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The solubility of carbon dioxide in hea(y water ertermined

at 5°C, 25°C and 58 C . Carbon dioxide was found to be slightly more

—

.- Analysis of solutjons™of heavy

soluble in heavy water than in wat
water in water was performed on a double beam infra-red spectro-
photometer and found to be accurate to 0,002 weight percent in the

0.1357 to 0,1800 weight percent DZO range., An attempt was made

“to enrich a 5% heavy water in water solution by rheans of distillation

in the pi'esencé of potassium laurate micelles. The micelles
appear'ed- to have no effect and results were comparable to a simple
water distillation._.A zone refining operationwas performed on a 5%
heavy waten solution and the effective distribut on coefficient of

1, 0003 was well bel.ow that ‘expected from theore_‘tica_l c_onsideral:.i_ons.
]:I:nrichment between adjacent solid and liquid phases was greater than
the concentration gradient throughout the length of the zone refiner:
Poor licguid phase mixing was suspected. Im.co{njunction with the zone
refining experiments, fre'ezing point data was obtained for various . |
heavy water.in water solutions, The treatment of the solid f:_hase of

the zone refining operation as a solid solution of ‘DZO in HZO was

found to be useful in determining the theoretical single stage’ ‘
-»




‘ - i1 -

" ACKNOWLEDGEMENTS

- -~

The author wishes to expresshis gratitude to Dr.”W. Hayduk
for his valuable assistax'lc.e énd guida.r:ce in this work. Ialso wish
to thank Mr, G. Gasperetti, Mr D. Roy and Mr. A, Bonaldb Yor
their aid in constructing and repairing fny equipment, Special
thanks are extended to Lyne Coté for fyping this thesis and-enduring

my many moods during the course.of the work.

,




. ’ [ - &
/s . - ) .
, - K - 1if - ’
TABLE.OF CONTENTS
 INTRODUCTION.......vntn. e e e 1
a) Gas Solubility.,...... S S 1
b) <ii')iEn:i?tla._-‘:ion of ™ Water-Heavy Water Solution . .... 3
‘c) Zone Réﬁning of a Water-Heavy Water Solution, .. 4
PROPERTIES OF THE TEST FLUIDS, .. .vocvevnss .. 12
p . ' ' ' »
ANALYSIS OF HEAVY WATER CONCENTRATION,.......... 15
APPARATUS AND PROCEDURE. ......... e 21
a). Solubility Determindtion, ............. U 21
b) Soap Solution Distillation,,......cccvverenienens 24
¢) Zone Refining......... e 26
RESULTS AND DISCUSSION, ...\ usereurernanrnernanesnes 31
a) Solubility of Carbon Dioxide,.....cooveivenvnennn 31
b) Soap Solution Distillation,,...... e s eeseeann wee. 31
c) Zone Refining....... e e e e 35
v ) . . ) ,_ﬁ-
. BIBLIOGRAPHY........evveeenennin. N e 45
: ~
\  APPENDIX. \ .................................... A 47




TABLE
1
2.
- 3
4
. 5 \
6
7
8
9

11

‘ LIST OF TABLES,

-

PAGE
* Partial Molar Volume of Carbon Dioxide ....... 13°
. Vapbur Pressure of Héavy,Water and |
_D;ansities of Water and Heavy Water ... .' ....... 13
Comparison of Some Significant Properties s
ofDOandHO..A ...... e, 13
o Spec1f1c Hea?of H O and D O.venvnen ceees . 14
- Infra- Red Absorptmn Bands for Water ....... . 17
Solubility of GO, in D,0 J}\ .......... eaa,. 32
Product Analyam - Soap 50lut on-D1st1llahons( 36
Freezing Peint Determmatmr‘xf R SARRE PP YA
Ideal Separation Factors (From 'Activity of _
SOHA) v vurnrnnnnns e .. 40
Di?ferential\Refractometer Calibration .., ....... 47
- Calibration of Infra-Red Spectrophotometer ..... 49
. -
» ”



FIGURE

i b
Oscoc-.:c\;”ut-hwh-‘"

11
12
13

14

15
.16
17
18

19

"LIST OF FIGURES

\
So]i&-Lié]ui'd Two Compiﬁnent Phase Diagram..... 5
Normal Frgezing Example,...... [ 5
'Zone Refining, Single Pass....... orerereiiaeas 7
Single Pass Distribution. /o ... v.ereeenneennenn. 7
Infra-Red Scan ,... . . ... iiiiiirienetieneenns 18
Infra-Red Scan ... ... it eimnenennnns ‘19
Degassing Apparatus ,,,,...... 0 .cev0n. Y : . 22
Hayduk and Ch_eng Solubility Apparatus ,,...... 23
Distillation APPAratus ......eveineenanns P + 25
Zone-: Reﬁmng Apparatus (front view) . .......... 27
~ Zone Refining Apparatus (side view) ............ 28
Timing System for Zone Refining Appa‘ratus ..... 29‘
Solubility of Carborf Dioxide in Water and ]
Heavg-rWater ..... 33
lCompariaon of the Effects of Potassium Laurate
and Hea.ﬂvy Water Concentrations on Differentia;l
‘Refractometer Readmg ........... ’. e 34
Fre_e/mg Pomj Determmatmn For Heavy Water
Solutions . .......evvvinns sereenesieiiiessees 38

Theoretical Separation Factor versus
Temperature for a Solid Solution of D,0 in H,0 .. 41

Concentration Profilg - Zone Refining ‘of

DZO (runl) .......... cerareseernaae EEEEEE ' 42
Concentration Profile - Zone Refining of

D O(runZ both phases) R L EER R R A3
D1££erent1a1 Refractometer Calibration for i
Dilute Heavy Water Solutions...... TR RRERE - 48




FIGURE

20

21

22

23 -

24
25

Calibration of Infra-Red Spectrop‘hotometer N

PAGE

for Dilute Heavy Water Solutions:...... et 50’

. D1Herent1a1 Refractometer Calibration for

Dilute Sdlutmns of Benzene 1n Toluene . ....... . 52
Differential Refractometer Calibration for L
Dilute Sclutions of Toiuene in Benzene . ........ 53
McCabe -Thiele Diagram:-Benzene-Toluene J
SYBLEIM L ittt iinnreasrrannanesssracasenneas _ 54
Low Goncentration Range of Figure X 55
H1gh Concentration Range of F1gure 23 ......... 56

L]

-



?.
W

QO 0 0 O

O-0 Q.

H YWY YRR R
H

< < 13 M
3.

o
4y

O Q

(=]

4]

'

-

*

- n w-~H

3w

m'q_é;nam

f"Vii-

‘NOMENCLATURE

constants in zone refining equation

solute concentration. (mass fraction) -

“initial solute concentration (mass fraction)

" N
solute molar concentration in-solid phase

solute molar concentration in gas phase

- sgolute molar concentration in liquid phase

" specific heat-( cal/g’C ) _ -

differential refractometer constant

Ostwa,ld coefficient [

gram molecular weight

L]

- total mass

pressure ( mm Hg )

total pressure ( mm Hg ) T
_wvapour pressure (mm Hg ). -
partial pressure (mm Hg )

N temperature ( ‘K )

meltmg point temperature A« K )
room temperature {° K)
measuremenf: t':empera.tur'e (‘K) -
critical temperature (°K'!) |

molar volume (ml?)

' dry gas molar volume’ ( ml )

heat of fusion at melting. p01nt ( k cal/mole )
activity of solid. . * - : o
dj_ffe’i‘ential refractom_eter reading
diiferential,refra'.etoﬁaerer reading ( blank )

‘mass fraction solid ( normal freezing ) -
. XS “n . - .

b



Subscript

Tk

- viii -

effective distr_i'iaution coefficient for zone refining / '
equilibrium distribution coeﬁicieﬁt

zone 1e;:1gth - | | _ J
number of zone refining sta..gea

length ( zone refining )

mole fraction ( distillation and selubility, )

density at room temperature ( g/ml)

density at measurement temperatﬁre ( g/ml) _ / .
separation factor or relative v,ola.tilitjr ( distillation ) .

refractive index -

‘a |

refers to the solvent

refers to the gas solute
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" 7 INTRODUCTION

”»

With the \'.vorld's dwging supplies of fossil"'tfuels, m:.lcleaf
power is emerging as an alternative to conventional power production,
CANDU reactors require an inventory of a,pprdximat{;aly 0.8 Mg of |
heavy water per MW of electrical pox;ver capacity plus a make-up\
supi)iy -of about 0, 7% per year. Water is tﬁe most widely a.vaila’ble
source of D'ZO ‘Ocean water contains 157 p, p. m, heavy water (1)
\'vl'tile fresh water geherally has.a lower deuterium content (about
,14§I p. p.m. in the Ottawa area), .An economical method of refining

;hv‘aavy water from its natural concentration to reactor grade of 99, 75%

. : . R . %

is, therefore, a vital link in the production of nuclear energy.’
In water, the three isotopic species H,0, HDO and D,0
P _ ,

are in the equilibrium

H,0 + D,0 = ZHDO

2

with an equilibriuh‘; constant of 3, 8 at 25°C. Natural water contains
the molecules H,O : HDO: D,0 in tht proportions 1: 3 x 107 Zx1070.
Throughout the initial hundredfold increa se in the mole ratio ﬁ-%-)— , the
copcentration of DZO molecules remains negligible, Thus, the pertinent
separation factor at very low concentration of deuterium is that between
HDO and HZO I the'_.sgpa.ration factor between bZO‘and HDO is

the same, then this single value will apply qver the entire cox:xcentra%

range from pure HZO to pure DZO .

(a) Gas Solubility ) | : ) /

-

- The solubility of gases in liquids is primarily 'governed by two

factor%s._ First, any chemical reaction between solute and solvent will

-

have an effect on solubi lity and second, when a polar solvent is involved,

]

f



the degree of assm:iat_i-onror H-bondihg may also affect the solubility.
When a gas is dissolved in two different solvents, the solubility dafa
may be useful in speculating about some of the properties of one solvent
in comparison with the other. In terms of this work, a marké_d_
differgnce between th? solubili.ty of a gasin HZO and DZO could give

insight into possible separation methods for the two isotopes,

The Ostwald coefficient is a popular -method of expressing gas

solubilities, It is the ratio of the solute concentration in the solution

'phasé to that in the gad phase, It can also be considered as the ratio

of the volume of gas absorbed to the volume of the absorbing ligquid at

‘measurement temperature and pressure:

. '
’ o C VZ P Q

L : t
L= ?- = -—-E,,-— . (1)
G 1 "2 €r :
Wheh Raoult's Law is applicable:
P - P. 1 P. - (2)
T2 Tt - l-x) Py ,

Mole fraction is another common expression of solubility. In
terms of the gas and solvent volumes and fluid properties, the

mole fraction solubility is:

Vi . 760 Vi . 760

1 1 . N
T X, = T / + } (3)
AV By V2 B M)
/ ‘ & 2 R
X, = 1/(1 + 'Iqi I 760 ) (4)



(b) Distillation of a"Water-Heavy Water Solution in the Presence of

Potassium Laurate in Micellular Concentrations

One of the earlier methods for heavy water refining, water

distillation, was introduced before World War II to compete with the

) Germané. It incdﬁ)'orated a minimum of.,hew techx.lology, hence suited
the aims of the time, that is, .to produce heavy water at any cost,
Since the difference in boili;lg péints is small (1,43°C) the distillation

processes required very large equipment using high reflux ratios,

- The separation factor or relative volatility, a, where

-

. x(l-y) ) s
: ey (w0 | )
and where - . X = t'D-“ {liquid)
[H+D] " _
y = [D.l '(ga.s) o ‘
[H+D} _ o '

has been reported as 1. 05 (15) for w.'}fer d1st111at10n The economics

of this process are quite unfavorable compared with other methods of

Beparatlon.
o+

Some work had been done by Hayduk and Laudie (6) pertaining
—tothe formation of potassium laurate micelles in water. Micelles |

Y . ‘ ) eyt -
are formed at a surfactant concentration known as the critical micelle

-concentration (C. M. C.) whic_h for potassium lauré.t;e in water is
approxn-na.tely 1% . 'I‘}"ne micelles themselves are organized aggregates
‘or macromolecules of the surfactant 1ons, in which the lipophilic '
drocarbon chains are oriented towa.rd the 1nter1.or 'Pf the micelle,

X ‘
leaving the hydrophilic groups in contact with the aqueous medium.

R
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A popular concept of the micelle is to consider it spherical in shapc!.,

-

It has been shown that sirfactant solutions above the C. M. C
can solubilize otherwisé insoluble organic material by incc;rporating
it in the interior of the micelle, THe exact mechanism is uncertain,
This behavior was the basis of the distillation experiments in the hope
that tﬁe deuterated molecules might show a grea}:er_ affinity for the

micelle centres than did the light water molecules,

(c) Zone Refining of a Water-Heavy Water Solution

Zone refining is often employed as a method of producing
extremely pure materials by recrystallization, Itis accomplished
by drawing the material to be purified through alternate heating and

cooling zones, The actual refining takes place because the solute

'_ concentration in the freezing solid differs from that in the liquid.

This difference reflects the nature of tl'}e equilibrium between the

liquid and solid phases of the binary syste-rn. A parameter very useful-
for describing this equilibrium is the distribution coefficient. The
equilibrium.va:hie for the distribution coefficient, designated ko )

can be obtained from the phase diagram ( Figure 1)*, The effective
value, k , will depend on the conditions of freezing as well as the

properties of thé material,
(i) Normal Freezing.

For normal freé;zing of a binary liquid, let us consider=a
solution as a long cylinder, a's‘ represented by Figure 2. The cylinder

may be considered of unit length, with the fraction of solid, g 3 and

initial solute concentration C0 . Applying these conditions to Figure 1,

the last droplet of liquid will freeze when the liquid conc entratioﬁ

is Co/k . Interms of solid fraction, g , and from basic material .
o .

N2

A



TEMPERATURE

o _’C_o Co Ce=kfo

e |
SOLUTE CONCENTRATION

Figure 1 -.Solid-Liquid Two Co-mponent Phé.se

Diagram
' >
soLin - LIQUID
0 — R 1

g

Figure 2 - Normal Freezir;'g Example
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balance considerations the solute concentration in the solid, C , is
given by:

k C

_ o 0
C = L+ gk -1) : _ (6)

LY

If good mlxmg is assumed in the hquld phase and no diffusion in the
solid, the solute d1str1but10n caused by repeated freezing can be

represented by (13) :

9}
n

. k- ' . '
Co(l-g) : (7

or C/C K(1-g) 5~ o C(8)

whgre k = ko with good mixing and no diffusion within the solid,
{(ii) Single Pass Distribution

In applying the freezing principles to zone refining, a
cylindrif:al solid charge of length L and of constant solute composition
Co {Figure 3 ) may be considered. When a molten zone of length /-
traverses the charge slowly, it causes the solute to be distributed
approxlmately as shown in Figure 4 for cases where x >1. The
curve has three regions: .an 1n1t1a1 reg1on, a constant composition
region and a final region, As the zone advances a short distance, it
freezes out, atx =0, a layer' of solid concentré.tion kCD and takes
in, .a.t x = 4, by melting, a ldyer of concentration CO . As a result,
the solute in the zone is depleted and subsequently freezes-out lower
solute concentrations as the zone progresses. Depletion occurs

. ‘ C
at a decreasing rate until its concentration attains 2 value of o/k.
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From this:-poixlmt on, the concentrations entering and leaving the zone are
equal and the concentrat.ion of the freezing solid remains C_ until the
zone reaches the end of the ingot. Thereupon, further movement of

the heater decreases the length of the zone, the normal freezing process

occurs and the solute concentration decreﬁs. The equations which

apply are: )
. kx
e~ F
for regions 1 and 2 C/Co = 1-(1-k) ) .(9)
k-1 :
= k(1-g) N (8)

for region 3 \C/Co

(iii) Multipass Distribution
1f -one envisions a second pass through the first pa.s‘s distribution,

'it can be seen that as the zone passes through the initial region, it
further depletes solute, leaving behind a higher concentratea and
somewhat longer initial region, When the front of the zone rea;:hes
the beginnin.g' of the normal freezing region, the slope of the curve will
drop sharply. Thus the depletion at the normal freezing end of the
charge is reflected back one zone length for~ the second pass and an
additional zone length for each succeeding pass, Ultimately; all three

regions blend into a relatively smooth curve,

It would be helpful to have a single general equation to express
the zone refining characteristics for any number of passes through an
ingot of specified length. No such equation has been derived. While
the concepts of zonel refining are simple, it is apparently difficult to
describe multipass operations mathematically. Selveral methods have
bec;n found to yield a fair appryf:ima.tion to a general equation, but they

are extremely complicated and require extensive computational labour.



For the purposes of this work, the _sys.tem was allowed
to approach its ultifnate distribution in order to éimplify mathe.matica.l
analysis, Smith and Thomas (18) have shown, with similar equipment,
t.hat after as few as 16 passes, the di stribution within the charge
becomes linear. Continued passes will increase the concentration |

gi—adient (i.e. the slope) until some ultimate distribution is reached,

If the molten zone of length p is to i:;ass through the charge
without changing the distribution, the concenfration freezing out of the
zone at any point x must be C (x), the ultimate distribution, and
the liquid solute concentration, CL(x) 3 in'the zone must be C(x)/k.
But CL(x) is also given by:

1 X+ g . .
CL(X) = ‘[' C(x) dx (10)
x i

asgsuming unit cross section,

Now since Cix) = k CL(x) o : i/(’ll) //

x + 7
K : Q
we may say Clx) = —,— I C (x) dx . {12)
- x
or
Cix) = Aes™® (13)
where A ?d B are constants obtainable from:
B2
k = —= | | (14)
e -1
C B o
© .

BS

A =
e -1

(15)
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Equation 13 is an approximation since it cannot hold in the last z.'one
length where nc;;'mal freezing prevails, and the distributi\on in the
normal freezin r‘egicm reflects back into preceding zone lengths,
This effect diminsghes with distance from the end of the charge,
A simplifi

d method for determining k is by the method of
theoretical stages. It has been shown (13) that the number of theoret-
jcal stages in a batch zone refiner m certain special circumstances
can be reasonably represented by the number of zones passed through

‘the charge, once a linear distribution has been established. The

number of stages, s, is defined as the number of factors of k in - . “

the ratio of the final to initial concentrations, measured at the
beginning of the charge. Since we have an equation for the ultirmate
distribution, k can be obtained directly for that condition. In equation
15, the ratio A/Co is that just described, since the constant A is the
concentration at x = 0 for equation 13, Hence, we can state J
o
8 ’ '
k = A/C : . (16)
o]
.and a ready value for the effective distribution coefficient is obtainable,
Another treatment useful in predictﬁing theoretical k values
is that of solid activity. Solid activity is defined as the ratio of the Q“
fugacity of a solid substance to the fugacity of its hypothetical supex -~
cooled liquid state at that temperature, If one is to consider the

process as involving a solid solution of heavy water in water, between r

the temperatures 0°C and 3, 82°C, computation of the activity of the
solid (DZO) is 'possible using the equation (8):

. AHF T =-T AC T ~Ty' AC T
asohd . m ( m ) + P ( m )_ P qn 10 (a7)
o - " R T T R T R T .
m
' a -d
where ACP = G liquid - G soli

P P
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If the solution were ideal, the ideal solubility of the solid int§ the

5 equals a.BOhd . Therefore, as applicable for the freezing

liquid, x
portion of the zone refining pro'cess, the ideal separation factor from

the liquid to solid zones may be described by l/asolid . P

Previous attempteI have been made to concentrate heavy water
by zone re_ﬁ.ning. Since the melting points of DZO and HZO differ
by 3:.8°C, a separation ought to be possible, Theoretical considerations
by Weston (21) and experimental results by Posey and Smith (14) and
Eucken and Schifer (3) indiéate unfavourable k “values (k = 1,005 for
81, 64% DZO; k = 1. 012 for 42, 57% DZO).' Rae (15) indicates an
equilibrium separation factor of 1. 02 for the freezing of water and
Siie et'al (20) concentrated 0,98% DZO to 0.995% in 14 zone passes
and 1.96% to 2.07% in 40 passes. Smith and Thomas (18) observed
a distinct increase in DZO content at th';T beginning of the ingot,
although, for certain conditions, the overall distribution coeffici-eqt

was found to be as low as 1, 0007,
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PROPERTIES DF THE TEST FLUIDS
—— ‘ ' .

%" Heavy water was purchased from Aton:ﬁc Energy of Canada
Limited and had a specified purity of 99.75% by weight. Carbon

Dioxide was obtained from Liquid Carbonic Limited. Pertinent
properties of heavy water, water and carbon dioxide used in this

thesis are detailed in Tables 1 to 4.,
X

rx

o
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TABLE 1

Molar Volume of E'Ja.:jbon Dioxide v

T (°C) V2 pas (cc/mole) (4)
5 22800
25 . 24560

50 o _26'550

TABLE 2 -

Vapour.Preasure of Heavy Water and Densities of Water and Heavy Water

4 .
9 4

T.(+C) Pp,0@mEE € o8/ 0) 4y o (g/cc) (9)
5 5,498 (2) 1, 10562 0.999992
25 20.51 ({10) 1, 10445 0.997075

50 . 84,808 (2) 1, 09570 0.988066

TABLE 3 ' (

Comparison of Some Significant Properties of DZO and HZO (10)

D,0- , H,0
\Molecular Weight 20,028 18, 015 .
Melting Point °C | 3, 81 0. 00
Boiling Point °C : 101, 42 100, 00 S
T ' °C . . : 3711 ‘ 374.1
[nd 5
P )
AH k cal 1. 515 . 1, 436
m —— : .
mole .
Index of Refraction 1, 3283 1. 3330
at 20°C : .
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TABLE 4 ‘ . //

Specific Heat of HZ-O and DZO (cal/g °C)

. 7H,0 - D0 . '
| ligaid solid, liquid solid o
T (¢C) . Cc 2. C 2 c 2 C -
. b (a2) b .,( ) D (2) b ©
‘ a
-4 1, 0105 0. 4975, . : .
3 1. 0102 L4994 — ®
2 . 1, 0097 , 5013 . '
-1 ' 11,0092 ., 5031 b _
0 1, 00738 . 5050 1,0190 , 510 ™~
1 1. 00652 : 1. 0184 , 509 S
-2 1. 00571 1.0178 . 509
3 1. 00499 1, 0172 . 509
3,82 1. 00442 1. 0167 . 508
4 1. 00430 110166 . 508
a) interpolated from data j ‘
~ i
b) extrapolated from data o :
m‘c) these data are approximate‘,oréigr} dTh’ey were estimated by

i

" considering_that for water” C is approximately half the

value of ij‘cr‘.11 at temperatures slightly less than the freezing
point temperature. They are used only in the calculation of a
theoretical value for solid activity.
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ANALYSIS OF HEAVY WATER CONCENTRATION

/o

Ll

All analyges were made assuming the deuterium to be in the
form ‘DZO . Affhough all experiments were carried out at fairly low
heavy;ra-ter concentrationg where the deuterium would actually tend

to take the form

AR, z’%ard samples used to calibrate the
instruments weré¢ obtained by introducing known amounts of pure
(99, 75%) DZ‘O ints _known amounts ‘of distilled water. Hence, all ..

deuterium concentrafjons are expressed in terms of weight percent

D,0O.

Initially, concentration measurements were obtained by-means
of a Brice-Phoenix differential refractometer. This machine was
designeéd for the préciée measurement of the difference in refractive

index between a dilute ‘solution and.its solvent. The refractive index

difference was obtainable through the following éciuations:

AT = K Ad | - . (18)

"Ad

I

(4, -4) - (d, - 4) (19)

Since the purpose of the differential reﬁ'-actometer was simply to

analyse for DZO concentration, not tq find the actual index of

refraction for the solution, it was calibrated only in terms of Ad and
heavy water concentratlon Cahbra.tmn data were obtained cons1dermg '
H O as the solvent and the D 0O - HZO as the sample wh:u:h was
mserted in the " solution' compartment The differential
refra.ctometerA yielded a calibration curve accurate to i-:O. 3 weight

percent in the range of concentrations investigated. Differential

F
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. refractometer data and the calibration curve may be found in

Appendix_ 1A, ) 7

Upon purchase of a Perkin-Elmer Model 267 infra-red
spectrophotometer, it was decided to analyse all the remammg heavy
water sarnples by means of this machme Previous work (19) conducted
with s1m11ar double beam instruments indicated that, DZO concentrations

. could be analysed with an accuracy of better than 1%.

The ~c;uantitativle analysis for a component in a mixture onf
covalent cofnpounds,by infra-red spectrometry.is "possi'ble only if
the compound has'a distinct absorption band in a region where the | ‘
other components do not absorb to any large extent. Table 5 gives
a summary of the main ebsorption«bands for liquid I—IZO , HDO and
DZO arising from the fundamental, first overtone and simple
combinatien frequencies of these molecules. A full scan for HZO 7

and a dilute heavy water solution is shown in Figures 5 and.‘fa .

The method’of analysis for DZO i;. the 0-1% range is based
on the detection of HDO and DZO . The 2620 cm-l HDO band and
the 2500 t:m'-1 DZO band are the most logical choices, These bands
are somewhat obscured by atmospheric CO2 absorption but’prior
to actual ana.lyeis all samples were bubbled with helium, thereby

minimizing the carbon dioxide content, Calcium fluoride cells were

used while distilled water was used as the reference beam absorber.

It was noted in early calibration attempts that the absorption
of the se.mples was extremely temperature sensitive. As a result,
thermocouples were calibrated and attached to both cells in the
spectrometer. The instrumet. wa.‘s then allowed to warm up to itsl
ultimate operahng temperatur ' 47 C, and, using thermocouple
output as a monitor, all data obtamed at this temperature Long

gpaghetti tubing was attached to the inlet and outlet ports of the cells,



-17 -

TABLE 5

Infra-red Adsorption Bands for Water

Wavenumber. (cm-l)

Vibration Mode "H.O HDO D.O
+0 2 y 2
v, ~ 3430 2620 2500

A b 3580 3400 2500
A i 1615 1480 1220
2v, 6800 5230 4996
2v, 7050 7020 4960
2
.zvz B 3230
yl A 5180 4100
v, Y, 5184 5000 3509
: 6835 4878
,V'l + V3 83 ‘

e

-+ -
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allowing then to be charged without being removed from the instrument.

With all data taken using scan mode "M'" , slit program " 7"
and time constant '"1", the I. R. spectrometer was calibrated for the

range 0.1357 to 0,1798 weight percent D,O . Since dilution from

2
approximgtely 5% DZO to less than 1% was necessary, the latter
- . . s A T ransmittance .
concentration was arrived at by optimizing the T ratio.
A Concentration

An accuracy of 4.0, 002 weight percent was obtained,

e

)r?




-21-

APPARATUS AND PROCEDURE

P

(a) Solubility Determination

The apparatus and procedure used for the determination of
carbon dioxide solubility in heavy water was the .sa.rne as that of
Hayduk and Cheng (5} . First, the solvent was degassed ﬁs:ing an
apparatus as shown in Figure 7. With the solvent bottle partially

" filled a vacuum was applied to both the bo‘ttle and the tube, The
heating ta.pe and vacuum caused the solvent to boil in the bottle,
After about 20% of the.solvént had boiled off, the stopcock was’
opened permitting the liquid to pgs's- through the capillary into the
glass tube, When sufficient liquid bad accumulated in the tube, the
vacuum was released and the solvent withdrawn through the septum

by means of a Hamilton Gastight syringe,

The solubility apparatus, diagrammed in Figure 8, consisted
malnly of a 10 millilitre glass burette, a contacting chamber in the
shape of a spiral, a U tube manometer and a 10 millilitre liquid
burette, 'These cormponents wer‘e enclosed by a glass jacket through
which water at the desired temperature was ;:irculated. The degassed

aolvent was introduced into the confacting spiral by means of a

syringe pump. The gas wa's, maintai

d at atmospheric pressure
using a mercury column tﬁg\ezght of\which was controlled by a variable

speed lift motor, and momtqred visually at the U-tube manometer,

The circulating water stream was kept at constant temperature
by a Haake-R20 circulating bath, To achieve temperatures lower '
than room temperature, a ''Bath Cooler" refrigeration unit from’
Neslab Instruments was used, For measurements at temperatures
greatly differing from ambient conditions, the jacket of the
solubility apparatus was insulated with layers of polyethylene and

<5 .

.
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the barrel of the syringe was enclosed in a jacket and attached to the

cn-culatmg constant temperature stream,

The liquid flowrate into the contacting chamber was determlned
by calibration of the syringe pump, while the volume of gas dissolved
could be observed by the rise of mercury level in the gas burette,

These data yielded the gas solubility.

(b) Soap Solution -Distiliation

The distillation experiments were undertaken in a packed

 distillation column from Ace Glass Inc, as shown in Figure 9. The

solution in the 2000 millilitre still pot (&) was heated by means of an -
electrical heating pad (B) controlled by a va.nable trans . Y. 'fhe
column itself was one inch in diameter and packed with four millimetre
spherical pyrex beads (C) to a height of 31 inches. A vacuum jacket
(D) prowded column insulation throughout its height, A 100 millilitre
syringe pump 1nJected concentrated potassium laurate solution into
the colurnn by means of a 1/16 inch inside diameter spaghetti tube
which extended about three inches down into the packing. The reflux
mechanism (E) cor;sisted of a timer which was connected to an
electromagnet which activated 2 hinged funnet. Thus, condensate from
the overhead condenser (F) would drip down the spout and emerge 28
the top product stream. When the electromagnet was off the condensate

was returned to the packed portion of the column as reflux.

A 30 weight percent potassium laurate ina water-heavy water
solut:l.on was introduced into the column by means of a syringe pump
at 2 rate of 0.275 ml/min. The potassium laurate concentration
within the packing was maintained above the C'.M' C. at all times.
The still pot was charged with 400 millilitres of 5 wt.% D,0 in
HZO along with enough soap to create micelles 1n this 1oca.tion also,

The column was operated at total reflux until steady state was reached,

¥
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Then, to obtain an overhead sample, the reflux ratio (L/D) was set

at 4, Samples were prepared for analysis by means of the differential

L]
refractormeter,

A distillation was also performed utilizing the column for the
Benzene-Toluene system to determine the number of theoretical

stages Results may be found in Appendi.x G,

(c) Zone Refining K

The zone refining equlpment shown in Figures 10 and 11,

consisted of coils of 2 inch I.D, tygon tubing (A) wrapped around a
12 inch diameter supporting framework ( B and C). One end of the
coil was exposed directly to the air (D), while the other end was
connected to a levelling b\ilb (E). The tubing coils.were rotated by
means of a chain drive (F) and a gear reducer (G} driven by an
electrm motor (H). This motor was cennected to a timing system,
Flgure 12, which enabled the drum to ‘turn in either direction for any
length of time at any desired rotational speed. The drum could be
rotated in the foreward. direcHon, reversed for a fraction of the

foreward rotation then made to continue in its foreward motion,

' This entire system could be raised and lowered by means of
-manua.l screw turrets (J) . The lower portion of the coils were
submerged in an insulated ethylene glycol-water bath (K) maintained
at 10°C . Constant temperature was achieved throughout the bath
by means of a mixing pump and a stirrer. An electric heater (L)
which raised the temperature to 40°C above the bath was employed
to melt the frozen zones as they emerged from the bath liquid, '

This heater was on only if the coils were emerging from the heated

side of the bath, Melting was assisted by a sheet metal heat reflector

(M) in the shape of a cylinder appropriately placed inside the tygon

tubing drum support.

-

\
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" The tygon tubing wa.s 1n1t1a11y charged with a 5, 5 weight percent

DZO in H O solution jn a manner which left air spaces at the top
of each co11 of tubing. Through trial and error, it was found that a
reasonable net rotational velocity for the cylinder was about 1/2

revolution- per hour. Actual speed was 0. 67 revolutions per hour

but it is noted that for, 10 minutes ih 64, the motor currént was

‘actually reversed, cauding the cylinder to turn in the reverse direction

for rnixing purposes. .This change of direction allowed the liquid to
pour oveT the summit of each loop, thereby enhancing mixing. Using
these opera.tmg conditions, the solution froze when it reached a pos:.tmﬁ
two inches under the cold bath surface and was remelted at a position
about four inches above the bath liquid, w1th approximately 60% of

the total solution being solid.

In the first run, a coil of 15 turns was allowed to rotate 77
times, taking 167 hours, Inthe second run, a coil having 13 turns was
allowed to rotate through 121 revolutions over a period of 243 hours:
For the first case, the contents of the coils were allowed to melt
completely before samples were taken, For runZ, samples were
taken immediately from the liquid phase and then the liquid phase
was drained, Samples were finally taken of the solid phase on
melting. For analysis, 2.5 millilitres of sample were diluted to
100 ml. with distilled water and analysed by means of the infra-red

spectrometer.

G
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RESULTS AND DISCUSSION

g
(a) Solubility of Carbon Dioxide

The results for the carbon dioxide solubility, expressed 28

the mole fractions solubility and Ost\.;vald Coefficien.ts may be found’

in Table 6. A compar1son with CO solubility in water (Figure 13)

shows the gas to be slightly more soluble in heavy water throughout
the experimental temperature range, The lack of further data
concerning solubilities of other gases in D,0 make it difficult to
rnake definitive statements about its solutlon propert1es Further
1nvest1gat10ns of gas solubilities in heavy water might prove more

}
useful,

—

(b) Soap Solution Distillation ' .

Early attempts at analysing samples from the top and bottom

product met with great difficulty, It had originally been assumed

that the soap, being of high molecular weight, could easily be removed ’

from solution by one or two distillation stages. This, in fact, -was
not the case. Further investig”a.‘tions showed that the effect of soap
concentration on the refi-acti\;e jindex of the solution was more than
30 times greater than the effect of 2 similar concentratlon of heavy
water {Figure 14), Therefore the presence of even trace amounts of-
soé.p in solution. ov_ershadowed any expected change in deuterium
concentration when measured by means of the differénti.a.l .
refra.ctorneter The soap could not be précipitated out of solution
w1th acid because this would involve a.ddmg a.dd:l.tmnal ions to the

solution, again changing the refractwe index.

Finally, it was decided td redistill the samples repeatedly
until all traces of soap had disappeared. This method was based

on two cond1tions. First, the soap concentration in the samples was
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TABLE 6

Solubility of COZ in DZO

Temperature (°C)  Mole Fraction Solubility Ostwald Coefficient

in DZO  in water (12)
5 . ».00124 . 00115 ° 1. 549
. 00127 1, 589
25 . 000640 .000606 0.862°
‘ . 000630 0. 854
50 ?' . 000393 . 000350 0.527

‘ . 000367 0,529
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less than the ‘C. M. C. before redistillation so the soap would have
no effect on the deuterium Aconcentration. The second condition-
was that the separation factor for simple wateir_'. digtillation was so
small that the further distillations did not signiﬁcantly alter the
sample concentrations. If the hypothesis that micelles attra,.?:ted
I—IDO was not true, the top and bottom DZO c,oncentrations, even

after the soap had been removed; would be extremely close to that

of the.initial charge. -

Two runs using 5% DZO in sz yi-eld'ed top products which,
after being twice redistilled in the same large dist—illa.tion column,
were found to have the same 5 Weight percent heavy water concentration as
jnitially charged. Similarly, the bottbm product was also within machin‘;al
error range of the input ‘concentrations Table 7). These results
substantiate the lack of any preferential attraction betyeen the soap

micelles and the deuterated water molecules,

It may be concluded that any significant solubilization of
HDO by potassium laurate soap solutions in micellular concentrations

is most unlikely, - ' X : 71

{c) Zone Refining

In determining the ideal separation factors for the freezing
process, using the @id solution approach, it was necessary to measure
the freezing point temhperatures for water-heavy water solutions,

These were obta.ined by means of a simple hand gtirred apparatus,

The results may be found in Table 8 and Figure 15. From this, it

was possible to find the freezing point of the 5, 53 equivalent wt. %

DZO solution which was used as the initial concentration for the zone - °
reﬁ.uning experiments, From Figure 15, the freezing point could be

estimated as 0,23°C, Calculation of solid activity and ideal

-geparation factors from the theoretical considerations of equation 17

- @
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, TABLE 7

Product Aha.lysis - Soap Solution Distillations

4

d2 - d1 Ad DZO concentration wt %
_(Differential | {40.3 %)
Refractometer -
Reading)

input ' ' 5.00
overhead 1 - .287 - .255 5,0
: 2 . . ,288 - .256 5.0
bottoms 1 . .285 - .253 4,9
2 - .286 - .254 5.0
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TABLE 8

Freezing Point Determination

Wt % Dzo 'I'F (°C)
0.0 0. 00
10,9 0, 47
216 0. 84
42_4 1.65
62.3 ' 2.50
81. 4 . _ 3.17

100.0 . 3,81
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\

is detailed in Table 9 and Figure 16, From Figure 16, it can be seen
that a separatibn factor of 1,037 is predicted at the initial solution
composi:tion. It should be noted that this is a separation factor
between DZO and HZO , whereas the actual separation is between
HDO and HZO' Since it is impossible to isolate HDO, its properties
are assumed to be appioximately halfway between those of HZC and
DZO' Hence, it would be assumed that a value of 1. 019 would be more
appropriate as a theoretical separation factor using the solid solution
approach, This estimated value is in surprisingly good agreement
with that of Rae (15), who gives a factor of 1. 02 for the freezing of
water. Smith and Thomas (18), freezing a 50% DZO - HZO solution,
used the same value of 1, 02 which is again comparable to that obtained

according to the solid activity treatment,

The linear zone refining concentration profiles (Figures 17 and

18; were fitted by the method of least squares. In both runs, the
concentrations at the enriched end of the apparatus were less than
expected, The effective separation factor of 1, 0003 obtained for

both cases is f:r less than that expected from theoretical considerations,
The experimental value is in the order of some of the separation

factors obtained by Smith and Thomas (18) and somewhat less than

the values of 1, 0010 and 1, 0013 calculated from the data of Sie et al

(20), The most logical explanation for this lack of separation is a2
failure to achieve equilibrium at the solid-liquid interface. The

improved mixing in the liquid phase has not resulted in an, increased

separation despite innovations for that purpose.

An interesting phenomenon can be observed from the results
of the second zone refining run, Data indicated as "Run 2" were
samples withdrawn from the liquid phase of the coils, before the ice
melted, Samples from the solid phase were designated as "Run 2% ",

Analysis showed that in all cases the deuterium content of the 2%



TABLE 9 .«

Ideal Separation Factors ( From Activity of Solid)

solid © golid aso]id -

T (°C) ‘ Ina a 1/
: \/
0 - 0,0385 . 9622 1.039
1 - 0.0283 “.9721 1,029
2 - 0.0182 9820 .. 1,018
3 : - 0.0082 _ .9919 1.008
3,82 0. 0000 1, 000
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samples was greater than that of the correspondingliquid phase
sampleg. Some concentration gradient was expected, of course,
gince this was the basis of the zone refining process, Quite
unexpected, hf)we\fer, was the depgree of separation obse]\ved between
adjacent solid and liguid phase‘s. The single stage separation factor,
ag calculated between the least square fits for 2 and 2%, was in the
order of 1, 08, although some specific data points yielded values as
high as 1.12 or as low as 1. 02, A1l the liquid phase samples were
less than the inpu't DZO concentration, while all but two of the solid
phase samples were greater than the input value, From Figure 18,
it is also apparent that the copcentration gradient across the single

interface was greater than that achieved by 121 zone refining stages.

The overall analysis of the second run was done using a
weighted average, 60:40, corresponding to the estimated volumetric
ratio of solid and liquid"pha.ses, of the least square data from

samples 2% and 2.

Several factors may account for the ochbserved behavior of the
zone refining précess. . It would appear that the rrj;ethod of
incorporating a bubble of air into each loop to prombte mixing
may have separated the liquid zone into two distinct regions, thus,
in part, actua.ily hindering good mixing, Another factor which may

affect the performance of the zone refiner is the fraction of the '

4

material which is solid. This particular device had a very
appreciable fraction of liquid, quite the reverse of the classical
concept of thhe zone refiner. Whether having a greater fraction of

solid would haye an improved concentrating effect is not possible to

ne without further experiments,

The aspect of a relatively high single stage concentration
change suggests that a device based on the solid-liquid equilibrium
may still have some promise for isolating DZO . Further exploration

of other zone refiner designs appears warranted.
. .

W
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APPENDIX A

. TABLE10

Differential Refractometer Calibration

Wt % DZO dz - d1 Ad
Disj:illed Water - 0.032 0,00
0.513 - 0,056 - 0,024
- 0,055 . 023
1,012 - 0.079 . .047
- 0.079 - . 047
- 0.085 - .053
1.511 -,0.109 - .0T7
2. 009 - 0.137 - .105
- 0.134 - .102
3.007 - 0.183 _ 151
- 0,179 . 147
4,004 - 0,242 . .210
5001 ~ .- .-0.293 =~ .261
6.000 - 0.332 - .300
.. . 0,345 - .313
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APPENDIX B

TABLE 11
Calibration of Infra-Red Spectrophotometer

(100% = 95 at wavenumber 4000)

DZO_Conc entré.tion _ ‘ % Transmittance at Wavenumber 2520
(wt %)
0.1357 69.3  69.6  69.5 69.5
0.1467 675  67.5 61.8 6.5
0.1578 5.0 65.0 64, 8 65.0 65.0
0.1688 . 2.5 2.5 62.8  62.B
0.1798 ' 60,8 .-6L0 60.8  60.8 6.0
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Figure 20 - Calibration of Infra-Red Spectrophotometer for
Dilute Heavy Water Solutions
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APPENDIX C

The determination of the number of !:’heoretical stages at total
reﬁux in the distillation column used for the soap solution experiments
was done using a benzene-toluene system. A solution of approximat‘ely
20 mole percent benzene in toluene was introduced into the still pot.
Steady state at total reflux was attained and samples were taken from
both the overhead and bottoms, Samples were analysed on the

differential refractometer. N

Bottoms composition was found to be 1, 8 mole percent benzene
while the overhead was 99.4 mole percent benzene, A McCabe-Thiele
diagram, Figure 23 was constructed to yield the number of stages
at totak reflux. Since such extreme concentrations were evident at
both exdds, the diagram was ‘expanded at both high and low mole
fractions (Figures 24 and 25). _’I‘he column was found to have 10,3

stages under these operating conditions.
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Figure 21 - Differential Refractometer Calibration for Dilute
Solutions of Benzene in Toluene
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Figure 22. - Differential Refractometer Calibration for Dilute
Solutions of Toluene in Benzene
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Figure 23 - McCabe - Thiele Diagram: Benzene-Toluene

System
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Figure 24 - Low Concentration Range of Figure 23
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APPENDIX D

Derivation of Equation 6 -

Basis: unit mass liquid, unit length (Figure 2)

-

C
Kk = distribution coefficient = ——
o - C
L _
‘Masa fraction solid = g -
;Solute concentration in solid = C.k = C
Lo B
Total solute initially present = CO' M'I‘
Fraction frozen = g
) ' | ¥
Fraction left as liguid = (1 - g}
S.olutre in solid = CLko s g* M‘I‘
Solute in liquid = CL(l -g): M'I‘
Overall Mass Balance:
CO‘MT = CLko' g MT + CL(I-g)_‘MT

Q
n

o = Cpg¥,t G -8

CL:"[gk0 + (1 -‘g) 1

g
Co - kg-g +1
c. - °
L .
= -1 1 g
. g(ko )+
or ‘ 3
CL i
. C, gk -1)+ 1
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Jbut

C = "0 o (6)






