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ABSTOACT 

A set of eqxiations was written which allowed the calculation of 
equilibritim concentrations in the solvent phase of nitric acid and 
uranyl nitrate, given the initial TBP concentration in the solvent 
and the aqueous phase concentrations of acid and uranium. An ORACLE 
subroutine was written based on these equations which will calcxolate 
a set of equilibrium values in about 55 milliseconds. The subroutine 
was incorporated into a short program to calculate equilibrium points. 
A set of calcTilated points are presented in graphical form for 5, 20, 
50, kO, ahd 100^ TBP for nitric acid concentrations up to 7 M and 
uranyl nitrate concentrations iip to 0.6 M in the aqueous pha¥e. 
Since these calculations were based on limited data, it is the pur­
pose of this memo to invite comment on their accuracy. The equations 
were reworked from a Russian paper by A. M. Rozen and L. P. Khorkhorina, 
using en̂ terical polynomial fits for some poorly defined paramsters, 
and were based principally on data from J. W. Codding. This project 
was undertaken to provide a subroutine to calculate equilibria in a 
general purpose (BACLE program to calculate the performance of multi­
stage compound extraction cascades with more than one significant 
solute. 
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DEVELOPMENT OP EQUATIONS 

(l 2) A number of investigators^ ' ' have studied the aqueous uranyl nitrate- . 
nitric acid system with TBP diluted with a petroleum hydrocarbon. McKays5̂ '̂ •̂ 5} 
and others have also made nximerous contributions. There remains however the 
need for a generalized correlation of these works for column design. This 
work devotes itself to such an attempt. 

(2) 
Rozen^ ' sets forth the argument that uranyl nitrate is extracted accord­

ing to the equation; 

UOf*" + 2NO3 + 2TEP = U02(N03)2 • 2TBP 

and thus: 

[U0r][K03]^[TBP]2 

where; 

Ku = The thermodynamic equilibrium constant. 

[] = Refer to activities. 

The UOi and NO3 activities in the aqueous phase are used because at 
equilibrixmi their activities in the two phases are eqixal. 

Nitric acid is apparently extracted according to the equation: 

H"̂  + UO3 + TBP = HNO3 • TBP. 

For this equation the equilibrium relation may be written as: 

ĵ  [MO3 ' TBP] ^2) 

[H'^][N033[TBP] * 

Equation 2 may also be written in terms of concentrations and activity co­
efficients thus: 

7ft„(ra03 • TBP) 

K = _ M _ (3) 

V ^ ^ ^ ^NOi (I^G3)7T(^) 

where: 
0 = Refer to concentrations. (See Table la for nomenclature). 
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Table la Nomenclature 

W = aqueous phase acid concentration, moles/liter. 

Z = organic phase acid concentration, moles/liter. 

To = TK* concentration in the organic phase, moles/liter. 

X = aqueous phase uranyl nitrate concentration, moles/liter. 

Y = organic phase uranyl nitrate concentration, moles/liter. 

y = activity coefficient of xaranyl nitrate in aqueous acid. 

7 = the activity coefficient of TBP. 

7- = the activity coefficient of U02(K03)2 • 2TBP. 
y 

f = factor defined by Equation (6). 

7 ++, 7 +, 7 » = ion activity coefficients. 

7^„ = the activity coefficient of HNO3 • TBP. 

pi = ionic strength. 

,th . 
C. = concentration of i ion M/L. 

Zĵ  = valence of i ion, 

f^ = factor defined by Equation (?) 

Note: In the article by Rozen Nx was used to represent W and Ny to 
represent Z. In the ORACLE code Nx and Ny are used instead 
of W and Z. 



k 

If we define Ki as: K y , -y y 
K, = '^^ '^Qa '^ (4) 

and note that 

then 

If we now define f„ as: 

''en 

(HNO3 • TBP) = Z 

(H+) = W 

(NO3) = W + 2X 

(TBP) = To - 2Y - Z 

^1 ~ U/TJ J_ ovMfn _ ov _ 17"̂  v5} W^W + 2X)(To - 2Y - Z) 

fg = KiW(2X + ¥) (6) 

then: 

Z = fg(To - 2Y - Z) . (7) 

Rozen used an average value of 0,2 for Ki. As will be seen later, 
Ki is actually a function of ionic strength, |Ji, and the value of 0.2 is 
only a fair approximation. 

Equation (l) may also be written in terms of activity coefficients and 
concentrations: 

7«[U02(N03)2 • 2TBP] 
Ku = i - - — 2 . (8) 

^uor^"°^^ ''lo3̂ °̂3) ''T^™^^ 

Rozen defined the activity coefficient, 7, of tiranyl nitrate in the aqueous 
phase as: 

''̂  " ''U0|+ ̂ N03- ^̂ ^ 

He also defined Ku as: 
7^ 

Ku = Ku -2_ , (10) 

Since: 

[U02(N03)2 • 2TBP] = Y 



(U02 ) = X 

we may write: 

Ku = i (11) 
(To - 2Y - Z ) ^ X7^(2X + W ) ^ 

Rozen wrote this equation in the form: 

Y = f^(To - 2Y - Z ) ^ (12) 

where f^ is defined as: 

f^ = KuX7^(2X + W)2. (15) 

Rozen's table of Ku was fit by the emperical escpression: 

KM = 86,01 - 25.59 To + 2.718 T§ (Ik) 

Rozen's datum points as well as the fit given by equation (ik) are plotted 
in Pig, 1. 

The Ki and 7 were computed from Codding's data using the previoxis re­
sulting equations. They were plotted against ionic strength as shown in 
Pig, 2. The plots were fit to the empirical expressions: 

Ki = 0.585 - 0.155 (W + 5X) + 0.02l|. (W + 5X)^ (15) 

and 

7 = 0.5^ + O0I99 (W + 5X) (16) 

The eprpirical curves are also shown in Fig. 2. 

The W + 5X terms in the empirical equations derive from the definition 
of ionic strength which is: 

H = 1/2 2CiZ?. (17) 

Thus, this eqtiation may be written: 

\i = l/2[CuQ++(2)2 + Cg+(1)^ + CjjQ-(l)2] = l/2[l+X + W + (2X + W)] = 5X + W (I8) 

The suggestion that 7 and Ki shoiald be a function of \x comes from the work 
of McKay, 

The scatter of the triangvilar and circle datum points in Fig. 2 suggested 
diffictilty in Codding's measvirement of acid and uranyl in the presence of each 
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other. In the case of Ki, it was decided therefore to fit Kx to the pure 
acid runs, i.e., the square points, of Codding's data. These point show 
a much better consistency within themselves. 

The eqimtions for Ki, 7, Ku, etc, when rearranged and ordered, com­
prise a set from which eqxiilibrium can be explicitly calciilated. These 
eqixations are given in Table lb. 

DISCUSSION OP EQUATION DEVELOPMENT 

It is a recognized fact that THP and water have limited solubilities 
in each other and that these vary with uranyl and acid. Also the nitric 
acid associates to some extent in water as does uranyl nitrate. In this 
calculation these effects and others_were taken into account indirectly 
through their effects on 7, Ki, and Ku. In other words, 7 and Kx were 
selected as functions of ionic strength so that Codding^s experimental data 
at 50^ TBP would be fit. Rozen had already determined Ku as such a function 
of To as to make the calculations fit at other values of To. More complete 
escperimental information is badly needed to test the validity of the set of 
equations and resulting code presented. Although many investigators have 
worked with the subject system. Codding is one of the few who measxired Y 
and Z for corresponding measured values of X, W, and To at equilibriian. 

SUBROUTINE CHARACTERISTICS 

A digital conputer subroutine which employes the equations in Table 1 
is given in Appendix I. Since an iterative calcxalation of the performance 
of a 20 stage solvent extraction column might use this routine up to 200,000 
times, it was essential that tiie routine be as fast as possible. An attempt 
to code it in the usual 8-52 pseiido code showed that a minimum time of about 
500 milliseconds would be required per set of equilibrium values. This rate 
would result in over I6 hours of calculating time for equilibrium calculations 
alone. By coding in fixed point, and using many time savers, the calculating 
time was cut to about 55 milliseconds, which would require about two hours 
of equilibrium calcialating time for the same problem. 

Among the time saving devices employed was the avoidance of general 
purpose subroutines from the ORACLE compiler. This subroutine does its 
own conversion from an 8-52 input to fixed point and has its own loop for 
extracting a square root. It does use the compiler subroutine OOO65 to 
convert the calculated nimibers from fixed point to floating point. 

The necessity for repeated recalculating Ku, which is a function of 
TEP concentration alone, was eliminated by storing the previous val-ue of 
Ku and using it if an examination of the TBP concentration revealed it to 
be tuachanged. 

There are eight constants which axe specified in the set of equations. 
If consideration of more equillbriTmi data indicates it necessary, the values 
of these niambers in the code can be easily changed. The locations of these 
numbers a.re given in the Appendix, 
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Table lb Equations for Calculating Uranyl Nitrate and Nitric Acid Equilibrium 
Solvent Phase Concentrations from Initial TBP Concentration and 
Aqueous Phase Concentrations 

Kx = 0,585 - 0<,155(W + 5X) + 0.02U(W + 5X)^ (19) 

fg = KiW(2X + ¥) (20) 

Ku = 86,01 - 25.59T0 + 2.718T§ (21) 

7 = 0,5l4- + 0.199(W + 5X) (22) 

f^ = Ku7^(2X + W)2 (25) 

f u 

(1 + ̂ J^ 
(24) 

Y = 1/2[TO - (l/hl^/l + 8FT0 - 1)] (25) 

f 

H 
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There are limits to the range of variables over which this routine will 
produce valid results. At low values of IBP concentration and high uranium 
concentratlccs it ceilctjlates negative values for the nitric acid concentration 
in the solvent phase . Some typical deviations are given in Table 2. 

Table 2 Calculated Values Showing Limits of Subroutine 

TBP 
io by vol 

ko 

50 

20 

5 

5 

5 

5 

Aqueous Phase 

HNO3 
M 

1.0 

2.0 

5.5 

5.0 

2.0 

2.0 

1.0 

Uranyl Nitrate 
M 

0.8 

0.6 

0.8 

0.5 

0.5 

0.8 

0.8 

Solvent .Phase 

HNO3 
M 

- 0.025 

- 0.051 

- O.oii-5 

- 0.017 

- 0.011 

-52.9 

-52 0 2 

Uranyl Nitrate 
M 

0.760 

0.558 

0.586 

0.108 

0.108 

1̂ 9-9 

65.97 

The low negative values are inherent in the equations, and since they 
vary smoothly, an Iteration procedure could use them. It is not, in fact, 
certain that the acid in the orgeuaic solvent remains positive in the real 
system. In any case, the effect was not noticed for aqueous uranium con­
centrations less than O.5 M (120 gms U/llter) at TBP concentrations over 
20^, and was noticed at only slightly lower uranium concenteations for the 
lower TBP concentrations. 

The very large negative numbers for nitric acid concentration and the 
corresponding ridiculous solvent uranium concentrations found at 0.8 M 
uranium with 5?̂  TBP represents a limitation of the code stemming from its 
fixed point nature. This is an tinmonltored failure which, if allowed to 
occ\jr, would ruin a calculation. Another manifestation of the fixed point 
limitation is the overflow from using aqueous phase xaranium concentrations 
over 0.7 M (170 gms U/llter) with high (lOO^) TBP concentrations. The sub­
routine, however, will catch this error, type "Ouch" on the keyboard type­
writer and stc^ the calctilation. 
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RESULTS OP CALCULATION 

To test the subroutine a short program was written and used. The TBP 
concentrations -used were 5, 20, 50ji ̂ 0, and 100^ by volume (0.19, 0.72, 
1,06, 1.^5, and 5.46 moles per liter respectively), and the aqueous phase 
nitric acid concentrations were 0.05, 0,5, 1.0, 2.0, 5-0^ 5.5^ 5»0, and, 
in some eases, 6.0 and 7.0 moles per liter. Ten values of aqueous phase 
uranium concentration were used ranging from 0.001 to 0.8 moles per liter. 
The resiolts are shown graphically in Pigs. 5 throxigh 7. Bie plot of cal­
culated curves for 50^ TOP also includes Codding "s data for purpose of com­
parison. 

Beyond the insipid observation that iAxese curves seem to follow the 
behavior of what is known about the system, there is no quantitative criteria 
for evalxiating their accuracy. One of the purposes of this report is to in­
vite those with equilibrium points from the many years of study of this system 
to comment on the validity of these cuanres. 

THE ORACLE PR0C21AM 

The ORACLE program used to calculate the curves is available for cal-
c\ilatlng additional points. It is eosî srised of an administrative ii;;«a, the 
subroutine to be tested, and a short edited ou-^ut. The administrative item 
is given in Appendix II. 

The input for the program is of the following form: 

(a) Ten values for aqueous phase uranixim concentration in moles per 
liter in "packed decimal" numibers, 

(b) Any number of sets of TBP and nitric acid concentrations, in that 
order, in mole per liter in '̂ packed decimal"numbers. 

Bae code will read in the values of X and use them for every subsequent 
set of TBP and nitric acid concentratiaaas which it will read as it calctolates. 
The calculated answers will be punched out on paper tape, printing a separate 
table for each set of BH* and nitric acid concentrations, listing the values 
of X, Ẑ  and Y (Appendix III) . 

REFERENCES 

1. Jo ¥. Codding, W. 0. Haas, Jr., and P. K. Hetumann, "Ttibutyl Phosphate-
Hydrocarbon Systems". Ind.Bag.a'iaeai.50» 1^5-52 (1958). 
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(1958). 
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APPEMDIX I 

Subroutine 00200 

This subroutine calculates the equilibrixam concentrations of \iranyl 
nitrate and nitric acid in the organic solvent phase when the corresponding 
concentrations in the aqueous phase and the initial TBP concentration are 
given. 

The subroutine entry in ORHL Coiipller pseudo code is: 

f f 000 00 200 

— ggs — ijiiii 

- JJJ 
- - Tfifif - - mnnn, 

where ggg and hhh are the addresses of the memory cells containing the 
aqueous phase concentrations of nitric acid ajad iiranyl nitrate in mols 
per liter respectively. 

jjj is the address of the initial concentration of TBP in the organic 
solvent in mols per liter. 

kkk and immn are the addresses which are to receive respectively the 
organic solvent phase concentrations of nitric acid and uranyl nitrate 
in mols per liter. 

All numbers are in 8-52 floating point. 

There are eight constants necessary to the calculation which appear 
in the equations: 

2 

Ku = axTo - aaTo + 33 

Ki = a4(W +5X)^ - a5(W + 3X) -H ag 

7 = a7(W -h 5X) + ae 

These constants are m\iltiplled by scale factors and stored in the routine 

file:///iranyl
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Table 5 Location of Constants for Calculation 

Constant 

1 

2 

3 

k 

5 

6 

7 

8 

' 
Scale Factor 

2"2 

2-9 

2-7 

1 

2-7 

2"^ 

1 

2-7 

Relative Address 

06a 

06b 

06c 

06d 

06e 

06f 

070 

071 

All constants are used as binary fractions. 

A copy of the subroutine is included (see following pages). 
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4î
 

-
J
 

0
 
.
^
 

o>
 

0
 

4!̂
 

en
 

0
 
4:̂

 
-t̂

 

0
 
4:
*
 

0
0
 

0
 

4s
>.
 

t\
3
 

0
 

4
^
 

I-
*
 

0
 

4
^
 

0
 

0
 

C
O
 

t-
U
 

0
 
C
O
 

(0
 

0
 

C
O
 

&
 

0
 

C
O
 

0
 

0
 

C
O
 

cr
 

0
 

C
O
 

P
 

0
 

C
O
 

C
D
 

0
 
C
O
 

O
J
 

0
 
C
O
 

•»
J
 

0
 
0
0
 

o>
 

o
 

o
 

IS
) 

O
 o
 

O
)
 

0
 a>
 

0 en
 

ro
 

0
 
0
 

4»
.
 

0
 

4»
.
 

0
.
 

en
 

0
 

C
O
 

0
 

0
 

IS
)
 

0
 

0
 
O
)
 

C
D
 

0
 

0
 ro
 

0
 

0
 

N
)
 

C
O
 

0
0
 

0
0
 

p
 

0
 5^
 

4=̂
 

C
O
 

0
 

4i
. 

CD
 

C
O
 

0
0
 

0
 

P
 

45̂
 

C
O
 

0
 

4i
.
 

i-
b 

•-
t»
 

0 ro
 

4i
>
 

0
 

0
 
0
 
0
 

C
O
 

0
0
 

0
 

C
D
 

^
 

0
 

4!
w 

ro
 

4
^
 

n
 

0
 

C
O
 

C
O
 

p
 

i-
b 

0 4
^ 

ro
 

N
)
 

H
I
 

0
 
C
O
 

§ 0
 

4>
^ 

P 

4̂
1.
 

0 4
^ 

P en
 

0 4i
. 

ro
 

4i
. 

0 0 ro
 

0
 

(D
 

0
 

C
O
 

0
0
 

0
 

4:̂
 

en
 

0
 
C
O
 

en
 

t-
t>
 

»-
b 

0 e
n
 

a>
 

0
 

0
 

en
 

cr
 

0 0 4s
^ 

t-
t)
 

0 44
.
 

C
O
 

0
0
 

0
 
C
O
 

4i
. 

0 0 0 0 

en
 

0 C3
) 

o>
 

0
 

0
 o>
 

cr
 

0 0 •>
4 

4s
w 

t-
t»
 

0 4i
i.
 

C
O
 

C
O
 

0
 
C
O
 

4:̂
 

0
 

0
 
0
 

0
 

en
 

»-
b
 

0 <7
> 

0
 

0
 

cr
 

0 0 4
^ 

i-
b
 

0 4i
. 
P-

C
O
 

C
O
 

t-
b 

0 ro
 

0
 

0
 
0
 
0
 

en
 

0
 

en
 

0
 0
 

en
 

0
 
0
 
-
J
 

41̂
 

0
 

4
^
 

p
.
 

C
O
 

0
0
 

t-
t)
 

0 4
^ 

4i
^ 

0 0 0 0 

en
 

0 C
O
 

0
 

0
 

C
O
 

ro
 

0
 

0
 

4̂
^
 

M
s
 

0
 

P
-

0
 

0
 

C
O
 

C
O
 

C
D
 

0
 

0
 

P
 

(D
 

CO
 



•̂
 

o
 bO 

cd 
Pn 

t
o 

CM 

o
 
o
 o
 

r-l
 

i
n
 

o
 <M
 

i
n
 

o
 o
 

C
M
 

o
 

o
 

CM
 

C
O

 
o
 

<i-l 

i
n
 

C
M
 

i
n
 

o
 

<
M
 

<M
 

r~~-

i
n
 

o
 cd 

C
O
 

o
 

o
 

o
 

i
n
 

o
 

<i-i 

Csl
 

C
D
 

O
 

<
M
 

Q-l
 

C
D
 

o
 

li-i 

o
 

C
M
 

T
-
4
 

o
 

o
 

o
 

•T
-l 

o
 

o
 

C
D
 

C
D
 

O
 

i
n
 

C
D
 

o
 

<i-l 

C
M
 

i
n
 

i
n
 

O
 

Ci-I 

C
M
 

C
M
 

o
 

X
I 
CD
 

C
M
 

C
M
 

C
D
 

O
 

Ci-I 

i
n
 

C
M
 

i
n
 

o
 

C
O
 

i
n
 

o
 

«
M
 

C
M
 

o
 

o
 

0
0
 

i
n
 

o
 

<4-l 

CM
 

cn
 

o
 

o
 

0
0
 

o
 0
)
 

C
M
 

C
M
 

C
M
 

O
 <
M
 

C
M
 

o
 

<i-l 

x> 
C
O
 

o
 

^ o
 

o
 

C
O
 

C
O
 

cd 

o
 

C
M
 

i
n
 

o
 

<
M
 

r>~ 

C
D
 

o
 

i
n
 

C
M
 

o
 

<
M
 

C
M
 

C
M
 

i
n
 

C
D
 

o
 

o
 

o
 

o
 
o
 

©
 <M
 

i
n
 

o
 

(
M
 

O
 
i
n
 

i
n
 

o
 

©
 

C
D
 

O
 <M
 

o
 

C
D
 

O
 

<M
 

©
 

0
0
 

o
 

O
 
CM
 

i
n
 

o
 

C
M
 

C
D
 

O
 

Ci-^ 

CM
 

o
 
o
 

©
 

i
n
 

o
 

©
 

©
 

<
M
 

i
n
 

C
D
 

©
 

O
 

C
M
 

o
 

o
 

©
 

©
 

©
 

©
 
o
 

o
 

CO
 

o
 

o
 

o
 

o
 

o
 

o
 

©
 

C
M
 

©
 
o
 

©
 

©
 

©
 

©
 o
 

en
 

C
D
 

i
n
 

©
 

©
 
©
 

C
M
 

O
 

-d
 

i
n
 

C
D
 

C
D
 

©
 

©
 

©
 

O
 

©
 

0
0
 

C
M
 

o
 

C
D
 

i
n
 

©
 
o
 

©
 

©
 

C
O
 

©
 

C
O
 

o
 

o © CM 
© 
O 

CM
 

i
n
 

©
 

0
0
 

i
n
 

©
 

•
^
 

i
n
 

©
 

in
 

i
n
 

©
 

CD
 

i
n
 

©
 

f
^
 

i
n
 

o
 

0
0
 

i
n
 

o
 

C
D
 

i
n
 

©
 

cd
 

i
n
 

©
 

X
I 

l
O
 

©
 

o
 

i
n
 

©
 

-d
 

i
n
 

©
 

0)
 

i
n
 

©
 

<5-l 
i
n
 

©
 

©
 

C
D
 

©
 

T-l
 

C
D
 

O
 

CM
 

C
D
 

©
 

0
0
 

C
D
 

O
 

'
^
 

i
n 

CD 
CD 

CD 
CD 

©
 

©
 

©
 

r̂
 
CO
 

CD 
CD 

o
 

o
 

(T) 
cd
 

CD 
CD 

©
 

©
 

,Q
 

o
 
-d
 

CD 
CD 

CD 
O
 

©
 

©
 

U
 

<D 



H
 

a>
 

3 cf
 

o •^
 

• •
 

o ^
 o • •
 

o en
 

• •
 

o a>
 

• •
 

o
 

o
 

N
3 O
 

O
 

o
 

o
 

0
1 

0 C
D

 
0 0 0 0 

«3
 

00
 

0 0 0 0 

0 0 00
 

cn
 

0 0 0 

0 0 0 4i
. 

0 0 

!^
 

•-d
 

{»
 

TO
 

0
1 



- 25 -

APPEHDIX II 

ORACLE Program to Calculate !Itest Points 

This program was written for the express ptirpose of testing subroutine 
00200, It reads in ten values of X and uses them for calculating equilibrium 
values for any number of sets of values of THP concentration and nitric acid 
concentration. All input nimibers must be in moles per liter in packed deci­
mal form. The code is available in paper tape form from the author on re­
quest. The operating instructions are as follows: 

1. Load code to 000, 

2, Place input tape under reader. 

5. it-5 000. The ten values of X will be read in, the first set of Tb 
and W will be read in, and the answers will be punched out as the 
calculation proceeds. It will continue to read pairs of To and W 
as long as they appear. 

k. If the limits of Idie fix point scaling are exceeded the word "Ouch" 
will be typed on the console typewriter and the calcxalation will 
stop. To read in the next case, 45 020. 

A copy of the adminstrative item is inclMed (see following pages). 
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APPENDIX III 

Format for Output of ORACLE Eqxiilibrium Calculation of Uranyl Nitrate 
Nitric Acid Solvent Concentrations from Aqueous Concentrations, 

TBP = 

HN03 = 

X 

O.IOOOE-

O.IOOOE-

0,9999E. 

0.1500 

0.1999 

0.3000 

0.3999 

0.5000 

0,6000 

0.7999 

-2 

•1 

-1 

1,429 

6,000 

Ny 

1.158 

0.7265 

0.3189 

0.2753 

0.2496 

0,2207 

0.2052 

0,1961 

0ol903 

0.1846 

y 

0.8204E-1 

0.3186 

0.5429 

0.5672 

0.5817 

0.5981 

0.6071 

0.6126 

0.6161 

0.6199 

Ny = Z X = X y = Y 

All concentrations are in moles per liter. E-2 means times 10 ^, etc. 
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