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ELECTRICAL CONDUCTIVITY AND THE SURFACE 
CHARACTERISTICS OF KAOLINITIC CLAYS AND 

CLA Y -HUMIC ACID COMPLEXES 
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Abstract-The conductivites of the Naand H ion-exchanged forms of kaolinitic clay rejects from sand-wash
ing operations, both purified and as found naturally as a complex with soil organic matter, were examined. 
The two Na-clays showed linear conductivity-concentration characteristics, each having two regions with 
different slopes intersecting at - 3.3% by weight of clay , which probably reflect a structural change from sol 
to gel. In the gel region, only the Na-counterions conducted , the reduction in conductivity with concen
tration being due to a smaller proportion of these ions in the Gouy layer and/or a decrease in their mobilities. 
In the sol, an additional, concentration-dependent conductivity arose from the electrophoretic motion of 
clusters of clay particles which gradually broke down on dilution. The two acid clays showed curved con
ductivity-concentration characteristics consistent with a weak acid dissociation equilibrium; the pK. values 
of6.37 to 6.56are close to those determined independently from titration with alkali. A stronger acid species 
detected in the titrations was not seen in the conductivity . The MOH. + /MOHlMO- model of the clay
surface species and one set of the predicted concentrations of each species (see preceding paper) are con
sistent with the observed conductivities . The MOH. + species probably bridged the edges and faces of clay 
particles so that the H atoms were identical, but became different when alkali was added . 
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INTRODUCTION 

The preceding paper (Lockhart, 1981) presented data 
on the potentiometric and conductometric titration of 
the hydrogen and sodium forms of aqueous clay rejects 
from a sand-washing operation, with and without the 
organic matter complexed to the clay. Models for the 
acidic species which reacted with the alkali were sug
gested, and predictions were made for the concentra
tions of each species from the end points of the titra
tions. The results of the present study of the 
conductivity and electrophoretic mobility are ideal for 
testing these models and predictions. 

EXPERIMENTAL 

Samples 

The untreated and NaCI-, HCIIHzOz- , and NaCII 
HzOz-treated samples from batch A of the clay rejects 
described in Lockhart (1981) were examined. The per
oxide treatment removed the organic matter , whereas 
the salt or acid treatment provided Na+ or H+ exhange
able cations. The untreated sample from batch B was 
also studied. Details of the preparations are given in the 
preceding paper (Lockhart, 1981) . 

Methods. 

The dielectric cell and a.c. bridge used to measure 
the conductivity are described elsewhere (Lockhart 
and Snaith, 1978). The samples were prepared by suc
cessive dilution with conductivity water in the cell it
self, stirring at intervals until the conductivity became 
nearly constant. The more concentrated samples re-
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quired several hours to come to equilibrium. Also, for 
the untreated and HCIIHz0 2 samples in dilute disper
sion, it was necessary to stir every few minutes during 
the measurements to prevent settling. The resistance 
ofthe cell filled with each clay dispersion was measured 
at 100 Hz (where it is nearly equivalent to the dc con
ductivity) as a function of electrode separation (d) over 
the concentration range 0.05 to 75 g solids/lOO ml dis
persion. A correction for the electrode polarization re
sistance (Lockhart, 1979) was made where appropriate. 
The corrected resistance R was converted to specific 
conductivity K = d/AR, where A is the area of the sam
ple in the central electrode region of the cell, and thence 
to 'equivalent' conductance A = 1000 Klc (n-1 cm2 per 
unit-cell formula weight of the clay) . 

The (electrophoretic) mobility of the clay particles 
was measured independently using a glass microscope 
slide to which two parallel strips of gold foil were at
tached 2 mm apart to serve as electrodes. The motion 
of the particles in dilute dispersion was observed at 50 
to 90 x magnification, and the average time over a fixed 
distance was found for several particles in each sample 
using two different electric field strengths. The micro
scope was focused at the electroosmotic stationary 
level. 

RESULTS AND ANALYSIS 

Electrophoretic mobility 

The particles were always repelled from the cathode 
and were attracted to the anode if the voltage was not 
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Figure I. Equivalent conductivity vs . clay concentration for 
batch A: Al = NaCI/H20., A2 = HCIIH.O., A3 = NaCI, 
A4 = untreated. Note that the cation-exchange capacity (ex
pressed as a square root of concentration) is located at 0.334 
on A3 and 0.265 on AI. 

so high as to cause charge injection. Thus the clay par
ticles in all samples possessed a net negative smface 
charge. The calculated mobilities are (in 10- 4 cm2/v sec) 
3.0 ± 0.4 for the NaCl sample, 2.5 ± 0.4 for the NaCll 
H20 2 sample, 1.1 ± 0.3 for the untreated sample, and 
0.9 ± 0.3 for the HClIH20 2 sample. The error repre
sents one standard deviation over about ten readings 
in each case; it is partly due to the difficulty of mea
suring exactly at the stationary level. The similarity of 
the latter two values tends to confirm that the 'untreat
ed' sample is naturally acid treated. 

Conductivity 

The conductivity results are summarized in Figures 
I and 2 as plots of A vs. the square root of concentra
tion. Literature data (MacInnes and Shedlovsky, 1932) 
for the common weak acid, acetic acid, are also shown 
in Figure 2 for comparison. The curved plots for the 
untreated samples from each batch resemble that for 
the acetic acid, indicating that the conductivity in these 
samples is controlled largely by a dissociation equilib
rium. The organic-free sample in acid form also has a 
curved A vs. Vc plot. The dissociation constant Ka for 
a weak acid is approximately a'x, where a is the degree 
of dissociation (~I) and X the molar concentration of 
the acid (strictly , the molar activity). According to the 
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Figure 2. Equivalent conductivity vs. clay concentration for 
the untreated sample of batch B; acetic acid is shown for com
parison. 

theory of weak electrolytes (Robinson and Stokes, 
1970) a is given by A/Ao, where Ao is the equivalent 
conductance at infinite dilution; also X is equal to the 
clay concentration (c) for the HCI/H20, sample and 
about 6% of c for the two untreated samples, because 
the weight loss of 6-6.2% (see Lockhart, 1981) is prob
ably synonymous with the organic acid content. Thus, 
Ka is proportional to A'c and hence to A Vc, so that for 
weak-acid behavior, the product A Vc should be a con
stant. In Table I, A values taken from Figures I and 2 
at convenient intervals of Vc are listed along with the 
products A Vc. The acetic acid data do not extend be
yond vC - 0.4, but the product A Vc should continue 
to decrease as Vc rises because neglect of the activity 
coefficient in Ka = a'x become serious at higher con
centrations (Robinson and Stokes , 1970) . This variation 
in A Vc is also exected for the clays. In comparing the 
acetic acid data and the clay data, it is also worth noting 
that the conductivity of the clay particles themselves 
is concentration dependent because of the gradual as
sociation into edge-to-face and edge-to-edge clusters 
whereby the particles are eventually immobilized in a 
network structure. In these circumstances the approx
imate constancy of the A Vc products for each of the 
three clays is strong evidence for the weak acid picture. 

The actual value of Ka may now be calculated from 
the averages ofthe A Vc products over the range Vc = 
0.15 to 0.8, knowing that Ao is the sum of the H+ ion 
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Table I. Conductivity multiplied by the square root of the concentration.' 

Concen· Conductivity A (n-I cm'lunit cell) 
tration Yo 
(unit cells! Untreated Untreated HCIIH,O, Acetic 

liter)' Batch A Batch B Batch A acid 

0.1 4.69 7.70 1.63 15.1 
0.15 3.92 6.00 1.29 II.I 
0.2 3.42 4.71 1.07 8.13 
0.3 2.61 2.95 0.77 5.40 
0.4 2.01 2.13 0.59 4.02 
0.5 1.59 1.66 0.47 
0.6 1.28 1.37 0.39 
0.8 0.90 0.83 0.28 
1.0 0.67 0.42 0.22 

1 Data taken from Figures I and 2. 

contribution of 332.4 n-1 cm2/eq (at 21.soC in present 
experiments) and the clay contribution of 10.6 n-1 cm2

/ 

eq for the untreated and 8.7 n-1 cm2/eq for the HCI/ 
H20 2 samples which are calculated from the measured 
mobilities. Ka (x IQ1) is thus 2.77, 3.61, and4.31 for the 
untreated batch A, untreated batch B, and HCI/H20 2 

batch A, respectively. The corresponding pKa values 
are 6.56, 6.44, and 6.37. These values suggest that a 
rather weak dissociation equilibrium (cf. acetic acid 
Ka = 1.75 X 10-5

, pKa = 4.76) controls the conduc
tivity of the acid clays whether or not organic material 
is complexed to the clay. James and Parks (1981) used 
surface ionization constants in modeling colloidal dis
persions in general. 

The two Na-c1ay samples with and without the or
ganic material present have linear A vs. Vc plots, each 
comprising two regions with different slopes. Linear 
behavior is typical of strong electrolyte systems, with 
the value of A at Vc = 0 (i.e., Ao) representing the sum 
of the equivalent conductivities of the contributing 
ions, while the concentration dependence of A reflects 
increasing ionic interactions that can be described in 
terms of activity coefficients (Robinson and Stokes, 
1970). I t is reasonable to suppose the linear components 
in Figure I represent the sol and gel regions of the clays, 
with the point of intersection being the minimum con
centration of particles required to set up a continuous 
network structure. The decline in conductivity with 
concentration in the gel region, where only the Na 
counterions are mobile, must reflect a gradual reduc
tion in this mobility and/or a steady decrease in the pro
portion ofNa ions in the diffuse Gouy part of the double 
layer. In the sol region there is an additional contribu
tion from the clay particles themselves, which must 
also be concentration dependent due to variation in the 
number and size (and hence the mobility) of edge-to
face and edge-to-edge associated clusters of particles. 
It is interesting that the gel region of the NaCI sample 
extrapolates to A = 0 at a Vc value equivalent to 100% 
clay solids. Another empirical observation is that the 

Untreated 
Batch A 

0.469 
0.558 
0.684 
0.783 
0.804 
0.795 
0.768 
0.720 
0.670 

Product A x Yo 

Untreated HCl/H,O, 
Batch B Batch A 

0.77 0.163 
0.90 0.194 
0.942 0.214 
0.885 0.231 
0.852 0.236 
0.830 0.235 
0.822 0.234 
0.664 0.224 
0.42 0.220 

Acetic 
acid 

1.51 
1.65 
1.64 
1.62 
1.61 

conductivity difference between the NaCI and NaCI/ 
H20 2 samples is constant at 1.1 n-1 cm2/unit cell up to 
Vc = 0.4, which is about 7.8% by weight of clay. This 
difference could represent the contribution from the 
extra cation-exchange capacity associated with the or
ganic matter. 

MODEL TESTING 

In the accompanying paper dealing with conducto
metric and potentiometric titrations, models for the 
surface chemical species behaving as stronger and 
weaker acids in the various clay samples were pro
posed, and predictions were made of the concentra
tions of each species from the end points of the ti
trations. The present conductivity results provide 
independent tests of these models and predictions. 
The pKa values of 6.37-6.56 from the curved A vs. 
vC plots are remarkably close to the 6.48-6.85 range 
obtained quite independently for the weaker acid re
action in the titrations. There is no evidence from the 
conductivity results for the stronger acid species 
(pKa 4-5) revealed in the titrations. The two species 
must have been basically the same, but became 
distinguishable when alkali was added to the clays. 
The model MOH2+/MOH/MO- (where M = Al and/or 
Fe) proposed in the accompanying paper allows 
'bound' MOH2 + to behave similarly to MOH groups, 
whereas 'free' MOHz+ (exchanged with Na+ from the 
alkali) can release a 'stronger acid' proton to react 
with the alkali. More specifically, two clay particles 
could associate via MOH2 + bridges as, for example, 

'H' 
in an edge-to-face structure [edge MO <' + .~ Aace- ] 

··H,' 
where the H atoms are clearly identical, but on alkali 
addition the particles disperse [edge MOH + H+ 
face-]' making the H atoms different. 

A more quantitative assessment requires that the 
predicted concentrations of each species in Table 2 of 
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Table 2. Conductivities (0-' cm2/unit cell) calculated from the predicted concentrations (meq/lOO g) of each species.' 

Cl-

Na+ or 
MOH2+ 

Clay-

Ao calculated 

Ao observed 

Conc.n 

0 
~ 

1.65 

11.05 

11.05 
t 

9.4 

NaCI/H,O, 

Calc. A. 

0 
~ 

0.61 

2.65 

1.38 
~ 

1.17 

Sol Gel 

4.03 2.65 
~ 1 

4.43 3.26 

2.14 0.78 

HCI/H,o, 

Conc.n Calc . A. 

0 0 
~ t 

1.65 0.61 

1.65 2.83 

1.65 0.07 
! t 
0 0 

Sol 

2.90 
~ 

3.44 

1 Procedure described in text. Ao is the sum of the Ao values. 

Lockhart (1981) be consistent with the conductivities 
in Figure 1 of the present paper. It is understood that 
the values in meq/lOO g clay listed in Table 2 of the 
preceding paper for the NaClIH20 2 and HClIH20 2 

samples also apply to the NaCI and untreated samples, 
with (for batch A) an additional 7.95 meq/lOO g of MO
Na+ weaker acid sites in the NaCI sample and an extra 
2.35 meq/lOO g of c1ay-MOH. + stronger acid sites in the 
untreated sample. The overall charge on the clay par
ticles is the algebraic sum of the + and - sites in each 
case. The predicted net charge is strongly positive (14.0 
and 11.65 meqllOO g) for the HCI/H20 2 and untreated 
samples when the one-step weaker acid situation is 
considered . The negative electrophoretic mobilities ac
tually observed in the present study clearly eliminate 
this alternative. Even for the two-step weaker acid re
action, the predicted net charge is positive for 
MOH2 +CI- > 1.65 meq, so that detailed comparisons 
which follow are restricted to the range 1.65 ~ 0 meq/ 
100 g. 

Table 2 summarizes the concentrations in meq/lOO 
g clay of the species concerned for the four samples of 
batch A. The ion conductivites Ao at infinite dilution for 
the present temperature of 21SC are (Robinson and 
Stokes, 1970) W = 332.4; Na+ = 46.4; CI- = 71.2; 
clay = 28 .9, 24.1, 10.6, and 8.7 for NaCI, NaCI/Hz0 2 , 

untreated , and HClIH20 2 samples respectively, as ob
tained from the electrophoretic mobilities. The units of 
Ao are 0- 1 cm2/eq. Since the unit-cell formula weight of 
kaolinite is 516, the concentrations are first multiplied 
by 5.16 to obtain meq/unit cell of clay, and then by the 
appropriate Ao values to get 0 - 1 cm2/unit cell. This al
lows direct comparison with the experimental A values 
in these units in Figures 1 and 2. The total predicted Ao 
is the sum of the CI-, Na+ or H+, and c1ay- values for 

NaCI Untrealed 

Conc.n. Calc. A. Conc.fl Calc. A, 

0 0 0 0 
~ ~ ~ ~ 

1.65 0.61 1.65 0.61 

19.0 4.55 4.0 6.87 

19.0 2.84 4.0 0.22 
! ! ~ ! 

17.35 2.59 2.35 0.13 

Sol Gel Sol 

7.39 4.55 7.09 
~ 1 1 

7.75 5.16 7.61 

3.17 2.22 

the sol, with the clay contribution being excluded from 
the gel totals. For the HClIH20 2 and untreated samples 
the predicted values are close to the observed A values 
for the most dilute dispersions that were measured (the 
experimental Ao itself is not available from the curved 
plots). In addition, the contribution of the clay to the 
total conductivity is predicted to be small, which ex
plains why the weak acid type of dissociation equilib
rium is adequate to explain the near constancy of the 
A Vc products in Table I . The predicted Ao for the un
treated sample from batch B (not shown in Table 2) is 
13.0 n-1 cm2/unit cell, which also compares well with 
the observed values at the lowest concentrations in 
Figure 2. 

The predicted contribution of the clay to the con
ductivity of the NaCI and NaCI/H20 2 samples is, on the 
other hand, quite significant, and is also in accord with 
the observed results. The concentration dependence of 
the conductivity should indeed have quite different 
origins than in the two acid clays. The predicted Au val
ues for the NaCI clay are nearly twice those for the 
NaClIH20 2 clay, approximately reflecting the relative 
values actually observed. The ratio of 2-3 between the 
predicted and observed values for both the sol and gel 
regions of the two samples is also reasonable. This fol
lows from the theoretical (Van Olphen, 1977) and ex
perimental (Lockhart, 1980) observations that between 
two-fifths and two-thirds of the Na counterions are lo
cated in the Gouy layer and are able to contribute to the 
conductivity, whereas the remaining counterions 
bound in the Stern layer contribute only to the permi
tivity . 

Therefore, the model and one set of predictions 
based on the end points of potentiometric and conduc
tometric titrations are also quantitatively in agreement 
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with the conductivity results for the organic-complexed 
and organic-free clays , in both the acid form and the 
sodium form. 

Lockhart , N. C. (1981) Surface characteristics of kaolinitic 
clays and clay-humic acid complexes by potentiometric and 
conductometric titrations: Clays & Clay Minerals 29, 
413-422. 
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Pe3JOMe--l1cCJIeI10BaJlHCb rrpOBOI1HMOCTH Na H H KaTHoHo06MeHHblx q,OPM KaOJIHHHTOBblX rJIHH, 
oT6pachlBaeMblx rrOCJIe npol{ecca npoMblBaHH}! rreCKOB , B I1ByX COCTO}!HH}!X: '1HCTOM H eCTeCTBeHHOM 
C rrpHCYTcTBHeM rrO'lBeHHOro OpraHH'IeCKOfO MaTepHaJla. ,UBe Na-rJIHHbl rrOKa3aJIH JIHHeHHble xapaKTe
PHCTHKH rrpOBOI1HMOCTb-KOHL\eHTpal{H}! , KOTopble HMeJIH I1Be 06JIaCTH c pa3HblMH HaKJIOHaMH , nepe
ceKaJOI.l{HMHC}! npH - 3,3% Beca fJIHHbl, 'ITO, Bepo}!THO, YKa3blBaeT Ha rrepeMeHY CTPYKTYPbl H3 30JI}! 
B reJIb. B 06JIaCTH reM TOJIbKO Na-rrpoTHBoHOHbl npOBOIl,HJIH , H YMeHblUeHHe rrpoBOI1HMOCTH C 
KOHl{eHTpal{HeH fiblJIO pe3YJIbTaTOM MeHblUeH nponopl{HH 3THX HOHOB B CJIoe fYH H/HJIH YMeHblUeHH}! 
HX M06HnbHocTH. B 30ne jl06asO'lHa}! rrpOOOjlHMOCTb, 3aOllCHMaJi OT KOHL\eHTPal{HH , 6blJla pe3ynbTaToM 
3neKTpoq,ope3Hoii rrOjlOHlKHOCTH OKOrrJleHHii rnHHHcTblX '1acTHl{, KOTopble nOCTerreHHO pa36aoJlJlJIHCb. 
,Uoe KHCJIOTHble rJIHHbl rrOKa3aJIH H30rHYTble xapaKTep"CTHKH rrpOOOi1HMOCTb-KOHl{eHTpaL\H}! , COrJIaCO
oaHHble C paOHooeCHeM i1HCCOl{Hal{HH CJIa60H KHCllOTbI. Bellll'lHHbl pKa OT 6,37 110 6,56 6JIH3KH 
OeJIH'IHHaM, nOllY'IeHHbIM He3aOHCHMO rrYTeM THTPooaHHJI llIeJIO'laMH. Donee CHllbHble KHCJlOTHble 
oel.l{eCToa, 06HapYlKeHHble rrYTeM THTpOOaHH}!, Ha6JIJOI1aJIHCb 00 OpeM}! rrpOL\eCca rrpOoOI1HMOCTH. 
MOl1eJlb MOH2 +/MOH/MO- Oel.l{eCTO Ha rrooepxHocTH rJIHHbl , a TaKlKe OI1Ha CHCTeMa npel1CKa3aHHoii 
KOHl{eHTpal{HH MJI KalKJlOrO Oel.l{eCTOa (CMOTpH rrpel1blJlYllIYJO cTaTbJO) HaXOJ1jjTCR 0 COrJlaCHH c 
Ha6nJOJlaeMblMH rrpOBOJIHMOCT}!MH . Bel.l{eCTOa MOH2 +, BepO}!THO , o6pa30BaJIH MOCTHKH MelKJlY KpaRMH 
H rpaH}!MH rJIHHHCTblX '1aCTHI.\ , TaK 'ITO aTOMbl H 6b1J1H TOlKJlecTBeHHble, HO CTaHOBHJIHCb pa3HblMH 
nocne 1106aBJIeHHR l.l{eJIO'lH . IE .C.) 

Resiimee---Es wurden die Leitflihigkeiten von Na+- und H+-ausgetauschten Formen von Kaolinit-Tonen 
untersucht , die Abfallprodukte aus den Sandwaschvorgangen sind . Diese Proben wurden sowohl in ge
reinigler Form als auch in natiirlicher Form-als Komplexe mit organischem Bodenmaterial-untersucht. 
Die beiden Na-Tone zeigten lineare Leitfahigkeit vs . Konzentration-Abhangigkeiten , wobei jeder zwei 
Bereiche mit verschiedenen Anstiegen hat , die sich bei etwa 3,3 Gew.-% Ton kreuzen , was wahrscheinlich 
einen strukturellen Ubergang vom Sol zum Gel widerspiegelt. 1m Gelbereich leiteten nur die Na-Gegen
ionen, wobei die Verringerung der Leitfahigkeit mit der Konzentration auf einen kleineren Anteil dieser 
lORen in den Gouy-Schichten und/oder auf eine Abnahme ihrer Beweglichkeit zuriickgeht. 1m Sol bereich 
entwickelte sich eine zusatzliche, Konzentrations-abhangige Leitfahigkeit aus der elektrophoretischen 
Bewegung von Aggregaten von Tonteilchen, die mit der Verdilnnung allmahlich zusammenbrach . Die bei
den sauren Tone zeigten nichtlineare Leitfahigkeitskonzentrationsabhangigkeiten, was auf das Dissozia
tionsgleichgewicht einer schwachen Saure hinweist; die pK. -Werte von 6,37 bis 6,561iegen nahe bei den 
Werten , die unabhangig davon aus Titrationen mit Alkalien erhalten wurden. Eine starker saure Spezies, 
die bei der Titration gefunden wurde, wurde bei der Leitfahigkeit nicht beobachtet. Das MOH. +/MOHI 
MO--Modell fUr die Arten der Tonoberfiache und die vorhergesagten Konzentrationen fUr jede Spezies 
(siehe vorhergehende Publikation) stimmen mit den beobachteten Leitfahigkeiten ilberein . Die MOH2 +
Spezies iiberbriickten wahrscheinlich die Kanten und Flachen der Tonteilchen derart , daB die Wasser
stoffatome strukturell gleichartig wurden sich aber trotzdem beim Zusatz von Alkalien unterschiedlich 
verhielten. [U.W.) 
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Resume-On a examine les conductivites de formes echangees aux ions Na et H de rebuts d'argiles kao
linitiques d'operations de lavage de sable, formes purifiees et aussi formes trouvees naturellement en tant 
que complexes avec de la matiere de sol organique. Les deux argiles-Na ont montrt! des caracteristiques 
de conductivite-concentration lineaires, chacune ayant deux regions avec des inclinaisons differentes, ay
ant une intersection a 3,3% par poids d'argile, ce qui reflete probablement un changement structural de sol 
a gel. Dans la region de gel, seuls les contre-ions Na etaient conductifs, la reduction de la conductivite 
proportionelle a l'augmentation de la concentration etant due a la moindre proportions de ces ions dans la 
couche Gouy, et/ou a une diminution de leurs mobilites . Dans Ie sol, une conductivite additionelle, de
pendante de la concentration, est survenue de la motion electrophoretique de grappes de particules d'argile, 
qui s'effondrent progressivement a la dilution . Les deux argiles acides ont montre des caracteristiques de 
conductivite-concentration courbees compatibles a un equilibre de dissociation d'acide faible ; les valeurs 
pKa de 6,37 a 6,56 sont proches de celles determinees de maniere independante de titration d'alkalins. Une 
espece d'acide plus fort detectee dans les titrations n'a pas ete trouvee dans la conductivite. Le modele 
MOH2 +/MOH/MO- de I'espece de la surface de l'argile et une serie des concentrations predites de chaque 
espece (voir article precedent) sont compatibles aux conductivites observees. L'espece MOH2 + a proba
blement traverse les bords et les faces des particules d'argiles de sorte que les atomes H etaient identiques, 
mais devenaient differents quand un alkalin etait ajoute. [D.l .] 
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