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EQUILIBRIA IN THE ION EXCHANGE SYSTEMS 

H+1- Cs+l, H+1- Sr+2, H+1- Ce+3, Cs+l- Sr+2, Sr+2- Ce+3 

H+1- Cs+l- Sr+2, H+l- Cs+l- Ce+3 and H+l- Sr+2- Ce+3 

INTRODUCTION 

The introduction of several reliable continuous counter 

current ion exchangers has resulted in a re- examination of.contin- 

uous ion exchange as a means of separating and purifying inorganic 

and organic chemicals. One of the important factors in designing 

such a system is the availability of equilibrium data. Methods of 

measuring these data can be reduced to two groups, the so- called 

column method and the batch method. In the column method the ions 

in solution are passed through a packed columnar bed of ion exchange 

resin, the liquid flow being maintained until equilibrium is reached 

between the solution and resin phases. In the batch method a 

measured quantity of resin in a closed vessel is contacted with a 

known volume of solution containing the ion exchangeable species; 

this contact is continued until equilibrium is attained. To deter- 

mine the equilibrium condition in the column method, the contents of 

the resin phase must be analyzed. In the batch method, the aqueous 

and /or resin phase must be analyzed to determine equilibrium condi- 

tions. The analytical chemical problem common to both methods is a 

major difficulty in readily determining ion exchange equilibrium data. 

In general the ion exchange systems which have been treated 

to date are ions easily analyzed by simple quantitative analytical 

methods. The bulk of equilibrium work reported in the literature 
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also deals with binary anion or cation systems only, whereas the 

chief commercial interest will probably concern ternary or higher 

order systems. As the order of the systems increases, the analyti- 

cal chemical problems increase at a still higher order. An 

analytical procedure which may be applicable to a binary analysis 

may well be interfered with by the third ion present in a ternary 

system. Finding analytical procedures which are compatible with all 

the species present in a ternary or higher order analysis is 

extremely difficult. 

Using radio- tagged ions, however, circumvents these 

chemical problems. Since radioactivity is a property of the 

nucleus, the chemical situation of a particular ion will not 

influence its radio decay and the analysis by radioactive tagging 

is therefore not subject to the usual analytical chemical limitations 

stated. Until recently, however, analysis by radioactive tagging 

has also been a difficult probmem. For example to analyze a 

liquid solution it was first necessary to evaporate it to dryness 

without loss of dissolved salts. Even this evaporation problem 

was beset with problems, the sample and standard having to be dried 

to a reporducible thickness and geometric configuration. 

These problems, however, have been eliminated with the 

introduction of liquid scintillation counters. Using this counting 

technique, aqueous solutions can be counted directly without initial 

drying, thus reducing the analytical labor considerably. These 

same machines are highly automated, permitting the handling of 

many samples with little experimenter time required. 
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Even with radioactive counting techniques available, the 

analysis of ternary data still remains a difficult problem. It 

is feasible to determine the concentration of one ion present in 

a ternary system by radio -tagging, but generally not possible to 

determine two or more ions by this technique; thus one is still 

faced with some determinations by common analytical chemical 

methods. There is a possibility, however, that binary data may 

be used to predict ternary equilibrium data. For example if the 

equilibria in the system H+1- Cs +l- Sr +2 are required it may be 

possible to predict these data from the binary data for the systems 

H+l- Sr +2 and H+l- Cs +1. 

The purpose of this study is to: 

(1) investigate the feasibility of determining binary 

ion exchange equilibrium data by liquid scintillation 

counting, 

(2) determine the reliability and precision with which 

ion exchange data can be determined by this method, 

(3) examine the feasibility of determining ternary ion 

exchange equilibrium data from the, binary data, and 

(4) determine the binary and ternary ion exchange 

equilibrium for various combinations of the ions 

H+1, Cs +1, Sr +2 and Ce +3. 

, 
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THEORY OF ION EXCHANGE EQUILIBRIUM 

Ion exchange equilibrium is attained by an ion exchange 

resin when it is placed in an electrolyte solution containing a 

counter ion which is different from that on the ion exchanger. 

Suppose that the ion exchange resin is initially in A form; the 

counter ion in solution isB. Ion exchange occurs when the ion 

B in the resin is partially replaced by A. 

A+1 + B+1 R o a B+1 -i- A+1 R (1) 

At equilibrium both the ion exchanger and the solution will contain 

both competing counter ions A and B. 

For modern commercial high capacity ion exchange resins, 

the exchange is a reversible process. It makes no difference from 

which side equilibrium is approached, i.e., it does not matter 

that A is exchanged for B, or B for A. The final equilibrium dis- 

tribution of the counter ions is the same in either case. This 

reversible characteristic is not true of all ion exchangers; 

( 21, p.5 ) in some cases the equilibrium distribution will depend 

on the initial composition of the exchanger. 

At equilibrium the concentration ratio of the two com- 

peting counter ions in the ion exchanger is usually different from 

that in the solution. Usually the exchanger has a preference for one 

of the two or more ions which may be present. This selectivity is, 

of course, the basis for interest in ion exchange as a separation and 

purification process. The causes of this selectivity and how they 

can be integrated into equations suitable for correlating and 

. 
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predicting ion exchange data is the subject of this section. 

Methods for explaining and correlating equilibrium data 

have been based on the law of mass action, (chemical reaction equili- 

brium), Donnan equilibrium theory, adsorption theory and phase 

equilibrium theory. It has been pointed out (39, p.425 ) that one 

of these approaches does not necessarily have a greater fundamental 

validity than another; all these forms lead to the same general final 

equilibrium equation. These methods of correlation which assume an 

analogy to known processes will be reviewed. Next the various 

phenomena associated with ion exchange resins will be reviewed; 

finally a model incorporating these phenomena will be discussed 

and ion exchange data correlated in terms of the model. 

I Correlation by Analogy 

(A) The Mass Action Equilibrium Constant or Chemical 

Reaction Approach 

In modern high capacity cation exchange resins, most of the 

exchange takes place on the interiors of the resin particles. The ion 

exchange process is viewed then as analogous to a chemical reaction 

equilibrium between the ions in the resin and those in solution. 

Based on the analogy it may be assumed that the law of mass action 

applies. 

Consider the following exchange among monovalent cations 

+1 E-1 +1R1 +1R- 1 +B +1 + 
-1 

(2) 
. 

where A +1 and B 
+1 

= monovalent cations 

____*. 
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E -1 = monovalent anion 

R -1 
-1 

= resin plus functional group 

The mass action constant in terms of activities is then: 

where 

+1(*) (aB+1) (aA+1) 
A S R 

e 
-LF°/RT 

a B+1 
(a ) (a ) 

A+1 B+l 

S R 

a = activity 

subscript S = solution 

subscript R = resin 

Li) = standard free energy change of ion 
exchange reaction 

R = gas law constant 

T = temperature 

(3) 

Equation (3) in terms of solution and resin concentrations becomes 

where 

A+1 

ka B+1 

(y ) (y +1) (c +1) 
(q 

+1) B+1 A B+1 A 
S R 

(y )-(y +l) (c +1) 
(q 

+1) A+1 B A+1 
S R 

y = activity coefficient 

(4) 

q = resin concentration--meq of a particular cation/ 
dry gram resin 

c = solution concentration --meq of a particular cation/ 
ml solution 

Based on equation (4) we now define the so called selectivity 

A +1 

B 
+1 indicates direction of exchange according to equation (2) 

. 

= 

B 

* 

- 

= 



coefficient k 
c 

as 

(7 
+1) (y +1) (c +1) (g +1) 

kA+l 
= 

A+1 
AS BR B A 

- 

c B+1 a el (y +1) (y 
+1) (c A +l) 

(q 
B 
+1) 

B A 
S R 

(5) 

This result can be rearranged to a more familiar form by the follow- 

ing substitutions: 

Then 

X = equivalent solution fraction = c /Co 

Co = total solution normality (This is a constant in 

all ion exchange processes except where a neutrali- 

zation takes place, i.e., 

H +1 + OH -1 H20.) 

Y = equivalent fraction in the resin = q/Q 

Q = total resin capacity = total meq cation/ 
dry gram 

Q = characteristic constant of a particular resin 

A±1 
(X (Y 

k = 

c B+1 (XA) (YB) 

(1 XA) (YA) 

r (XA) YA) 

(5a) 

(5b) 

For the case of divalent ion exchanged for monovalent ions 

A+2 +.2E-1 2B+1 R-1 Ti-20- A+2 R21 + 2B+1 + 2E-1 (6) 

7 

Ems-- 

+ 

S R 



(aSl ) (a 2 2) (yBSl)2(yQ±2) (cB+l)2(gA+2) 

ka 

B+l (a )(a )2 (y )(Y )2 (c)(0 )2 

(7) 

AS1 l A+1 3A 1 +1 

A+2 (C )2(e B +l)2(Q)2(. ) Co (1 Á)2(g) 
A o 
k = - 

B+1 (C )2(cA+z)(Q)2(3+1)2 Q( Á) (1 
Á)z 

o 

The apparent selectivity constant is then defined as 

where 

+2 

k 
c app B 

+1 

kA+2 2 Q pR YA (1-X ) 

Co XA (1-YA)2 

(8) 

(9) 

gms of dry resin 
P = (10) 
R gm of wet swollen resin 

8 

Note that Q pR = constant for the resin 

gms dry resin total meq total meq 
x x 

gm of wet resin gm of dry resin gm of wet resin 

For the general case of 

ßA4a +aB ßl +aßE-1 aB +ßAá1 + aßE-1 (11) 

(c )a(c )ß 
B+ß A+a 

A+a S R 
k = 

c B+ß (cA+a)ß(cB+ß)a 

S R 

and 

A+2 . 

= 

B 

) 

c 

+1 B 

= 

a 

S R S R 

= 

a 

A 

(lla) 



kA+a 
= 
la Q pR a (YA)R(1 Á)a 

( ) 

c app B+ß gt ß Co (1 YA)a(XA)ß 
(12) 

Equations (lla) and (12) are the common forms in which the law of 

9 

mass action is applied to ion exchange equilibrium data correlation. 

These same equations hold for anion as well as cation exchange. How- 

ever they are only strictly applicable to systems where the ionization 

characteristics of both resin and solution phases do not limit the 

exchange ( 29, p.16 ) and or when electrolyte sorption and swelling 

effects can be neglected ( 21, p.155); this will be discussed more 

completely later. 

Based on the results of experimental studies, criticism has 

been leveled at the mass action approach. In the absence of a known 

chemical reaction between. the ions being exchanged and the exchanger, 

kA (equation 5) was found to be a function of the total ionic con- 

centration, the ratio of the two counter ions in the aqueous phase, 

and a very definite function of the ion exchange system. In fact 

this is just what is to be expected. Equations (5), (9) and (lla) 

for kA 
B 

are merely definitions of the selectivity factor; they do not 

express the constancy of the quotient on the right side. ( 7, p.2825) 

To be sure, in certain cases equations (5), (9) and (lla) have been 

successful in correlating ion exchange data ( 3, p.2830), but this 

is a result of the particular experimental conditions. In the mass 

action approach the only true constant present is the thermodynamic 

equilibrium constant, ká . However if the activity coefficient ra- 

tios of equations (4) or (7) are unity, equations (5), (9) and (lla) 

apply without reservation. 

k - 

B 

B 



A more generally applicable treatment of the mass action 
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type must then involve a relation between kA and kA . The thermo- 
a B C B 

dynamic constant is of course a true constant for an isotherm (ká B 

being dependent only on the temperature). Therefore ka gives no 

information about the exact counter ion distribution for any particu- 

lar initial cation ratio in the solution phase. The latter informa- 

tion, however, is given by the selectivity coefficient, kc, defined 

by equation (5), (5a) or (5b). To have significance, then, ka must 

be related to kc. 

Considering the ion exchange phase as a solid solution of 

the swollen resinates AR and BR in the univalent exchange of equation 

(2), the mole fractions, NAR, in the resin phases are ( 5, p.1045), 

where 

N 
h 
A+1 
7 

= and NB 

A+1 + 
R 

+ A+1 
R R R R 

(13) 

nI = number of moles of species I in the exchanger. 

R 

If the rational standard states and the mono -ionic A and B form 

respectively are chosen as reference states for el and el the fol- 
R R 

lowing relation can be derived. ( 5, p.1045) 
! 

A+1 
1, 

A+1 
1, 7A+1 = 1 

R R R 

(13a) 

NB+1 
1, aB+1 l' yB+l = 

1 

R R R 

B 

nBRl 

- 
A 

nB+1 nB+1 

Á+1 = = 

r 

R 

n 

= - 



n a +1 
The thermodynamic rational equilibrium constant, ka 

B 

and the 

n +1 
selectivity constant, kA 

B 
are interrelated by 

c 

n A+1 n A+1 
k = k 

a B+1 el 

Differentiating equation (14) at constant temperature gives 

+1 
d In-le' 

B+1 
= d In 7B+1 - d ln Á+1 

c 

R R 

(14) 

(is) 
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Applying the Gibbs - Duhem equation to the two component ion exchange 

phase gives 

NB+1 d In 
1 =. 

R R R R 

Combining equations (15) and (16) and noting that 

N + N = 1 and dN + dN 
A +1 B A B +1 

R R R R 

then integrating and applying the equations in (13a) 

with 

nA+1 1 nA+1 
In ka B+1 = fo ln kc d N+1 

(16) 

(17) 

(18) 

n +1 1 n p+1 
ln y 

+1 
= -NB+1 ln 

B+1 + 
fN 

+1 c B+1 d N +1 
(19) 

AR R A AR 
R 

7 
A 
+1 

R 

, c 7B+1 

R 

NA+1 7A+1 + In 0 

= 0 

+1, 

1 

+1, 

8 +1 



= -(1-N +1) ln k + f 
N 

ln kÇB+1dNA+1 (19) 

R A1 R 

NAR1 
n A+1 n A+1 

ln 
y'+1 - N 

1n 
k +1 f0 

In 
k d N a B +1 +1 c B A 

R R R 

(20) 

Bonner, Argersinger and Davidson ( 5, p.1045) increase the rigor 

of the analysis by including the electrolyte activity coefficients 

for the aqueous phase, i.e., 

A+1 n A+1 (y )2 
AE 

kc 
B+1 - kc B+1 

- - ( 2 yBE ) 

kA +1 
and substituting 

c B +1 

n +1 
for kA in the above analysis. 

c B +1 

The authors ( 5, p.1045) apply this analysis using 
+1 

kA successfully to el- Na- + exchange on Dowex 50 while 

c B 
+1 

(21) 

12 

Hogfeldt et al ( 22, p.828) have applied it successfully to H 
+1 

g applications 
+1 

and H +1- Ba +2 exchange. In these 
a B +1 

was 

determined from equation (18), by plotting - 

+1 -1 

In kA vs N . 

c B+1 A+1 
- - R 

+1 
To determine kAB 

+1 
, solution activity coefficients as a function 

of composition of mixed electrolytes are required. These data 

are available in some cases (19,697 -794) or can be evaluated by the 

+1 

' 

f 

i_ 

. 

_ , 

E 

' 1 ' 

II 
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ionic strength principle, although the application of this principle 

at high concentrations is questionable. The method outlined above 

has successfully correlated several ion exchange systems and the 

data required to evaluate the parameters of equation (21) are 

generally available, making this approach broadly applicable. Further- 

more this approach permits evaluation of the rational resin activity 

coefficients. 

(B) Donnan Equilibrium Approach 

When a sphere of wet H +1 form ion exchange resin is 

immersed in an electrolyte solution, e.g., HC1, no ion exchange 

will occur since the resin sites are already saturated with H 
+1 

ions. However some HCl will diffuse into the resin until an equili- 

brium is set up; in fact a very slight excess of C1-1 will exist 

leading to a net negative charge on the resin. This excess of C1-1 

in the resin leads to the so called Donnan potential which, if 

swelling pressure effects can be neglected, is 

where 

RT aR 

E = In 
aS 

= Faraday constant 

(22) 

Applying Donnan theory further, (43, p.248) at equilibrium 

the activity product of the diffusible HC1 species in the resin phase 

is equal to its activity product in the solution phase, i.e., 

C H+1 H+1 7C1-1 CC1-1 - 7 H+1 C H+1 C1-1 H+1 CC1-1 
R R R R S S S S 

(23) 

-- 

,= 

we 
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Since within the accuracy of any experiment that can now be made, the 

resin and solution phases are electrically neutral, it follows that 

and 

C = C + C 
H+1 C1-1 R-1 

R R R 

CH+1 . 

CC1-1 
S S 

Thus equation (23) can be rearranged to ( 3, p.2832) 

CC1-1 7H+1 
7C1-1 

R-1 

S R R 
- 1 + 

CC1-1 7H+1 7 C C1-1 C1-1 
R S S R 

7HC1 
R 

-2 R-1 

= 1 + (24) 

7 C 
HC1 C1-1 

S R 

This equation has importance in electrolyte adsorption phenomenon 

which will be discussed later. 

Bauman and Eichhorn suggest that ion exchange phenomenon 

can be considered as heterogeneous Donnan type equilibrium. Con- 

sidering an ion exchange between Na 
+1 

and 
+1 

Na+1 
S 

R-1 
Cl-1 

R 

H+1 

R 

Applying the Donnan theory 

Na+1 
S 

aNa+1 aC1-1 a Na+1 a Cl-1 
R R S S 

(25) 

^ 

_ 

H 

'Cl 
sl 

s 

- I 



aH+1 aC1-1 = 
aH+1 

aCl-1 
R R S S 

dividing equation (25) by (26) 

a a 

Na+1 
Na+1 

S 

aH+1 aH+1 

R S 

or in terms of activity coefficients 

or 

7 Na+1 C Na+1 
7 

C Na+1 Na+1 
R R S S 

= 

7H+1 CH+1 YH+1 CH+1 

R R S S 

7 C 7 C 

Na+1 H+1 Na+1 Na+1 

R R S S Na+1 
- = k 

7H+1 'Na' + 7H+1 CH+1 D H+1 

R R S S 

If it is now assumed that 

7Na+1 +1 

S 

7H+1 
S 

1 

(26) 

(27) 

(27a) 

(2S) 
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and the resin concentration of the exchangeable species is given in 

terms of meq per gm of resin, and the solution concentrations are 

given in meq per ml, equation (28) becomes equation (5), derived from 

the mass action approach. The counterpart of the constant kA 
B 

of 
c 

R 
_ 

- 
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equation (5), however, in the Donnan approach, is equal to the ratio 

of the activity coefficients of the exchangeable species in the resin 

phase. 

For the case where bivalent and monovalent cations are 

equilibriated, the Donnan approach leads to the relation 

2 )2 2 

Á+2 A+2 B+1 
(yB+1) 

yB+1 
+2 S R = k 

(gB+1)2 Á+2 7A+2 7 A+2 D B+1 

S R 

which is analogous to equation (7). If 

2 
yB 
+1 A +1 
R R 

(29) 

is assumed equal to unity, equation (29) becomes equation (9) for 

kA-4-2 

c app B 
+1 

For the general case of equation (11) the Donnan approach 

leads to the relation 

X ß Ya 
yß ya 

A+a B-1-P A+a A+ß 

S 
R 

= 1 

Y ß Xa yß ya 

ea B+ß ecl 103 
R S 

(30) 

Generally information of yX is not available. If it can be assumed 

that activity coefficients for the cations in the resin phase are 

proportional to the activity coefficients of the same cations in a 

solution of the same ionic strength as that in the resin phase, equa- 

tion (30) may be written (36, p.187) 

R 

= 

. 



Xß Ya yß Za 
A+a B+ß A+a B+ß 

A+a S R 
- k 

Yß Xa Zß 7a D B+ß 
A+a B+ß A+a B+ß 

R S 

where 

(31) 
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Z = activity coefficient in a solution of same cation, 
strength as that existing within the resin phase. 

To apply equation (31) only the knowledge of solution activities 

would be required. Various simplified forms of equation (31) can be 

obtained by assuming: (1) solution phase activity coefficients are 

equal to unity, (2) resin phase activity coefficients are equal to 

unity and (3) both resin and solution phase activity coefficients 

are equal to unity. In (3), equation (31) reduces to the simple 

form of the mass action equation, equation (11). 

Helfferich (21,169 -172) presents a review of other forms 

of Donnan equations which include effects of electrolyte sorption 

and resin swelling pressure; the form of the equation depends on the 

model chosen to represent the ion exchange process. The basic 

effect of choosing a particular model is to alter the definition of 

the activity coefficient. The most realistic approach from an engi- 

neering standpoint, however, is to choose correlating expressions 

for which the various activity factors can be readily evaluated. 

The chief criticism of the Donnan approach is that it 

assumes that the ion exchange process is a Donnan equilibrium. 

addition the various constants derived are not true equilibrium 

constants, but are instead factors which express the assumption 

that the ratio of ion activities in the resin are constants. As 

'In 



will be discussed under the topic electrolyte sorption, Donnan 

equilibrium does play some part in the equilibria between a resin 

and the solution phase. The assumption that the equilibrium is 

primarily controlled by Donnan phenomenon, however, remains an 

assumption. 

(C) Phase Equilibrium Approach 

Pieroni and Dranoff ( 35, p.42 ) have derived an 

equation useful in correlating ion exchange data based on the 

assumption that ion exchange is a phase equilibrium process. If 

this assumption is made, then for the resin and solution phases 

at equilibrium, the equilibrium criterion, OF° = 0, must be satis- 

fied, i.e., the chemical potential of the exchanging ion must be 

the same in both resin and solution phases. 

Applying the phase equilibrium approach the criteria for 

equilibrium are 

or 

= 
Aa A+a 
R S 

B+ß B+ß 
R S 

f = f 

A+C6 A+ß 
R S 

(32) 
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f = f 
B+ß B+ß 
R R 

where 

= chemical potential 

f = fugacity. 

a = or f = f°a 
fo 

= standard state fugacity 

Since 

where 

f 
o 

then 

a 
fo a fo 

A+a A'fa A 
R R S S 

a f° = a f° 

B+ß B+ß B+ß B+ß 
R R S S 

which can be rearranged to give 

fo 
Al'a 
S 

a fo A+a a A+ ea 
R A+a S S 

R 

fo 

B+ß 
S 

= 

B+ß 

R 
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(33) 

(34) 

(35) ' 

(36) 

. 

f 

ea 

' 

a a a 

R S S 
fo 

µ 

= 

= 
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where a and ß are constants at a fixed temperature. Then 

0 0 áBy. . a4 a f 
B7 

. f 
A1a aB*$ Aia 
S R Rß kAa 

a . a f° f° a a a p Bß 
Aia B45 1043 A A+a B_, 

S R S R R R 

(37) 

If the activities are again assumed to be proportional to equiva- 

lent fractions, it can be seen that 

Y 
ÁXB Á(1 Á) a 

- kA 
XY X (1-Y ) pBß 
A B AA 

(38) 

The phase equilibrium derivation then leads to an equation 

which has the same form as that derived by the mass action approach 

but which is independent of the ionic valence. (Compare equation 

(38) with equation (12).) For monovalent exchange, equations 

(38) and (12) would of course be the same. Here again, however, the 

criticism applied to the mass action approach is applicable; the 

data of Pieroni and Dranoff ( 35, p.42 ) show a variation in kA 
B P 

(which is analogous to kA B) with total concentration. 

(D) Empirical Equations Resembling Simple Mass Action Law 

Several equations which bear a resemblance to the simple 

form of the mass action law are mainly of historical interest since 

they give no insight into the mechanism of ion exchange. One of these, 

derived by analogy with the Freundlich equation, is (33, p.35 ) 

S R R 

. 

_ 

c 

_ 



where 

k" _ 

m 
A 

B+1 P2 

R S 

k", Pl and P2 = empirical constants 

(39) 

m = moles of ion per gram of exchanger 

= molar concentration of ion in solution 

For P1 = P2 = 1, this is the simplest form of the mass action law. 

A simpler equation of this form is (33,p.21 -46) 

k" _ 

m 
B+1 
R 

Á±l 

A+1 

S 

B+1 
S 

P 

(40) 

For P = 1, this is again the simple form of the mass action law 

(33,p.21 -46). Equation (40) is further modified for handling data 

involving ions of different valence to become 

2 +2 

B+1 AS 
k, R 

m A+2 
(B+1)2 

R L 

P 

(41) 
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Equations (39) through (41) fit experimental data better than equations 

similar to (12), (31) or (38), making them valuable empirical relations. 

Other empirical equations have been proposed (33,p.21 -46) 

but their utility has been limited to the correlation of equilibrium 

- J 

. 

1%, Als-1] 
R L 

P1 

r 1 

= 
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data collected on synthetic alumosilicates and clays. 

(E) Adsorption Equilibria and Statistical Approach 

In alumosilicates, clays, and humic acid exchangers, the 

exchange particles are small and a considerable amount of the ex- 

change takes place on the surface of the particles. The ion exchange 

process in these cases is one of surface adsorption rather than 

chemical reaction or phase equilibriation. The kinetic approach 

is also amenable to this situation and those kinetic derivations 

presented ( 33, p.11 ) are limited'to those classes of exchangers 

noted above. One would not expect these adsorption and kinetic 

relations to apply strictly to ion exchange resins or gels. There- 

fore these correlations will not be discussed further. 

II Phenomena. Peculiar to Cation Ion Exchange Resins 

When a surface dried resin is immersed in an electrolyte 

solution, the equilibrium composition is determined by four factors: 

(a) the extent of simple equivalent ion exchange (resin selectivity), 

(b) the sorption or desorption of water by the resin, (c) the sorp- 

tion in excess of simple ion exchange of both electrolytes by the 

resin, and (d) the apparent molal volume change of the solute. The 

above factors plus the effects of temperature and anion type will be 

important in the formulation of an ion exchange model. 
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(A) Resin Selectivity for Various Cations 

Factors having an important effect on the selectivity of 

the resin for cation exchange are the amount of crosslinking or 

rigidity of the ion exchange resin, and valence, atomic radius and 

the hydrated radius of the ion. Of these factors, the valence is 

probably the most significant. This is an electrostatic effect 

arising even in ideal systems where other types of specific inter- 

actions, swelling pressure effects, etc., might be absent. Con- 

siderable experimental work has shown that in general the ion 

exchanger prefers the ion of higher valence ( 21, p.157). This 

preference for the ion of higher valence increases with solution 

dilution and is strongest in ion exchangers of a high internal 

molarity or high capacity. The effects of valence, solution dilu- 

tion and exchanger capacity on resin selectivity can be explained in 

terms of the Donnan potential. Neglecting swelling pressure effects, 

the equation for the Donnan potential, as given in section I (B), is 

RT aI 

E = 
n 

ln 
al 

(22) 
S 

If it is now assumed that activities are proportional to concentration, 

the Donnan potential increases with decreasing external and increas- 

ing internal counter ion concentration. For cation exchange the 

attractive Donnan potential is due to sorption of anions into the 

resin, leading to a net negative charge on the resin. As is expected 

from classical electrostatics, the attractive force between the 

negatively charged resin particles and the positively charged counter 

. 
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ions will increase with increasing valence of the counter ions, i.e., 

the Donnan potential acts on an ion in proportion to the ionic charge 

of that ion. 

For cations of the same valence, it has been found that 

selectivity increases with the atomic weight of the ion, e.g., in the 

alkali metals, the order of ion exchange preference is Cs +l > Rb +l 

Kt-l> Na > Li +l. In the alkaline earth metals, the order was found 

to be Ba +2 > Sr +2 > Ca +w Me. ( 7,p.2820 ) These data can be 

correlated by the fact that as the atomic weight increases, the hy- 

drated radius of the ion in solution decreases. It appears then that 

the more hydrated an ion is, the less strongly it is bound to an ex- 

changer. Thus in resins where the ions can be completely hydrated, 

the resin selectivity, all other factors being equal, will increase 

with increasing ionic radius or decreasing hydrated radius. 

In some ion exchangers, however, (alumosilicates) the 

amount of water present is not sufficient to completely hydrolyze the 

ion. Here then a sieve like action is present; the ion of smaller 

atomic radius (lower atomic weight) will be preferred. The sieve 

like action may also be important in ion exchange resins where the 

degree of crosslinking is high. With an increasing percentage of 

divinylbenzene, the crosslinking and rigidity of the ion exchange 

resin structure increases. Thus the hydrophilic nature of the resin 

is decreased, reducing the amount of water the resin structure can 

sorb. Ions entering the resin then are not able to carry along a 

completely hydrated shell. Other factors being equal, if the resin 

structure is rigid enough, selectivity will be primarily according 

1 
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to ion size; in this case the selectivity will increase with 

decreasing atomic radius. 

(B) Swelling of Cation Exchange Resin 

Cation exchange resin swells considerably when the dry 

material is placed in water. This swelling is important because it 

facilitates the movement of ions in and out of the resin particles 

speeding both the exchange and the equilibrium distribution. Swell- 

ing also has its adverse aspects; dry Dowex 50W X8 placed in distilled 

water will swell so rapidly that the internal stresses set up in the 

resin cause the resin beads to burst into small fragments. The 

expansion is so violent that an audible detonation can be heard when 

water is poured into a bed of dry resin particles. Swelling is due 

to the uptake of solvent by the ion exchange resin particles; it 

continues until an equilibrium state is reached beyond which further 

expansion can not be discerned. 

Resins are built from monomeric units which carry iono- 

genic groups; these groups as well as the ions which they form tend 

to surround themselves with polar solvent molecules. (21, 
p.100) 

Actually the ionogenic groups in the resin tend to dissolve them- 

selves in the solvent. However since the resin is crosslinked, it 

cannot dissolve in the solvent. During the swelling process, the 

polymeric chains of the resin matrix unfold and expand to make room 

for solvent molecules. Complete separation of the chains, however, 

is prevented by the interconnecting crosslinkages of the resin. 

' 

. 
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Equilibrium in a swollen resin is a balance of opposing 

forces. The tendency of the polar and the ionic constituents of 

the resin to surround themselves with solvent and thus stretching 

the matrix opposes the tension set up in the matrix by this stretch- 

ing. Thus equilibrium is attained when the elastic force in the 

matrix balances the dissolution tendency. 

Resin swelling is affected by the following factors: 

nature of the solvent, degree of crosslinking, nature of the fixed 

ionic groups, resin capacity, nature of the counter ion, ion pair 

formation and association and concentration of the solution. 

Polar solvents are apparently better swelling agents than 

non -polar types since they interact more strongly with the ions and 

polar groups in the resin. The degree of crosslinking has an in- 

verse relationship to the degree of swelling. Highly crosslinked 

resin, of course, offers a strong resistance to expansion. The 

effect of the fixed ionic groups is due to their interaction with 

the polar solvent. The more strongly the fixed group interacts with 

the solvent, the greater will be the swelling. In particular, resins 

expand more strongly when their ionogenic groups are completely 

ionized, i.e., when they have a great affinity for the solvent. 

Resin capacity is directly related to swelling. The higher the 

capacity, the higher the concentration of ions in the resin; there- 

fore, with increasing capacity, the tendency of the external solution 

to dilute the pore liquid increases. Thus swelling increases with 

capacity. 
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Counter ion effect on swelling equilibria is more complex. 

In moderately and highly crosslinked resin, where one might expect 

that there is little room for free water, most of the solvent will 

be present in the form of solvation shells. In this case the size 

and solvation tendency of the counter ions are the most important 

factors. The degree of resin expansion will be greater when the 

counter ion is one which in its solvated state occupies more room 

than that for another ion of the same valence which has a smaller 

solvated volume. With ions of different valence, of course, the 

ionic volume must be compared on an equivalent rather than a 

molar basis. As an example of the effect of solvated volume, one 

might look at the resin volumes of the alkali metal ion forms of 

cation exchangers. For example the resin volume of M+l is 

Cs +1 < Rb +l K+1 < Na +1 < Li 

This sequence is also that of the hydrated ionic volumes. In 

very highly crosslinked resins, the stiffness of the resin structure 

maybe so high that solvation of the ions will remain incomplete. 

In this case one might expect a reversal since Li 
+1 

is the smallest 

and Cs is the largest ion when not solvated (assuming that the 

exchanger has the same equivalent capacity for all of the alkali 

metal ions as listed above.) In weakly crosslinked resins, with 

a structure flexible enough to take on free solvent (solvent not 

in the form of solvation shells), the valence of the counter ion is 

as a rule the most important factor. In this case the tendency to 

take up free solvent depends upon the number of counter ions in 

< 



the resin. The number of ions, of course, changes with the valence, 

since the resin is assumed to have the same equivalent capacity and 

not the same molar capacity. Thus if a univalent counter ion is 

replaced by a bivalent ion, the number of ions in the resin will 

be cut in half. But swelling of weakly crosslinked resins is related 

to an osmotic pressure difference which is dependent on molar 

concentration. Therefore a weakly crosslinked resin will swell 

less when the valence of the counter ion is high. 

Ion pair formation and association tend to reduce resin 

swelling. This effect is due to the fact that with ion pair 

formation and association, the tendency to form solvation shells and 

the osmotic activity of an ion both decrease. Solution concentration 

reduces resin swelling as the concentration increases. This effect 

can also be related to osmotic pressure difference; as the concentra- 

tion of the external solution increases, the difference in concentra- 

tion between the external solution and the internal resin solution 

decreases. Thus the driving force for solvent uptake is smaller and 

swelling is reduced. 

To summarize then, swelling is favored by: polar solvents, 

low degree of resin crosslinking, high resin capacity, strong solva- 

tion tendency of the fixed ionic groups, large and strongly solvated 

counter ions, low valence of the counter ion, complete ion dissocia- 

tion and low concentration of the external solution. These rules are 

important because they allow the experimenter to predict the result 

of combining several of these factors. For example, consider the 

28 



effect on an H +1 form resin upon placing it in a solution containing 

an increasing amount of Na 
+1 

ion. Na 
+1 

ion is less strongly hydrated 

than the H +1 ion; therefore its absorption into the resin will cause 

a swelling decrease due to decreased solvation strength of the 

absorbed ion as well as a decreasing osmotic driving force. These 

effects, plus the effect of resin crosslinkage are shown in Figure 1. 

The quantitative treatment of swelling equilibria assumes a 

model in which the rigidity of the resin matrix opposes the solvation 

tendency of the ionogenic groups. The polar liquid in an ion 

exchange resin is subject to the contractive force or rigidity of 

the matrix, and hence is under a higher pressure than the external 

solution. The pressure difference between the pore liquid in the 

solution and the solution is referred to as the swelling pressure. 

7 = - 
- PS 

where 

(42) 

= swelling pressure 

PR = pressure in the resin 

P = pressure on the external solution. 
S 

The swelling pressure affects the solvent uptake, which means that 

it also affects the solvent activity in the resin. For a resin 

which is in equilibrium with a solvent containing a solute, the 

swelling pressure is related to the activities in the resin and in 

the solution as follows: 
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Equivalent fraction Na 
+1 on resin 

(DVB = divinylbenzene, degree of crosslinking 

increases with % DVB) 

Figure 1 Effect of Increasing Ion Solution 
Strength, Decreasing Ion Solvation 

Strength and Increasing Crosslinkage 

on Resin Water Content. ( 2, p.41 ) 
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where 

= -RT In 

vw _ partial molar volume of the solvent 

a 
Lp` 

solvent activity in the resin phase 

a7 = solvent activity in the solution phase 
S 
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(43) 

To apply this relation would of course involve evaluation of 

a',7r`, information not generally available. The equation, however, 

does give some insight into the effect of increasing solution 

concentration on the swelling pressure and hence on swelling it- 

self. Strong electrolytes in particular are strongly excluded by 

ion exchange resins. Hence addition of a strong electrolyte lowers 

aw more than ativ , resulting in a smaller osmotic pressure difference 
S R 

and hence in a reduction in swelling. 

(C) Sorption of Strong Electrolytes by Ion Exchange Resins 

Sorption of strong electrolyte AY, by a cation exchange 

resin in the A form, was reviewed in Section I (B). This sorption 

leads to the Donnan potential as expressed by Equation (22). The 

process will continue until an equilibrium is reached between the 

solution phase and the resin. At equilibrium the diffusion tendency 

of the anions in solution is balanced by the repulsive Donnan potential 

of the resin phase. Since the electrolyte uptake and anion uptake are 

aW 
S 

= 

- 
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stoichiometrically equivalent, the Donnan potential leads to a 

partial exclusion of the anions and electrolyte from the resin 

phase. 

The amount of electrolyte sorbed is generally believed to 

be a function of the resin capacity, degree of crosslinking, solution 

concentration, the ionic valence, ionic size, swelling pressure, 

sieve action, interactions with the fixed ionic groups, temperature, 

pressure and the matrix interactions with mobile ions. The 

dependence on capacity, solution concentration and ionic valence was 

described in Section II (A). The effect of crosslinking is related 

to the concentration of ions within the resin phase; as crosslinking 

increases, the resin swelling decreases, which limits the amount 

of water in the resin. For resins of the same capacity, this leads 

to increasing ion concentration in the resin phase with increasing 

crosslinking. As was also pointed out in ,Section II (A), an 

increase in the concentration within the resin phase leads to a 

more rapid rise in the Donnan potential and hence to less sorption 

of the co -ion into the resin phase. Thus increasing crosslinking 

will lead to decreasing electrolyte sorption. Ionic size effects 

and sieve action were explained in Section II (A) also. Swelling 

pressure effects were reviewed in Section II (B). In general it 

is expected (21, p.136) that swelling pressure effects are much 

less important than Donnan type exclusion. With regard to sieve ac- 

tion, this effect becomes more important with increasing crosslinking 

of the resin. In fact for moderately or highly crosslinked resin, 
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sieve action is sufficient to prevent poly -electrolytes from being 

sorbed. The effect of interactions of the fixed ionic groups 

through association or ion pair formation with the counter ions is 

to localize the counter ions in the ion exchanger thereby reducing 

the Donnan potential. A reduction in Donnan potential will of course 

lead to electrolyte sorption to a greater degree. A related effect 

is a strong specific interaction between the co -ion and the matrix; 

such interaction provides a strong driving force for attraction of 

co -ions to the ion exchanger, counteracting electro- Donnan potential. 

For example, cupric, silver, zinc and mercuric salts are strongly 

sorbed by weak base anion exchangers with amino groups, the cations 

forming amine complexes with the matrix group. 

Interactions may occur between the mobile ions which will 

increase electrolyte sorption. This type of interaction refers 

chiefly to complex formation; uptake of anionic complexes such as 

CuCl3 -1 or CuC14 -2 by anion exchangers is a typical example. In this 

case, metals in cationic forms would, due to the adverse Donnan poten- 

tial, be excluded by the anion exchanger. The metals in the form 

of anion complexes, however, by-pass the Donnan barrier. An 

analagous effect can occur in cation exchange where complexes of 

the type CuC1 +1 can be ion exchanged into the resin phase; in this 

case, then, the chloride ion is ducking the Donnan barrier. 

No information is found in the literature ( 21, p.139) on 

a systematic study of the effects of temperature and pressure on 

electrolyte sorption. In general it would be expected that the 

effects described above would not be greatly affected by pressure 



changes. Temperature, however, might play an important role if the 

type of interaction is a chemical reaction, complex formation, etc. 

Here it would be expected that the degree of a highly specific 

sorption process would decrease with increasing temperature. 

Quantitative expressions for correlating data on electrolyte 

sorption can be derived by noting that at equilibrium the electro- 

chemical potential, nil of the ionic species I is the same in both 

phases, i.e., 
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(ni)i = (nI)2 
(44) 

The electrochemical potential is related to the chemical potential, 

by the relation 

'1I 

where 

(45) 

ZI = valence of species I 

0 = electric potential 

The chemical potential, including the effects of swelling pressure 

( 21, p.110), is given by the relation 

where 

= 4(P°) + RT In aI + (P P ) vI (46) ' 

Po = standard pressure (usually 1 atm) 

P = resin phase pressure 

o 
µÌ standard state chemical potential of species I 

vI = partial molar volume of species I 

m' = molarity 

µI 

= NT + ZI 0 

µI(P,m') 

Ì= 



Noting that the swelling pressure is defined by equation 
(42) 

PR - PS 

and substituting equations (45), (46) and (42) into (44) and 

rearranging, equation (47) is obtained. 

OR- OS 

1 
a 
IS 

RT ln 
a 

- 

I IR 

(42) 

(47) 

Now note that (OR- OS), the potential difference 
between the resin 

and the solution phases, is also the Donnan potential 

E OR- OS (48) 

If equation (47) is applied to a strong electrolyte 
AY in contact 

with a resin in the A form, a separate equation can be 
written for 

the anion and the cation. These two equations can be combined, if 

it is first noted that the electrolyte dissociates 
to give vA moles 

of A and vY moles of Y. 

Z v = Z v 
AA YY 

and the partial molar volume of the electrolyte is 

v AY A A + vv YY 

which gives the combined result 

(49) 

(50) 
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= IT vAY (51) 

The single ion activities can be replaced by the mean activities 

defined by the relation 

where 

to give 

v = v + v 
A Y 

v vA vY 

(a±)AY = aA 
ay 

a ÁY vW 
R 

a 
S 

(52) 

(53) 

where the swelling pressure is replaced by the relation ( 21, p.109) 

Trvvf = -RT In aW . 

Through suitable substitutions, equation (51) can be transformed 

to a form which will predict the molar ratio of sorbed ions Y in 

the resin to those 

M Y 

in solution 

Z m Y 
S 

( 21, 

v 
A 

vY 

p.142) 

- -- 

yS+ 

v 

VY - - 

aWR 

v 
AY 

vWvY 

m' 
YS 

Z m +mt 
Y YR R. 

yR+ 
R- 

a 
WS 

(55) 
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where 

m' = molarity of the univalent fixed ionic groups. 

For v = 2, i.e., for 1, 1 - valent, 2,2 - valent, Helfferich 

( 21, p.142) solves this equation explicitly for m'YR. For other 

electrolytes,v 2, the solution is trial and error. 

(D) Effect of Temperature and Pressure 

Equilibria in modern high capacity cation ion exchange 

resins seems to be little affected by temperature ( 33, p. 20, 

21, p.166). As in other types of equilibrium study, temperature 

dependence can be related to the standard enthalpy change which 

accompanies the reaction. Thus temperature dependence of ion 

exchange equilibrium is given by the relation ( 40, p.411) 

(dlflnk a ii° 

dT = RT2 

where n ka = rational thermodynamic equilibrium constant 

reaction 

pH = standard enthalpy change of the ion exchange 

A + BR F B +AR 

(56) 

( 1) 
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If ion exchange is considered to be a process in which the ions 

merely change their environment, one would expect that the heat in- 

volved would be small. From equation (56), then, it would be expected 

that the temperature dependence of ion exchange equilibria would be 

small also. Helfferich ( 21, p.166) in fact states that measurements 

of heat effects in ion exchange are usually smaller than two 

' 

1 

, 



kilocalories per gram mole. These measurements thus confirm the 38 

idea that ion exchange is not a chemical reaction, but is rather 

a phenomenon where the ions remain ions. The only change is a 

change in environment; they do not form or break co- valent bonds. 

The pressure dependence of ion exchange equilibria, similar 

to other systems subject to thermodynamic analysis, is related to 

the standard volume change of the system bÿ the following relation 

( 21, p.168). 

d lnnka pVo 

(57) 
dP RT 

T 

where 

LV° = standard volume change of the total system 

Although as noted previously an ion'exchange resin swells when placed 

in water, the increase in resin volume is approximately equal to 

the decrease in solution volume. With LV° close to zero it would 

be expected, then, that ion exchange equilibria would be little 

affected by pressure. No substantiating experimental measurements, 

however, have been found in the literature. 

(E) Effect of Anions 

Many experimenters feel that the anion present in cation 

exchange does not particularly affect the equilibria between the 

solution and the resin providing that they do not combine with one 

or more of the cations present in the exchange process. However 

in some recent work reported by Meyer and Olsen ( 31, p. 18) in- 



volving equilibria in the system Cu +2 - Na +1 - Dowex 50W X8, the 

-2 -1 
substitution of SO 4 

for Cl as the anion produced a significant 
t 

difference in the equilibria. In these systems it would not be 

expected that complexing of cations and anions would be present. 

An effect similar to that noticed by Meyer and Olson was reported 

by Ungerer ( 21, p.250) who studied exchange of calcium alumo- 

silicate with different potassium salts. He found that the amount 

of exchange increased in the order 

CNS-1 <:I03-1 <ZI-1 <C103-1 <NO3-1 <C1-1< 504-2 <Cr04< OAC-1 CFe (CN )6-4 
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He attributed this effect to hydration. The more hydrated the anion, 

the greater the exchange; the more hydrated the cation, the greater 

the anion effect. The exchanger used here of course was a frame- 

work type mineral in which the sieve -like action on an ion or hydrated 

ion would be expected to be more important than in an ion exchange 

resin. However as pointed out in the section on swelling of exchangers, 

the effect of hydration is also important in ion exchange. The 

effect noticed by Meyer and Olson requires that in designing ion 

exchange processing equipment, some attention should be paid to the 

anions present in a cation system. 

III Correlation of Ion Exchange Equilibrium Data by Assumption of 

An Ion Exchange Resin Model 

Several methods of correlating ion exchange data by assuming 

that the ion exchange process is similar to some other type of phe- 

nomenon such as Donnan equilibrium or phase equilibrium were presented 



40 

Section I. These methods did not lead to new equations which 

reflect the properties peculiar to ion exchange resins; they are only 

correct in so far as the assumption of the analogy on which they are 

based is correct. The rigorous and abstract thermodynamic treatment 

presented in Section I (A) is, of course, correct and universal. 

The thermodynamic treatment, however, gives little information about 

the physical processes involved in ion exchange. Its practical value 

is also limited in that it can not be used to predict ion exchange 

equilibrium data without a pre -knowledge of this same data. Thus 

from the standpoint of prediction, the ideal situation would be one 

where independent measurements would permit determination of the 

equilibrium data. The assumption of a model of the ion exchange 

resin must be introduced to carry out this type of treatment. This 

model must permit the experimenter to derive equations which reflect 

the actions of the various physical forces. 

The first model which reflects any of the particular 

properties of ion exchange resins was introduced by H. P. Gregor 

( 16, p.642); Figure 2 describes Gregor's model. The resin is shown 

as a cylinder of variable volume held under pressure by springs which 

can be lengthened by the tension of resin swelling. Gregor's model 

is purely mechanical, the swelling pressure being the only property 

of interest. Electrostatic interactions are not included; however, 

more recently Gregor has suggested a refined model which includes 

electrostatic effects. (17, p. 641) His original model does explain, 

qualitatively at least, the selectivity sequence of the alkali ions 

described in Section II (A) where hydrated ion size and swelling 

in 
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pressure are the predominant factors. The original model can not 

explain the striking selectivities which can be attributed to 

specific interactions such as ion pair formation between the fixed 

ionic groups and the preferred counter ion. The refined model, 

however, can be expanded to include these cases. 

Gregor's original and refined models are both macro- 

scopic, in that they consider volumes of electrolyte both inside 

and outside the resin. Models based on discrete particles, i.e., 

microscopic models, have been proposed by Katchalsky (32, p. 683) 

and by Harrison and Rice (20, p.1258, 38, p.461). These two 

models developed for polyelectrolytes have been extended to include 

crosslinked ion exchange resins. In these models the matrix is 

represented by a crosslinked chain consisting of rigid rod -shaped 

segments each segment carrying one ionogenic group (the fixed ionic 

groups). The segments are interconnected by linkages represented as 

universal joints. The elasticity of the resin is due to an increase 

in the entropy which accompanies the coiling of the chains. Coiling 

represents an increase in entropy since a coil configuration can be 

realized in a larger number of ways than a stretched one. 

Comparing the models of Harrison and Rice and Katchalsky, 

Katchalsky's model does not include ion pair formation or interactions 

between neighboring chains; only interactions between groups in the 

same chain are calculated. Harrison's and Rice's model includes 

consideration of both of these factors; therefore it can be applied 

to moderately and highly crosslinked resin. Katchalsky's model 

is applicable only to weakly cross linked resin. The two models, 
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Spring 

Resin Surface 

OSolution Volume 

O (Infinite) 

Figure 2 Gregor's (16, p.642) Cation Ion Exchange 
Resin Model 

Note: 0 indicates fixed anionic group 

Pore 
Volume 



then, compliment each other. Both include the effects of chemical 
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interaction (ion pair formation between fixed ionic and counter 

ions) and also the effect of electrostatic interactions between 

neighboring fixed ionic groups. In addition the model of Harrison 

and Rice includes the effect of electrostatic interactions between 

groups on adjacent chains. 

In criticism of Katchalsky's and Harrison's and Rice's 

models, however, the Katchalsky relation is only applicable to 

weakly cross linked resin; one would not expect it to apply to 

Dowex 50W X8. The model of Harrison and Rice does not include the 

effects of electrolyte sorption, another important factor in treating 

ion exchange in Dowex 50W X8. In criticism of the refined model of 

Lazar and Gregor, the equations derived can only be evaluated 

numerically and even this treatment requires several assumptions 

and the evaluation of one free parameter. The complexity of these 

equations makes them unreasonably difficult to apply to engineering 

data. Thus, although it neglects the effects of electrostatic 

interaction, Gregor's original theory lends itself most readily to 

an understanding of ion exchange equilibrium phenomenon. 

The discussion of Gregor's original model can be divided into 

two sections, treatment of ideal or nonideal systems. With regard 

to the ideal situation (Figure 2) note that the volume inside the 

resin is Vi, the volume of the incompressible hydrocarbon matrix 

is Vn, and the external volume is Ve . Then 

Ve 
= 

Vi 
+ m (58) 

. 
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The phase inside the resin is in direct contact with the external 

solution which is at atmospheric pressure and infinite in volume. 

The dotted line indicates a boundary between the inner and outer 

solutions and is not considered to be a semipermeable membrane. 

As noted previously, the force causing the springs to 

extend is the osmotic pressure, defined as ( 42, p.257) 

RT 
(X7 )S 

Tr = 
vWln(X"r)R 

(59) 

for the ideal system where the activity coefficients are unity. 

As it increases this pressure causes Vi to increase in the follow- 

ing linear manner ( 16, p.642) 

Vi = mir + b (60) 

For typical commercial sulfonic acid cation ion exchange resin, the 

author finds 

m = 0.00015 liter atm -1 mole -1 
-1 

b = 0.15 liter mole -1 

The volume inside the resin Vi Can be computed as 

where 

Vi = n`vvW + nion 
vion 

W = solvent 

ion = ions 

n = moles 

(61) 

Equation (61) gives an insight into the effect of an increase in 

the ionic size (vion increases). An increase in vion will displace 

solvent from the resin phase thus decreasing (Xw)i. Referring to 

equation (59) the reduction in (Xw)i results in an increase in r 



and thus in V. 
i 

Considering now the case of the cation reaction 

A +1 B +1 B +1 A +1 (1) 

When ions enter or leave the resin, solvent also enters or leaves. 

Thus for the ion exchange process above, f moles of solvent enter 

the resin with A+1, and g moles of solvent leave with ion B +1. The 

total exchange process is then 

A +l + fWS + BR -1 + gWR = A +i. + fWR + el + gWS (62) 

The equilibrium constant for this process is 

k -¡ 

A\, r W f(XN)R (f-g) 

X X (X ) 

B A W S 

(63) 
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Applying the Donnan equation (51) including swelling effects to this 

present situation, assuming activity coefficients equal to unity, 

gives 

X X (X) (f -g) 

T ln / A 
B W R 

= ( Á- vB -(f -g)vW) (64) 

B X 
(XW)S 

R S 

(Note that the general equation (51) can be used to apply the model 

to polyvalent exchange.) From equation (59) it is known that 

RT -(f -g) 

= 7T (-(f-g)); (f (65) 

vW ( W)R 

substituting this into equation (64) reduces it to 

(66) 

- 

S 

f 
, - l 7 

I 

(XV)S 

1 

= 

-- W 

W 
S 

+ 

. ) 

RT In 
((X) (XA Sl I= v 

(vÁ vB) 

BR 



which in terms of the nomenclature of equation (5) is 

q C 

RT ln A 
. 

q 
B C 

T (VA- VB) 

or in terms of equation (5a) and (5b) is 

Á X B B(l A 
RT ln I - - = RT ln 

1 

YB 
X (1- A) Á 

(66a) 

= (vA- VB) (66b) 
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The quantity in brackets is the selectivity coefficient of equation 

(5a). Thus 

or 

el 
RT ln k _ r vB ) 

B+1 

r 

eRT( A+l Á- vB ) 

B+1 

(66b) 

(67) 

Equation (67) will predict the value of the selectivity factor (the 

most important factor in the design of ion exchange equipment) from 

independent measurement of y and the solvated molar volume of ions 

A +l and B +l. Gregor (16, p.646 ) also shows that equation (63) can 

be used to determine the free energy of the ion exchange process 

A F° = -RT ln k = (VA- VB-(f -g )vW ) (68) 

B 
= 

A 

I " (vA- 

Jrr 

i 

= e 



where 
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(vA - vB -(f -g)v) = the actual change in volume accompanying 

the ion exchange process, a quantity 

which can also be independently measured. 

For the non -ideal case (high concentrations of electrolyte 

in the external phase) equation (64) must be rewritten in terms of 

activities and activity coefficients, i.e., 

RT ln 

X 
A 
-- 
X 

iy 
1 - 

y 
2 

A 

AB 

A' s 

(A ) 

(69) 
(AW)R 

= ór (VB Á-(f-g)VW)dTr 
W S 

where 
= partial molar volume 

y = rational activity coefficient 

Assuming that the solution concentration ratio of ion A to ion B is 

fixed, the quantity (XA /XB) is to be determined by equation (69). To 

do this the activity coefficients and partial molar volumes must be 

evaluated. For dilute solution ion exchange processes represented by 

equation (1), the ratio (XA /XB)s can be taken as the concentration 

ratio in solution. For concentrated solutions, the ratio of the 

activities can be evaluated from the ionic strength principle. 

Values of solvent activity in the solution are available in the 

literature or may be evaluated experimentally. If it can be assumed 

that Tr is independent,of AO. where 

OV = VA- VB (70) 

1 
f -g 

) 

i 

- 

IR 
(A ) 

B R 

O 

V 

( )' 
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which will be true for incompressible ion exchange systems, rr can then 

be determined as a function. of Ve from the relation ( 16, p.646) 

where 

7r = 

nARt nART 

vi 
A pore volume 

pore volume = Ve- Vd- (V' + V' ) 

A +1 g +l 

Vd 

V' 

= dry volume of resin matrix 

= hydrated ion volume 

(71) 

(72) 

With regard to 03N)R, if the sorbed cations are only weakly hydrated, 

it can be assumed that (A,,,) = (Au) In fact for this case the 
R S 

partial molar volumes of the hydrated ions can be replaced by the 

apparent molar volumes and equation (69) reduces to a form of equation 

(66) 

XA f 7 
RT ln 

_ -) ( - = Tr (vA- vB ) 

XBR y2R AAS 
(73) 

For the case of strongly hydrated ions, this latter approach fails and 

a calculation of (A,a ) is required; possible but complicated 

methods of doing this as well as predicting the ratio (yA/ yB) are out- 

lined by Gregor. The strict application of even the simple model of 

Gregor requires the evaluation of properties which are no more easily 

measured than the equilibrium data itself. 

' 

. 

' 

_ 

R 
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IV Ternary Equilibrium 

In practical applications, ion exchangers are usually 

exposed to more than two counter ion species. Systems in which 

three or more species of ions take part in the exchange can be 

treated by extensions of the theoretical form developed for binary 

systems. However to predict ternary equilibrium data, the prob- 

lems in evaluating activities in solution and in the exchanger 

must again be faced. Here the problem is even more complex for 

now three or more cations plus associated anions are present. 

From the practical standpoint, then, it is unlikely that ternary 

equilibrium data can be predicted from theoretical equations in- 

volving activities, activity coefficients or concentrations. 

Engineering efforts in this area have involved attempts to predict 

ternary data from the more easily measured or predicted binary data. 

( 35, p.43 ) Dranoff has demonstrated in two papers that if XY 

plots are drawn for any two pairs of ions of a ternary system, these 

plots are similar to the XY plot determined for the same two ions 

in a binary system. The equivalent fractions, X and Y, are calcu- 

lated on the basis of the total amounts of two ions present in the 

two phases at equilibrium. The results obtained by Dranoff lead to 

his conclusion that determination of equilibria in the binary systems, 

Aa- Bß and Bß- 0 will predict the ternary equilibria in the system. 

Aa- Bß- S. Since from the standpoint of chemical analysis, the 

determination of binary data is considerably easier than that of ter- 

nary data, such a prediction of ternary data would be very important. 

. 

. 
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REVIEW OF METHODS OF OBTAINING EQUILIBRIUM DATA 

There are two general methods of obtaining ion exchange 

equilibrium data, the column method and the batch equilibriation 

method. 

I The Column Equilibriation Method 

In the column equilibriation method, the resin in the 

form of one of the cations to be studied is packed in a column 

'(usually a burette) where it is subsequently contacted by solutions 

of the two competing counter ion species. The concentration of 

both ions in the contacting solution is known; the equilibrium 

concentration of the exchanger in contact with this solution is the 

quantity to be determined. The solution is passed through the 

resin bed until the effluent from the bed has reached the same 

concentration as the feed solution. At this point it is assumed 

that the bed and solution are in equilibrium. The feed is then 

discontinued and the bed is washed with pure solvent to remove any 

interstitial electrolyte solution. In the next step the cations 

sorbed on the resin during the feeding process are eluted using some 

suitable counter ion. The amount of cation sorbed on the resin is 

determined by analysis of the effluent. This method has the advan- 

tage that it directly determines the amount of exchanged cation, 

since any material sorbed in the resin is eliminated in the 

washing step. 

There are, however, several disadvantages to this method. 
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First of all, rather large volumes of both feed and eluent 
are 

required. If the cations used are those of expensive salts, 
this 

process may be prohibitively costly. In order to make analysis 

of dilute species possible, it may also be necessary to reduce the 

volume of the effluent. A further disadvantage of this method is 

that both counter ions must be determined in the 
effluent solution; 

in addition the third counter ion used in the elution 
process must 

be one that will not interfere with the analysis 
of the two counter 

ions under consideration. The analysis problem can be alleviated 

somewhat where electrolyte sorption is not a 
great problem. Here 

the eluting ion used can be one of the cation 
species; then only 

one species of cation need be determined in the 
effluent, the amount 

of the second cation exchanged on the resin being 
determined by 

difference. 

The greatest source of error inherent in the column 

method is to determine if a state of equilibrium 
has been achieved. 

If insufficient feed solution has been passed 
through the column, 

the feed will not have come to true equilibrium with the 
resin bed. 

In the elution process, complete removal of those 
species being 

eluted from the resin must be insured. To determine that equilibrium 

has occurred in each of these steps, it would be necessary to grab 

samples during the feeding process to analyze them 
for an equilibrium 

condition. This would be a very time consuming, cumbersome process. 

The chief advantages of the column method are that 
the total normality 

of the equilibriating solution can be set beforehand 
(as will be seen, 

this is not so easily done in the batch method), and the 
amount of 
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cations both exchanged and sorbed can be determined. 

A variation of the column method recently reported involves 

the use of single particles of ion exchange resin. (36, p.188) 

A single "perfect particle" of ion exchange resin is placed in a 

column of glass beads, which simulate resin beads, and a solution 

of known composition is passed by the bead. Prior to the beginning 

of the run the bead is saturated with one of the counter ions con- 

taining a radioactive tag. Since the presence of a single ion 

exchange bead in the presence of the equilibriating solution will 

not greatly alter the concentration of the solution passing 
by the 

bead, the bead rapidly comes to equilibrium with the solution. 
The 

composition of the resin phase in equilibrium with this solution 
is 

determined by radioactive counting of the single particle. This 

method has the advantage that only analysis of the resin phase is 

required. 

The method suffers from the disadvantages, however, that 

only cations which have a strong gamma or beta radioactive isotope 

can be studied. If the cation in question has only alpha or weak 

beta radioactive isotopes, the shielding offered by the resin particle 

itself would be sufficient to cause considerable error in any counting 

procedure. A further disadvantage of this method is that it must be 

assumed that the data obtained for the so- called "perfect particle" 

could be extrapolated to the millions of particles which would form 

a bed in any practical or commercial application of the ion exchange 

data. 
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II Batch Equilibriation 

In the batch method, a weighed sample of ion exchange resin 

is contacted with a solution of known initial concentration of both 

cations. At the onset of the experiment the resin is saturated with 

one of the cations. To analyze for the equilibrium conditions, either 

the resin phase, the solution phase, or both can be analyzed. The 

advantages of this method are that only small amounts of resin and 

solution are required and many samples may be processed at one time. 

The batch samples can be stoppered and left unattended until such 

time that equilibrium has been achieved. 

There are, however, several disadvantages to this method. 

The solution composition which changes during the course of 

equilibriation canent be fixed beforehand. This composition change is 

due to ion exchange of course, but it also results from sorption of 

the electrolyte by the resin and hydration or dehydration of the 

resin phase in the presence of the salt solution. These latter 

concentration changes alter the total solution normality, a factor 

which must be considered in determining the equilibrium data point. 

For example a binary data point can not be determined by simple 

analysis of one cation concentration. The final total solution normal- 

ity and initial and final resin water contents must also be determined. 

If electrolyte sorption and resin swelling effects are negligible, 

a data point can be accurately fixed by determining the concentration 

of only one cation in the equilibrium solution. 
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CHOICE OF SYSTEM 

The systems chosen for study were HC1 and the chloride 

salts of cesium, strontium and cerium ( +3). The choice of 

chloride as the anion was based on the fact that it could be 

easily determined quantitatively to fix the total normality of an 

equilibriated solution. In addition purified chloride salts of 

the various cations were available, and they were readily soluble 

in water. The chloride salts are hydroscopic, but since the 

quantitative analysis of all standard salt solutions was contem- 

plated in any case, this proved to be no drawback. 

The choice of the three cations, other than the hydrogen 

ion, was based on the fact that their radioisotopes were readily 

available (cesium -137, strontium -89, cerium -144). In addition 

there is some interest in the recovery of these three radioisotopes 

from waste solutions such as those produced in the treatment of 

irradiated fuel at the Hanford, Washington AEC plant. Intense beta 

radiation from these three radioisotopes generates heat which in 

turn could be converted to electrical energy to operate space craft 

or underwater navigational devices. Ion exchange may be an im- 

portant means of recovering and concentrating these materials. 

The choice of the cations, H 
+1, 

Cs +1, Sr +2, and Ce+ made 

it possible to study the effect of differing valence and chemistry 

on ion exchange equilibrium. The chemistry of these cations has 

been studied to some degree and activity coefficients for these 

species in mixed electrolyte solutions have been reported in the 
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literature. These coefficients are important in analyzing the 

data in terms of the theory developed in the previous section. 

With Ce +3 it was known that hydrolysis would be present; this 

behavior of cerium has been explored, however, and data on this 

effect reported. This information indicated that hydrolysis 

would not greatly affect the equilibrium data although it might 

interfere in determining the hydrogen ion concentration where 

that concentration was in the very low pH range. 
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PROCEDURES 

I Preparation of Resin 

The resin used in all studies was Dowex 5C'l XS from a 

single batch of commercial resin prepared by The Dow Chemical 

Company. (See Appendix A for resin properties.) Before collecting 

equilibrium data with an ion exchange resin, it must be realized 

that several cycles of ion removal from and addition to the resin 

must be completed before the resin reaches an equilibriums state, 

i.e., before it will pick up a reproducible amount of any cation. 

If resin is excessively dried at any period during its pre- 

treatment, its capacity will be noticeably depleted. These 

factors must be taken into account in any process of resin pre- 

treatment and preparation for equilibrium studies. 

The resin was first air dried for several days at tempera- 

tures slightly above room temperature, approximately 86 to 90° F. 

After drying, the resin was screened through a U.S. 20 sieve and 

on a U.S. 30 sieve to obtain a single size fraction, not a simple 

process. Since the resin particles are almost perfect spheres, they 

readily fill the holes in the sieves and prevent other smaller 

sizes from penetrating through the screening. For this reason it 

was necessary to carry out many screenings of a single sample to 

insure that the size gradation desired was obtained. The resin 

was screened for about one minute, the screening process stopped, 

the screens cleaned and screening begun again. This process was 

repeated until no significant amount of material still passed 
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through the U.S. 30 screen. The screened resin was then rolled 

on sheets of paper toweling to remove dust and broken (non -spherical) 

resin particles. 

Next the resin was re -wet by contacting the dried resin 

with a saturated sodium chloride solution. If the resin were 

directly wetted with water, the particles would expand so rapidly 

that stresses created within the spherical particles would shatter 

many of them. This was prevented by re- wetting the resin in the 

saturated salt solution, where the resin swelled slowly. Contacting 

the resin with the saturated salt solution converted it from hydro- 

gen form to sodium form resin. Once the resin was thoroughly 

wetted, it was rinsed in a frittered glass funnel with large 

volumes of dilute 5% HC1 to convert it back to the hydrogen form. 

Contacting with HC1 was continued until sodium was no longer 

detected in the effluent from the frittered glass funnel. The 

resin was then washed with distilled water until no hydrogen ion 

was detected in the effluent from the washing process. This washing 

removed all material sorbed in the resin pores; it did not remove 

any exchanged material. The cycle from hydrogen to sodium and 

back to hydrogen form resin was found sufficient to obtain repro- 

ducible results. 

If the equilibria to be studied involved hydrogen ion, 

the experiment began using resin in the hydrogen form. For the 

systems Cs 
+l- Sr +2 and Sr +2- Ce +3, the resin was converted from 

the hydrogen form to the form Sr +2 by contacting the resin with 

strong solutions of strontium chloride. After equilibriating 

. 
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for several minutes the solution was poured off and the resin re- 

contacted with additional amounts of strontium chloride solution. 

This process was continued until little hydrogen ion was noted in 

the equilibriated solution. Finally the resin was contacted with 

strontium hydroxide. In this last step hydrogen ion evolving 

from the resin reacted with the hydroxyl ion to form water. This 

reduced the hydrogen ion present in the solution and resin to 

zero. 

Once the resin was prepared in the desired form, it was 

stored in distilled water until needed. 

II Resin Weighing 

Generally ion exchange equilibrium data are reported in 

terms of meq/dry gram of resin; the most convenient way to begin 

an equilibrium experiment would be to use a certain number of dry 

grams of resin. As described in the previous section, it was not 

possible to wet a dry resin directly. The chances of losing an 

appreciable amount of resin after weighing and during the compli- 

cated wetting process precluded using dry resin at the onset of 

weighing. The best procedure was to start with wet resin and 

determine the percentage water in a given wet resin sample; the 

dry weight was then calculated easily. 

This procedure used was similar to that described by 

Gregor ( 15, p.620). Gregor showed that the most consistent results 

could be obtained by removing the interstitial water from the resin 

by centrifuging and then weighing the centrifuged resin. This 



Figure 3 Centrifuge Tube 
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centrifuge weight could then be used to determine the actual dry 

weight of the sample. 

To prepare the resin for weighing, a sample of wet resin 

plus interstitial water was placed in a centrifuge tube, constructed 

of two sections of 1 3/4 inch I.D. two inch long lucite tubing. 

These two sections were cemented together with a piece of 20 x 150 

stainless steel cloth placed between them. Figure 3 is a photo- 

graph of the tube. The resin sample was placed in the upper half 

of the tube and stoppers placed at each end. The tube was then 

centrifuged at 2000 rpm. About 60 seconds were required for the 

centrifuge to reach this speed which was maintained for four 

minutes. The sample was subjected to a force of 357 g's. At the 

end of four minutes the power was cut and the machine stopped in 15 

seconds with the centrifuge brake. By placing the stoppers in both 

ends of the centrifuge tube, the interstitial water was trapped 

in the lower section of the tube, in effect keeping the resin in 

contact with water saturated air, preventing its drying out. The 

next step involved transferring a portion of the centrifuged resin 

to a previously weighed 125 ml Earlenmeyer flask in which the 

equilibrium experiment would be carried out. This transfer was 

completed rapidly to prevent air drying of the resin. Immediately 

upon transfer to the Earlenmeyers, the flasks were sealed with 

stoppers to prevent evaporation. In the final step the loaded flasks 

were weighed on an automatic balance. From the known weight of the 

Earlenmeyer, the wet weight of the resin could be determined 

and then from the known percentage water in the resin, the 
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dry weight of resin in a particular sample was calculated. The 

percentage water in the resin was determined by a control sample 

run with each series of experiments. 

A procedure similar to that described above was used to 

determine the final water content of the equilibriated resin. The 

resin in the equilibrium solution was poured into a centrifuge 

tube, Figure 3, and the interstitial solution separated. The 

centrifuged resin was placed in a weighed, sealed Earlenmeyer 

flask, weighed to find its wet weight, and then dried at 110° C 

to constant weight (usually for 72 hours). The water content was 

then determined by difference. 

III Determination of an Equilibrium Point 

(A) Binary Data 

Ion exchange equilibrium data are usually presented in 

the form of a Y,X plot. Since these data are a function of the 

cation solution concentration, they are usually presented as a 

family of curves, the parameter being the total solution normality. 

The determination of a single equilibrium point in such a curve 

begins with the weighed sample of ion exchange resin in a 125 ml 

Earlenmeyer flask. The resin weight used in an experiment depends 

on whether the point to be determined is close to the right hand 

or to the left hand margin of the Y,X plot. For example consider 

the binary data determination where one of the cations in question 

is the hydrogen ion. The resin used in these experiments was 
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initially in the hydrogen ion form. If the data point to be 

determined lay closer to the axis representing saturation by the 

ion initially on the resin, a rather large weight of resin was 

used. As data points were collected closer to the axis representing 

saturation by the counter ion, smaller amounts of resin were re- 

quired. A typical series of experiments describing an entire 

isotherm for a particular normality used wet resin samples weighing 

from six grams at the axis representing hydrogen ion saturation, 

to 0.5 grams of resin at the axis representing saturation by the 

counter ion. In these experiments a single average particle of 

wet hydrogen form resin weighed 0.00066 grams; therefore even for 

a 0.5 gram wet resin sample, it could be assumed that a representa- 

tive group of particles was used. 

The next step in determining an equilibrium point was 

adding solution to the wet resin sample. For the determination of 

binary data where hydrogen ion was present, the liquids added to the 

resin sample were water, a standard solution of HC1 and a standard 

chloride salt solution of one of the other counter cations. The 

total amounts of acid and salt solutions added were determined 

by the total normality. The ratio of acid and salt solution used 

was determined by the proximity of the equilibrium point to the 

hydrogen saturation side of the Y,X diagram. The closer the equili- 

brium point to the hydrogen saturation line, the higher the percent- 

age of acid solution used. 

The total sample volume varied from 90 mis for the deter- 

mination of tenth normal isotherms to 22 mis for the determination 

. 
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of two and three normal isotherms. To achieve the desired accuracy 

90 mis of solution were used for tenth normal isotherms; lesser 

volumes were required for higher total normalities. 

There are two chief problems in determining the exact 

volume of standard solutions to be added: one, in the presence 

of a salt solution, the resin dehydrates, the extent of hydration 

increasing with salt concentration, and two, the resin tends to 

sorb salt solution as well as to ion exchange the salt counter ion. 

Both of these factors tend to lower the solution normality. Thus 

in most experiments a slight excess of standard solutions were 

added to maintain the desired isotherm normality. 

Once the solutions were added to the resin sample, the 

Earlenmeyers were re- stoppered to prevent evaporation and the 

samples set aside to equilibriate. Initial experiments were 

completed in a temperature controlled bath where the samples were 

shaken for periods of hours to days. Preliminary runs showed 

that equilibrium in the shaker could be reached in ten minutes to 

one half hour and also showed that the equilibrium was insensitive 

to temperature. In view of these results, it was decided to dispense 

with the shaker and controlled temperature bath and to obtain the 

equilibrium data by holding the samples at room temperature and 

shaking them intermittently for a period of an hour or so. Actual- 

ly most samples were held two days to a week before chemical 

analysis of the solution was made. 
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(B) Ternary Equilibria 

The procedure for obtaining ternary data was similar 

to that described above except that additions of acid and two 

salt solutions were made. 

IV Chemical Analysis of Samples 

(A) Binary Data 

The analysis of binary data can be broken up into two 

sections, one dealing with binary systems which include hydrogen 

ion, and the other where hydrogen ion is absent. For those sys- 

tems including hydrogen ion, the concentration of both cations in 

solution could be readily determined. The hydrogen ion was 

measured by titrating a known volume of liquid sample with 

standard base; the concentration of the other counter ion in 

solution was determined by radioactive tagging and counting of that 

particular cation. To take the effects of electrolyte sorption 

and resin hydration into account, it was necessary to determine 

total normality of the solution by measuring the chloride normality 

of the final equilibriated solution. The chloride ion was deter- 

mined by precipitation as silver chloride. Since the concentration 

of both hydrogen ion and the other counter cation ion present 

were known, the chloride ion determination provided a check on the 

accuracy of the cation determinations. 

For those binary systems where hydrogen ion was absent, 
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one of the cations was radioactively tagged and its concentration 

determined through the tag. Here again the total chloride ion 

concentration was determined. The concentration of the other 

cation present in solution could then be determined by difference. 

For the system Sr +2- Ce +3 the strontium was also determined 

gravimetrically by SO4 -2 precipitation. In the presence of Cs +1, 

Sr +2 could not be determined since Cs +1 is incompletely precipitated 

by SO4 -2. (See Appendix B for summary of analytical procedures 

used.) 

(B) Ternary Data 

All the ternary systems included hydrogen ion as one of 

the three cations. The hydrogen ion could be determined by titration 

with standard base. Here again the total normality of the equili- 

briated solution was determined by measuring the chloride ion 

concentration gravimetrically. One of the other cations was 

radioactively tagged and its concentration determined by radio- 

active counting. In the ternary system H+1- Sr +2- Ce +3 , cerium 

was tagged and the strontium determined gravimetrically. This gave 

an independent determination of all three cations present which 

could be checked against the total normality determined through 

chloride precipitation. In that case where the three cations present 

were H+l, Cs +1 and Ce +3, the cerium was radioactively tagged. The 

cesium was determined by difference, knowing the total solution 

normality, the hydrogen ion concentration, and the cerium concentra- 

- 
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tion. This was the only case where a check was not made on each 

of the three cations present. 

A problem was encountered in the determination of hydrogen 

ion in the presence of Ceti, which is a hydrolyzable species. It 

was impossible to determine hydrogen ion concentration by simple 

titration with strong base. The procedure developed for this case 

is described in Appendix D. 

V Radioactive Counting Procedure 

One of the unique features of this work was using liquid 

scintillation counting to determine the concentration of one of the 

cation species present in each experiment. This counting technique 

is a relatively new procedure and to the writer's knowledge has not 

been applied previously to the analysis of ion exchange equilibrium 

data. Liquid scintillation counting has the distinct advantage 

that the liquid solution can be used directly without evaporation. 

A liquid sample of from one to five mis of equilibriated 

solution was added to 15 mis of liquid scintillation counting gel. 

( 44, P. 47 ) (A description of this gel is provided in Appendix C.) 

The vial containing this mixture was shaken to form an emulsion 

of the organic gel and the aqueous solution, placed in a freezer 

and held at 0 °C or below to maintain the gel stability. The 

counting apparatus, Packard -Bell liquid scintillation counters, were 

provided by Dr. C.H. Wang, Director of The Radiation Center, Oregon 

State University. These machines will count each sample of a series 

- 
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of 1 to 200 samples for a pre -set count or a pre -determined time 

and print out the total count and counting time automatically. 

To determine the normality of a radioactively tagged 

cation, the counting rate of the sample is compared with a 

calibration curve, drawn from counting data on samples of known 

concentration. These standard counting samples were made from 

standard solutions of the cations being studied to which a 

radioactive tag had been added. This same radio -tagged standard 

solution was subsequently used in the equilibrium experiments. 

In no case was the exact amount of radioactive tag added to the 

standard solution accurately determined. Solution analysis 

depended on fixing the ratio of radio -tagged cations to total 

cations in the standard solution. Therefore any dilution of the 

standard solution would reduce the number of radio cations and 

total cations, but the ratio would remain fixed. If in any tagged 

solution the ratio of radio -tagged cation to total cation was fixed, 

the question might be asked why the total cation concentration 

of the unknown was not computed from the relation 

Conc of unknown = Conc of standard soin 
Count rate unknown 

Count rate std soin 

This calculation assumes a linear relation between the count rate 

and the concentration of radio- tagged ions. This is not necessarily 

true. In the unknown solutions there were always at least two 

cations present; only one of these was tagged. The other cation 

may have had a quenching or amplifying effect on the light given off 

. 
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by the liquid scintillator in the counting gel. Since in ion 

exchange the total cation concentration in the solution is 

approximately constant, as the concentration of the radio -tagged 

ion decreased, the concentration of the other counter ion increased 

to keep the total normality constant. Thus the quenching or 

amplification effect of the counter ion changes to produce a non- 

linear relation between counting rate and tagged cation concentra- 

tion. Therefore this effect required calibration curves for each 

total normality of an ion exchange system. 

It was hoped that the ternary systems could be analyzed 

by tagging and counting two of the metal ions present (All ternary 

systems contained el which could be determined by titration). 

Simultaneous determination of tritium tagged hydrogen and carbon 

14 tagged carbon has been done successfully. ( 44, p.46 ) The 

severe quenching and amplification effects of the cations in 

this study, however, made simultaneous counting impossible. In 

a ternary system it is not possible to draw a calibration curve 

which will eliminate quenching and amplification effects without 

a pre -knowledge of the same data being obtained. 

VI Determination of Resin Sorbed Electrolyte in Binary 

Systems 

The cation exchange resin in this study was able to sorb 

electrolyte, i.e., AY,as well as ion exchange A at the ion exchange 

sites. To determine the amount of cation sorbed, the amount of 

electrolyte sorbed was subtracted from the total uptake of A. The 

. 
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amount of sorbed electrolyte was determined by first removing the 

solution phase from the equilibriated resin. The resin was 

centrifuged and interstitial solution removed by the method described 

in II of the Procedure. (Note that a portion of this resin was 

also used in determining loaded resin water content.) After centri- 

fuging, the interstitial solution was drained from the centrifuge 

tube, the tube dried with a tissue and the resin rinsed with 100 

mis of water over a receiving beaker. The total solution volume 

was determined, and if one of the cations present were H 
+1) 

the solu- 

tion pH was measured. The solution was next evaporated to dryness 

in the oven after which a known volume of dilute HNO3 was used 

to re- dissolve the residue; a sample of this solution was then 

counted. With the sample count rate and the total solution volume 

known, the total number of equivalents of tagged A washed from the 

resin pores could be determined. Adding the equivalents of A 

to the equivalents of H+1 washed from the resin determined the total 

equivalents of sorbed electrolyte. 

In the case where the binary system did not contain 

hydrogen ion, pH determination was eliminated and instead the total 

chloride concentration of the re- dissolved residue solution was 

determined. Here again the concentration of one of the cations was 

measured by radioactive counting. Concentration of the untagged 

counter ion present was then determined by difference. Because of 

the analytical complexities and the low concentration, determinations 

of sorbed electrolyte were not made for the ternary systems. 
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VII Determination of Degree of Resin Hydration 

Resin in contact with an electrolyte solution undergoes 

a certain amount of dehydration. (21, p.145) To determine the 

exact volume of the equilibriated solution (necessary for determin- 

ing the number of equivalents of cation exchanged), the amount of 

water given up by the resin. was determined by obtaining the final 

water content of the equilibriated resin. The initial and final 

resin water content was measured by the method outlined in II of 

the Procedure. The difference in initial and final water content 

was equal to the increase of solution volume at equilibrium. 

e 

. 



71 

PRESENTATION OF RESULTS 

I Resin Capacity 

Total resin capacity, Q,.was measured by titrating a 

known weight of distilled water washed el +1 form resin with 

both NaOH and Sr(OH)2. In both cases the bulk of the H +1 ion was 

displaced by a chloride salt of the base which was finally used to 

complete the titration. In the presence of the base, the dis- 

placed hydrogen ion interacted with the base as follows. 

H+1 + OH H20 

At equilibrium, with a slight excess of base present, hydrogen ion 

concentration in resin and solution was essentially zero. The 

equivalents of base required to reach pH 7 then would be approximate- 

ly equal to the total ion exchange capacity of the resin sample. 

Table I shows the results of titrating with both NaOH 

and Sr(OH)2. 

TABLE I RESIN EXCHANGE CAPACITY 

Sample Dry Sample Titrant Meg of Base 
Number Weight, Gms per Dry Gm 

45 7.0293 NaOH 5.042 
46 7.6780 NaOH 4.985 
109 1.9409 Sr(OH)2 4.986 
110 1.9496 Sr(OH)2 4.961 

The results of the above table show that the average resin ion 

exchange capacity and its average variation is 4.99 - 0.02 gm 

The exchange capacity and maximum variation is 4.99 ± 0.06 meg 

. 
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II Resin Water Content 

Knowing the resin water content was important for two 

reasons. First, before the amount of dry resin in each experimental 

sample could be determined, it was necessary to know the water 

content of the wet resin used in preparing the equilibrium samples. 

Second, to measure the final solution volume in an equilibrium 

experiment, the amount of water given up by the initial wet resin 

sample had to be determined. 

Table II shows typical results obtained in the determina- 

tion of water content of electrolyte free el and Sr +2 form resin. 

Runs 6, 7 and 8 are from the same centrifuge tube in the same run. 

Analysis of the data for these three runs shows that the percent 

water in the el resin was 52.696 ± 0.036%, or that there are 

1.114 
± 

0.002 gms H20/dry gm el resin. Comparing the data of 

runs 6, 7 and 8 with those data for run 108 or 111, which were 

obtained from different centrifuge runs in different tubes, a 

discrepancy was noted. In addition the latter two runs are not 

comparable with one another with good precision. These data 

show that while very reproducible results can be obtained for a 

single run in a given tube, the data obtained from distinct runs 

are not reproducible with good precision. This variation is pro- 

bably due to slight differences inthe centrifuge operation from 

run to run, e.g., slight imbalances in the machine level leading to 

longer start up times to reach the 2000 rpm run speed. Based on 

the results cited above, it was decided that the water content of 

. 



TABLE II WATER CONTENT OF ELECTROLYTE FREE H +1 AND Sr +2 FORM RESIN 

Run 

No 

Resin 

Form 

Weight Wet 

Resin, Gms 

Weight Dry 

H +1 resin,Gms 

Weight H2O 

Removed, Gms 

Percent H2O 

in Resin 

Gms H20/Dry 

Gm H +1 resin 

6 H+1 6.8563 3.2461 3.6102 52.655 1.112 
7 H+1 6.7178 3.1774 3.5404 52.701 1.114 
8 H+1 +1 8.5823 4.0566 4.5257 52.732 1.116 

108 H+1 4.3554 2.0264 2.3290 53.474 1.149 
111 H+1 4.5612 2.1510 2.4102 52.841 1.120 
307 Sr+2 2.9146 1.4542* 1.1548 44.262 0.7941 
308 Sr+2 2.4342 1.2154* 0.9634 44.217 0.7927 
309 Sr+2 2.1090 1.0560*' 0.8311 44.041 0.7871 
310 Sr+2 2.2045 1.0921* 0.8830 44.706 0.8085 

* Resin was weighed in the Sr+2 form and weight converted to the H +1 form using the 

gms H +1 resin 
correction factor 0.8264 

gm Sr+2 resin 

Notes: (1) Runs 6, 7 and 8 are from a single centrifuge run. 

(2) Runs 108 -310 are from different centrifuge runs. 

. - 



the resin in a single centrifuge run (usually enough material 

to describe a complete isotherm) would be determined from a control 

sample for that particular run. Samples 307 -310 of Table II 

were control samples for runs involving Sr+2 form resin. The 

results show typical variation in the water content of centrifuged 

resin. 

To determine solution volume change during the equili- 

bration process, the change in water content of the resin was 

determined. This determination was made from a knowledge of the 

initial and the final resin water content. The method of determin- 

ing the water content of the loaded resin was described in II of 

the Procedure. The data are shown in Figures 4-8 where the water 

content as gms H20/dry gm H +1 or Sr +2 resin is plotted vs. the 

solution fraction of the ion preferred by the resin for each 

binary system studied. The data obtained experimentally were the 

gms H20/dry gm loaded resin. To convert this information into the 

form shown in the figures, the correction factor described below 

was used. 

gms H2O gms H2O 

Correction factor 
gm dry A+a gm loaded resin 

where 

Correction factor - 

74 

0.995 + YA(4.99)(Eq WtA) + (1 YA)(4.99)(Eq WtB) 

0.995 + (YA)(4.99)(Eg WtA) 

- 

. 

2 



Notes: 

(1) 0.995 is the weight of resin matrix per gm of 

H+1 resin. 

(2) 4.99 is the equivalent capacity per gm of H+- resin. 

(3) The dimensions of the correction factor are: 

gms of dry loaded resin 

75 

gm of dry ea resin 

(4) A+a represents the form of the resin at the start of 

the experiment. 

To determine the correction factor per dry gm A +a resin, the 

fraction of A in the resin YA, was required. The YA data could not 

be determined exactly without a knowledge of the final resin water 

content. Thus a reiteration process was called for. An initial 

value of YA was calculated neglecting changes in resin water content 

during the equilibriation. Based on this approximate YA the correc- 

tion factor and in turn the final resin water content per gm of dry 

A+a resin was determined. Then YA was recalculated applying a 

correction for resin water content change during the experiment. 

Since the correction factor was not very sensitive to small changes 

in YA' one round of the reiteration process was usually sufficient 

to fix the resin water content within ti % or less of the best 

calculated value. 

It should be noted that Figures 6 and 8 for cerium assume 

that the cerium is present only as the cerous ion (Ce +3). This 

assumption will be discussed further in subsequent sections. 
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Figure 4 Resin Water Content for the System H 
+1_ +1 
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Figure 5 Resin Water Content for the System H +1- Sr +2 
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Figure 6 Resin Water Content for the System el- Ce +3 
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Figure 7 Resin Water Content for the System Cs 
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Figure 8 Resin Water Content for the System Sr +2- Ce +3 
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III Electrolyte Sorption 

As described in the theory section an ion exchanger can 

change the ion concentration in the solution phase by three means: 

ion exchange, electrolyte sorption, and by a change in the solution 

molar concentration. When ion exchange data are determined by the 

batch equilibriation method it is necessary t9 account for the amount 

of cation sorbed into the resin as electrolyte AY. This method 

determines the total amount of cation in the resin; the amount ion 

exchanged into the resin is the difference between the total amount 

and the amount of sorbed electrolyte. 

Figures 9 and 10 show electrolyte sorption for H +1 and 

Sr resin respectively. These data were collected by the method 

described in VI, Procedures. For the systems described in Figure 9 

measurements show a negligible amount of HC1 sorption into the resin. 

On the other hand Figure 9 shows that as the counter ion present 

in the H}1 systems increased its solution concentration, a corres- 

ponding increase in the resin concentration of electrolyte AY was 

noted. Figure 9, then, shows total electrolyte sorption as a 

function of A +a solution normality. . 

Figure 10 is a similar plot but in this case the total 

electrolyte concentration in the resin is plotted vs the total counter 

ion normality in solution. It is noted that for solution strong in 

S/41'2 , the amount of electrolyte sorption goes to zero. As the 

solution concentration of counter ion, cesium or cerium, increases, 

however, the electrolyte resin concentration also increases. The 
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curve shown in Figure 10 gives the concentration of CsC1 and CeC13 

sorbed in the resin. (The abscissa of Figure 10 can be interpreted 

as A4 solution normality.) 

The data of Figures 9 and 10 can be used to determine 

directly the extent of ion exchange of Cs , Sr +2, and Cel on 

Ií`1 resin, resin, or Cs' 
-1 

and Ce +3 exchange on Sr +2 form resin. Knowing 

the 
J« 

solution normality, the meq of electrolyte (ea) sorbed 

in the resin (per gm of dry resin) can be determined. The equiva- 

lents of A« exchanged into the resin can then be determined by the 

following relation. 

meq A ion exchanged total meq A in resin phase ricq A+a sorbed 

gm dry B +ß resin. 

IV Equilibrium Data 

84 

dry B 
+ß resin gm dry B +Ores ;n 

Ion exchange equilibrium data are presented in Figures 

11 -18 as binary Y vs X plots. For ternary systems it was possible 

to break each set of data down into three different binary systems. 

For example in the system H+1_ Cs+1 - Sr +z, the data could be presented 

in the form II4-1- Cs +l , I11-1- Sr +2 and Cs +l - Sr 1-2 . To permit compari- 

son ternary data were broken down into binary systems for which 

binary data had also been determined. No binary data had been deter- 

mined for the system Cs+1- Ce +3 and therefore the system H1-1- Cs +l - Cep 

was broken down only into the two binaries 114.1- Ce +3 and 111-1- Cs 1; 

these two binaries, however, completely represent the system. Ternary 

data are shown as solid symbols on Figures 13, 14 and 15; only ternary 

gin 
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data are shown in Figures 16 -18 but here lines are included to 

represent the corresponding binary data. 

Calculation of the X,Y data for both binary and ternary 

systems was done by computer programs processed on the Oregon State 

University IBM 1620 computer. Some 32 calculations were required 

per binary point to take into account the effects of electrolyte 

sorption and resin hydration during the equilibrium process. 

Approximately half again as many calculations were required per 

ternary data point. The various computer programs required are 

shown in Appendix E. In Appendix F a summary of the binary and 

ternary data obtained from the computer solutions is presented. 

It was noted in the Procedures that before equilibrium 

is attained it is not possible to fix the total solution normality 

of a batch equilibration experiment since resin dehydration and 

electrolyte sorption during the equilibrium process tend to dilute 

the solution phase. To account for this, an estimated slight excess 

of reagents is added at the onset of the experiment so that at 

equilibrium the final solution normality is approximately at the 

desired level. The exact amount of excess reagent to be added can 

not be computed exactly because the necessary electrolyte sorption 

and resin water content data are being determined in the same 

experiment. As a result in the determination of an isotherm the 

final solution normality varies from experiment to experiment and 



TABLE III MEAN ISOTHERM NORMALITIES WITH STANDARD DEVIATION 

System 

H+1- Cs+1 

H+1- Sr+2 

el- Ce+3 

Cs+1- Sr+2 

Sr+2- Ce+3 

el- Cs+1- Sr+2 

H+1- Cs+1- Ce+3 

H+1- Sr±2- Ce+3 

NTN Mean Normality with 
Standard Deviation of Mean 

0.1 
0.5 

2.5 

0.1090 t 0.0040 
0.4990 

± 0.0045 
2.495 ± 0.058 

0.1 0.0999 ± 0.0035 
0.5 0.4962 ± 0.0069 
1.0 0.9772 

± 0.0101 
3.0 2.924 ± 0.041 

0.1 0.0988 t 0.0012 
0.5 0.4963 t 0.0041 
1.5 1.503 ± 0.018 

0.1 0.0989 ± 0.0007 
0.5 0.4965 t 0.0016 

0.1 0.0997 t 0.0032 
0.5 0.4972 ± 0.0018 

0.1 
0.5 

2.0 

0.1 
0.5 
2.0 

0.1 
0.5 
2.0 

0.1027 t 0.0041 
0.4954 

± 0.0050 
1.965 ± 0.0038 

0.0989 t 0.0015 
0.4988 * 0.0035 
1.969 t 0.051 

0.1007 ± 0.0010 

0.4951 
± 0.0047 

1.964 ± 0.039 
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therefore one must speak of mean isotherm normalities. Table 8 

summarizes the mean solution normalities with their standard 

deviation for all data presented in Figures 4 -18. Final solution 

normalities were measured by AgC1 precipitation. All data points 

shown in these figures represent solutions with normalities within 

5% or less of the mean normalities of Table 8. 

As described in Procedures, binary data were determined 

both by radioactive analyses and for those systems containing H +1, 

by analysis of the el concentration in the equilibrated solution. 

One of these methods thus provides a check on the reliability of 

the other. In Figures 11 and 12 data determined by both methods 

are shown. Ternary data were determined by tagging one of the 

metal ions, measuring the total solution normality and determin- 

ing hydrogen ion concentration at equilibrium. The concentration 

of the third cation in solution was then calculated by difference. 

The concentration of all three cations exchanged into the resin 

were determined by a difference calculation. Knowing the final 

solution volume the normality of each ion in the equilibrated 

solution and the total equivalents of each ion added to the solu- 

tion, the equivalents of each ion in the equilibrated resin could 

be calculated by difference. 

The final concentration of hydrogen ion in the resin could 

be calculated in two ways as described in the following equations. . 



meq 
FEHPR = Total resin capacity, 

gm dry H +1 resin 

- resin concentration A and B 
+ß 

in resin, 

meq (A + + B +ß) 

gm dry H +1 resin 

(74) 

FEHPR = (Equivalents of H +1 added to initial solution 

+ Equivalents of H +1 added initially in resin 

Equilibrium equivalents of el in solution 

gms dry H+1 +1 resin 

= FEHR . (75) 

The first of these equations requires a knowledge of the concentra- 

tions of both ion ea and B +ß in the resin phase. The second equation 

requires only a measurement of the final el +l ion concentration. This 

latter calculation does not depend on the radioactive determination 

of the concentration of ion A+a nor on the determination of the ion 

B +ß by difference. The second calculation then would be a measure of 

the reliability of the determination of ion A+a by liquid scintillation 

counting. Calculation of Y data by both equations (74) and (75) are 

shown in Figures 16 and 18. 

Temperature effects on binary equilibrium were studied for 

the system H +1- Sr +2. Binary el- Sr +2 data were determined at temper- 

atures of 60 °C, 30 °C and room temperature (approximately 22 °C) at a 

total normality of 0.1. These data are shown in Figure 12. 

FEHPR (See Appendix G) = Final equivalents of hydrogen ion 

per gram dry H+1 resin at equilibrium. 

#FERRO (See Appendix G) = Final equivalents of hydrogen ion 
per gram dry H +1 resin at equilibrium determined by difference. 
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Figure 14 Binary Equilibrium Data for the System Cs +1- Sr +2 
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Figure 17 Binary Equilibrium Data for the System 
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DISCUSSION AND CORRELATION OF RESULTS 

I Resin Capacity 

Wet resin capacity reported by the manufacturer for 

this particular batch of resin was 5.0 meq/dry gm H +1 resin. 

The measured capacity with its average variation was 4.99 ± 0.02 

meq/gm; the average resin exchange capacity with its standard 

deviation from the mean is 4.99 ± 0.03 meq/dry gm H+1 resin; 

the average resin capacity with its maximum variation is 4.99 

t 0.05 meq/dry gm H +1 resin. These results and their variations 

are similar to the results found in both the manufacturer's 

and technical literature. Although the manufacturer attempts to 

prepare a material of consistent properties, this is not strictly 

possible, particularly concerning the degree of sulfonation and 

crosslinking. 

The degree of crosslinking is governed by the amount of 

divinylbenzene added to the sulfonated polystyrene plastic base. 

It is known that the degree of crosslinking increases with the per- 

centage of divinylbenzene added, but it is not possible either to 

predict or to measure exactly during the manufacturing process the 

extent of this crosslinking. It is also difficult for the manufac- 

turer to control the degree of sulfonation of the plastic base 

(the degree of sulfonation is directly related to resin capacity). 

These difficulties in the manufacturing process lead to varia- 

tions of 10 to 20% in the resin capacity obtained from differ- 

ent batches. Within a single batch, the differences in resin 



I) 

properties lead to a variation on the order of those described 

above, approximately one percent maximum variation. An attempt 

was made to obtain representative samples in each case by 

eliminating broken and non -spherical particles, using narrow 

size fraction and eliminating low density particles by flotation and 

resin cycling. However even with these precautions, variations 

remained. 

In the large body of resin used to make up a resin bed 

in any practical commercial process, there would be variations 

in resin capacity of at least one percent. Attempts then to apply 

data from so- called single "perfect" resin particles to an entire 

resin bed must be suspect. Data obtained with gross resin samples 

containing many resin beads would be more likely to apply on the 

average and provide a truer picture of the actual equilibrium 

conditions in an ion exchange system. 

II Resin Water Content 

Described in Section II (B) of the Theory, resin swelling 

or sorption of solvent water is affected by the following factors: 

nature of solvent, degree of crosslinking, nature of the fixed ionic 

groups, resin capacity, nature of the counter ion, ion pair formation 

or association and concentration of the solution. In this particular 

work the only variables were the nature of the counter ion, solution 

concentration and possible ion pair formation and association 

between the different counter ions and the fixed ionic groups within 

the resin. 

. 
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The effect of varying counter ion on resin water content 

is shown in Figures 4, 5 and 6 for H +1 form resin and in Figures 7 

and 8 for Sr+2 form resin. In general for H +l form resin fraction 

water in the resin decreases as the solution fraction of the counter 

ions Cs +l, Sr+2, Ce +3 increases. The results then show that H +1 

form resin is more strongly hydrated than the resin in the form of 

the counter ions. 

The amount of water in the resin is not strictly a 

function of the hydration number of a particular cation. Glueckauf 

and Kitt ( 14, p.323) report the following hydration numbers 

extrapolated to infinite swelling in sulfonated styrene type cation 

exchangers. 

TABLE IV HYDRATION NUMBER OF CATIONS IN SULFONATED STYRENE -TYPE 

CATION EXCHANGERS ( 14, p.323) 

Ion Hydration Number 

H+1 3.9 (10.5) 

Na+1 . - -- ( 4.0) 

Cs 
+1. 0.7 

Rb+1 - -- ( 3.5) 

Mg+2 (15.5) 

Sr+2 4.7 

Ba +2 - -- (14.0) 

La +3 - -- (23.0) 

Numbers in parentheses are minimum hydration numbers in solution. 

( 19, p.546) 

Data extrapolated to infinite swelling (0% divinylbenzene in resin 
complete solution of the resin phase) 

- 

- -- 

OM OM -- 
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Gleuckauf's data showed that the hydration number for H +1 

in the resin is greater than that for Cs +l but lower than that for 

Sr Thus one would expect, based on hydration number alone, that 

Cs +l form resin would swell less than H +1 form resin, but H +1 form 

resin would swell less than Sr +2 resin. Also shown in Table IV 

are data for hydration numbers of various ions in solution. In gen- 

eral these follow the same order as the data on similar ions in the 

resin. No data are reported for Ce +3 ion in the resin. It may 

be inferred from the solution data on La +3`(La +3 can be assumed to 

be similar to Ce +3) that at infinite swelling Ce +3 would have a 

higher hydration number than the 11+1. 

Since the hydrogen ion has a higher hydration number in 

the resin than Cs +1, the results shown in Figure 4 might be expected 

if hydration number were the controlling factor; the fraction water 

in the resin decreases with increasing solution fraction Cs +1(in- 

creasing resin fraction Cs +1). Hydration number data, however, 

would not predict the effect shown in Figures 5 and 6. Here as the 

solution concentration of both Sr +2 and Ce +3 increase, water 

fraction in the resin decreases. Rather than considering hydration 

number one would have to examine hydration strength or hydration 

energy. Hydration strength is defined as the bond energy between 

the H +1 and its hydrated water molecules. The stronger the hydration, 

the more likely an ion would be to retain its hydration shell as it 

passes into the resin phase. The data of Figures 4, 5 and 6 show 

that 11+1 would be the most strongly hydrated ion of the cations 

studied; Ce +3 would be the next most strongly hydrated followed by 

+2. 
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Sr +2 and Cs 
+1. Data on hydration strength in resin are not reported 

in the literature but the data reported here can be compared with 

data given by Gregor ( 17, p.512) who measured vapor phase water 

sorption as a function of vapor phase relative humidity. 

Gregor's data again show that el is not the most strongly hydrated 

form of resin compared with Na +1, Mg +2, Ca +2 and Ba +2. The data 

obtained by Gregor are summarized below for a relative humidity of 

1.0 i.e., at saturation. 

TABLE V WATER VAPOR SORPTION AT SATURATION ( 17, p.512) 

Resin Form Water Fraction 
Gms Water /Gm Dry H +1 Resin* 

H+1 0.891 

Na+1 0.785 

Ca+2 0.714 

Ba+2 0.608 

*Assumes a resin capacity of 4.9 meq/gm dry H +1 resin 

Data in Table V show water fractions which are the same 

order as those reported in Figures 4-8. Comparing Cs +1 data with 

that of Na +1 it would be expected that since the Cs +1 is a larger 

ion, Cs 
+l form resin would show a lesser degree of. hydration. It 

would also be expected that Sr +2 would be less strongly hydrated 

than Ca +2 but more strongly hydrated than Ba+2 ; thus we might 

expect that Sr +2 data would lie intermediate to that given for 

Ca +2 and Ba +2 but closer to that for Ba +2. No data are reported with 

. 
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which the Ce +3 data can be directly compared, but based on its 

valence and on the limited hydration number data available for 

La +3 it might be expected that it would be more strongly hydrated 

in the resin than would Sr +2. 

Comparing the data of Figures 4 and 5, the extent of 

hydration for the H +1- Cs +1 system is similar to that for the 

H +1- Sr +2 system. The data for Figure 7 show that there is an 

increase in the extent of resin water sorption with increasing 

solution fraction, Cs indicating in the system Cs +l- Sr +2, Cs +1 

resin is more strongly hydrated. Figure 8 shows little change in 

resin water sorption as the solution fraction Ce +3 increases for 

the system Sr +2- Ce +3. 

Two concentration effects can be noted from Figures 4 -8. 

The data are reported in Figures 4-6 as solution fraction counter 

ion; it should be noted, then, that the left hand axis represents 

a solution which is only H +1. If the water content of H +1 form 

resin at the left hand ordinate of Figures 4 -6 is compared with the 

data of Table II, it is noted that it is the same as that for 11+1 

form resin in contact with distilled water, approximately 1.118 gms/ 

gms of dry el resin. It appears then that the el solution concen- 

tration does not affect resin water sorption. Looking at equation 

(43) this result indicates that the H +1 solution solvent activity 

does not change greatly with increasing 11+1 solution concentration. 

ITV -RT ln a /a 

R S 

(43) = 
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(A better assumption would be that the ratio of activities, 

aw /a,7 , remains essentially constant with varying solution H 

concentration.) 

Comparing the left hand margins of Figures 7 and 8 with the 

right margin of Figure 5, it can be seen that the resin water 

content is similar. The resin water content of Sr +2 form resin in 

contact with distilled water as shown in Table II, however, is 

about 0.79 grams water /dry gram Sr +2 form resin, indicating that 

Sr +2 resin in contact with solution strong in Sr +2 causes resin 

dehydration. Therefore the activity of water in solutions decreases 

with increasing Sr +2 concentration or the ratio any /aw increases 
R S 

with increasing Sr +2 solution concentration. 

As discussed previously, water hydration data are important 

in analyzing ion exchange equilibrium data. In addition they are 

important in determining ion exchange system volumes. If the weight 

of dry resin required for a particular separation system is known, 

the weight of water sorbed by this resin in contact with a particular 

solution can be calculated from Figures 4-8. Making the assumption 

that the volume water sorbed and the dry resin volume are additive, 

the swollen resin volume or ion exchange system volume can be 

calculated. 

III Electrolyte Sorption 

The most important of the factors in electrolyte sorption 

as outlined in Section II (C) of Theory, are the valence of the 

S 
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counter ions and the solution concentration of the counter ions. 

The effect of both is shown in Figures 9 and 10. The data in Figure 

9 show counter ion sorption in el +1 resin for systems of the type 

114-1- A. However since it was found that for these systems HC1 

is effectively excluded from the resin phase, these curves also 

represent total electrolyte sorption in H +1 resin. In Figure 10, 

total electrolyte sorption is shown as a function of the counter 

ion normality for Sr +2 resin. In this case it was found that 

Sr +2 electrolyte (SrC12) is effectively excluded from the resin 

and therefore these curves also represent sorption of CsC1 and CeC13 

electrolyte in the resin. 

The effectiveness of electrolyte exclusion should decrease 

with increasing valence of the counter ion. One would expect then 

that CsC1 would be more effectively excluded than SrC12 and 

SrC12 would be more effectively excluded from the resin phase than 

CeC13. Figure 9 shows that this pattern is not strictly followed. 

CeC13 is more greatly sorbed than either CsC1 or SrC12 but the CsC1 

is sorbed to a greater extent than SrC12. The Donnan potential, 

as given by equation (22) is the important factor in excluding 

electrolyte from the resin. 

RT aIR 
E = - ln - 

aI 
S 

(22) 

If the ratio of activities aI /a1 for a particular species is 
R S 

high, the Donnan potential will be high and this . species will be . 

n 
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effectively excluded from the resin phase. This seems to be the 

case for the SrC12 system; in fact Figure 10 shows that in the 

presence of Ce +3 and Cs 
+l, Sr +2 is almost completely excluded from 

the resin phase. The data reported'in Figure 10, however, are for 

total solution normalities of only 0.1 and 0.5; if higher total 

normalities were used, it might well be found that SrC12 would be 

sorbed into the resin phase. 

Both Figures 9 and 10 show the expected effect of 

increasing electrolyte sorption with increasing solution normality. 

This result follows from equation (22). As the solution strength 

increases, it is expected that the activity ratio, a IR 
/a 

IS 
, 

. 

will decrease and that the Donnan potential will also be decreased. 

With this decrease, the efficiency of electrolyte exclusion decreases 

and the electrolyte sorption increases. The shape of these curves 

with respect to increasing solution normality are similar to those 

reported for resin AR in the presence of electrolyte AY, i.e., 

they show a positive slope with respect to increasing solution 

normality ( 33, p.53 ). 

Electrolyte sorption data are important in determining 

the recovery load on the washing section of a continuous counter 

current ion exchange system. Sorbed electrolyte is washed from a 

resin when it comes into contact with fresh solvent. This would be 

the case in the wash section immediately following the feed section 

in several continuous systems. Electrolyte sorption data would 

predict how much valuable material would be washed from the material 

and would deter if it would be worthwhile recovering. 
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IV Equilibrium Data 

(A) Effect of Temperature 

Data for the system H +1- Sr +2 were measured at tempera- 

tures of 60°, 30° and approximately 22 °C. These data are shown in 

Figure 12, and have a total solution normality of 0.1; they show 

no definite temperature effect, only scatter typical of these data. 

This is the result expected as discussed in the Theory. Referring 

to equation (56), 

d ln 
n 
ka 

dT 

Therefore 

0 

H °« RT2 
This result tends to verify the concept that ion exchange equili- 

brium is a type of phase equilibrium rather than a chemical equili- 

brium since the heat effects accompanying this process are small. 

(B) Effect of Valence 

In Section II (A) of the Theory it was stated that the most 

important factor in ion exchange resin selectivity is the valence of 

the counter ion, the result predicted by considering ion exchange 

equilibrium from the Donnan standpoint. The resin takes on a slight 

negative charge due to sorption of anion; this sets up an electrostat- 

ic interaction between the counter ions in solution and the sorbed 

anions which increases with the valence of the counter ions in 

- 

tzs 

A 
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solution. Therefore the ion of higher valence would be preferred 

by the resin. The data shown in Figure 11, however, for the system 

H Cs +l is not governed by a valence difference; one of the other 

factors, as outlined in Section II (A) of the Theory must govern 

the process. 

Comparing the H +1- Cs +1 data with the data given by 

Subba Rao and David and Lapidus and Dranoff ( 36, p.189; 35, p.43) 

for the system H +1- Na + it is found that Na is more preferred 

than Cs +1 although the general shape of the isotherm is the same. 

These results lead one to believe that hydration and ion size may 

be the controlling factors. H +1 is more strongly hydrated than 

Na- + or Cs +1. One would expect that it would be more difficult 

for the strongly hydrated ion to enter the resin dragging its 

hydration shell than it would be for the less strongly hydrated 

Na +1 or Cs +1. Comparing these two, however, one would have to 

assume that the controlling factor here is a sieve effect; Cs +l is 

certainly less strongly hydrated than Na + but the cesium ion is 

considerably larger than the sodium ion. Here it would seem 

that ion size rather than hydrated ion size is the controlling 

factor, resin being more able to sorb the smaller Na +1 than the 

Cs +1. It would be worthwhile to examine equilibria in the system 

Na Cs +1 to verify these conclusions. 

It is interesting to compare the equilibrium data for 

the systems H +1_ Cs +l, H +l_ Sr +2, and H +1- Ce +3 for a total solution 

normality of 0.1 as shown in Figures 11 -13. Here again with in- 

creasing valence over the entire solution fraction range from 
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0 to 1.0, the ion of higher valence is more preferred by the resin. 

(C) Effect of Total Solution Normality 

The effect of total solution normality upon equilibria can 

be predicted from the Donnan equation, equation (22). If it is 

assumed that activities are proportional to concentration, as the 

solution concentration increases, the activity ratio, aR /as will 

decrease and the Donnan potential will also decrease. With decreas- 

ing Donnan potential there is less attraction between the negatively 

charged cationic resin and the cations in solution. It would be 

expected that with increasing solution concentration the resin 

selectivity would decrease. This effect is apparent in Figures 

12 -17 where data for multiple concentrations are shown but it is 

absent in Figure 11 for the system el- Cs +1 since there is no 

valence difference present and the Donnan potential is not the 

determining factor. In fact with such a system (both counter ions 

having equal valence) one would expect just such a result if the 

activity ratio of the two ions in solution and resin were approxi- 

mately constant at any solution ionic strength. 

(D) Prediction of Ternary Data 

As described in Presentation of Results, ternary data 

were determined for the systems el- Cs +l- Sr +2, el- Cs +1- Ce +3 and 

H +1- Sr +2- Ce +3. These data were reduced to binary systems as shown 

in Figures 13 -18. In general the binary data determined from the 

ternary systems compares favorably with the data determined 
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experimentally for the binary systems. The data determined for the 

systems involving Ce +3 show more scatter than the other data, but this 

is believed to be a result of the experimental difficulties with ce- 

rium which will be discussed later. Plotted in Figures 16 and 18 are 

lines representing one standard deviation from the phase equilibrium 

constant 

determined for the binary data. Sixty percent of the ternary data 

derived for the H+1- Cs +1 system falls within one standard deviation 

calculated for the binary data. The data for the H+1- Sr +2 

system shown in Figure 18 show even greater precision with a percent- 

age greater than 60% falling within the one standard deviation from 

the phase equilibrium constant. These results indicate that it is 

definitely feasible to determine ternary data from two binary 

systems within the precision with which the binary data can be meas- 

ured. 

The fact that ternary data correlate well with the corres- 

ponding binary data indicates that the ion resin and solution 

activities in the ternary system are similar to those measured for 

the binary systems. Therefore if accurate determination of binary 

resin and solution activities can be made, it would be possible, 

using a model such as that of Lazar and Gregor, ( 27, p.641) to 

predict ternary data with good precision without ion exchange 

equilibrium experiments. As described in the'Theory section, pre- 

dicting ternary data from binary data is a very important advantage 

since experimental difficulties encountered in ternary analytical 

ka+a 

H+1 
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determinations are considerably more complex than these same problems 

for a binary system. 

(E) Correlation of Binary Data 

To correlate the binary data, the computer programs shown 

in Appendix E were written to apply the phase equilibrium, mass 

action, Donnan, and the rigorous thermodynamic methods of correlating 

ion exchange data. The results of these computer calculations are 

included in Appendix G. 

Considering first the phase equilibrium approach, equation 

(38) was applied to all the binary systems studied. Equation (38) 

was also modified to include activity coefficients both in the liquid 

and in the resin phases. The modified equation is as follows: 

where 

y 
ea 

ZA+a (i - A+a) yB4.ß 

k (76) 

p M B+ß 
- 

XA+a yA+a (1 YAta) Z 
1344 

71 
+1 

= single ion solution activity 

ZI = single ion resin activity 

This equation requires a knowledge of both liquid and resin activity 

coefficients for the ions Ata and B+ß. Activity coefficients are not 

generally available for single ions but are available for the mean 

activity coefficients of electrolyte AY. After inserting mean 

activity coefficients, equation (76) becomes 

. 

. 

A+Cti 



where 

(A )(l+a) (1-x )(y 
)(l+D,) 

A+a A+a 
AAa A÷a BEß 

k - 
jr B+D, 

AE 
) 

(14-a) 

A:'-`.4 BR )(l+R) a ß 

E = monovalent anion and 

R = monovalent ionogenic resin group. 

(77) 
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Since resin activity coefficients, ZAR are not available 
a 

in the literature, David's method ( 36, p.187)was followed to 

evaluate Z, i.e., a solution activity coefficient corresponding to 

the ionic strength in the resin was used. For many of the data 

points handled, the ionic strength within the resin was considerably 

in excess of that for which activity coefficient data had been 

reported. This required extrapolation to ionic strengths two to 

three times higher than that reported. Solution activity data for 

the various electrolytes studied here were plotted on rectangular 

coordinates as activity coefficient vs. the ionic strength, µ; ionic 

strength being evaluated from the following relation: 

.where 

(78) 

m = molality = moles of I 
+l/1000 

gms of solvent. 

Ionic strengths for all the binary runs were determined for both the 

solution and resin phases. The ionic strength in the resin was 

calculated assuming that the ionogenic groups within the resin 

phase constituted a monovalent cation, and the amount of water in the 

. 

- 

Á (Y 

µ=2Em(Z )2 

I I 

. 
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resin could be obtained from Figures 4-8. The modified phase 

equilibrium constant, k , would be expected to be a more rigorous 
p 1uc 

theoretical approach in correlating ion exchange data. However it 

requires the assumption that activities for mixed electrolytes can 

be evaluated knowing the solution ionic strength. It further 

requires that the ratio of the resin activity coefficients for the 

two electrolytes can be evaluated from solution data; this is a 

difficult assumption to justify. 

TABLE VI PHASE EQUILIBRIUM CONSTANTS FOR BINARY SYSTEMS 

System Normality Method of Correlation 

A Ata 
k 

H +1 
kp 

M H+1 

H+1- Cs+1 +l 0.1, 0.5 
and 2.5 

1.83 ± 0.51 

H+l- Sr+2 0.1 10.07 t 2.96 

H+1- +1- Sr+2 0.5 7.65 t 2.08 

H+l- Sr+2 1.0 5.55 ± 2.29 

H+l- Sr+2 3.0 1.47 ± 1.02 

H+l- Ce+3 0.5 16.18 ± 1.57 

H+1- Ce+3 1.5 3.82 1.59 

Table VI summarizes the data for systems which can be 

correlated by the phase equilibrium approach. The most generally 

applicable constant is 

which correlates fairly well the data for seven isotherms. The 

t 

A 
k. +ß 
p 
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Figure 23 Correlation of 0.1 Normal H - Sr Binary 

Data by the Modified Phase Equilibrium Approach 

' 

14 

12- 
C\I 

UD 

o 10 7 

Pi 

i 1 -1- 

O 

_1 L I 11111 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Sr +2 Solution fraction 

Figure 24 

18 

16 
b 

14 

12 

10 

+1 +3 . 

Correlation of 0.5 Normal el- Ce Binary Data 

by the Modified Phase Equilibrium Approach 

1- 1 1 i i 
I 1 

1 
-t 

1 1 
1 1 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Ce +3 Solution fraction 

+r+ 

z 

x 
er 

, 

l 

J 

O., 

__-_ I 

1 

--- 

+H 
ac 

xa 
L- 

-T T 

a 

a 
a 

a 

J 

-L _L_ I 

0 

- -- _ __ 

1 

__ - - -- __.__ .._. _ I .. I - - - -_- .1 

_ 

y 

l 



116 

modified phase equilibrium constant, 

k 
MSr 

2 

correlates well the data for 0.1 N el- Sr +2 and 0.5 N el- Ce +3 which 

are not correlated by k . For these former systems inclusion of the 

activity coefficients within the solution and resin scatters the data 

further. For those systems correlated by kph /the assumptions made 

regarding activity coefficients described above seem justifiable. 

The mass action approach was applied to all the binary data; 

these results are given in Appendix G. The mass action approach, 

typified by equation (12) did not prove applicable to the data except 

for the one system el- Cs +1 where the mass action equation has the 

same form as k. The failure of this approach bears out the criticisms 

given in the Theory that kp is concentration dependent and therefore 

should not be a constant over an entire isotherm. 

The Donnan approach is typified by the general equation (31); 

this equation, however, includes single ion activity coefficients. 

As described above, these coefficients are not generally available 

and one must resort to mean electrolyte activity coefficients which 

are available in the literature. Rewriting equation (31) in terms 

of the electrolyte mean activity coefficients, the following equation 

is obtained: 

A+r 143A-1-cc (1- )(l+ß)a 

kp B+ß ß (l+a)ß (1+ß)a 
X ..a(Y ) (1 Y .,.a) (Z ) 

A AFa A BRß 

(79) 

+1 

. 

= 
ß 

Sr 
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Figure 25 Correlation of H+1- Sr +2 Data by the 

Donnan Approach 

Solid line = m ± u for all data 

Dashed line = m m u for all data with kp ̀  1.0 
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Note: Equation (79) is written for the reaction 

BA +a + a3Rß aB+ß + pAR (80) 

The results of the Donnan computer calculations are given in Appendix 

G. In general the Donnan approach does not improve the correlation 

obtained by the phase equilibrium approach, except for the case of 

the system H +1- Sr +2. The Donnan constant for this system is shown 

plotted as a function of solution fraction Sr+2 in Figure 26. The 

best average line through all the data is D ± = 0.877 0.655. 

If only those data lying below k =,1.0 (this is the bulk of the 

data) are analyzed, kD + u = 0.500 + 0.269. It is notable that all 

the data for the normalities 0.1 - 3.0 can be compressed to this 

degree, considering the broad assumptions made in the correlation. 

If the resin activity coefficients could be properly adjusted, an 

even better correlation would result. 

The only method which will permit calculation of resin 

activity coefficients is the rigorous thermodynamic approach. This 

procedure, outlined in Section I (A) of the Theory in equations 

(13) - (21), has been applied chiefly to univalent systems. The 

evaluation of rational activity coefficients by the rigorous 

thermodynamic method, however, has been extended to multivalent 

systems by Hogfeldt (22, p.829) although it has not been applied 

to the evaluation of the thermodynamic equilibrium constant for 

such systems. Applying this approach to the 1 -1 valence system 

H +1- Cs +1, equations (18) - (20) can be used to determine the 

thermodynamic constant and the rational resin activity constants, 
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Acx . It should be noted that these rational resin activity 
R 

coefficients are not numerically equal to the molar activity 

coefficients used in the Donnan and modified phase equilibrium 

approaches. To improve the rigor of the analysis, the modification 

suggested by Bonner et al. ( 5, p.1046) was applied (equation 

21), i.e., solution activity coefficients were introduced. In 

the resulting calculation for 

A+1 
kc B+1 

in Appendix G, it is noted that introduction of the solution phase 

activity coefficients produces a wider scatter of the data than 

that noted for +1 
A 
k 

c B 
+1 
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Here again solution activity coefficients were calculated 

assuming that the ionic strength principle applied, i.e., that the 

electrolyte activity coefficient in a mixed electrolyte solution 

can be evaluated from the single electrolyte solution activity 

coefficient at the same ionic strength as exists in the mixed solution. 

This is a questionable assumption where an improvement in correlation 

is not obtained. 

The thermodynamic equilibrium constants were determined for 

the H+1- Cs +1 system at normalities of 0.1, 0.5 and 2.5 N and are 

reported in Table VII. In Table VIII the rational equilibrium constants 

for H +1 and Cs +1 in the resin phase are given. These same activity 

coefficients are plotted in Figures 26 and 27. These plots are 
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TABLE VII THERMODYNAMIC EQUILIBRIUM CONSTANTS FOR SYSTEM H 
+l- Cs +1 

Total Solution Normality 

0.1 
0.5 

2.5 

nk 

a 

Cs+1 + 

el - 

2.124 
± 

0.016 
3.01 

+ 
0.16 

7.641 ± 0.026 

TABLE VIII RATIONAL RESIN PHASE EQUILIBRIUM CONSTANTS FOR THE SYSTEM 

H +1- Cs 
+1 

Run No. System Normality Rational Resin Activity 
Coefficients 

7' 7' 

C s +1 H +' 
R R 

107 0.1 1.010 0.780 

112 0.1 0.880 0.984 

113 0.1 1.084 0.580 

114 0.1 1.005 0.917 

115 0.1 1.009 0.917 

116 0.1 1.000 0.900 

117 0.5 0.980 0.935 

118 0.5 1.009 0.860 

119 0.5 1.010 0.766 

120 0.5 1.058 0.542 

121 0.5 0.991 1.565 

124 2.5 1.007 0.980 

125 2.5 1.066 0.600 

126 2.5 1.018 0.674 

127 2.5 1.022 0.550 

128 2.5 0.997 0.996 

129 0.5 0.977 0.981 
130 0.5 0.803 1.124 

131 2.5 0.890 1.031 

132 2.5 0.692 0.972 

255 2.5 0.766 1.065 

256 2.5 0.827 1.435 

' 

. 

. 

a 

- 

- 

' 
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similar to data given by Hogfeldt ( 23, p.830); the experimental 

variations now are reflected in the rational resin activity 

coefficients.. It is anticipated, however, for the particular system 

H+1- Cs +1, that the regularity of the resin activity coefficients 

could be improved by eliminating the solution phase activity 

coefficients from the analysis, i.e., the assumption made that 

the ratio of the solution activity coefficients is approximately 

one. A computer solution for this situation will be made in a 

continuation of this work. 

As noted before Hogfeldt et al. have applied the rigorous 

thermodynamic system to polyvalent situations. Their analysis, 

however, only developed equations for determining the resin phase 

activity coefficients; thêir analysis did not include a method of 

evaluating the thermodynamic equilibrium constants. Such an 

analysis can be made, but it involves three numerical integrations 

per data point. Before the data included here are published, a 

computer solution for this situation will be written and an attempt 

made to correlate all the data included here by the rigorous thermo- 

dynamic method with determination of the rational resin phase 

activity coefficient for all systems. 

(F) Hydrolysis of Cerium +3 

Ce +3 in solution is known to undergo the following hydroly- 

sis reactions 

Ce+3 + H2O .F Ce(OH)+2 + H+1 (81) 



Ce(OH)+2 + + H20 4 Ce(OH)21 + H+1 

Ce(OH)+1 + H20 -4 Ce(OH)3 + H+1 

(82) 

(83) 
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The equilibrium constant reported for the first reaction ( 4, p.16 ) 

is 

Ce(OH)+2 11+1 
kl 

Ce+3 H20 

10-9 (84) 

where quantities in brackets indicate moles /liter of solution. 

The value of k1 indicates that even at neutrality, concentration of 

H+1 = 10 -7; the concentration of Ce(OH) +2 would be on the order of 

10 -2 for Ce +3 concentrations of one molar. 

The main difficulty in analyzing ion exchange systems 

where hydrolysis is present is the fact that the ion exchange resin 

may be sorbing species such as Ce(OH)21 or Ce(OH) +2. However noting 

the preference Dowex 50W X8 has for a higher valent species in all 

the systems, and the relatively low concentrations of species of the 

(3 -x) 
type Ce(OH)x & it seems highly unlikely that these latter species 

would be sorbed to any significant extent. The chief problems caused 

by hydrolysis in this study were the analytical problems. The 

difficulty of determining H+1 in the presence of Ce +3 is discussed 

in Appendix D. In the system Sr +2- Ce +3, the hydrolysis of Ce +3 

would introduce a third and fourth component, H +1 and Ce(OH)x 

The concentration of these latter species would be so small that it 

is expected that they would not influence the results shown in Figure 

15. 

- 

. 
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(G) Analysis of Errors 

Sources of possible error in this work are many and 

varied. As was described in the Presentation of Results, the 

solution composition will vary from the desired nominal total 

normality because of electrolyte sorption and water hydration or 

dehydration from the resin. Of course this error is also reflected 

in the final resin concentration. In addition there are other 

possible errors in resin composition analysis. Considering an 

analysis of the resin composition based on the hydrogen ion 

concentration in the equilibrated solution, including pipet and 

buret errors and errors in final solution volume determination, 

a combined error of ± 0.54 meq of an ion sorbed in the resin 

is possible. For the smallest resin samples used (approximately 

0.25 gms), this could constitute an error of 
± 0.432 in Y. Since 

Y varies from zero to one, this would constitute an error in Y 

of 43% or greater. Obviously, considering the shape of the iso- 

therms, the precison of the solution data and the correlations 

obtained, the isotherm data are much better than this sort of 

estimate. 

The possibility of random error in the many measurements 

necessary in ion exchange equilibrium data analysis has troubled 

other workers, and the general practice has been to compare one's 

data with other reported data. Unfortunately, for the system 

studied, no comparable data are available; however, each binary data 

point has been measured by two independent means: calculation by 
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by hydrogen ion determination and calculation by radioactive 

counting of the counter ion. 

Figure 28 shows a re -plot of the data for H +1- Sr +2 shown 

in Figure 12; in this case, however, a comparison is shown between 

the points determined by hydrogen ion analysis and those calculated 

by radioactive counting. In each case the two points to be compared 

lie directly one above the other at the same value of X. It is 

obvious that some of the points are grossly in error; the error 

noted between pairs of such points is of the order described above. 

Limiting the comparison to data points where the point determined 

by Ii+l analysis appears to be as reliable as that determined by 

radioactive counting, one finds a maximum error of 12%, but the 

average variation between pairs of Y points is 3.5% 

Two exceptions to this estimated variation in Y between 

radio -tagged and H +1 defined data are the initial data measured 

for the systems H +1- Cs +1 (runs 107 -122) and H +1- Ce +3 (runs 84 -103). 

An error was introduced in the 11+1- Cs +1 data when the effect of 

radio count quenching by the counter ion (H +1) was neglected. This 

effect had not been important in treating the earlier data measured 

for Sr -189. As described in the Procedure, inclusion of the count 

quenching effect in the calibration curve for Cs -137 reduced the 

discrepancy between the H +1 and radio -tagged defined data. The 

H+1 data initially measured for the system H+1- Ce +3 were determined 

before the method described in Appendix D was developed. Attempting 

to titrate Ce +3 equilibrated solution in the absence of the 
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chelating agent resulted in gross errors in the }1÷1 analysis. 

In summary using the data in Table III the maximum error 

in solution fraction X is t 5 %; the average error in X is 
t 2.3 %. 

The maximum and average errors in Y are 12 and 3.5% respectively. 

Combining these errors, the maximum and average deviations of single 

data points are as follows: 

Maximum Deviation 13% 

Average Deviation 3.8% 

Therefore the variation of the curves drawn is estimated to be 
t 3.8 3.8%. 

It is interesting to compare the errors noted above with 

the errors that would be introduced if electrolyte sorption and 

resin hydration and dehydration were neglected in data analysis. 

Since the resin composition was determined by difference, and both 

these factors tend to decrease the solution cation content, the net 

effect is Y values which are too high. (Y being the resin fraction 

of ion exchanged cation) Assume a hypothetical situation in which 

6 grams of wet resin are used (2.82 gms of dry H +1 resin). During 

the ion exchange process, the resin water content is reduced from 

1.118 to 0.55 grams water /gram dry H +1 resin; thus 1.61 grams of 

water are added to the initial solution volume. Then if the solution 

counter ion normality is assumed to be 3, neglect of resin dehydra- 

tion could lead to an error of plus 4.8 meq of counter ion in the 

solution phase. The hypothetical error in the calculated Y value 

for the resin phase would be 11.4 %. An analysis of the experimental 

data show that the error which would be present if resin water 
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hydration or dehydration were not included would average + 5.5%. If 

added to the average data point error noted above, this would result 

in an error of + 1.7 to + 9.3. Therefore data reliability are im- 

proved by including the hydration- dehydration correction. 

The effect of electrolyte sorption on the reliability of 

the data depends on both the solution normality and the particular 

cation being considered. For example Ce +3 shows a much higher 

electrolyte sorption than the other three cations considered. One 

experiment involving Ce +3 (run #177) showed an error of + 18% in Y 

value if electrolyte sorption were neglected. However an overall 

analysis of the data show electrolyte sorption would constitute an 

average error of + 1% or less in Y. 
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CONCLUSIONS 

The Introduction stated that the main purposes of this 

work were to investigate the applicability of liquid scintillation 

counting to the determination of ion exchange equilibrium data, to 

determine if ternary ion exchange data can be estimated from binary 

systems and to measure equilibria among the ions H +l, Cs +l, Sr +2 

and Ce +3. Within the limitations of the batch.equilibration method, 

liquid scintillation counting can determine equilibrated solution 

and resin concentrations at least as reliably as can common'analy- 

tical techniques. If the ion exchange data analysis is to account 

for the effects of electrolyte sorption and resin hydration or 

dehydration, the proposed radio counting method will not eliminate 

all chemical quantitative analysis. However this method does 

eliminate chemical solution analysis for the radio tagged cation, 

and makes analysis possible where interference of one of the other 

ions present would prevent analysis by common techniques. Liquid 

scintillation counting is a simple, highly automated way of determin- 

ing solution concentration data. It also conserves experimenter 

time since it requires only a calibration curve and uses direct 

solution samples without any pre -treatment. 

The determination of ternary data from binary information 

has been explored for the systems H +l- Cs+l- Sr+2, H+1- Cs+1- Ce+3, 

and el- +l- Sr +2- +2- Ce +3. Binary data determined from the ternary 

measurements compare well with the binary data for the systems 

H +1- Cs +1, and el- +l- Sr +2. The data for the systems H+1- Ce +3, Cs +1 -Sr +2 

- 

. 
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and Sr +2- Ce +3 do not compare as well, showing a greater scatter 

than the binary data. The results show, however, that a prediction 

of ternary equilibrium data from binary information is definitely 

possible with a good degree of reliability. 

Ion exchange equilibrium data, resin hydration data and 

electrolyte sorption data have been obtained for 5 binary systems; 

in addition equilibrium data for three ternary systems have been 

determined. There is a difference in selectivity for Dowex 50W X8 

resin for the four cations considered and it appears possible that 

a separation of these cations could be accomplished by continuous 

counter current ion exchange methods. 

In attempting to correlate the binary ion exchange data 

for all systems, the phase equilibrium method was found to be the 

most generally applicable method. From the standpoint of calculation 

simplicity and the fact that no activity coefficient data are 

required, this method is also the most simple to apply. The modified 

phase equilibrium approach also found some application as did the 

Donnan equation. The main difficulty in handling either of these 

approaches is the determination of both solution and resin activity 

coefficient data. These determinations require the assumption 

that the ionic strength principle holds both in the solution and 

resin phases and that activity coefficient data in the resin can be 

established from extrapolations of solution activity curves. Both 

these assumptions are questionable. The rigorous thermodynamic 

method was applied to the 1 -1 valent system H +1- Cs +1 and thermody- 

namic equilibrium constants were determined for this system at 

. 



131 

three normalities. Although this method requires only the assumption 

that the ionic strength principle holds for the solution, when it 

was applied to the system H+1- Sr +2 , the inclusion of solution 

activity coefficients lead to a further data scatter. 
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NOMENCLATURE 

a = activity 

C = total solution normality 

c = solution concentration 

DVB = divinylbenzene 

E = Donnan potential 

= Faraday constant 

Fo = standard free energy 

f = fugacity 

Ho = standard enthalpy of reaction 

ka = mass action constant (thermodynamic equilibrium 

constant) in terms of activities 

kc = selectivity coefficient 

kc app = apparent selectivity coefficient 

nka = rational thermodynamic equilibrium constant 

nk 
c 

= rational selectivity constant 

kA+1 

1 

ÁE 2 
= 

c B+1 
_ 

c 7 
BE 

k 
D 

P 

kpH 

m 

NIR 

= Donnan ion exchange constant 

= phase equilibrium constant 

= modified phase equilibrium constant 

= molality, moles I per 1000 gms of solution 

= mole fraction I in resin phase 
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nI 
R 

= moles of I in resin phase 

P = pressure 

Q = total resin capacity = total meq cations per 

dry gram resin 

q = resin concentration 

R = gas law constant 

R 
-1 

= resin plus functional group 

1 = temperature, absolute 

Vo = system volume change 

vI = partial molar volume of the species I 

X = equivalent solution fraction = c /Co' 

Y = equivalent fraction in the resin 

Z = activity coefficient in a solution of same cation 

strength as that existing within the solution 

zI = valence of species I 

a = valence of ion A 

P = valence of ion B 

y = molal activity coefficient 

y' = rational activity coefficient 

= electrochemical potential 

= chemical potential 
2 

= ionic strength, 2 E m ZI 

vI = moles of species I released upon electrolyte solution 

= swelling pressure in resin 

P 
R = gms of wet resin per gm of wet swollen resin 

. 

. 

71. 

µ 

µ' 

n 
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0 

A+a 

B 
B+ß 

= electric potential 

Superscripts and Subscripts 

direction of ion exchange reaction according to 

the equation 

flea + aBRl +ß 

d = dry resin matrix 

e = external 

I = species 

i = internal 

IE = electrolyte, E = monovalent anion 

m = matrix 

R = resin 

s = solution 

W = solvent, water 

l 

= 

i óB + 
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APPENDIX A RESIN PROPERTIES 

The properties of resin used are those of a single 

batch (Batch No 27122) of Dowex 50W X8, a strong cation ion exchang 

resin made by nuclear sulfonation of styrene -divinylbenzene beads. 

( 10, p.75) This material is available commercially in the form 

of spherical particles of various diameters. A 20 -30 mesh U.S. 

screen size was considered here. 

RESIN PROPERTIES 

Dry exchange capacity, in H ±1 form 4.99 ± 0.02 meq/gm dry H ±1 resin 

Wet exchange capacity, in HT1 form 1.78 
± 

0.03 meq/ml random packed 

H +1 resin 

Viet density,p 
s 

Sphericity, ?It 

Porosity, X ( 9, p.256 ) 

Mean particle diameter, Dp 

Mean particle wet weight 

82 lbs /cu ft, H+ -form resin 

1.0 

0.380 

0.0148 inches* 

0.00045 gms 

D is calculated as the arithmetic mean between the 

diameters of 20 and 30 mesh dry particles. 
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APPENDIX B SUMMARY OF ANALYTICAL PROCEDURES USED IN STANDARDIZATION 

OF SOLUTIONS 

In all chemical analyses made, analytical or better 

grade reagents were used. Distilled water only was used to prepare 

the various solutions and to make up the equilibrium experimental 

samples. The water was distilled in the stainless steel still on 

the fourth floor of the Chemical Engineering Building and was trans- 

ferred to Room 3W6 in polyethylene lines and stored in Pyrex glass 

bottles. This water, tested with a standard conductivity probe, 

showed a resistance of 100,000 ohms /cm or better. 

To simplify the analytical problems as much as possible 

commercially prepared standard solutions of HC1, AgNO3, KOH, NaOH, 

and Na2S203 were used where practicable. These solutions, prepared 

by Scientific Supplies Company, The Aculute Company and The Chemtam 

Company were all tested for accuracy against a primary NaOH or 

HC1 standard. In all cases they were found to be accurate within 

0.1% except in one case where a 0.1 N HC1 solution titer was 

found to be grossly in error. 

Standardization of CsC1 

The cesium chloride used was prepared by the Kawecki 

Chemical Company of New York City, and carried a certified purity 

of at least 99.9% CsCl. After drying for several hours at 100 °F, the 

salt was placed . . . 
in distilled water and diluted to a nominal concen- 

tration of 2.5 N in a Pyrex volumetric flask. Considering the high 

± 

. 
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purity of this salt, it was decided that it would be easier to 

standardize the solution based on the chloride ion concentration. 

Subsequently the chloride was determined by precipitating it as 

silver chloride and the standard solution concentration was fixed 

at 2.515 t 0.010 N. In determining the chloride ion by silver 

chloride precipitation, various precautions were followed. (30, p.265; 

41, p.341 ) 

Standardization of Strontium Solutions 

All standard strontium solutions were made from a single 

lot of J. T. Baker purified SrC12 (Lot # 33931); this salt was 

in the form of SrC12 6 H2O (molecular weight 266.646). Strontium 

was determined gravimetrically by precipitating it as SrSO4 

(41, p.252 ) Sulfate precipitation will, of course, bring down any 

barium or calcium which may be present; the maximum limit of these 

impurities in the SrC12 used was .025% barium oxide and .02% calcium 

oxide. Two standard solutions of SrC12 were prepared, the first 

approximately 1 N, the second approximately 3N. In each case it 

was possible to determine the strontium normality within ± 0.003 

meq/ml of solution. 

In analyzing the equilibrium data for the binary system 

Sr +2- Ce +3 and the ternary system H +1.,Sr +2- Ce +3, the strontium 

was again analyzed as SrSO4. In this case it was found expedient to 

alter the method of analysis as given in Koltoff. (25, p.327 ) In 

this case frittered glass funnels were used in place of filter paper. 

, 



142 

The supernatent solution and precipitate were poured into a fine 

frittered glass Pyrex funnel and the funnel dried for at least 

72 hours at 300 to 450° C. Using these temperatures and baking 

times, it was possible to reproduce the results obtained with 

filter paper within ± 0.003 meq/ml. Using these funnels greatly 

reduced the experimenter's handling time making it possible to 

complete many more runs than could have been done otherwise. 

Standardization of Cerous Chloride Solutions 

Standard solutions of cerous chloride were prepared from 

a Fischer certified reagent grade cerous chloride (Lot # 713897). 

This reagent, guaranteed low in rare earths, was received in the 

form of CeC13. 7 H2O (formula weight 372.613). Standard solutions 

of CeCi3 were analyzed by the two methods outlined by Treadwell, 

precipitation of cerium as cerium oxylate, and idiometric determin- 

ation of cerium. ( 41, p.513) Two standard solutions of CeC13 

were prepared. The first was 0.520 
t 

0.002 molar in cerium; the 

second was 0.761 t 0.002 molar. Since the cerous ion hydrolyzes 

slightly in water, it is not strictly correct to report its concen- 

tration in terms of normality, hence the units of molarity used 

here. 

Determination of Chloride Ion Concentrations of 

Standard Solutions 

In the case of the strontium and cerous standard solutions, 

'ob'r 
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an independent check was made on the chloride ion concentration. 

The first attempt at these analyses made use of Mohr's method 

as outlined by Koltoff. ( 25, p.107) It was found, however, that 

the cations present interferred with the potassium chromate in- 

dicator used in this method. Therefore the desired accuracy could 

not be achieved. As an alternate method, the chloride was 

determined again by precipitation as AgNO3. In all cases the 

chloride ion concentration agreed with the concentration determined 

for the cations within the experimental errors given above. 
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APPENDIX C GENERAL COUNTING PREPARATION 

The counting rate of the radioactive species in the 

equilibriated solutions was determined by liquid scintillation 

counting. In each case a measured amount, 2 mis or 5 mis of the 

equilibriated solution, was added to a thixatropic gel containing 

the liquid organic scintillator. The recipe for the gel prepara- 

tion is 

500 mis analytical grade toluene 

30 mgms PoPoP (1,4- bis -2 -(5 phenyl- oxazolyl benzene))1 

1.5 gms $ -P- terphenyl (scintillation counting grade)1 

5.0 mis glycerol 

4.0 mis Tween 80 -Span mixture2 

Blend above ingredients for one minute in high speed mixer, 

add sufficient Thixin3, about 17 gms, and then blend again 

to give the mixture a stiff whipped cream consistency at 

room temperature. 

1Manufactured by the Packard Instrument Company, LaGrange, Ill. 

2 
This is a mixture of one part Tween 80 (polyoxyethylene 
sorbitan monooleate) and nine parts Span * 80 (formula not 

available). Both materials are manufactured by the Atlas Powder 
Company, Wilmington, Delaware. 

3Thixin, thixatropic gel producing powder, manufactured by the 

Baker Castor Oil Company, New York, New York. 

After preparation the gel was placed in a stoppered Pyrex 

glass flask, the stopper protected by aluminum foil from the toluene 

vapors, and the mixture stored in a refrigerator to reduce loss of 

toluene and other volatiles by evaporation. At refrigerator tempera- 

tures of about 50 to 60° F, the gel was quite stable. Immediately 



before use, the gel was shaken to insure a homogeneous composition.145 
}5 

During the preparation of counting samples, the flask containing the 

gel was opened to the atmosphere a minimum amount of time since 

evaporation of the volatile components of the gel would changes its 

composition and would invalidate the calibration curve made for a 

particular radioactive cation in a particular gel sample. 
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APPENDIX D DETERMINATION OF H+1 CONCENTRATION IN THE PRESENCE 

OF CERIUMt3 

In the presence of the hydrolyzable species, Ce 
+3, H +1 

concentration can not be determined by titration with strong base. 

Direct addition of strong base to cerous solutions results in 

increasing hydrolysis of the Ce +3 as neutrality is approached, 

making it impossible to find a definite end point. For pH 

of two or greater, the total H+1 concentration was determined by 

direct pH reading. For greater H+1 concentration, the pH meter 

reading was inaccurate and titration was required. It was found 

that adding 10 mis of a saturated solution of sodium oxalate to 

900 mis of approximately 0.1 N KOH (corrected to 0.1 N) permitted 

determination of H+1 concentration if the solution were titrated 

to pH 6. Figure 29 shows the results of titrating 2, 4 and 8 meq 

of HC1 in two mis of 0.761 molar Ce +3. In each case the meq of 

KOH- oxalate required was equal to the number of meq of free acid 

added as HC1 plus an additional variable amount of base. Figure 

30 shows that this variable amount of base was approximately that 

required to titrate to pH 6 the equivalents of H+1 produced by hydro- 

lysis in the absence of HC1. This latter result shows that although 

oxalate is a chelating agent for the Ce +3 ion ( 28, p.595), the 

complex formed is incomplete. 
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APPENDIX E COMPUTER PROGRAMS AND NOMENCLATURE 

Program Nomenclature 

I Calculation of Solution and Resin Concentrations 

Binary Systems - GOTRAN Program 

Al = Activity of standard 

A2 = Activity of sample 

A3 = Activity of background 

CR = Resin concentration of A+, meg/gm 

CRH = Resin concentration based on displaced H+1 ion meq/gm 

CRHF = Resin fraction A+cx based on displaced el ion meq/gm 

DH = Hydrogen ion displaced from resin, meq 

DW = Water density at run temperature 

FC1 = Final C1 -1 concentration of solution, meq/ml 

FH = Final H +1 concentration of solution, meq/ml 

FM = Final counter ion concentration in solution, meq/ml 

FRF = Resin fraction of counter ion 

FSMF = Final solution counter ion fraction 

FWFR = Fraction water in initial resin, gms water /gm H +1 resin 

RC = C1 -1 concentration in final resin. 

SHM = Volume of standard HC1 solution used in preparing solution, 
mis 

SMHS = Volume of base used to determine final H +1 concentration 
of solution, mis 

SMM = Volume of standard counter ion solution used in preparing 
solution, mis 

SNC = Normality of C1 -1 in standard counter ion solution, meq/ml 
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SNH = Normality of el standard solution used to prepare 
solution, meq/ml 

SNM = Normality of standard counter ion solution, meq/ml 

SNT = Normality of titrant base used to determine final H+i 

concentration, meq/ml 

SSH = Size of sample used in determining final H +1 concentration, 

mis 

TM = Volume of titrant used in determining final 11+1 

concentration of solution, mis 

TRC = Total resin capacity, 4099 meq/gm dry H +1 resin 

V = Final solution volume, mis 

WF = Fraction water in final resin, gms H20/gm dry H +1 resin 

WR = Weight of dry H+1 resin used in sample, gms 

II Calculation of Solution and Resin Concentrations 

Ternary Systems - FORTRAN Program 

EAA = Equivalents of ion A added to initial solution, meq 

EBA = Equivalents of ion B added to initial solution, meq 

FABR = Fraction ion A in resin as a function of ions A and B in 
resin 

FAGS = Fraction ion A in solution as a function of ions A and B 
in solution 

FARS = Fraction ion A in solution as a function of ions A and H 
in solution 

FAS = Final equivalents of ion A in solution, meq 

FBHR = Fraction ion B in resin as a function of ions B and H 

in resin 

FBHS = Fraction ion B in solution as a function of ions B and H 

in solution 

FBS = Final equivalents of ion B in solution, meq 
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FEAPR = Final equivalents of ion A per gm resin, meq/gm 

FEAR = Final equivalents of ion A in resin, meq 

FEBPR = Final equivalents of ion B per gram resin, meq/gm 

FEBR = Final equivalents of ion B in resin, meq/gm 

FEHPR = Final equivalents of ion H per gm resin, meq/gm 

FEHRD = Final equivalents of ion H displaced from resin, meq 

FHN = Final solution H ion normality, meq/ml 

FHS = Final equivalents of H ion in solution, meq 

FNA = Final solution A ion normality, meq/ml 

FNB = Final solution B ion normality, meq/ml 

FSN = Final total solution normality, meq/ml 

H = Hydrogen ion 

RIH = Meq of hydrogen ion initially in resin, meq 

RN = Run number 

SIH = Meq of hydrogen ion initially in solution, meq 

SMA = Volume of standard ion A solution added initially, mis 

SMB = Volume of standard ion B solution added initially, mis 

SMH = Volume of standard ion H solution added initially, mis 

SNA = Normality of standard ion A solution, meq/ml 

SNB = Normality of standard ion B solution, meq/ml 

SNH = Normality of standard ion H solution, meq/ml 

SORA = Equivalents of ion A sorbed in resin, meq sorbed /gm 

dry H +1 resin 

SORB = Equivalents of ion B sorbed in resin, meq sorbed / gm 

dry H +1 resin 

TRC = Total resin capacity, 4.99 meq/gm 
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VF = Final solution volume, mis 

VI = Initial solution volume, mis 

WD = Water density at run temperature, gms /ml 

WDR = Weight dry el resin used, gms 

WF = Fraction water in final resin, gms water /gm dry H+1 resin 

Note initial resin water content set at 1.118 gms water /gm dry 

H+1 resin 

III Correlation of Binary Data by Mass Action and 

Phase Equilibrium Methods 

COMM = Mass action equilibrium constant 

COND = Phase equilibrium constant 

FSN = Final solution normality, meq/ml 

IN = Run number 

RIS = Resin ionic strength 

RMA = Resin molarity of ion A 

RMB = Resin molarity of ion B 

SIS = Solution ionic strength 

SMA = Solution molarity of ion A 

SMB = Solution molarity of ion B 

VA = Valence of ion A 

VB = Valence of ion B 

WF = Fraction water in final resin 

XA = Solution fraction ion A 

YA = Resin fraction ion B 

" 
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IV Correlation of Binary Data by Modified Phase 

Equilibrium and Donnan Approach (FORTRAN Program) 

(See listing III nomenclature, also) 

AENU = Number of moles of ion E released per mole of electrolyte 
AEa dissolved 

ANU = Number of moles of ion A released per 
AEa dissolved 

BENU = Number of moles of ion E released per 
BEß dissolved 

BNU = Number of moles of ion B released per 
BE 

P 
dissolved 

COND = Donnan constant 

CONPM = Modified phase equilibrium constant 

E = Electrolyte, anion, C1 -1 

GAE = Ion A solution activity 

GBE = Ion B solution activity 

ZAE = Ion A resin activity 

ZBE = Ion B resin activity 

mole of electrolyte 

mole of electrolyte 

mole of electrolyte 

V Correlation of Cesium (Hydrogen Ion) Data by Rigorous 

Thermodynamic Method (FORTRAN Program) 

(See listing III and IV nomenclature, also) 

(A) AMF = Mole fraction A in resin 

BMF = Mole fraction B in resin 

CONK = Selectivity constant in terms of resin mole fractions 
and solution molality 

CONKM = Selectivity. constant times the square of the solution 
activity ratio of HC1 to CsCl. 

. 
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(B) RAA = A rational resin phase activity coefficient 

RAB = B rational resin phase activity coefficient 

THERK = Thermodynamic ion exchange equilibrium constant 

Programs (See following pages) 



' C CALCULATION OF SOLUTION AND RESIN CONCENTRATIONS BINARY SYSTEMS# 
DIMENSION 

_..._..... 

' DIMENSION WR(4),WF(4),SMM(4),SHM(4),VI(4),SNM(4),SNH(4),SNC(4) 
DIMENSION A2.( )., 5SH ( 4) ,SM HS ( 4), ).. 

READ,SNT,TRC,DW 
READ,FWFR,SN1(S 

. DO 1 1=1,4 
__ 

. 

_--. _. 

--READ- s WR_T-i_-)- sW-F_( T) , SMM..T_L.)._+ 5HM_( 
READ,VI(I),SNM(I),SNH(I),SNC(I) 

TM-T..L--i s S S H(_I_T _. S1r1HS-( T_) , FM.-(._I..). - ----- 

WG1=WR(I)*FWFR 
WV1=WG1/DW 
WG=WR(I)*WF(I) 

w.WV=1äG/DtiT 
WVD=WV1-WV 

--VTrT = V1 ( T ) 
_.._.__.___ 

' HN1=SNHS*SMHS(I) 
HN=TMCT)*S10 r 

HN1=HN1/SSH(I) 
---H-N-wHITTSSH.Y..?) .-.. 

FH(I)=HN-HN1 
7.-_K 

TMH=FH(I)*V(I) 
--DH(I)=TMH-HI 
' FCL(I)=FH(I)+FM(I) 

FC=FCLtI)*VTI) 

# GOTRAN Program 

: --- f.4.l..i A.1 (.4 ) DH.( 

I 

" 

TIF SNH-( I 1 

F H ( 4) ,FM14) ,FCL(4) ,FSMF44) loCR( 41 ,FRF 



CI1=SNC(I)*SMM(I) 
Cl2=SNH(I)*SHM(I) 
CI=CIl+Cl2 
RC1=CI-FC 
RC(I)=RC1/WR(I) 

--FSMFTTT=FM(r)/TCL(I) 
EMI=SMM(I)*SNM(I) 
EMP=FM(I)*V(I) 
RE=EMI-EMF 
CR(r)=RE/WR(I) 
FRF(I)=CR(I)/TRC 
CRH(I)=DH(I)/WR(I) 
CRHF(I)=CRH(I)/TRC 

---PRINT,WR(1),FH1 1),FM(11,FCLC1),-FSMF(1) 
' PRINT,WR(I),CR(I),FRF(I),RC(I),V(I) 
.7--T-PRINT,WRITI,DHUTJ,CRTi(r),CRHFII4 

STOP 
ENL) 

. 

" 



C CALCULATION -Ö SOLUTION AND 11ES Ì N CbNCËÑTRÄTÏOFI s -fiEIlNARY SYSTEMS # - 

DIMENSION FHN(6),FSN(6)sFFA(6),VI(6),WDR(6)+SMA(6)sSYS(6) 
DIMENSION SME(6),IN(6),SORA(6),SMH(6),SOR$(6),WF(6) 
DIMENSION FNA(6),VF(6)sFEAPR(6)sFNB(6)sFEBPR(6)sFEHPR(6) 
DIMENSION FAURI-61iFARR6I`61 sFBHRD( 6T-,TNN(6),IYS(6),JYS(6) 'LYS (6) 
DIMENSION FEHRD(6),FAHS(6),FBHS(6),FABS(6),FAHR(6),FBHR(6) 

_....___.......__.__.._...---_-..__ 
PUNCH 23 
PUNCH 24 
PUNCH 25 
READ 20s SNAs5NBs5NH,TRC,WD 
DO 1 I=1,6 

- READ 21, IN(I),IYS(I),JYS(I),LYS(I),TNN(I),FSN(I) sFFA(I) . 

READ 29, VI(I),WÖRII),SMA(I) 
1 READ 22, SMB( I),SMH( I ) sWF( I),FHN( I),SORA( I),SORB( I) 
DO-12 I=1,6 

12 PUNCH 26, IN( I),IYS(I)sJYS(I1+LYS(I)+TNN(I) ,WDR(I) 
PUNCH 2/ 
DO 13 I=1,6 
F N ICZ_I-)-= F.F.A._l._I_I *S.N..A 

.._.._._..__. 

VF(I)=VI( nom (I)*(1.118-WF(I))/WD 
_ . . ... ..... .... ... ........_..._........_._....------------...__._...__.___.__._._._......_._.. FEAR =SNA*SMA ( I ) -FNA ( I )*VF( I I-SORAI *WDR ( I 

IF (FEAR-0.0)2,3,3 
Z FEAR=0.0 
3 FEAPR(I)=FEAR/WDR(I) 

FNBT I)=FSN UT) -FNAïTT-FHN UTT 
IF (FNB(I)-0.0)4,5,5 

4 F NBTTT= ÜiÖ- 
5 FEBR=SNB*SMB(I)-FNB(I)*VF(I) -SORB(I)*WDR(I) 

# FORTRAN Program 

*--=---------- --____------- - -- - -- 
. 

. 

- - , - _..---------- ----___.._.._.- ---- - 
. 

:. . 

_. 

--- 

, 

- 

- 



IF (FEBR-0.0)6,707 
li-FlEBR=00 
7 FEBPR(I)=FEBR/WDR(I) 
-FEHPRtI)=TRC-FEBPR(71-FEAORITT 
IF (FEHPR(I)-0.0)8.9.9 

8 FEHPRtI)=0.0 
. 9 FEHRD(I)=(SMH(I)*SNH+WDR(I)*TRC-FHN(I)*VF(I))/WDR(I) 

IF IfttiguriT-oiorraintti 
10 FEHRD(I)=0.0 
11 FliffS111=FWA(1171-FNAtri+FHNTITT 

FBHS(I)=FNB(I)/(FNB(I)+FHN(I)) 
rAtiS(I)=FNA(I)/(t-NA(I)+FNE5(I)) 
FAHR(I)=FEAPR(I)/(FEAPR(I)+FEHPR(I)) 
-MERIT). =-FEBPRTIT7TFEBP-RTT-y frEH-PRITIT 
FA8R(I)=FEAPR(I)/(FEAPR(1)+FEESPR(I)) 
FAHRDTII=FEAPR(II,(FEAPRCI)-FFEHRDtITI 
FEIHRD(I)=FEEPR(I)/(FEBPR(I)+FEHRD(I)) 

13 PuNCh 28, INC 1 ,FAI$i 1 'FBI-1bl ) OFABs t I ,FAHR I j FEIHR I 

PUNCH 30 
----DCr 

31 PUNCH 32. IN(I),VF(I),FAHRD(I),FBHRD(I),FABR(I) 
23- FORMAT 135X -21-H SUMMARY TERNARY DATA) 
24 FORMAT (16X 47H RUN NO. SYSTEM NOMINAL TOTAL WEIGHT DRY ) 

Z5 rUKMAT (447A LIM NORMALITY KhSIN) 
20 FORMAT (F5.0,2X F5.0,2X F5.0,2X F4.0.2X F5.0) 
21 FORM iT-TT3t 7X ATiZT-A-2- 2X- ialT2X-F-0 II 4- - 0--- Zr-77:-OT 

29 FORMAT (F5.0,2X F7.0s2X F5.0) 
12-FORKAT 04-2-X- 1-5 ;-2-r-F5- 0 '2r-75 0 2X-- F-57,13,2-X F5 .092X Y 

1 t 4 

t 

H 

___ ... _._. .._ 

- 

, - 

' 

..-.-.........._ ..___.-_-.___. __. ___....__. 



26 FORMAT 
FORMAT 

(18X 
(18X 48H RUN 

I4,4X A1,2X A2.2X A2,5X F5.2,11X F8.5) 
NO. FANS FBHS FABS FAHR FBHR) 27 

28 FORMAT (21X 13,2X F6.3.1X F6.3.1X F6.3,1X F6.3.1X F6.3) 
SD FORMAT (18X 40H RUN NO. FINAL VOL -FÄHRÏS FABR ) 
32 FORMAT (20X I3,4X F7.3.4X F6.3.1X F6.3,1X F6.3) 

STOP 
END 

FBHRD 



C CORRELATION OF BINARY DATA BY MASS ACTION AND PHASE EQUILIBRIUM METHODS 
DIMENSION XA( 10), YA( 10), VA.( 10), VB(10),CONP(10),CONM(10),IN(10) 
DIMENSION IYS(10),JYS(10), LYS( 10), SMA(10),SMB(10),RMA(10),RMB(10) 
DIMENSION SIS( 10 ),RIS(10),WF(10),FSN(10),R(10) 
PUNCH 10 
PUNCH 11 

DO 1 1=1,10 
READ 12, IN(I),IYS(I),JYS(I) 
READ 14, XA(I),YA(I),VA(I),VB(I),WF(I),FSN(I) 
CONP(I)=YA(I)*(1.0-XA(I))/(XA(I)*(1.0-YA(I))) 
A1=(l(1.0-XA(I))/(1.0-YA(I)))**VA(I)) 
B1=(YA(I)/XA(I))**VB(I) 
C O N M( I)= A 1* B 1 
SMA(I)-XA(I)*FSN(I)/VA(I) 

; XA(I)) *FSN(I) /VB(I) -------_._____ 
A2=(SMA(I)*(VA(I)**2.0)) 
B2= (SMB(I) *(VB(I) * *2.0)) 
SIS(I)=0.5*(A2+B2+FSN(I)) 
RMA(I)=(YA(I)*4.99/(VA(I)*WF(I)))*0.9986 
RMB(I)=((1.0-YA(I))*4.99/(VB(I)*WF(I)))*0.9986 -------------......------.._...._ ................._..__.-.._....._-_- 

---__.._._.__..__.._.._..._.......-----...-..__......_........_._................------- R(I)=((4.99/WF(I))*0.9986) 
RIS(I)=.50*(RMA(I)#(VA(I)**2.0)+RMB(I)*(VB(I)**2.0)+R(I)1 

1 

' 10 
PUNCH 
FORMAT 

13, IN(I),IYS(I),JYS(I),CONP(I),CONM(I),SIS(I),RIS(I) 
(25X 29H CORRELATION BINARY DATA) 

11. FORMAT (16X 47H RUN NO. SYSTEM CONP CONM SIS RIS ) 

12 FORMAT (I3,2X A1,2X A2,2X) ---------- -----._._....._...----------- ---- ------..._._._._.-...------------- ----_-_-__---------._-_..----.__._-----------------._._.._.._.._..__.-..___-_ ----------._._.-_-_.__._.- 
13 FORMAT (18X I4,5X A1,2X A2,3X F7.2,1X F7.2,2X F6.3,1X F6.2) 
14 FORMAT (F6.0,2X F6.0,2X F3.0,2X F3.0,2X F6.0,2X F6.0) 

STOP 
END 

# FORTRAN Program 

. F 

- 

4 

70 
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CORRELATION OF BINARY DATA BY MODIFIED PHASE EQUILIBRIUM # 
AND DONNAN APPROACH 
DIMENSION IYS(10),JY5(10), LYS( 10), SMA (10),SMB(10),RMA(10),RMB(10) 
DIMENSION XA( 10), YA( 10), VA( 10), V6(10),COiNP(10),CONM(10),IN(10) 
DIMENSION ANU(10),AENU(10), BNU (10),BENU(10).ZAE(10),ZBE(10) 
DIMENSION GAE(10),GBE(10), CONPM(10),COND(10),WF(10),FSN(10) 
PUNCH 10 
PUNCH 11 
DO 1 I =1,10 
READ 12, IN(I),IYS(I),JYS(I) 
READ 14, XA( I) ,YA(I),VA(I),V8(I),WF(I),FSN(I) 
READ 15, ANU(I),AENU(I), BNU( I), BENU (I),ZAE(I),ZBE(I),GAE(I),GBE(I) 
CONP( I)= YA( I)* (1.0- XA(I)) /(XA(I) *(1.0- YA(I))l 
A1=((( 1 .0-XA(I)) /(1.0- YA(I))) * *VA(I)) 
B1 =(YA(I) /XA(I)) * *VB(I) 
CONM(I) =A1 *B1 
A2= i( ZAE (I) /GAE(I)) * *(ANU(I) +AENU(I))) 
B2 =((GBE(I) /ZBE(I)) * *(BNU(I) +BENU(I))) 

=CONP ( I ).*A2*B2. 
A3 =A2 * *V8(I) 

. 

B3 =62 * *VA(I) 
COND(I)=CONM(I)*A3*B3 

1 PUNCH 13, IN( I) ,IYS(I),JYS(I),CONPM(I),COND(I) 
10 FORMAT (25X 29H CORRELATION BINARY DATA) 

FORMAT (16X 33H RUN NO. SYSTEM CONPM COND) 
12 FORMAT (I3,2X A1,2X A2,2X) 
13 FORMAT _ (18X 14,5X A1,2X A2,3X F7.3,1X F7.4) 
14 FORMAT (F6.0,2X F6.0,2X F3.0,2X F3.0,2X F6.0,2X F6.0) 
15 FORMAT ( F3. 0, 2XF3. 0, 2XF3. 0, 2XF3. 0, 2XF5.0,2XF5.0,2XF5.0,2XF5.0,2X) 

STOP 
END N 

o` # FORTRAN Program 
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C A CORRELATION OF CESIUM DATA BY RIGOROUS THERMODYNAMIC METHOD ^ 

YS(-%1l),SMA RMÁ11Úl'o]IMB(JCl) . -DIMENSION 
DIMENSION XÄ(IQ),YÁ(lO),VA(lO)'VS(I0)'CONP(IO)'[ONM<lO>~IN(lO) 

.- _DIMENSION /\NU11CL1/AE/1U(J'0),ElNU(I<l1,BE IJJ')nZBE1IO> 
DIMENSION GÁE(I0)'GBF(IO),CONPM(1O),[OND(IO)^WF(l0)'F5N(IO} 
PTMFNSTON AMF(101,RwF(1O)^CO1K.<]L0),I]JNKM(7O1 

' PUNCH 10 

PUNCH LL 
DO 1 /=l»lu 

__READ q 

READ 14' XA(I)'YA(I),VÁ(I),VB(l)~WF(I)^FGN(I) 
U( I1,ZÁE(l) °Z9F(I),GAE( ) °GRF(l) 

B2=(1°O-YA(I))*4°99/V8(l) 

' AMF([)=A2/<Ä2+B2y 

SMA(l)=%Ä({)*FSN(l)/VA(l) - 

SMR(I)=(1°0-XA(l))*FSN(I)/VB(l) 
CONK(l)=(5MB(I)*AMF([))/(6M4<l>*BMF<{>) 

ONK(l)*((GBE(I)/GÁE(I)>** 
1 PUNCH 13, IN(I)vlYS([)*JYS(I)°CONK<I>.CONKM<l>,ÁMF([)°BMF(l) 

l 

11 FORMAT (16X 49H RUN NO. SYSTEM CONK CONKM AMF BMF) 
12 FORMAT (I1v2X AI°ZX 42.2X) 
13 FORMAT (18X I4,5X 41,2X 42'3X F7.3,2X F7°3,1X F7°4'IX F7°41 

FORMAT (F6.0 +2X F X E12_O9.2.21_ElAO"2 X F6 .0.,2X F6°01_ 
! -I5 FORMAT (F9°0,2XF3°O,2XF3°O"2XF3°O°2XF5°O,2XF5°O,2XF8°0°2XF5°O,2X) 

STOP' 
END 

# FORTRAN Program 

... __--_-__-____--_-_--_--- 

' 

_ 

__ 

7/ S(l ,LY S(L 
. 

2(YÁ| -!(-4°9 

- BMF(l)=D2/(A2+B2) 

.` . 

CORRELATION DATA) 

. 

_1,11 

RFAD j.c, 

FORMAT ('cX 2.9H BINARY 

14 

- 



C B CORRELATION OF CESIUM DATA BY RIGOROUS THERMODYNAMIC METHOD 
DIMENSION IYS(10),JYS(10), LYS( 10), SMA(10),SMB(10),RMA(10),RMB(10) 
DIMENSION XA( 10), YA( 10), VA( 10), VB(10),CONP(10),CONM(10),IN(10) 
DIMENSION ANU(10), AENU( 10), BNU (10),BENU(10),ZAE(10),ZBE(10) 
DIMENSION GAE(10),GBE(10), CONPM(10),COND(10),WF(10),FSN(10) 
DIMENSION AMF(10),BMF(10), CONK( 10),CONKM(10),THERK(10),RAA(10) 
DIMENSION. RAB(10) 
PUNCH 10 
PUNCH 11 
DO ,1 1=1,10 

_.. 

READ 12, IN(I),IYS(I),JYS(I) .............._._..._..._...._..._.__.-.-.--.-.-...-._...__-_._.___..____.._._...--.--__._._.___._______...._._.._-_.._. 
READ 14, XA(Ì),YA(I),VA(I),VB(I),WF(I),FSN(I) 
READ 15, ANU(I),AENU(I),BNU(I),BENU(I),ZAE(I),ZBE(I),GAE(I),GBE(I) 
READ 16, RAA(I),RAB(I) 
B2=(1.0-YA(I))#4.99/VB(I) 

----._.---- - - ----- . .._ 
A 

- 

= f A ( I #4: 99..Ì 
AMF(I)=A2/(A2+B2) 

_.__ 
- ) = B-27-tÄ-2 +13-2_ ) 

SMA(I)=XA(I)#FSN(I)/VA(I) 
SMB( I)=( 1.U-XA( I))#FSN( I)/Vti( I) 
CONK (I).=(SMB(I)#AMF(I))/(SMA(I)#BMF(I)1 
COINKNC tT7 = C_O.N.K..(I)._#I....(_ ) TG A E(..I ) I #..*2.0)....... 

THERK (I)= CONKM(I) *(RAA(I)/RAB(I)) 
I ) , C.Ó.N.K_(...L),CONKM._(._I_..)..., 

.............._.__.._._._..._.__._. 

10 FORMAT (25X 29H CORRELATION BINARY DATA) 
11 FORMAT (16X 44H RUN NO. SYSTEM CONK CONKM THERK) 
12 FORMAT (I3,2X A1,2X A2,2X) 

--TT- FORMAT C18X 174 , 5 X ÂT ; 7X-A 2, 3 X-F l. 3, 2 X -F7 . 3 ,TX-TT. 3 T 
14 FORMAT (F6.0,2X F6.0,2X F3.0,2X F3.0,2X F6.0,2X F6.0) 
15 FURPTAT . rF3 : Ú9 2'RF-3:-0-9 2-XF-3 ï 2-X. F S`. 0_9- .ZX F5 : 0, 2XF 5 . 09..2.x.T._._. 
16 FORMAT (F5.0,2X F5.0) 

STOP 
END 

# FORTRAN Program 
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APPENDIX F SUMMARY OF DATA 

Run 
No 

System Nominal 
Total 

Normality 

- Gms Dry 
H +1 Resin 

Initial 
Solution 
Volume 

Temp 
oc 

50 Sr -H 0.1 6.6044 90.00 60 
51 Sr-H 0.1 7.4297 90.00 60 
52 Sr-H 0.1 8.4533 90.00 60 
53 Sr-H 0.1 4.8228 90.00 60 
54 Sr-H 0.1 0.7158 90.00 60 
55 Sr-h 0.1 6.8211 90.00 60 
56 Sr-H 0.1 3.7911 90.00 60 
57 Sr-H 0.1 1.6282 90.00 60 
59 Sr-H 0.1 1.1462 90.00 60 
60 Sr-H 0.1 1.1866 90.00 30 
61 Sr -H 0.1 5.4929 90.00 30 
62 Sr -H 0.1 3.2671 90.00 30 
63 Sr -H 0.1 1.6167 90.00 30 
65 Sr-H 0.5 0.9087 45.00 30 
66 Sr-H 0.5 2.7876 45.00 30 
67 Sr -H 0.5 1.3506 45.00 30 
68 Sr-H 1.0 2.8599 45.00 30 
69 Sr-H 1.0 2.7937 45.00 30 
70 Sr-H 1.0 0.3332 22.00 30 
71 Sr-H 1.0 0.5166 22.00 30 
72 Sr-H 1.0 0.6541 22.00 30 
73 Sr-H 1.0 0.6541 22.00 30 
74 Sr-H 0.5 1.3533 45.00 30 

75 Sr-H 0.5 1.2956 45.00 30 
76 - Sr-H 3.0 2.7986 22.00 30 

. . 
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APPENDIX F (Continued) 

Run 
No 

System 

SUMMARY 

Nominal 
Total 

Normality 

OF DATA 

Gms Dry 
H +1 Resin 

Initial 
Solution 
Volume 

Temp 
oC 

77 Sr-H 3.0 3.2536 22.00 30 
78 Sr -H 3.0 1.7513 22.00 30 
80 Sr -H 3.0 0.4521 22.00 30 
81 Sr-H 3.0 0.2580 30 
83 Sr-H 3.0 3.0208 22.00 30 
84 Ce-H 0.1 3.2336 45.00 30 
85 Ce-H 0.1 2.1139 45.00 30 
86 Ce -H 0.1 1.5891 45.00 30 
87 Ce -H 0.1 0.7567 45.00 30 
88 Ce-H 0.1 0.3316 45.00 30 
89 Ce-H 0.1 0.2306 45.00 30 
90 Ce -H 0.5 3.0878 45.00 30 
91 Ce-H 0.5 1.0530 45.00 30 
95 Ce -H 0.5 2.0954 45.00 30 
96 Ce-H 1.5 2.9423 22.00 30 

102 Ce-H 1.5 2.9783 22.00 30 
103 Ce -i 1.5 1.9738 22.00 30 
107 Cs-H 0.1 0.1811 45.00 30 
112 Cs -H 0.1 3.0473 45.00 30 
113 Cs -H 0.1 1.9835 45.00 30 
114 Cs -H 0.1 1.4932 45.00 30 
115 Cs-H 0.1 0.7850 45.00 30 
116 Cs -H 0.1 0.3588 45.00 30 
117 Cs-H 0.5 2.8648 45.00 30 
118 Cs -H 0.5 1.8640 45.00 30 

. 
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APPENDIX F (Continued) 

Run 
No 

System 

SUMMARY OF DATA 

Nominal Cans Dry 
Total H+1 Resin 

Normality. 

Initial 
Solution 
Volume 

Temp 
°C 

119 Cs-H 0.5 1.49788 45.00 30 

120 Cs -H 0.5 0.75751 45.00 30. 

121 Cs -H 0.5 0.32357 45.00 30 

122 Cs -H 0.5 0.19161 45.00 30 

124 Cs -H 2.5 1.93915 22.00 30 

125 Cs -H 2.5 1.66049 22.00 30 

126 Cs -H 2.5 0.76779 22.00 30 

127 Cs -H 2.5 0.39433 22.00 30 

128 Cs-H 2.5 0.23910 22.00 30 

129 Cs-H 0.5 2.79184 45.00 30 

130 Cs -H 0.5 2.81940 
. 45.00 30 

131 Cs -H 2.5 2.85138 22.00 30 

132 Cs -H 2.5 3.27428 22.00 30 

162 Ce-H 0.1 2.79439 45.00 30 

163 Ce -H 0.1 2.03146 45.00 30 

164 Ce-H 0.1 1.78536 45.00 30 

165 Ce -H 0.1 1.91771 45.00 30 

166 Ce-H 0.1 0.48189 45.00 30 

168 Ce -H 0.5 3.18272 45.00 30 

170 Ce-H 0.5 2.05503 45.00 30 

171 Ce-H 0.5 1.03600 45.00 30 

173 Ce-H 0.5 0.23949 45.00 30 

175 Ce -H 1.5 1.96533 22.00 30 

177 Ce -H 1.5 0.68788 22.00 30 

189 Sr-H 0.5 2.85292 45.00 30 

. 
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APPENDIX F (Continued) SUMMARY OF DATA 

Run System Nominal Gms Dry Initial Temp 
No Total H +1 Resin Solution 

Normality Volume 

190 Sr-H 3.0 2.82457 22.00 30 
252 Sr-H 3.0 1.43622 22.00 30 
253 Sr-H 3.0 1.09777 22.00 30 
254 Sr-H 3.0 0.79636 22.00 30 
255 Cs-H 2.5 1.41382 22.00 30 
256 Cs -H 2.5 1.01771 22.00 30 
258 Ce-H 1.5 1.42273 22.00 30 
259 Ce-H 1.5 0.96560 22.00 30 
260 Ce -H 1.5 0.55947 22.00 30 
267 Ce-H 0.5 1.99171 22.00 30 
268 Ce-H 0.5 1.06015 22.00 30 
269 Ce-H 0.5 0.65515 22.00 30 

oc 
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APPENDIX F SUMMARY OF DATA 

Run 
No 

Final kfa 
Solution 
Normality 

Solution 
Fraction 

A+cx 

Total Meg 
in Resin 

per Gm Resin 

Final 
Solution 
Volume 

Final Measured l 
Total Soln 
Normality 

Sorbed 
Meq/Gm 
Resin 

50 0.1053 0.0023 1.3560 92.89 0.1053 .0025 
51 0.0998 0.0081 0.9502 91.93 0.0998 .0025 
52 0.7294 91.02 0.0956 nil 
53 0.0005 0.0054 1.8559 91.00 0.1005 nil 
54 0.0588 0.612 5.13 90.44 0.0960 .0012 

55 0.0009 0.0089 0.1446 90.31 0.1020 nil 
56 0.0010 0.0110 2.344 90.96 0.0944 nil 
57 0.0191 0.1897 4.4837 90.79 0.1007 nil 
59 0.0457 0.3735 4.3980 90.62 0.1169 .0012 
60 0.0408 0.4069 4.4727 90.30 0.1005 .0012 
61 0.0010 0.0092 0.1694 90.55 0.106 nil 
62 0.0016 0.0167 2.7099 90.81 0.0964 nil 
63 0.0225 0.2214 4.3030 90.70 0.1017 .0010 
65 0.3968 0.7876 4.9044 45.48 0.5038 .0110 
66 0.2266 0.4619 4.282 46.61 0.4907 .0060 
67 0.3540 0.7171 4.692 45.66 0.4936 .0100 
68 0.1986 0.2049 3.2132 46.10 0.9694 .0050 
69 0.0832 0.0860 2.2830 45.83 0.9668 .0025 
70 0.9227 0.9253 4.4700 22.22 0.9971 .0251 
71 0.8757 0.8859 4.7410 22.32 0.9880 .0250 
72 0.8488 0.8591 4.6304 22.35 0.9880 .0245 
73 0.5822 0.5976 4.2020 22.53 0.9740 .0155 
74 0.2733 0.5509 4.337 45.64 0.4961 .0065 
75 0.1204 0.2455 3.632 45.55 0.4904 .0025 
76 2.1945 0.8097 5.0599 23.56 2.7101 .0700 H 

o\ 
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APPENDIX F (Continued) SUMMARY OF DATA 

Run 
No 

Final A 
Solution 
Normality 

Solution 
Frac ton 

A 

Total Meq 
in Resin 

per Gm Resin 

Final 
Solution 
Volume 

Final Measuredl 
Total Soln 
Normality 

Sorbed 
Meq/Gm 
Resin 

77 2.1945 0.5378 7.2483 24.39 4.1033 .0700 

78 1.6650 0.5837 5.5360 22.95 2.852 .0500 
80 2.863 0.9832 4.730 22.26 .1000 
81 0.1005 3.092 .0025 

83 0.3340 0.1237 2.397 23.17 2.701 .0100 
84 0.0005 0.0051 1.3586 45.48 0.0971 nil 
85 0.0004 0.0039 2.0670 45.14 0.0972 nil 
86 0.0004 0.0042 2.7584 45.57 0.0968 nil 
87 0.0183 0.1692 5.4140 45.53 0.1083 nil 
88 0.0688 3.8377 45.19 45.19 0.1066 .0025 
89 0.0793 0.7445 3.7209 55.13 0.1065 .0025 

90 0.1853 0.3819 4.3680 45.21 0.4851 .0050 
91 0.3967 0.7882 3.7066 45.21 0.5035 .0100 

95 0.2923 0.5510 4.055 45.66 0.5305 .0050 

96 0.8561 0.5795 4.0624 23.47 1.4770 .0850 

102 0.5937 0.4042 3.9880 23.40 1.468 .0300 
103 0.6733 0.4532 3.6932 22.95 1.547 .0410 
107 0.0891 0.8914 2.7599 45.13 0.1077 .0050 
112 0.0141 0.1345 1.2820 45.64 0.1042 nil 
113 0.0318 0.2759 1.5775 45.39 0.1151 .0015 

114 0.0356 0.2878 2.1146 45.62 0.1061 .0015 

115 0.0565 0.5021 2.5241 45.43 0.1120 .0040 
116 0.0767 0.7043 3.0060 45.20 0.1089 .0045 

117 0.2890 0.5702 3.2409 46.62 0.5068 .0200 

118 0.3712 0.6998 3.0037 46.22 0.5304 .0255 H 
ON 
04 

. 



APPENDIX F (Continued) SUMMARY OF DATA 

Run 
No 

Final A +a 
Solution 
Normality 

Solution 
Fraction 

A +a 

Total Meq 
in Resin 

per Gm Resin 

Final 
Solution 
Volume 

Final Measuredl 
Total Soin 
Normality 

Sorbed 
Meq/Gm 
Resin 

119 0.3904 0.7430 3.3659 45.38 0.5254 .0320 
120 0.4606 0.8599 2.3530 45.53 0.5256 .0357 
121 0.4951 0.9333 1.1232 45.23 0.5305 .0445 
122 0.5004. 0.9590 0.8604 45.15 0.5218 .0480 
124 1.6387 0.6862 3.6299 26.37 2.3875 .2485 
125 2.2018 0.88949 2.8172 26.26 2.4755 .3550 
126 2.3460 0.9432 3.1092 25.61 2.4872 .3740 
127 2.4280 0.9701 2.5820 25.32 2.5028 .3940 
128 1.5461 0.9409 25.26 1.5924 .2320 
129 0.2024 0.4123 2.9329 46.43 0.4908 .0125 
130 0.1361 0.2722 2.222 46.24 0.5000 .0075 
131 0.8639 0.3654 2.520 26.57 2.3600 .0249 
132 0.5650 0.2367 1.752 26.42 2.387 .0575 
162 small small 1.659 45.45 0.0984 nil 
163 small small 2.383 45.51 0.0940 nil 
164 0.0020 0.0202 2.678 45.56 0.0990 nil 
165 0.0140 0.1710 4.604 45.41 0.0994 nil 
166 0.0540 0.5325 4.780 45.23 0.1014 .0025 
168 0.0450 0.0966 4.055 46.13 0.4660 .0020 
170 0.3250 0.6279 4.380 45.83 0.5176 .0090 
171 0.4100 0.7949 4.254 45.47 0.5158 .0110 
173 0.3910 0.9323 20.1896 45.14 0.4194 .0110 
175 0.9970 _ 0.6710 3.504 26.00 1.4850 .1500 
177 1.3740 0.9030 3.950 25,12 1.5210 .6000 
189 0.0068 0.0138 1.2216 45.43 0.4896 nil H 

ON 

. 

. 

. 

_ 

o 

- 



APPENDIX F (continued) SUMMARY OF DATA 

Run 
No 

Final A4a 
Solution 

Normality 

Solution 
Fraction 

A-Pa 

Total Meg 
in Resin 

per Gm Resin 

Final 
Solution 
Volume 

Final Measured' 
Total Soin 
Normality 

Sorbed 
Meq/Gm 
Resin 

190 0.9196 0.3206 3.5302 26.23 2.8425 .0255 
252 0.5518 0.1859 2.394 25.32 .0150 
253 1.4790 0.4930 3.071 25.42 .0450 
254 2.3514 0.7838 4.561 25.42 .0760 
255 0.4873 0.1949 1.616 25.65 .0450 
256 1.2849 0.5139 1.572 25.63 .1850 
258 0.3014 0.2009 2.768 25.42 .0085 
259 0.8053 0.5369 2.181 25.39 .0700 
260 1.2978 0.8652 25.27 .4800 
267 0.0947 0.1894 4.066 25.62 .0020 
268 0.2471 0.4942 4.520 25.50 .0050 
269 0.3950 0.7901 4.861 25.33 .0100 

1 
Computed as summation final A+a solution normality plus final H +1 normality 

- 



APPENDIX F SUMMARY OF DATA 

Run 
No 

Final H+l 
Normality 

Resin 
1 

Fraction 
A +a 

Ion Exchanged 
Meq A+ a /Gm 
H }7 Resin 

Resin2 
Fraction 
A +a 

50 0.1051 0.2994 1.354 0.2696 

51 0.0110 0.1940 0.948 0.1888 

52 0.0956 0.1350 0.729 0.1453 

53 0.100 0.3759 1.856 0.3697 

54 0.000 0.9345 5.129 1.0217 

55 0.1012 0.0341 0.145 0.0288 

56 0.0945 0.4554 2.344 0.4669 

57 0.0816 0.9046 4.984 0.8930 

59 0.0732 1.1536 4.397 0.8758 

60 0.0596 0.9035 4.472 0.8907 

61 0.1052 0.0561 0.169 0.0376 

62 0.0948 0.5279 2.710 0.5398 

63 0.7921 0.885 4.302 0.8570 

65 0.1070 1.066 4.893 0.9748 

66 0.2640 0.8794 4.276 0.8518 

67 0.1396 0.9402 4.682 0.9327 

68 0.7708 0.6199 3.208 0.6391 

69 0.8836 0.4069 2.280 0.4543 

70 0.0744 0.9884 4.445 0.8854 

71 0.1128 0.9709 4.716 0.9394 

72 0.1392 0.9493 4.606 0.9174 

73 0.3920 0.8321 4.186 0.8340 

74 0.2228 0.8896 4.330 0.8626 

75 0.3700 0.7028 3.630 0.7230 

76 0.5156 0.8647 4.990 0.9940 

- . 

._ 

. 

- 

- 

- 

. 

- 



APPENDIX F (continued) SUMMARY OF DATA 

Run Final H +1 Resin Ion Exchanged Resin2 
No Normality Fraction Meq A +a /Gm Fraction 

A +a 11+1 Resin A +a 

77 1.9088 0.6456 0.6458 
78 1.1872 1.0928 5.486 0.7038 
80 0.0490 0.4814 4.639 0.9241 
81 0.2004 3.4400 
83 2.3670 0.4755 2.387 0.2537 
84 0.0966 0.2706 1.359 0.2675 
85 0.0968 0.4117 2.067 0.4098 
86 0.0964 0.5495 2.758 0.5779 
87 0.0900 1.0784 5.414 0.9320 
88 0.0378 1.028 3.635 0.7640 
89 0.0272 1.062 3.418 0.6810 
90 0.2998 0.8756 4.363 0.8691 
91 0.1077 0.9117 3.697 0.7364 
95 0.2382 1.0340 4.059 9.8068 
96 0.6212 0.9871 3.977 0.7923 

102 0.1750 0.8665 3.958 0.7884 
103 0.1748 0.9926 3.652 0.7275 
107 0.0186 0.9253 2.755 0.5488 
112 0.0902 0.2691 1.282 0.2554 
113 0.0834 0.3802 1.576 0.3139 
114 0.0756 0.4600 2.113 0.4209 
115 0.0560 0.6456 2.520 0.4982 
116 0.0322 0.8084 3.002 0.5979 
117 0.2170 0.7060 3.221 0.6416 
118 0.1592 0.7865 2.978 0.5933 

' 
. 

. 

- ` 

. 

. 

- 

- 

- 

- 

- 



APPENDIX F (Continued) SUMMARY OF DATA 

Run 
No 

Final H+1 
Normality 

Resin 
1 

Fraction 
A +a 

Ion Exchanged 
Meq A +a /Gm 
H +1 Resin 

Resin 2 
Fraction 

A +a 

119 0.1350 0.8148 3.333 0.6641. 
120 0.0750 0.8980 2.317 0.4614 
121 0.0354 0.9858 1.078 0.2149 
122 0.0214 1.004 0.813 0.1618 
124 0.7492 0.7390 3.382 0.6736 
125 0.2738 0.8626 2.462 0.4905 
126 0.1412 0.9382 2.735 0.5449' 
127 0.0748 0.9568 2.183 0.4358 
128 0.0464 0.9740 
129 0.2884 - 0.6047 2.920 0.5817 
130 0.3640 0.4868 2.214 0.4411 
131 1.5060 0.5246 2.495 0.4960 
132 1.822 0.3879 1:704 0.3395 
162 0.0984 0.3283 1.659 0.3305 
163 0.0970 0.4645 2.303 0.4747 
164 0.0970 0.5333 2.678 0.5335. 
165 0.0824 0.9199 4.604 0.9172 
166 0.0474 0.9908 4.778 0.9517 
168 0.4210 0.7350 4.053 0.8074 
170 0.1926 1.0130 4.371 0.8707 
171 0.1058 1.0570 4.243 0.8452 
173 0.0284 1.063 20.179 4.0196 
175 0.4880 0.8117 3.354 0.6681 
177 0.1474 0.9809 3.350 0.6673 
189 0.4720 0.1874 1.222 0.2433 H 

w 

1 

. 

. 

. 

. . 

. 

- 



APPENDIX F (Continued) SUMMARY OF DATA 

Run 
No 

Final H+1 Resin 1 
Normality Fraction 

A +a 

Ion Exchanged 
Meg A +a /Gm 
g +l Resin 

Resin 2 
Fraction 
A +a 

190 1.8860 0.4796 3.505 0.6981 
252 2.379 0.4739 
253 1.780 2.0361 3.026 0.6028 
254 0.695 1.5186 4.485 0.8934 
255 1.571 0.3129 
256 1.2330 0.7109 1.387 0.2763 
258 2.761 0.5499 
259 0.900 1.6293 2.111 0.4205 
260 0.370 1.5791 
267 4.064 0.8096 
268 0.311 1.2741 4.515 0.8994 
269 0.156 1.2012 4.851 0.9633 

(1) Calculated from displaced hydrogen ion 

(2) Calculated from radioactive counting data 

' 

- 

. 

. 



Explanation of Heading Symbols 

FAHS = X, solution fraction ea in solution based on ions A+a and H +1 

FBHS = X, solution fraction B 
+ß 

in solution based on ions B 
+ß 

and H 
+1 

FABS = X, solution fraction A +a in solution based on ions A+a and B +ß 

FAHR = Y, resin fraction ea in resin based on ions and and H 
+1 

FBHR = Y, resin fraction B 
+ß 

in resin based on ions B 
+ß 

and H +1 

FABR = Y, resin fraction A+a in resin based on ions and and B +ß 

FAHR -. = Y, resin fraction ea in resin based on ions and and el 

calculated from the amount of H +l displaced from resin 

FBHRD = Y, resin fraction B 
+ß 
+ß.in resin based on ions B 

+ß 
and H 

+1 

calculated from the amount of H 
+1 

displaced from resin 

ea 

A +ß 

ea 



SUMMARY TERNARY DATA 
RUN NO. SYSTEM NOMINAL TOTAL WEIGHT DRY 

NORMALITY RESIN 
236 H CS SR .10 .77803 
137 H CS SR .10 .58101 
138 H CS SR .10 .08981 
151 H CS SR .10 .28401 
139 H CS SR .50 2.88873 
141 H CS SR .50 1.47033 
RUN NO. FAHS FBHS FABS FAHR FBHR 

236 .068 .350 .119 .661 .415 
137 .100 .425 .131 .820 .511 
138 .974 .983 .382 1.000 
151 .511 .583 .427 .947 .891 
139 .230 .389 .319 .741 .572 
141 .483 .586 .397 .886 .716 

RUN NO. FINAL VOL FAHRD FBHRD FABR 
236 45.130 .656 .410 .732 
137 45.167 .813 .499 .813 
138 45.033 .584 0.000 1.000 
151 45.104 .895 .796 .686 
139 45.774 .753 .586 .682 
141 45.460 .899 .743 .755 

Ion A = Sr 
+2 

, 

' 

' 

' 

. 

. 

. 

- 

-- 
____ 

' 

- 



SUMMARY TERNARY DATA 
RUN NO. SYSTEM NOMINAL TOTAL WEIGHT DRY 

NORMALITY RESIN 
142 H CS SR .50 .89631 
143 H CS SR .50 .36473 
144 H CS SR .30 .14028 
152 H CS SR .50 2.83446 
145 H CS SR 2.50 2.79044 
146 H CS SR 2.50 2.00542 
RUN NO. FANS FBHS FAGS FAHR FBHR 

142 .685 .719 .458 .856 .715 
143 .853 .856 .493 1.000 1.000 
144 .941 .941 .500 1.000 1.000 
152 .091 .939 .006 .123 0.000 
145 .086 .143 .362 .200 0.000 
146 .352 .429 .418 .532 _ 0.000 

RUN NQ. FINAL VOL FAHRD FBHRD FABR 
142 45.289 .841 .690 .703 
143 45.128 .949 .923 .611 
144 45.050 .951 .934 .576 

.152 
R- 

46.015 .052 0.000 1.000 
145 23.025 .209 0.000 1.000 
146 '23.058 .591 0.000 1.000 

Ion-A _.___.._....S.r.±2 

1 

. 

. 

. 

:--- 

. 

, 

. 

i- 

1_1_. _ .. 7 

. 

. 

, 



. 

SUMMARY TERNARY DATA 
RUN NO. SYSTEM NOMINAL TOTAL 

NORMALITY 
WEIGHT DRY 

RESIN 
148 H CS SR 2.50 .84524 
149 H CS SR 2.50 .29146 
150 H CS SR 2.50 .17669 
154 -H CS SR 2.50 2.77115 
148 H CS SR 2.50 .29146 
149 H CS SR 2.50 .17669 
RUN NO. FAHS FBHS FABS FAHR FBHR 

148 
149 
150 

.868 

.953 

.970 

.871 .493 

.948 .525 
-.969 . .513 

.789 .667 
1.000 
1.000 

154 .023 .098 -.179 .083 0.000 
148 .868 .871 .493 1.000 1.000 
149 .953 .948 .525 1.000 

RUN NO. FINAL VOL FAHRD FBHRD FABR 
.148 22.743 .899 .828 .651. 
149 22.592 0.000 .984 0.000 
150 22.558 0.000 .978 0.000 
154 .070 0.000 1.000 
148 22.584 1.000 1.000 .628 
149 22.556 1.000 1.000 0.000 

Ion A = Sr +2 

. 

. 

.. 

, 

' 

- 

' 

22.716 

. 

co 

._ 



SUMMARY TERNARY DATA 
RUN NO. SYSTEM NOMINAL TOTAL WEIGHT DRY 

NORMALITY RESIN 
189 H CS SR .50 2.85292 
190 H CS SR 3.00 2.82457 
191 H CS SR .10 .37836 
192 H CS SR .10 .51476 
193 H CS SR . .10 .23388 
194 H CS SR .50 2.89892 
RUN NO. FANS FBHS FABS - FAHR FBHR 

189 .011 .024 .325 .248 0.000 
190 .327 .019 .960 .632 0.000 
191 .410 .514 .396 .718 .489 

192 .234 .393 .320 .882 .784 
193 .548 .626 .420 1.000 1.000 
194 .057 .168 .230 .484 .334 

RUN NO. FINAL VOL FAHRD FBHRD FABR 
189 45.051 .231 0.000 1.000 
190 25.870 .527 0.000 1.000 
191 45.114 .892 .757 .726 
192 45.138 .856 .742 .673 
193 .45.086 1.000 1.000 .744 
194 45.502 .475 .326 .651 

Ion A = Sr 

. 

2- 



SUMMARY TERNARY DATA 
RUN NO. SYSTEM NOMINAL TOTAL WEIGHT DRY 

NORMALITY RESIN 
198 H SR CE .10 2.79494 
199 H SR CE .10 1.90427 
200 H SR CE .10 1.27220 
201 H SR CE .10 .83333 
202 H SR CS .10 .38289 
203 H SR CE .10 .21905 
RUN NO. FANS FBHS FA BS FAHR FBHR 

198 .001 0.000 1.000 .193 .192 
199 .003 .014 .219 .308 .300 
200 .003 0.000 834 .550 .548 
201 .168 .029 .870 .751 .808 
202 .484 .260 .727 1.000 1.000 
203 651 .510 .641 1.000 1.000 

RUN NO. FINAL VOL FAHRD FBHRD FABR 
198 45.019 .195 .193 .502 
199 45.013 .309 .301 .508 
200 45.008 .532 .530 .502 
201 45.248 .772 .826 .416 
202 45.148 .971 .990 .238 
203 45.087 1.000 1.000 .078 

Ion A = Sr 
+2 

, 

- 

o 



SUMMARY TERNARY DATA 
RUN NO. SYSTEM NOMINAL TOTAL WEIGHT DRY 

NORMALITY RESIN 
195 H CS SR .50 91990 
196 H CS SR 2.50 1.34450 
197 H CS SR 2.50 .67468 
198 H CS SR .50 2.70521 
133 H CS 'SR .10 2.87124 
135 H CS SR .10 1.39405 
RUN NO. FANS FBHS FABS FAHR FBHR 

195 .664 .696 .462 .897 .806 
196 .800 .807 .490 .999 .999 
197 .894 890 .509 1.000 1.000 
198 .006 .041 .122 .139 .079 
133 .030 .020 .606 '.176 .184 
135 .034 .123 .202 .407 .356 

RUN NO. FINAL VOL FAHRD FBHRD FABR 
195 45.292 .909 .827 .677 
196 22.927 .862 .798 .611 
197 22.728 .895 919 .426 
198 45,157 0137 078 .650 
133 45.224 41175 183 .487 
135 45.136 .406 .354 .554 

+2 Ion A = Sr 

_ _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ _ _ . _ _ _ . _ _ . . . _ . 

.. 

H 
, 

- 



SUMMARY TERNARY DATA 
RUN NO. SYSTEM NOMINAL TOTAL WEIGHT DRY 

NORMALITY RESIN 
204 H SR CE .50 2.78632 
205 H SR CE .50 1.91513 
206 H SR CE .50 1.48841 
207 H SR CE .50 .79534 
208 H SR CE .50 .40241 
209 H SR CE .50 .18705 
RUN NO. FANS FBHS FAGS FAHR FBHR 

204 .031 .030 .505 .343 .341 
205 .305 .174 .676 .870 .930 
206 .575 .432 .639 .938 982 
207 .718 671 .555 1.000 1.000 
208 833 .820 .521 1.000 1.000 
209 .912 904 .526 1.000 1.000 

RUN NO, FINAL VOL FAHRD FBHRD. FABR 
204 45.468 .338 .336 .502 
205 45.571 .801 .888 .335 
206 - 45.503 .892 .967 .218 
207 45.281 1.000 1.000 .269 
208 45.142 1.000 1.000 .343 
209 45.067 1.000 1.000 .052 

+2- 
Ion A = Sr 

. 

. 

. . 

. 



SUMMARY TERNARY DATA A..._._.. ._.__- ....- ..._..- ._...- ..__._. 
RUN NO. SYSTEM NOMINAL TOTAL WEIGHT DRY 

NORMALITY RESIN 
210 H 
211 H 
212 H 
213 H 
214 H 
215 .H 

SR CE 
SR CE 
SR CE 
SR CE 
SR CE 
SR CE 

2.00 
2.00 
2.00 
2.00 
2.00 
2.00 

2.93481 
1.39090 
2.07775 
.79339 
.37974 
.23981 

RUN NO. FAHS FBHS FABS FAHR FBHR 
210 .059 .045 .569 .085 .128 
211 .324 .207 .646 1.000 1.000 
212 .547 .467 .579 1.000 1.000 
213 .760' .733 .536 1.000 1.000 
214 .913 .908 .514 1.000 1.000 
215 .941 .940 .505 1.000 1.000 

RUN NO. FINAL VOL FAHRD FBHRD FABR 
210 25.581 .084 .127 .386 
211 25.421 1.000 1.000 .209 
212 25.692 1.000 1.000 .302 
213 25.276 1.000 1.000 .223 
214 25.134 1.000 1.000 .267 
215 25.084 1.000 1.000 .419 

i Ion A = Sr 

. 

. 

s 

' 

' 

- 

- 

' 
' 

. 

. 

- - 

' 

. 

' 
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SUMMARY TERNARY DATA 

RUN NO. SYSTEM NOMINAL TOTAL 
NORMALITY 

234 H CS CE 2.00 
235 H CS CE 2.00 
236 H CS CE 2.00 
237 H CS CE 2.00 
238 H CS. CE 2.00 
239 H CS CE 2.00 

WEIGHT DRY 
RESIN 
2.87718 
1.84958 
1.34224 
.72956 
.44047 
.19975 

RUN NO. FAHS FBHS FAGS FAHR FBHR 

234 .042 0.000 1.000 .134 .301 

235 288 .172 .660 1.000 1.000 
236 .612 .550 .564 1.000 1.000 

237 763 .748 .519 1.000 1.000 

238 .901 896 .511 1.000 1.000 

239 .951 .949 .508 .822 .977 

RUN NO. FINAL VOL FAHRD FBHRD FABR 

234 25.282 .552 .774 .264 

235 25.422 1.000 1.000 .192 

236 25.413 1.000 1.000 .231 

237 
238 
239 

25.239 
25.149 
25.069 

1.000 1.000 
1.000 1.000 
1.000 1.000 

.314 

.279 

.095 

Ion A in Cs+1 

i 

' 

. 
. 

., 

. 

.. 

. 

H 
cx 



SUMMARY TERNARY DATA 
RUN NO. SYSTEM NOMINAL TOTAL WEIGHT DRY 

NORMALITY RESIN 
247 H CS CE .10 1.94290 
248 H CS CE .10 1.94217 
249 H CS CE .10 .73784 
250 H CS CE .10 .50579 
251 H CS CE .10 .35578 
239 H CS CE 2.00 .19975 - 

RUN NO. FANS FBHS FABS FAHR FBHR 
247 .117 0.000 1.000 .216 .276 
248 .107 0.000 1.000 .225 .279 
249 .437 0.000 1.000 0s000 .607 
250 .430. 0.000 1.000 .409 .929 
251 .531 0.000 1.000 1.000 
239 .951 .949 .508 .822 .977 

RUN NO. FINAL VOL FAHRD FBHRD FABR 
247 45.112 .251 .316 .419 
248 45.112 .258 .317 .428 
249 45.138 0.000 .969 0.000 
250 45.130 1.000 1.000 .049. 
251 45.099 1.000 0.000 
239 25.069 1.000 1.000 .095 

Ion A = Cs 
+1 

. 

- 

. 

, . , 

- 

., 
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: , 
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- 
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240 
241 

243 
245 
246 
RUN NO. 

240 

SYSTEM 
SUMMARY TERNARY DATA 

H CS CE 
H CS CE_ 
H CS CE 

H CS CE 
FANS FBH5 
.033 0.000 

NOM NA1. IOTA W.E GHT DRY 
NORMALITY 
A.50_ 

50 
50 

.50 

.10 
FABS 

RESIN 
201457 
1.88607 
1.42757 
.77445 
25956 

2.85100 
FAHR FBHR 

1.000 .077 .136 
0.000 1.000 t_61_0 .854_ 

242 .375 .063 .898 1.000 1.000 
243 .70Q 615 593 1.000 1.000 
245 .874 .854 .544 1.000 
246 .074 0.000 1.000 .155 .180 

RUN NO. FINAL VOL FAHRD FBHRD FABR 
240 45.256 .112 .192 .347 
241 45.411 1.000 1.000 .210 
242 45.411 1.000 1.000 .104 
243 45.269 1.000 1.000 .123 
245 45.093 1.000 0.000 
246 45.051 .167 .195 .453 

Ion A = Cs 
4-1- 

,. 

__MQ - 

RUN NO. 

H CS E _C 

L__ 

242 

:_ : _ 

' 

241 .196 

____.50 

; 

i ... 

. 

r-- 

H CE 

Ci 

- 

. - C5 

- 
' 



187 

APPENDIX G SUMMARY OF 

Definition of 

BINARY DATA CORRELATION 

computer symbols 

+a 
CONP = Phase equilibrium constant, kp 

B 
+ß 

ea 
CONM = Mass action constant, kc 

app B +ß 

SIS = Solution ionic strength, µ 

RIS = Resin ionic strength, µR 

A+a 
CONPM = Modified phase equilibrium constant, k 

p M B +ß 

eel 
COND = Donnan constant, kD 

B +ß 

AMF = Mole fraction ion A in solution 

BMF = Mole fraction ion B in solution 
A 
a 

CONK = Rational selectivity constant, nkc 
B +ß 

CONKM = Rational selectivity constant times ratio, solution activity 

B 
+ß 

to A+a, k A+a 

c B 

t 

A+a 

nka THERK = Rational thermodynamic equilibrium constant, 
B 
+ß 

B 

s 

a 



CORRELATION BINARY 
SYSTEM CONP CONM 
H SR 159.95 218.42 
H SR 2850 34.84 

DATA 
SIS 
.105 
.100 

RIS 
787 
6.12 

RUN NO. 
50 
51 
52 H SR 095 5.21 
53 H SR 108.03 170.47 100 601 
54 H SR 9.04 53.58 .125 12.17 

__ 55 H SR 3.30 336 lßZ 4°70. 
57 H SR 3564 269.96 .110 9.56 
59 H SR 11.78 59.25 .138 10.42 
60 H SR 13.93 87.26 120 10.34 

4.20 433 .106 7.25 

-------- - 

' 

CORRELATION BINARY DATA 
Al 

62 H SR 69.06 147.56 097 6.51 
63 H SR 2l4L0.7 11.4*75 *112 874 
65 H SR 10.43 8792 .702 1025 
66 H SR 3I_00 604 8,36 
67 .H .SR 6.20 29.34 670 969 

15_ ;..33 e.D68 7.410 
69 H SR 8.84 14.81 1.008 6.79 

6.87 44.29 1.458 10.63 
71 H SR 4.29 1684 1.425 12.19 
72 H SR 3.07 8.53 1.412 10.47 

RUN NO. 
CORRELATION BINARY DATA 

SYSTEM .COMP CONM RIS 
73 H SR 3.37 8.18 1.265 786 
74 
75 

H 

H 

SR 
SR 

5.11 16.72 
802 21.84 

632 
550 

934 
8.43 

76 H 
' 

SR 150 2.11 3.807 10.71 
77 H SR 1.56 2.04 5.207 8.90 
78 H SR 1.66 2.32 3.689 10.21 

^ 

80 H SR .20 04 4.474 984 
81 H SR 9.00 16.19 3.246 8.41 
83 H SR .67 °60 3.152 7.29 
84 .097 

188 

' 

. 

. 61. H SR 

6_087 

70 :H:._.__S R 

SIS 

1 

` __ _-; 

. 

. 

-^ ----.. 

H CE 71.24 131.42 6.15 

__RIA. N.Q.,..__._._.S.Y.S_I.ENL__._ CONP._._.__._CIINM._ .SLS..._._ 

_ _.._ 

&.A1 

H._.__S.R .___.68_ 



CORRELATION BINARY DATA 
RUN ......NO, _____SYSTEM____ CONP CONM SIS _.-.R..I..S......_._.___.._.___... 

85 H CE 177.34 505.14 .097 616 
86 H.._..__.CE_.._........._....2.8.3.....&.7...._.____ ................_......---------___097 _._..._8_._31.....___..__....._.. 

14.56 87 
e$ 
89 

91 
_._. _.__._ 9 5_._._._ H _C_E _ _. 3 4 Q .._.-.__..7,$ '3 7 822........._1.2..16..._.... 

96 H .CE 2.76 1134 2.332 12.18 
102 H CE 5 .49 43.0_54_ _2_:061 12..:.Q. 

H CE .67.29 126 
H G.E.. L.:..7..Z 4_:.0 1 . t7 5 11113 7 

H CE 73 .46 185 11.31 
239.59 .670 12.58 _ 

H CE 2.77 15.96 900 1287 

CORRELATION BINARY DATA 
RUN NO. SYSTEM CONP CONM SIS RIS 

103 H CE 322 1296 
107 H CS 1.50 1.50 
112 H CS 220 220 
113 H CS 158 158 

-------fi- 
. ._....__.___._._____.____.___._----_-.._--- ----. -.-- 

114 H CS 1.79 179 
11.5 _ H. C S ;1. 80 18Q 
116 H CS 177 177 
117 H CS 1.81 181 
118 H CS 1.58 1.58 
119 H CS 155 1.55 

189 

2.248 
.107 

11.52 
6.64 

.104 4.71 
115 4.31 
.106 548 
112 6.13 
108 642 
506 6.12 
.530 7.11 
.525 3.74 

CORRELATION BINARY DATA 
RUN NO. SYSTEM CONP 

120 H CS 1.43 
121 H CS 4.69 
122 H CS -10.73 1073 
124 H CS 129 
125 H CS 77 
126 H CS 91 
127 H CS 68 
128 H CS 235 

i 129 H CS 1.98 
130 --- _ 

H CS 
_ 

2.g4 

CONM SIS RIS 
1.43 525 756 , 
469 530 7.47 

.5,21 870 
1.29 2387 6.64 

.77 2475 664 
91 2487 9.51 
.68 . 2592 999 

2.35 1592 10.07 
198 490 5.92 

6.27 
._ _ 

2.64 .500 

. 

0 H CE __ ,.2 
-_ 

. 

1 

. - 
. 

i 

__ 

. _.._.__.._.__.. 

---- 

- - 

_ 



190 

RUN NO. 
CORRELATION BINARY DATA 

SYSTEM CONP CONM SIS RIS 
131 H CS 1.7'1 1.71 2.360 6.27 

132 H CS 2.04 2.04 2.387 6.38 
162 H CE .098 6°41 
163 H CE .094 9.79 
164 H CE 55.47 244.70 .100 8.12 

168 H CE 25.93 301°44 .511 10.49 
170 H CE 3.99 33.04 .842 12°42 
171 H CE 1.40 2.47 925 12.25 

--- 

RUN NO. 
CORRELATION 

SYSTEM 
BINARY DATA 

CONP CONM SIS RIS 
173 H CE -1^22 1°41 .810 13.70 
175 H CE. 2.11 2.481 12.49 
177 H CE 142.28 2.894 8.37 
189 H 29.94 .492 7.45 
190. H 

SR 
SR 1.95 2.54 3.298 8.23 

252 H SR ' 8.21 
253 H SR 1.56 1.99 3.739 8.64 
254 H SR 2.31 4.175 [5__-9.61_-_ 
255 H CS 1.88 1.88 2°500 6.64 
256 H CS 2.32 2.32 2.500 6.64 

CORRELATION BINARY DATA 
SYSTEM COMP CONM SIS RIS 

258 H CE 4.85 1531 I001 1029 
259 H CE 05 13°28--r- 

260 H CE 2.797 13°28 
267 H CE 18.19 329.84 .594 12.02 
268 H CE 9.15 231.30 .747 12.61 
269 H CE r 

6.97 228.09 .895 13°04 

165 H CE 53.70 ---- - .116 12.78 
166 h - CE 17.29 ---- .155 13.45 

. 
6.45 

' 

3.94 6.10 3.278 

4.68 

`_ 

RUN NO. 

} 

' 

_ _..._......._.._ - 

' 

, 

'5.51 

' 

_ . .__.__._._ _ __ _ 

- 
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.._..__..-R1JN-.....N4: 

50 
_.......5..1 -- 

CORRELATION BINARY DATA 
- SYSTEM CONPM.._..-._.-...CONfl._... 

H SR 90.33 4.52 
..._.H SR..__.._._.._ _....5...5..7....-._._..._ _.._..5.1......_.__._._. 

53 H SR 20.10 ' 2.48 
10.68' 54 H SR .57 

55 H SR .54 .07 

57 H 0 -1-9-T1+ 2.84 SR 
59 H SR 9.53 .70 

61 H SR 1.11 .05 

CORRELATION f3 I NARY DATA 
RUN NO. SYSTEM CONPM COND 

62 _.__..___.-- .H- .___.SR_._._-- 14..x.$-__.-__.__203- 

63 H SR 9.58 1.41 

66 H SR 8.18 .86 

67 fl SR O.1G .70 
68 H SR 6.44 .55 

_w 69._ .H.___SR_ 9..03_ 1.33 

70 H SR 18.21 2.09 
7..1.___........._._....f.{.....-._.S.R 

_-_..._._ .............17.27 
. 

7_7-..-__._._...-_... 

72 H SR 7.72 .40 

CORRELATION DATA BINARY 
RUN NO. 

73 
74 
75 

SYSTEM CONPM 
H SR 3.384 
H SR 5.863 
H SR 6.362 
H SR 6.496 
H SR 4.744 

COND 
.3495 
.3846 
.4730 

_...__ 

.5577. 
1.5532 

76 
77 
78 
80 
81 

.83 

H SR 8.543 
.795 

18.273 
.964 ._._ 

1.583 

.8027 

.0209 ____ _ _ __ _ 
3.1343 

12 3 2 .1232 
.0150 

' 

< .; 

1 

, 

| 

. 

' 

60 SR - 

. 

. 

.' 

. 

' 

i 

!- 
^ 

| 

, 

' 

. 

- 
. 

. 

84 

H ' 

. H 

H 

H 

SR 
SR 
SR 
CE 

` 
; 

/ 

. 

° 

. 

-H -95 

----- 
.--- -------- 

-65 #- 5 R 13.-0-1 -1.71 

- - - - 

- 

- 
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CORRELATION BINARY DATA 
RUN NO. SYSTEM CONPM COND 

85 H CE 3.941 .0579 
86 
87 __.___...._.....__ 

88 
89 

H CE 10.878 
H CE 90.932 

.0470 
.3300 
.0002 

0.0000 

.._---.--.._._y._._.___._.-_......_-..........._..._..._._ .........................._.____.._.... 

H CE 1.414 
H CE .438 

90 
91 

CE 42.324 
H CE 15.977 

.0539 

.0051 
95 
96 

._. _ 

102 

H CE 14.019 
H CE 28.844' ._.....-_.____._..._....._....._.__.. 

H CE 47.063 

.0063 

.0387 ..._..._.__.. 

.0910 
J 

CORRELATION BINARY DATA 
RUN NO. SYSTEM CONPM COND 

103 H CE 24.351 .0404 
107 H CS .036 .0362 _._ .__.._._.._._------.--.-----.__._--._..._._...-.--------_._._.__._.___-.__- 
112 H CS .119 .1195 
113 H CS .105 .1059 
114 H CS .067 .0679 
115 H CS .054 .0541 

-----------------___._.__--------_.__._..._.__.------------------._...____.------ -----------._.___.__._.__- 

116 H CS .045 .0450 

118 H CS .049 .0496 
119 H CS .214 .7144 

-__.____..___._._._.:._._._-_.__-.___CQ.R.ftELAS.L4N.__.____.fl_L.LIAßY DATA 
RUN NO. SYSTEM CONPM 

.0.23. 
COND 
.0235 

121 
_H _CS 

H CS .076 .0768 
122 H CS -.239 .2393 
124 H CS .153 .1530 
I,_2_5 ._.__._._..._.__H __.C.$ ..._._....._._._..._._..Q97..------.097 1._._.. 

126 H CS .043 .0431 
H.._.._._C5_._.._._...._.___._.03_2.._._...__. _032_8 

128 H CS .048 .0487 
129 H CS .092 .0929 
130 H CS .108 .1085 

H 

' 

. 

' 

' 

. 

- 

* 

. 

L1Z H CS ,a Q.370 

120 

'. 

127 



CORRELATION BINARY DATA 
RUN NO. SYSTEM CONPM COND 

131 H CS .229 .2295 
132 H CS .256 .2568 i 

+ _H 
163 H CE 
164 H CE 2°416 °0I44 
165 H CE 29.745 °1842 

___-_-__l66 -_--fi-_E - 20°546 
168 H CE 30°555 °0693 
170 H CE 18°064 °0IO2 ^ 

171 H CE 6.848 .0010 

RUN 
CORRELATION BINARY DATA 
SYSTEM CONPM COND 

173 H CE ° -9.13 ° D0 
^ 175 H C-E 28.76 °O3 

177 H CE 9°l9 1.54 
189 9.57 D SR .149 

190 H SR 4.24 .63 
8.42 1.48 

253 H SR 3.68 .56 

255 H CS .24 .24 
256 H CS .29 .29 

CORRELATION 
RUN NO. SYSTEM CONPM COND 

258 H CE 16°684 °0301 
259 H CE 
260 H CE 
267 H CE 49°894 .0674 
268 
269 H CE 43.478 .0746 

. 

. 

. 

' 

' 

. 

225-2- 

¡ -- . 

^ 

/ 

. 

H SR 

.. 

BINARY DATA 

_ 

' 

193 

.234+ 44 SR 7=83 1°69 

H CE 41.464 °0661 

_ 

---- 



CORRELATION BINARY DATA 
RUN NO. 
107 

SYSTEM CONK 
..._..H. ..-.-_...C.S_ ______1,..S_0. . 

CONKM 
____1..632_ 

AMF 
__.....9. Z5.3 

BMF 
.0.7.4.7..._. 

112 H CS 2.207 2.368 .2554 .7446 
113..-._.__.......-._.H....___.. CS- .......__.._..1,581 11219.._ _._.3802 ....6198_._ 

114 H CS 1.798 1.935 .4209 .5791 
115 H CS L.._â06 1.959 .6456 .3544 
116 H CS 1.771 1.905 .8084 .1916 

:117.._ CS _._._1__8_.1_0.__._...__-.__2_,_8_5.6.__.._._,_7..0.6..0, .2940._. 
118 H CS 1.580 2.552 .7865 .2135 
119 

_C.5_ -._1.558._....-_._2....50 9 81:84_ . _,..1..8..1.6__. _-__-H 
120 H CS 1.434 1.434 

_.. 

.8980 .1020 
121 ' H CS 4.692 4.692 ,9850 ,0150 
122 H CS -10.730 -17.274 1.0040 -.0040 
124 CS 6.759 .739Q 
125 

.1_.29 

H CS .779 4.291 .8626 .1374 
126 . H CS .914 _._..____......._....______.._.._........_.._.....__...____...._.........._.......__.__..._ 5.051 .9382 .0618 ____ .............._...____..._ 

127 H CS .682 4.109 .9568 .0432 
128 H CS 2.353 7.620 .9740 .0260 
129 H CS 1.982 3.128 .5817 .4183 

1_ 130 . 6 41 H__.. C 6._.._...._._.__._ 2.641 4.182 . 4 9 7 0.5030 
131 H CS 1.716 8.841 .4970 .5030 
132 _..._...._____..__ H CS 2.043 10.720 ..............__._-___...._..__...._._._..._...._....._..___ _.._......_....__._._.__.---...._.........._.... .3879 .6121 
255 H CS 1.881 10.716 .3129 .6871 
256 H CS 2.325 13.251 .7109 .2891 

CORRELATION BINARY DATA 
RUN NO. SYSTEM CONK CONKM THERK 

194 

_._.._ 107 H .CS .15Q9 1.632 2.113 
. _...._..........._. 

112 H CS 2.207 2.368 2:118 
113 _..___._._.. H CS 1.581 1. 7192.118 
114 H CS 1.798 1.935 2.120. 

115 H CS 1.806 1.959 2.155 
116 H CS 1.771 1.905 2.117 

_117 H.-.__ÇS1.810 2..856 2.993 ..__._..._..._._._._ 

118 H CS 1.580 2.552 2.994 
_.1.1.4 _._ ____.__N_.._ C.,S_.__._.____._.L.5..S8___..__.__2.....50..9__..___..3_R.â_.II ._.L_._._.._.___ 

120 H CS 1.434 1.434 2.799 

---x_...... .. * ..... 

RUN NO. SYSTEM 

- ._._...... 
-- -__._. 

...... .._..._._._..._--____._.._....__..._. 

CORRELATION BINARY DATA 
CONK C..__. O N K M , THERK. 

121 H CS 4.692 4.692 2.971 
124 H CS 1.294 6.759 7.648 
125 H CS .779 4.291 7.623 
126 _-HÇ_S.._...__.__._._...._ 914_.____....._5.051 7.628 
127 H CS .682 4.109 7.636 
128 ,. H CS 2.353 7.620 7.628 
129 H CS 1.982 3.128 1.651 
130 H CS 2.641 4.182 2.988 
131 H CS 1.716 8.841 7.632 
132 H CS 2.043 10.720 7.632 
255 H CS 1.881 10.716 7.708 

13125.1 

,2.6..L0_ 

.. 

. 

.. - 
. 

t 

I 

_ 

- . 

.... . 

' 

. 

, 

_- ----- _ - 
. 

. , 

----------6----------------------------- 

- 

__ 

7.616 2.325 

__._. 


