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Abstract:

The separation of boron isotopes by ion-exchange chromatography of boric acid was investigated. Two
commercially available ion-exchange resins were tested. The maximum separation produced a product
containing 24.2 atom percent boron-10 using a feed stream containing 18.4% boron-10. The maximum
extent of separation obtained was 0.104 as compared with a previously published maximum of 0.07.

The parameters investigated included resin type, length of the resin column, column temperature,
volume of boric acid fed to the column, concentration of the feed solution, and flowrate through the
column. A model was developed to predict the extent of separation. The model indicates that column
length is the most significant parameter. Column temperature and resin type are also significant
parameters.

Large scale production of enriched boron was considered. The major issue with the use of
ion-exchange chromatography to produce enriched boron is the large amounts of water produced in the
product.



THE SEPARATION OF BORON ISOTOPES USING
ION-EXCHANGE CHROMATOGRAPHY

by

Gerald Thomas Paulson

A thesis submitted in partial fulfillment
of the requirements for the degree

of
Doctor of Philosophy
in

Chemical Ehgineerjng

MONTANA STATE UNIVERSITY
Bozeman, Montana

. August 1990




% %

,2
$ 1%! 1" %$S$
! 1#
%! $ %! I # + "$ % %! + %$$
# ! # '"# 0% 1 $%!' +$ ) %#) + #3$ #$. #) %!
"y, ' % +%$ $% #!. % %) & %+ !'$ . # + #1%!'$ #+ .
%! ' " %% # $ $ ) ! "$ $" % !3
*$ % & ! #. "$ %$$
&& 4 ' % 5 *& $ #$
* g . 5 *& $ #%
&& 4 ' 3 ) "$ 3" %!



STATEMENT OF PERMISSION TO USE

In  presenting this thesis 1in partial fulfillment of the
requirements for a doctoral degree at Montana State University, I
agree that the Library shall make it available to borrowers under
rules of the Library. I fufther agree that copying of this thesis is
allowable only for scholarly purposes, consistent with "fair use" as
prescribed 1in the U.S. Copyright Law. Requests for extehsive copying
or reproduction of this thesis should be referred to University
Microfilms International, 300 North Zeeb Road, Ann’Arbor, Michigan
48106, to whom . I have granted "the exclusive right to reproduce and
distribute copies of the dissertation in and from microfilm and the

right to reproduce and distribute by abstract in any format."

Signature gg@gg&éﬁ '77 §Z§§g§&k?a§

Date 57/’7/9@




y sl Ll i S | = "

iv

TABLE OF CONTENTS

Page

LISTOF TABLES . . . . . & v « o o o e e e e e e e e e e vi
LIST OF FIGURES. . . . . . . . « . . v v v v v v e e v v e viii
ABSTRACT . . . & & v o e e e e e e e e e e e e e e e e Xi
INTRODUCTION . . . . . . o v v o e e e s e e e e e e e e e 1
Enriched Boron-10. . . . . . . . . . . . . ... ... .. 2
Chromatography . . . . . . . . . . . . . . ... ... .. 6
Scope And Objectives . . . . . . . . . . . . ... ... .. 12

A REVIEW OF PUBLISHED WORK . . . . . . . . . . . . . . . ... 15
The Enrichment Phenomena . . . . . . . . . . . . . ... .. 15
Past Enrichment Experiments. . . . . . . . . . . . . . ... 17
Theory Of General Chromatography . . . . . . . . . . . . .. 22
The Mathematical Model . . . . . . . . .. .. .. ... 22
Adsorption Isotherms . . . . . . . . . . . . .. .. .. 25
Kineties . . . . . . . . . . . . . ... .. 26

Plate Theory . . . . . . . . . . o v« v v v v v v . 27
Statistical Approach . . . . . . . . . .. ... ... 27
Theories Applied To Boron. . . . . . . . . . . . . . . ... 29
AN ANALYSIS OF THE PUBLISHED WORK. . . . . . . . . . . . . .. 32
Effect Of Column Length. . . . . . . . . . . . . . .. ... 32
Effect Of Resin Type . . . . . . . . . . ... ... ..., 34
Effect Of Boron Concentration. . . . . . . . . . . . .. .. 34
Effect Of Flowrate . . . . . . . . . . . . . . . . . . ... 37
Application Of Statistical Theory. . . . . . . . . . . . .. 37
Separation Index For Boron Isotopes. . . . . . . . . . ... 47
NEW EXPERIMENTS. . . . . . . .« . . o o o o e v v v v e v e 62
Equipment. . . . . . . . . . . . o e e e e e e e e 62
Solution Supply. . . . . . . . . . .. e e e e e e 62
Injection System . . . . . . . . . . .. ... oo, 67
Column . . . . . . . . . . e e e e e e e e e e e e e 67




Py

Voatho =

TABLE OF CONTENTS (Continued)

Detector Electronics . . . . . . . . e e e e e e e e
Recorder . . . . . . . . . .« . ... S
Additional Methods . . . . . . . . . . . . . ... .. ...
Data . . . . . .o e e e e e e e e e e e e e e e
Effect of Single Parameters. . . . . . . . . . .. .. ...
Effect Of Length . . . . . . . . . . . . . . ... ...
Effect Of Resin Type . . . . . . . . . . . . . . . ...
Effect Of Temperature. . . . . . . . . . . . . . . ...
Effect Of Feed Concentration . . . . . . . . . . . . ..
Effect Of Feed Volume. . . . . . . . . . . . . . . . ..
Effect Of Flowrate . . . . . . . . . . . . . . . . ...
Effect Of Initial Enrichment . . . . . . . . . . . . ..
Effect Of Interactions . . . . . . . . . . ... .. ..
Effect Of Feed Quantity. . . . . . . . . .. . .. ...
Effect Of Cycle Time . . . . . . . . . . . . . . . ...
Conductivity Results . . . . . . . . . . . . . . . . . ...

SYSTEM MODELING. . . . . . . « .« . v v v v v v v v v o e o
General Model Of The New Experiments . . . . . . . . . . ..
Model Based On Experimental Parameters . . . . . . . . . ..
Comparison Of The Model To Theory. . . . . . . . e e e e e
Scale Up Of A Single Stage System. . . . . . . . . . . . ..
Scale Up Of A Multi-Stage System . . . . . . . . . . . . ..

CONCLUSIONS. . .« . v v v i e e e e e e e e e e e e e e e

REFERENCES . . . . . o o« « o v v o s s e e e e e

APPENDICES . . . . . . . . . . .« v . o v o v .. o

APPENDIX A . . . .« . o o e e e e e e e e e

APPENDIX B . . .« v v v v v o s s e e e e




W 00O ~N o O B~ w

10
11
12
13
14
15
16
17
18
19
20

vi

LIST OF TABLES

Experimentally Determined Separation Factors . . . . . .
Summary Of Published Conclusjons . . . . . . . . . . ..
Modeling Results For Boron Envichment. . . . . . . . . .
Past Experiments . . . . . . . . . . ... ... ...
Producers Of Synthetic Ion-Exchange Resins .

Tabulation Of Experiments. . . . . . . . . . . . . ...
Comparison Of Economics For A Single Column System . . .
Experiment A . . . . . . . L ..o 0 oL

Experiment B . . . . . . . . . . .. ... 0 0.

Experiment C . . . . . . . . . . .. IR _

Experiment D . . . . . . . . . .. .. ...,
Experiment F. . A e,
Experiment G . . . . . . . .. e e .
Experiment H . . . . . . . . . . .. ... ..
Experiment I . . . . . . . . . . . .. ...
Experiment J . . . . . . . . . . ... ...,
Experiment K . . . . . . . . . . .. oo 000 oL,
Experiment L . . . . . . . . . . .. ..o o0, .
Experiment M . . . . . . . . . .. ... .. .. ..

Experiment N . . . . . . . . .. . ..o 000 . L.




vii

LIST OF TABLES (Continued)

Page
Experiment O . . . . . . . . . . ... ... oL 139
Experiment S . . . . . .. e e e e e e e e e e e e e e 140
Experiment T . . . . . . . e e e e e e e e e e e e e 141
Experiment U . . . . . . . . . . ... .00 142
Data From Kakihana’s Experiment. . . . . . . . . . . .. 144




viii

LIST OF FIGURES

Figure Page
1 Types of Chromatography. . . . . . . . . . . . . .. .. 8
2 Production Rate as a Function of Throughﬁut ....... 11
3 Dimensions of Columns inUse . . . . . . . . ... ... 13
4 Time Line of Boron Experiments . . . . . . . . . . . .. 19
5 Results Found in the Literature. . . . . . . . . . . .. 20
6 Development of the Differential Equation . . . . . . . . 23
7 Random Motion of a Molecule. . . . . . . .. ... ... 28
8 Theories Applied to Boron. . . . . . . . . . .. . ... 30
9 Effect of Column Length. . . . . . . . . . . .. . ... 33

10 Effect of Resin Type . . . . . . . . . . . . . . . ... 35
11 Effect of Boron Concentration. . . . . e . '. ... 36
12 Effect of Flowrate . . . . . . . . . . .. ... .. .. 38
13 Enrichment Results from Kakihana . . . . . . . . . . .. 42
14 Concentration Results from Kakihana. . . . . . . . . . . 43
15 Isotope Concentrations from Kakihana . . . . . . . . .. 44
16 Velocity Distributions from Kakihana . . . . . . . . . . 46
17 Effect of Concentration on Separation Factor . . . . . . 50
18 Effect of Concentration on Extent of Separation. . . . . - b1
19 Effect of Concentration on Change in Enrichment. . . . . 52
20 Effect of Flowrate on Separation Factor. . . . . . . . . 53




ix

LIST OF FIGURES (Continued)

Figure Page
21 Effect of Flowrate on Extent of Separation . . . . . . . 54
22 Effect of Flowrate on Change in Enrichment‘. e ; .. 56
23 Effect of Feed Quantity on Separation Factor . . . . . . 57
24 Effect of Feed Quanfity on Extent of Separation. . . . . 58
25 Effect of Feed Quantity on Change in Enrichment. . . . . 59
26 Effect of Flowrate on Enrichment Flux. . . . . . . . .. 61
27 Equipment Flowpath . . . . . . . . . . . .. ... ... 64
28 Boric Acid Solubility. . . . . . . . . . . . . ... .. . 66
29 Separation Factor for the New Experiments. . . . . . . . 74
30 Extent of Separation for the New Experiments . . . . . . 75
31 Change in Enrichment for the New Experiments . . . . . . 76
32 Effect of Length . . . . . . . . . . . .. . ... ... 78
33 Extent of Separation as a Function of Length . . . . . . 79
34 Increase in Product Enrichment as a Function of Length . 80
35 Extent of Separation as a Function of Resin. . . . . . . 82
36 Effect of Feed Concentration . . . . . . . . . .. ... 84
37 Effect of Feed Volume. . . . . . . . . .. e e e e 85
38 Effect of Flowrate . . . . . . . . . . . . . . .. ... 86
39 Effect of Initial Enrichment . . . . . . . . . . . . .. 88
40 Increase in Product Enrichment as a Function of Feed

41

Quantity. . . . . . . . . Lo .o, 89

Product Enrichment Slope as a Function of Feed Quantity. 91




Lo,

)

{

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

LIST OF FIGURES (Continued)

Figure
Separation Factor as a Function of Cycle Time. . . . . .
Extent of Separation as a Function of Cycle Time . . . .
Conductivity Results . . . . . . . . . . . . .. . ...
B-10 Yield as a Function of Total Boron Yield. . . . . .
Yield Data Including a Linear Model. . . . . . . . . ..
Results of the Linear Model Dealing with Parameters. . .
Extent of Separation as a Function of Time Adsorbed. . .
ScaleUpof aColumn . . . . . . . . . . .. ... ...
Enrichment as a Function of Yield per Hour . . . . . . .
Simplified Example of a Multi-Stage Model. . . . . . . .
Result of Aida’s Experiment. .. .......... .. ..
Approach to Steady State with the Multi-Stage Model. . .
Column Diameters for a Multi-Stage System. . . . . . . .
Number of Columns for a Multi-Stage System . . . . . . .

Enrichment versus Product Concentration. . . . . . . . .




PN

Y

f

.

Xi

ABSTRACT

The separation of boron isotopes by ion-exchange chromatography of
boric acid was investigated. Two commercially available ion-exchange
resins were tested. The maximum separation produced a product
containing 24.2 atom percent boron-10 using a feed stream containing
18.4% boron-10. The maximum extent of separation obtained was 0.104
as compared with a previously published maximum of 0.07.

The parameters investigated included resin type, length of the
resin column, column temperature, volume of boric acid fed to the
column, concentration of the feed solution, and flowrate through the

column. A model was developed to predict the extent of separation.
The model indicates that column Tlength 1is the most significant
parameter. Column temperature and resin type are also significant
parameters.

Large scale production of enriched boron was considered. The major
issue with the use of ion-exchange chromatography to produce enriched
boron is the large amounts of water produced in the product.




INTRODUCTION

One of the basic requirements associated with the production,
handling, and use of fissioﬁab]e material is the control of
neutrons. For a system containing fissionable material a neutron
balance can be calculated.! If the neutron production rate is less
than the Tloss rate, the system is defined as subcritical. If the
production rate equals the loss rate, the system is critical. If the
production rate exceeds the loss rate, the system is supercritical.
The production rate for neutrons is strongly dependent upon the type
and quantity of fissile material present. The loss rate for neutrons
is a function of the rate of neutrons "1eakin§" from the system and
the rate of neutron absorption. Neutron 1leakage is strongly
dependent on system geometry and density. The absorptién rate is
dependent on the chemical constituents present in the system.
Specific additives such as boron in solid or solution form are used

to raise the absorption rate significantly.

The symbol for elemental boron 1is B. Boron consists \of two
stable isotopes with mass numbers of 10 (boron-10 or 10B) and
11 (boroh—ll or 11B). The natural idisotopic abundance is
approximately 20% boron-10 and 80% boron-11. The natural jsotopic
distribution is known to vary based on the 1location of the

depos1't.2’3
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The boron-10 absorption process occurs by the reaction:

105 1. I: 4
5B 4 g » 3Li 4 pMe ()

The reaction is exoergic releasing 2.79 Mev.% Both reaction products,
Tithium (gLi) and helium ’(gHe) are stable nonradioactive isotopes.
The rate at which absorption occurs 1is a strong function of the

neutron’s energy.

The nuclear cross section is a measure of the probability of
occurrence for a reaction and Tlargely determines the rate of a
nuclear reaction. The unit wused for cross sections is the barn
(1X 10-24 cmz). In general, adsorption <cross sections decrease
as neutron energy increases. Effective neutron absorbers have a
cross section of at Teast 1,000 barns in the 'energy range below one
electron volt and about 1 barn with a neutron energy of 10° electron
volts. At an energy of 0.025 electron volts, boron-10 has a cross
section of 4,000 barns while boron-11 has a cross section of 0.05

5 At an energy of 10° electron volts, boron-10 has a cross

4

Barn.

section of 2 barns.

Enriched Boron-10

Research in the area of boron isotope separation within the
United States began in 1943 at Columbia University as a portion of

the Manhattan Project. Seven separation schemes were considered.




One method was based on gaseous diffusion of BF3. A1l other
methods were based on distillation of various boron compounds. The

distillation of (CH3),0¢BF3 was finally selected.

The Standard 0i1 Company of Indiana designed and operated the
first Tlarge scale plant for separating boron isotopes as a part of
the Manhattan Project in 1944.% The initial plant was shutdown in
1946 and dismantled. In 1953 a Tlarger plant was constructed by
Hooker Electrochemical Company at Model City, New York. The plant
produced 460 kilograms per year of boron-10 at an enrichment of 92%
boron-10.7 The facility consisted of eight columns resulting in _
580 theoretical plates. Operating problems included thermal
decomposition, corrosion and 1leakage. = The Model City plant was
purchased by Eagle Picher Industries and moved to Qdapaw, OK. The
plant has operated in Oklahoma since 1973 and currently produces

1,000 kilograms per year.

Another isotopic exchange reaction using  (C,Hg),00BF;

was used in England to produce 2 kilograms of boron-10 per year.7

The enrichment of boron by the distillation of BF3 has been
used commercially by the Soviet Union (0.5 kilograms per year of 83
percent boron-10) and England (26.5 ki1ograms per year of 95
percent boron-10). The separation factor for the distillation of

BF3 is only 1.0075.7 A separation factor 1is a dimensionless
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index used to compare separations. = A value of one indicates no

separation.

Recent work has identified three novel methods for enriching
boron. In 1974, the Los Alamos Scientific Laboratory reported a
14 percent enrichment in the ratio of 10B/HB by the use of a
C0, Taser 1in a photochemistry process.8 In 1975, the University
of Kentucky reported on the separation of boron isotopes by direct

mode thermal parametric pumping.9

The separation is based on the
thermal dependence of the exchange reaction between gaseous BF3 and
solid BF30DMSO (dimethy1 sulfoxide). Separation factors ranged
from 1.020 and 1.028. 1In 1989, Montana State University reported the
separation of boron isotopes by gas phase membrane permeation of

BF3.10 Separation factors of 1.020 and 1.090 were determined for

phenyl ether modified polyvinylidene fluoride membranes.

Enriched boron-10 is wused in certain nuclear applications that
require the vrate of neutron absorption to exceed a maximum physical
limit for the quantity of natural boron that Ean be added. Since
1943 the ndcjear weapons program has required the production of
enriched boron. The current boron-10 p]ént was designed to provide
material for the weapons program. The price per gram of boron-10 at
an enrichment of 75% boron-10 is $5.00.11 The cost of boron-10 in

12

common boric acid is $0.17 per gram. The cost difference of

2800% reflects the difficulty associated with the separation.
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The introduction of enriched boron at a reduced cost would
generate two major new uses. The first deals with commercial
pressurized-water reactors. A11 such reactors are equipped with

emergency core cooling systems that uses soluble boron in water. The

water is heated to maintain the boron solubility above the:

concentration required. The speed at which injection systems
introduce appreciable quantities of boron-10 into the core is usually
slow and is a result of Tlimited solubility, system capacity and
pumping rates. The Electric Power Research Institute has studied the

use of enriched boron in reactors.13

Virginia Power studied the
use of enriched boron for its reactors and decided against converting

due to the current high cost of the enriched boron. 14

A second major use of enriched boron at a reduced cost would be
in nuclear fuel vreprocessing. The Depaftment of Energy dissolves
spent reactor fuel in several ‘processes thap use natural boron.
During the dissolution of fuel, soluble boron-10 is necessary to
maintain a subcritical system. The boron is added‘to the acid during
the reagent makeup process in the form of naturally occurring boric
acid. Naturally occurring boron is typically 19.6 atom percent

boron-10 and 80.4 atom percent boron-11.

After the complete dissolution of the fuel, the uranium is in the
form of uranyl nitrate solution and is critically safe because of the

uranium concentration without any neutron poison. In the following
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extraction system, boron remains in the aqueous solution with the
fission products and other fuel components. This waste is eventually
processed in a calcining process. The calcining process evaporates
and solidifies Tiquid radioactive wastes within a heated bed of
fluidized particles. The calcine generated is stored in stainless

steel bins contained in concrete vaults.

A reduction in the total boron concentration would result in a
reduction in reagents used and total waste processed. Using 100%
enriched boron-10 waste production would decrease the volume of high

level radioactive waste produced by 15%.

Chromatography

In 1906 a Russian scientist, M. S. Tswett, published a paper
dealing with the separation of plant pigments. = In the paper he
coined the term "chromatographic method" to describe his technique.
He selected the name by combining two Greek words, chroma (color) and
grapheme (write) to indicate the development of individual colored
bands in a column. However, he also noted that colorless substances
could likewise be separated. Chromatography is best defined as a
physical method of separation in which the components to be separated
‘are distributed between a stationary and a mobile phase. The

separation occurs as a result of repeated sorption/desorption steps.
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Chromatography can be divided into a variety of
classifications.l® Liquid chromatography and gas chromatography
become two major classes based on the mobile phase of the system.
The stationary phase is either a Tiquid or solid. Liquid-Tiquid,
liquid-solid, gas-liquid, and gas-solid chromatography become the

four subclasses of chromatography.

Chromatography can be classified based on the physical equipment
used. Column chromatography is based on flow through a packed
column. Paper chromatography is based on the selective migration of
compounds across a plane of paper. | Thin-Tayer chromatography is
based on the flow of‘a mobile phase through‘a sﬁa11 gap created by
two planes of stationary material. Four column chromatography
subclasses can Tlikewise be defined based on column paéking.
Ion-exchange chromatography substitutes an ion-exchange resin for the
adsorbent. Gel chromatography uses a controlled porosity gel as a
packing. Affinity chromatography is based on a unique packing which
is capable of separating certain proteins based on protein-1ligand

interactions.

Chromatography is also classified based on technique. The three
techniques are shown in Figure 1. Frontal analysis involves a step
function change at the inlet. The least adsorbed component exits
first. In elution analysis a pulse of a mixture is added to a

column. Each component moves through the column with the least
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adsorbed component exiting first. Displacement development adds a
pulse of a mixture to é column followed by the addition of a more
powerfully adsorbed. component. The- final component "pushes" the
mixture through the column with the least strongly adsorbed compound

exiting first.

A final classification for chromatography is based on purpose.
Analytical chromatography 1is used for the qualitative identification
of sample components and for a quantitative assessment of relative
concentration. In analytical chromatography, speed and the
resolution of various compounds are the major requifements.
Preparative chromatography 1is used to produce a quantity of purified
material by chromatographic means. In preparative chromatography

throughput and purity are the major requirements.

Preparative chromatography has been integrated into the chemical
industry within the 1last three decades. P. E. Baker and G. Gauetos
have recently published a complete review of production scale

chromatography systems.16

The goal of preparative chromatography
is to maximize throughput at a defined purity and minimize capital
and operating costs. Different scale-up approaches have produced &
variety of physical systems with the intent of minimizing capital
cost. All systems'can be classified as either a batch or continuous

operation. = The concepts for separation‘using chromatography can be

classified as co-current, counter-current, or cross-current flow

T 1 Y S Y
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systems. Ten industrial types of columns are in use.

Once a concept is chosen for use, optimization focuses on
maximizing throughput and purity. Guiochon and Colinl’ define
production rate as the amount of a compound produced at a given
purity per unit time. Additionally, throughput is defined as the
amount of feed injected per unit time (averaged over a number of
cycles). Figure 2 illustrates the relationship between production
rate and throughput. The amount of feed injected per pulse is
increased in the three cases shown. The cutpoint is defined by a
- minimum purity requirement. The maximum production rate is typicé]]y
found at an intermediate throughput. Jones!8 has analyzed the
optimization of process scale Tiquid chromatography. He introduces
the term "process scale preparative" column to identify columns with
diameters greater than 10 cm. His specific experimentation dealt
with separating o-, m-, and p- nitro-ani]ines in a 15 cm diameter
column wusing a silica packing. Sixteen variables were considered and
seven were determined. to be statistically significant. The seven
were particle size, column Tength, packing method, differential
pressure across’  the column, solvent type, flowrate, and the use of a
precoiumn.

Hupe and Lauer!d

likewise studied optimization of preparative
chromatography.  They concluded that the parameters for a preparative

separation should be selected based on selectivity, column length,
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column ‘diameter, particle size, flowrate, injection system, and

product dilution.

The two optimization reports address preparative chromatography
in a slightly different manner. However, both studies document

rigorous methods for optimization.

The result of a specific preparative chromatography study is the
definition of a separation column of specific dimensions. The
largest column diameter in current use is 4.7 meters. The longest
column 1is 12 meters. Figure 3 provides a scatter plot of the

dimensions of preparative chromatography columns in use. 10

Scope And Objectives

The scope of this work is to determine‘if large quantities of
enriched boron can be produced economically using elution
ion-exchange chromatography. The specific objectives consist of the

following:

1. Demonstrate the enrichment of boron using. ion-exchange

chromatography.

2. Collect and compare the various theories for isotope

enrichment using jon-exchange chromatography.
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Develop a simulation model for boron enrichment.
Perform a parametric study for both the quality and quantity
for enrichment. The variables studied will include feed

concentration and temperature, feed quantity, flowrate,

resin type and column length.

Compare the simulation model to the various theories.

Determine the scale-up economics of production based on the

simuTation model.
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A REVIEW OF PUBLISHED WORK

The Scope for this work is Timited to 1liquid column
chromatography with an ion-exchange packing using the elution
technique for a preparative purpose. The restrictive nature of the
scope is based on published results which provides substantial
insight into the separatjon of the boron isotopes. The most
encouraging work was reported by the Research Laboratory for Nuclear
Reactors at the Tokyo Institute of Techno]ogy.20 A pulse of common
boric acid was fed into a column packed with weakly basic anion
exchange resin. Both boron-10 and boron-11 were adsorbed onto the
resin. The adsorbed boron was eluted by displacement with water.
With a migration length of 256 meters, the enrichment changed from

19.8% to 91.0% boron-10.

The Enrichment Phenomena

To understand the enrichment phenomena, the chemistry of boron
needs to be discussed. When boric acid is dissolved in water there

is a slight dissolution as shown in equation 2.
B(OH)3 + Hp0 - B(OH)7 + H* (2)

It should be expected that this dissociation would occur for both the

boron-10 and boron-11 isotopes. What may not seem obvious is that an
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isotope exchange equilibrium is maintained in the form of equation 3.
108 (0H)5 + 11B(0H)7 = 1B(0H)5 + 10B(OH)Z (3)

Kakihana®! calculated the equilibrium constant of the reaction
given in equation 3 to be 1.0186 at 3000K. He?Z 1ater deveToped
the equilibrium constant as a function of temperature that varies
from 1.0206 at 2730k to 1.0177 at 3330K. Because the equilibrium
constant of equation 3 is greater than unity, boron-10 preferentially
remains as an anion. One should expect that when a boric acid
solution 1is in contact with an anion exchange resin boron-10 would
preferentially adsorb onto the resin. Such adsorption can be
represented by the reaction shown in equation 4 with R- representing

a resin.
R-11B(0H); + Hyl0BO5 » R-10B(0H)7 + HyllBOg (4)

The single stage separation factor, a, for boron isotopes in

contact with a resin is given in equation 5,

10 11p
a = (5)
[ T 7] - 1

11p 10g

where [ ] and [ ] denote the concentration of each species
in the resin vphases and external solution, vrespectively. Three

experimenters have determined separation factors for six resins and
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are listed in Table 1. In addition, Christoph25 calculated a

maximum theoretical separation factor of 1.032.

TABLE 1. Experimentally Determined Separation Factors

Resin Condition « Reference

Amberlite 0.03M 1.010 Yoneda?3
CG-400-1

Dowex 1-X-8 0.1M 1.0272  Urgel124
Dowex 1-X-8 0.03M 1.0262  Urgel124
Dowex 1-X-8 0.015M 1.0269 Urge1124
Dowex 2-X-8 0.1M " 1.0285 Urgel124
Dowex 2-X-8 0.5M 1.0354 Urge1124
Diaion WA-21 0.0107M 1.015 Kakihana®l
Diaion WA-21 0.102M 1.013 Kakihana?!
Diaion WA-21 0.518M 1.011 Kakihana?l
Diaion WA-10 0.010IM - 1.016 Kakihanall
Diaion WA-10 0.0991M 1.012 Kakihana?l
Diaion WA-10 0.501M 1.007 Kakihana?!
Diaion PA-310 0.0104M 1.019 Kakihana?l
Diaion PA-310 0.109M 1.013 Kakihana?l
Diaion PA-310 0.501M 1.007 Kakihana?l

Past Enrichment Experjments

With the wunderstanding that preferential adsorption of boron-10

occurs, two different experiments using an ion-exchange column can be
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used to study the effect. They are elution analysis and frontal
analysis. In elution analysis experiments boron is introduced as a
short pulse and is displaced through the column. In frontal analysis
boron is introduced continuously until the column is completely
saturated followed by elution. Frontal analysis can be considered as
a step function change to the input of the column. Experimenters
have also used two basic types of resins: strong base resin and weak
base resin. With a weak base’ resin the boron can be displaced
through the column solely with water. A strong base resin requires
displacement of the boric acid with another acid such as hydrochloric
or acetic acid. Figure 4 provides a time Tine of the literature that
documents the four types of boron enrichment experiments using

ion-exchange resins.

Figure 5 1is a scatter plot of all reported data. An increase in
enrichment | was calculated from the difference of the highest
enrichment of a given product fraction (Ef) and the "initial

enrichment (E,) and plotted versus the length of the resin column.

An itemization of published conclusions 1is given in Table 2.
There 1is general agreement between authors that the separation
improves with dincreasing column Tength, increasing concentration of

the feed and increasing amount of the feed.
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TABLE 2.

Author

Yoneda

Yoneda

Urgell

Urgell

Urgell

Kakihana

Christoph

Aida

Aida

Aida

Aida

Sakuma

Sakuma

Reference

23
23

24

24

24

21

25

28

28
28
28

20
20

21

Summary Of Published Conclusions

Major Conclusions

«® increases with an 1increase in
boron concentration

a increases with the addition
of glycerine in the feed

The highest @ occurred with
boric acid. a@ decreased when
mannite or glycerine were added.

Only a slight separation occurred
when sodium borate was used

Separation improved when the column
length was increased from 9 to 25
meters

Weakly basic resin requires only
water as the eluting agent

The amount of boric acid adsorbed
on the vresin increases as the feed
concentration increases

Enrichment increases with
increasing concentration and
increasing amount .of boric acid in
the feed

An oEtimum flowrate of 10 to 20
ml/cm“hr exists for the column

The bulk of the boron exits the
column at a constant 19% B-10

In concentrations less than 0.3
molar no tailing was observed

Enrichment increases with length

The separation factor is constant
irrespective of column Tlength
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Theory Of General Chrdmatoqranhv

There are two general viewpoints for chromatography theory. Rate
theory is explained in terms of models involving molecular diffusion,
reaction and - flow. Phenomenological theory is based on a model that
produces an outcome similar to the given system but does not identify
the mechanisms within the system. Rate theory models are typically
based onl the steady-state thermodynamics of molecules and the resins
or by the kinetics of the adsorption-desorption  steps.
Phenomenological theory is based either on the concept of a

theoretical plate or by statistical mechanics.

The Mathematical Model

The basis for rate theory is the development of differential
equations that describe the mass transfer processes. Figure 6

identifies the starting point of the differential equations.30

Mass transfer is caused by the application of external force and
by the internal concentration gradient. The external force, E, is

defined in equation 6.

AE = 9 ( —Vi(x,t)Ci(x,t)> AxAyAzAt
X (6)
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equation 8 exist for both boron-10 and boron-11.

Kakihana solved equation 8 for the case of a two isotope system
assuming  that the total concentration remains constant and that the
isotopes do not interact. The solution is given in equation 9 where
Ry is the mole fraction of isotope A and a, b, c and d are

constants.

Ra(x,t) = a[exp(bt)exp(cx)] + d (9)

This expression will provide enrichment in a column as a function of
both time and position within the column assuming the total

concentration remains constant.

Adsorption Isotherms

The treatment of chromatography from a thermodynamic standpoint

is to assume that the process is allowed to reach equilibrium at each

point in the column. For each molecule there exists an isotherm

relating the amount adsorbed on the resin to an equilibrium
concentration in solution. Textbooks in chromatography32 identify
the relationships between isotherms and the concentration profiles of

exiting molecules.

The simplest isotherm is a Tinear relationship between the

concentration of a compound in solution and the concentration of the
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compound in  the resin. A Tlinear isotherm can be shown to
mathematically produce a normal distribution in the exiting
concentration profile of a chromatography column. As the isotherm
deviates from a linear relationship the exiting concentration profile

deviates from a normal distribution.

Kinetics

The movement of a molecule through the column represents a series
of adsorptions and desorptions. In certain systems equilibrium is
never vreached at any point in a column. J. Calvin Giddings33
developed a method for dealing with complex kinetic processes.

However, the method requires a "near equilibrium condition" to exist.

The kinetics of the ion exchange reaction has been studied by

Lederer34

in five steps:
(i) Diffusion through the solution up to the resin
particle.
(ii) Diffusion through the resin particle.
(iii) Chemical exchange onto and off of the resin.
(iv) Diffusion out of the resin particle.
(v) Diffusion through the solution away from the

particle.
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The work indicates that in a column with solution concentrations
greater than 0.1 molar, step (ii) controls. With dilute solutions of

less than 0.003 molar step (i) controls.

Plate Theory

Because of the difficulties with non-linear isotherms and complex

kinetics, most work discusses chromatography based on an approximate

solution. In the plate model the column is treated as N separate
Zones. The Tlength of each zone allows complete equilibrium to
occur. The Tlength of the zone is called the height equivalent to a
theoretical plate or  HETP. The phenomenological theory was

introduced in 1941 by Martin and Synge..35 Plate theory continues
widespread popularity in the description of chromatography. However,
the theory has been criticized as Tlacking physical reality and

containing lTarge numbers:of variables open to manipu]atioh.36

Statistical Approach

A second phenomenological theory deals with the statistical
nature of multiple adsorption/desorption steps. Several

authors37538 have treated the chromatographic process as a Poisson

process. The theory was expanded Tater to avoid the Poisson
distribution. Figure 7 illustrates the random motion of a sample
molecule through a column. W; represents a wait time for the jth
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adsorption step. F4 represeﬁts a flow time in which the molecule
moves a distance X;. The time for a molecule to travel a g{ven
distance is the sum of the alternating wait and flow times.
Scott3? developed a method for calculating the mean and variance of

the exit time for the molecules.

Theories Applied To Boron

A time Tine of the chromatographic theories as applied to boron
is shown in Figure 8. Seven authors have identified mathematical
models for boron enrichment based on theory. The results of the

models are listed in Table 3.

As stated before, Kakihana??  solved the general partial
differential equation of chromatography for a generic two-isotope

42 3150 solved the fundamental equation assuming non

system. Fujii
steady-state conditions 1in the boundary regions. It is important to
note that both solutions assume that ‘the total concentration of
isotopes is constant. That implies that if a square shaped pulse of
boron enters the column, the same square shape pulse will exit the
column. The results presented by sakuma?® i1lustrate that constant
concentration is possible. However, Kakihana,21 Aida,28 and

Itoh’s?® data all show a radical change 1in the total boron

concentration curve.
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TABLE 3. MODELING RESULTS FOR BORON ENRICHMENT

Author

Fujii

Jacques
Kakihana
Kakihana
Sonwalkar

Conrard
Kakihana

Christoph

The five remaining-models define enrichment as a function of time

or distance within

both enrichment and concentration as a function of time or distance.

Reference

42

40

22

41

43

26

21

25

the column.

Final Result

Equation for enrichment as a
function of column distance

Partial differential equation
solution in an error function
form

Partial differential equation
solution in an exponential
form

Numerical method for
enrichment as a function of
time

Numerical method for .

enrichment as a function of
time

Solution for enrichment as a
function of plate number

No solution for thermodynamic
theory

HETP model gives enrichment as
a function of distance

None of the seven models identify
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AN ANALYSIS OF THE PUBLISHED WORK

In addition to the summary of published conclusions listed in
Table 2, a series of additional conclusions can be drawn from the

experiments described in the Titerature.

Effect Of Column Length

Figure 9 is a plot of the various experiments describing the
change 1in enrichment per unit length of the column as a function of
the column Tength. Also plotted is the maximum enrichment per unit
length such that a complete separation is obtained for a given resin
column Tength. Two observations can be made. First, the enrichment
per unit length of column substantially decreases with column
Tength. With a column Tength of greater than 20 meters, the change
in enrichment per meter of column Tength does not exceed 2%. In some
cases with a column Tength of Tless than a meter, the change in
enrichment -per meter of column Tength approaches 20%. The second
observation 1is that very 1long Tlengths are required to approach
complete separation. From Figure 9 this can be seen as the data
points approach the maximum enrichment per unit length curve as the

column Tength increases.
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Effect Of Resin Type

The time Tine (Figure 4) shows a distinct split in the types of
resins studied after Kakihana’s2! 1hitia1 work with weak base
resins in 1974, A1l recent work continues to concentrate on weak
base resins. The main advantage of these resins is that the boron
can be eluded with pure water without any regeneration operations.
It is important to note, however, that strong base resins provide a
better separation per unit 1length of resin column. | Figure 10
compares all the specific experiments that used weak and strong base
resins in the range of 1 to 35 meters of resin column. Although the
data 1is scattered, strong base resins appear to provide a greater
change 1in enrichment per unit length. Production of large quahtities
of enriched boron-10 with strong base resins would require shorter

columns but would require regeneration for each cycle.

Effect Of Boron Concentration

Kakihana21

reported the separation factor values for three
resins each at three boron concentrations. He concluded that the
separation factor is strongly dependent on boron concentration and is
not influenced by the kind of vresin wused. However, when the
separation factors determined by Kakihana are compared to those

reported by Urge1124, as shown in Figure 11, it appears that both

the separation factor and the effect of boron concentration are
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strongly dependent on the resin used.

Effect Of Flowrate

Aida?® and Sakuma20 both concluded that the optimum flowrate
through the resin column 1is about 20mL/hrcm2. In plotting

Sakuma’s data, as shown in Figure 12, an optimum s very

~observable. Figure 12 uses the total residence time of the boron in

the column. For Tlarge scale boron-10 enrichment the use of a

non-optimum high flowrate may result in an optimum production rate.

"It should be noted that by increasing residence time from 27 to 236

hours (770%), the change in enrichment improves by only 50%.

Application Of Statistical Theory

Figure 8 identifies the various theories that have been applied
to boron chromatography. One major category of general
chromatography theory that has not been applied to boron enrichment
is a statistical theory. The following is a development of such a

theory based on the published experiments.

For a given mo]ecu]é containing boron, the total time spent in a
column (T) is the sum of the time spent in motion (T,) and the

time spent effectively adsorbed with no movement (Tg).
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For the case of no adsorption (j(f) = 1) then:
g(V1) = h(Vy) (14)

For the case when the velocity in motion is constant:
g(V1) = ci(f) (15)

The distribution of the velocity in motion is affected by the
packing method, column voids, column channels and extra-column
effects. - Textbooks define extra-column effects as void volumes
external to the packed column, such as the pump, tubing and detector,
that may influence the output peak shape. The distribution of the
fraction of total time is effected by diffusion rates, the adsorption
and desorption rates, the shape of the adsorption isotherm and the
interference between competing molecules.

~

21 presented the data from two pulse experiments using

Kakihana
a weak base resin (Diaion WA-21). The column was 1 cm in diameter
and 50 cm long. A pulse of 10 mI of 0.5 M boric acid was injected
into a 40°C column. Water was used as the eluting agent at
a flowrate of 10 m]/hr'cm2 for the first experiment and
19 m1/hr°cm2 for the second experiment. In both experiments the
column effluent was collected in 20 m1 volumes and analyzed for total

boron concentration and atom fraction of boron-10.
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Figure 13 provides the enrichment results as a function of
effluent volume for the first experiment (10 m1/hr'cm2).
Figure 14 provides the measured boric acid concentration as a

function of effluent volume for the same experimeﬁt.

The manipulation of the raw data begins with the multiplication
of the concentration data with that of the enrichment data. Fig-
ure 15 illustrates the concentrations of boron-10, boron-11, and
total boron as a function of effluent volume. The independent
variable shown in Figure 15 is the column effluent volume. Because
each experiment is run at a constant flowrate, division of the
effluent volume by flowrate provides a Tlinear transformation to
time. The 1ndépendent variable of time can be transformed into
velocity by the division of column leﬁgth by time. Each of the three
representations of the independent ~vam‘éb]e, volume, time, and
velocity can also be transformed into a dimensionless quantity. The
dependent variable shown in Figure 15 is the boron concentration.
The units of boron concentration (moles per Titer) can be transformed
into boron quantity (moles) and into accumulative boron quantity
(moles). Each of these three representations of dependent variable
can 1ikewise be transformed into a dimensionless quantity. The
outcome of the possible transformations is that the dependent and
independent variable for a single experiment can be presented in six
forms. The 36 formats for presenting a single experiment are

possible.
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Figure 16 is the plot of the fraction of recovered boron with a
given minimum velocity as a function of velocity. The figure
identifies that the slowest velocity for both isotopes is 5.8 cm/hr
and the fastest velocity for both isotopes is 14.8 cm/hr.  The
velocity at 50 percent recovered is the mean velocity of the
isotope. For this experiment the mean velocity for boron-10. and
boron-11 are 7.90 and 8.05 cm/hr respectively. The difference in
mean velocities between the isotopes of 0.15 cm/hr. The difference

in the range of isotope velocities is 10.8 cm/hr. The two orders of

magnitude difference in these numbers is a measure of the poor

quality of separation.

Using Kakihana’s experiment, it 1is important to note the
similarities for the boron-10 ;nd, boron-11 distribﬁtions. The
minimum total velocity was 5.8 cm/hr for both B-10 and B-11. The
maximum total velocity was‘ 14.8 cm/hr for bothyB—lo ahd B-11. The
total velocity mode was 13.8 cm/hr for both B-10 and B-11. The only
notable difference 1in the distributions is that the mean total
velocity was 7.90 and 8.05 cm/hr  for B-10 and B-11 respectively.
This analysis tends to support Kakihana??  and Fujﬁ’s42
assumption that the separation is based on an interaction between

B-10 and B-11 such that a complete separation is not possible.

From a statistical view, the two isotopes have the same velocity

in motion (V,) distribution and a near identical fraction of time

]
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in motion (f) distributions. The enriching occurs as a result of a
shift 1in the mean total velocity with the minimum, mode and maximum
velocities remaining equal. If true, two conclusions could be
drawn. First, a perfect separation is not possible. This is
somewhat demonstrated in the Japanese work20 that used a 256 meter
column. Second, by decreasing . the fraction of time in motion the
separation  should improve. A series of new experihenfs will

investigate this prediction.

Separation Index For Boron Isotopes

The simplest type of a separating system is one that receives a
single feed containing a binary mixture and produces one product
stream enriched 1in a desired component and one tails stream depleted
in the desired component. For a continuous system streams are
discussed in terms of rates. For batch systems, streams are
discussed in terms of quantities per cycle or rates based on

quantities per cycle time.

A variety of indexes have been identified to quantify the quality
of a separation. The most common used index is entitled??* the
separation factor, o. The separation factor was used previously
to describe the isotopic distribution between boron in solution and
in the vresin. For the application to a pulse boron experiment that

produces one product stream enriched 1in boron-10 and one tails
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stream:

(B-lO)F (B-11)7
Q@ =

(16)
(B-11)p  (B-10)y

where @ is the -separation factor, B-10 and B-11 represent the
amount of boron-10 and boron-11 respectively, and P and T represent
product and tails respectively. It should be noted that as either
the amount of B-11 in the product or the amount of B-10 in the tails

approach  zero the value for the separation factor approaches

infinity.

In a series of articles Rony45'47 has introduced an index

entitled the extent of separation. It is defined as:

(B-10)p (B-11)p
"7 (B-10)p + (B-10)y  (B-11)p + (B-11)q (17)

Rony contends the factor is a "Universal Separation Index." The
claim is based on the facts that the index is normalized,
dimensionless, invariant to changes between product and tails and
invariant to initial feed purity. A value of zero defines a system

with no separation. A value of one defines a system with complete

separation.

Aida?8 published the details of twelve experiments. The design

i1l

L
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of the experiments was such that the influence of the boric acid feed
concentration, feed amount and column flowrate on the effluent
enrichment could be evaluated. The published data is presented in
the Japanese article as twelve sets of concentration curves and
enrichment curves. By regenerating the data from the concentration

and enrichment curves, curves for the separation indexes can be

calculated.

-

In  three experiments Aida varied ~the boric acid feed
concentration with all bther parameters left constant. The
separation factor as a function of the amount of boron-10 in the
product is shown in Figure 17. It is seen that as the feed
concentration increases the separation factor increases. The extent
of separation as a - function of the product-amount is shown in Fig-
ure 18. The same trend is seen. A third method of presenting the
separation is shown 1in Figure 19. The change in enrichment is the
difference in the product enrichment and the initial feed enrichment

fraction. Again, increasing concentration increases product

enrichment.

Five experiments evaluated the effect of solution flowrate.
Figure 20 identifies that the separation factor decreases as flowrate
increases. The flowrate that resulted 1in an optimum separation is
5 cc/cmzhr which was fhe minimum  flowrate. The extent of

separation s shown in Figure 21. Again the optimum flowrate is

Ly 4 Syt
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5 cc/cmzhr and the trend is repeated; The improvement in product
purity (Figure 22) identifies an optimum flowrate at 10 cc/cmzhr.
The change in produce enrichment does not fndicate a strong trend
based on flowrate. A1l four measures indicate that an optimum

separation occurs at Tow flowrates.

Four experiments evaluated the quantity of boric acid added to
the column. Figure 23 indicates that the separation factor decreases
as the boron quantity increases. The extent of separation is shown
in  Figure 24. The extent of separation begins at a maximum with
0.16 moles of boron-10 and progresses through a minimum at 0.30 moles
of boron-10. The final experiment appears to indicate the extent of
separation begins to rise as additional boron is added. The

improvement  in product purity (Figure 25) identifies that the

measures increase as the quantity of boron fed to the column

increases. The three indexes arrive at conflicting conclusions when

~considering the optimum feed quantity.

The conclusion that the optimization of -any one of the three
indexes will optimize a separation could be a very strong tool in the
design of Targe scale systems. However, inconsistencies between the
results of the indexes and the economics of plant design introduce
conditions in which minimum plant costs may be achieved at
"less-than-optimum" separation conditions. Previously the conclusion

of Aida was plotted in Figure 12. As the cycle time increased 770%
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the change in enrichment improves by only 50%.

For Aida’s work all three separation indexes indicate that the
optimum separation occurs at low flowrates. However, a decrease in
flowrate increases cycle time. The improvement in product purity as
a function of flowrate information (Figure 22) 1is modified to
consider cycle time in Figure 26. The index shown in the figure is
the change in the product enrichment per hour of cycle time for the
five experiments with variable flowrates. It is clear that from a

"separation flux" standpoint the optimum occurs at high flowrates.

The significance of this evaluation is that the optimum
experimental conditions do not equate into the optimum plant
conditions. When Tlarge scale chromatography 1is considered an
optimized measure does not ensure an optimized system. Again
additional experiments will be aimed at optimizing a large scale

system.
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NEW EXPERIMENTS
The Tliterature identifies eight previous experimenters that have
published the results of fifty-one experiments. Between the eight
experimenters, seven parameters have been treated as variables. The

published experiments are identified in Table 4.

The intent of performing new experiments is to study the
variables of feed quantity, feed concentration, temperature, resin

type, flowrate and column Tength.

Equipment
The equipment used 1in the new experiments will be discussed in
the same sequence as the flow path through the equipment. The

components and the flow path are shown in Figure 27.

Solution Supply

Distilled water was obtained from the laboratory utilities and
stored in a covered five liter polyethylene beaker. The water was

measured for conductivity and typically was 1.0 p@ or less.

Boric acid was dissolved in distilled water to produce a solution

that was saturated at room temperature. The solubility curve8 for

| I | S — J
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J

TABLE 4. PAST EXPERIMENTS
Levels Of Treatments Number Of
Experimenter A B CDETEG Experiments Reference
Urgell 2 3 3 4 1 1 1 13 24
Conrard 1 11 1 1 11 1 26
Kakihana 1 1 1 2 1 1 1 2 21
Aida 1 11 3 4 7 1 12 28
Sakuma 1 1 4 1 1 3 1 7 27
Kakihana 11 11 3 11 3 22
Sakuma 1 1 9 1 1 1 1 9 20
Itoh 1 11 4 1 1 4 4 29
Treatments:
A - Resin Type
B - Chemical Form of the Boron Feed
C - Column Length
D - Concentration of Boron in the Feed
E - Feed Volume
F - Flowrate
G - Column Temperature
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boric acid in water 1is given in Figure 28. Feed solution

concentration to the column was varied by dilution or by heating the

saturated mixture.

The bulk- of the experiments used the natural mixture of boron
isotopes obtained as a reagent grade chemical from J. T. Baker

Chemical of Phillipsburg, NJ. The boron was analyzed to contain

.1835 atom fraction boron-10.

A small quantity of enriched boric acid was obtained from WINCO
(Idaho Falls, 1ID). The material was enriched by Eagle Picher
Industries of Quapaw, OK. The boron was analyzed to contain

.526 atom fraction boron-10.

Two methods of sample injection were .evaluated. A syringe
containing the desired volume of boric acid was used through a septum
located between the pump and the column. Typically the velocity
through the column was extremely low. The use of the syringe created
Targe flow disturbances in the column including near immediate

disturbances at the detector. The syringe method was discontinued.

The final method used to introduce boric acid into the column was
to immerse the tubing connected to the pump suction into a 100 ml
graduated cylinder containing the feed material. Accuracy for the

addition was within 0.5 ml. No disturbances at the detector were
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detected using this method.

Injection System

An electronic metering pump (Model Al41, Liquid Metronics, Inc.,
Acton, MA) was used. The design of the pump uses a solid-state
solenoid to move a teflon diaphragm a measured distance with a spring
return. An adjustable stroke length and stroke frequency provided a
flowrate range from 0 to 38 ml/min. A 6.75 meter long column was in
near continuous wuse for six months and the flow compaction of the
resin resulted in the Tloss of 4 cm in total length. Such slight
compaction is an indicator that the column packing method is
appropriate. A measured volume of water was added to the columns to
determine solution volume and void fraction. 1In all cases the void

fraction was 0.49.

Column

A1l new experiments used a column with a diameter of 0.95 cm.
The scale up of column diameter is not an issue and will be discussed
later. Several Tlengths of Nalgene tubing were packed with various
resins. There 1is considerable discussion in the literature32 on
the method of packing. For this work a plug of glass w001 was
inserted at one end of the column and a vacuum was applied. Resin

was added to the other end of the column via a funnel. Mechanical

L
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vibration was used to move the resin through the tubing. Finally a
second plug of glass wool was inserted and the column was connected

to the pump and detector via small Tengths of tubing with compression

fittings.

Two weakly basic anion exchange resins were obtained from Rohm
and Haas of Philadelphia, PA. Both resins are commercially used for
the deacidification and deionization of water where the removal of
strong mineral and organic acids is desired. Amberlite IRA-68 is an
acrylic resin with the basic functional group being a polyamine. The
resin 1is sold in a free base form. The effective size of the resin
spheres is 0.43 mm. Amberiite IRA-93 was the second resin used. It
is a polystyrene resin with a polyamine as the functional group.
IRA-93 is also a free base resin with an effective sphere size of

0.41 mm.

The world producers of synthetic ion-exchange resins are listed
in Table 5.49 The table included a cross reference to published

boron experiments.

A few experiments were conducted at elevated temperatures. The
column was submerged in a water bath that contained a
thermostatically controlled heating element. The bath temperature

was maintained within a five degree range.
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Company

Akzo

Bayer
Chemolimfex
Diamond Shamrock
Diaprosim
Dow

Ionac
Mitsubishi
Montecatini
Ostion
Permutit
Permutit A.G.
Resindion
Rohm & Haas
Wolfen

TABLE 5. PRODUCERS OF SYNTHETIC ION-EXCHANGE

Country

Holland

FRG

Hungary

United States
France

United States
United States
Japan

Italy
Czechoslovakia
United Kingdom
FRG

Italy

United States
GDR

USSR

Tradename(s)

Imac
Lewatit
Varion
Duolite
Duolite
Dowex
Ionac
Diaion
Kastel
Ostion
Zeocarb, Deacidite, Zerolit
Orzelith, Permutit
Relite
Amberlite
Wofatit
AW™, AV™, KB™, KU~

RESINS

Boron_Experimenters

Urge11,24 Conrard2®
Kakihana,22 A1‘da28

This work
Christoph25

69
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Detector

The effluent from the column passed through an in-line
conductivity probe. The concept is to detect the presence of
dissolved boric acid. In-line detection of specific isotopes was not
attempted. The effluent from the probe was collected in fractions

for chemical and isotopic analysis.

Two probes were obtained from the Cole-Palmer Instrument Company
of Chicago, IL. Model N-01481 was a micro-flow probe with an active
volume of seven microliters. The probe frequently plugged due to its
small volume. The Model N-05800 probe, which contains an active
volume of several milliliters, was used for all of the reported
experiments. The probe accuracy is 0.1% and contains a thermostat

for temperature compensation.

Detector Electronics

A digital conductivity meter was obtained from the Cole-Palmer

Instrument Company. The meter measures conductivity in five ranges.

Most experiments were conducted in the range of 0 to 100 micro-mhos.
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Recorder

A type L6512 recorder was obtained from the Linseis Company of
Princeton, NJ. The recorder is a single channel model with a 0.35%
accuracy. The recorder was used at a chart speed of one centimeter
per hour to accommodate experiments that Tlasted in excess of

100 hours.

Additional Methods

EffTuent samples were submitted to the Westinghouse Idaho Nuclear
Company Analytical Department. The isotopic analysis of boric acid
was carried out using a mass spectrometer by the use of a surface
ionization method. The mass peaks used were those at m/e 88 (NazloBOZ)
and 89 (NazllBog). The analytical department determines a 0.072%
standard deviation in the enrichment of the dilute boric acid
samples. Atomic  adsorption was used to determine boron
concentrations. Due to the dilute nature of the samp]es'the standard

deviation was determined to be 5%.

Data
Twenty-one  experiments were performed. A summary of the
experiments 1is given 1in Table 6. The data from each experiment is

given in Appendix A. Each of the experimental reports identifies the
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TABLE 6. TABULATION OF EXPERIMENTS
Feed Feed Total
Title Resin  Length Comments Conc. Volume Flowrate Time Data
A IRA-67 2.25m 2.4 g/L 10 ml 55 cc/hr 11 hr Table
B IRA-67 2.25m Enriched Feed 5.0 g/L 10 ml 44 cc/hr 13 hr Table
C IRA-67 2.25m 2.4 g/L 10 ml 66 cc/hr 10 hr Table
D IRA-67 2.25m Hot Feed 24.4 g/L 9 ml 44 cc/hr 20 hr Table
E IRA-67 2.25 m No Separation 1.2 g/L 10 ml 56 cc/hr 13 hr NA
F IRA-67 6.75 m 2.4 g/L 15 ml 24 cc/hr 70 hr Table
G IRA-67 6.75 m 2.4 g/L 10 ml 42 cc/hr 34 hr Table
H IRA-67 2.25 m 2.4 g/L 10 ml 34 cc/hr 19 hr Table
I IRA-67 6.75 m 2.4 g/L 10 ml 19 cc/hr 57 hr Table
J IRA-67 6.75 m 2.4 g/L 10 ml 16 cc/hr 110 hr Table
K IRA-67 6.75 m 2.4 g/L 10 ml 25 cc/hr 100 hr Table
L IRA-67 6.75 m 2.4 g/L 25 ml 31 cc/hr 50 hr Table
M IRA-67 6.75 m 2.4 g/L 15 ml 12 cc/hr 125 hr Table
N IRA-67 0.5 m 2.4 g/L 10 ml 12 cc/hr 8 hr Table
0 IRA-67 6.75 m 2.4 g/L 1 ml 12 cc/hr 125 hr Table
p IRA-67 6.75 m 80°C/No Sep. 2.4 g/L 10 ml 31 cc/hr 39 hr NA
Q IRA-93 0.5 m No Separation 2.4 g/L 40 ml 10 cc/hr 9 hr NA
R IRA-93 0.5 m No Separation 2.4 g/L 5ml 300 cc/hr 0.2 hr NA
S IRA-93 2.25m 2.4 g/L 15 ml 41 cc/hr 6 hr Table
T IRA-93 2.25m Enriched Feed 5.0 g/L 18 ml 25 cc/hr 7 hr Table
§] IRA-93 2.25m 2.4 g/L 30 ml 20 cc/hr 10 hr Table

¢l

TTn
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fixed conditions of the experiment, the outcome including time,

recovery and enrichment and analysis of product separation.

For an initial insight into the large quantity of data presented
in the tables, scatter plots are given for the separation factor
(Figure 29), extent of separation (Figure 30) and the change in the
enrichment (Figure 31). The maximum separation factor for this work
is 1.54. This compares with a maximum calculated separation factor
of 1.6 from all of the previously published experiments. The maximum
extent of separation for this work is 0.104 as compared with a
previously published maximum of 0.07. The maximum change in
enrichment was 5.8% as compared to Kakihana’s maximum of 7.2%. In

general the separation factor and/or the extent of separation is

maximized when the feed quantity and flowrate are minimized in a long.

column.

Effect Of Single Parameters

Seven parameters were treated as variables in the twenty-one
experiments. The effect of each parameter on the separation was

determined.
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Effect Of Length

Data from experiments A (2.25m) and G (6.75m) provide direct
comparison for the effect of Tength. Figure 32 presents the
separation factor data for the two experiments. The separation

factor increases as the column length increases.

Figure 33 presents the extent of separation data from the
twenty-one experiments as a function of length. The maximum extent
of separation increases with increasing Tength. The trend of
increasing separation with increasing column Tength is in agreement
with past work. The maximum extent of separation per meter of column

length is 0.2, 0.015 and 0.0155 for the 0.5, 2.25 and 6.75 meter

columns respectively.

Figure 34 presents the increase in product enrichment as a
function of Tength. The trends using the product enrichment increase
are the same as those using extent of separation. The maximum
increase in product enrichment per meter of column length is 0.006,
0.0084 and 0.00886 for the 0.5, 2.25 and 6.75 meter columns
respectively. The Tack of a decreasing trend between the change in
enrichment per unit Tength and the column length is in opposition to
that of the historical data given in Figure 9. It should be noted
that zero separation can occur at any column Tength. The variability

in the data for a given column length is a result of the fraction of
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boron recovered in the product.

Effect Of Resin Type

Figure 35 presents a comparison of resin IRA-67 and IRA-93 for
near equal conditions. The comparison uses experiments A, B and C
for IRA-67 and S, T and U for IRA-93. It is difficult to conclude
that there is a difference in the separation power between the

resins.

Effect Of Temperature

Historically, 20°C to 40°C has been the range of temperatures
investigated. The Tower 1imit was due to decreased boron solubility

in cold water. The wupper Timit was due to maximum operating

'temperatures of resins. Both Amberlite resins used in this work can

be used 1in services up to 100°C. IRA-93 is sometimes used in
purifying steam. The operation of the column at a high temperature
could greatly improve throughput because of the higher concentrations

allowed by increased solubility.

Experiment P was conducted using the IRA-67 resin at 80°C. No
change in enrichment was detected in any fraction. Experiments G and
H were conducted at room temperature with the other conditions near

equal. Both experiments resulted 1in a detectable separation. No
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separation at 80°C enforces Kakihana’s theory21 that the
equilibrium constant for enrichment in resin decreases with

increasing temperature.

Effect Of Feed Concentration

Experiment D consisted of the introduction of hot feed solution
into a room temperature column. The feed concentration was
24.4 grams of boron per 1liter which is an order magnitude more
concentrated than typical feed. Figure 36 compares the results of
experiment D (24.4 g/L) to experiment A (2.4 g/L). The results
indicate that an increase in feed concentration decreases the maximum
product enrichment. This result 1is in agreement with Kakihana?l

and disagrees with Urge11.24

Effect Of Feed Volume

Figure 37 presents a comparison of the separation to the volume
of boric acid solution added to the column. The comparison uses
experiments 0 (1.0 mL) and J (10.0 mL). The results indicate that an

increase in feed volume decreases the separation.

Effect Of Flowrate

Figure 38 presents a comparison of the separation to the column
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flowrate. Experiments J (16 cc/hr), I (19 cc/hr), K (25 cc/hr) and
G (42 cc/hr) were compared. The vresults indicate the optimum
separation occurs with a flowrate of.25 cc/hr. This result is in

agreement with Kakihana.?2!

Effect Of Initial Enrichment

Figure 39 presents a comparison of the separation to the initial

enrichment of the boric acid feed solution. Experiments B (53% B-10) -

and A (18% B-10) were compared. The results indicate the initial

enrichment did not affect the separation.

Effect Of Interactions

The data was reviewed to determine if interactions between the

seven parameters existed. Two interactions were found.

Effect Of Feed Quantity

Feed quantity is the product of feed concentration and feed
volume. Figure 40 presents the data for the increase in enrichment
as a function of product yield. The data points are grouped by
experiment with a connecting Tine. In general, the maximum product
enrichment decreases as the quantity of boron feed to the column

increases. For feed quantities of léss than 0.0015 moles of boron-10
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there is typically a linear relationship between product enrichment
and product yield. The change in product enrichment per change in
product yield is plotted as a function of product yield 1in Fig-
ure 41. Clearly the slope of the product enrichment versus product
yield T1lines increases dramatically as feed quantify to the column

decreases.

Effect Of Cycle Time

Cycle time 1is a function of F]owrate\and column length. The
separation factor as a function of cycle time is shown in Figure 42.
The extent of separation as a function of cycle time is shown in
Figure 43. The experiments typically show that as the flowrate
decreases, the separation improves. More importantly, it appears
that as cycle time increases, either by decreasing the flowrate or by

increasing the column length, the separation increases.

Conductivity Results

ATT  historic  experiments used conductivity measurements to
determine total boron concentration in the column effluent. The
initial work with the Amberlite resins attempted to identify a
calibration curve relating conductivity to concentration. The curve
using the in-Tine monitor was dependent on both flowrate and

temperature. A major concern was discovered when the 6.75 meter
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column was used. A typical conductivity trace is shown in Fig-
ure 44. For several hours the effluent water had a lower conductivity
than the feed water. The use of an off-line analytical method
determined the vregion of the trace where boron was the effluent.

Analytical attempts to identify the compounds in the ofhér peaks
failed.

One possible explanation of the output is that the first peak is
a nonadsorbed impurity in the boric acid feed solution. The peak
typically occurred at one residence period of effluent volume. The
boron literature typically assumes that the anions involved in the
reaction are B(OH)z and OH™. If the reaction is based on B(OH); and
slight impurities found 1in the vresin such as C1~ the conductivity
trace could be explained. The rise in conductivity after the initial

peak would be the dislodged anions.
The adsorbed B(OH); would be dislodged due to slight traces of
anions in  the feed water. This would explain the drop in

conductivity below the initial baseline.

The conclusion of this work is that effluent conductivity can be

used as an indicator of the enriching cycle but should not be used as

a direct measure of boron concentration.
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SYSTEM MODELING

The results and discussion of the new experiments can be
developed into models of a predictive nature. Two models will be
presented. The first will address the overall enrichment process.
The second will evaluate the various parameters and their
contribution to the enrichment process. These models will then be
compared to the theory of the separation. Finally an economic model
will be presented to examine both a single stage and a multiple stage

process.

General Model Of The New Experiménts

Figure 45 presents the product data for the new experiments. The
graph plots the fraction of boron-10 in the product as a function of
the fraction of total boron recovered in the product. As one would
expect, when zero total boron is recovered zero boron-10 is recovered
and when all the total boron is recovered all the boron-10 is
recovered. In Figure 45 the x = y Tline is drawn. This line
represents the “case in which no separation occurs. For example when
50% of Athe boron-10 is recovered 'in 50% of the total boron, the

product enrichment is identical to the enrichment of the feed.

The format of Figure 45 is somewhat analogous to the presentatioh
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of equilibrium data in thermodynamics. 1In thermodynamics Henry’s Tlaw
defines a Tinear relationship that models equilibrium data for a

portion of the data range. Applying the same concept to the data in

Figure 40 linear function was calculated.

Fg-10 = 1.0789 Fp_7 (18)

Here Fp_jg 1is the fraction of the boron-10 recovered in the product
and Fp_t 1is the total boron recovered in the product. This
equation is valid over the range of 0.0 to 0.8 of the fraction of
total boron. Figure 46 expands the data shown’in Figure 40 to
include the 1line generated by equation 18. The regression
coefficient for equation 18 is 0.998. The regression coefficient is
a dimensionless number used to determine goodness-of-fit with 1.0
representing a perfect fit of the function to the data and 0.0
representing no fit. A coefficient of 0.998 indicates that equa-

tion 18 provides a very good model for the experimental model.

Model Based On Experimental Parameters

Equation 18 provides a unique view of the new experiments.
Because all of the experimental results are near the no-separation
condition, the vregression coefficient is near unity and independent
of the experimental parameters. This is not in agreement with the

previous analysis of the individual parameters.
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To understand the vrelative importance of the individual
parameters a second model was developed. This model can predict the
maximum extent of separation for an experiment given the experimental
parameters. Equation i9 results from using a linear model fof each

parameter. The parameters that did not significantly contribute to

the goodness-of-fit were excluded.
NMmax = 0.0088L - 0.00092T + 0.00038R . (19)
Here L is the column Tength in meters, T is the column temperature

in degrees Celsius and R is resin type (either 67 for IRA-67 or 93

for IRA-93). The predicted and actual results of the new experiments

. are shown in Figure 47. The regression coefficient for this model is

0.53 which indicates that the parameters do not behave 1linearly.
However, the model does provide insight into the separation. Thé
model  indicates that separation increases as column length
increases. Eighty percent of the goodness-of-fit is based on the
function of Tlength. The model also indicates that separation
decreases as column temperature increases and that IRA-93 is a better
resin than IRA-67. Additionally, the modeling identified that the
initial feed concentration, feed volume, and dinitial enrichment did
not significantly affect the separation within the tested ranges.
Flowrate did not affect the separation in the range of 10 to

66 cc/hr. However, no separation occurred with a flowrate of

300 cc/hr.
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This modeling implies that a Targe scale system should inject
large quantities of boron into a long column containing IRA-93 at

room temperature and at a relatively high flowrate.

Comparison Of The Model To Theory

The model indicates that the most significant parameter is column
length. From a theoretical basis the development of partial
differential equations is bésed'on column length. Separation should
increase by increasing column. length based on the partial
differential equations. From a statistical viewpoint, the separation
is determined by the difference in number of adsorption/desorption

steps. By increasing column Tength, statistical theory indicates

that product enrichment should increase.

Thermodynamic theory has indicated that as the resin temperature
increases  the equilibrium constant for the isotopes approaches

unity. The model agrees with the decreasing. trend.

The model indicates that IRA-93 is a better resin than IRA-67.

Each theory has either a direct or indirect parameter that defines

the effect of resin type.

Previously two predictions were drawn based on the statistical

theory. The first prediction was that a perfect separation is not
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possible. The new experiments supports this conclusion. The second
prediction was that the separation increases as the time the boron-10
isotope 1is adsorbed increases. Figure 48 plots the separation as a

function of adsorbed time for the new experiments. The trend in the

data supports the theory.

Scale Up Of A Single Stage System

This work did not vary column diameter. Several studiesd©
have 1looked af the scale up of columns. The work of Bowmati®® is
shown 1in Figure 49. As the diameter increases by an order of
magnitude, the relationship between output and column cross section
remains Tlinear.: The textbook method of scale up confirms this

relationship.

Figure 50 plots the change in enrichment as a function of yield
per hour. The figure contains the new experiments, Kakihana’s
experiments with a 50 cm Tong column?! and Aida’s experiments with
a 410 cm 1long column.28 It s obvious that the use of a single
column of these Tlengths could increase enrichment by a maximum of
1%. To determine an estimate of process economics a 4% single pass
enriﬁhment was chosen for the Japanese work and a 3% enrichment based
on Appendix Table 15. The cost of the resins are approximately $7000
per cubic meter. The cost to evaporate room temperature water is

approximately $0.07 per Tliter. Sample calculations are shown in





































































































































