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THE ELECTRIC CHARGE ON
SOIL PARTICLFS

By R. K. ScEoFIELD

Experimenting both in his laboratory and in his garden near
Moscow in 1808, Reuss found that water in coutact with soil carries
a positive electric charge in consequence of which it is transPorted
towards a cathode. In this way he discovered the Phenomenon
now known as electro-osmosis. Nearly half a century later,
Thompson and Way discovered the phenomenon of base exchange
in soil, For many years these two phenomena were separately
investigated: the first by physicists, and the second by chemists.
The anificial division Lietween these investigations retarded pro-
gress, and the realisation that both phenomeua have the same root
iause is a comparatively recent development. One object of the
physicochemical studies conducted ia the Physics DePartment has
Leen to establish the nature of the electric separation in soil. For
while electro-osmosis and base exchange provide the clearest
evidence for electric separation it influences both the physical and
the -chemical behaviour of soil in other ways.

The fact that clay soils shrink when tlried, and swell again when
rewetted, leads to the conclusion that the particles are not in solid
contact but are separated by water fllms. It is now clear that the
exchangeable cations play a dominant part in maintaining these
water films and regulatlhg their thickness. In this phenomenon the
chemical nature oi the exchangeable ions proloundly infuences the
physical effects they produce.- 'In 

connection with the availability of exchangeable cations as
pLant nutrients the fact that they are held by electrostatic attraction
to negatively charged soil particles is of great signi-ficance, and it is
not surprisbg that investigations with a purely chemical outlook,
which take no account of the powerful electric fields close to soil
particles, have achieved only a limited success.- It has become increasingly clear that as far as possible all the
conseouences of electric seDaration must be considered in relation to
one ariother, and that the;rtificial disthction between physics and
chemistry must be completely broken down. The undertaking is
formida5le, and much gioundwork is needed before results can be
obtained that bear direCtly on the very complex conditions actually
existing in field soil.

}IEASUREMENT oF TEE ELEcrRrc cEAncES oN soIL PARTICLES

Ionic exchange provides the only reliable method for measgring
the net electric charge carried by a particular sample of soit. Since
the charge depends to some extent upon the nature and concentra-
tions of ihe ions in the solution surrounding the soil particles these
must be controUed or determined at the same time. Hitherto most
methods used for determining exchangeable cations have been
desigaed for the routine examination of large numbers of soil
samples, and have been considered satisfactory so long as they were
reasonably rapid and furnished reproducible results. For Precise
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measiurement oI net charge no existing method was found to be
eDtirely satis{actory. Cootrol of aluminium ions has been the
main problem.

A technique has now been worked out which efiectively prevents
disturbance from aluminium ions from pH 2.5 to pH 8 (1). The
belief generally held that clays lose their negative charge when in
contact with solutions of low pH is ill-founded. The methods
usually employed fail to detect the presence of exchangeable
aluminium. When sufficient washings are giyen to remove the
exchangeable aluminium it is Iound that the negative charge falls
ofi much less with fall in pH than earlier work had indicated. For
example, a sample oI Rothamsted subsoil clay, which has a net
negative charge oI7 milliequivalents per 100 g. when in equilibrium
with a N/5 ammonium chloride solution at pH 7, has a net negative
charge of 22 milliequivalents when the pH of the solution is reduced
to 2.5.

By simultaneously measuring the retention of ammonium and
chloride ions it has been found that only ammonium ions are
concentrated close to the surfaces of the clay particles in the
solution at pH 7. Chloride ions are actually repelled from the
surfaces, which indicates that all the electric charges on the clay
particles are of negative sign. In the solution of pH 2.5, however,
cNoride ions are slightty attracted. Compared with the condition
at pH 7 about 2 milliequivalents of chloride ions are attracted to the
surfaces of the particles. It thus appears that the 22 milliequivalents
of flrl negative charge is made up of 24 milliequivalents of negative
and 2 mitliequivalents of positive charge.

An independent test fully supports this conclusion- It has been
found that if the clay is repeatedly washed with acid ammonium
oxalate in sunlight a photo-chemical action occuts resulting in the
solution of iron and aluminium amounting to about 7 per cent. of
the original weight. The residue is nearly white, and has a charge
at pH 2.5 oI close on 24 milliequivalents computed on the original
weight. There can be no doubt that the positive charges preseut
on the original clay when in the solution of pH 2.5 nere on the
hy'drous oxides of iron and aluminium (which the oxalate washing
removed), leaving the negative charges canied on the clay mineral
proper. It r-as also observed that the residue repels chloride ions
in the solution oI pH 2.5, thus confirming that only negatiye
charges are present,

These and parallel results \dth several other clays compel us to
abandon the view hitherto widely held that between pH 3 aod pH 7
clays greatly increase their negative charge by dissociation of
hydrogen ions. No clay mineral so far examined has been observed
to dissociate any hydrogen ions between pH 2.5 and pH 5 in N/5
amrnonium chloride solutions. From pH 5 aad pH 6 dissociation
is just detectable, and it becomes progressively greater to pH 8-
the limit of the present measurements.

The crystallographic study of the clay minerals has led to the
view that isomorphous replacement should give rise to negative
charges that are permanent in the sense that they cannot be
increased and decreased reversibly by altering the pH, but can oaly
be changed by processes that disturb the atomic arrangement
within the crystals. Below pH 2.5 the charge diminishes but is aot
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restored aga.iD on raising the pH. There is other evidence that the
clay mineral has sufiered destructive attack.

It is entirely reasonable to suppose that the constant charee
found between pH 2.5 and pH 5 irtie "permanent" charge due io
som_orphous replacement. It would be very desirable to check this
conclusion by direct chemical analyses, brit until the process for
freeing clay minerals from contamination has been further refined
this caunot be done.

It is also reasonable to attribute the Drosressive rise in the
uegative charge above pH 6 mainly to the diss&iation of hydrions
from hydroxylg attached to silicon atoms. Such hydroxyl"groups
occur round the edges of the silicon-oxysen sheeis of-th6 c6v
minerals and on the free silica. There is fome evidence that thi
iron oxide removed by acid ammonium oxalate, besides carrying
positive charges at low pH, mav carry a few nesative chare"s a5o.,E
pH 7; but this matter r-equires-furttrir stuay. -

Necarrvs ADSoRprroN AND suRrACE aREAs

Parallel with measurements of the etectric charses on soil and
clay, investigations have been made to elucidate thE wav in which
electric separation influences soil properties. Mention h-as atreadv
been made of the repulsion exerted by the negative cbarges on th'e
soil particles upon the free negative ions in ihe soil solu"tion. Bv
ex-tending- Gouy's theory of the diffuse electric double layer ttie
relationship

f-q4
,t : 

$-p"-@T
has been obta.ined (2). Here ,iF_ is the "negative adsorDtion', of the
repelled ion, z is the normality of the soluti6n and ./.-/tt'is a distance
that mnveniently expresses 

-the 
extent of the rep-ulsion. a is a

factor depending on the valency ratio, v is the valencv'of the
repglled ion, p is a constant dCpending on the temperaiure and
dielectric constant of the solvent-, and 7 is the electiic charge on
the. surfacc expressed in milliequivalents per square centi;etre
This simple equation is valid so iong as f is largi enough for the
first term to be several times the sec6nd, otberwG a mori complex
expression must be used.

This equation was frrst applied to existins data of Mattson for
the negative adsorption of-fhe chloride, nitrate, sulphate, and
ferrocyanide ions by sodium bentonite. Dividing thi nesative
adsorption per l0O t. of bentonite by the normalitiy, aad pl6tting
this quotient against 4 \/W the points fall very well on i sineli
strakht line from the slope of which an area of iIrO square meties
per gram is obfained. From crystallographic data ri,e find thatptre montmorillonite completety dispirse'd into its constituent
sheets would expose an arei of ti00 m.z per sram. Measurements
of negative_ adsorption were, therefore,'maf,e using a very frne
fraction of.bentonite separated with the aid of the sr.ipercentifruge
As it is difrcult to handle this material except in a flocculaiid
state, calcium chloride was used. Eyen so, thjmaterial could not
b€ conce[trated by centrifuging to more than 2 per ceut. compard
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with l0 per cent. used by Mattson. The measurement of negative
adsorption in these circumstances requires high precision ir the
ctrloride determinations, and it was ionsidere-d verv satisfactorv
that none of the points deviated from a line for 800-m.2 oer er-am
by more t"han the possible experimental error.

Measurements were also made of negative adsomtion bv iute (3)
in solutions of tithium, sodium, potasiium and calcium inio.iai"l
Wil! Jht material a small negative adsorption was found even in
N/20 hydrochJoric acid, in whilh case there would be scarcelv anv
negatively charged carboxyl groups. It appears that about il pe;
caut. oI x,ater is taken up by the solid matter, the ct oride i6ns
being too large to be admitted. In neutral solutions a larse
additional negative adsorption is found which clearlv must be die
to the repulsive action of the negative cbarses resultins from the
diyTiation of hy&ions from thJcarboxyl froups.

Values rangrng from 6 to 22 miliedui;alefts per 100 g., by
means of cation exchange, were obtained for the carboxvl odnten"t
of difierent samples of jute. It was found that the neeative
adsorption observed in the sample of lowest carboxvl cjntent
scarcely difiered from the amount ca.lculated bv the use oi Dorrn"rr,,
equation for the membrane equilibrium. -Examination of the
ttreory sho_wed that this result isto be expected when the surface
density of charge is low in relation to tie distauces separati[g
opposing surfaces.

The sample with the $eatest carboxyl content gave values
considerably below the value given bv the bonnan eou"ation- The
results obtailed for solutions ibove N/20 indicated thit itr this iute
the charges were spread over an area bf 160 m.z per eram. ThL is
rouglrly a thousand times the extemal area of ti\e frbres. At the
same time an extrapolation of the values obtained in more dilute
solutions shows that, in tbe limit, the chloride ions are comoletelv
expelled from 70 c.c. per 100 e. of iute. This is evidentiv th!
volume of intemal pa-ssages within the-jute 6bres. The area 6f the
walls of the passages being 160 m.2, it fo[ows that the averase
widt! of the passages is of ihe order of IOO Angstrom units.

Thus, by applyrng physical reasoning to cheriical measurements,
a new way-has been opened up for-the exploration of minute
structures which are not regular enough to be investieated bv X-rav
difir-actiou, and could not be preserved in the bigh vac-uum 

"oi 
ditior,i

needed for exa.mination by the electron microiope. It can ontv be
app-lied when the surface area is very large anil when it carri-es a
sufficient density of electric charge, but evin with these Iimitations
it should have a wi(e xope.

Fu,u nucrxrss
The same basic theory that yietded the eouation for negative

adsorption has been used to obtiin the equation (4)

vrl 4

\/6 vPI

for the thickness, X, of the water fikn on a surface ciurvins a
surface charge .l balanced by exchangeable ions of valdncv" v.
which have a concentration c, at the outer surface of tle il-.
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fb9 th*ry sbows that for equilibrium b€tween the film and rater
in bulk there must be a pressure di.Eerence given by the Van t,Hoff
equatlon

ps: RTcj.
D-..y"gq"- and Kussakov's determinations by. optical interference
of the thickness of water films between hy&rigen bubbles and
surfaces of mica and glass are in excelleni asriement with the
relationship to be expected between X and rr. Yfhere 

is no adiust-
able.constant_ in the theory so the test is a searching onu. 'The
results of their experimenti with solutions of sodium "ctrloride 

are
not tn saftstactory agreement with the theorv. This is puzzline
since over the same range of concentration the &uation for iresativE
adsorption s€€ms to be entirely reliable. New ootical measureirents
are being carried out with the help of Prof. L'. C. Martin.

The t-heory indicates that 1o is the repulsive pressure between
[o pT-allel opposing s.rrfaces separated by a watei film of thickness2X. $le have here a basic concipt upon which to build the theorv
of swelling and shrinking of clav. Bv itself the conceot is tci
simple because it does nol explain- floccirlation. ln its sirirple form
rt may, however, b€ expected to give a fairlv sood accou;t of the
swelling of bentonite containing oily monovale"nt cations.

IoNIc EgurLrBRrA

When a dilute solution is in eouilibrium with a soil havine
sufrciently high density of surface chiree, theorv leads us to exoeci
that the following "ratio law" will be ofuyed (5i:-

When cations in a dilute solution are in equilibrium with a
larger number of exchangeable cations, a chinge in the con-
centration oI the solution will not disturb the eoiilibrium iI the
concentrations of all the monovalent cations ard chansed in one
ratio, those of all the divalent cations in the square of ihat ratio,
and those of all the trivalent cations in the cu:be of that ratio.
This ratio law has been tested for a number of ion combinations.

Using.soil from Park Grass Plot 7, that has received dressings of
Iptassiu4 and magnesium salts, a solution containing the chlo-rides
of potassium, magnesium and calcium at a total co-ncentration of
N/100 was found, by trial, that would percolate unchaneed throush
the soil. Another solution containin! half the concirtration "of
potassium and one quarter the conce;trations of masnesium and
calcium was then made up, and it was verffied that ihis solution
also would.percolat_e unchanged through the same soil sample. The
concentrations in these experiments were measured spectrographic-
all-y. in .the Chemistry Department. In the maj6rity ;f ;oib,
calcium is the most abundant ion in t}re soil solution.- These exoeri-
m€nts and the theory they support indicate that the potash ,,staius,,
of flle soil should be judged by the ratio of the potassium ion concen-
tration to the square root of tJre calcium ioo concentration in a
solution in equilibrium with it.

. A further support to the "ratio law" was obtaired in experiments
with soil {rom Plot 9 (unlimed), which has become very i"id 

"ft".repeated- application of ammonium sulphate. It was "found that
appreciable concentrations of aluminiuin ions and hvdroeen ions
must be present in the solutions in equilibrium witU tils soit.

https://creativecommons.org/licenses/by/4.0/


This work is licensed under a Creative Commons Attribution 4.0 International License.

https://doi.org/10.23637/ERADOC-1-89 pp 7

100

Moreover, the aluminium behaved in the way exp€cted of a trivalent
ion, while the hyilrogen behaved as a monovalent ion.

The behaviour of hydrogen ions has been the subiect of special
study. Experiments with soil from the unmanured Plot 3 (unlimd)
show a nearly constant ratio of hydrogen ion concentradon to the
square root, the calciun ion concentrations ranging hom 40 milli-
normal to 0'l millinormal. In the course of these experiments
s€veral factors that disturb pH measurements on soil and similar
materials have been recognised and brought under control.

When a suftcient degree of control can be secured it will be
possible to determine the ionc.entration at whicb the ratio law begins
to fail. This should be higher the higher the density of electric
cbarges on the soil. We already have general evidence to suPPort
this expectation, but more work is needed to establish the matter
beyoud doubt.

CoNCLUsIoN

The presence of electric charges on soil particles could be
inferred flom the early observations mentioned at the beginaing of
this review. Yet it was only through the work recently carried out
in this laboratory that the net amount of charge on soil particles
has been measured with reasonable precision over an extended
range oI pH. The study of the efiects produced by these charges
has been facilitated by an extension of Gouy's thmry which has
been checked experimentally in several ways. In this way a
number of new lines o{ investigation have been opened up.
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