SWy-2, STx-1, SAz-1 and SHCanl). face interactions. On solid polar surfaces, these are
general, smectites, in common with most materialsnost commonly excess electron-donating sites, thus
are primarily Lewis-base monopoles®(is small), making them monopolar electron-donorg®(~ 0)
the value of the Lewis base parametg®, varies (van Osset al., 1997).
from ~20 mJ/ni to ~50 mJ/mM, depending on the . .
specific clay, the magnitude of the layer charge, an%ollmdal stability
the nature of the exchangeable cation. Most of theseThe particle potential, and energies of interaction
minerals are hydrophilicy® >28 mJ/ni; van Oss and AG,;, are model dependent. At present there are no

Giese, 1995), except for SHca-1. reliable models for calculating the interaction energy
. . and potential of particles having an irregular platy
Electron-donicity of mineral surfaces shape such as smectites. For a qualitative discussion

Table 3 shows that these clay minerals have typicaf the behavior of the clays, a spherical shape and a
values ofy™W varying between 32 and 42 mF¥rand radius of 1 um are assumed. However, any errors
small or zero values of®. The major variation lies in made in the assumed radii do not significantly influ-
the v© values which range approximately from 20 tence the results: errors only affect the scale of the free
50 mJ/m. The predominant electron-donicity can als@nergies, but not the sign, or the relative values.
be observed on other materials such as proteins, poly-Colloidal stability, determined by the total free en-
saccharides and other polymers (van Oss, 1994). Eletgy QAGIS) of interaction between two particles of
tron donicity is largely a consequence of the prevdhe same material (1) immersed in a liquid (3), is fa-
lence of oxygen in the Earth’s lower atmospher@Q vored when, at contachG[gT > —1 KT, especially
vol.%) and in the Earth’s surface-46.6 wt.%) (Klein whenAGIg[ > 0. Examination of the surface-tension

components, the energies of interactions, ampaten-

Table 3. Surface-tension components and parameters (mJ/

m?), and { potentials (mV) of clay minerals in PBS/10 atTable 4. Interaction energpG,,, (kT) of the clay particle
20°C. immersed in aqueous solution at equilibrium distafige=
0.157 nm, ionic strength/2 = 0.015 and 2TC.

Sample yEv v& vg { potential
KGa-1b 410 07 300 -49.2(05) Particle AGKY AGH A AGHT
KGa-2 39.6 0.5 34.9 —43.9 (1.5) KGa-1b -730 5600 2640 7510
PFI-1 31.8 0.5 23.2 —24.2 (1.1) KGa-2 —640 11500 2100 13000
SWy-2 40.9 0.4 44.6 —31.9 (1.6) PFI-1 —230 —3100 640 —2690
STx-1 42.8 0.9 48.6 —25.6 (1.8) SWy-2 —-730 22400 1100 22800
SHCa-1 40.8 3.2 20.7 —29.7 (1.2) STx-1 —-860 24500 710 24400
SAz-1 42.2 13 45.9 —21.0 (0.7) SHCa-1 -730 —5070 960 —4800
SAz-1 —-820 21000 480 20700

Numbers in parentheses represent the standard deviation.
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tials indicates that the stability of the stable suspeffeesom, W.M. (1915) The second virial coefficient for rigid

sions is mostly related to the AB repulsive interaction spherical molecules whose mutual attraction is equivalent
. . y P ’ to that of a quadruplet placed at its cent@roceedings
which is the direct result of the large surface electron royal Academy Science, Amsterdds), 636—646.

donicity (y®) of these clays (Table 4). Flocculation iskeesom, W.M. (1920) Quadrupole moments of the oxygen

largely caused by attractive AB (hydrophobic) inter- and nitrogen and nitrogen moleculd3toceedings Royal
Academy Science, Amsterda?s, 939-942.

actions, and the_ Va_n der Waals forces only make I&esom, W.M. (1921a) Van der Waals attractive fofehy-
secondary contribution (Table 4; see also van @ss gjkalische Zeitschrift22, 129-141.

al., 1990; Wuet al., 1994). Keesom, W.M. (1921b) Van der Waals attractive forieay-
sikalische Zeitschrift22, 643—644.
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