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CONCLUSION 

Theoretical and experimental aspects supporting the use of cation 
exchange materials for measurement of the most active suite of cations in 
soils were presented. Data were given to show the effect of the ratio of 
the exchangeable cations of the soil to the exchangeable hydrogen ions of 
the electrodialyzed clay upon (a) the total cations exchanged, (b) the 
fraction of the total cations in the Boil that was exchanged, and (c) the 
suite of exchanged cations. The fraction of the total cations exchanged 
at the higher cation:hydrogen ion ratios gave values of the same order as 
the active fraction for cations determined by the clay membrane technique. 
Data were a1so presented showing the effect of the time intervals allowed 
for cation exchange reactions upon the fraction of total cations exchanged, 
and upon the suite of cations exchanged. By ,adjustment of the cation: 
hydrogen ion ratio and the time Interval for exchange, the suite of cations 
exchanged by t ws technique becomes more representative of that which 
may be exchanged from the soil to the plant roots. The possibilities of 
using both cation and anion exchange materials for study of the changes 
in the suite of ions in the soil become apparent from the data presented. 



PLANT NUTRITION AND THE HYDROGEN ION 
VII . CatIon Exchange Between Hydrogen C/o", and Soll,\ 

D. A. BRowN" AND WM. A. ALBRECHT' 

Attempts to explain plant nutrition in terms of soil fe rtility have 
brougbt about many difficult and challenging problems. Of these, that of 
finding methods for quantitative measurements of that fraction of the 
exchangeable ions which actually dominates the reactions between the soil 
and the plant root seems most hopeful. Quantitative merul'urement of the 
ionic exchanges between the plant root and the soil colloid calls for a tech· 
nique which will mo~t nearly duplicate properties exhibited by the surface 
of the plant roota. 

For the sake of cJarifl.cation, the process of nutrient uptake by plant 
roots may be divided into two steps; fixst, the movement of nutrient cations 
from the surface of the colloidal clay to that of t he plant root; and second, 
their absorption and subsequent roles in the metabolic processes ot the 
plant. The uptake ot nutrients involves, therefore, considerations not only 
of the exchange properties ot both the clay colloid and the plant root sur· 
taces, each with ita suite of exchangeable cations, but also ot plant metab· 
olism as It moves the Ions into the plant from the root surface. As a re· 
ault of this metabolism, the potentia l for ionic movement from. the clay 
surface to that ot the root is maintained. 

Signi1l.cant progress haa been made in characterizing the exchange 
properties ot the clay minerals. The Importance of the type of mineral, 
ot its structure, ot tbe percentage saturation by cations, and of the com· 
plementary Ion effecta as factors In p lant nutrition has become evident 
through many investigations (8, 10, 11, 12, 13, 15, 17, 20, 23)*. In con· 
trast, however, to this more abundant knowledge of the cation exchange 
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properties of the clay minerals, there is a meager understanding of those 
properties of the plant root . 

Recent investigations, however, support the view that plant roots 
pouess an exchange capacity (6, 24). Additional evidence shows that it 
is a definite property of the root surface since cation exchange is exhibited 
even in the absence of plant metabolism (11, 21). While this does Dot 
deny the influence of plant metabolism on ~ exchange reaction, it does 
provide a means of st udying the exchange properties of the plant root inde
pendenUy of its complex metabolic processes. In view of the extremely 
complicated infiuence of the metabolic reactions, it would seem logical to 
study first the u:perimental techniques for duplicating the exchange of 
caUona from the lIOil colloid to the root surface, and to leave the inter
actiona of plant metabolism upon these exchange reactions for subsequent 
study. 

Cations moving from the clay colloid s urface to the root surface will 
be (a) adsorbed on the root surface, (b) absor bed into the plant, or (c) 
removed from the root surface through secondary exchange reactiona with 
the clay colloid. Thus, the suite of cations which reaches the surface of 
plant root becomes a major factor in nutrient uptake. It is this suite with 
which the plant must enter into exchange reactions and from which it must 
obtain those inorganic elementa necessary for growth and reproduction. 

The ultimate goal in the investigation at nutrient uptake by plants, 
of course, would be the preparation of a synthetic plant root which would 
duplicate the cation exchange reactions of the plant root in conjunction 
with plant metabolism. The present state of our knowledge does not per 
mit our even conceiving a method which will duplicate the metabolic proc
esses ot the p lant. I t is, however, possible to make progress toward dupli
cating the exchange reactions of the plant root by substituting for the 
exchange properties of the plant root a cation exchange material. 

It was the objective of this investigation to make an experimental 
approach toward duplication of the surface exchange reactions between 
the soil colloid and the plant root. This involved the substitution of a 
colloidal hydrogen clay with its ionizing hydrogen ions for those of the 
plant root. Using a suitable membrane to sepa rate the colloidal hydrogen 
clay from the soil under test, the exchange of hydrogen ions from the clay 
for the cations of the soil was measured quantitatively. Ca tions exchanged 
by this technique should represent the most active fraction of the exchange
able cations In the soil. Therefore one s hould be able to obtain a quantita
tive expression of the exchange reactio ns occur ring between t he soil colloid 
and the plant root. 

T his procedure assumes certain similarities between the p lant root 
and the soil colloid insofa r as their surface exchange propertiea are con
cerned. I t eliminat es any a ttempt to measure the effect of plant metab
olism upon the soil-root equilibrium. It is analogous to meaaurlng the 
initial exchange reaction occurring in nutrient uptake; i . e., the movement 
of cations f rom the cationic environment of the soil colloid to that of the 
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root surface. It does not imply that a stoichiometric exchange of hydrogen 
ions from the plant root for the cations of the soil will necessarily mean 
a stoichiometric uptake of them by the plant. I t implies that the hydrogen 
being ionized from the colloidal clay will exchange first for these cations 
of the soil which are held with the least energies of adsorption . 

SO:'!IE THEORETICAL CONSIDERATIONS 
The measurement of cation exchange reactions in soils by means of a 

standardized cation exchanger Involves sevcral important considerations. 
These include (a) the use of the hydrogen as the principal ion exchanging 
for the cations of the soil, (b) the ratio of the exchangeable cations ot the 
soil to the total exchangeable hydrogen 10M of the colloidal hydrogen 
clay, (c) the stage to which the exchange reaction between these two is 
allowed to proceed, (d) the moisture content of the soil under study, (e) 
the concentration and type of clay mineral composing the hydrogen clay 
suspension, and (f ) the characteristics of the membrane used to separate 
the soil and the hydrogen clay. 

As a consequence of root respiration by growing plants and the decom· 
position of sloughed-off organic materials, the hydrogen ion is most likely 
to be the dominant cation which the plant r oot surface exchanges for the 
adsorbed cations of the Hoil (9). That a significant concentration of hydro
gen ions in the soil is an important factor in plant nutrition has been shown 
by Albrecht and Schroeder (2). Other investigations (6, 24) indicate tqat 
the plant roots may be characterized by an atmosphere of cations held 
and exchanged in a m8Wler similar to those of t he soil colloid. There is 
the distinction, however, that the ionic environment of the plant root prob
ably consista primarily of hydrogen ions, while that of the soil colloid con
tains varying percentages of all the excbangeable cations. For the sake 
of better comprehension, the ionic environment of the soil colloid may be 
visualized as divided into an infinite number of arbitarary planes cut psrs l
lei to and extending from the surface to an irldefinite point In the Ionic 
environment of the soil colloid as shown diagrammatically in Figure 1. Sincc 
cations differ in thei r energies of adsorption, these a rbitrary planes should 
ahow progressive changes in the suite of cations (percentage distribution 
of Individual cations in each plane) with increasing distance f rom the col
loidal surface. Thus, in a montmorillonitic type of clay we might visualize 
the suite of cations in the plane closest to the colloid's surface as contain
ing 70% calcium, 13% hydrogen, 12% magnesium, ~% sodium and 3% 
potaaalum.. At some indefinite point out in the Ionic environment the suite 
of 10M would be signiftcanUy altered, perhaps showing only 40 % calcium. 
5% hydrogen, 7% magnesium, but 28 % sodium, and 20% potassium. Changes 
in the percentage qlstribution ot a given cation In any one of t hese suites 
grades insensibly from one plane to the other, thus making these divisions 
purely arbitrary. Due to the difference in the energies of adsor ption, how
ever , the inner planes of cations should be re latively richer in hydrogen, 
calcium, and magnesium while the planes in the outer edge should be rela
tively richer In sodium and potassium. 

The exchangeable cations of the soil colloid are held within its ionk: 
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environIllent and are not removed without t he energy of an excllanging ion 
from the plant root or the intermicelluiar solution. An Intermicellular 
water film of varying thickness exists between the two colloidal surfaces, and 
cation exchange may take place through this layer of water molecules by 
(a ) an overlapping of the ionic environments of the root and clay colloid, 
permitting contact exchange (14,15, 16); (b) by hydrolysis and subsequent 
diffusion through the aqueous phase: and (c ) by secondary equilibrium 
reactions with the non·adsorbed cations of the Intermicellular solution. In 
either case a potential for cation exchange exists. If we consider the ionic 
environment of the plant root overlapping that of the soil colloid, as shown 
in Figure 1, a potential is established for cation exchange between tbe two 
cationic environments. The hydrogen ion, therefore, represents an effective 
means by which the plant roots may remove nutrient cations from the en
vironment of the soil colloid. 

Al! a means of duplicating the surface exchange properties of the 
plant root let us consider the substitution of a cation exchanger, such as 
an electrodialyzed hydrogen clay, with its d iffuse double layer of exchange-
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Figure 1. Cross-section of the Ionic environment of t he soil colloid IUld the 
plant root. A, B, C, IUld D represent the eha.ng1ng suite!! of catloIUI through 
arbi trary plane!! at the di1!'U.$e double layer (a) of the soil colloid. The Ionic 
environment of the pllUlt root Is represented by (1:» , Md the layer of water mole
cules by (e). 
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able hydrogen ions, as shown in Figure 2, for the hydrogen ion environ
ment of the plant root. It is apparent that the same salient features exist 
in the potential for cation exchange in the hydrogen clay-soil system of 
Figure 2 as in the root-soil colloid system of Figure 1. It is logical to 
believe then that conditions can be established so that the cations exchanged 
from a soil by means of hydrogen clay would give values highly represen
tative of the suite of ions which the plant root itself might obtain by ex
change from th~ soil. 

Cation :Hydrogen I OD Ratio. The ratio of the exchangeable cations 
of the soil to the hydrogen ions on the acid clay will greatly affect the suite 
of cations removed from the soil. Two limiting cases may be visualized 
by the help from Figures 3 and 4. The first case, Figure 3, shows the 
ionic environments of the soil and of the hydrogen clay under a low cation; 
hydrogen ion ratio. This implies a relatively small number of exchange
able cations in the soil in contrast to a large number of hydrogen ions on 
the colloidal clay. The amount of cations exchanged from the soil should 
be relatively large, approaching the base exchange values obtained by dis
placement methods, but not reaching 100 per cent exchange of all the ca
tions in the soil. Neither will the exchange of all the hydrogen ions froni 
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Figure 2. Crou-section of the ionic environment of the $oil colloid and that 

ot the hydrogen clay. The hydrogen clay has ~n substituted tor the plant root 
a.lld has been separated from the soil collOid by the membrane (d). (Legend 
n .me as In FIgure 1.) 
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Figure 3. Cross-section ot the ionic environment of the 11011 COlloid \I.lld 
hydrogen clay Illustrating the extent ot effective penetration of hydrogen Ions 
Into the dI1ru.se double layou- under conditions e!ltabll.thed for III low eatlon:hydro
,en Ion ratio. {lAl"end same .... iII Figure I .} 

the acid clay be possible, due to the limited amount of cations in the soil. 
The exchange reaction will also be limited in the second ease, Figure 

{, when conditions exist for a high cation :hydrogen ion ratio. This defines 
a relatively large number of exchangeable cations in tbe soil in contrast 
to a small number of hydrogen Ions on the acid clay. It Implies that the 
hydrogen ion becomes the limiting factor in the exchange reaction and that 
only a small fraction of the total exchangeable cations of the lIOil will be 
removed. 

In view of the progre8sive changes in the Bultes of cations with suc
cessive planes outward from the col!oidal surface, it becomes obvious that 
hydrogen Ions which penetrate the diffuse double lsyer of the soil coUoid 
surface will exchange for those catiolU in the outermost plane tlrat. Thus, 
under slow cation:hydrogen ion ratio it may be that 80 to 90 per cent of 
all cations will be removed (Figure !iJ. The suite of cations e:xchanged 
from the soil in the csse of a high cation :hydrogen ion ratio will be limited 
Isrgely to those suites held in the outer planes ot the d iffuse layer. Those 
removed 6hould be significantly higher in the monovalent cations. Under 
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a low cation:hydrogen ion ratio the suite removed from the soil should be 
relatively richer in the divalent cations. 

Such cation:hyarogen ion ratios can be expected between the soil col· 
loid a nd the plant root. They may therefore modify significantly the suite 
of ions exchanged to the root. It must be reaJized that any attempt to 
establish a definite distance from the soil colloid surface into its surround
ing ionic environment which would separate the more active cations which 
plants can be expected to utilize most, and those cations held finnly by the 
clay against the attractive force of the root is, of necessity, purely arbitrary. 
Through the use of a high cation:hydrogen ion ratio, a sensible approach 
can be made, however, toward measuring this most active suite of .c'ations. 

Stage of Cation Exchange. The extent to which the cation exchange 
reactions between the soil and hydrogen clay are allowed to proceed will 
obviously modify the suite of exchanged cations. Since the hydrogen clay 
is originally made to have an initial pH of 3.2, it will enter into measure
able excbange reactions with tbe soil only to the extent of i~ approach to 
a pH near 7.0. 
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Figure ll. The etr~et of an increllJllng ratiQ ot e>l;changeable cations to hydro
gw Ions upon that fl'action ot the total cations exchanged fTom the ~oll as a 
result of the estab1U:hment of a potential tor cation exchange between the $O!J 
colloid ILnd hydrogen clay. 

For short time Intervals of exchange, the reactions will involve the 
cations held in the outermost portion of the cationic environment of the 
soil colloid. The suite of cations so exchanged will differ greatly from tbat 
which is removed through contact over a longer time interval. The suites 
exchanged during short intervals should be relatively richer in monovalent 
cations, while those during a long time interval should be relatively richer 
in divalent cations. The suites of cations removed through various time 
intervals will follow the same general results obtained by fractional elec
trodialysis, except that in the use of a cation exchange material many of 
the variables associated with electrodialysis can be eliminated. The time 
interval for exchange can be selected to duplicate that of the plant root 
contact with a given clay surface. Thus, the suite of ions exchanged from 
the soil by a hydrogen clay may be made to represent rather closely the 
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suite of cations which the plant root obtains by exchange during either 
short or long time intervals of contact. 

~[oisture Content of the Soil. The effect of the moisture content of the 
soil upon the exchange reactions is of decided significance in arid soils 
which contain large quantities of soluble and sparingly soluble salts. Eaton 
snd Sokoloff (5) and Reitmeier (22) have shown the effect of an increased 
moisture content upon the exchangeable cations of the soil. Experiments 
carried out on highly diluted soil suspensions cannot be expected to give 
a true picture of the cationic environment of a soil colloid. Thus it becomes 
important to meallure the suite of readily exchangeable cations of a soil 
under optimum moisture conditions. There is also some danger' in highly 
diluted soil suspensions giving some error in tbe most readily exchangeable 
cations of humid soils, since they may contain complexes of calcium and 
magnesium from past fertilizer practices. The measurement of the ex· 
changeable cations of the soil under optimum moisture conditions becomes 
highly desirable and may be more closely approached by the method pro
posed. 

Type of Clay U!nera l a nd Concentration of t he Hydrogen Clay Suspen
sion. Marshall and McLean (18) have recently presented data showing 
the effects of the clay concentration upon the activities of adsorbed potas· 
sium and calcium. Their work indicates that these activities may vary with 
changes in the concentration of the clay. This variation in cation activity 
due to clay concentration does not become a distur bing influence in the 
studies reported here since the ionic exchange is relatively small and since 
the clay concentration could ~ maintained constant for all treatments. 

For high cation-hydrogen ion ratios no real effect should be apparent 
in the resulting suite of cations exchanged due to the type of clay mineral 
comprising the hydrogen clay. This assumption is made in view of the 
fact that in using a high cation:hydrogen ratio only a relatively small ex· 
change of cations is being made from the soil . Since there is some evidence 
to indicate that the exchange capacities of plant roots may vary decidedly, 
the selection of different cation exchange materials with varied exchange 
properties ffi;Sy make possible the reproduction of the exchange properties 
of varied types of plant roots. The exchange capacity of barley roots has 
been shown to be of the same order as that of the kaolinitic clay, and that 
of certain legumes comparable to that of montmorillonitic clay (6). 

The Membrane. The collodion membrane was used to separate the 
soil and hydrogen clay systems without disturbing the cation exchange. 
The membrane should not be excessively permeable to water, nor so imper' 
meable that ionic movement is retarded. It should not be excessively thick, 
yet sufficiently strong to hold the soil sample. The exact size of the pores 
need not be controlled preciaely so long as t hey are standardized and also 
sufficiently large to permit ready movement of the exchangeable cations. 
Also the required cation exchange properties for these membranes should 
he reproducible under moderately rigid conditions of temperature and rela· 
tlve humidity. 
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EXPERIMENTAL PROCEDURE 
The investigation included: (a) the preparatiOD of a collodion mem

brane for separating the sol1 from the stsndardbed hydrogen clay, (b) the 
measurement of the various suites of cation. c:Kchanged from the soil to 
the electrodlaJyzed hydrogen clay, (e) the measurement of the effects of 
varying ratios of exchangeable cations of the soil to the exchangeable 
hydrogen Ions of the eJeetrodialyzed acid day. and (d) the measurement 
of the effects of the time intervals of soU acid clay oontact on the suite of 
catlona exchanged from the BOil. 

Preparation of the Membr-anc. The collodion membranes were cut on 
the inside of pyrex glasa tuhes, 20 by 150 mm. A stock solution of collodion 
(24 per cent alcohol) adjusted to 5.0 per cent with a 1:1 solution of abso
lute alcohol and ether was used. The tube was filled one third with col
lodion; it was then tilted down to an angle of 4~· , and the exceaa collodion 
allowed to drain away wblle the tube W8JI rotated rapidly for 2()..30 seconds 
to insure a uniform layering of the collodion. The tube wu then placed 
on a horizonW axle and rotated at 24 r .p.m., while drying for three min· 
utes. The ether and alcohol vapors were drawn from the bottom of the 
tube by inserting a suction tube, for 1!i seconds. The tubes with memo 
branes were placed in eooled distilled water. After several hours, the memo 
branes were removed from the tubes, washed thoroughly, and kept in dis· 
tilled water until ready for use. 

Since slight leaks in the membrane might go unnoticed. it wu neces· 
sary to test each one. This WIUI done by filling it with .Ol N potuaium 
chloride solution and suspending it in 7!i milliliters of distilled water. The 
resistance of the potassium chloride solution waa melUlured after a ten
minute interval. This served to tell whether the membrane contained any 
breaks or excessively large pores. Following the testing of the membrane. 
It was thoroughly washed, returned to the test tube and kept in distilled 
water until used. No attempt was made to preserve these membranes over 
a prolonged period of time since they couJd be freshly made in a relatively 
short time. 

Measuring the Exchange ReacHon. In order to measure the exchange 
of actions from the soil by use of electrodialyzed hydrogen clay, ten milli· 
liters of distilled water were placed in a freshly prepared collodion tube, 
and the desired aliquot of soil added by means of a large stemmed funnel. 
Sufficient water was then added to j ust saturate the soil, resulting in an 
approximately 1 :1 soil:water ratio. The collodion tube of soil was then 
immersed in the required aliquot of freshly electrodlalyzed hydrogen clay 
suspension (a per cent) contained in a 100 milliliter glass tube. By this 
procedure the exchange of hydrogen ions from the electrodialzed clay for 
the cations of the soil under test was allowed to take place. The extent 
of cation exchange was readily followed by measurement of the pH of the 
clay suspension at regular time intervals during Its rise from an initial pH 
value of 3.2 to that desired at the close of the reaction period. At the end 
of the specified time interval the membrane and its soil sample were taken 
out of the clay, and the cations adsorbed by the clay removed from It by -
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alternate washing and centrifuging with neutral norma! ammonium acetate. 
Quantitative determinations of calcium, magnesium, potassium, and sodium 
accepted by it from the soil under test were made by standard analytical 
procedures. Sodium and potassium were determined by use of the Elmer 
Perkins flame photometer; calcium was precipitated as calcium oxalate and 
titrated with potassium permanganate; while magnesium was determined 
by the Lundegardh flame photometer (7). The pH of the electrodialyzed 
hydrogen clay was measured by use of a pH machine equipped with large 
glass electrodes, which were conveniently immersed into the clay suspension 
without pouring the clay from its glass tube container. 

Variation in the results due to the differences in membrane charac· 
teristics was ascertained through the random selection of ten membranes 
from a group which was cast under variations of 4" C. and 10 per cent 
in temperature and relative humidity, respectively. Twenty grams of soil 
were placed in each of these membranes and each immersed into equal 
quantities of electrodialyzed hydrogen clay. After a time interval of 96 
hours the exchanged cations were determined. From these replications, the 
variations In cation exchange due to variable characteristics of the mem
brane were established. 

The electrodialyzed hydrogen clay as used was prepared from the 
colloidal clay fraction (0. 2_1') of Putnam subsoil clay (beidellite) and sub
sequently electrodialyzed (1 ). After electrodialysis its pH value was 3.2, 
and its exchange capacity, 68.10 M.E./100 grams clay. It was prepared for 
use by adjustment to a concentration of 8 per cent. The desired aJiquots 
of clay were obtained hy weighing. The milliequivalents of hydrogen de
sired determined the grams of clay used. 

The Establishment of Cation :Hydrogen Ion Ratios. Using Gila (adobe) 
clay, treatments were established to give eight cation :hydrogen ion ratios 
varying from 0.91 to 19.45. These ratios were made possible by varying 
the amount of soil and hydrogen clay used so that the total exchangeable 
cations in the soil divided by the. ·total exchangeable hydrogen of the elec
trodialyzed clay gave the cation:hydrogen ion ratios shown in Table 1. The 
total milliequivalents of exchangeable hydrogen were calculated from the 
exchange capacity of the clay and the grams of clay used. In the case of 
Gila clay the total exchangeable cations of the soil were based on the ex
changeable, water soluble, and sparingly soluble carbonates. These were 
included in the calculation of the cation:hydrogen ion ratio because they 
were considered as being in equilibrium with the exchangeable cations of 
the soil and as constituting a source of exchangeable calcium and mag
nesium. One cannot readily ascertain the relative amounts of calcium and 
magnesium obtained from either the exchangeable or the carbonate forms. 
These eight ratios ·were used to study the effect of the cation :hydrogen ion 
ratio upon the suite of cations exchanged from Gila (adobe) soil. 

The Stage of Catlon Exchange. The rate of cation exchange between 
the hydrogen clay and the soil was readily followed by noting the progress
ive changes in the pH of the hydrogen clay. This value increased from an 
initial pH of 3.2 to near 7.0 as the exchange approached a steady state. 
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Eight treatments were established in which the cation exchange was termI
nated when the pH of the acid clay had changed from an initial value of 
3.2 to the following: 4.3, 4.8, :5.3, 5.8, 6.0, 6.3, 6.8, and 7.0. Thus, by remov
ing the collodion tube of soil from the clay suspensions when the pH of the 
latter had changed to the desired extent the suite of ions removed from the 
soU during this time interval was measured quantitatively. The cation: 
hydrogen ion ratio of 15.0 was selected for all these treatments. 

The soils used in these studies included (a) Gila (adobe) clay, a cal
careous soil described previously (3), containing 6 per cent of free calcium 
carbonate, and (b) Marshall ailt loam, a prairie soil of the sub-humid region. 
The results reported are for the most part those obtained from the Gila 
clay. In general, the results obtained for Marshall silt loam agreed in 
principle with those for the Gila soil. 

TABLE l. v.DATA USED IN THE ESTABLISHMENT OF DIFFERENT 
CATlON:KYDROGEN ION RATIOS 

To'" Grams Total M.E. Cation: 
Treatv Exchangeable of Exchangeable B+ Hydrogen 
ment CaUOns in Soll* Sofl Ions in Acid ClaZ Ion Ratios 

f 4.52 '.3 4.67 0.117 , 9,03 3.0 4.67 1.93 

3 18.64 10.0 4.67 3.86 

• 27,06 15.0 4.67 5.80 , 32.47 18.0 4.67 6.95 , 32.47 18.0 3.34 9.72 

7 32.47 18,0 2.66 12.21 , 32.47 18.0 1.67 19.45 

* Exchangeable, water soillble , and carbonates ot Glla. (adobe) clay. 

RESULTS A.r."VD DISCUSSION 

Characteristics of the Membrane Affecting Cation Exchange. Mem
branes that had been dried for different periods showed that their perme
ability to the excbanging cations decreased significantly for increased dry. 
ing periods ranging between one and one half to six minutes. The equiva
lent conductance values of hydrogen clay systems were determined after 
their four-hour equilibrium period with sodium clay in the collodion tube. 
The results indicated that for a three-minute drying period a variation of 
10 to 15 seconds in the casting time did not measurably affect cation ex
change. That this type of membrane could be reproduced with uniform 
characteristics for cation exchange was demonstrated through the random 
selection of ten membranes taken from several lots prepared under mod
erately rigid conditions. The results of these measurements indicated 
excellent uniformity of the membranes as far as cation exchange was con
cerned. No differences in the rate or the amounts of cations exchanged 
exceeding that of analytical errors were apparent. The probable error was 
::!: 0.089 milliequivalents for calcium. This included variations in the analy· 
tical procedure as well ss in the membranes. No measureable differences 
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were obtained for sodium and potassium all determined by the lUe of an 
Elmer Perkins Hame photometer . In general, the variationa in the tem· 
perature over a I'&Ilge of 4· C had little eft'ect on the.J.onic exchange prop
ertle. of the membranes. Casting of the membranes at temperaturea be
tween 24· C. and 28· C. was found satisfactory. At temperatllretl below 
and above this, there waa a tendency to form uneven folds at the lower , 
or bubblea at t he higher, temperatures which reaulted in defective mem· 
branes. These data ahowed that the memb~ea can be prepared under 
moderately rigid conditions to give lIufficient uniformity ot the pore aize 
and thereby no lligniftcant Irregularity in the rate or the quantity of Ions 
exchanging. 

The ;ElI'ect ot the Cation :Hydrogen Ion Ratio on Cation ElI:change. The 
rate of cation exchange increased with increasing catlon :hydrog~ ion ra· 
tlos. The pH values of the clay sU&perulioDl fo r the eight different caUon: 
hydrogen ion ratios for an equilibrium period of 96 hours are plotted against 
the catlon :hydrogen ion ratios In Figure 6. These data IIhow an increase 
in the rate of cation ell:change aa the ratio increased for both the Gila clay 
and the Marehall silt loam. In the case of Gila clay, the effectll ot the solu
ble salts and free carbonate. upon the rate ot cation exchange are quite 
algnldcant when compared with that of Marshall silt loam, CQntainlng no 
free salts or carbonates. The dnal pH of the acid clay undergoing cation 
exchange with the Gila soil was 7.0 after 96 hou",; that of Marshall ailt 
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Figure 6. The oe1I'ect of the catlon:hydrogen Ion. ratio upon the r Ue ot ca· 
tlon exchange between the soil colloid and the hydrogen cl.y. Time Intervall/ft 
hour •. 
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eaUOM exchanged from the soli. 

loam waa 6.5. The cation :hydrogen ion ratio above a value of 6.95 for the 
Gila soil and ,12.0 for the Marshall soil had little effect upon the rate of 
cation exchange. 

The Fraction ot the Total Cations in t he Soli ~changed. The total 
cations exchanged from Gila clay under different cation :bydrogen ion ratios 
are shown hi Figure 7. The amount of each cation available fo r exchange 
from the soil and tbat amount actually excbanged for hydrogen ions was 
known. From these values the fraction of the total cations present In the 
Boil which was exchanged was calculated. This represents a measure of 
the fraction of each cation's total in the soil that wa.s removed. The data 
r esulting from such calculations are given in Figure 8. The fraction of 
each cation exchanged represents that portion of ita totalln the soil which 
is most readily exchangeable. The fraction exchanged has been computed 
and plotted on the basis of the total cations in the soil, including exchange· 
able, soluble, and sparingly soluble carbonates. The time of equilibrium 
allowed was that required to change the pH of t he clay suspension from 
3.2' to 7.0, or to a constant pH value in cases where ther e were insufficient 



RESEARCH B ULLETI'" 477 17 

100 
\, I I I 

0 
W 

'" \~ Z 
<t 

- ~,\ :J: 80 -Q 
X . ~ w 

~\ 
Z • 
0 '~ - 60 ~ - \' -
Q ~ \, '" . " :J: " . Na 
Q " \ ........ - 0 - • -<t - -w 40 ,.., ', ... -
IL "","-.-0 

K , " 0 '" w , 
--.,,- .. - -.. , tr 

'" ;! 20 - " --".,~g Z 
w '-u ca --- -- . _--0 
0:: 
W 
Q. 

00 
I I I 

5 10 15 20 
CATION: HYDROGEN ION RATIO 

Figure 8. The etl'eet of the catlon:hydrogen Ion ratio upon the percentage 
exchange of each cation'$ total In the soil. . 

cations to change the pH of the clay to 7.0. As expected, the lowest ratios 
gave the highest fractions of cations exchanged. These were of the order 
of 100 per cent for sodium and potassium, 52 for msgnesium, and 42 for cal
cium. At the higheat ratios the fractions of sodium and potassium ex
changed were only 48 and 28 per cent, respectively, while the fractions of 
calcium and magnesium were:; to 11 per cent, respectively_ 

The relative ease of exchange for the different cations is clearly dem
onstrated by a comparison of these values. While the percentages for the 
lower ratios approach those obtained by leaching experiments, it is evident 
that the potential for cation exchange was not sufficient to remove all of 
the calcium and magnesium. The values of sodium and potassium indicate 
their relative ease of removal, particularly in the presence of free carbonates 
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of calcium and magnesium. The fraction of the total cationa exchanged 
from the Boil decrea.l!ed from 46 per cent at the lowest ratio to 7 per cent 
at the highest ratio. The data indicate clearly that the altering of the 
caUon:hydrogen ion ratio haa decided effect. on the size of the fraction of 
the exchangeable cations removed. 

It 13 of interest to note that the values obtained from moderately high 
ratios approached those values of "fractions active" for calcium and potas
alum as determined by the clay membrane technique (19). Their valuea 
are of the order of 3 per cent tor calcium and 64 per cent for potassium, 
for a 1.5 per cent suspension of Wyoming Bentonite with 5 per cent potas
sium and 95 per cent calcium saturation. The values reported in this inves
tigation represent actual cation exchange value! using the hydrogen ion, 
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while the values for the fraction active as determined by the clay mem
brane technique are based upon the measured activities of these cations. 
This, according to Marshall (17) implies an infinitesimal removal of cations, 
and although the method does not involve actual removal by cation ex
change, a comparison of the data indicates the close relationship between 
cation activity and cation exchange. These two methods of measuring the 
active fractions of ions in the soil differ in their approach, but it should 
be apparent from these data that by utilizing a high cati,on:hydrogen ion 
ratio that fraction of the readily exchangeable cations which is exchanged 
may be adjusted to give values of the same order as those obtained by the 
measurements of cationic activity. The agronomic implications become 
apparent in view of the fact that the ionic environl)lent of the plant root is 
represented chiefly by the relative activities of the cations and their dis
sociation from the soil colloid. They further substantiate the belie! that 
the availability of cations can be predicted from the cation' activities. 

The Suite of Cations Exchanged. The suite of cations exchanged is 
more significant than the fractions of their totals exchanged from the soil. 
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PH OF CLAY SUSPENSION 
Figure 10. The tot al cations exchanged from the soil as the pH of the 

hydrogen clay progressed from an initial pH of 3,2 to a ftnal pH of 7.0. Cation: 
H ratio = UI.O. 
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The relative portions of the four cations maJdng up this suite were greatly 
altered with increasing catlon:hydrogen ion ratios. These relationshlpa are 
shown graphically in Figure 9. Calcium constituted 83 per cent of the suite 
ot the total cations exchanged at the low ratio, while at the higher ratio 
this percentage was only 64. The percentages of sodium and magnesium in 
the auite increased from 6 and 7 per cent, reepectively, at the JOWett ratio 
to 19 and 10 per cent at the highest ratiOll. Potassium increased from 3 
per cent to 6 per cent in the suite of exchanged eations. 

At the bigber cation :hydrogen ion ratio the Buite of cations removed 
was relatively richer in the monovalent ones, while at the lower ratios it 
is relatively higher in the divalent ones. This Buggeats that exchange reac
tiona between the plant root and soil colloid should be affected similarly 
by variations in the cation:hydrogen ion ratio. As a result, the suite of 
cations exchanged to the plant root should vary greatly. Theae data indi
cate that the suite of ions exchanged from the soU becomes of greater sig
nificance in plant nutrition than the total of exchangeable cations present 
on the clay colloid.. Thia has been further 8u\)atantiated in a 8tudy of the 
complementary ion effects of calcium and sodium ·upon the suite of most 
available cations in soils (4). The _measurement of the suite of Ions ex

: changed by this technique Includes those intl.uences which are dominant 
under field conditions, such as the type of clay mineral, the organic mat
ter, the exchange capacity, the percentage saturation with cations, and the 
complementary ion effects. 

Fractional Cation Exchange. The degree to which any cation tlI:change 
reaction will approach a steady state is dependent upon the effective con
centration of each of the ions involved and the time interval allowed for 
the reaction to proceed. In ordlnary base exchange measurements Involving 
the displacement of cations, the reactions are pushed to completion by use 
of an excess of a displacing cation. Attempts to study the exchange reac
tion at anyone given stage present many obvloua complications. Fractionsl 
electrodialyais ha.s provided a method for studying the step-by-step removal 
of cations from the soil. However, the chemical and physical artificialities 
to which the soil is subjected during electrodialysis make the interpretation 
of such data in terms of plant responses very ditftcult. Since the plant root 
may enter into exchange reactions with the soil colloid for variable lengths 
of time, it therefore mUlt obtain variable suites of cations. In view of the 
ionization. of the cations from the soil colloid, a plant root coming into con· 
tact with them should exchange not only a greater quantity of cations from 
thc lOil, but also an entirely different suite of ions as the tlme interval of 
increased.. The following data were obtained through the removal of the 
exchangeable catiOIUI from the soil over varied time intervals of exchange 
between the soil and the hydrogen clay. 

Total Cations E:t:changed. Tbe total cations exchanged from Gila soil 
under various time intervals are shown graphically in Figure 10. The dif· 
ferences in the relative ease of exchange tor calcium, magnesium, sodium, 
snd potassium, are quite evident from these data. Stopping the exchange 
reaction when the clay suspension bad increased in pH from 3.2 to 5.3 
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FlguI'6 11. The peTcentage I!Xchange or each cation ot its total In the 11011 
as the pH of the hydrogen clay progressed trom a pH ot 3.2 to 7.0. 

showed that 90 and 88 per cent of the totala for sodium and potassium, 
respectively, had been exchanged as compared to only 60 and 66 per cent 
of the magnesium and calcium, respectively. Thus, over a r elatively ahort 
exchange period the reaction is dominated by almost complete exchange of 
monovalent ions, while the divalent iona are more prominent in the later 
stages of exchange. 

Fraction Exchanged of Cation's Total In Soli. The fraction exchanged 
of each cation's total in the soll is illustrated graphically in Figure 11. The 
fractlona of sodium and potassium increaaed from 24 and 11 per cent, to 
47 and 26 per cent, r espectively, for the maximum period of exchange. The 
fractions of ealcium and magnesium exchanged at the shorter perlocb were 
3 and 12 per cent, and iocrca.aed to 5 and 26 per cent, respectively, for the 
longer periods of exchange. 

I t is of interest to note that the fraction of magnesium exchanged 
increa.aed markedly after the fractions of potassium and sodium had reached 
a relatively constant value. This indicates the degree to which sodium 
may repress the exchange of calcium and magnesium. This effect has been 
shown more recently to be even morc pronounced than indicated by these 
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FIgure 12. The suHe ot cations exchanged trom the soil at the pH ot the 
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data ('). These data Indicate that if the period of exchange between the 
plant root and the cations of the soil Is relatively short, then the suite of 
ions exchanged will he higher In potallsium and sodium but lower In mag· 
neaium and calcium. It appears that in soils high in exchangeable sodium, 
the plant root must reach a somewhat steady atate of equilibrium with 
sodium before appreciable quantities of other cations are exchanged from 
the soil colloid. 

The Suite of Cations Exchanged. The importance of these relation
ship' becomes more apparent through an expression of the auite of ex
changed cations. This Is represented by the traction which each cation 
constitutes of the total cations exchanged for any given time interval. 
Figure 12 indicates the effects of varying the time Interval of cation ex-
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change upon the suite of cations removed from the soil. These data show 
a decrease from 18 to 11 per cent for sodium in the exchanged suite of 
ions, while potassium decreased from 5 to 3 per cent for the longer time 
intervals. The fractions of calcium and magnesium, however, increased 
from 68 and 8 per cent to 75 and 12 per cent, respectively, for the longer 
time interval of soil-clay contact. 

It should be stressed again that the most significant feature in the 
exchange of ions from the soil to the piant root lies not so much in the 
total quantity available for exchange, but rather in the suite (the respective 
per centage of each cation in the total exchanged) of cations presented to 
the root. It is this suite of ions from which the plant root must obtain 
those ions required for growth. The variable time interval of cation ex
change, as well as the cation :hydrogen ratio, between the plant root and 
the soil colloid represents one of the reasons why soil fertility may 110t 
always alter plant composition as one would predict. This may be particu
larly significant in explaining differences between the chemical composition 
of perennial legumes and annual cereal crops, when the former have a 
longer and more effective time interval of soil colloid-root contact for cation 
exchange than the latter type ot crop. The eation:hydrogen ratio may also 
be expected to' vary greatly between annual and perennial crops as well as 
those crops which vary decidedly in the percentage of active roots. 
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