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ABSTRACT

An apparatus was designed, built, and tested to 
measure the kinetics of cation exchange® Radiation was 
collimated then measured with a well-shielded sodium iodide 
scintillator ® The detector and shielding could be moved 
along the column at several fixed velocities® The column 
contained a radioactive solution flowing through a clay 
exchanger material® The detector output was recorded on a 
multi-channel analyzer equipped with a multi-scaler logic 
unit o The printed output described the relative counts per 
minute over the length of the column»

Several tests were conducted to determine the 
effectiveness of the apparatus » The various subsystems 
were tested individually and then the apparatus was used to 
measure cation exchange columns® The systems tested con
sisted of cesium and sodium cations flowing through crushed 
red brick and glass bead exchangers® It was determined 
that the apparatus designed was an effective means of 
measuring the parameters of such a system®



CHAPTER 1

INTRODUCTION

Many nuclear explosive devices have been exploded 
underground, and it is projected that there will be many 
useful applications of such explosions in the future«
Also, it is hoped that radioactive wastes may be disposed 
of in clay beds in the future <> Public acceptance of such 
projects will require that the migration of the radioactive 
cations caused by groundwater movement is well understood 
and can be accurately anticipated* It will be necessary 
to know how far the radionuclides travel, how fast they 
travel, and how much activity is left in their movement 
paths«

Various systems containing soils and cation solu
tions at equilibrium have been examined closely by re
searchers* Exchange capacities and distribution co
efficients for many combinations of soils and cations are 
fully documented» The kinetic behavior of solutions as 
they flow through soils has been predicted from these 
equilibrium data. In order for these predictions to be 
accurate, however, equilibrium must be instantaneous and 
mixing must be complete as the solution moves through the 
soil. It is unlikely that these criteria are fully met*



This suggests that the theories and models based on static 
equilibrium data should be verifiedo

Few experiments have been performed to examine the 
dynamics of cation exchange, and those performed have only 
examined the exchange behavior at certain points along the 
column, usually the end® An apparatus which could actually 
describe the cation behavior throughout the column as the 
aqueous solution flows through would be quite useful in 
helping to predict system behaviors®

Such an apparatus will be designed to measure the 
exchange kinetics of cations from aqueous solutions on soil 
samples® After the apparatus is constructed, its usefulness 
and characteristics will be evaluated® Capacities and 
distribution coefficients will be determined for various 
cations and exchangers ® The rates of the static exchange 
reaction will also be examined® The kinetic behavior of 
these same systems will then be recorded using the designed 
apparatus® Recommendations for further investigations will 
be made based on these preliminary results®



CHAPTER 2

THEORY AND MECHANISM OF ION 
EXCHANGE KINETICS

Ion exchange is a reversible interchange of ions 
which takes place between an insoluble solid material (the 
ion exchanger) and an electrolyte solution« Ions of the 
same sign are exchanged in stoichiometrically equivalent 
amounts when the solution is in contact with the ion ex
changer o When the ions carried by the exchanger are 
positive it is called a cation exchanger» The anion in 
solution, in this case, does lidt take an appreciable part 
in the exchange since, due to the insolubility of the ex
changer, it is prevented from entering the netwoTk»

A typical cation exchange reaction is shown below,
b tNote that a_ moles of cation B are being replaced by _b 

moles of cation Aa+,

bAa+(aq) + a ( B-Z) — > aB^>+(aq) t b (A-Z)

(Z represents a structural unit of the ion exchanger with 
a negative charge of Z, The solid phases are underlined 
and (aq) indicates that the electrolyte is in aqueous 
solutiono)

Nearly all cation exchange reactions involving a 
single exchanger material and a single electrolyte are

3



reversibleo It makes no difference from which side 
equilibrium is approached» So A may be exchanged for 
B̂ >+ or for Aa+*

When a cation exchanger is saturated with Aa+ type 
cations and is placed in a solution containing B^+ type 
cations, an exchange of cations takes place« Both the 
cation exchanger and the solution contain cations A and B „ 
However, both phases do not necessarily contain the same 
concentrations of the two« A schematic diagram of this 
process is shown in Figure 1 «

One important characteristic of cation exchange is 
that it is a stoichiometric process. For every cation 
which"is removed -from the exchanger, an equivalent number 
of cations will take its place® Conversely, cations 
removed from solution are also replaced by an equivalent 
number « Sorbtion and desorbtion frequently accompany 
cation exchange under experimental conditions. Cations 
migrate to and from fixed ionic charges in the exchanger 
without undergoing stoichiometric exchange with another 
cation. It is very difficult to tell the difference between 
these two processes in an experimental situation®

Cation Exchange Capacity 
One of the most important properties of a cation 

exchanger is its total capacity to. exchange cations. Kunin 
(i960) defines the capacity of a material to be equal to
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the number of fixed ionic sites that are capable of 
entering into a cation exchange reaction <, It is usually 
expressed in terms of milliequivalents per gram (meq/g) of 
exchanger o A milliequivalent is one one-thousandth of the 
gram atomic weight per unit charge for any ionic species„
In any capacity measurements, the reference state is very 
important since the weight9 volume, or water content may 
vary depending on the number and type of cations saturating 
the exchange sites.

Soils and minerals attract free cations by two 
different mechanisms. Electrostatic attraction on the 
surface of various crystalline groups of atoms can hold 
charged ions. Evans (1956) describes an example of this in 
the manner in which the outer negative oxygen atoms of 
finely divided pure quartz holds cations on its surfaces.

The second mechanism of attraction is ion exchange. 
In this way various clays exchange part of their inter
crystalline cations with electrolyte cations. Frequently 
replaced in clays are Na+ , K+ , Ca++’ and Mg'4". While 
electrostatic attraction is surface area dependent, cation 
exchange is a volume phenomenon. However, if the exchange 
particle sizes are large (above the micron range), the 
rates of exchange of interior cations are very slow. In a 
dynamic situatioxi the free cations may be carried away 
before they are able.to exchange with interior cations.
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Naturally occurring materials will attract cations

by both mechanisms, in amounts depending on exchanger
characteristics such as particle size and mineral content*
Teller et al* (1968) lists the range of experimentally
determined capacities for naturally occurring minerals of
clay-particle-size range from about 0 *01 to 1 * 50 milli-
equivalents per gram* The portion of this capacity due to
surface electrostatic effects can be determined from the
data of Evans (1956) to be about 0*5 milliequivalents per
square meter of surface of quartz* In the micron particle
size range this accounts for 0 *01 to 0 *02 milliequivalents
per gram of sample*

Kennedy (1965) describes a series of capacity
determinations of river sands from rivers and creeks across
the United States* He found that up to ninety-five per
cent of the capacity of stream sand is due to moderately
magnetic particles and that these particles may amount to
only twenty per cent of the weight of the samples taken*

There have been many techniques developed for
determining the cation exchange capacities of clays and
soils * All techniques "depend on saturating the exchanger
with a cation which is readily accepted, allowing full
equilibrium to take place, removing the electrolyte, and
determining through the use of one of the material proper-

a+ties the number of A type cations removed from the solu
tion = In these techniques, various cations, including



8
ammonium (Lewis, 1950)9 cesium (Frysinger and Thomas? 1955),
manganese (Bower and Trough 1940)y sodium (Bower,
Reitemeier, and Fireman, 1952) , and cesium (Beetem, Janzer,
and Wahlberg, 1962) have been used to saturate the exchange
sites of soil or clayo

The ammonium cation, however, has the widest
acceptance especially for samples having high exchange
capacitieso The cesium method of Beetem et al• (1962) uses
137Cs as a tracer and may be successfully completed using 
very small samples*

Cation Exchange Equilibria 
In every chemical reaction it is found that there 

is a definite relationship between the initial and final 
concentrations of the materials * Sienko and Plane (1966) 
discuss chemical equilibria in general and bring out the 
following points which are helpful in understanding cation- 
exchange equilibrium *

Consider the reaction between A and B to produce 
C and D« If one does a series of experiments, all at the 
same temperature, but differing in initial concentrations 
of A and B the results listed in Table 1 might be obtained * 
These concentrations, which are in moles per liter, are in 
the equilibrium state, and are called equilibrium concen
trations * These equilibrium concentrations change from 
experiment to experiment % but there is a single relationship



Table 1 o Results of Hypothetical Chemical Experiments

Experiment
Equilibrium Concentrations, Moles T . , — 1niter

A B C D

1 OOcn 2.00 H O O OOH

2 9-60 10.00 4.00 4.00
3 Q VJl O 3.00 0.50 0.50
4 21.90 1.22 2.11 2.11

which holds for all experiments involving these same 
reactantso Whenever A , B , C ̂ and D are present in equilib
rium, the concentrations must satisfy the equation

where K is the equilibrium constant and varies only with 
temperature« In the case shown, K is equal to 0 .167 ®

A balanced equation in a more general form is

nA(g) + mB(g) + 0 0 , -y— pC(g) + qD (g) + 00 0

It may be read as n molecules of A plus m molecules of B 
react to form p. molecules of C and q molecules of Do The 
three dots represent other possible reactants and products 
The numbers n , m , p , and q represent the coefficients of
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the chemical reaction« The lett ers A r B ̂ C 9 and D repre
sent the formulas of the various products and reactants• 
Using this format, the relationship which is constant at 
equilibrium is .

Cdf [01% ...
ZA-" [B]m ...

This fraction is called the mass -action expression«, 
The square brackets indicate the concentrations, and the 
lower case letters represent the powers to which the con- 
c entr at ions must be raisedo By convention, the concentra
tions on the right-hand side of the chemical equation appear 
in the numerator and concentrations on the left-hand side 
appear in the denominator• At equilibrium the expression 
is equal to the equilibrium constant K for that particular 
reaction, or

  M p LD]k °  ' • = K
[A]n [B]m ...

As was previously stated a typical cation exchange 
equation is of the form

bAa+(aq) + a(B-Z) -7-̂ - aBb+(aq) + b(A-Z)

If mass action equilibria is applied to this chemical 
equation, then
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K =. [AZlb [Bb + la 
. [Aa+]b [BZ]a

While this equation is valid for cation exchange^ 
this constant is rarely used when describing flow of an 
electrolyte through an ion exchanger® It has become common 
practice to describe the distribution of a trace component
using a distribution coefficient, <> Samuelson (1963)
states that has been defined by most authors as the 
total amount of the solute A per gram of dry exchanger 
divided by the total amount of the same constituent in one 
milliliter of the solution. Then

K IMI I
d [ A ] W

where V is the volume of the solution in milliliters and W 
is the weight of the exchanger in grams . Putting' in 
terms of K we obtain

Kl/b IB-Zl a/b
d LB]

If the exchange involves cations of the same valence the
exponents may be neglected. Samuelson (1963) indicates
that if the electrolyte penetration is neglected, the
amount of component B in the exchanger phase can be con-

1 /bsidered a constant . Therefore, since we know that K is 
also a constant, we can say that



K , =' constant ---7—7—
d [B] ■ .

From this it can be seen that the distribution 
coefficient is not dependent on the concentration of A (as 
long as it is in a trace concentration)»

This is a most important fact in dealing with 
exchange columns* Tompkins and Mayer (19^7) did the 
original experimental work in this area. They found the 
relationships described above to be true and stated that 
since the value of does not change as the weight of the
exchanger to solution volume is varied, the equilibrium 
values may be readily applied to column operation.

As a good example of this it has been determined by
_ 4Higgins (1959) that only 2 x 10 of the active sites of 

the soil in a nuclear explosive cavity can be filled by 
fission product contaminates . Since most clay and loam 
type soils have an extremely high number of active sites , 
trace concentrations can easily be used in laboratory 
experiments and are the rule in actual practice.

Typical examples of distribution coefficients as 
determined by Piper and Stead (1965) in about 2000 tests 
are listed in Figure 2.

Although there has been a great deal of research 
done in an attempt to establish quantitative expressions 
which predict and define the relative values of the 
distribution coefficient under a wide range of conditions,
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Ls d

Mixed 
products

10-1 10° 101 102 103 10^ 103
Distribution Coefficient. K ,7 d

(Tf, tuff; Gr, granite; Lsd, limestone and dolomite; Bs, 
basalt; S, soils)

Figure 2. Distribution Coefficients for Various Types of 
Soils and Cations



there has been little success o Great progress has been 
made in many specific areas, however with the large number 
of variables in such a system, and the importance of each, 
researchers have fallen short of their goal to accurately 
define the system by laws, equations, or theories„ There 
are major exceptions to nearly all the suggested theories. 
Consequently, it is necessary to simply state a number of

igeneral rules which may serve as a guide in planning and 
designing a cation exchange project. Below are listed such 
a set of rules taken from Kunin (i960) and Helfferich (1962)0 

1 o At low concentrations (aqueous) and ordinary
temperatures , the exchange constant , K increases 
with increasing valence of the exchanging ion (Na+

. < Ca+2 < Al + 3 < Th+Zt) .
2 c At low concentrations (aqueous) , ordinary tempera

tures , and constant valence, the exchange constant 
increases with increasing atomic number of the ex
changing cation (Li+ < Na+ < NH^+ < K+ < Rb+ < Cs +
< Tl+ ; Mg+2 < Ca+2 < Sr+2 < Ba+2).

3 o At high concentrations the difference between ex
change potentials diminish and in some cases (e.g., 
Na+ versus Ca++), the cation of lower valence has 
the higher exchange constant.

4 . The exchange constant of hydrogen varies consider
ably with the nature of the functional group and 
depends on the strength of the acid formed by the
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cation and functional group* The stronger the acid, 
the lower the exchange constant*

5 * As the degree of cross-linking or the fixed ion 
concentration of an ion-exchange material is 
lowered, the exchange constant approaches unity*

6* Overall selectivity sequence for the most common 
cations is listed below (Li+ < Na+ < NH^+ < <
Rb+ < Cs+ < Ag+ < Tl+ ; Mg+2 < Zn+2 < Co+2 < Cu+2 < 
Cdt2 < Ni+2 < Ca+2 < Sr+2 < Pb+2 < Ba+2).

One other important characteristic of cation ex
change is the speed at which it takes place* Salmdn and 
Hale (1959) list the following chronological steps to 
complete the exchange process between a porous solid and an 
electrolyte:

1 * The ions must first diffuse to the surface of the 
solid *

2* Next, they must diffuse into the structure of the
solid through a depleted film around each particle*

3 * They must then undergo exchange *
4 * The replaced cation must then diffuse to the

surface *
5 o Finally the replaced cation must diffuse into the

bulk of the solution *

The first three processes determine the rate of the 
cation exchange * The first step is of little importance
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unless the solids are particularly non-porous and the 
electrolyte is a viscous solution of high molecular weight <>
In the second step, the film is caused by the exchange of 
cations between those present initially at the surface of 
the particle with those of the solution in contact with the 
particle o The third involves the diffusion of ions in the 
solid particle its elfo

Kunin (i960) states that in very dilute solutions 
the rate of diffusion of electrolyte across the film 
barrier is rate-controlling» As the concentration is in
creased, the exchange rate is determined by both the 
diffusion across the film and the diffusion within the solid. 
Ahd , at still “higher 6 d he eii t r a t i ons , solid diffusion becomes 
the rate-determining step. Rough guidelines for controlling 
factors, subject to many experimental factors, are listed 
below.

Rate controlling step;
1 o [Aa+] < .001N Film diffusion
2 . .001 < [Aa+j < .3N Film diffusion and solid

diffusion
3 o [Aa+] > «3N' Solid diffusion

Other factors which may affect the exchange rate, 
in addition to concentration, are the type of exchanger, 
the electrolyte, the temperature, and the particle size.



Grim (1962) makes the following observations
concerning exchangers using the listed clay materials. The
cation-exchange kinetics varies with the clay material and
with the concentration and nature of the cations. The
reaction for kaolinite is most rapid, being almost
instantaneouso It is slower for montmorillonites, and
requires even more time, perhaps hours, to reach equilibria
for illites and chlorites.

Also of interest in cation exchange is the effect
of varying the pH and salt concentration in the electrolyte.
Different groundwater systems have a great variance of both
pH and salt concentration and in many cases both these
factors may vary considerably in one area. The values
listed in Figure 2 were taken in relatively pure water %
however some similar experiments have been conducted varying
the pH and salt concentration.

Rhodes and Nelson (1957) describe work done at
137Hanford, Washington, using local soil and Cs in solution.

Various macro-concentrations of sodium salts , mainly
sodium nitrate, of up to four moles per liter were used.
The results of this experiment indicated that the K ford
137Cs was approximately inversely proportional to the con
centration of sodium ion in the solution. The reaction was
seriously inhibited by the presence of large concentrations

137of sodium. The for the Cs in pure water on Hanford
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soil is about $000, however it decreased to about 1$ in the 
saturated sodium chloride.

The effect of pH on the adsorption of tracer 
137concentration of Cs on the Hanford soil was found to be 

quite minor, In pure water at pH values less than 2 or 
greater than 9 the was shown to drop. These pH's, 
however, would rarely be found in the natural environment.

The methods used to find the are fairly uniform
throughout the literature. The soil samples are graded 
using various types of seives and shakers, then weighed.
If desired, the soil is then, for uniformity, saturated 
with a particular cation, such as sodium, potassium, 
calcium, or magnesium. This saturation is accomplished by 
suspending the soil in a three or four molar solution, 
thoroughly mixing, and centrifuging, The supernatant is 
removed and the process is repeated several times, After 
washing with ethyl alcohol the soil is ready for equilibrat
ing,.

First a weighed sample is placed in a jar or 
beaker containing a known volume of an electrolyte of a 
particular cation concentration which has been tagged with 
an appropriate radioisotope, The mixture is then shaken 
or mixed for long enough to reach equilibrium, usually 
several hours, A suspension is removed and centrifuged,
Then the supernatant is pipetted, counted, and compared to 
the standard solution, Some investigators counted the clay
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samples after washing the clay thoroughly with ethyl 
alcohol. This method is particularly useful when the total 
exchange is very low since it prevents statistical errors 
caused by numerically similar counts. However, if the 
exchange material is porous, even repeated alcohol washings 
may fail to remove the electrolyte solution.

One excellent method of checking the results of 
these experiments is to perform a second equilibration.
After finding the of a soil it is washed thoroughly with
ethyl alcohol to remove the electrolyte, A non-radioactive 
electrolyte solution of the same concentration as previously 
used is prepared. The solution is allowed to equilibrate 
wTTh"'the'"-'Isbi% ,. 'thb'ii it is c entrifuged , and the supernat ant 
is counted. If the system is undergoing true cation ex
change the results of the two equilibrations will be quite 
similar.

Exchange Behavior In Columns 
A thorough understanding of the capacity of an 

exchanger and the distribution coefficient , plus a good 
set of experimental data on a system of interest allows a 
confident prediction of r̂hat will happen in the static 
situation, However, cation exchange system.s both in nature 
and in industrial uses are rarely static. Therefore, it is 
of great importance to be able to describe the behavior of 
the system in a dynamic situation. Many theories have been



advanced on the behavior of cation exchange systems in 
columns o There have been several experiments done to gain 
useful data on systems and to establish the accuracy of 
the various theories which have been advancedo There has 
not been any one theory suggested yet which has won any
where near universal approval or use* Helfferich (1 9 6 2 ) 
states that contrary to occasional claims9 a general and 
rigorous quantitative theory of cation exchange in columns 
does not exist* Although many of the techniques used are 
quite elaborate, none appears to give an accurate deter
mination of what is happening throughout the process at 
all points in the column*

Routson (1 9 6 9 ) reports on the evaluation of the 
available models, theories ? and methods which have been 
used to describe solid-liquid interactions in a porous 
media * This effort was an attempt to find a device which . 
would correctly predict isotope flows in Hanford soil• For 
this situation it was found that only one theory was at all 
acceptable and it was being modified considerably using 
statistical and empirical data* This report underlines the 
complexity of the phenomena *

A general description of the cation exchange 
process in a column is provided by Samuelson (1 9 6 3 ) and 
Helfferich (1 9 6 2) * Again the equation
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will be used to describe the exchange process. This ex
change of A for B can be completed in batch process by- 
equilibrating the B type solution with a cation-exchanger 
in A form. However, the system will reach equilibrium and 
the solution will still contain some B type cations. To 
completely remove B from solution an extremely large excess 
of exchanger is needed or else several repetitions of this 
batch process would have to be carried out. However, in a 
column the situation for complete removal of the A type 
cation is far more favorable. In this situation the 
electrolyte, on its way through the bed, comes in contact 
over and over again with layers of exchanger which are 
still completely "in the B form. This may be described as a 
series of batching processes. These processes, however, 
may never reach completion because the equilibrium process 
may not be instantaneous and the mixing may. not be complete.

When the solution first enters the column all 
cations are exchanged in a rather narrow zone near the 
entrance. This assumes that the flow rate is low enough 
for equilibrium to take place in this narrow zone. If the 
exchange is unfavorable, the flow rate would have to be 
extremely slow, and the: number of exchanger counterions 
would have to be great compared to the solution counterions. 
The solution containing B type cations continues to move 
down the column without further change (although B type 
cations may exchange for other B type cations).
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As the feed continues , the first layers of the 

exchanger which have not already been exchanged are exposed 
to fresh A type solutiono They are also converted and the 
area in which cation exchange takes place continues to move 
down the column. This process continues until the ex
changer is completely converted to A type, The exchanger 
has lost its efficiency and is said to be "exhausted."
When the A type cation comes completely through the column. 
"breakthrough" is said to have occurred. The process is 
shown in three stages in Figure 3. It should be noted that 
both the discussion and the diagram have described a system 
in which the A type cation was continually fed into the 
system. Many of the present areas of interest involve only 
an initial concentration of A type cation which moves down 
the column getting smaller and smaller until it is either 
totally removed or breakthrough occurs. The behavior of 
the system in all other ways is similar, however.

Cation exchange equilibrium is "favorable" when the 
A type cation is preferred by the exchanger and "un
favorable" when the B type is preferred. Favorable and 
unfavorable equilibria result in quite different flow 
patterns. If equilibrium is favorable, any A cations 
ahead of the mean flow line are preferentially retained 
while the A cations that drift behind the line soon catch 
up since they are not attracted by the exchanger. This 
particular behavior is called "self-sharpening" and tends
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to counteract both normal diffusion and mixing caused by 
the system®

Similarly, if equilibrium is unfavorable, the 
opposite happens® The B ions behind the boundary are 
retained and the A ions ahead of the boundary line are 
less likely to be held than those behind at a higher con
centration e Thus they increase their lead* This situation 
is called "non-sharpening*"

An equation used extensively throughout the 
literature relating cation and water flow through a 
homogeneous soil column is

Xi ..1..
X  1 + pKs K c

The derivation of this equation is shown below and the 
following symbols are used:

= distance traveled by cations
X = distance traveled by solutions . J

p = ratio of weight of exchanger to volume of water 
per unit volume

e - ratio of voids in exchanger to solids in exchanger
C - number of cations in solution
w volume of solution

C - number of cations absorbed by exchanger 
s mass of exchanger

A = cross sectional area of column
Take a homogeneous soil column with a cation solu

tion flowing through it at a constant rate * The



concentration of the solution is cations/ml« When the
cation breakthrough reaches point the solution flow
will have reached as shown in Figure 4» Assuming a
sharp breakthrough^ the following equation can be written 
using mass balance:

C X Ac = X.Ac (C + C p) w s X w s .

this reduces to

C X - C X .  + C X.pW S W X S X r

and since

w

then

^  1X s - 1 + pKd

Figure k . Column of Homogeneous Soil with Flowing Solution
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It should be noted that this, equation assumes a 

vertical breakthrough of cations. As discussed previously 
some of the cations move faster and some slower than the 
peak. Teller et al. (1968) describes a technique used to
describe the broadening of the flow peak as a system moves 
through many exchange cycles. The results are illustrated 
in Figure 5 ° This calculation does not allow for possible 
turbulent flow and lateral diffusion. Also neglected are 
the self-sharpening and non-sharpening phenomena. With 
lower distribution coefficients, the individual zones will 
be much larger and the concentrations will be correspond
ingly lower giving a much lower actual profile. -

Other experiments have attempted to measure 
accurately the parameters of this type of system using many 
different techniques. Most common is to determine, either 
chemically or through the use of a radioactive tracer, the 
content of the effluent as it leaves the column. Others 
have sampled along the column length at several different 
points. Haj ek and Eliason (1966) activated the B type 
cation and by placing a sodium iodide (Tl) crystal over 
the column were able to monitor the replacement of the 
cation by the counterion in the solution.

These techniques do accurately measure what comes 
out of a column, and the last technique accurately describes 
what happens at one point in the column. However a set of 
data describing the total system at given times throughout
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the process would be much more useful in demonstrating the 
accuracy9 or lack thereof r of theories and models such as 
the one shown in Figure 5 ®



CHAPTER 3

DESIGN AND CONSTRUCTION OF 
THE APPARATUS

As is apparent from the previous chapter, a cation 
exchange system can be quite complicated, particularly if 
moving through a column* A method of observing in detail 
the migration of the A type cations would be helpful in 
analyzing such a system * The goal of this work is to 
design, build, and test such a system*

It appeared that a good way to accomplish this 
might be to use a rmtioactive ’tracer as the A type counter
ion and observe its migration by measuring its radioactivity 
through the wall of the column* The photons given off by 
the tracer would be counted by a scintillation type counter 
which moves at a constant speed along the column * This 
apparatus would tell us the relative numbers of A type 
cations throughout the column at given times * These data, 
coupled with the theory given in Chapter 2 would allow one 
to analyze the cation exchange parameters*

Objectives and Design 
The primary requirements for this apparatus are 

that it give an accurate measurement of the total activity 
of any finite element of length in the column regardless of

29
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flow rate, concentration, or distribution coefficient of 
the solution in the column» Other considerations of design 
are ease of operation, dependability, low total activity, 
and ease of radioactive waste disposal. More detailed 
design requirements are listed below.

As was mentioned previously the design concept 
involves the measuring of radioactivity in the column 
through the column wall, Thus the radioactive tracer must 
be a gamma or partial-gamma emitter. The photons must be 
measured in a way that gives both good sensitivity and good 
resolution, Further, a moderate background count must not 
interfere with the accuracy of the results.

The radiation detection instrument will move at a 
constant speed from one end of the column to the other.
The speed should be constant, but a mechanism to change 
the speed and direction should be available. Also some 
method of rapidly moving the detection instrument to any 
point will be necessary. There must be a method of 
determining time taken and distance traveled on any 
particular movement.

Data are accumulated using a multichannel analyzer 
with each channel representing a Ax along the column length. 
This device would record the total counts per Ax and a plot 
of all the channels would give the relative amounts of 
radioactive cations along the column length, However, a 
timing device must correlate the velocity of the detector
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to the time per channel of Ax * This will insure that the 
plot of all channels will represent the entire length of 
the column or the section of interest in the column o

It is desired that as much versatility as possible 
be available in output. Punched tape or magnetic tape 
readouts will be necessary for the eventual computerization 
of the system. Also necessary are an x-y type plotter and 
a numerical readout. Both these would be helpful in 
determining experiment progress and in trouble-shooting.

There must be a means of insuring a relatively 
constant flow of solution through the column. The system 
should be designed such that either a constant flow of 
tracer or a single impulse of a concentrated solution can 
be used. The flow should be accurately measured over a 
wide range of values. There must be a means of accumulating 
the radioactive waste, yet siphoning of the column contents 
must be prevented.

Description of the Apparatus 
The apparatus was built keeping in mind both the 

design objectives and the materials available. The pre
viously listed objectives of design were met, although 
several improvements could be made for easier operation. 
Figure 6 is a photograph of the system as it was actually 
used in the laboratory. The various sub-systems are 
described below.



Fieure 6. Laboratory Arrangement of the Apparatus v>to
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The detection system is diagrammed in Figure 7* A 

sodium iodide (Tl) gamma scintillation crystal is used as 
the detectoro ’The amplified signal produced by the 
detection system is received by a Technical Measurement 
Corporation 1024 channel analyzer equipped with a multi- 
scalar logic unit. A variable window setting is used to 
filter signals other than those given by the trace elements 
in the column« This technique is quite effective in 
filtering out a portion of the normal background as well as 
the interference given off by the motor and other electrical 
equipment„

The multichannel analyzer records all impulses not 
filtered out by the window, without regard to energy• The 
channel receiving the counts is sequentially changed at 
specified time intervals. An internal timer allows time 
intervals of 0.01  ̂ 0.1, and 1 second. To give more versa
tility to the system an external timer is also available.
It is a modified Ridl timer which gives a pulse at intervals 
ranging from 0.1 second to 9,999 seconds. Since the pulse 
given by this timer is not compatible with the multichannel 
analyzer a simple R-C circuit was designed to alter the 
pulse shape. The altered pulse is effective in advancing 
the multichannel analyzer one channel at the specified time 
intervals. This timing device allows the operator to look 
at short or long lengths of the column and still utilize a 
majority of the available channels.
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The data received by the system are recorded on two 

output modes, the x-y plotter and.punched paper tape. The 
punched tape affords an excellent means of analyzing the 
data using automatic data processing techniques, however 
the x-y recorder also is necessary for the operator to 
keep up with the progress of the radioisotope moving 
through the column,

Shielding- the crystal to obtain the desired results 
was a difficult problem, A cubic lead casting was made 
four and a half inches on a side, This casting was 
machined so that the scintillation crystal fit inside yet 
still provided at least 3/^lf of shielding on all sides 
except the top, A slit was then machined in the bottom of 
the cast, This 0 *050n slit was cut perpendicular to the 
length of the column so that only a small length would be 
examined at any time, Several factors were considered in 
determining the width of the slit , The wider the opening, 
the poorer the resolution, but the better the sensitivity* 
Accordingly, a weaker tracer could be used with a wider 
slit, but the results would not have as much detail.
Another consideration was the minimum width that machinists 
were able to cut since lead is extremely difficult to 
machine, Consideration of these factors determined the 
G o050,! size used, A cylindrical lead shield containing a 
magnetic shield was also built to go over the photo
multiplier tube and provide shielding from photons coming
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into the crystal from above» The shielding and collimating 
systems used are shown in Figure 8«

Moving the detector up and down the column is 
accomplished by a threaded shaft system,, Figure 9 is a 
photograph of the traverse system,. The detector and 
shielding are mounted on a cart which rides down tracks 
on roller bearings » These bearings were necessary since 
the weight to be moved is apprdximately sixty pounds„ The 
cart is moved by two threaded shafts which are chain 
driven by a Dayton Gearmotor« This motor is variable in 
speed as well as direction„ The motor speed ranges from 
zero to nine revolutions per minute and the maximum 
velocity is 3*72 meters per hour• The threaded shaft is 
connected to the cart by two springs holding the shaft 
into threaded nuts which have the bottom half removed.
With these springs removed the cart can be manually rolled 
to any desired position.

A hairline is attached on the cart to indicate the 
distance traveled down a metric scale which is mounted on 
the tracks. Time is indicated on a standard laboratory 
scaler counter.

The motor used on the apparatus caused considerable 
interference on the multichannel analyzer. Several things 
were done to limit this interference. First, the system 
was totally grounded. The motor was insulated from the 
system by a rubber shaft and rubber grommets. A grounded



Figure 8. Shield, Collimator, Detector, and Preamplifier
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Faraday cage was built around the motor to remove various 
interference waves given off by the motor„ Even after 
using all of these techniques interference was still 
presento However by setting the base line on the multi
channel analyzer above O d  MeV, the interference was nearly 
all removed. This step did not limit the intended use of 
the instrument since total counts are recorded as opposed 
to an energy spectrum.

A photograph of a radioactive cation solution being 
injected into the flow system is show in Figure 10. Water 
is siphoned from three carboys into a constant-head device 
which consists of a reservoir and a float valve, This 
device insures a constant flow of solution through the 
column once the valves regulating flow have been set. The 
flow passes through one of two rotometers, by the injec
tion port shown, and through the column. The injection 
port consisted of a latex fitting through which a measured 
portion of tracer can be injected into the system. After 
passing through the column the solution goes through an 
anti-siphon arrangement into a radioactive waste container. 
The entire system is mounted on a large tray to prevent 
contamination of the laboratory in case)of a spill or 
system leak.
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Use of the Apparatus 
The apparatus can be used in two modes « If the 

isotope peak or area of interest is not moving significant
ly with respect to the maximum velocity of the detector 
then the traversing mechanism may be us ed o However, if 
the flow rate is high or the distribution coefficient very 
low, then a stationary detection system might have to be 
used to prevent disparities caused by significant movement 
of the peak while the detector is moving down the column» 

Operation of the system in the traversing mode 
involves the following steps. The length of column that 
is to be measured is determined• ■ Then the time per channel 
necessary to utilize most of the available channels is 
computedo The traversing system and the multichannel 
analyzer are actuated simultaneously while the time and 
distance readings are recorded* When the area of interest 
has been traversed, the motor and multichannel analyzer 
are stopped and the time and distance are again recorded * 
The data taken are then recorded on paper tape and on an 
x-y plot * Using the recorded distance reading, a distance 
scale is made on the abscissa corresponding to the length 
of the column traversed. The ordinate is the relative 
number of counts given off along this length by the radio
active cation* This procedure is repeated at desired {

intervals as the peak moves down the column *
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In instances where the velocity of the peak is 

significant in relation to the velocity of the detector, 
the flow can be shut off temporarily or a second mode of 
operation could be usedo In this case the operator 
estimates the time it will take for the peak to travel a 
certain distance. The slit on the detector is then set 
over this position. After figuring the time per channel 
desired, and setting the timer, the multichannel analyzer 
is started. After the peak has passed the analyzer is 
stopped and the data are recorded. In this case the 
abscissa represents time and the ordinate is relative
counts per minute at point X on the column. This procedure
is repeated along the column at various points as the
cation peak moves to the end of the column.

(



CHAPTER 4

EVALUATION OF THE APPARATUS

The third step of this project, after designing and 
building the apparatus, was to test it« Testing was 
carried out in two parts. First, the characteristics of 
various parts of the apparatus were evaluated and then it 
was used to measure the parameters of various cation ex
change columns. The purpose of the first stage of testing 
was to see how the indicated results of the system would 
differ from the actual input due to design or mechanical 
shortcomings in the device. Of course this knowledge was 
necessary both in designing any experiments and in eval
uating their results. The second stage of testing indicated 
how well the sub-systems functioned together, if there were 
any difficulties in operation of the device, and how the 
output varied under different experimental conditions.

Sub-System Evaluations 
The first sub-system evaluated was collimation and 

shielding. The effectiveness of this sub-system limited 
the overall effectiveness of the apparatus. Two tests were 
conducted to show how well the device actually reproduced 
an experimental situation. The collimated and shielded 
crystal was moved down the tracks in normal fashion,

43
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however samples of known geometry were counted, Thes e 
geometries were a line source perpendicular to the column 
and a rectangular source. The line was made by collimating 
an area source with lead bricks. The rectangular source 
was made by filling a small tray with a liquid radio
isotope sample. Both samples were placed at the normal 
column height. The results of this experiment and the
actual source distribution are shown in Figure 11. The

24radioisotope used was Na. This nuclide has a very 
penetrating 2 .75  ̂MeV gamma ray. Therefore, in nearly all 
experimental situations the resolution will be better than 
the graphs indicate.

the samples used in all cases have known gamma energy 
levels, the counts below these levels may be neglected. A 
window setting was provided on the Technical Measurement 
Corporation 1024 Channel Analyzer to filter out all 
energies below a particular base level. Listed are the 
backgrounds recorded with this base level indicator at 
various arbitrary positions. These counts were not 
affected by traversing the detector.

The background count was investigated next. Since

Base Level Background (CPM)
2.0
3.0
4.0
6.0 
8.0
10.0

298
201
162
111
8986
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Figure 11. Collimation and Shielding Test Results
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The base level should be set on the highest reading 
possible without removing the energy level of interest.
This will minimize the background o At levels below 2«0 the 
electronic disturbances caused, by the gearmotor become 
significant. However9 it is not necessary to use these low 
levelso

The sensitivity of the instrument was then examined.
• -It was desired to know approximately how many photons per

second were necessary to give accurate reproducible results.
60A 0.077 microcurie source of Co was placed in the center 

of a soil column and counted. The average background count 
was then subtracted. Assuming that the detector received a 
similar number of counts from the point source as it 
traversed 0.5 cm left or right of center, then 100 of these 
point sources would be needed to produce a 100-cm line 
source of the same magnitude as the point source peak. The 
corrected source peak was 101 CPM. A rough estimate of the 
count to background ratio desired was 10 to 1. From these

60facts it can be determined that 77 microcuries of Co are
needed to give the proper results. This is equal to 5°7 x 
610 photons/sec.

High-energy photons are more penetrating than low- 
energy photons. Since the shielding between the nuclear 
disintegrations and the detector will remain about the 
same for different experiments, the activity needed will 
vary depending on the radioactive cation. More than the
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65 • 7 x 10 photons/sec might need to be used if the photons 

emitted had a low energy and a lesser number would be 
needed for extremely high energy photons « In any case, 
tests should be made with proposed isotopes to determine 
the injection activity which will give good counting 
statistics with the lowest possible biological hazardo

The traverse system was next tested. The require
ments of this system were that it keep the detector and the 
column equally separated throughout the traverse and that 
it provide a constant velocity. The separation was manually 
inspected and found to remain constant throughout the 
traverse. The velocity was checked by selecting four 
arbitrary starting points along the column and checking the 
distance traversed in 300.0 seconds at two velocities, The 
results are shown below.

Starting Point End Point at End Point at
20 cm 50,7 43o2
4o cm 70 o 6 6 3 o 3
60 cm 90.7 83.3
80 cm 110.8 103o4

Since all distances traveled were 30.7 cm j-_ , 3% and 23»3
cm j-_ . 4% for the two respective velocities, it is apparent
that the velocity changes are not a significant source of
distortion,

A similar type of test was run on the flow system. 
The flow rate meters were set once at a particular position 
and the effluent was collected for 30 minutes. The
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collected volume was then compared to the expected volume« 
Results are shown below»

Flow Rate Calculated Volume Collected Volume
.1 gph 189 ml 185 ml
o 2 gph 379 ml 370 ml
o 4 gph 758 ml 770 ml
08 gph 1516 ml 1490 ml

The maximum variance is approximately +_■ 3% ° The flow 
system will not cause a significant degree of distortion 
in results, however, these figures do indicate that the 
flow meters should be carefully monitored while the experi
ment is in progress,

Measurement of Cation Exchange 
Parameters.

The elements selected to be used as the A type
cations were sodium and cesium. Sodium was selected because 
24Na was easy to produce in the reactor, it was a strong 
gamma emitter, and it had a 15 hour half-life which simpli
fied disposal problems. Cesium was selected since it was 
known to have a high distribution coefficient in clays, and
it was a biologically dangerous fission product. The 

134isotope Cs was used.
Two cation exchanger materials, glass beads and 

crushed red bricks , were used. The beads were used since 
they had regular geometry and exchange properties. The 
initial experiments were done with the beads since the 
results could be predicted better and experimental
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conditions would be more constant o The crushed red bricks 
were used instead of clay because of the difficulty in 
flowing a liquid through a column of fine clayo The bricks 
consisted of at least ninety-nine per cent clay, however 
they had been treated with a binder and fired. The bricks 
were sized using a mechanical shaker and sieves. Although 
the bricks were nearly pure clay, the results were probably 
not valid since firing the exchanger material greatly 
decreased the cation exchange of the system.

All radioactive samples were produced in The 
University of Arizona TRIGA reactor. Samples giving off 
5,7 x 10^ photons per second were desired for injection 
ihtd the system, :Applying the appropriate disintegration
schemes and standard activation equations, the necessary 
number of atoms, irradiation times, and power levels were 
determined.

Several static measurements were made of the various 
components of the system. Static tests were made so that 
the behavior»of the dynamic system could be estimated and 
the apparatus set up accordingly. These same tests would 
be required if the apparatus was used the check the 
validity of any model or theory based on static equilibrium 
parameters,

The cation exchange capacity of the red bricks and 
glass beads were first measured. Three different sizes of 
crushed brick were used to determine if the surface to
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volume ratio appeared to be a factor in the cation exchange
capacity of this material«

Two hundred milliliters of solution containing 40*8
grams of Sodium Acetate, or 6 »9 grams of Na+ ions was 

24tagged using Na« This amount of sodium is equal to 300 
meqo Each test beaker contained 10 grams of exchanger 
material sized as follows:

2 each 19»O’ mm > #3 brick > 12 o 7 mm
2 each 9 <> 5 m m  > #5 brick > 4 <> 7 mm
2 each 4 o 7 mm > #6 brick > 2 <, 4 mm
2 each 5 «0 mm > glass beads > 4 o0 mm

Twenty-five milliliters of solution or 37*5 meq of Na+ was 
poured on each sample. Samples were stirred intermittently 
and equilibrated for l8 hours, Individual pieces were 
thoroughly washed with ethyl alcohol, placed in vials, and 
counted; as was a 5 ml standard. The pieces were then 
weighed and the number of meq/100 g was calculated. The 
results are shown in Table 2,

These data do not indicate that the surface-to- 
volume ratio affects the capacity of the material. The 
results indicate that the capacity of the red bricks is 
around 30 meq/g, This result agrees well with data found 
in the literature for clays of this area. The firing and 
adding of binder to the clay seems to have no effect on its 
capacity, The capacity of the glass beads Is, as expected,
.quite low.
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Table 2® Cation Exchange Capacities

Exchanger Weight
Normalized

Counts # meq/100 g

r. #3 Brick 4.848 19,400 31 - 2
2. #3 Brick 7-819 27,300 27-3

3 » #5 Brick 6 .000 21,850 CO 
. 

00

4 . #5 Brick 5-985 20,330 26.6

5 • #6 Brick 5.899 22,100 29 - 2
6. #6 Brick 6.525 23,648 28.3

7 - Glass Beads 10.356 2,080 1.62
8. Glass Beads 10.262 1,993 1.56

Sodium Standard, 5 ml = 7®5 meq, Normalized Count
96,190.

Background: 824 counts/5 minutes® All samples
counted five minutes o Equilibrated 1.8 hours ? occasionally 
stirredo
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The other static parameter measured was the 

distribution coefficient <> Values were obtained for both 
cesium and sodium cations with the crushed red bricks for 
the exchanger materialo All samples were shaken contin
uously, but the times of equilibration were varied so that 
the rate of the reaction could be observedo All data are 
shown in Table 3°

It is noted that all distribution coefficients are 
extremely low when compared to those shown in Figure 2« It 
is assumed that the firing or the binder used in the 
manufacture of the bricks is the cause of these low values.

It is also seen that the distribution coefficients 
for both cesium and sodium vary with the time of equilibra
tion o The factors detailed in Chapter 2 concerning the 
rates of reactions explain this time dependence» This 
dependence, however, does suggest that the results of static 
experiments should not be used to predict the results of 
cation exchange kinetics in a column«

. The bulk of the A type cations in the column may 
flow past the exchanger material before the reaction can 
take place. Further, these static equilibrations were 
constantly shaken. In actual situations, there will be no 
shaking or mixing to promote the reaction. And, in many 
cases, channeling will have to be expected.
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Table 3 ° Distribution Coefficients

1 o Standard Solutions:
Sodium •1 g/100 ml Normalized Count 5 ml = 23,362
Cesium ol g/100 ml Normalized Count 5 ml = 24,142

2 o Equilibrated Soluti ons :
Cation 
(100 ml)

Exchanger 
(50 r)

Time 
Equilibrated Normal Count KH

Sodium Red Brick 1 min 21,435 .0896
Sodium Red Brick 10 min 20,184 .157
Sodium Red Brick 1 hours 18,170 .284
Sodium Red Brick 18 hours 13,692 .706
Cesium Red Brick 1 min 21,206 .138
Cesium Red Brick 10 min 20,712 .165
Cesium Red Brick 1 hour 15,721 *535
Cesium Red Brick 18 hours 9,135 1.64

All samples were shaken continuously«
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Culminating the testing of the apparatus r the 

dynamic properties of the same cation exchange systems were 
tested.® These results are shown in Figures 12 through 15° 

With both cesium and sodium cations, a window 
setting of 10 <, 0 was used® This was effective in limiting 
backgroundo Flow rates were varied from 0«1 gallons per 
hour (gph) to 0 •8 gph o Higher or lower rates may be used 
depending on the distribution coefficient and the rate of 
the reaction» The linear velocity of the water depended 
on the voids in the column and the volumetric flow rate of 
the water o As an example, if the voids equal 1,000 ml, 
then these flow rates produced the indicated linear flow 
rates:

o 1 gph = 46 o 2 cm/hr
o 4 gph = l84o 8 cm/hr
o 8 gph = 369°6 cm/hr

If the cation peak moved at one one-hundredth of 
the velocity of the water, then it would take 68 hours for 
the peak to move down the column at «4 gph. It was found, 
however, that the sodium cations moved down the column at 
a velocity nearly equal to that of the water. This occurred 
with both glass beads and red brick exchangers. As the 
flow rate increased the cation peak velocity proportionately 
increased.

The non-sharpening phenomena appeared as was 
expected since the distribution coefficient for this
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reaction was quite low« It appeared that normal diffusion 
as might occur in nearly any similar physical system was 
occurringe This behavior, was readily explained by the fact 
that sodium is very low on the exchange selectivity 
sequence and that little exchange was taking place*

It was assumed that the actual distribution was 
somewhat more peaked than those shown due to poor resolu—

. . .  . i 'tion of the collimator. Even considering this^ though, the
sodium was seen to diffuse rapidly as It moved quickly down
the column. The cation peak velocity was significant in
relation to the detector velocity. Therefore, the curves
were not totally representative of the actual situation.

To test the device further it was decided that
cesium could be used as the cation-exchanger. It was known
that cesium had a very high distribution coefficient in
most exchangers. Therefore, the cesium was expected to
move down the column very slowly so that a more accurate
evaluation of the apparatus could be made.

Cesium metal was slowly oxidized under an argon
blanket, then dissolved in water to form cesium hydroxide.
Nitric acid was added to bring the pH to 7 « The solution

1 3 Zj:was then irradiated and allowed to decay to Cs • This
cation solution was then injected into the solution flow 
and the migration was observed. The cesium behaved very 
similarly to the sodium, however, took nearly twice as long 
to move through the column. Since the distribution
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coefficient of cesium was found to be about twice that of 
sodium, the two data sets agreed <> The two systems did not 
behave as the equation

i i .  '

-x .< ■ • pKd

would predict* It is suggested that this is because the 
equation has no dependence on the rate of the exchange 
reaction*

The exact conditions desired for the test of the 
apparatus were not achieved, since the velocity of the ion 
peak was always significant to the velocity of the detector * 
More accurate results would be obtained with a system where 
it took the A type cations many hours to traverse the 
column* Even without the desired conditions, it was 
apparent that the apparatus was representing the system, 
although not as accurately as was possible*

As a final test the apparatus was operated with 
the detector fixed * The results are shown in Figures l6 
and 17 * Three different runs were made at different flow 
rates* The isotope was observed at the points X = 25 cm 
and X = 80 cm as the peak moved by * It is easily seen 
that the ratio of the water flow to the cation peak is a 
constant as was predicted in Chapter 2* It is apparent 
that these plots do not describe occurrences in the total 
system nearly as well as the ones done with the moving
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detector. Therefore, only in the situation where the 
cation peak is moving rapidly would the static mode be 
used.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

The effectiveness of this system is measured by how 
closely its output describes the actual systemo Its useful
ness rests on whether it gives more complete, easier to 
use, or more descriptive data than other systems designed 
for the same purpose*

Testing indicates that the apparatus does represent 
the systems being measured, and the output can be improved 
by some simple changes * The analysis of actual systems 
measured shows the versatility of the instrument* While it 
can observe migration at a single point as other devices 
have done, it can also scan the entire column when 
appropriate* The data obtained from a scan is certainly 
more descriptive and easier to use than an observation of 
a single point along the column *

The apparatus is quite versatile, and can be easily 
adapted to measure nearly any system* It can be used to 
gather empirical data if a model or theory is being 
advanced, and certainly it could be used to check the 
validity of any theory proposed* It is recommended that 
more work be done on clay cation exchange systems using the 
apparatus * In particular the time necessary to come to
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equilibrium should be closely observed and related to the 
results of a dynamic or column situationo Whether or not 
the ratio of the water flow to the cation flow depends on 
the rate at which equilibrium is approached should be 
closely investigatedo Preliminary data taken in the course 
of testing the apparatus indicates that it is„

Before more precise measurements are attempted, 
however, several modifications should be made to the 
apparatuso A pressure system to force the solution through 
a clay exchanger bed should be designed. Several inches of 
shielding should be added to the face of the collimator. 
With the same slit width the resolution could be greatly 
improved and the sensitivity would not be greatly changed. 
The gearmotor should be exchanged for a faster one so that 
the detector will move much faster than the cation peak. 
Finally, the apparatus should be extended so that longer 
column lengths could be accommodated. This would insure 
reaching steady-state conditions.
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