UNCLASSIFIED

HW-17747

URANIUM PHASE EQUILIBRIA IN THE TBP PROCESS

by

D. P. Granquistand E. T. Merrill
Chemical Development Section
Separations Technology Division

Photoifot Prict j *7.

March 1, 1951 Microfilm Price j 3&

Avalloble from »Ke

HANFORD WORKS Office of Technical Services

RICHLAND. WASHINGTON Department of Commerce
' Washington 25, D. C.

Operated for the Atomic Energy Commission
by the
General Electric Company
under
Contract # W-31-109-eng-52

----------------------------- NN I VLo o] - —

This report wot prepared at an orcount of Government sponsored *©rlr. Neither the
United State*, nor the Commission, nor ony pareon acting on behalf of the Commissloni

A. Mokes any warranty or representation, express or implied, with respect to tho ac-
curacy, completeness, or usefulness of itia Information contained In this report, or that tha
um of any Information, apparatus, method, or procan diiciotod In this report may not In-
fringe prlvotoly owned rlghti| or

I. Assumes ony liabilities with retpact *0 tho uta of, or for domogot resulting from tho
um of any Information, apparatus, method, or precast disclosed in this report.

As utad In tha above, "parson acting on baholf of tho Commission" includes ony em-
ployee or contractor of tho Commission to th» axtant that such employ** or contractor
prepores, hondlat nr distribute*, or provides occeu to, ony Information pursuant to his em-
ployment or contract with tha Commission.

UNCLASSIFIED i
crt-ooi



CONFIDENTIAL

HW-17747
TABLE OF CONTENTS
Page No
INTRODUGCTION. ...ttt st enes 5
OBUIECTIVES . ettt ene s 5
SUMMARY AND CONCLUSIONS......cocoieererese e 6
A. General........... 6
B. Uranium Phase Equilibria in the RAColumn.......cccce.... 6
C. Uranium Phase Equilibria in the RC Column.......c.ccc....... 8
DISCUSSION: URANIUM PHASE EQUILIBRIA IN THE RACOLUMN 8
A, Origin of CorrelationS....cccceceieeiicie e 9
B. Effect of H2S04 0on K ..o 10
C. Effect of H3P04 0N K .oiiiiiiiee e 10
D. Combined Effect of H2S04+ H3P04  on 1C.....ccccvvrevnnene. 10
E. Effect of HNO3 and NaNOQ.......ccccooeiiiieiieii e, 1
F. Effect of UNH Concentration.....c.ccocovoveiiiiinneniesiee e 13
G. Effect of Ferrous Sulfamate andTBP Concentration ... 14
H. Integrated Correlation ... 15
DISCUSSION: URANIUM PHASE EQUILIBRIA IN THE RCCOLUMN 16
A. Origin of CorrelationS.....cccocieiiiiiei i 16
B. Final Correlation ... 17
NOMENCLATURE ..ot 18
LITERATURE CITED oottt 19
APPEND IX oottt 21
EXHIBIT A: Method of Calculation.......ccocevveiviceiivevecccee, 2
EXHIBIT B: Derivation of Generalised RC Column
Equilibrium Correlation......cccceeevveevieveecciecceenn, 22
TABLE I: TBP Process Flowsheet Compositions............... 24
FIGURES
1 Effect of S04* or PO,,5 Upon K ....ccocoveiviieirce, 25
2 Effect of S043 and P04* Upon K .....covevvevvvecircnee. 26
3 Effect of HNOj Upon K ..o 27
4 Effect of MaNOj Upon K .....ccoovevvieeeeee 28
5 Effect of Total Nitrate Concentration Upon
Uranium Equilibria.......cos 29
p/9 102
CONFIDENTIAL
: #«....«......

Bt B TR LT Yy



10

14

CONFIDENTIAL

-4- HW-17747

TABLE OF CONTENTS (continued)

Page No
Vax lation of K with UNH Concentration ................. 30
Chart for Determining Value of K ... 3
RA Column Phase Equilibrium Diagram (10 Vol.
DT B P ) et 32
RA Column Phase Equilibrium Dlagram
(125 Vol. %TBP) v L, 3
RA Column Phase Equilibrium Diagram
(15 VOl.  YOTBP)..oiiiieeceeeeeeeeeeeeee e 34
RC Column Equilibrium D ata......ccceevvvieeieiieiienns 35
RC Column Equilibrium Data (Concentrated
UNH REQION) ittt 36
RC Column Phase Equilibrium Diagram
(10 VOl 0T BP) e 37
RC Column Phase Equilibrium Dlagram
(12.5Vol. TBP) e K 38
RC Column Phase Equilibrium Diagram
(15 VOl. POTBP) oo, 39

049 'm(>3

CONFIDENTIAL

it

t
-
* oo



CONFIDENTIAL

-5- HW-17747

URANIUM PHASE EQUILIBRIA IN THE TBP PROCESS
INTRODUCTION

The development of uranium phase equilibrium data for the tributyl phos-
phate (TBP) process for waste metal recovery has proceeded at an accelerat-
ed pace since initial studies at Oak Ridge in 1949. Gariy studies covering some
simple batch equilibrations for the process are reported in Document ORNL-
260.

Early work by the Hanford Works Chemical Research Section resulted in
the development and experimental confirmation of a theoretical equation (see
Equation (1), below) expressing the phase equilibrium relationship for uranium
between aqueous solutions and TBP solutions”. Additional equilibrium data
for he TBP process, based on a number of batch counter-current type equi-
librium runs at various proposed flowsheet conditions, are reported in Chemical
Research Section Monthly Reports (see references 1, 2, 3, and 4 in the attached
bibliography).

A series of batch equilibrium studies reported in Documents HW-173397
and HW-17170” by the Process Chemistry Group, Chemical Development

Section, Hanford Works, supplied additional equilibrium data for the RA and RC
Column systems.

OBJECTIVES

The objective of the studiet reported in this document was to correlate the
RA and RC Column uranium equilibrium data presented in the reports cited in
the Introduction, above. The correlations were originally made for use in ana-
lyzing pilot-plant column data obtained at Hanford Works. The results are being
reported in the belief that they may be useful to others.

It should be noted that the accuracy of equilibrium data required for the
evaluation of TBP-process RA Column run results is less than required for the
Redox-process IA Column since (a) the equilibrium X-Y curve for TBP (see
Figures 8, 9 and 10) has a larger curvature (i.e., greater distance between
operating and equilibrium lines) than for the Redox system; and (b) unlike the
Redox IA curve, the TBP RA equilibrium curve exhibits no pronounced deflec-
tion (concave downward) at the dilute end of the curve. Both of these factors
mean that less accuracy is required in locating an equilibrium curve for a TBP-
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type ran in order to obtain a given accuracy in calculating H. T. U. (height of

a transfer unit) or H. E.T.S. (height of a theoretical stage) values.
SUMMARY AND CONCLUSIONS
A.  General

Correlations have been prepared for uranium equilibria in RA and RC
type columns (TBP process) and are presented under their respective headings
in this report. Correlation of RC equilibrium data was much simpler than that
of RA equilibrium data since inthe RC system HNO" and UNH are the only
solutes present in significant amounts, while the RA system also contains H"PO*,
HgSOj, NaNO03 and ferrous sulfamate.

The final equilibrium correlations for TBP-HW 14 Flowsheet conditions
indicate that approximately 3. 5 equivalent stages are required in both the RA
Column extraction section and the RC Column to reduce uranium losses below
0.5% of the feed uranium in the waste stream from each column. The corres-
ponding number of transfer units is approximately 7. 0 for both columns ("overall
water-film" basis for the RA extraction section, and "overall organic-film" basis
for the RC Column).

B. Uranium Phase Equilibria in the RA Column

Based chiefly on 30 batch equilibrium points reported in Document
HW-17339"7) with supplementary data from ORNL-260”", six major variables
affecting uranium equilibrium in RA type columns have been correlated graphi-
cally on the basis of the "constant” K in the equation”:

E° * K(NO3')Z (TBP - 2UM)2
(see table of nomenclature in the Appendix)

The final correlation has furnished RA Column equilibrium data re-
quired for H. T. U. and H. E. T. S. calculations suitable for design specifications.
Data appear to be within engineering accuracy for RA Columns operating with-
in the range of conditions represented by the TBP-HW 12, 3, 4, or 5 Flowsheets
(see Table 1, attached).

The major variables affecting uranium equilibrium in terms of k from
Equation (1) above are listed below. Effects of each variable on the distribution
ratio, E®, which are not given below for the sake of brevity, are altered and
sometimes even reversed from the effects on Kbecause the variable also appears
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in Equation (1). The numerical value of EZ can be calculated by substituting
proper numerical values of the terms in Equation (1), the value of K being ob-

tained from k- as read from Figure 7.
Variable Effect on the "Constant” K
1 H3P 04 Addition of HgPO" from 0 to 0. 44 M decreases K

by a factor of about 10, presumably because of the
complexing action of HgPO” on uranium in aqueous
solution.

2. h2S°4 Addition of H2S04 from 0 to 0. 44 Id decreases K
by a factor of about 2, also presumably because of
a complexing action, exerted by H2S04, on
uranium.

3. HNOQO;j Addition of "free” HNOg (as defined later) Increases
K to a maximum at about 1 M HNOg (with HASO”" pre-
sent), after which further addition of HNOg gradually
decreases 1IC

4. NaNO03 Addition of NaNOg from 0 to 5 hi decreases K by a
factor of about 2.
5. UNH Increasing the concentration of UNH from 10 to 150

g. UNH/1. (in the equilibrated aqueous phase) in-
creases K by a factor of 1.5.

6. TBP Changes in TBP concentration (10, 12.5, and 15
volume per cent in hydrocarbon diluent) cause only
minor effects upon K, the more dilute TBP solutions
resulting in slightly higher K values.

Variables having little or no effect on uranium equilibria were found to
be ferrous sulfamate and solvent diluent. In the concentration range 0 to 0.02 "4,
no measurable effect was noted for ferrous sulfamate. Random data using as
diluents Deobase, Shell Deodorized Spray Base, Shell Cleaning Solvent (Stoddard
type), Varsol, and hexane indicated no significant change in K attributable to
these different diluents.

The equilibrium correlations presented in this report were originally
developed for the TBP-HW #3 Flowsheet. Subsequent developments have shown

049  £6
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that the correlations also apply within engineering accuracy to TBP-HW #2, 4,
and 5 Flowsheets.

For comparison, nominal compositions for TBP-HW 87, 3, 4, and 5
Flowsheets are tabulated below together with an estimated range over which
this correlation applies.

Aqueous Phase, Estimated Range
RA Extraction Nominal Flowsheet Conditions Over Which
Section TBP il TBP 13 TBP # TBP fb Correlations Apply
H3PO 4» 0.22 0.18 0.18 0.13 0 to0.5
h2s° 4, m 0.22 0.18 0.18 0.13 0~ to 0.5
"Free” 2.4 to 3.0 to 1.6 to 1.2 to 0.5to 4
HNO3. M 2.7 3.3 1.8 1.4
NaNO03, M 3.4 2.8 2.8 2.1 1 tob
UNH, g./lI. 0 to 0 to 0 to 0 to75 1 to150
no 10C 100
Vol. % TBP 15 12.5 125 12.5 10 to15
in RAX

* Basis: Species in solution assumed as NaNO”,
UNH, H3P04, H2S04. and "free" HNOS3.

The correlations presented here are expected to be useful during
TBP plant operation. This is because changes in feed composition resulting
from variable sludge and supernate compositions and from changing sludge to
supernate volume ratios may require day-to-day minor changes in operating
conditions in order to realize maximum processing capacity and maximum
chemical costs consistent with acceptable uranium losses in the RAW (waste)
stream.

C. Uranium Phase Equilibria in the RC Column

A series of batch equilibrations conducted at Hanford Works by the
Process Chemistry Group” and some counter-current batch equilibrations
performed by the Chemical Research Section'**are the basis for the RC
equilibrium diagrams presented in this report. Sufficient data were obtained
at 15 volume per cent TBP to permit drawing uranium equilibrium curves with
parameters of HNO”. Use of data from a limited number of 10and 12.5

. eoe . .
y bkYebeiiie



-9- HW-17747

volume per cent TBP batch equilibrations permitted the construction of a
general correlation of a 10, 12.5, and 15 volume per cent TBP equilibrium
diagram (Figures 11and 12). Three figures (Figures 13, 14, and 15 for 10,
12.5, and 15 volume per cent TBP respectively) to be used for run calculations
were constructed from the general correlation.

Because the RC system involves only uranium and nitric acid as dif-
fusing components and is therefore simpler than the RA system, RC data were
correlated directly on phase equilibrium diagrams instead of in terms of K as

was done for RA. Therefore the following summary statements apply to E®
instead of K.

1 Increasing the concentration of HNOg increases the uranium dis-
tribution ratio E°. At 10 grams UNH/liter in the equilibrated aqueous
phase, E° is increased by a factor of almost a hundred when the nitric
acid concentration is raised from 0 to 30 g. /I.

2. Increasing the concentration of TBP in the solvent increases E°.
At 100 grams UNH/liter in the equilibrated aqueous phase and with no
nitric acid present, E° is increased by a factor of about 2 when the TBP
concentration in the organic phase is increased from 10to 15 volume per
cent.

3. Below about 30 grams UNH/liter in the aqueous phase, a plot of
log Y vs. log X (see table of nomenclature, attached) results in essentially
straight lines for any given HNOg concentration in the aqueous phase.
Above about 30 grams UNH/liter in the equilibrated aqueous phase, the
slope of the log Y vs. log X plot begins to decrease because of an approach
towards 100 per cent saturation of the TBP with uranium. At 100 grams
UNH/liter in the equilibrated aqueous phase, the percentage saturation of
the equilibrated TBP solvent increases from about 22 to 29 when the TBP
concentration is increased from 10 to 15 volume per cent.

DISCUSSION: URANIUM PHASE EQUILIBRIA IN THE RA COLUMN
A. Origin of Correlations

The equilibrium correlations presented in this report are based
primarily upon data from Document HW-17339” a3 reported by F. Clagett of
the Process Chemistry Group, Chemical Development Section, Hanford Works.

Supplementary data contained in ORNL-260"5" helped in determining the effects
of 'Tree" nitric acid and sodium nitrate.

0«9 1'Ch
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Equation (1) above, developed by E. L. Moore, of the Chemical Re-
search Section. Hanford Works, was of particular value as a starting point.
As discussed In Document HW-15230. Equation (1) has been derived on the
basis of the following assumed reaction for the extraction:

UO,~ («q) * 2NO. (.q) + I TBP (org)<zZz? (uO,(NOj)2 (TBP)" (org)

The equation was developed on the basis of experimonts with an aqueous phase
containing only UNHand HNO”. However, by using Equation (1) as a starting
point, it has been possible to correlate data for systems also containing
HASO”. HgPOA. and NaNO03 in the aqueous phase and varying concentrations
of TBP in the organic phase. This was accomplished by expressing the equi-
librium "constantlLK as an empirical function of the concentrations of the
several constituents.

Variables were in general correlated, on the basis of Kfrom the
equation above, by holding all concentrations constant except the particular
variable being investigated. Since the "constant” K changes rather slowly and
continuously with change in any-one variable, it was found possible to extend
rather limited data over fairly wide ranges by plotting K against the single vari-
able (with cthor experimental conditions held constant).

B. Effect of on K (From Equation (1), Above)

A plot of log Kvs. M (SO" ») with other variables held constant) based
on four points from HW-173317?is shown on Figure 1. The plot forms approxi-

mately a straight line with a slope of about -0. 25, the S04° concentra-
tion being in moles per liter.

C. Effect of H3P04 on K

A plot of log Kvs. J4 (P04): (with other variables held constant)
based on four points from HW-17339” is also shown on Figure 1L The plot forms
approximately a straight line with a slope of about -0. 8. The ratio of the two

slopes (0. 8/0. 25 * 3.2) indicates that the complexing action of H3P04 is about
3 times as strong as the action of H*SOM.

D. Combined Effect of H2C4 Plus H3P04 on K

The 3-to-I ratio of log K vs. H3P04 and H2S04 slopes suggested a
plot of log K vs. (S04“ +3 P04%*  and this is shown in Figure 2. The

i- A9
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validity of the 3-to-l ratio was checked by preparing separate plots (not pre-
sented here) baaed on arbitrarily assumed 3-to-l and 6-to-l ratios for the
effects of the concentrations of P04*and S04™ on log K. The plot originally
prepared on the basis of the 3-to-I ratio proved to be s much better correla-
tion of the data than either of the other two plots. The effects of ferrous sulfa-
mate and TBP concentrations shown on Figure 2 will be discussed later in the
report.

E. Effect of KNO, and NaNO,

Data from HW-17S38(l,) and ORNL-I#0(5) wera plottad aa log K va.

HNOj concentration on Figure 3 with parameters of (SO4m +3 P04;) JMas
well as NaNOg. The basis, selected chiefly for convenience, of using H,S04,
HjPO”, NaNO03, and HNO3 as the form of the separate species in solution
causes the curve for 0. 2 *4 S04* concentration (ORNL-2SO data) to exhibit a
HNO3 deficiency of tpproximately 0.4 M at the low-acid end of the curve.
Conversion between the two bases for expressing solution compositions is as
follows:

Basis Uaod in QRNL-280 Basis Used in This Report

0.2 Nazs04 ¢ XHNO3  —-- > 0.2 H2S04 ¢« 0.4 NaNOj ¢ (X-0. 4) HNC3

The curves as plotted on Figure 3 from Oak Ridge data also are based on
NmNOg as parameters in concentrations stoichlometrically equivalent to the
amount of Na2S04 + Na3P 04 originally added to tho respective solutions.

Expressing the sulfate and phosphate on an "all acid" bails in this re-
port was arbitrarily adopted, since the Individual ionisation constants for the
mixture of acids and salts in solution are not known. However, if the ionisa-
tion constant for each species in solution by itself is assumed to apply for the
mixture of acids and salts in tho HA exv.actlon section, it is concluded that
the sulfato and phosphate are more nearly represented by the molecular acid
forms (H2504 and H3P 04) than by the completely neutralised salt forms
(N&2S04 and Na”"PO”). For this reason, and because tho ionic equilibria in
solution shift anyway with changes in concentration, the use of the above "all-
acid" oasis is believed justified for simplicity.

Reference to Figure 3 shows that the lines at fixed values of the para-
meter (S04*t 3 POM™) Mbear a definite relationship to each other, as to
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general shape, maxima, and position relative to each other. Curves represent-
ing solutions of different (804_~+ 3 P04.)M concentrations are uniformly lower
as this parameter is increased. Also, the curves representing solutions con-
taining H2S04 all show a maximum at about 1Jd free HNOj.

The drop in K below 14 HNO3 concentration roughly corresponds to
the acid region in which the first hydrogen of sulfuric acid is ionized. If the
complexing action of sulfuric acid involves the (HS04) ion in the mechanism,
this decrease in K would be explained. Further support for this hypothesis is
furnished by the curve representing a solution containing 0.1JM PO04* but no
sulfate, which curve does not show a decrease in K at low acid concentrations.
Since the first hydrogen from H3P 04 in a water solution does not ionize signifi-
cantly until the hydrogen ion concentration is less than 0.1 Id, a decrease in K
due to complexing by phosphate might also be expected,but only at"free" HNO3
concentrations of losa than 0.1 fA. The curve for a solution containing neither
H2S04 nor H3P 04 does not go through a maximum, and hence is also in agree-
ment with the hypothesis that the drop in K below 1VI HNO3 concentration in-
volves the (HS04) ion.

Except for the falling off of the value of K below 1M noted in
the paragraph above, increasing the concentration of HNOg gradually decreases
the values of K. Thif. drop, for all curves, is assumed to be due to a decrease
in the activity coefficient of the nitrate salting agent.

The effect of NaNO3 upon K is further elucidated in Figure 4 by cross-
plots of data from Figure 3. Values of K from ORNL-260" data have been
converted to the same (S04" + 3 P04=) M basis as data from HW-17339”" by
the use of Figure 2. By reference to Figure 4, it would be possible to place
other parameters of NaNO3 (at constant (S04* + 3 P045) M) on Figure 3.

Comparison of the curves from Figure 3 with those of Figure 4 shows
that the general shapes and slopes of the two sets of curves are different. The
curves on Figure 4 (NaNOj) differ from those of Figure 3 (free HNO3) in ex-
hibiting (a) no maxima, and (b) a slightly different slope. The decrease in the
value of K with Increase in concentration for both NaN03 and HNO3is presum-
ably due to increased association to form the molecular species, which has the
effect of lowering the effective nitrate ion concentration in solution (i. e., a de-
crease in the nitrate ion activity coefficient). In the case of nitric acid, this

069 11
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association effect is modified (at the lower concentrations) because of the spe-
cific interaction of the sulfate and phosphate ions with the dissociated hydrogen
ions. Therefore the salting effect of NaNOg differs quantitatively from that of
HNOg although it is qualitatively similar.

If, as in Figure 5a, log K is plotted against total nitrate concentra-
tion instead of free HNOg (as in Figure 3), maxima of the curves do not all
occur at the same value of total (NOg ). Moreover, as would be expected
from a comparison of Figures 3 and 4, the curve describing constant HNOg
does not coincide with the curve for constant NaNOg but exhibits a different
slope and appears to be approaching a maximum at a different location. For
these reasons, plotting K against free HNOg, as on Figure 3, was considered
more useful for the present study.

Figure 5b shows the effect of nitrate ion upon the uranium distribu-
tion ratio, E°. The curves of E° show a broad maximum which is reasonably
constant over a range of total nitrate concentration from about 3.5 to 7 M.
From Equation (1), E° should increase continuously with increasing (NOg*)
concentration if K remains constant. The decrease in E° at high values of
(NOg~ ) occurs because the decrease in K (as shown in Figures 3, 4, and 5a)
has overcome the (NOg )2 term in Equation (1).

F. Effect of UNH Concentration

Figure 6 shows the effect of UNH concentration on K over the range
10 to 150 g. ITNH/I. in the aqueous phase, based on data from HW-17339".

In these experiments, the concentration of HNOg in the aqueous phase varied
with the individual equilibration. Since the uranium distribution is dependent
upon the HNOg concentration in the aqueous phase it was necessary to correct
for the effect of HNOg in determining the effect of UNH alone. This correction
was made by dividing experimental values of K by 1C-values at the particular
HNO3 concentration of the experiment as determined from Figure 7b. As
shown on Figure 6, Kincreases about 50% when the UNH concentration in the
aqueous phase is raised from 10to 150 g. /. Throughout this report, no
correction has been applied for the small effect of organic-phase uranium con-
centration on organic-phase density, and hence on TBP concentration. The
effect of this correction is to increase K slightly as the uranium concentration
increases (about 10%higher at 100 g.UNH/1. in the agqueous phase). This
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correction is in the wrong direction to account for the increase in K with UNH
concentration shown by the data on Figure 6.

Because of analytical difficulties mentioned in HW-17339”, no attempt
was made to extend the correlation on Figuro 6 below 10 g. UNH/1. The only
data available at the time this correlation was carried out A oin-
dicate variations on the order of + 50% from the assumed mean value of K at
uranium concentrations below 10 g. /l. probably as a result of analytical diffi-
culties.

Fortunately, because of the steep slope of the equilibrium line,
(approximately 7) together with the mild slope of the operating line (approxi-
mately 0.7), small errors in K in this dilute region do not introduce significant
errors in the calculation of H. T. U. values for RA extraction column runs.

Rather than prepare a separate K-correction plot for the UNH con-
centration variable, the correction has been incorporated into the RA phase
equilibrium diagrams by a method which is illustrated in Exhibit A shown in
the Appendix.

The following factors are taken into account in the method of calcula-
tion shown in Exhibit A:
(a) the change of K with UNH concentration (as read from Figure 6),
(b) the change of uranium equilibria with total nitrate concentra-
tion, and
(c) the change in agueous volume due to the partial molal volume of
UNH.
G. Effect of Ferrous Sulfamate and TBP Concentration
The effect of ferrous sulfamate and TBP concentration on K is
shown graphically in Figure 2, which is based on data presented in Document
HW-17339”. For concentrations up to 0. 02 M, the effect of ferrous sulfa-
mate on uranium equilibrium appears to be negligible within the analytical
error. There does appear to be a definite effect corresponding to the concen-
tration of TBP however; and, the lines for 10 and 15 volume per cent TBP in-
cluded on Figure 7 have been sketched in parallel to the 12. 5 volume per cent
TBP curve through averages of the equilibrium points mentioned above.
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H. Integrated Correlation

An integrated correlation of the variables discussed above with K is
shown in Figure 7. The corresponding equilibrium curves are presented in
Figures 8, 9, and 10. Figure 7 was formed from the foregoing curves in the
following manner. Figure 2 was plotted directly on Figure 7a as log  vs.
(S04=+ 3 P045) M, except that Kj has been plotted as the square root of K
(from Figure 2). The curve from Figure 3 representing a solution containing
3.4M NaNOg was then plotted on Figure 7bas log K2 vs. HNO03 with NaNO*
as a parameter, except that has been plotted as the square root of K (from
Figure 3). As a matter of convenience, the curves for K, have been displaced
slightly downward so that the product of Kj equals K1'L in the equation:

E° = (KU/2 NO03")2 (TBP-2UN)2...oorvveereeererrreis )

The only difference between Equation (2) and Equation (1) given pre-
sviously is the algebraic form of the (K) (NOg-) factor. The use of the square
root of K rather than K allows direct substitution into the parameters of
(K”~2 N03") shown in Figure 8, 9, and 10, which are based on Equation (2), a-
bove. The positions of the (K1*2 N03) equilibrium lines (Figures 8, 9, and 10)
differ slightly from Equation (2) because of the inclusion of a correction term
for increase in K with increase in UNH concentration and a small correction
for the partial molal volume of UNH, as previously discussed. Since this
effect of UNH concentration on 1ICwas taken into account in locating the equili-
brium line parameters, the correction is made automatically when a value of
(KV2 NO3 ) is determined at the dilute (10 g. UNH/1. or less, aqueous phase)
end of the extraction section for the RA Column.

The curves of Figures 8, 9, and 10 agree closely with direct experi-
mental data for K1"2 =1, but for K1*2 values of 0. 50or 2, the error in Y is
about 5%at an X value of 100 g. UNH/1., since the effect of the NO3 ion in
UNH is not properly allowed for when K2/ 1 This error drops to zero per
cent below an X value of 10 g. UNH/1. and may be neglected in most run calcula-
tions since the major part of the calculation involves the range below 50
g. UNH/1. in the aqueous phase. Furthermore, the numerical value of K”2 is
not normally greatly different from 1for the RA extraction section processing

Hanford underground waste containing P042 and S04* (K "2 is approximately
1. 4 for the TBP-HW #4 Flowsheet).
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For organic solutions which differ slightly from the 10, 12. 5, and 15
volume per cent TBP concentrations used on Figures 8, 9, and 10, percentage
errors in H.E.T.S. are approximately equal to the percentage error in volume
per cent TBP. Percentage errors in H. T. U. are very approximately one-half
of the percentage error in volume per cent TBP. For an accurate equilibrium
diagram at a TBP concentration other than 10, 12. 5 or 15volume per cent, it
is suggested that a new diagram be prepared from a cross-plot of the 10, 12.5
and 15 volume per cent values.

DISCUSSION: URANIUM PHASE EQUILIBRIA IN THE RC COLUMN
A. Origin of Correlations

Due to the complexity of the RA system, it proved expedient to relate
the uranium equilibria to a theoretical equation in order to extrapolate limited
data over the wide range of possible operating conditions. However, in the RC
system only UNH and HNOg solutes are present in significant concentrations so
that uranium equilibrium lines with an HNOg parameter may be drawn and H. E.
T.S. and H.T.U. calculations may be carried out by estimating the acid con-
centration of each stage. Inorder to reduce the analytical work load, complete
equilibrium data were obtained only for 15 volume per cent TBP in the solvent,
while data for 10 and 12. 5 volume per cent TBP were only spot-checked. The
variables in Equation (1) were then rearranged to act as a guide in establishing
a correlation of all of the available experimental data.

Based on the rearranged equation, a suitable correlation of the data
was obtained by plotting (UNH/TBP) (org.) as the ordinate vs. (UNH) aq.
(TBP)*/2 org. as the abscissa, both on logarithmic scales. Derivation of this
generalized RC Column equilibrium correlation is carried out on Exhibit B,
attached. The equilibrium points for 10, 12.5, and 15 volume per cent TBP

(with HNO” concentration held constant) all fell very close to the best line through
the points as may be seen from Figures 1land 12

The equilibrium lines presented on Figure 1 (UNH/TBP (org.) vs. .
UNH(TBP)U2 (aq.)) extend over the concentration ranges covered by the ex-
perimental data presented in Document HVM7179”. The uranium equilibrium
line for O NF HNO3 in the aqueous phase was drawn somewhat higher in the
dilute uranium region than the corresponding line drawn in HW-17179”. Both
correlations represent the data adequately within the accuracy of analytical

0«9
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results. For RC Column operation at TBP process conditions, the slight

difference between these two correlations has no significant effect on the accu-
racy of calculated H. T. U. values.

B. Final Correlation

Figures 13, 14, and 15are uranium phase-equilibrium diagrams
similar to the RC Column run calculation sheets used by the Chemical Develop-
ment Section at Hanford Works for calculating H. T. U. and H. E. T. S. values.
These three figures were prepared from an original large-scale plot of
UNH/TBP (org.) vs. (UNH) ag. (TBP)Y/2org. similar to Figures U and 12.
Figures 13, 14, and 15 were constructed for 10, 12. 5, and 15 volume per cent
TBP respectively, using log-log scales because of the 10,000-fold range of
numerical values covered. The slopes of the equilibrium lines on the log-log
plots decrease from about 3 to about 1when the nitric acid concentration is in-
creased from 0to 30 g./I. in the aqueous phase. The slope of each equilibrium
line also decreases noticeably above approximately 30 g. UNH/1. in the aqueous
phase. For example, the equilibrium line at 12.5 volume per cent TBP in the
organic phase and zero HNO" in the aqueous phase decreases in slope from
about 2.7 to about 1.7 when the uranium concentration (equilibrated aqueous)
is increased from 10to 100 g. /I. This is quantitatively in agreement with the
known fact that the equilibrium lines must approach zero slope as the TBP
approaches 100% saturation with uranium.

At any given uranium concentration in the aqueous phase (X), in-
creased volume percentages of TBP result in increased concentrations of
uranium in the organic phase (Y). At 100 g. UNH/1. in the equilibrated aqueous
phase and with no nitric acid present, E° with 10, 12. 5 and 15 per cent TBP in
the organic phase is L9, 3.0, and 4. 0, respectively.



-18- HW-17747

NOMENCLATURE

<

g./l.
H.E.T.S.

H T.U.
(no3-)

*
TBP
UN

UNH

iir/rMW lixfl

Uranium distribution ratio

g.UNH/1. (organic)

g.UNH/1. (aqueous).

grams/liter.

Height Equivalent to a Theoretical Stage.

Height of a Transfer Unit.

Constant, in Equations (1) and (2).

Concentration, molar.

in Equations (1) and (2), total nitrate concentration,
including that from UNH, aqueous phase, molar.
Tributyl phosphate; in Equations (1) and (2),
concentration, organic phase, molar.

Uranyl nitrate; in Equations (1) and (2),
concentration, organic phase, molar.

Uranyl nitrate hexahydrate (U02 (N02)2 ¢ SH"O).
Grams UNH/Liter (Aqueous phase).

Grams UNH/Liter (Organic phase).

(Al) 17

fi._: ..
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APPENDIX
EXHIBIT A

METHOD OF CALCULATION FOR K1/2 NOg PARAMETERS PLOTTED

ON EQUILIBRIUM DIAGRAMS. FIGURES, 8, 9, and 10

The following numerical example is presented as an illustration of how points were calculated which
form the basis for the equilibrium line parameters presented in Figures 8, 9, and 10. The following
points are calculated for the 5M NO” line using 12. 5 volume per cent TBP. Points for the other
curves were calculated in an identical manner.

UNH (Ad,) K/m 1/7 UNH (Org.
«.J1 M* (X) a<2> KT “A KAZ KAZX M=Y o.ir.
10 0. 01991 1 5. 0353 5.0353 25.3542  0.5048 0. 0584 29. 3
25 0.04978 1032 5. 0871 5.2499 27. 5618 13720 0. 0961 48. 3
40 0.07965 1.070 5.1395 5.4992 30. 24i6 2.4087 0.1179 59.2
65 0.1294 1121 5.2267 5.8591 34.3289  4.4422 0.1398 70. 2 N
90 0.1792 1.162 5. 3140 6.1749 38.1290 6. 8327 0.1535 77.1 v
105 0. 2091 1.180 5. 3664 6.3324 40. 0993  8.3848 0.1595 80.1

() Increase in K with increasing aqueous UNH concentration read from Figure 6.
(2) A is defined as:

@ + 0 Os&y tn
where the factor (1 + 0. 05 X) is a correction term for the partial molal volume of
UNH and 2X represents the molar nitrate contribution of UNH in the aqueous phase.

(3) Y is calculated from equation (1) (see text) modified as follows:

Y =(KAZX) (TBP - 2Y)2
or in this case

Y = (KA2X) (0. 20885 - L 828Y + 4Y2)

Lv.L.T- MWH
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EXHIBIT B
DERIVATION OF THE GENERALIZED RC COLUMN
EQUILIBRIUM CORRELATION

Equation (1),

o

Ea ® irmH)iqT K(N03')2 (TBP-ZUN)2

(for terms. See Table of Nomenclature,
Page 18) may be rearranged as follows

—— *K(NO “)2 (UNH) (TBP) &1- —

TBP J aq TBP
NO03‘ = HNO3 + 2(UNH)aq
When HNO3 * 0, N03“ %~(UNH)aq
From Equation (3),
— —-*4KAUNH) (TBP)V3] 3
TBP L q* * TBPy
Now let

Xo <UNHW <TBP)

and Y» S ---}-JC'\)IP

Then, Equation (4) may be expressed as

Y5 * 4K X 2 (1- 2Y1)2

X i-J - [ ]
@ - 2Y-)
TK<»
. o o < o é:ﬂ : ;
MERERVARNES

HW-17747

(3)

(<)

(5)

NS
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/lljfhus at HNO™ =0 if K were actually constant, it would be possible to
correlate the uranium concentration in the two phases uniquely by Equation (5).
While it was found that the experimental data did not lend themselves to adequ-
ate correlation in terms of XQand Y*, a satisfactory correlation in the 10to 15
volume per cent TBP range was obtained by a plot of Y* against the variable
X', defined as (UNH)a® (TBP)"2. The correlation in terms of X* and Y1was
found to be applicable not only at HNO”" « 0, but also at aqueous-phase nitric
acid concentrations of 10, 20, and 30 g./l. This correlation is shown in
Figures 11 and 12.

The semi-theoretical, semi-empirical basis of this correlation calls for
caution against extrapolation from the experimentally established plots. The
partial theoretical basis of the correlation gives rise to considerable doubt
about the validity of any extrapolation on the 20 and 30 g. HNO”/I. curves to-
ward lower uranium concentrations, hence higher HNOg/(UNH)a(l ratios.
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TABLE |

TBP PROCESS FLOWSHEET COMPOSITIONS

TBP-HW 12 Flowsheet (Abstracted from HW-15507)

HW-17747

Compositions

Flow UNH so" POl NOI  Nat x TBP
Ratio U Kf M/ MT M 9 Vol.%
Stream (RAF - 100)
RAS 50 0 0 0 50 O 5.0 0
RAF 100 0.33 0.32 0.3 6.5 4.97 3.13 0
RAX 250 0 0 0 0 0 0 15
RCX 250 (Water only)
TBP-HW #3 Flowsheet (Abstracted from HW-15087)
RAS 50 0 0 0 50 0 5.0 0
RAF 100 0.27 0.26 0.26 6.5 4.05 3. 76 0
RAX 200 0 0 0 0 0 0 125
RCX 160 (Water only)
TBP-HW #4 Flowsheet (Abstracted from HW-18189)
RAS 50 0 0 0 20 0 2.0 0
RAF 100 0.27 0.26 0.26 571 4.07 2.96 0
RAX 250 0 0 0 0 0 0 12.5
RCX 200 0 0 0 0.00 O 0.01 0
TBP-HW #5 Flowsheet (Abstracted from HW-18232)
RAS 34 0 0 0 20 O 2.0 0
RAF 100 018 0.18 0.18 3.8 2.78 2.01 0
RAX 170 0 0 0 0 0 0 125
RCX 136 0 0 0 0.00 O 0. 01 0
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Trlbutjl Phocphatt (TBP) farm* Sulfaaata

Vol, i H I» - ur.nl- dlttrlbutlon r.tlo,

i(c)) 0.0 X e an tapirleal "coo*taut"

9 0.02 _ _

-;l:*.g 0.0 mOj" « total Bltrato lon concentration Including

T 8(())2 URB, aqutous ptaano, M

15.0 0.02 TBP mcoiictntratlon of TBP, organic phatt, M
OB e+ concentration of uranyl nitrate, organic
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rimmi 3
PLOT TO uifgKHIHB EFFECT OF HKO" UPOff
m m  WMTIOW «S m K(HOf)g(TBP-gni)a

In the abort equation:

ij muraniwi distribution ratio,

K - an eaplrical "countant'

103 - total nitrate lon concentration Including UHH, aqueous phase, M
TBp - concentration of TBP, organic pbaee, N

UX - concentration of urasjl nitrate, organic phase, N

rData for the top four Unee ere fro* CBHL 260; and for the tottoa tvo curvet,
froa HW-17339

The concentration ct fm HK®Bvan calculated bated on the afbltrary asewptloa
that the eolutlonn coot*load U, M 03, HI*>k, HiPOu, and "free" HMCA AS dI»«
cussed In the tant of this repoftf the ¢ 280 data vert recalculated 1o the abort
basis for frea HHO,. The usa of (0~- & 3*0"" m e« para”ter It banal on ths ocr-
relation j/reeented On Figure 2.

8yabol Aqueous Phase Concentration Value of Fare—ter
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TMDHI k

C80S8-P1QT Or yiOORI 3 TO DmRMHI BTFICT

Cgmjo3 upo» k @ the SEQijg

» 1(K)-,~)g (TBF-201)2

Data at dilute RaVOa concentrations (below 1J) art fran
ORIiL-260. The experimental K valuti from CRHL-260 hare btaa
Modified to a canon (80t & 3P0j*)Mtails to agree with HW-17339
concentrations hy using figure 2 “ Points at higher »alW3 con-
centrations are directly froa W-17339 and represent solutions

containing 0.22 N HjPO* and 0.22 MHgSO" as well aa OKH HHO"
and IVaHO

OOMICAL HVKLONOBR 8aCTI10>
HAHFORD WORK
MAT 12, 1950
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g I .?J
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0.001 195
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To u»« dlagrt* for calculating RA Typo Boss,
datsrsixk. 11'2 using figure f, and determine total
(K>*)~ in tb* KUT stream. The product (SVA"KX--) a*.
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RC COLUHB EQUILTSBIUM D m
CCWCEfTRATED WKH RSOION

This figure illustrates hov n il the data for

carbon diluent any be correlated vhen plotted

on the coordinate! thovn. The data are tataan
free HV-17179.

EW-177U7

e—
15 volume $ TBPin the organic phase
IEf5 volume i TBPin the organic phase
16 wvolume i TBPin the organic phaae
\'r *

X , (9.UHS/I. of aqueous phaae) (vol. TBP)
500 600

800 900 »
CHEMICAL OZVKLUPMEHr SKCTIGH
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August 2% 1950
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BC COLUMN PHASE EQUILIBRIUM DIAGRAM

(10 Voluae f TBP in a Hydrocarbon Diluent)

Curve* ere derived from a large-acale plot
of Figure 11. See text for further detail

CHEMICAL DKmOFMBrr SECTION
HANFORD WORKS
Noveafcer 27, 1950

Xsg.UNH/ Liter (aqueous phase)

Lv.LT-MH



UUAT w1 Ag 1y

(eseyd ojuebi0)iaJIT/HNN®

*>4



iLid, hisii I [M I i Eeo Q Q |
. 40 # 1 T *10 4 B s 1 s »kx]

X

X*g. UNM/Lit«r (aqutoui phot«) |



