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IWI'nODUCTIO:N' 

The nature of cation exchange and selectivity has been studied 

extensively wi tii respect to the components of the system, namely, the 

ions, the exchanger, and the solution phase. One inportant aspect of 

che~ical, and some physical reactions, is that of temperature. Cation 

exchanc;e, being both physical and chemical in nature, is also 

influenced by terr1perature. The extent and nature of this temperature 

effect on cation exchange is less understood than the effect of 

changes in the components of the system. The following are properties 

of the components: ion prone:r.ties such as ionic size, polarizability, 

valence, oxide.ti on state, so.lva tion, disassoc:i.ation, ionic strength, 

and polyr.ieriza.tion; exchang-e properties such as charge density, 

location of charg2, and steric properties; and solution properties 

such as pH, dielectric co1;stant, and structure. Some of these 

properties can be altered by changes in temperature. The:t·efore, 

experiments carried out at ar-:bient ~~empe:r.ature in a laboratory may 

not be rc:-prese1,tative of reactions occurring in the natural environ-

ment of soils in place. 

The objective of this study ,ms to determine the effect of 

temperature on the exchange of two i:::::portant soil cations, namely, 

calcium and potassium. In order to avoid some of the confounding 

reactions expected in soil systerr,s, simpler exchange systems with 

clay rninerals and synthetic cation exchangers, in addition to soils, 

were studied. 

1 



LITERA'l'URE REVIEW 

'l'he temperature effects on cher'.lical phenomena are numerous. 

However, in the present study the systems examined were allowed to 

attain equilibrium, thereby minimizing the influence of temperature 

on diffusion rates, viscosity, reaction velocity, etc. These systems 

also consisted of small amounts of exchangers in weak solution which 

dirrdnishes the effects of temperature on solubility, complex formation, 

ion pair formation, molecular interactions, etc. The main influences 

of temperature in the systerrs studied were on kinetic energy, hydroly-

sis, ionization as influencing solution pH, ionic activity as 

influenced by hydration, and the eq_uilibrium of exchange as related 

to the thermodynamic properties. 

Influence of Terrmerature on Solution Ions 

Activity coefficients: Temperature affects the activity of 

electrolytes in solution as observed in the coefficients for the 

constants in the Debye-Huckel theory (Harned and Owen, 1958, pp.59-

66). These constants contain the temperature term itself as well as 

the dielectric constant of the medium (Babcock, 1963) which is 

itself temperature dependent (Harned and Owen, 1958, p.161). 

Generally, in weak solutions the activity coefficient decreases with 

an inc re as e in teir,perature ( Harned and Owen, 194 3, pp. 5'78-579; 

Robins on and Stokes, 1959, pp. 480-4 81). However, i!l more 

concentrated solutions, with increasing temperature the activity 

2 



3 

coefficient goes through a r~axi:mum and tben decreases (Earned and 

Owen, 1943, pp.578-57?; Robinson and Stokes, 1959, pp.212 and 480-

1181). Temperature also affects the activity coefficient by influencing 

the distance of closest ap1iroach parameter through changes in the 

ionic hydration (Robinson and Stokes, 19!19; Stokes and Robinson, 

1948). 

Hydration: Electrolyte solvation involving the specific ionic 

interactions with solvent molecules has been well documented (Robinson 

and Stokes, 1959, pp.239-251; Harned and Owen, 1958, pp.511-515) and 

the influence of temperature on hydration has been examined (Hightingale, 

1959; Nightingale and Benck, 1959; Nightingale and Kuecker, 1965; 

Kavanau, 196lt). 'I'he classical concept of hydrated ions is that they 

contain an electrical field a.t the surface of' the ion sufficiently 

large to "adsorb" one or more layers of water molecules thus forming 

a peripherally hydrated· ion. The activation energy of viscous flow 

for solutions containinp; these ions is greater than that of the pure 

solvent indicating that these species not only impede the flow of 

solvent but also that the relative impedence decreases with increasing 

temperature. Presumably, the solvent "iceberg" about the ion is 

11melted" to a greater extent than is the icelike structure of the 

bulY~ solvent itself (Kavanau, 1964, pp.52-78). However, large ions 

such as Ba and K have a relatively weak field and this limits the 

extent of peripheral solution and results in the exhibition of 

negative activation energies for viscous flow (Nightingale, 1959; 

nightinc;a1e and Benck, 1959). With increasing temperature, the 
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bonding between solvent molecules weaker..s and becomes more suscentible 

to orientation in the relatively weak field a.bout the ion. 

Solution pH: An inci-ease in temperature e:enerally promotes 

ionization of weak electrolyte solutions (Harned and Robinson, 1940; 

Robinson and Stokes, 1959, pp,357-358). Therefore, a temperature 

increase decreases the pH of pure H20 and selected weak electrolytes 

(Harned and Robinson, 19ho). Wiklander (19h6, pp.119-125) observed 

a decrease in the soil pH upon heating the soil whereas Chernov (1947, 

p.131) reported the opposite trend. 

Al hydrolysis: An increase in temperature greatly increases the 

hydrolysis of Al salts in a(]_ueous solutions (Bailar, 1956, pp.448-471; 

Matijevic and Tezak, 1953; Thorne and Roberts, 19'18, p.288). Freshly 

prepared solutions, or those with added acid, contained only trivalent 

Al ions whereas aging or heating the solution resulted in dimer 

formation (lratijevic and Tezak, 1953), as well as promoting the 

process of olat:.on (Bailar, 1956, pp.448-471). Heating to 4oc 

an Al(Cl) 3 solution that was partially neutralized with NaOH resulted 

in the formation of gibbsi te whj le at lOC this product could not be 

detected even after 100 days (Turner and Ross, 1970). 

Influence of Temperature on Exchangeable Ions 

Diffusion coefficients: 'The diffusion coefficients in ion 

exchangers increase with increasing temperature (Ames, 1965~ Barrer 

and Hinds, 1953; and Reichenbach and Rich, 1968). As a rule, the 
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increase in mobility with tei:,pe-rature is somewhat greater in ion 

exchangers than in ordinary aq_ueous solutions (Boyd and Soldano, 

1953; Soldano, 1953; Soldano and Boyd, 1953). Likely explanations 

are that with increasing temperature specific or electrostatic 

interactions become weaker, the matrix becomes more flexible, and the 

ion becomes smaller because salvation is reduced (Helfferich, 1962, 

p. 308). 

Al hydrolysis: Dry heating an Al-saturated vermiculite inhibited 

hydrolysis, whereas boiling an Al-vermiculite suspension produced 

extensive hydrolysis as evidenced by reduced HH4 fixation, and cation 

exchanee capacity (CEC), and the presence of a 14.lA X-ray peak for 

a sample heated to 400C (Rich, 19Go). Heating a moist soil decreased 

Al extracted with KCl (Chernov, 1947, p.131; Kawamura, 1931) or 0.2!_ 

NH4Cl at pH 4.o (Skeen, 1961i) whe!"e'is there appeared to be no effect 

on exchangeable Al when tne soils were dry heated (Skeen, 1964). 

Heating also released more exchangeable Fe (Chernov, 19li7, p .131; 

Kawamura, 1931; Meek, MacKenzie, and Grass, 1968) and Al from a 

previously H-saturated system (Davis, Turner, and Whittig, 1962). 

Gene:r:al ion exchange: Temperature dependence of equilibrium 

in general is related to the standard enthalpy change which accompanies 

the reaction (Helfferich, 1962, pp.166-168). Therefore, increased 

temperatures inhibit reactions that occur with the evolution of heat. 

Ion exchange occurs as a rule with little evolution or uptake of heat 

for it is not a chemical reaction but a stoichometric exchange. The 

enthalpy changes for ion exchange processes in which no formation of 
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covalcmt bonds, association, or cormlex formation are involved are 

usually s:rr.aller than 2 kcal/mole though values up to 10 kcal/mole 

have been observed in exceptional cases (Beckett, 1963; Bonner and 

Overton, 1961; Bonner and SP1ith, 1957; Eo_yd, Schubert, and !,damson, 

194'7; Coleman, 1952; Cosgrove and Strickland, 1950; Cruickshank and 

Eeares, 1957a, 1957b; Deist and 'I'alibudeen, 1967; Gaines and 'I'horr,as, 

1955; Gast, 1969; Gast, Bladel, and Deshpande, 1969; Gregor and Bregman, 

1951; Eelfferich, 1962, pp. 166-167; Hutcheon, 1966; Kressman and 

Kitchener, 19l,9a, 19l.;.9b; Samuelson, 1963, pp.85-86; Surls and 

Chopp in, 1957). Therefore, within a lir,.i ted range, temperature can 

be assumed to have only a slight influence upon the equilibrium 

(F.el.fferich, 1962, pp.166-167; Kelley, 1948, p.53; and Samuelson, 

1963, pp. 85-86). 

Ion exchrmge rr.ay be followed by other processes which have 

considerable enthalpy chanE,es (Helfferich, 1962, pp.166-167). 

Cation exchange of an H-saturated exchanr;er with a base is a typical 

example (Coleman, 1952; Slaraup;h, 1952). S-;_ich systems are more 

likely to be affected by temperature changes since a lare;e amo1ll1t 

of heat of neutralization is liberated in the consecutive reaction. 

In most systems where ions of equal valence are involved, an 

increase in temperature is followed by a decrease in selectivity 

whereas in systems that involve ions of different valence a higher 

temperature usually leads to increased selectivity (Bonner and Pruett, 

1959a, 1959b; Coleman, 1952; I<:'raus and Raridon, 1959; Kraus, Raridon, 

and Holcomb, 1960; Loven a.11d Thomas, 1965; Walton and Viartinez, 1959). 
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In syster::s • . .;here selectivity is rri.ore prcinounced, temperature has 

a correspondingly creater effect unon selectivity (Samuelson, 1963, 

p__o. 85-86). In r::ost cases, selectivity results from association 

equilibria or cm;plex forrr:ation in either or both the solution or 

exchan{'"e phases. These processes are usually inhibited by an increase 

in terperature (Beckett, 1963; Bonner and Pruett, 1959a, 1959b; 

ColeJ"'an, 1952; Deist and Talibucleen, 1967; Gaines and Thorias, 1955; 

Glass, 1955; Hutcheon, 1966; Kraus and "Saridon, 1959; Kraus et al., 

1960; Pangelsdorf, Wilson, and Danie 11, 1969; Tlhoads, 1967). 

Exceptions are fow1d in syster:1s that involve counter ions of different 

valences (Helfferich, 1962, pp.166-167; Kraus and Faridon, 1959; 

Eul,j adi, Posner, and Quirk, 1966). 

S~ecific ion exchanf<'.e: A te.riperatu.re increase in a solution-

exchange suspension has been shavm to L1crease the concentration of 

Kin solution a.n.d conversely to decrease the quantity of Kon the 

exchanger (Beckett, 1963; Bischoff, Greer, and Lu5-stro, 1970; Eree;man, 

1953; Burns and Barber, 1961; Cosgrove and Strickland, 1950; Deist 

and Talibudeen, 1967; Golden, 1962; Gregor and Bregman, 1951, Haagsma 

and 1/iller, 1963; Hutcheon, 19G6; Hangelsdorf et al., 1969; Tucker, 

1967; Wiklander, 1946, pp.119-125). A similar response was observed 

:for _Im4, an ion which· behaves similarly to K (Vanselow, 1932) and 

also for Na (Hhoades, 1967). In these studies, the cou...r1ter ion 

usually involved in the exchane;e was Ca and/or Hp:. The ter.',perature 

effects of Ca equilibrium were.the reverse of those of K. As 

temperature increased, the concentration of Ca in solution decreased 
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(Bischoff' et al., 1970; Golden, 1962; Hutcheon, 1966; Vanselow, 

1932; Wiklander, 191+6, pp.119-125), The effects of r.1g corresponded 

to those of Ca. These observed equili bri wn changes with increasing 

temperature were accompanied with a measured decrease in total CEC 

(Bischoff et al., 1970; Deist and Talibudeen, 1967; Hutcheon, 1966; 

Vanselow, 1932) and a decrease in soil pE (Wiklander, 1946, pp.119-125), 

Ion exchange to plants: Evidence has been compiled which 

indicates that many biological systems undergo anorr;ttlous behavior 

at or near the temperature where aqueous solutions undergo subtle 

higher order phase transitions (Drost-Hansen, 1965a, 19G5b). Mi1ler 

and Davey (1967) rr:easured slight repressions in K uptake by wheat 

seedlings near 15. and 30C which could be due to changes in the water 

structure. However analyses have oeen published indicating that 

temperature-induced discontinuities in ;;a.ter p:coperties do not exist 

but are due to contaminants (Falk a.>id Kell, 1966; Hamann and King, 

As soil temperature was increased, an increase in K uptake was 

shown in wheat seedlings (Miller and Davey, 1967), oats (Nielsen 

et al., 1960), maize seedlings (Walker, 1969), sorghUJ11 (n5.elsen 

et al., 1961; Weber and Caldwell, 1964), bromegrass and potatoes 

(Nielsen et al., 1961), and soybeans (Wallace, 1957), while the Ca 

content decreased dramatically in maize seedlings (Hielsen et al., 

1961; Walker, 1969) and soybeans (Wallace, 1957), At low soil 

temperatu;:es, a significant response was obtained from K fertilization 

which did not occur at higher temperatures (Weber and Caldwell, 1964). 
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Baize seedlings demonstrated Ca deficieneies at high temperatures; 

however, these symptoms we1·e not evident at lower temperatures 

(Walker, 1969). As temperature increased the K content of tomatoes 

increased at low P levels with less of an effect at high levels of 

P (Martin and Wilcox, 1963). 'l'he K content of corn increased with 

increasing temperature when fertilized with N and P but decreased 

when fertilized with N, P, and K (H:i.elsen et al., 1961). The K 

content or barley increased with a temperature increase from 12 to 

22C but decreased with a further increase to 32C (Wallace, 1957). 



f,TA'IERL\LS AHD EE'L'HODS 

The choice of ~aterials and methods used was dictated by the 

specific objective of each experiment, which in turn was related 

to the overall objective of determining the effect of temperature 

on K-Ca exchange and selectivity in selected soils, clay minerals, 

and resins. To this end, specific exchange materials and the 

experimental techniques were governed by the objective of each study. 

However, in each case, the K-Ca exchange isotherms were determined 

by the quantity-intensity (Q/I) method developed by Beckett (1964a, 

196l1b). The K-Ca selectivity coefficie:-its were calculated by the 

Gapon equation (Babcock, 1963; Kelley, 1948, pp.45-46). 

I-,aterials 

Soils: Seventeen soils located in six different states were 

selected for use in these studies (Table I). These soils represent 

a wide range in natural soil characteristics (Tables II and III). 

_g):~E: Four di.ff~rent cls.y minerals were selected for use 

in these studies. These included: kaolinite from Dry Branch, 

Georgia, which was donated by the Georgia Kaolin Company, Elizabeth, 

New Jersey; 1-~roming bentonite from Upton, Wyoming; Camargo bentonite, 

which was obtained from Dr. L.W. Reed at the Oklahoma State University, 

Stillwater, Oklahoma; and vermiculite from Zonolite Division, W.R. 

Grace Company, Travelers Rest, South Carolina. 

10 
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Table I. The origin, horizon, R.nd depth for the soil types used. 

Soil Type Horizon Depth Orie:in 

-in.-

Bayboro peaty muck Ap 0-10 Virginia 

Portsmouth mucky loam Ap 0-8 Virginia 

Houston Black clay Al 0-16 Texas 

Carrington silt loam Ap 0-7 Iowa 

Vergennes clay Ap 0-6 Verr.1ont 

Hadley very fine sand,y loam Ap 0-6 Vermont 

Calais silt loam Ar, 0-6 VerI'.'lont 

Windsor loan,y fine sand Ap 0-6 Vermont 

Crosby silt loam C 38+ Indiana 

Berks silt loam B2 10-18 Vireinia 

Katy fine sandy loam B22t 28-46 Texas 

Iredell silt loam :32 11-26 Virginia 

Whitestore fine sandy loam B22t 22-31 Virginia 

Hason silt loam B2 12-23 Virginia 

Tatum silt loam B2t 27-31 Vire-inia 

Cecil sandy loam B2 18-46. Virginla 

Oktibbeha fine sandy loam B22t l+-16 Alabama 
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* Tnble II. Exchangeable cations in the soils used 

Soil 

Bayboro 

Portsmouth 

Houston Black 

Carrington 

Vereennes 

Hadley 

Calais 

Windsor 

Crosby 

Berks 

Katy 

Iredell 

Whitestore 

Hason 
Tatum 

Cecil 

Oktibbeha 

t nH 
Exchangeab_!£_fasic c~:t.ions 
ra K Ca I-fr: 

1+ . 1,9 

4.68 
8.oo 
5.20 
5,80 

6,90 
G.oo 
4. 80 
8.30 
4.69 
6.50 
6. l-12 
li. 22 

0.03 

0.19 

0.20 
0,00 

0.18 
0,08 
0.04 
0.10 
0.01 
0.03 

0,37 
0.01 

0.02 
li.80 <0.01 
4. 72 <0.01 

5.12 0.14 

4.h2 0,05 

0.82 5.57 
0. 32 3. 5li 
1. 4o 58. oo 
0.20 13.60 
o.6·r 10.50 

0.10 10,70 
0.19 4,70 
0.10 0.10 
0.13 25.25 
0.10 2,65 
0.22 8.00 
0.34 15.14 
0. li 3 0. 05 

0.21 0.30 
0,39 0.55 
0.12 o.61+ 

0.18 17,60 

4.28 
2.16 
o.84 
2.88 
8.60 
0.60 

0.30 
0.50 

1.29 
o. 36 

8.28 
19. 32 
1.49 
o.87 
0.75 
o. 79 
0,59 

Exchane;cable § 
Acidity 

55,92 
28. )42 

0.51 
9,13 
9,10 
2.80 

13.20 

8.70 
0.00 

4.57 
o.68 
7,56 

30.70 

12.06 
14.39 
12.50 
11.21 

*Data from Vern1ont soils was obtained from perscnal communication 
with Dr. R.J. Bartlett while all other d3.ta was obtained from 
personal communication with Dr. C.L Rich. 

tDeterrrined in a 1:1 ratio soil:distilled n2o. 
:j:Extracted with J.: 10 ratio soil: l.R!_ NH110Ac at pH 7. 

§Extracted. -i,;-ith 1:10 ratio soil:0.5lI_ BaC12 and 0.2IJ triethanol-
amine at pH 8. 3. 
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* · Table III. Selected characteristics of the soils used. 

.L 
Base Organic& <2µ Dominant 

Saturation* 'fl CEC; I-latter .. Clay Clay 1¼' 
Soil Minerals 

meq/lOOg % 
Bayboro 66.62 16.06 38.30 2.3 Mi 
Portsmouth 34.63 17.93 14.88 17.0 Mo, V 
Houston Black 60.95 99.16 2.65 45.6 Mo 
Carrington 25.81 64.64 3.00 32.3 Mo 
Vergennes 29.05 68.67 2.20 79.6 V, C 
Hadley 14.28 80.39 2.51 5.8 Mi, C 
Calais 18.43 28.38 5.07 6.6 Mi, C 

Windsor 9.50 8.42 0.07 2.8 Mi, C 

Crosby 26.68 100.00 o. 30 32.7 I 

Berks 7.71 1.0. 73 0.89 45.2 I 
Katy 17.55 96.13 1.16 36.5 H 

Iredell 42.37 82.16 1.47 52.6 Mo 
Whitestore 32.69 6.09 o.48 54.8 Mi, K 

Nason 13.45 10.33 0.20 59.0 v, K 

Tatum 16.09 10.59 0.30 57.7 v, K 

Cecil 14.19 11.91 o.43 70.0 K 

Oktibbeha 29.63 62.17 1.75 80.1 Mo 

*Data for Vermont soils was obtained from personal communication 
with Dr. R .J. Bartlett while all other data was obtained from 
personal communication with Dr. c.r. Rich. 

tSurn of basic cations plus exchangeable acidity in Table II. 

*Percentage of basic cations as compared to CEC. 

§Wet oxidation method (Peech et al., 1947). 

'!IMineral fractionation for soils (Jackson, 1956). 

lX-ray analysis (Jackson, 1956) where C = chlorite, H = halloysite, 
I = illite, K = kaolinite, Mi = mica, Mo = montmorillonite, 
V == vermiculite. 



Cation exchange resins: Four cation exc1,ange resins were used 

in these studies. These included: Rexyn 102, a weak organic acid 

cation exchanger from the Fisher Scientific Company. It consists 

of methacrylic acid containing carboxylic acid r;roups. It has a 

CEC of 12.06 meq/g of dry resin, a moisture content of 54.5%, and a 

mesh size of 200-liOO. The remaining three resins were strong acid 

type cation exchangers consisting of sulfonated styrene divinyl-

benzene beads and are products of the Dow Chemical Company. These 

include Dowex 50W-X1 which has a CEC of 5,3 meq/g of dry resin,· 

a moisture content of 84.6%, and a mesh size of 50-100; Dowex 50W-X4 

which has a CEC of 5.0 meq/g of dry resin, a moisture content of 

67.0%, and a mesh size of 50-100; and Dowex 50W-X8 which has a CEC 

of 5,3 meq/g of dry resin, a moisture content of 48.0%, and a mesh 

size of 20-50. 

Methods 

Preparation of soils and clay minerals: 'rhe soil sar1ples were 

air dried and passed through a U.S. Standard Si eve Series !Jo. 35 

which 1ias an A.S.T.M. opening specification of 500µ. 

'l'he clay minerals were first treated with lN monochloracetic 

acid (CH2ClCOOH) to remove carbonates. The clays were then dispersed 

in a 5% Calgon solution and mixed for 5 minutes in a soil 

dispersion rrixer having A.S.T.M. specifications. The clay minerals 

were separated into a <2µ fraction by sedimentation. This was ac-

coMplished by determining by Stokes Law the time necessarJ for only 
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the 2µ particles or smaller to renain in susoension to a depth of 

10 cm (Day, 1965, p.548). 'l'he upper 10 cm of the suspension was 

removed by suction, stored, and the process continued until sufficient 

clay was collected. The samples were flocculated with NaCl and 

then concentrated by centrifugation after repeated washing with lN 

NaCl solution to remove the Calgon. 

It was difficult to obtain a large quantity of the <2µ fraction 

of vcrrrJ.culi te. Therefore, this sample was wet ground in a Sorvall 

Omni mixer until sufficient quantity of the <2µ fraction was 

obtained. 

Preliminary saturation of' the exchange materials: Except for 

the Vereennes soil, cations on the exchange complex of the soil 

systems, prior to the K-Ca treatment were unaltered. An unaltered 

Vergennes soil as well as subsamples of this soil saturated with 

Na, K, Ca, and Al to produce homoionic systems, were studied. 

Wyoming bentonite was made homoionic with respect to na, K, Ca, 

Mg, Fe3+, and Al whereas the remaining clay minerals and resins were 

all Al saturated. A Dowex 50W-X8 sample was also H saturated. 

Saturation of each exchange material was accomplished by 

equilibrating the exchanger with a minimum of 30 symmetries of a 

nonr.al chloride solution of the appropriate cation. 

The Vergennes soil was equilibrated with the saturating solution 

by means of a large Buchner funnel, attached to a suction pump. 

At 30-minute intervals, 1/8 of the saturating solution was slowly 

passed through the soil. A sirr~lar procedure was used to saturate 
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the resins except that it wa.s performed with Millipore filters. 

All clay minerals were saturated in 250-ml centrifuge bottles by 

shaking the clay and the appropriate solution for 15 minutes and 

centrifuging. After discarding the supernatant solution, the process 

was repeated seven rr:.ore times. 

'l'he removal of excess salt was accomplished in several ways. 

The Vergennes soil was leached in the Buchner funnel with deionized 

water and the t:a, K, Ca, Mg, and Al Wyoming bentoni te syste:rns, and 

Al vermicQlite were shaken with deionized water in the centrifuge 

bottles until the superna,tant solutions were free of Cl as indicated 

by the AgH0 3 test. All the resins, the Al-saturated kaolinite, 

Camargo bentonite, and the Fe3+ _saturated and another J\.1-saturated 

sample of Wyomine; bentonite, and vermiculite, were washed eight 

times with O. 003r!. HCl. The final sunernatant solution had pH values 

of about 2. 4 with an electrical conduct.i vi ty of about 2440 

rrJ.cromhos/ cm. Wr.shing in this manner produces the least amount of 

hydrolysis of the saturating cation (Barshad, 1960; Page and Whittig, 

1961). 

A 25 g subsample of the Al-saturated and 0.003U IICl-washed 

Dowex 50W-X8, Wyoming bentoni te, and vermiculite were boiled for 2 

hours. A reflux condenser was employed to maintain the solution 

volume at 1000 ml. After cooling, the samples were concentrated by 

centrifugation and decanting off the solution. This treatment was 

performed to increase the anount of Al hydrolysis (Rich, 1960). 

The treated Vergennes soil was air dried and passed through 

a U.S. Standard Sieve Series No. 35 while the clay mineral pastes 
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were freeze-dried and passed through this s2.r:;e sieve. All the 

resins were dried in an oven at Soc for 12 hours. 

1;}eight con·ections: All samples were stored in the laboratory 

and allowed to come to equilibrium with the atmosphere. Subsequently 

samples were weighed for each eA~erirr:ent and at the same time a 

subsample of each exchange material was taken for moisture deter-

mination. 'The soils and resins were dried in an oven at llOC, whereas 

the clay minerals were dried at 300C. All references to weight 

of exchange materials were corrected for the amount of moisture 

determined at these teniperatures. 

It was observed that Al-saturated Re:xyn 102 and II-saturated 

Dowex 50W-X8 lost structural components on heating to 200C. Kunin 

(1958, p.321) reported that some resins are thermally unstable in 

the H form. 'l'he Dowex 50ll-X8 was H saturated and the Re:xyn 102 

contained a large portion of Hon the exchange even after treat-

ment with A1Cl3. Little Al was adsorbed (0.289 meq Alie,) because 

of the weak acid character of this exchane;e material and the low 

plI (2.8) of the AlC13 solution. 

In addition to the moisture correction the clay minerals 

and resins were also corrected by subtracting out the weight of 

exchangeable ions present on the exchangers from the total weight. 

The resulting "backbone" weight (Faucher and Thomas, 1954) of each 

cation-exchanger system then can be compared more accurately. The 

amount of exchangeable cations was determined by equilibrating 

0. 5 g of clay with two consecutive 50-ml portions of N llH4No3 in 
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centrifuge tubes. Each portion of extract:in~ solution was shaken 

intern-Ii. ttently with the clay for 2 hours and then separated from 

the clay by centrifugation and the solution decanted off and saved. 

Both portions of the extracting solution were combined and analyzed 

for the following exchangeable ions: H, Ha, K, Ca, Mg, Fe, and Al. 

~xoerirr:ental quantities used: The Q/I parameters were deter-

mined by varying the amounts of each soil, clay mineral, and resin 

that were weighed out into a series of 100-ml centrifuge tubes. 

Fifty ml of 0.002!1 CaC12 solution containing different amounts of 

K were added to each series of centrifuge tubes that were employed 

for each exchange system (Table rt). 

The Capon selectivity coefficients were deter~ined by 

equilibrating 7.0 g of soil, or 0,5 g of clay mineral, or 0.2 g of 

resin with 50 ml of solution containi.ng 0.002ri CaC12 and 0.002~ 

KCl with each exchange system. These wer.e the same experimental 

quantities that were used for the solution in the Q/I experiments 

that contained the highest amount of K. After equilibrium, solutions 

were removed from the exchange material by centrifugation and decant-

ing. ~be exchangeable cations were extracted as above. Corrections 

were made for Ca and Kin the entrained solution phase by analysis 

of the Cl. 

Temperature of exneriments: Temperature was the main para-

meter examined in all these studies; therefore, care was taken to 

maintain uniform conditions. All equilibrium studies were performed 

at three temperatures: 0, 20, and 4oc. These experiments were 
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Table IV. Experimental quantities used to determine the Q/I 
pararr.eters. 

Weight of sam9le Volume Concentration 
Tube No. Soils Clays Resins added KCl CaC12 

-g- -g- -g- -ml- -M- -H-

1 0.5 0.0500 0.0050 50 0,0000 0.0020 

2 1.5 0.1000 0.0500 50 0.0000 0.0020 

3 4.5 0.3000 0.1000 50 0,0000 0.0020 

li 7,0 0,5000 0,2000 50 0,0000 0.0020 

5 7,0 0,5000 0.2000 50 0.0002 0,0020 

6 7,0 0.5000 0,2000 50 0,0005 0.0020 

7 7,0 0,5000 0,2000 50 0.0007 0.0020 

8 1.0 0.5000 0.2000 50 0.0010 0.0020 

9 7,0 0,5000 0.2000 50 0.0020 0,0020 
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conducted in Sherer Electronic Controller Transistorized Hodel-1-111 

walk-in temperature control rooms. Throughout the experiments, 

these rooms had a measured solution temperature variability of less 

than 0.5C. 

The equilibrium solutions were separated from the exchange 

materials by centrifue;ation and. decanting off the solution in these 

temperature control rooms. Centrifugation produced less than a 

O.lC change in solution temperature. All exchange studies were 

conducted at room temperature since it was assumed that the lN 

NH4IT03 exchm1ge solution would remove all exchai".lgeable ions regard-

less of the teMperature. 

Time of experiment: Preliminary kinetic experiments suggested 

that equilibrium was complete after 1 day. !Io effect of equilibrat-

ing samples from l to 8 days could be observed on two selected 

exchange materials for the temperatures studied. However, due to the 

length of time necessary to handle all the samples studied and the 

random ordering for centrifugation, a time of 3 days was chosen 

for the equilibrium studies. The samples were continuously shaken 

during this entire time period on a reciprocating shaker. 

~be exchange studies were performed l day after the equilibrium 

solutions were removed from the exchange materials. The exchanging 

solution was intermittently shaken for 2 hours with the exchanger 

for two consecutive extractants. These two extractants were later 

combined for analysis. 
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Ion determinations: The pH of the solutions were rr.easured 

with a Sergeant Model DR digital pE meter which had a Fisher 

microprobe electrode IJo. 13-639-92. The following ions were measured 

with a Perkin Elmer t~odel 303 atomic adsorption spectrophotometer: 

Tra, K, Ca, 1::g, and Fe. Aluminur:1 was determined colorimetrically 

by the aluminon :r.:ethod (Esu, 1963) with a Bausch & Lomb, model 

Spectronic 20, spectrophotometer. Chloride was measured with an 

Aminco-Cotlove automatic chloride titrator. Difficulty was 

encountered in determining Cl in the T:H4Eo3 samples that were Fe3+ 

saturated. A potential difference on the Cl titrator could not be 

developed due to the hi~h Fe contept. Therefore, an aliquot of 

these samples was passed through an H-saturated Dowex 50W-X8 resin 

and the Cl content of the elutriate was measured. 

Activity correction and ratio cnlculation: In all equilibrium 

solutions, the concentrations of Kand Ca were corrected to their 

chemical activities. 1he activity coefficients were calculated 

from the Debye-Huckel equation (Babcock, 1963; Harned and Owen, 

1958, pp.59-66): 

1 + aS/i7 

where 

~± = mean activity coefficient of the electrolyte 

z+ = valency of cation 

z- = valency of anion 



K = 

= 

a = 

22 

2.303 (DkT) 312 

ionic strength of the solution 

2N 
1000 

a = distance of closest approach 

where 

N = Avogadro's number = 6. 024 x 1023 molecules mole -l 

4 8 -10 
E = electronic charge = . 02 x 10 e.s.u. 

D = 

k = 

T = 

µ = 

where 

dielectric constant of the medium which was H20 

Boltzmann constant = 

absolute temperature 

1/2 >: 
2 C. z. 

J. J. 

8 -16 -1 -1 1.3 0 x 10 ergs degree molecule 

C. = concentration of ion i in moles per liter 
J. 

The Kand a constants are temperature dependent and numerical 

values for these constants. as a function of temperature were obtained 

fro~ Harned and Owen (1958, p. 165) (Table V). The values of a for 

-8 6 -8 Kand Ca were taken as 3 x 10 cm and x 10 cm, respectively, 

for all temperatures studied (Klotz, 196!4, p.417). The distance of 

closest approach ($) of the ions studied is known to change with 

temperature (Kavanau, 1964, pp.54-73; Nightingale, 1959; Robinson 
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Table V. Values for constants in the Debye-Huckel 
equation for activity coefficients in 
aqueous solutions as a function of 
ten:perature (Harned and Owen, 1958, 
p.165). 

Temperature C -8 
K a X 10 

0 o.4883 0.3241 

20 o.5oh6 0.3276 

40 0.521+1 0.3315 
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and Stokes, 1949). However, the effect of the range of temperatures 

studied on the magnitude of I~ as reflected .i.n the Debye-Hiickel 

equation was found to be insir;nificant (Klotz, 1964, p.418; Robinson 

and Stokes, 1949). 

The ionic strengths of the equilibrium solutions in the Q/I 

experiments were calculated from the measured Ha, K, Ca, and l-1g 

concentrations. In the remaining studies involving equilibrium 

solutions, the ionic strength was calculated from the concentration 

of H, Na, K, Ca, i-':g, F'e, and Al. The concentration of H was 

calculated as follows: 

H = l 
Antilog pH 

In all cases, it was assumed that the anions were monovalent. 

Evidence for this assumption exists from the fact that the exchange 

materials were saturated with Cl solutions, the equilibrium solutions 

were Cl derivatives, and hydroxyls are the other rn:,.jor anions 

existing in these exchange materials. 

The activity ratio (AR) of K vs. Ca and Mg was calculated 

as follows: 

CK X (cj>KC1) 2 
AR = 

)3/2 + CMg x (ipCaC12 Ca 

where 

A. = activity of ion i in moles per liter 
1 

= AK 

IACa + M17, 
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It '..ras assumed that Ca a.rid Irg had sirnilrc1· properties in the exchange 

materials studied (Beckett, 1961,b; Schofield and Taylor, 1955). 

The resulting unit of measurement in the AR eq_uation is 

(moles/liter)112 . 

Calculation of a Q/I isother!"l and related parameters: The 

equilibrium solutions in the Q/I exneriments were calculated and 

plotted by the technique given by Becl~ett (1964a, 1964b). For 

each exchange material and temperature studied a series of points 

were obtained by plotting AR on the abscissa versus the change in 

K (.-"iK) on the ordinate. The values for ,"',K were calculated from 

the difference between the K concentration of the initial solution 

with that of the resultant solution in equilibrium with the exchange 

material. The unit of measure of 6K is meq K/lOOg of exchroiger. 

Thus, by plotting corresponding values of ,"',Kand AR, a quantity 

intensity (Q/I) curve was obtained which has three distinct 

parameters. These parameters are: (1) the eq_uilibrium activity 

ratio (ARE) which is the value of AR where ,"',K = O, (2) the potential 

buffering capacity (PBC) which is the slope of the linear portion 

of the curve, and (3) the standard exchangeable K (llK0 ) which is 

the value of ,"',K upon extrapolating the linear portion of the curve 

to AR = O. 

Calculation of the Ganon coefficient: The K selectivity 

coefficients were based on the Gapen equation as shown by Rich and 

Black (1964). The K selectivity coefficient kK/Ca was calculated 
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K Jsorbed) 

Ca (sorbed) 
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_}5_J_solution) 

/ca (solution) 

'l'he sorbed cations were measured in the exchange solution and were 

corrected for the entrained solution by analyzing for Cl. The 

determined Cl was partitioned between the cations in proportion 

to their concentrations in the equilibrium solution and then sub-

tracted from the values obtained for exchangeable cations. The 

cations in solution were detern,ined froI'l the equilibrium solution 

and were corrected to their cherrical activities. The sorbed cations 

are ex-pressed as meq/lOOg of exchanger and the cations in solution 

as moles/liter. Therefore the resulting unit of measurement of 

• '1 • t / 1 )112 kK/Ca is , i ers mo e • 
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'l'he results are presented for seven e:,merirnents each of which 

had specific objectives. All of the work was related to the overall 

objective of determining the effect of temperature on K-Ca exchange 

and selectivity in selected soils, clay minerals and resins. It was 

first necessary to determine the time required to attain equilibrium 

for K-Ca exchange at the tet1pero.tures studied. The effect of 

te:r:rperature on K-Ca e:xchanp;e was then determined on naturally occurr-

ing soils. Some soils demonstrated an effect of temperature on K-Ca 

exchange whereas others did not. T::erefore a soil and some selected 

clay minerals and resins were cherdcally treated in an attel'1pt to 

determine the influence that ions, initially on the exchange sites, 

had on the temperature effect in subsequent K-Ca exchange. Finally 

an eX})eriment was conducted to deterrrine the influence of temperature 

on selectivity of K and Ca in soils, cla:;r minere.ls and resins. 

Subsequently these systeJ11-s were analyzed further to better 

characterize the effects that temperature had on the exchange reactions. 

In order to e;ive some continuity to this section and to orient 

t:he reader, the purpose and the experimental procedure for each 

expe:dment is restated prior to the presentation of the results. 

These staterrents provide a brief introduction to the presentation 

of results for each experiment. 

27 
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Kinetics of K--Ca Exchanrre -'! n a Soil and 

Clay System at Three 7e:rnneratures 

Introduction: Ion exchange is known to occur rapidly and attain 

equilibrium within seconds (>Talcolm and Kennedy, 1969). However 

ion exchange is known to be ter.rperature dependent (Kelley, 19118, 

p. 53). The purpose of this experi111ent was to determine the time 

necessary to achieve equilibrium between Kand Ca and the exchanger 

at the temperatures studied. The untreated Vergennes soil and the 

Al-saturated. and water-washed vermiculite were used as the exchange 

materials. They were equilibrated at temperatures of O, 20, and hoc 
for periods of 1, 2, 4, and 8 days and subsequently analyzed. The 

resulting data were plotted by the Q/I technique. 

Influence of time: Equilibrium between Kand Ca in solution 

and the Vergennes soil; and Al-saturated and water-washed vermiculite 

was complete by the first day at all temperatures (Figures 1 and 2). 

No difference could be detected be-tween the first or the eighth 

day for either exchange system at any temperature. Apparently the 

exchange equilibrium occurring for the first 8 days was complete 

at the end of the first day. Subsequently it was decided that all 

equilibrium experiments would be conducted for a period of 3 days. 

Influence of temperature: A marked change in the Q/I isotherms 

occurred at the temperatures studied for both the Vergennes soil 

and the verf!1iculite. These exchangers demonstrated similar responses 

to temperature changes. As temperature increased the anount of K 
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Fig. 1. The K-Ca exchanr;e isotherrr.s of the Verp,ennes Ap at 0, 20, 
and 4oc for 1, 2, 4, and 8 days: o ,1 day; A ,2 days; 
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adsorbed by the exchangers decreased as evidenced by a lower value 

of llK for similar concentrations of the initial solution. A lower 

PBC was also noted as a decrease in the slope of the linear portion 

of the plot. However the ARE increased as noted by a larger value 

for the cross-over point of the isotherm on the abscissa. For 

siIT'ilar concentrations a decrease in temperature decreased the value 

of llK while at the same time shifting the AR to the right. Therefore 

as temperature increased less K was adsorbed by the exchangers examin-

ed at equivalent ratios of Kand Ca in solution. Stated another 

way, in order to maintain an equal amount of Kon the exchanger with 

increasinr, tem:9erature, a hir;her ratio of K relative to Ca in 

solution was needed. 

Experimental error: Two replicates were averaged for each 

point on these graphs. However the magnitude of the resulting 

point plotted on the graph also included each of the individual 

values used to calculate the average. Tlle experimental error is 

actually less than the error due to plottine. In fact the data 

was analyzed on different days and yet excellent agreement occurred 

for values of similar concentrations at each of the 4 days studied. 

The amount of variation of K-Ca exchange in these systems are minimal 

when analyzed and plotted by the techniques used. 

Temperature Effects on K-Ca Exchan~e in Selected Soils 

Introduction: Temperature was observed to influence K-Ca 

exchange in a Vergennes soil. However, the effect of temperature on 
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exchange of these ions in other soils w,1s ur_known. The purpose of 

this experiment was to detern,ine if tempc,rature would influence K 

and Ca exchane;e in a variety of soils from many locations. There-

fore 17 soils with widely different properties were selected for 

study. These soils were analyzed and plotted by the Q/I technique. 

Observing the direction and mar:nitude of the temperature effects 

on K and Ca exch1mge in these soils could lead to the reason or 

reasons for these phenomena. 

Influence of temperature: It is irnr.1ediately apparent from 

Figures 3, l+, and 5 that for three soils, namely, Calais, Windsor, 

and Crosby, there was no effect of temperature on K-Ca exchange. 

The effect of temperature on K-Ca exchange in the remainin~ 13 soils 

occurred in tlle same direction as that obse:r·ved in the case of the 

Vergennes soil but at differer:t T"Agni tuc:es ("'igures 6-19). 

The Q/I isotherms of soils in which Kand Ca exchange were not 

affected by changes in temperature, have either a verJ steep or 

very flat slope. The Crosby soil has a very steep slope and is the 

only soil which does not contain any exchangeable acidity. It is 

:9redominantly Ca saturated (Table II). However, other soils showing 

temperature effects have large slopes for their Q/I isotherms. 

1nese soils are Houston Black, Vergennes, Carrington, Oktibbeha, 

Katy, and Iredell. 1'hese soils do contain exchangeable acidity and 

do demonstrate an effect of temperature on K-Ca exchange. The 

Calais, and especially the Windsor_ soils, had a very flat Q/I slope 

(PBC). 'l'hese soils do not demonstrate an effect of temperature on 
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Fig. 3. The K-Ca exchange isotherms of the Calais Ap at 0, 20, 
and 4oc: o , oc; A , 20c; c , 4oc. 
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Fig. 4. The K-Ca exchange isotherms of' the Windsor Ap at O, 20, 
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Fig. 5, -The K-Ca exchange isotherms of the Crosby Cat 0, 20, and 
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Fig. 7. The K-Ca exchange isotherms of the Portsmouth Ap at 
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Fig. 9. '1'he K-Ca exchanp:e isotherms of the Carrinr;ton Ap at O, 
20, and 40C. 
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Fig. 11. The K-Ca exch~nge isotherms of the Hadley Ap at O, 
20, and l~OC. 
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Fig. 13. The K-Ca exchange isotherms of the Katy B22t at 0, 
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Fig. 14. The K-Ca exchange isotherms of the Iredell B2 at O, 
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Fig. 16. The K-Ca exchane;e isotherms of the Nason B2 at 0, 20, 
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Fig. 17. The K-Ca exchange isotherms of the Tatum B2t at O, 
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K-Ca exchange although they do contain appreciable amounts of 

exchangeable acidity. 

The largest effects of ter.":perature on K-Ca exchange occurred 

with the Bayboro soil. T'nis soil was l1ip,hest in orranic matter 

and exchangeable acidity for the soils studied. Sizeable effects 

of temperature on K-Ca exchange were also noted on the following 

soils: Portsmouth, Fnitestore, Nason, Tatum, Cecil, Vergennes, 

Oktibbeha, and Carrington. These soils vary in the amount o:f organic 

matter present but all contain appreciable quantities of exchange 

acidity. 

The effects of temperature on K-Ca exchange increased with 

increasing concentrations of K. Temperature produced the greatest 

divergence in.the Q/I isotherms at the upper portion of the curve. 

It is also observed that these curves are typical Q/I curves as 

reported by Beckett (196lta, 1964b), although they do exhibit more 

bending at higher concentrations of K and tend to bend downward. 

In the case of the Iredell soil at the highest concentration of 

solution K, the experimental points do not associate with the curve 

althoue;h the relative order within the temperatures studied is 

maintained. No reason for this discontinuity is apparent. 

Increasing temperature either had no effect on K-Ca exchange, 

or it decreased the amount of K adsorbed by the soil. Thi.s is 

evidenced by a lower value of 6K for similar concentrations of K 

and Ca in the original solution. A lower PBC (Table VI) with an 

increase in temperature was noted whereas the AHE increased (Table 

VII). Temperature had little effect on 6K0 (Table VIII). 
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Table VI. The influence cf temperatare on the PBC parameter 
of the Q./I isotherm for the soils studied. 

Temperature 

Soil oc 20C 4oc 

- rr:eq K/lOOg . (moles/liter)-l/2-

Bayboro 2G.3 22.2 15.8 

Portsmouth 77.1 49.7 38.6 

Eouston Black 197.5 179.1 118.2 

Carrington 95.8 71.2 54.1 

Vergennes 121.1 83.1 59.4 

Hadley 1+6. 8 20.6 16.0 

Calais 27.4 27 .1:. 27.4 

Windsor 6.5 6.5 6.5 

Crosby 87.6 87.6 87.6 

Berks 51. 4 46.2 45.0 

Katy 100.0 72.4 61.5 

Iredell 218.8 145.8 105.9 

Whitestore 41.1 28.4 24.1 

!Jason 86.o 56.7 4o.6 

Tatum 1+6. 9 4o.4 25.1 

Cecil 56.2 36.7 26.5 

Oktibbeha 134.7 105.8 81.2 
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Table VII. The influence of temperature on the ARE 
parameter of the Q/I isotherm for the soils 
studied. 

Temperature 

Soil oc 20C 4oc 

(moles/liter)112 X 102 --

Bayboro 2.41 3.40 4.75 

Portsrr.outh 0.27 0.39 0.55 

Houston Black 0.15 0.16 0.27 

Carrington 0.13 0.22 0.29 

Vergennes 0.25 0.34 o.45 

Hadley 0.05 0.08 0.17 

Calais 0.11 0.11 0.11 

Windsor 0.09 0.09 0.09 

Crosby 0.20 0.20 0.20 

Berks 0.15 0.20 0.24 

Katy 0.10 0.15 0.25 

Iredell o.oo 0.00 0.02 

Whitestore 1.20 1.77 2.19 

Nason 0.30 o.48 o.63 

Tatum 0.77 1.00 1.53 

Cecil 0. lio 0.60 0.75 

Oktibbeha 0.10 0.13 0.22 
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Table VIII. The influence of ter.1pera.ture on the LiK 0 

parameter of the Q/I isotherm for the soils 
studied. 

'Temperature 

Soil oc 20C l+OC 

meq K/lOOg 

Bayboro o.64 0.79 0,75 

Portsn,outh 0.21 0.20 0,20 

Houston Black 0.30 0.33 0.32 

Carrington 0.14 0.14 0,19 

Veri:;ennes o. 32 0.33 0.30 

Hadley 0.01 0,01 0.02 

Calais 0.03 0.03 0.03 

Windsor 0.09 0.09 0.09 

Crosby 0.20 0.20 0.20 

Berks 0.10 0.10 0.10 

Katy 0.15 0.13 0.16 

Iredell o.oo o.oo 0.02 

Whitestore 0.51 0.50 0.51 

Nason 0.29 0.27 0.28 

Tatum 0.38 0.39 0.39 

Cecil 0.25 0.21 0,20 

Oktibbeha 0.18 0.17 0.20 



Tem,)erature Effects on K-Ca Excha:we in a Homoionic 

Na, K, Ca. or Al Vergennes Soil 

Introduction: It was observed that temperature had a 

pronocmced effect on K-Ca exchange in many soils. This effect 

appeared to 1)e related to the ions on the exchange complex. A 

system that is mainly Ca saturated such as the Crosby soil gave no 

effect of temperature on K-Ca exchange whereas the temperature 

effect was pronounced in many soils that contained a large portion 

of exchanfeable acidity. The purpose of this exoerirr.ent was to 

determine if the cations on the exchange complex of a Vergennes 

soil could account for the observed terrperature effects of K-Ca 

exchanr,e in this soil. Individual samples of the Vergennes soil 

were saturated with Tra, K, Ca, or .J\.l and washed free of excess salts 

with n2o. Subsequently, the san,ples were treated according to the 

Q/I technique. 

Influence of temnerature: The effect of ter:iperature on K-Ca 

exchange in the Vergennes soil was lost when this soil was Na, K, 

or Ca saturated (Figures 20-22), whereas increasing the temperature 

decreased the amount of K adsorbed on the sample that was Al 

saturated and water washed (Figure 23). 

The slopes of the Q,/I curves were low for the Na-saturated 

soil and high for the Ca-saturated soil. 'I'he slopes of the isotherms 

for the Al-saturated soil was intermediate between the Ca and. Na 

systems. The slope of the unaltered Vergennes soil (Figure 10) 

was interI!lediate between the CP.,..and the Al-saturated soil. The 
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Vergennes soil is mainly a Ca and Al system ('Table II). A Q./I 

isotherm could not be obtained from the K-[;aturated Verp;ennes soil 

for K was released to all solutions used, thereby producing a co:mmon 

cluster of points. 

Temperature Effects on K-Ca Exchange in a Homoionic 

Na, K, Ca, Ilg, Fe, or Al Wyoming Bentonite 

Introduction: The type of ions on the exchange complex was 

observed to change the effect of temperature on K-Ca exchanp;e. 

However salt saturation of the Verp;ennes soil drastically altered 

this soil by solubilizing the orp;anic matter which was subsequently 

removed from the system. The purpose of this experiment was to 

determine if the cations on the exchange complex of another inorganic 

exchanger, such as Wyoming bentonite, would influence the effect of 

temperature on K-Ca exchange. Wyoming bentoni te was saturated with 

Na, K, Ca, Mg, Fe, or Al. The Na-, K-, Ca-, and Me;-saturated bentoni tes 

were washed free of salts with water whereas the Fe and Al systems 

were washed free of salt with dilute acid (0.003Ii_ HCl). This 

procedure was used to keep hydrolysis at a minimum. These systems 

were analyzed and plotted by the Q/I technique. 

Influence of temperature: The effect of temperature on K-Ca 

exchange did not occur in the Wyoming bentonite saturated with Na, 

K, Ca, Mt;, Fe, or even Al (Figures 2h-29). No effect of temperature 

on K-Ca exchange occurred in any systeri, even the Al-saturated clay. 
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It is noted that this Al system was washed free of excess salts with 

0.003.E_ HCl thereby keeping hydrolysis· at a minimum. 

The lowest slope occurred in the Ea-saturated bentonite while 

the largest occurred for the Al system. The Al-saturated and dilute 

acid-washed bentonite even had a steeper slope than the Ca-

saturated system. 'l'his result is opposite to that observed for the 

Vergennes system.s. The Ca- and Mt;-saturated bentoni te behave similarly 

with respect to K-Ca exchange with this type of Q/I plot. As in the 

K-saturated Vergennes soil, the K-saturated Wyoming bentonite 

released K to all solutions used thereby producing a cluster of 

points. 

Temperature Effects on K-Ca Exchange 

in Al Saturated Clay Hinerals 

Introduction: It is apparent that the type of Al present on 

the exchange m~terial is important in determining the influence of 

temperature on K-Ca exchange. The Al-saturated Vergennes soil and 

vermiculite that were water washed demonstrated a decrease in K 

adsorption with increasing tempE'.rature whereas the Al-saturated 

Wyoming bentonite which was washed with 0.003l!, HCl gave no temperature 

effect on K-Ca exchange. The purpose of this experiment was to 

determine the influence that the form of Al present on the exchanee 

complex had on the temperature effect in subsequent K-Ca exchange. 

Kaolinite, Crunargo bentoni te, a..'1.d vermiculite were Al saturated and 

washed with 0. 003_!! HCl. Subsamples of the Al-saturated and acid -



washed Wyoming bentonite and vermiculite we:re boiled in water whereas 

still another subsample of each of these Al-saturated roinerals were 

washed with water. These systems were analyzed and plotted by the 

Q/I technique. 

Influence of temperature: There was no response of K-Ca exchane;e 

to temperature cbanges in the Al-saturated and acid-washed kaolinite 

(Fieure 30). However, in the remaining sys terrs an increase in 

ter:iperature decreased the amount of K adsorbed (Figures 31-36). 

The ter:iperature effect on K-Ca exchange was greater in the Al-saturat-

ed and acid-washed vermiculite than in the Camargo bentonite although 

no effect was observed in the previous Wyoming bentonite systems 

that had been treated somewhat differently. Decreased K adsorption 

with increasine; temperaturet, occurred in the W·.rorning henton_i te systems 

that were Al saturated and acid washed but then boiled or just water 

washed. A significant decrease in the slope of the O/I isother1:1s are 

observed between the Wyoming bentoni te that was acid washed and 

those that were boiled or water washed. The Al-saturated vermiculite 

that was boiled had a steeper slope and a smaller A_.-qE than the water 

washed samples. 

Je:nmerature Effects on K-Ca Exchange in 

Selected Cation Exchange Resins 

Introduction: The effect of temperature on K-Ca exchange is 

dependent on the type of Al present on the exchange complex which 

itself is dependent on the charge density of the exchanger. The 
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purpose of this experiment was to determine the influence of 

temperature on K-Ca exchange in two Al-saturated exchange resins, 

one a weak acid type and the other a strong acid type, and to 

determine the effect of cross linkage in the strong acid type. 

Re:xyn 102 was chosen as the weak acid cation exchanger and Dowex 

50W as the strong acid cation exchanr,;er. The Dowex 5m-1 resin used 

had cross linkages of Xl, X4, and X8. 7hese samples were Al 

saturated and washed with 0. 003IJ HCl. A subsample of the Dowex 

50W-X8 was boilecl and another subsaJnple was E saturated. These 

systems were analyzed and plotted by the Q/I technique. 

Influence of temperature: Temperature affected K-Ca exchange 

in all systems studied (Figures 37-l+2). As before an increase in 

temperature decreased the amount of K adsorbed on all systems 

containing Al on the exchange sites. The magnitude of the temperature 

effect on K-Ca exchange oc:curred to a smaller degree in the Rexyn 

102 resin than in the Dowex 50W ~esins and was observed to bend 

upward rather ~han downward. lTeither increasing cross linkage 

nor boiling had an apparent consistent influence on K-Ca exchange 

in the Dowex 50W resins. The effects of temperature on K-Ca exchange 

in the Ir-saturated Dowex 50H-X8 resin was opposite to those effects 

observed in the Al systems. As temnerature increased, more K was 

adsorbed by the exchange resin. However no apparent differences 

occurred between the 20 and 4oc treatments. 
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Fig. 37. The K-Ca exchanr:e isotherms of the Al-
saturated and 0.003.!i_ HCl-washed Rexyn 102 • 
at 0, 20, and 4oc. 
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Fig. 38. The K-Ca exchane;e isotherms of the .11.l-saturated 
and O. 003!J HCl-washed Dm-7ex 50W-Xl at O, 20, 
and 4oc. -
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Fig. 39. The K-Ca exchange isotherms of the Al-
saturated and 0.003N HCl-washed Dowex 
50W-X4 at o, 20, and 4oc. 
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Fig. 40. The K-Ca exchanp;e isotherms of the Al-
saturated anrl 0.003JI HCl-washed Dowex 
50W-X8 at o, 20, and hoc. 
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a , 4oc. 
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Temperature Effects on K-Ca Selectivity in Selected Soils, 

Clay Minerals, nnd Cation Exchanp.:e Resins 

Introduction: It is observed that temperature affects K-Ca 

exchange in soils, clay minerals and cation exchange resins 

containing hydro:xy-Al groups on the exchange complex. However the 

effects of temperature on K selectivity and other properties of the 

exchange system are unknown. In fact the values for ~K were obtained 

by measured differences in concentration between the original and 

final eA'I)erimental solutions. However little was known_ about the 

actual ratio of ions on the exchange sites. purpose of this 

experiment was to determine the influence of temperature on K 

selectivity in the selected soils, clay minerals and cation exchange 

resins thnt were previo'.lSly studied and reported in this 

dissertation. These include the unaltered soils, the clay minerals, 

and cation exchange resins. They were treated in the same manner 

as before. The exchangeable ions were extracted with lN rm4No3 

after the equilibrating solutions were separated from the exchanger. 

The CEC was determined by summing the rr.easured concentrations of 

Na, K, Ca, Mg, Fe, and Al. Temperature effects will be related to 

measured changes in exchangeable K, Ca, Al, and total CEC, and in 

changes in the pH of the system. 

Influence of temnerature on K selectivity: Increasing temperature 

decreased K selectivity in all soils studied {Table IX). Increasing 

temperature from O to 4oc decreased K selectivity almost six times 
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'J.'able IX. The influence of temperature on K selectivity in 
the soils used. 

'l'err.pera t ure 

Soil oc 20C i+oc 

(liter /mole) 1/2 

Baytoro 3.30 1.78 1.29 

Portsmouth 5.25 3.82 3.14 

Houston Black 3.27 2.59 1.89 

Carrington 6. olr 4.61 3.20 

Vergennes 11. !+1 6.44 4.64 

Hadley 3.06 2.64 2.23 

Calais 10.81 10.17 8.38 

Windsor 11. 57 8.88 5.41 

Berks 21.20 16.98 12.29 

Y..aty 9.83 8.10 5.90 

Iredell 3.08 2.60 1.97 

Whitestore 99.46 64.84 39.15 

Ifasori 263.67 131.12 58.03 

Tatum 203.46 95,01 35.76 

Cecil 110.75 47.93 31.49 

Oktibbeha 6.98 5.02 4.06 



in the Tatum soil and over four tirr.es in the Hasan soil. These 

soils also gave the highest selectivity coefficient for K. The 

lowest specificity for K was given by Bayboro, Eadley, and Iredell. 

Increasing temperature decreased the K selectivity in all the 

3+ clay minerals and cation exchane;e resins studied except the Fe -

saturated '\-;yoming bentoni te, Al-saturated Re:x;yn 102 and, the H-

saturated Dowex 50W-X8 (Table X). Temperature had little effect 

on K selectivity in Al-saturated Bexyn 102·. With rise in temperature 

K selectivity increased in the JI-saturated Dowex 50W-X8 at 20 and 

4oc and in the Fe3+-saturated Wyoming bentonite at 4oc. 

The selectivity of Kin a Wyoming bentonite system increased 

with the following order of ions on the exchange sites: K <Ha< 

3+ Ca < r,ig < Fe < Al. The K selectivity increased in the Al-saturated 

clay minerals as the CEC of the clay minerals increased. Selectivity 

was lowest for kaolinite followed by Wyoming bentonite, and Camargo 

bentonite, and w~s largest for vermiculite. The K selectivity was 

observed to decrease as the cross linkage in the Dowex 50W increased. 

Boiling the Al-saturated clay minerals decreased K selectivity in 

all but the Al-saturated Wyoming bentonite at 4oc. However this 

treatment had little effect on the Al-saturated Dowex 501-i-XS system. 

Influence of ter:merature on ions adsorbed: Increasing temperature 

decreased the amount of K adsorbed in all of the soils studied 

except Calais (Table XI). The least effect of temperature on the 

amount of K adsorbed occurred in the Windsor, and Calais soils. 

These soils gave no effect of temperature on K exchange by the 
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Table X. The influence of temperature on K selectivity in the 
clay minerals and cation exchange resins used. 

Exchane;er 

Wyoming bentonite 

Wyoming bentoni te 

Wyoming bentonite 

Wyoming bentoni te 

Wyoming bentonite 

Wyoming bentonite 

Wyoming bentonite 

Camargo bentonite 

Kaolinite 

Vermiculite 

Vermiculite 

Rexyn 102 

Dowex 50W-Xl 

Dowex 50W-X4 

Dowex 50W-X8 

Dowex 50W-X8 

Dowex 50W-X8 

Saturating 
Cation Treatment 

Na 

K 

Ca 

Mg 

Fe3+ 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

H 

boiled 

boiled 

boiled 

Temperature . 

oc 20C 4oc 

--(liter/mole)112--

2.25 

1.85 

2. 80 

6,18 

7,92 

30.41 

13.55 

34.24 

12.37 

96.55 

15.67 

3,83 

7,80 

6,74 

5,20 

5, 73 

6,33 

1.50 

1.07 

2.65 

5,35 

5,47 

19.66 

12.13 

25,65 

5,62 

68.29 

10.67 

3.86 

6.66 

5,50 

4.'(0 

4.08 

8.87 

1.50 

1.52 

2.39 

4,97 

78,10 

8.01 

11.25 

15.93 

3,96 

36,92 

6.50 

3.68 

4.72 

4.02 

2,77 

2.90 

8,65 



Table XI. 

Soil 

Bayboro 

Portsmouth 

86 

The influence of temperature on NH1 N0 3 
exchangeable K after equilibrating \he soils with 
a KCl-CaC12 (each 0.002H) solution. 

Terr;perature 

oc 20C 4oc 

----- meq/lOOg ----
1.28 1.09 0.98 

o.68 

Houston Black 

0.58 

1.42 

o. 53 

1.40 

0.90 

1.00 

o. 39 

0.50 

0.17 

o.45 

o.83 

0.11 

0.75 

0.18 

0.53 

0.59 

1.10 

Carrington 

Vergennes 

Hadley 

Calais 

Windsor 

Berks 

Katy 

Iredell 

Whitestore 

Nason 

Tatum 

Cecil 

Oktibbeha 

1.09 

1.19 

o.48 

0.20 

0.52 

0.98 

0.98 

0.91 

1.24 

o.63 

0.92 

1.25 

o.44 

0.50 

0.18 

o.49 

0.92 

O. "(6 

o.83 

0.67 

0.60 

0.69 

1.14 
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Q/I technique, The change in K adsorbed with temperature changes 

was also small for the Hadley and Houston Black soils. Increasing 

ter::perature from O to 4oc decreased the amount of K adsorbed on the 

I:Tason soil about seven tii::es. This soil fave the larr;est decrease 

in adsorbed K by increasing temperature. 

As in the case of soils, increasing ten:perature decreased the 

arr.aunt of K adsorbed by all the Al-saturated clay minerals and cation 

exchange resins (Table XII). Increasing temperature increased the 
3+ r.: adsorbed by Pe -saturated bentoni te and especially for the H-

saturated Dowex 50W-X8. These systems had the lowest pE. The amount 

of K adsorbed by the '.!yominp, tentoni te systems chanp,ed in the 

following order of ions on the exchange site: K >Na> Mg> Ca> 

Fe = Al. The quantity of K adsorbed by Al-saturated clay minerals 

changed in the following order: Kaolinite < Wyorring bentoni te < 

Camargo bentonite < ve:r:miculite, Boiling increased the amount of 

K adsorbed in the Al-saturated verrriculi te but decreased the amount 

adsorbed in the Al-saturated Wyoming bentonite except for the highest 

temperature. Boiling had no effect on the amount of K adsorbed by 

Dowex 50W-X8 saturated with Al. 

In general the amount of Ca adsorbed by the exchange systems 

studied increased with increasing teTT'J)erature (Tables XIII and XIV) 

althou1:,h there are several which changed little, decreased, or showed 

no consistent change, 'The largest increase in adsorbed Ca with 

increasinr; temperature occurred for II-saturated Dowex 50W-X8 while 

3+ . the greatest percent decrease occurred for Fe -saturated Wyoming 
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Table XII. The influence of temperature on n14rm3 exchangeable K 
after equilibrating the clay minerals and cation exchanp;e 
resins with a KCl-CaC12 (each 0.002Ji) solution. 

Temperature 
Saturating 

Exchan~er Cation Treatment oc 20C 4oc 

meq_/l00g 

Wyoming bentoni te Na 7.24 6. 1li 6.56 

Wyoming bentonite K 16.15 14.41 16.36 

Hyoming bentonite Ca 3. 58 3,78 3.62 

Wyoming bentoni te !,rg 4.27 3,93 3,76 

Wyoming bentonite Fe 3+ 1.97 2.10 2.82 

Wyoming bentoni te Al 2.07 1.92 1.81 

Wyoming bentoni te Al boiled 1.89 1. 89 1.87 

Camargo bentonite Al J.46 3.01 2.96 

Y.aolini te Al 0. li8 0.30 0.28 

Vermiculite Al 4.29 3,15 2.98 

Vermiculite Al boiled 5,75 4,99 4.81 

ReX'Jn 102 Al 1.98 1.88 1.36 

Dowex 50W-Xl Al 4.60 4.25 3.22 

Dowex 50W-X4 Al 4.34 3.63 2.80 

Dowex 50W-X8 Al 5,59 3,98 2.74 

Dowex 5rn..f-X8 Al boiled 5,53 3.93 2.87 

Dowex 50W-X8 H 6.21 48.51 48.08 



Table XIII. 

Soil 

Bayboro 

Portsmouth 

Houston Black 

Carrington 

Vergennes 

Hadley 

Calais 

Windsor 

Berks 

Katy 

Iredell 

Whitestore 

Nason 

Tatum 

Cecil 

Oktibbeha 

The influence of temperature on HII1No 
exchangeable Ca after equ.ilibratinJ t~e soils 
with a KCl-CaC12 (each 0.002M) solution. 

Ten,perature 

oc 20C 

----- meq/lOOg -----

12.66 

12.47 

10.38 

6. 82 

1.54 

7,87 

11.22 

0.26 

0,21 

0.10 

0.33 

17.12 

13.14 

5.46 

56.79 

12.15 

9. 89 

6.73 

1. '70 

0,55 

1.06 

8.69 

9,69 

o. 32 

0.22 

0.18 

0.52 

17.02 

14.45 

5,63 

58,17 

13.30 

ll. l+9 

2.04 

o.88 

1.22 

6.90 

11.55 

o.ln 
0.24 

o.41 

0.59 

17.37 
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Table XIV. The influence of terr:perature on I;r·\ T;0 3 exchangeable Ca 
after equili-orat:int: the clay minerals and cation 
exchange resins with a KCl-CaC12 (each 0.002Ii) solution. 

------------ --------

Exchan~er 

Wyoming bentonite 

Wyoming bentoni te 

Wyominc; bentoni te 

Wyoming bentoni te 

\~roming bentonite 

Wyoming bentoni te 

Wyoming bcntonite 

Camargo bentonite 

Kaolinite 

Ve:rmiculi te 

Vermiculite 

Re:xy-n 102 

Dowex 50W-Xl 

Dowex 50W-X4 

Dowex 50W-X8 

Dowex 50W-X8 

Dovex 50W-X8 

Saturating 
Cation Treatment 

Na 

K 

Ca 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

H 

boiled 

boiled 

boiled 

Temperature 

oc 20C lroc 

---meq/lOOg ----

32. 39 

24.47 

7,91 

2.88 

3.32 

2.37 

0,97 

1.12 

10.89 

13.04 

10.75 

11.76 

18.22 

15. 89 

16.15 

32,98 

51,37 

25.27 

11.35 

4.01 

3.56 

3. 31 

1.31 

1.10 

12.76 

11.68 

10.59 

11.76 

15 .89 

84. 39 

33.99 

34,30 

52.78 

25.45 

1.47 

4.01 

4.03 

1.80 

1.10 

16.06 

6. 47 

11.49 

11.76 

16.07 

15.89 

84.39 
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bentonite. Similar variations occurred for the arrount of Al present 

on the exchange at the three teriperatures (Tahles YY and XVI). The 

effect of ter.iperature on CEC is small considering the extent to which 

the other ions changed with ter.:perature ( Tables ).'VII and XVIII). 

On boiling the Al-saturated vermiculite suspension, the CEC decreased 

to almost one half of the initial value whereas the CEC of the boiled 

Al-saturated Wyoming bentoni te increased slie;htly. 

Influence of te:r.:nerature on ions in solution: Increasing 

temperature decreased the pH of the equilibrium solution in all but 

three soils, namely, Bayboro, Vergennes, and Iredell (Table XIX). 

In these soils increasine; temnerature from Oto 4oc increased the 

pH of the equilibrium solution. Increasing temperature also 

decreased the solution pH of the Al-saturated clay minerals and 

resins except for Rexyn 102 in which there was little change with 

increasine; temperature ·(Table XX). Boiling the Al-saturated Wyoming 

bentonite, vermiculite, and Dowex 50W-X8 systems increased the pH 

of the equilibrium solutions. 

Increasing temperature changed the concentration of Al in the 

equilibrium solutions of the soils (Table XXI), clay minerals and 

cation exchange resins (Table XXII). However the effect of temperature 

on concentrations of Al in solution vary with each exchange system, 

These variations will be considered in the Discussion. 
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Table ).'V. T'ne influence of temperature on J;H4No? exchane;eable 
Al after equilibrating the soils withJY.Cl-CaC12 
( each O. 002l:) solution. 

Terr.p era t ure 

Soil oc 20C 4oc 

meq/lOOg 

Bayboro 4.95 4.51 4.50 

Portsmouth 5.62 3,69 3.37 

Houston Black 0.23 0.11 o. 35 

Carrington 0.03 0.03 0.03 

Vergennes 0.03 0.01 o.oo 

Hadley o.oo o.oo o.oo 

Calais 0,55 o.43 0,35 

Windsor 0.81 o.45 0.33 

Berks 3.59 3,05 3.12 

Katy 2,11 1.54 1.13 

Iredell 0.20 o.oo o.oo 

Whitestore 3,32 1.68 0,57 

Nason 22.06 19.09 18,90 

Tatum 4.23 4.21 4.47 

Cecil 7.81 8.03 7.66 

Oktibbeha 15.39 13.92 14.26 
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Table XvI. 'I'he influence of ter::.perature on :m:4 NO 3 exchangeable Al 
after eo.uilibratinr; the clay ninerals and cation 
exchange resins with a KCl-CaC1 2 (each 0.002!:1) solution. 

Fxchanc:er 

Wyoming bentoni te 

Wyorring bentoni te 

Wyomine bentoni te 

Wyorring bentoni te 

Wyoming bentoni te 

Wyoming bentonite 

Wyoming bentonite 

Camargo bentonite 

Kaolinite 

Verrr.iculi te 

Vermiculite 

Rexyn 102 

Dowex 50\-t-Xl 

Dowex 50W-X4 

Dowex 50W-X8 

Dowex 50W-X8 

Dowex 50W-X8 

'i'errip erature 
Saturating 

Cation 7reatment oc 20C 

--- rneq/lOOg ----

K 

Ca 

Hg 

Fe3+ 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

H 

boiled 

boiled 

1.81 

5.18 

o.46 

1.96 

33.67 

29.H 

33.34 

94.07 

2 .85 

70.98 

30.40 

18.6 

523.0 

446.o 

357.0 

boiled 361.0 

o.o 

0.92 

1.19 

o.48 
1.20 

30.42 

29.69 

32.18 

92.15 

o.oo 
86.30 

18.35 

20.3 

469.0 

416.0 

33'{. O 

343.0 

o.o 

1.87 

o.48 
2.96 

27.45 

28.97 

35.76 

97-51 

3.35 

76.93 

16.46 

26.1 

524.o 
465.0 

376.0 

333.0 

o.o 



'rable XVII. The influence of temperature on CEC after 
equilibratinR the soils with a KCl-CaC12 
( each O. 002Ji) solution. 

Temperature 

Soil oc 20C 4oc 

meq/lOOg 

Bayboro 23,54 24.73 24.63 

Portsmouth 13.13 11.15 10.95 

Houston Black 57.24 59,18 60.79 

Carrington 16.21 15,55 16. 81+ 

Vergennes 13.33 12.64 14.39 

Hadley 7. 61+ 7.50 7.48 

Calais 2,70 2.76 2,95 

Windsor 1.54 1.19 1.41 

Berks 5,18 4.74 4.93 

Katy 15.63 16.00 12,22 

Iredell 38,5h 32.01 37,76 

Whitestore 5,50 3,87 2.92 

Nason 23.23 19. 80 19,60 

Tatum 5,12 5.21 5.69 

Cecil 9,77 10.07 9.61 

Oktibbeha 34.50 32. 81 33.31 
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Table XVIII. The influence of temperature on CEC after equilibrating 
the clay minerals and cation exchange resins with a 
KCl-CaC12 ( each O. 002~) solution. 

Temperature 
Saturating 

Exchanger Cation Treatment oc 20C 4oc 

meq/lOOg 

Wyo:ming bentoni te Na 52. 34 49.42 48.74 

Wyoming bentoni te K 55.46 50.02 53.54 

Wyoming bentonite Ca 52.36 56.14 57.34 

Wyomine bentoni te Mg 64.29 59. 80 58.89 

Wyon,ing bentoni te Fe 3+ 45.59 45.22 36. 53 

Wyon,ing bentonite Al 35.04 35.85 35. 70 

Wyoming bentonite Al boiled 38.53 37.50 41.64 

Camargo Bentonite Al 100.09 99.62 104.64 

Kaolinite :u 4.28 2.58 4.30 

Vermiculite Al 94.40 93.61 103.03 

Vermiculite Al boiled 58.80 48.lio 50.27 

Re:xyn 102 Al 33.6 33.9 34.o 

Dowex 50W-Xl Al 538.6 493,6 538.9 

Dowex 50W-X4 Al 462.5 431.2 479.3 

Dowex 50W-X8 Al 382.4 355.3 395.4 

Dowex 50W-X8 Al boiled 381.9 362.6 352.1 

Dowex 50W-X8 H 352.9 332.9 312.8 
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Table XIX. The influence of telTiperatu!'e on solution pH of 
soils equilibrated withe KCl-CaC12 (each 
0.002I:l) solution. 

Temperature 

Soil oc 20C 4oc 

Bayboro 3.43 3.48 3.56 

Portsmouth 5,05 4.55 4.50 

Houston Black 7,34 7,35 7.33 

Carrington 6, liG 6.13 5.80 

Vereennes 6.68 7.49 7.81 

Hadley 7.11 6.94 6.85 

Calais 6.77 4.82 li. 73 

Windsor 5.12 4.66 4.17 

Berks 4.55 4.11 3.81 

Katy 5.10 4.89 4.55 

Iredell 6.16 6.92 7.09 

Whitestore 3.74 3.57 3.35 

Nason 3.92 3,77 3.53 

Tatum 4.42 4.25 4.07 

Cecil 3,99 3.80 3.74 

Oktibbeha 5.02 3.97 3.79 
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Table XX. The influence of te:nperature on solution pH of clay 
minerals and cation exchanfe resins equilibrated 
with a KCl-CaC1 0 (each 0.002l:_) solution. 

L. 

Temperature 
Saturating 

Exchanger Cation Treatment oc 20C ,~oc 

Wyoming bentonite Na 4.94 5,82 5.14 

Wyoming bentonite K 4.61 6.20 li. 75 

Wyoming bentonite Ca 4,57 4.57 5.18 

Wyoming bentoni te Mg 4.51 4. 30 4.22 

Wyoming bentonite Fe 3+ 2.88 2.81 2.75 

Wyoming bentonite Al 3. !i5 3.34 3.22 

Wyoming bentoni te Al boiled 3.62 3.50 3.23 

Camargo bentonite Al 3.49 3. 1~2 3.18 

Kaolinite Al 3.95 3.88 3.77 

Vermiculite Al 3.71 3.55 3.35 

Vermiculite Al boiled 4.11 3.90 3.82 

Rexyn 102 Al 3.34 3.35 3.33 

Dowex 50W-Xl Al 3. 32 3.29 3.16 

Dowex 50W-X4 Al 3.43 3.25 3.15 

Dowex 50W-X8 Al 3.52 3.30 3.07 

Dowex 50W-X8 Al boiled 3.60 3.42 3.29 

Dowex 50W-X8 H 3.48 2.32 2.26 
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Table XXI. 'l'he influence of temperature on the concentration 
of Al in solution extracted from soils 
equilibrated with a KCl-CaC12 (each 0,002!i) 
solution. 

Temperature 

Soil oc 20C lioc 

iimoles/liter 

Bayboro 66.7 82.3 95,6 

Portsmouth 30,0 41.5 43,7 

Houston Black 8.2 9.6 7.4 

Carrington 9.6 8.9 3.0 

Verp;ennes 6.7 9,3 11.9 

Hadley 3.0 2.2 5,6 

Calais 14.8 10.4 6.7 

Windsor 8.9 9,3 9.3 

Berks 63.0 54.9 59,3 

Katy 1.9 o. ·r o.o 
Iredell 5.2 4.4 0,7 

Whitestore 199.0 202.0 219.4 

I'ason 143.8 • 139 .o 117,9 

Tatum 77,8 100.1 86.7 

Cecil 148.2 144.5 133.4 

Oktibbeha 11.9 4o.o 57.1 
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'l'able XXII. The influence of temperature on the concentration of 
Al in solution extracted from clay minerals and cation 
exchange resins equilibrated with a KCl-CaC12 (each 
0.0021::::) solution. 

Exchane;er 

Wyoming bentonite 

Hyorrring bentoni te 

Wyoming bentoni te 

Wyoming bentonite 

Wyoming bentonite 

Wyoming bentoni te 

Wyoming bentonite 

Camargo bentonite 

Kaolinite 

Vermiculite 

Vermiculite 

Rezyn 102 

Dowex 50W-Xl 

Dowex 50W-X4 

Dowex 50W-X8 

Dowex 50W-X8 

Dowex 50W-X8 

Saturating 
Cation Treatment 

Na 

K 

Ca 

Mg 

Fe3+ 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

H 

boiled 

boiled 

boiled 

Temperature 

oc 20C 4oc 

--- µmoles/liter ---

31.5 

13. 7 

10.0 

1.5 

213.1 

339.1 

407,7 

83.4 

352.1 

92,7 

o.o 
796. 8 

852,4 

945.1 

945.1 

o.o 

27,8 

9,3 

3,0 

o.o 
/30.4 

296,5 

402.1 

46.3 

339.1 

135,3 

9,6 

908.0 

759,8 

908.0 

876, 5 

o.o 

21.5 

13.0 

1.5 

4.4 

255,7 

402.1 

296,5 

355,8 

27,8 

302.2 

157,5 

14.8 

1037,7 

726.4 

796, 8 

778, 3 

o.o 



DISCUSSION 

This section relates all seven experi~ents to the overall 

objective of determining the influence of temperature on K-Ca 

exchange in selected soils, clay J11inerals, and cation exchange resins. 

The results are related to the literature to support a proposed 

mechanism explaining the variation in K-Ca exchanp;e with temperature. 

The significance of these findings and their practical implications 

are also discussed. 

Termerature Effects on K-Ca Exchanr;e and Selectivity 

General effects: Temperature was found to affect the relative 

ar'lounts of K and Ca adsorbed by sorie soils but not others. The 

studies with soils, clay minerals, and cation exchange resin systems 

indicate that where Al as hydroxy-Al groups occupied cation exchange 

sites, the ratio of K-Ca adsorbed by the exchanger decreased with 

increasing temperature within the range of Oto 4oc. These hydroxy-

Al groups may be p:cesent naturally as in the case of soils, may 

form during Al-saturation followed by washine; with water to remove 

excess salts, or may form on these sites during the K-Ca exchange 

after the initial cation saturation. The effects of temperature on 

K-Ca excha.ne;e did not occur when other ions such as Na, K, Ca, Mg, 

3+ 3+ Fe , or Al were present on the exchange complex. 

The form of Al on the exchange sites of clay minerals was 

dependent on exchange properties and temperature. A low CEC, non-

100 
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restricted cation exchange sites, or acid-we.shing: suppressed hydrolysis 

in the systems examined. Conseq_uently in such systems a temperature 

effect on K-Ca exchange did not occur. A high CEC, confined cation 

exchange sites, such as in the narrow interlayer space of vermiculite, 

or water-washing apparently promoted hydrolysis of Al in place in 

the systems studied. Surface exchange sites, low CEC, such as in 

kaolinite, and small particle size tended to be associated with normal 
• 3+ 

exchange·of Al . 

Proposed mechanism: It is proposed that the mechanism involved 

in the experimentally observed temperature dependence of K-Ca is as 

follows: With an increase in temperature there is (1) an increase 
+ . 

in hydrolysis of Al in place with the formation of n3o at the exchange 

site, (2) an increase in the hydrated size of Kand a decrease in the 

size of Ca ions, and (3) an increase in the kinetic enera of the 

system with increased temperature which changes ion mobility and 

thereby selectivity. 

It is i~perative to restrain Al, thereby restricting exchange 

and promoting hydrolysis in place. Alurrinum is either restrained by 

size or position. Restricting Al exchange results in increased 
3+ hydrolysis and the greater displacement of protons rather than Al 

ions themselves. This mechanism is accelerated at higher temperatures. 

In clay minerals, Al-polymers can prop open interlayer spaces thereby 

producing "wedge sites" which are specific for K (Rich, 1964). 

Polymetric growth on surfaces of exchangers can also cause steric 

hindrance through a sieving action thereby inhibiting the diffusion 
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of' large hydrated cations such as Ca and causing selectivity in 

exchanee reactions. 

Increasing temperature decreases the hydration of Ca while at 

the same time increases the relative strength of the K-water bond 

relative to the water-water bond. Therefore increasing temperature 

would result in relatively smaller Ca ions and larger K ions. Ion 

size is important in exchange due to mobility and special relation-

ships. Smaller ions move faster and are more effective in penetrating 

to confined sites of exchange. 

If it is assumed that specific sites do exist for K exchange 

but are unavailable for Ca exchanee, then increasing temperature 

would decrease K selectivity relative to Ca due to: (1) increase 

in the degree of vibration of Kat exchange sites which consequently 

could then be occupied more easily by Ca, (2) increase in effective K 

size relative to Ca due to temperature changes on hydration status, 

and (3) increase in hydrolysis which would (a) produce a larger polymer 

thereby forcing the "wedge" open and eliminating the specific site 

for K, and (b) increase in H3o+ concentration which due to its similar 

size could replace K from specific sites. 

Specific influence on soils: Soils naturally low in exchangeable 

acidity or saturated with basic cations gave no effect of temperature 

on K-Ca exchange as measured by the Q/I isotherm. It is apparent that 

K-Ca exchange in the Houston Black soil was affected by temperature 

whereas this soil is basic and contains little exchangeable Al. 

Some Al was present in the extracting solution and although increasing 
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temperature did not change the a.mount of K adsorbed it did increase 

the quantity of Ca adsorbed thereby ch&'lging the Q/I isothern. This 

soil contained the largest quantity of exchangeable Ca and also contains 

Caco 3. Temperature may increase the adsorption of Ca through an 

increase in the solubility of Caco3. 

The Calais and Windsor soils also gave no temperature effects 

on K-Ca exchange, although both soils contain appreciable quantities 

of exchanr,eable acidity. The pH of the Windsor soil is low which 

could keep the Al in the trivalent form and probably more important 

is the fact that the clay content and CEC are very low thereby 

decreasing the possibility of hydrolysis. The Calais soil contains 

an appreciable quantity of organic matter and the exchangeable 
+ acidity may be H. It is known that high organic matter content 

decreases interlayer formation (Rich, 1968). 

The remaining soils all demonstrated a decrease in K adsorption 

with increasing temperature from Oto 4oc. These soils contained 

appreciable quantities of exchanr,eable acidity and very likely 

contain some type of hydroxy-Al polymers. Jeffries, Rolfe, and 

Kunze (1953), Klages andl'lhite (1957), and Rich and Obenshain (1955) 

have observed that certain acid soils contain a vermiculite-like 

clay mineral that exhibits variable collapse on K saturation. The 

mineral is now considered to be a vermiculite that contains variable 

amounts of charged Al-hydroxy-poJ.ymers ansorbed in the interlayer 

space. The occurrence of partially hydro~r-Al interlayered expansibJ.e 

layer silicated have been reported in many soils and sedi~ents (Pich, 

1968). 
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Specific influence on clay :minerals: ~Ta~kson (1960) proposed 

the idea of "steric pinching" in the interlayer space of clays which 

would pro:r.1ote hydrolysis and olation, resulting in a higher degree 

of polymerization. Kaddah and Coleman (1967) showed that the dis-

placement of Al from Al-saturated vermiculite with salt solutions 

promoted hydrolysis of the Al. Hydrolysis of Al was greater where 

KCl was used. In this case K tended to collapse the interlayers 

at the edge of the vermiculite particles, thereby restricting exchange 

of the large hydrated Al ion. Since protons are more easily displaced 

than Al, hydrolysis was increased (Rich, 1968). However, Cotton 

(1965) found that the der;ree of hydrolysis increased as the degree 

of cross-linkae;e (and charge density) in Dowex 50W decreased. This 

infers that hydrolysis would be less in vermiculite than in 

montmorillcn:i. te due to the higher charge density of the former. 

However in the resin, the pore size decreased with increasing cross-

linkage which may limit the polymer size. This effect would not • 

occur in clays. 

Increasine temperature decrea.sed the amount of K adsorbed by 

Al-saturated vermiculite which was washed with 0.003H HCl, whereas 

this effect did not occur in the cornparahle Wyoming bentonite system. 

It is thought that the charge density of' vermiculite was sufficient 

to promote hydrolysis in this system even when washed in dilute acid. 

'l'he charge density of Wyoming bentoni te is lower than that of 

verIJ1iculi te and the O. 003N HCl-wash treatment inhibited hydrolysis. 

Upon boiling the dilute acid-washed Al-saturated Wyoming bentonite, 

or simply water-washing, this system was sufficient to hydrolyze 
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the Al as evidenced by a decrease in K aJsorbed with increasing 

temperature. Camargo bentonite has a CEC intermediate between 

Wyo1J1ing bentoni te and verrniculi te and it produced a small K decrease 

with an increase in temperature. Apparently a clay mineral with a 

CEC of about 100 meq/lOOg will pror0.ote Al hydrolysis even when washed 

with 0. 003N HCl. The slope of the Q./I isotherm for the Al-saturated 

and dilute acid-washed vermiculite which was boiled was greater than 

those for the comparable systems that were not boiled or just water 

washed. Boiling this system may have promoted hydrolysis to the 

extent that some Al precipitated as Al(OH) 3 . The Al-saturated and 

dilute acid-washed kaolinite gave no effect of temperature on K-Ca 

exchange. Kaolinite has a low CEC and the structure of the mineral 

plates provides no interlayer space which is necessary to restrict 

Al movement. 1~erefore hydrolysis in place is negligible. It should 

be noted that the charge density per unit area of kaolinite is com-

parable to that of bentonite although the charge per unit volume 

is much less. 

Specific influence on resins: Increasing temperature decreased 

the amount of K adsorbed on all cation exchange resins containing 

Al on the exchange sites. The magnitude of the temperature effect 

on K-Ca exchange occurred to a smaller dee;ree in the Rex-Jn 102, 

which is a weak type cation exchange resin, than in the Dowex 50W 

syste!l'u5, which are strong acid cation exchane;ers. Heither increasing 

cross linkage nor boiling had a apparent consistent influence on 

K-Ca exchanee in the Dowex 50W resins. Apparently the charge density 
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is sufficiently lare;e to pro:nob:! hydrolysis even at the hic;hest cross 

linkage studied. It is also known that increasing ten~erature 

increases the void size in resins (Wiklander, 1946). These results 

are confounded because there is a variation in the nesh sizes of 

the Dowex 50W resins examined. Little exchange of Kor Ca occurred 

with the H-saturated Dowex 50W-X8 resin at OC. However, the exchange 

was extensive at the higher temperatures. At OC the II-saturated 

resin may orient water molecules to the extent that an ''ice-like" 

structure forms and inhibits exchange reactions. Temperature may 

also influence the bond strength or mobility of H to a ereater 

degree than is the case for Kor Ca. 

Specific influence on Q/I isotherms: Several workers (Beckett, 

1963a, 196l~a, 1964b, 1964c, 1965; Beckett and Nafady, 1967a, 1967b; 

LeRoux, 1966; Ifoss, 196313., 1963b, 1963c, 1967) have successfully 

employed the Q/I technique to measure the quantity and intensity of 

soil potassium. This method provides an excellent estimate of plant 

availability of soil K. This technique allows variables, which are 

closely correlated with plant uptake and the complex properties of 

soil minerals, to be measured. 

Changes in temperature were observed to change the Q/I isotherm 

for the exchange systems containing hydroX'J-Al polymers. Increasine 

temperature generally decreased the PBC, increased the ARE, but had 

little effect on M<:0 • Beckett (1963) showed an increase in ARE 

with increasing temperature. Beckett and Nafady (1967a) reported 

that an increase in the amount of exchangeable Al, as produced through 
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the addition of Cetyl trimethyl ammonium bromide, would displace 

Ca and reduce the PBC. These results are comparable with earlier 

work (Beckett, 19640) which shows that the PBC increased when the 

positive charges carried by exchangeable Al were reduced. 

In ter~s of the Q/I parameter these findings indicate that 

with increasing temperature less K was adsorbed by the systems 

studied (lower .AK), the CEC of the exchanger had decreased or become 

less base saturated (lower PBC), there was no influence on labile K 

(no change in ~K0 ), and that the plant availability of K had 

increased (larger ARE). 

These results suggest that care must be maintained in the 

experimental procedure in order to equate experiments conducted at 

different locations or times when tempe:;._•ature changes may occur. 

Al though the temperature range studied repre:-;ented extremes in soil 

systems, the Q/I parameters were observed to vary more for a given 

soil examined between 0 and 4oc than many of the soil systems varied 

between therr.s elves. 

The cation exche.nge resins and all the clay mineral systems 

except verr:iiculite gave no downward curvature for the Q/I isotherm 

at low values of AR. This tendency to approach the ordinate 

asymptotically did occur for vermiculite and for most of the soil 

systems. 'I'hese results support the premise that the bending is due to 

specific sites or selective adsorption of K (Beckett and Nafady~ 1967a; 

LeRoux, 1966). It should be noted that although 30 symmetries of 

l,!l AlC13 was equilibrated with the vermiculite some K still remained 

in the system. 
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Snecific influence on K selectivity: Increasing temperature 

decreased K selectivity in the exchangers studied. The greatest 

effects occurred in the soil systems. The soil systems also 

demonstrated a larger selectivity for K thru1 the clay minerals or 

cation exchane;e resins system.s. This phenomenon was also observed 

by Rich and Black (1964) and Schwertmann (1962a, 1962b). The 

temperature variation in K-selectivity over the temperature range of 

0 to l10C was as great as the variation observed between the different 

soils. The selectivity of Kin the saturated bentonite systems 

increased according to the following order of ions on the exchange: 

3+ . K < Na < Ca < r,rg < Fe < Al, and w1 thin clay minerals it increased 

in the order of increasing CEC: Kaolinite < Wyo:ming bentoni te < 

Camargo bentonite < v-ermiculite. It was also observed that K 

selectivity increased as the cross linkages decreased in the Al-

saturated and 0,003.!! HCl-washed Dowex 50W systems. Potassium selectiv-i-

ty increased in all systerr:s in the sarre direction that Al-hydrolysis 

would be expected to increase. 

Rich and Black (1964) found that boiline; an Al-saturated 

vermiculite increased the K selectivity while decreasing the total 

quantity of K adsorbed. However this report found that boiling an 

Al-saturated and 0. 003.!!_ HCl-washed vermiculite apparently decreased 

the K selectivity coefficient. This could be due to the fact that 

rml+no3 was used as the extractant because mr4 ions are kno1m to 

collapse vermiculite layers and trap exchangeable ions. If it is 

assumed that the loss of Kand Ca from the equilibrium solution is 

due to adsorption of these ions, then another K selectivity coefficient 
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could be calculated from the loss in Ca-I(. This new K selectivity 

value, was found to be l+2. 91, 27. 22, and 11. 62 for the unboiled Al-

saturated vermiculite at O, 20, and 4oc while they were found to be 

60.48, 110.79, and 25.86, respectively, when boiled. The selectivity 

of K is now observed to increase with terr.perature. 

Specific influence on properties of the exchane;er: It was 

found that increasing terr.perature decreased the amount of exchangeable 

K while at the same time decreasing solution pH. An increase in 

temperature could promote hydrolysis which would increase the H ion 

concentration and replace exchangeable K. The influence of pH on 

K exchange has been reported (~!urdock and Rich, 1965; Rich, 1964; 

Rich and Black, 1964; Schachtschabel, 19!10; Tucker, 1967). This 

phenomena could account for the observed decrease in K exchange and 

selectivity with respect to Ca at higher temperatures. In many cases 

the amount of exchangeable Ca increased with an increase in 

temperature. However this was not consistent. 

It was observed that the Fe3+-saturated Wyoming bentonite was 

in reality an Al system. 3+ Apparently the Fe hydrolyzed completely 

to form Hand Fe precipitated. The H ions attacked the clay to release 

Al and the clay became Al-saturated. The pH of this system was about 

2.80. 'l'his type of transfer has been reported by Coleman and Thomas 

(1964). 

The measured concentration of Al adsorbed and in suspension is 

observed to change with tei:lJ)erature, however the direction of change 

was not consistent. This is also true in the case of the measured 
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CEC. Attempts can be made to relate the influence of temperature 

on Al chemistry as expressed in the CEC. However problems develop 

in the deterwination of Al if Al-polymers are forming or dissolving. 

"It is obvious that hydrolysis of Al3+ ions in 
water is a complex process. rl'he hydrolysis and poly-
merization near clay surfaces is an even more complex 
problem." (Rich, 1968) 

Practical Imnlications 

It is apparent that increasing temperature decreases K exchange 

and selectivity relative to Ca in exchange systems containing 

hydroxy-Al polymers. This could account for one of the variables 

in comparing K-Ca fertility experiments conducted in the greenhouse 

with those conducted in the field. Soils in the e;reenhouse could 

become much warmer than those in the field thereby releasing more K 

and less Ca for plant uptake. Conversely a lack of K response in the 

greenhouse would not insure that K deficiencies could not occur in 

the field. This phencmena may be an important consideration when 

considering fall and winter fertilization vs. summer application of 

fertilizers. The cool climate in the fall and winter should result 

in greater adsorption of K thereby reducing leaching losses. It is 

interesting to note that the 1:reatest demands for K occur when the 

ground is warm and the soil has a better chance to release K for plant 

uptake. All other things being equal the greatest amount of Kloss 

should occur in a warm climate and in the summer. This phenomena may 

relate to K availability and different responses of warm and cool 

season plants. 
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This finding would l)e an important consideration if one was 

interested in K-Ca exchange from exchange materials removed from 

one entirely different area and e:xar:,ined in another. It would cast 

some doubt on the results obtained for the exchange of these two 

ions froI:J. tropical or arctic rec:ions where the work was performed 

in U.S. laboratories, or for systems completely removed from their 

enviro1ment, such as sea sediment. 'I'hese results may a!)ply to soil 

testing if climate differs drastically in a given test area or 

throu8h the year. 



COHCLUSIOH 

It is concluded that temperature affects the relative amounts of 

Kand Ca adsorbed by sorr.e soils and not others. The studies with 

soils, clay rrdnerals, and cation exchange resins indicate that where 

Al as hydro:xy-Al groups occupy cation exchange sites the ratio of 

K-Ca adsorbed by the exchanger decreases with increasing temperature 

within the range O-l+OC. An increase in temperature decreases the 

amount of K adsorbed, decreases pH of the equilibrium solution and 

increases adsorbed Ca. 'l'his effect of temperature on K-Ca exchange 

3+ did not occur when other ions such as Na, K, Ca, Mg, Fe , or Al 

were present on the exchange complex. Increased temperature also 

decreased K selectivity. 

The form of Al on the exchange sites of clay minerals was 

dependent on properties of the exchanger and temperature. A low CEC, 

nonrestricted cation exchange sites, or acid washing suppressed hydroly-

sis in the systems e:ir.amined. Consequently in such systems a temperature 

effect on K-Ca exchange did not occur. A high CEC, confined cation 

exchange sites or water-washing promoted hydrolysis in the systems 

studied thereby giving the temperature effect on K-Ca exchange. 

It is proposed that the mechanism involved in the experimentally 

observed temperature dependence of K-Ca exchange include: (1) an 

increase in Al-hydrolysis in place with increased temperature with 
+ the formation of H3o on the exchange sites, (2) an increase in the 

hydrated size of the K and a decrease in the size of Ca ions, and (3) an 
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increase in the kinetic energy of the system with increased 

temperature which changes ion mobility and thereby selectivity. 
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Temperature Effects on Potassium-Calcium Exchange and Selectivity in 
Selected Soils, Clay Minerals, and Cation Exchange Resins 

by 

Lucian W. Zelazny 

'I'erriperature was found to affect the relative arnounts of K and 

Ca adsorbed by sor.oe soils but not others. The studies with soils, 

clay minerals, and cation exchange resin systems indicate that where 

Al as hydro::w-Al groups occupied cation exchange sites the ratio 

of K-Ca adsorbed by the exchanger decreased with increasing 

temperature within the range of Oto 4oc. An increase in tenperature 

decreased the amount of K adsorbed, decreased pH of the equilibrium 

solution and increased adsorbed Ca. These hydroxy-J\l groups may be 

present naturally as in the case of soils, may form during Al-

saturation followed by washing with water to remove excess salts, or 

may form on these sites during the K-Ca exchange after the initial 

cation saturation. The effects of temperature on K-Ca exchange did 

• T • ,:;, 3+ 3+ not occur when other ions such as r,a, K, Ca, }.g, e , or Al were 

present on the exchange complex. 

Increased temperature also decreased K selectivity. The ereatest 

decrease in K selectivity with increasing temperature occurred with 

soils followed by clay minerals and cation exchange resins. The 

selectivity for K relative to Ca also decreased in this same order: 

soils> clay minerals> cation exchange resins. Increasing Al-

hydrolysis increased the selectivity for Kin all exchangers. 



The form of Al on the exchanee site of clay minerals was 

dependent on exchange properties and ten:perature. A low CEC, non-

restricted cation exchane;e sites, or acid-washing suppressed 

hydrolysis in the systems examined. ConseQuently in such systems a 

temperature effect on K-Ca exchange did not occur. A high CEC, confin-

ed cation exchange sites, such as in the narrow interlayer space of 

verll'iculite, or water-washing apparently promoted hydrolysis of Al 

in place in the systems studied. Surface exchange sites, low CEC, 

such as in kaolinite, and small particle size tended to be associated 
3+ with normal exchange of Al . Consequently in such systems a temp-

erature effect on K-Ca exchange did not occur. 

It is proposed that the mechanism involved in the experimentally 

observed temperature dependence of K-Ca is as follows: With an 

increase in temperature there is (1) an increase in hydrolysis of Al 

in place with the formation of H3o+ at the exchange site, (2) an 

increase in the hydrated size of Kand a decrease in the size of 

Ca ions, and (3) an increase in the kinetic energy of the system with 

increased temperature which changes ion mobility and thereby 

selectivity. 
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