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1. I N T R O D U C T I O N
1.1. THE PROBLEMS OF INUNDATED SOILS AND THEIR INVESTIGATION BEFORE 1939

Ever since man occupied the low-lying areas in the Netherlands disasters caused
by stormfloods have occurred. Such floods did not only inflict losses on people, cattle
and property, but they also made the soil unsuitable for agriculture for many years.
So the 13th-century chronicle of Bloemhof Abbey records that the floods of 1221
and 1249 were followed by years of failing crops, poverty and famine (KRONIEKEN
van de Abdij Bloemhof). In the 16th century ANDRIES VIERLINGH, who wrote an
excellent treatise on the art of embanking, described how after an inundation of the
polder Nieuw Gastel in 1552 the soil remained barren for 8 or 9 years.
But the first elaborate descriptions of the behaviour of soils flooded with sea water
and thefirstrecommendations for their treatment weregiven about 1800bythe farmer
H E N D R I K PONSE (1808, 1825). Although he did not yet make a clear-cut distinction
between the direct harm to the crops caused by the salinity and the indirect damags
caused by unfavourable soil structure, he gave excellent descriptions of both phenomena. Moreover he gave sound advice for the management of these soils, based upon
his own experiences gathered after the stormflood of 1775.In his publications PONSE
emphatically warned against deep tillage and emphasized the importance of shallow
ploughing and especially of all measures that make soil tillage unnecessary, such as
growing grass or clover.for a couple of years.
During the second half of the 19th and the beginning of the 20th century an,
extensive Dutch literature on these subjects originated, stimulated by several floods
(especially those of 1877, 1906 and 1916) and since 1927 also by the reclamationworksin theZuiderzee area. As thisliterature has already beenreviewed by SEVENSTER
(1937), RUSSCHEN (1945), ROWAAN (1951) and HISSINK (1954), only its main features
will be mentioned here.
From these investigations it soon became clear that two factors are responsible
for the bad results obtained on soils which have been flooded by sea water (VAN
BEMMELEN, 1872). The first of these is the high concentration of soluble salts in the
soil moisture which directly hampers crop growth. But soon it became known that
in the moist Dutch climate - with a mean annual precipitation of about 700 mm most of these salts are washed out from well-drained soilsin one or at most two years
(REINDERS, 1876; SWAVING, 1899; HISSINK, 1907 b; SMEDING, 1921; ZUUR, 1938).
So the excessive salinity could not be the cause of the long-lasting ill effects of an
inundation.
The second harmful factor - the collapse of soil structure - is especially operative
after the bulk of the soluble salts has been removed from the topsoil. This bad
structure may persist for 8 years or even more.
As we know now this deterioration of soil structure is due to a deflocculated state
of the soil colloids caused by the large amounts of exchangeable Na present. This
deflocculation begins as soon as the concentration of the soil solution has fallen
below a certain limit.

Ion exchange in soils was discovered as early as about 1850 (THOMSON, 1850;
1850; DEUEL & HOSTETTLER, 1950) and soon afterwards these investigations
became known in Holland K But although REINDERS had observed in 1876 that ion
exchange occurred in soils which were brought into contact with seawater,itwas not
before the 20th century that its importance for the behaviour of inundated soils was
clearly understood. Moreover colloid chemistry was at first not sufficiently developed
to be of much use for the explanation of the facts observed: it was not before the
20th century that the rules of SCHULZE (1882) and HARDY (1900) for the flocculation
and deflocculation of hydrophobic colloids became generally known.
Therefore the first investigations on the structure of flooded soils had to be
entirely empirical. Observations were made in the field and also the farmers' experiences were recorded (VAN BEMMELEN, 1872; MAYER, 1879a; DIRECTIE VAN DEN
LANDBOUW, 1916; SMEDING, 1921). These observations nearly all confirmed PONSE'S
opinions, though of course they enlarged the knowledge considerably. So- among
other things - it was observed that on old meadows, even if they are broken up after
the inundation, a good soil structure is maintained.
Meanwhile MAYER observed during laboratory tests that after percolation of a
column of clay soil with a NaCl solution the permeability of the soil fell almost to
zero when the salt solution was followed by pure water (MAYER, 1879 b). On the
other hand this large decline of permeability for water did not occur after the soil
had been percolated with lime water instead of NaCl. These results were later explained by EHRENBERG (1909) from the rules of flocculation and deflocculation of
colloids, as formulated by HARDY (1900).
Quite unaware of the work of MAYER and EHRENBERG, HISSINK (1907a), after the
stormflood of 1906, started a series of experiments which closely resembled those of
MAYER. HISSINK percolated columns of clay soil with different salt solutions, which
were followed by distilled water. His results were substantially the same as MAYER'S:
after NaCl the permeability for water fell almost to zero, whereas after CaCl 2 it
remained on a fair level. The experiments of MAYER and HISSINK confirmed the observation that in many cases a breakdown of structure did not occur before the second
year after the inundation, when the soluble salts had been largely removed from the
WAY,

topsoil (MAYER, 1879 a).

The inundations of 1916 renewed HISSINK'S interests in the problem and among
other things he analysed the soils flooded in 1906 on their contents of exchangeable
cations. From these analyses it appeared that these soils- especially those with a
poor structure - still contained considerable amounts of exchangeable sodium which
brought about a deflocculated state of the soil colloids (HISSINK, 1918).
The soils in question had a high natural content of calcium carbonate, but obviously this calcium compound could not bring about a rapid replacement of exchangeable sodium by calcium. This conclusion was confirmed by earlier observations that
the ordinary forms of lime dressing such as calcium carbonate or hydroxide - of
1
According to WIKLANDER (1946) ion exchange in soils being in touch with sea water was first
mentioned by the Danish investigator FORCHHAMMER in 1850.

which the latter quickly passes into the carbonate - did not improve the structure
of flooded soils. So HISSINK concluded that a more soluble calcium compound - e.g.
gypsum- hadtobeused. This hetried in 1918onanexperimental field inthepolder
Anna Paulowna, which had been flooded twoyears earlier. In this field experiment
calcium carbonate and hydroxide did not give any improvement, whereas the plots
which had received gypsum werecharacterized byabetter structure (HISSINK, 1922 a).
Nevertheless different circumstances - not least the high price of gypsum shortly
after World WarI- prevented itsuseon a large scale.
The results of HISSINK'S field experiments were in accordance with an earlier
observation made by MAYER (1879a)that in calcareous flooded soils sulphuric acid
isabletoincrease crop yieldsin thesecondyear after an inundation. MAYER, however,
failed torecognize theconnection ofthis observation with hislaboratory experiments
(MAYER, 1879 b).

After HISSINK'S observations only oneproblem remained unsolved, viz.the fact
that newly reclaimed Dutch saline soils seldom show adecline ofsoil structure. These
soils are either consisting of bare or almost bare mud (slik soils) or of saline outmarshes already overgrown with a vegetation of halophytes (schor soils). The slik
soils are in an almost completely reduced state at the moment of their drainage.
HISSINK (1924) recognized that after drainage of such soils oxidation of ferrous
sulphides, rendering sulphuric acid, will ultimately produce gypsum by subsequent
reaction with calcium carbonate. Remarkably enough theimportance ofthis process
for soil structure wasnot clearly understood before 1936(ZUUR & BARKER, 1936;
ZUUR, 1952).

In the schor soils, which are embanked from marine outmarshes the topsoil is
usually already oxidized. Consequently itscontent ofreadily oxidizable sulphides is
usually much lower than in the slik soils (c.f. HARMSEN, 1954). Therefore further
oxidation can only result in the formation of small amounts of gypsum, which are
insufficient tosecure agood soil structure. That alsointhese schor soils a breakdown
of soil structure seldom occurs must be attributed to the preserving action of the
remnants of the vegetation, present atthemoment of embanking. Just asin flooded
old meadow soils, the organic matter of these remnants will protect soil structure
even after thesoilisbroken up. Breakdown ofsoil structure mayoccur insuch newly
embanked schor soils only if layers less rich in plant residues and organic material
are brought tothesurface bytoodeep tillage. Thedanger involved in deep tillage of
these soils was already known to VIERLINGH.
Whilst these facts became known in Holland, investigations abroad - especially
concerning alkali soils in Hungary, Russia and in U.S.A.- led to similar results
(HILGARD, 1906; 'SIGMOND, 1927; GEDROIZ, 1929; 'SIGMOND & ARANY, 1929; KELLEY,

1933, 1951).Also onthese soils application ofgypsum orother substances which turn
into gypsum inthesoil metwith good results; in Hungary gypsum hadbeen tried as
early as 1893 ('SIGMOND, 1927) andin U.S.A. itsbeneficial effects were described by
HILGARD (1906).

In Great-Britain anelaborate description ofthe agricultural behaviour of flooded

soils was published in 1899 (DYMOND & HUGHES, 1899)and after an inundation near
the Humber estuary in 1921 further studies were made by PAGE & WILLIAMS (1926).
Though the results of these British investigations were generally in accordance with
the Dutch, there were some remarkable differences; thus DYMOND & HUGHES recorded that the best results were obtained after fallowing and repeated ploughing,
whereas all Dutch authors stress the necessity of reducing tillage to the utmost.
Further the experiments of PAGE & WILLIAMS with gypsum on a heavy clay soil were
not successful, though this might have been due to the relatively small amounts used
in their trial.
In the past 30 years also the analytical methods for the determination of exchangeable cations were greatly improved. At first such determinations were only
possible in soils which did not contain appreciable amounts of either calcium carbonate, gypsum or soluble salts. But in 1920 HISSINK published a method for taking
account of the presence of calcium carbonate, which was later simplified by TIURIN
(HISSINK, 1920, 1922b; TIURIN, 1927; JARUSSOV, 1933). The presence of soluble salts
remained a problem until ZUUR (1938) developed a method for taking them into
account by putting the soil under high pressure and analysing the expressed fluid
obtained for cations and for CI. It was assumed that the ratios of these cations to CI
found in the expressed fluid are the same as those in the entire soil solution. By
determining the total amount of CI ions present in the soil the amounts of cations
in the soil solution could be calculated and accounted for.
Thus by 1939 the following knowledge had been gained:
I. Soil salinity is one of the causes of the bad agricultural results on soils flooded
with sea water, but on well-drained Dutch soils its effects are limited to one or
at most two years after the inundation.
II. Bad soil structure, mainly occurring after most of the soluble salts had been
washed out, may hamper agriculture for several years. It originates from a high
percentage of sodium among the exchangeable cations of the soil, which causes
, a deflocculated state of the soil colloids. Calcium carbonate, generally present
in Dutch polder soils, cannot bring about a quick replacement of this sodium by
calcium. On former meadows, however, a good soilstructure ismaintained, even
if they are broken up after the inundation.
III. Application of more soluble calcium compounds - e.g. gypsum - may improve
soil conditions. However, the amounts to be given and the best ways of application were still unknown.
r

IV. Newly embanked Dutch saline soils, though also containing much exchangeable
sodium, do not suffer from a decline of structure. In the slik soils consisting of
bare mud, oxidation of ferrous sulphides in the presence of calcium carbonate
leads to a large production of gypsum which causes a rapid exchange of sodium
against calcium. On newly embanked schor soils, where this proces is less im-

portant, soilstructureispreserved bythelargeamounts oforganicmatteroriginating from the outmarsh vegetation.
V. Analytical methods were so far developed that alsoin soilscontainingcalcium
carbonate, gypsum and solublesaltsthe amounts ofexchangeablecationscould
bereliably estimated.
1.2. THE INUNDATIONS DURING THE PERIOD 1939-1953 AND THEIR INVESTIGATION
DuringWorldWarIIandagainin 1953 largeareasintheS.W.oftheNetherlands
were inundated with salt or brackish water. After the war their reconstruction was
one of the major problems of Dutch agriculture.
In the period mentioned the following inundations occurred in the S.W. of the country:
1. The inundation of nearly 3000 ha with salt water by the Dutch army in 1939and early 1940.
These areas fell dry again in the early summer of 1940.After these floodings, gypsum supplied
by the government was used for the first time on a large scale (RAPPORT, 1945; VAN VLIET,
1945).
2. The flooding of a part of the polder Wilhelmina (530 ha) with salt water after a so-called
"dijkval" ' in 1943. After a few days the greater part of this polder could be protected by an
emergency dike, but the remainder was flooded for about four months.
3. The inundation of about 50,000 ha with salt or brackish water by the German army in spring
1944. This area was divided by the front line during the winter 1944-1945. South of this line
the flooded polders were made dry again in autumn 1944,whereas in the North they remained
inundated till early summer 1945 (WESTERHOF, 1947).
4. The flooding of the island of Walcheren (14,500 ha) after an Allied bombardment of itsdikes.
The greater part of the island was reclaimed in autumn 1945,though a smallpart remained
flooded till spring 1946 (WESTERHOF, 1947).
5. The flooding of the small polder "Oost-Beveland" (90 ha) with salt water after a "dijkval"
in 1945. For about 16 months this polder was flooded at each high tide and ran dry again
at low tide.
6. Thefloodingofabout 107,000ha bysalt and brackish water during thestormflood of February
1st, 1953.Most of the areas involved were drained within a period varying between a few days
and two months, though some parts, totalling about 12,500 ha were not re-embanked before
late summer or even autumn 1953.

Ageneralreviewoftheareasinvolved intheseinundationsisgiveninfig.1.
All these inundations were followed by a study of the flooded soils, especially
regarding their salinity, the changes in their exchangeablecations,the deterioration
of their structure, their agricultural behaviour and the effects of gypsum. The areas
floodedin 1939/40 and 1943were investigated by the "Directie van de Wieringermeer",agovernmentservicewiththetaskofcarryingouttheagriculturalreclamation
of the newlygained poldersin the Zuiderzee area (RAPPORT, 1945; VOORDRACHTEN,
1946). During this work its research department had gained much experience with
salinesoils.
1

Some estuaries in the S.W. of the Netherlands locally possess steep banks, which are attacked
by tidal currents. At low tide such a slope may become unstable so that a landslide occurs. Often
a part of a polder dike is also lost ("dijkval"), after which the polder concerned is flooded at the
next high tide.

Flooded with saltwater
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2. Flooded after a "dijkval" in
1943
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B. 1944-1946
3. Flooded by the German army
4. Flooded by Allied bombardment of dikes in 1944
5. Flooded after a "dijkval" in
1945

Ci-,/")
C. 1953
6. Flooded during the stormflood
of Febr. 1st., 1953

FIG. 1. Areas flooded in the S.W. of the Netherlands during the period 1939-1953

After thewarsuchextensiveproblems had to besolvedthat aspecialgovernment
service, the "Rijksdienst voor Landbouwherstel" was created, charged with the task
of restoring Dutch agriculture, including the repair of the flooded areas. Though
"Landbouwherstel" itself only carried out part of the investigations, it acted also
as a sponsor and co-ordinator for other research institutes and for the regional
advisory services ("Rijkslandbouwconsulentschappen").
By combined effort an extensive research programme was set up, which started
immediately after the war. As part of this programme a number of trial fields were
laid outonwhichobservationsweremadeonexchangeablecations,soilstructure and
crop response. After thefloodingsof 1953a similar programme wasstarted, though
on a somewhat smaller scale.
The experimental fields laid out in 1945/46 belonged to 4 different types, viz.:
1. G.T.-fields on which different amounts of gypsum were compared, usually in the ratio
0 : 1 : 2 : 3.Most of thesefieldsweresingleones, but someof them werelaid out in duplicate.
On non-calcareous soils gypsum was sometimes combined with lime.
2. A.G.-fields, on which gypsum was applied at different times. On these fields four different
amountsofgypsum(0,3,6,12tons/ha)weregivenonfour different occasions(e.g.autumn 1945,
spring 1946, spring 1947 and spring 1948). These A.G.-fields were usually laid out with five
replications.
3. S.M.-fields, on which different agents, usually in varying quantities, were compared (gypsum,
sulphur, calcium chloride, hydroxide and carbonate, and sometimes other chemicals as well).
4. G.V.-fields, on which the effects of grass, lucerne and red clover, either with or without
gypsum, were tested.
These experimental fields were laid out in autumn 1945 and spring 1946 by the regional
advisory services in co-operation with the farmers. Except for the G.V.-series they shared in the
crop rotation and the management of thefieldon which they weresituated, though of course they
were harvested separately. The observations were continued until the differences between the
treatments had disappeared or until the farmer, tired of the bad spots in his field caused by the
controls, refused further co-operation.

Somediagrams ofsuchexperimentalfieldsarerepresented infig.2.Table 1gives
areviewofthenumbersoftrialfieldsinvestigatedforexchangeablesodiumin different
years.
>
TABLE 1. Numbers of experimental fields (series 1945/46) investigated for exchangeable sodium.
Year

G.T.-fields

1945
1946
1947
1948
1949
1950
1951
1952
1953
1954

14
40
28
21
13
7
6
5
—
3

A.G.-fields

14
15
11
8
4
2
1
1
—
~—

S.M.-fields

_
6
8
5
7
4
1
3
—
1

G.V.-fields

7
8
3
1
1
—
—
—
¥—

season of application

limet/ha
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In additiontotheseinvestigationsasmallnumberoffixedsamplingspotssituated
in ordinaryfieldswereperiodically examined for exchangeable cations.
This large programme involved numerous analyses, which were all carried out
inthelaboratoryofthe"DirectieWieringermeer"atKampen.Theanalyticalmethods
for determining the exchangeable cations in these saline, generally calcareous and
often gypsum-containing soils were greatly improved by DOMINGO. SOthe laborious
"expressed fluid" method mentioned in section 1.1.wasreplaced bywashing out the
soluble salts with alcohol. The tedious chemical determinations of Na and K were
avoided by using a flame-photometer and recently complexometric titrations for
Mg and Ca were substituted for the classical chemical procedures. All these new
methodsyielded thesameresultsastheoldones,but generallytheexperimental error
wasreduced and muchlabour saved. More detailedinformation about the analytical
methodsusedisgivenintheAppendix.In table2areviewisgiven ofthenumbersof
samples analysed after the different inundation-periods.
TABLE 2. Numbers of samples analysed for exchangeable cations after the inundations of 1939/
1940, 1943 and 1944/1945.
Exchangeable Na only
Inundation period

1939/1940
1943
1944/1945

"Expressed
fluid" method

Alcohol method

83
19•

4394'

Exchangeable Na, K, Mg and Ca
"Expressed
fluid" method
57
46 •
46*

Alcohol method

45 »
589'

1

For comparison 45 samples were analysed by both methods.
' For comparison 16samples were analysed by both methods.
* For comparison 46 samples were analysed by both methods.

For thegreaterparttheanalysesmentioned intable2werecompleted bydeterminationsofsoiltexture,salinityandpH.Inaddition totheseanalysesthesoilstructure
on different objects of the trial fields was visually observed and described. Finally
the crop response to different treatments wasinvestigated, i.a. by determinations of
cropyields.
1.3. SCOPE OFTHIS TREATISE

In this treatise only the results of the investigations on exchangeable cations in
flooded soilswillbe discussed. This discussion willbe mainly limited to the analyses
made after the inundations of 1944/45, though sometimes older results (from the
inundations of 1939/40and 1943)orrecentexperiences gathered after the stormflood
of 1953 will be taken into consideration. Some reference will be made to similar
investigations on soils in the newly drained Zuiderzee polders.
The results of the investigations on the salinity of thefloodedsoils and on crop
response to salinity have already been published (VERHOEVEN, 1952; VAN DENBERG,
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1950, 1952; DORSMAN &WATTEL, 1951).The results of the observations concerning
soil structure and crop response to this factor are to be published by WESTERHOF.
In this treatise the treatment of the subject-matter is mainly deductive in nature.
Therefore thegeneraltheoreticalprinciplesinvolved inionexchangewillbereviewed
first.Inthefollowingchapter adescriptionwillbegivenofthesoilsintheinvestigated
areas and their main properties, especially with regard to their exchange characteristics. After that the changes brought about byfloodingwith salt or brackish water
and the natural regeneration occurring after drainage willbe described, followed by
a reviewof the waysin which this regeneration may bepromoted bydifferent treatments. In an appendix the analytical methods used willbe shortly described.
Readerswhoareonlyinterested in thepractical aspectsof theproblem may omit
the entire chapter 2 and most of chapter 3 with the exception of the sections 3.1,
3,7 and 3.8.

2. THEORETICAL CONSIDERATIONS
Thephenomena involved inion exchange in soilsmay beconsidered from different
points of view.The first ofthese is the equilibrium between the adsorbed ions and the
ionsinsolution. As however the soilmoisture is moving, the kineticsofion exchange
and the fact that the soil will behave asanion exchange column must also betaken
into account. Recent reviews of the subjects mentioned have been given by W I K LANDER (1946), KELLEY (1948), NACHOD (1949), KUNIN & MYERS(1950), SAMUELSON
(1952), LEDERER &LEDERER (1953), WIKLANDER (1955).
2.1. IONEXCHANGE EQUILIBRIA; ADSORPTION ISOTHERMS

The equilibria between adsorbed ions and ions insolution are often ofa complicated nature. Inthe simple case that only two kinds of ions are involved, their mutual
relations may beexpressed inthe following way: the fraction oftotal adsorbed ions
formed by onetype of ions is plotted against thecorresponding ionic fraction in
solution. The curve thus obtained isknown as an adsorption isotherm; some examples
may befound in figs. 13, 15and17 (section 3.5).
The exchange equilibria, especially ifobtained with complex exchangers like soils,
are so complicated, that no adequate theoretical description of the experimental
evidence isyet available. Among the many attempts made tosolve this problem two
main ways of theoretical approach may be distinguished, one ofwhich is based upon
thermodynamic principles, whereas the other makes useof model considerations.
As however neither isquite satisfactory the exchange phenomena observed inspecial
cases must often bedescribed by more orless empirical equations.
2.11. Thermodynamic^ considerations; the DONNAN equilibrium
From a thermodynamic point ofview thesoil may beassumed tobe equivalent
with a DONNAN system, which inits simplest form consists of two phases, I andII,
separated byamembrane (fig. 3).One of these
M
•
phases contains large ions - e.g. the anions
M : membrane
1
II
R" ; large anion
R~ - which cannot pass through the memATr; pressure difference
brane,
though thelatter is permeable to the
R"
solvent (water) andto an added electrolyte,
Na+
Na +
Alii: potential difference
cr
cr
e.g. NaCl.
H20
H2O
In such asystem anequilibrium issetup,
'
AI|I
'
which
ischaracterized byan unequal distribuFIG. 3. DONNAN equilibrium
tion of the ions of the electrolyte, by an
osmotic pressure difference A ^ and byan electric potential difference A W- By
making two assumptions, viz. that the compressibility of the solution maybe
neglected and that the pressure difference A n isnot too large,the following relation
is obtained for the distribution of a monovalent electrolyte over both phases:
a' + a'_ = a \ a ' _

(2.01)
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in.which a+ and a_ denote the activities of cation and anion respectively, whereas '
and * refer to the phases I and II (DONNAN & GUGGENHEIM, 1932; KLAARENBEEK,
1946).x
Thepressure difference A t may beexpressed by.

A„= „' _ n' = -51inl*£.
"H.O

(2.02)
a H,o

whereas the potential difference A y> appears to be:
RT a' + RT

a'_

in which: R: Gas constant
T: Absolute temperature
v H Q : Partial molal volume of water in the solution
a
Ho>a*Ho ' Activities of water in both phases
F : The Fa'raday

In general, for ions with arbitrary valency z, equation (2.03) may be written as:
RT

a'i

In general more than one electrolyte is present in ion exchange reactions. Thus
in equilibria with sea water the ions Na, K, Mg, Ca, CI and S0 4 are taking part.
The fact that the potential difference A Vhas a constant value for any given system
willlead to the following relation:
a^ra = ajc = l/a*Mg = j/a'ca s=*a
aJ

N
Naa

aa

K
K

a
Mg
' ' a Mg

a
Ca
' 'a Ca

a

=

]/a'so.

a
CI"ci " a 'SO,

=X

(2.05)

in which X is the DONNAN distribution coefficient.
The ionic activities mentioned above in equations (2.01)-(2.05) arerunning more
orlessparalleltotheconcentrations,but differ from thembytheactivitycoefficient f.
Therefore wemay put:
a+ = f+m+ and a_ = f_m_
(2.06)
wheref+,f_ denote the activity coefficients of cation and anion respectively and m+,
m_ their concentrations, expressed as molalities (mols per 1000 g. of solvent).
Hence, equation (2.01) may be written as:
f'+f'_m'+m'_ = fV'-m'+m'_
(2.07)
Bydefinition themeanactivitycoefficient f± ofamonovalentelectrolyteisequalto:
f± = Vfjl

(2.08)

Hence, (2.07) may also bewritten as:
f 2 ' ± m' + m'_ = f2"±m"+m"_
1

cf. KORTUM & BOCKRIS, 1951, II, 368.

(2.09)
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Assuming themean activity coefficients f± tobeequal inboth phases, equation
(2.09) changes into the"classical" form ofthe DONNAN equilibrium:
(2.10)
m+m_ = m +m_
But theassumption thatf'± andf" ± areequal isnotjustified for equilibriain
which colloids take part, sothat equation (2.10) may notbe usedforsuch systems.
From the work of DAVIS(1942)onclay suspensions and of KLAARENBEEK (1946)on
a Na-arabinate solitbecameclearthat especiallyforequilibria withdilute electrolyte
solutionsf'± isconsiderably smaller than F ± .
In thecolloid-free phase IIthemean activity coefficient f*± may be determined,
e.g. byvapour-pressure or freezing-point measurements. Moreover extensive tables
are available for the mean activity coefficients of many electrolytes in aqueous
solution (HARNED &OWEN, 1950; KORTUM &BOCKRIS, 1951;CONWAY, 1952). But
for thephase containing thecolloid,f±isunknown and may only beevaluated from
equation (2.09). Consequently aprediction oftheionicdistribution becomesvirtually
impossible.
Another method ofevaluating the ionic activities inphaseI isthe measurement ofthe potential
difference A Vbetween both phases. Butin fact this potential difference cannot bemeasured by
purely thermodynamic methods, and the reliability of measurements of AVwith the help of
KC1 salt bridges is still uncertain (cf. COLEMAN et al., 1950; PEECH & SCOTT, 1950; PEECH, OLSEN
& B O L T , 1953; BLOKSMA, 1955).

Asthe membrane forms no essentialpart ofa DONNANsystem,the same conclusions may beapplied toanysystem in which onecharged component isnot freely
movable. Consequently, in considering theequilibrium between a layer adjacent to
asoilparticle(phaseI)andthebulkofthe soilsolution(phaseII),thesamereasoning
may be followed (fig.4). In fact a third phase
la
(IA) - e.g.a transition layer - maybe present
between thephases I andII, butas this third
©
©
phasewillbeinequilibriumwithboth, itwill not
disturb their mutual relations.
0
©
Inthederivationofequation (2.01),however,
©
©
itissupposedthattheosmoticpressure difference
between the twophases examined is only small.
©
0
As appears from equation (2.02)this condition
0
©
implies that theactivity of thesolvent in both
phasesisapproximately thesame.This assump©
©
tion is probably notjustified in soils, wherein
adjacent transition bulk ofsoil
thevicinityofthesoilparticlesthewateris known
layer
layer
solution
tobesubjectedtoastrongfieldofforce(EDLEFSEN
FIG. 4. Equilibrium in the vicinity
& ANDERSON, 1943). This force field will subof a soil particle
stantially decrease its activity so that eventhe
validity of the equations (2.01),(2.03),(2.04)and (2.05) may be questioned.
With alltheseuncertainties involved,thedirectutilityofthe DONNANequilibrium
for thecalculation ofionexchangeequilibria insoilsissmall.Neverthelessits formu-
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lae,and especiallyequation (2.05), maybeusedasabasefrom which otherrelations
may be derived byintroducing some more or less plausible assumptions.
2.12. Equationsfor ion exchange derivedfrom theDONNAN equilibrium
In theexchange phenomena occurring infloodedsoils only thecations Na,K,
Mgand Caplayaprominentpart,whereasCIistheleadinganion.Accordingtothe
theory of the DONNAN equilibrium their mutual relations may be described by
equation (2.05),from whichitfollows that:
f

it

it

fn

it

Mg • m

Na • m Na _ * K - m K
f Na • m N a
f K• m K

f

.m

Mg

Mg

\

Ca • m Ca

f,Ca

Mg

m Ca

\ _ f'ci • rn'ci
ci•mci

(2.11)

Hence, after multiplication by ^7 a
1 ci

f

fit

n

it

. I c i - m Na
f Na • f CI • m
Na
N a

fit
l

^.it

pit

f*Mg•f2*ci•ni*Mg

K-1 C l - m K
f ' K . f ' CI ,m.

f"ca-f 2 *Cl-m"ca \

\

m' C i

2

I Mg • I CI • 1Mg

m ci

f Ca • f C1•m'ca

(2.12)
Furthermore, themean activity coefficients f± aredefinedby:
f± = Vf~L fora 1-1electrolyte (e.g.NaCl)
f± =|/ / f + .f 2 _ fora2-1 electrolyte (e.g.CaCl2)

(2.13)

Denotingboth phasesbythesubscriptsIandIIinstead ofby' and* itis found
that fortheNa-K equilibrium:
f 2 ± NaCl • m N a

f 2 ± NaCl • m N a

f2±KCl

p ± KCI

-

m

K

•

m

(2.14)

K

Furthermore, theequilibrium Na-Ca isfound from equations (2.12) and (2.13)
tobe:
ff 2 ±. N a C l
f^iCaCV ^

mNa
m

C

f

2

±NaCl

f3/2
a

mNa

(2.15)

±CaCl,"«

Finally,fortheequilibrium Mg-Ca
1
3

± MgCl, • m M g
m

/ ±CaCl, - Ca

f 3 ± MgCl, • m M g

f3±CaCl, .nica

(2.16)

As thecolloid-free phase TIconsists ofa mixed solution oftwo ormore electrolytes themean
activity coefficients aregenerally notknown. Butthey may befairly accurately estimated, because
the activity coefficient ofa given electrolyte ina mixture, isknown tobeapproximately thesame
asinapure solution ofthe sameelectrolyte possessing thesame ionic strength. This ionic strength
is defined by:
I=i2,z2Imi
(2.17)
in which the summation must be carried outfor all ions present. Except for very concentrated
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solutions the molalities mi may be replaced by the concentrations Ct. Expressing the latter as
milli-equivalents per litre their mutual relation is found to be:
Ci<a 1000zi mi

(2.18)

Hence,
(2.19)
If the mixed solution contains only two electrolytes with a common anion (e.g. NaCl and
CaCl2) the mean activity coefficients of both may be still more accurately estimated from an
equation given by GLUECKAUF (1949 a). For mixed solutions of the chlorides of two cations
possessing the same valency this theory leads to simple equations. Thus, for solutions containing
NaCl + KCl:
ft

'Na

±NaCl
±KC1

'±NaCl

(2.20)

f

. ±KCIJs

and for solutions containing CaCls + MgCla
'Mg

fCa

f3/2

±MgCl,
:

±MgCI,
f3/2 ± CaCl,

± CaCl,

(2.21)

in which the index m refers to mixed solutions and the index s to single salt solutions of the same
ionic strength.
For the chlorides of cations of unequal valency no such simple relationship is obtained. In
that case the original, rather complicated equation has to be used.

On the other hand the activity coefficients in the phase influenced by the colloid
anion (phase I) are unknown, and even their approximate evaluation is impossible.
So the only way of evaluating the laws of ionic distribution will be the introduction
of hypotheses for the quotient of the mean activity coefficients involved.
As may be easily shown some simple assumptions for thisquotient willlead to the
most commonly used equations for ion exchange (cf. KRISNAMOORTHY & OVERSTREET, 1949). So it may be supposed that the quotient of the activity coefficients is a
constant or, in other words, that the activities of the ions in the adsorbed state are
proportional to their molalities. In that case the equations (2.14), (2.15) and (2.16)
will turn into:
rrru.
Tf2f 2 ± N a C lm- m. .N1a
m Na1
=K 2
(2.22)
mK i
/ ± KCI •m K . II
mNa

V'mc,

=K
i

f

m Mg
mCa.

f 2 ± NaCl •

=K
i

3,2

m

Na

(2.23)

± CaC.,-Vmca

f 3 ±MgCl, ' m M g

f3 ± CaCl,•mca

(2.24)
II

Obviously the constants K are reciprocal to the ratios of the mean activity
coefficients in phase I.
The equations mentioned above are generally named after KERR.
Thesameequations may beeasilyderived from the Lawof MassAction.Thus,for the reaction
(Na)»d. + i Ca-- Z£. Na- + i(Ca)»<i.
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this law may be written as:

Vii

Ca

=K

(2.2S)

m Na-Vm'ca
m Na
=K
Vtn CaJI

"Na

(2.26)

Vn Ca

Thisequation wasfirstused by KERR (1928).After introducing activity coefficients in phase II
equation (2.23) will be obtained. As however in dilute solutions the difference between concentration ratios and activity ratios is small, (2.23)may be considered as a slightly improved modification of (2.26). The same reasoning may be applied to (2.22) and (2.24).

In the following sections of this treatise the ionic concentrations in solutionwill
usually be expressed as milli-equivalents per litre, whereas the adsorbed ions will
be expressed as milli-equivalents per 100 g of exchanger. Denoting both by Ciit
follows from equation (2.18)that the equations (2.22), (2.23)and (2.24)remain
unchanged after replacing mi by Ciand become equal to:
c

Na

cK
c

Na

Mg

=K

f 2 ± NaCI

-f

3/a

•

c

Na

(2.28)

± CaC.,.Vc ; Ca

f 3 ± MgCl, • c M g

=K

Cca. i

(2.27)

/2±KC1 -CK JH

I

.v'cTal i
C

I ± NaCl • c N a

=K

/

3

± CaCI, • c C a

(2.29)
II

In theapplication oftheseequations tosoilsusemay bemadeof theexperimentally established
fact that for a given soil the sum of adsorbed metal cations is only slightly dependent upon the
kind of ions present and upon the concentration in the equilibrium solution, provided that the
soil pH remains unchanged. Denoting this constant sum by S»this condition may be written as:
Z c'i = S„
(2.30)
metal
cations
Moreover in soils with a pH above 7, as is the case in the presence of free CaCO s , this sum
is approximately equal to the exchange capacity Us of the soil, so that:
2 c'i = S, Sfl U.
(pH ^ 7)
(2.31)
metal
cations
in which S8 and U, are expressed as mval per 100 g of soil (dry matter).

As several assumptions have been used in the derivation of the KERR equations
itisnotsurprisingthatsometimeslargedeviationsintheconstancyofKareobserved.
An alternative assumptionfor theionic activitiesin the adsorbed state,mightbe
that theyareproportionalto theirmolarfractions Niinstead ofproportionaltotheir
molalities mi (VANSELOW, 1932).
These molar fractions are defined by:
Ni =

mi
m

l+

m

2 +

nit

+ mi +

2m

(2.32)
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By applying this assumption to the basal equations (2.14), (2.15) and (2.16) the
latter will turn into:
N N a1

Tfa8

PNL.

=K
i

NNa'

IVNJ i
NMg"

N C aJ i

=K
=K

rv, _ 1

f ± NaCI • m N a

f2± KCI

(2.33)

• mK

f ±NaCl •

II
m

Na

(2.34)

f^iCacu-VmcJ
f 3 ± MgCl, • niMg
/ 3 ± CaCI, • m C a

(2.35)
II

N Na m N a c N a
, NMg
= — - the equations (2.33) and
NK
mK
CK
NCa
m Ca c Ca
(2.35) are obviously identical with the KERR equations (2.22), (2.27) and (2.24), (2.29)
respectively. Thus for exchange between ions of equal valency the molar fraction
hypothesis will give the same results as the earlier assumption based on molalities.
On the other hand, a different result is obtained for the exchange between ions
of unequal valency. So it follows from (2.32) and (2.34) that for the Na-Ca exchange:
As however

mNa

V.m Ca

Im

=K

±NaCI

mNa

(2.36)

f3/2
"± CaCI,..Vt
• v HlCa

If Na and Ca are the only ions present, (2.36) may be written as:
m Na
V m Ca(m Na + m Ca )

=K

HlNa

jrNaCl

f^iCaC-^mcJlI

(2.37)

After replacing the molalities mi by the concentrations Ci (expressed as milliequivalents per litre) and after making an appropriate change in the numerical value
of K, equation (2.37) will become:
c

Na

=K

Vc C a (cNa + 0.5 CCa)

fa ± N a C l
f3/2

c

± CaCI,

Na

.V,CCa

(2.38)

The equations (2.36), (2.37) and (2.38) were first used by VANSELOW (1932).
A third assumption might be that the activities of the adsorbed ions are proportional to their equivalent fractions instead ofproportional to their molar fractions.
For homovalent exchange this will make no difference, but in the case of heterovalent exchange - e.g. the exchange Na-Ca - this assumption will lead to:
c

Na

V c C a . 2ci

=K

r*.± N a C l
f3/

c

Na

± CaCI, • "V C Q J

As however, according to equation (2.30) 2ci = S s , (2.39) is only a modification

(2.39)

