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1.0 Summary

During this report period, the effects of solution
age, salting concentration, and amine (trilaury amine
in toluene) concentration on the solvent extraction
characteristics of ruthenium nitrosyl nitrato complexes
in nitrate systems were investigated. The effects of
solution age and nitrate salting on absorption spectra
of the RuNO-nitrato complexes aqueous solutions were also
studled.

The effects of solution age, nitric acid concentration,
aqueous ruthenium concentration, amine concentration, and
nitrate salting concentration on the solwent extraction
characterlstics of the RuNO- nitro complexes were investi-
gated. The effects of solution age and aqueous ruthenium
concentration on the absorption spectra of the RuNO-nitro
complexes were also studied.

The effects of temperature, fluoride iorn, and sulfate
ion on the solvent extraction characteristics of uranium
were studled.

Results of the work on the RuNO-complexes indicate
that an important variable in the solvent extraction
process may possibly be the concentration of the unbound
nitric acid in the organic phase.

The results of the work on the RuNO-nitrato complexes
indicate that the more extractable forms of those complexes
may be the tetra- and penta-nitrato complexes and that
these complexes may be extracted in the acid forms rather
than the anionic forms.

For the freshly prepared solutions, the RuNO-nitro
complexes are much more extractable than the RuNo-nitrato
complexes at low nitric acid concentrations.

The effect of temperature or uranium extraction
results in an activation energy of AH= - 3.10 Kcal in the
range of 25-50°C. The addition of sulfate mole
ion and fluoride ion to nitrate solutions of uranium result
in a relatively small effect on uranium extraction with the
distribution ratio varying by a factor of two or three.




2.0 Ruthenium Nitrosyl Nitrato Complexes

A discussion of the formulas and species of the
ruthenium nitrosyl nitro (RuNO-nitro) and ruthenium
nitrosyl nitrato (RuNO-nitrato) complexes to be found in
aqueous nitric acid solutions is given in Reference (1).

A second batch (batch B) of RuNO-nitrato complexes
solutions in nitric acid was prepared using ruthenium
nitroso hydroxide as the starting material. The compound
was purchased from A. D. Mackay, Inc. The first batch
(batch A) of ruthenium in the form of nitrosyl nitrato
complexes was prepared from ruthenium trichloride (2);
absorption spectra and distribution ratios for the batch
A have been reported previously (3).

For the batch B, 45 grams of the hydroxide was added
to 500 ml of 9.2N. nitric acid and bolled for approximately
two hours. The liquid level being kept constant by
intermittent additions of distilled deionized water (DDW).
After cooling, the solution was filtered through a
sintered glass funnel and placed in an evaporating dish
inside a vacuum oven and evaporated almost to dryness,
yielding RnNO(N03) 2H,0. The solution had the charact-
eristic deep red célor, as did the resultant sticky mass
after evaporation.

The red mass was dissolved in DDW and the solution
diluted to 250 ml in a volumetric flask. A quantitative
analysis showed the stock solution to have a ruthenium
concentration of 84.6 gm/liter. This quantitative analysis,
as well as all of the following analyses, was done by the
KOH-KNO, fusion method (2).

A set of solutions was then prepared by adding the
appropriate amount and concentration of nitric acid and/
or sodium nitrate to aliquot portions of the stock
solutign. A summary of the solutions 1s listed in
Table 1.

2.1 Extraction of Freshly Prepared Solutions

Extractions of most of the fresh solutions of batch
B (age after dissolution of the R.uNO(NO3)3 2,0 41 poW

approximately 1-2 hours) were made for a two minute
contacting time). The data are plotted in Figure 1.

The curve for the nitric acid system with no salting 1s
fairly flatowith a maximum at about 3N nitric acid. The
values of E° range from 0.0060 at 3N HNO, to 0.0028 at 8.8N
HN03; the af1d concentration was varied #rom 0.5N to 8.8N

N
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TABLE 1

Ruthenium Nitrosyl Nitrato Complexes Solutions

Nitric Acld Conc., N

Total Nitrate Conc., M

Ru_Cone.,gm/1

0.52
0.89
1.32
3.10
4.91
6.85
8.74

10.08
©.50
0.48
0.46
0.47
1.27
1.29
1.27
3.09
3.10
5.05

0.52
0.89
1.32
3.10
4.1
6.85
8.74
10.08
1.22
3.28
537
6.20
3.16
5418
6.19
5400
6.17
6.35

6.45

"
1"

"
"
"
6.00
6.45

6.00

6.45
6.00

n

R




FIGURE 1
Extraction of Freshly Prepared RuNO-Nitrato Complexes
Batch B
o.Minute Contacting at 295°C with 0.20 M TLA in Toluene

0 = Nitric Acld System (No Salting)
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HNO,. The data for a constant total nitrate concen-
tradion of approximately 6.2M show a decrease in EC from
0.0249 at 0.45N HNO, to 0.0050 at 5.0N HNO,, the adta
falling on a straight line on a log-log plat with a

slope of about -0.7. The increase in the extraction of
ruthenium with nitrate salting can be explained by an
increase in the nitrate complexing, especially at the
lower acld concentrations. At O0.5N HN03, the addition of
nitrate salting to form a togal nitrato“concentration of
6.2 M raises the values of E, by a factor of five.

2.2 Extraction of Aged Solutlons

2.2.1 Comparison of the Two Batches of Solutlons

The second batch of solutions was aged at room
temperature for one month and then sample extractions
were made to determine if this batch resembled batch A
with respect to its extraction characteristics. Variations
in the preparation methods of the two batches, in
particular the two different starting materials (RuCl
for batch A and RuNO-hydroxide for batch B) could pos§1bly
result in products with dissimilar values of NO,: Ru
ratlios and concentrations of nitro complexes, 1% any
exlst. A second important veriable is the method and
speed of evaporation of the solution to yleld RuNO(NO )3
2H,0. Tn the two cases, the method of evaporation wag
vegy similar, in that the same equipment was employgd
and the temperature of evaporation was the same (30 C.)

Extractions were made for a 2 minute contacting time
and a 24 hour contacting time and varying nitric acid
concentration with no salting. The results are shcym in
Figure 2. It can be seen that, in general, the values of
EQ are slightly lower for batch B than for Batch A. The
miximum variation occurs at 1.3N HNO, for the 24 hour
contact time and shows the value of EQ to be approximately
20% lower for batch B. For the two mfnute contact time,
the maximum variation occurs at 4N HNO3, when the batch
B value is 35% below that of batch A. It appears that
an even greater variation may occur at very low acid
concentration and that the batch B values may be
appreciably greater than the batch A values. However,
analytic limitations prevent a closer investigation of
this pcint, in that the ruthenium concentration in the
resultant organic phase would be too small for accurate
analysis by the KOH-KNO3 fusion method. In addition,
the differences between’the batches seems to disappear,
or at least reduce in magnitude, at the longer contact
time.




i FIGURE 2

Comparison of the Extraction Characteristics of
Two Batches of RuNO-Nltrato Complexes Solutions
Sclutions Aged For One Month at Room Temperature
Contacted at 25°C With 0.26 M TLA in Toluene
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2.2.2 Effect of Age of Solution

In order to determine the effect of solution age
on the extraction characteristics of the RuNO-nitrato
complexes, extractions repeating the conditions of
Figure 1 were carried out after the solutions had aged
for one month. Figure 3 shows the two sets of d&ta. Of
interest are several points. For the nitric acid system
with no salting, distribution ratlios of the aged
solutions varied in a manner consistent with the
observation of Fletcher et al (4) that nitrate complexing
decreases with aging at the low acid concentrations and
increases with aging at the higher acid concentrations,
Aging had little effect on the salted solutions at a
total nitrate concentration of 6.2M., indicating that the
freshly prepared salted solutions were more nearly at
equilibrium conditions with regard to the distribution of
the RuNO-nitrato complexes than were the non-salted
solutions. Above about 2.5N HNO3 the data show the salted
solutions to be less extractable’than the non-salted
solutions, a condition which 1s inconsistent with the
usual findings that salting increases nitrate complexing
and therefore increases the degree of extractability.
However, the lncrease in nitrate complexing due to the
salting is more than offset by an increase in the
unbound nitric acid concentration in the organic phase
which 18 caused by the nitrate common ion effect (see
Section 2.2.3 for discussion). Thus, the net result is a
decrease in the extraction of the complexes.

2.2.3 Effect of Salting Concentration

Using 24 hour contacting times, extractions were
made to determine the effect of sodium nitrate salting on
the extractabllity of RuNO-nitrato complexes. The data
are plotted in Figure 4 so as to show the effect of varying
aqueous nitric acid concentration at various levels of
constant total nitrate concentration. As a result of
cross plotting, Flgure 5 shows the effect of varying
total nitrate concentration with constant nitric acid
concentration.

In Figure 4, above a nitric acid concentration of
about 2.5N., salting appears to cause a slight decrease
in the value of EQ. This apparent inconsistency can possibly
be explained by cBnsidering the effect of changes in the
concentration of nitric acld 1n the organic phase on the
distribution ratios. The addition of NaNO, to an aqueous
nitric acid solution results in an 1ncreasé in the con-
centration of nitric acid in the contacting organic phase;
see the data of Figure 6 which were obtained by titration
of various organlc phase pamples. Nitrato salting can
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: " FIGURE 4
The Effect of Nitrate Salting on Extraction

of RuNQ-Nitrato Complexes
Solutions Aged for Cne Month at Room Temperature (Batch B)

oli-Hour Contacting at 25°C wlth 0.20 M TLA in Toluene
Salting Agent = NaNO3
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FIGURE 5 '
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be seen to cause a substantial increase in the amount of
unbound nitric acid in the organic phase.

A more meaningful correlation of the rutgenium
extraction data can be obtalned by plotting E, as a
function of the final concentration of the oréanic phase
unbound nitric acid at various levels of total aqueous
nitrate concentration (see Figure 7). Of significant
interest and importance is the fact that this method of
correlation yields the more logically expected trend, l.e.
as total nitrate increases at constant unbound HNO,, g;
increases. The inference is that the values of thé patition
coefficlient of the individual complexes are dependent on
the concentration of the unbound HNO., in the organic phase
rather than on the concentration of ﬁNO in the aqueous
phase. Therefore, in order to more fuliy investigate the
effect of nitrate salting at constant HNO, concentration,
the organic phase unbound nitric acid shodld be held
constant rather than the aqueous phase nitric acid, as
was done in Figure 5. Figure 8 illustrates this point by
presenting the ruthenium extraction data for both constant
aqueous phase nitric acid concentrations and constant
organic phase unbound nitric acid concentrations. The
values plotted were obtained from Figures 5 and 7. When
compared on the basis of constant concentration of
unbound nitric acid in the organic phase, ruthenlium
extraction is seen to increase with increasing nitrate
salting of the aqueous phase the slope of the E? vs. total
aqueous nitrate curve on log-log paper 1is appro&imately
1.3 to 1.7 for the condition of constant concentration of
unbound nitric acid in the organic phase.

2.2.4 Organic Phase Titration of Extractable Ruthenium

A very interesting result of the organic phase
titrations discussed in the previous section was the
apparent titration of extractable ruthenium in the organic
phase. This was observed for samples having a relatively
large concentration of ruthenium (approximately 2.5

gm/liter).

The phenomenon was first noticed when the organic
phase of sample number 128 was titrated and gave a value
of 0.103 M for the difference between total acid and amine
nitrate concentration. This difference is normally taken
to represent the unbound nitric acid concentration.

Sample 128 had a final aqueous nitric acid concentration
of 0.37N and a final aqueous nitrate concentration of 6.1M.
From Figure 6, the expected unbound HNO, concentration
would be about 0.055M, a factor of aboué two less than the
0.103 M value. Closer inspection of the titration curve
(Figure 9) revealed that a total of four inflection

points rather than the customary two points of inflection
were possibly present.
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In order to investigate this phenomenon, the sodium
hydroxide was diluted by a factor of five (from 0.0875N
to 0.0175N) and the sample titrated again. Figure 10,
which shows the result of the re-titration, covers the
range corresponding to 0-1.3 ml on Figure 9. As can be
gseen from Figure 10, the first portion of the curve ylelds
at least two inflection points and possibly more. The
first corresponds to a concentration of 0.059M, as would
be expected if this were the unbound nitric acid inflection

point. The difference between the first and second inflecs:

tion points corresponds to a concentration of '0.038M.

By previous quantitative analysls, the ruthenlium
concentration was found to be 2.3é gm/liter, 0.024M. If
it is assumed that the ruthenium in the organic phase is
mostly in the form of the acids of the tetra-and penta-
nitrato complexes of nitrosyl ruthenium (i.e., HRuNO(NO é
(H,0) and H,RWNO(NO,).) which are neutralized between A
twg end poiﬁts markéd on Figure 10 and i1f the mole
fraction of the penta-complex is represented by X, then

2 x (0.024) +(1-x)0.024 = 0.038

and X then is equal to 0.58. The resultant concentration
of the complexes are 0.010M and 0.014 M for the tetra-
and penta-, respectively. Even closer inspection of
Figure 10 shows. an irregularity in the titration curve at
abous 5.25 ml. If it is assumed that the entire penta-
complex would be titrated before the tetra-complex, then
for a concentration of 0.014M, its neutralization would be
calculated to occur at 5.40 ml (which is very close to the
inflection found at 5.25 ml).

Other samples with large ruthenium concentrations in
the organic phase were also titrated. At concentrations
of less than approximately 1 gm/liter, the results of the
titrations are inconclusive. However, sample number 127,
with an organic phase Ru concentration of 2.51 gm/liter
(0.025M), gave very similar results to those of sample 128.
The aqueous phase of _sample 127 was 0.35N HNO, and a total
nitrate of 5.26 M. Ffrom Figure 6, the unbound nitric acid
concentration in the-organic phase would be about O.O44M.
Titration of the organic phase (Figure 11) ylelded end
points at 2.55 ml and 4.60 ml. The first end point gives
a concentration of 0.045M and the difference between the
end points corresponds to a concentration of 0.036M.

Again, assuming the Ru to be mostly in the form of the
aclds of the tetra- and penta-complexes, the mole fraction
of the penta complex is calculated to be 0.44 and the
concentrations of the complexes are calculated to be 0.014M
and 0.011M for the tetra-and penta-complexes, respectively.
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Although the titrations of samples 127 and 128 and
thelr resultant interpretations do not present conclusive
evidence for the more extractable forms of the RuNO-~
nitrato complexes, the indications are that the tetra-and
penta-nitrato complexes of the nitrosyl ruthenium nitrato
system are more highly extractable than the lower complexes.

2.2.5 Effect of Amine Concentration

A variation of TLA concentration was made to determine
the effect of amine concentration on ruthenium extraction.
The amine concentration was varied from 0.053M to 0.26 M.
Thg extractions were made for 24-hqur contacting time at
25°C. The aqueous phase contained aged (one month) RuNO-
nitrato complexes in 1.3N HNO., solution with no salging.
The data is presented in Figuge 12. The value of E; 1s
seen to be initially dependent upon the 1.5 power oé the
amine concentration. Above an amine Soncentration of
approximately.0.13M., the values of E; fall below the line
of slope l.g. The reason for the fal&ing-off of the
values of E, can be seen from Figure 13. Figure 13 shows
the concentéation of unbound HNO3 in the organic phase as
a function of TLA concentration.” It can be seen that
above an amine concentration of about 0.13M, the values
of the unbound HNO., concentration deviate from linearity
and are larger tharl would be predicted. This could result
in a decrease of the partition coefficlents of the
extractable species (See Figure 8) and therefore a lower
value of EK than would be predicted.

2.3 Spectra of Solutions

As a means of obtaining information about the aqueous
solutions of the RuNO-nitrato complexes, in particular the
effect of aging and the effect of salting, spectrophotometric
studies were conducted. The equipment employed was a
Beckman Model DU Spectrophotometer and 1 cm absorption
cells. The wavelengths lnvestigated ranged from 400 my,
to 540 mpu. Below 400 mp, the absorbance increases
greatly and above 540 mu, it becomes very small. Previous
spectra (3) of RuNO- nitrato solutions have shown that an
absorbance maximum exists at about 475 my and that the
value of the absorbance at this wavelength increases with
increasing nitric acid concentration.

2.3.1 Effect of Solution Age

In order to obtain some ldea of the amount of time
required for the aqueous solutions to reach equilibrium
with regard to the distribution of the complexes in
solutlion, spectrophotometric studies were made of the
solutions at various solution ages.
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Figures 14 and 15 show the spectra of a solution of
RuNO-nitrato complexes in 4.75N HNO, (no salting) with a
ruthenium concentration of 1.78 gm/iiter as a function of
jolution age. At any wavelength up to about 500mp, the
absorbance exhibits a maximum with lncreasing age.
Hewever, the maximum absorbance occurs at about 475 mu,
regardless of solution age. In Flgure 14, the solution
age 1s shown from 1-2 hours to 22 days. Little change 1is
seen between 16 days and 22 days. Figure 15 shows
solution ages of 22 days and 31 days. Essentially no
change is discernible between the two.

Figure 16 shows spectra of a solution of RuNO-
nitrato complexes in 1.2N HNO, (no salting) with a
ruthenium concentration of 1.%3 gm/liter at two solution
ages, one month and six months. Once again, no appreclable
change 18 noticeable. The conclusion to be reached from
the previous spectra is that equilibrium has been attained
in less than 31 days and probably in the range of 16 to
22 days.

2.3.2 Effect of Nitrate Salting

In an attempt to determine if the distributlon of
the RuNO-nitrato complexes in aqueous solutions is
dependent only on the total nitrate concentration or only
on the nitric acid concentration or on a combination of
both, spectra were taken of three solutions at aged

- conditions.

Figure 17 shows that the N. NO, salted solution
spectrum 1s intermediate betweeh tﬁe solution having a
nitric acid concentration equal to’the nitric acld
concentration of the salted solution and the solution
having a nitric acid concentration equal to approximately
the total nitrate concentration of the salted solution.
Spectra at other solution conditions are yet to be made
before an analysis of the data can be attempted.
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3.0 Ruthenium Nitrosyl Nitro Complexes

Concluding the description of preparation III as
started in the previous report (3) the solution was
evaporated nearly to dryness and ylelded a deliquescent
brown-orange solid RuNO(NO,).OH(H,0),. The solid was
dipgolved in DDW and dilute8 So 250 mf in a volumetric
flask. Analysis showed the ruthenium content to be

55.3 gm/liter.

A set of solution was then prepared by adding the
appropriate amount and concentration of nitric acid and/or
sodium nitrate to aliquot portions of the stock solution.
A summary of the solutions is listed in Table 2.

3.1 Extraction of Freshly Prepared Solutions

Extractions of most of the fresh solutions (age
after dilution of compound in DDW approximately 1-2 hours)
were made for a two-minute contacting time. The data
are shown plotted in Figure 18. Of interest are three
observations:

(1) The curve shows no maximum but decreases
steadily with increasing nitric acid concentration. 1In
fact, plotting the data for the nitric acid sys tem with
no nitrate salting on semi-log paper (Figure 19) yields
a straight_aiggNthat can be described empirically by
Ej _ 0.p6% ', where N is the nitric acid normality.

(2) From Figure 18, 1t appears that sodium nitrate
salting decreases the extractabllity of the freshly
prepared nitro complexes. However, by plotting the
values of EQ against the final organic phase nitric acid
concentratién rather than the final aqueous phase nitric
acid concentration, it can be seen (Figure 20) that
actually the salting has no observable effect. The
organic phase fitratienidafctheenspnitohutiagafnosbatesfiined by
frganFtophase. titration of the samples but was obtained from

Figurf3 ' The freshly prepared RuNO-nitro complexes are
more highly extractable than the freshly prepared RuNO-
nitrato ccmplexes, particularly at low acid concentrations.
Figure 21 shows the two systems plotted so as to enable
comparison. At O.5N HNO3, the value of Eg for the nitro
complexes is a factor of approximately 40" times that for
nitrato complexes.

. The effect of sodium nitrate salting of the RuNO-
nitro complexes, as shown in Figure 20, is negliglible.
This would indicate that neither replacement of the nitro

ligands by nitrato ligands for higher nitrato complexes
formation has occurred in the 1-2 hours of solution aging.




TABLE 2
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Ruthenium Nitrosyl Nitro Complexes Solutions

Total Nitrate Conc., M

RuConc., gm/liter

HNO, Conc., N
~

0.
0.

1

& F&HE PN O OO O O O O VW OO & D

b2
77

.22
.94
.51
.29
.22
.60
.42
.41
.38
.36
.16
.07‘
.01
97
.76
.60
.60

.31

0.42
0.77
l.22
2.94
4.51
6.29
8.22
9.60
1.00
2.99
4.96
6.34
2.94
4.85
6.26
3.07
4.86
6.33
5.10
6.58

5.43

n
1]

"

4.94

5.43
4.4
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FIGURE 18
Extraction of Freshly Prepared RuNO-Nitro Complexes
2-Minute Contacting at 25°C with 0.20 M TLA in Toluenc

ystem

= Nitric Acid System (No Salting)
Witric Acid-Sodium Nitrate 3
(Total Nitrate = 6.3M)
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FIGURE 2l , 32

Extraction of Freshly Prepared RuNO-Nltrato and
RUNO-N1itro Complexes

2-Minute Contacting at 2500 with 0.26 M TLA in Toluene
G RuNO-Nitro Complexes
A RuNO-Nitrato Complexes
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This is consistent with the work of Brown (6) on the
RuNO-nitro complexes reaction rates.

3.2 Extraction of Aged Solutions

After aging at room temperature for one month, a
series of extraction studles were conducted on the
solutions.

3.2.1 Effect of Nitric Acid Concentration

A set of extractions was made for two-minute
conctacting of the aged solutions with the acid and
nitrate concentrations in the samples the same as those
for the freshly prepared two-minute contacting. The data
is shown plotted as a function of final aqueous nitric
acid concentration in Figure 22 and as a function of
final organic excess nitric acid concentration in Flgure
230

From Figure 23, it is seen that after aging for
one month, the sodium nitrate salting has had the effect
of increasing the extractabiliiy of the complexes. It
is believed that this is due to either replacement of
nitro ligands by nitrato ligands, the formation of
higher nitrato complexes, or, more likely, a comblnation
of both.

Of interest is the point (in Figure 23) at which
the line of the salted sample merges with the line of the
non-salted samples. The intersection is not at the
organic phase excess acid concentration corresponding to
6.3N HNO, in the aqueous phase, but at a lower point.
This is éonsistent with the previous discussion of the
spectra of salted RuNO-nitrato complexes solutions in
Section 2.3.2 and indicates again that nitrate in the
form of nitric acid is more effective with regard to
nitrato com lexing than 1s nitrate in the form of sodium
nitrate. This may possibly lndicate that the tetra-
and penta-nitrato complexes exist in solution in the

form of the acids of the species {HRuNO(NO )4§H 0) and
HgRuNO(NO3)5) rather than as anions (RuNo(ﬁo3 , EH0) -
and, RuNO(NO4 ) ™)

Comparison of the aged RuNO-nitro complexes wlth
the freshly prepared RuNO-nitro complexes (Figure 24)
shows that aging has resulted in decreasing the
extractability of the complexes, although it appears
that at an acid concentration of approximately 7NHNO3

and higher that the extractability may have been increased.




FIGURE 22 22
Extractlion of Aged RuNO=Nltro Complexes

Solutions Aged For One lMonth at Room Temperature
o-Minute Contacting at 25°C with 0.26 M TLA in Toluene
0 = Nitric Acld System (No Salting)
; A = Nitrlic Acid-Sodium Nitrate System (Total Nitrate=6.3M)
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FIGURE 23 35
Extraction of Aged RuNO-Nitro Complexes
Extraction of Aged RuNO-Nitro Complexes
Solutions Aged For One Mogth at Room Temperature
2.Minute Contacting at 25 C with 0.26 M TLA in Toluene
0 = Nitric Acid System (No Salting)
A = Nitric Acid Sodium Nitrate System (Total Nitrate= 6.3M]
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The Effect of Solution Age on Extraction of

RuNO-Nitro Complexes

2=Minute Contacting at 250

with 0.2G 11 TLA in Toluene
10 = Freshly grepared Solutlons
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& = Solutlions Aged for One Month at Room Temperature
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The decrease in extractability is thought to be due to
the formation of nitro-nitrato complexes and/or lower
less than tetra-) nitrato complexes which are believed
to be less extractable than either the higher nitrato
complexes or the nitro species initially in solution.

In Figure 24 are plotted the values of EC as a
function of final organic nitric acid concentéation for
aged (one month) RuNO-nitro complexes for a 24-hour
contacting time. By comparison with Figure 23, it can
be seen that for the salted solutions the rate of
increase of ES with contacting time is greater than that
of the non-saﬁted solutions. For instance, at a final
organic HNO. concentration of 0.060 M, the values of EX
for the nonzaalted solutions are 0.035 and 0.095 for
the two-minute contacting and 24-hour contacting
respectively; a ratio of 2.71. The corresponding values
for the salted solutions are 0.066 and 0.340, or a ratio
of 5.15. This again is consistent with the previously
mentioned difference of ratés of reaction and redistribution
between the RuNO-nitrato complexes and RuNO-nitro
complexes. This difference is shown more clearly 18
Figures 26 and 27. Figure 26 shows the values of E, for
the non-salted aged RuNO-nitro complexes for the twé-
minute and 24-hour contacting times plotted so as to
enable comparison. _ Figure 27 shows the value of the

ratio (R) of the Ei values at 24 hour contacting to the

A values at 2 minute contacting as a function of final
organic HNO., concentration for the aged (one month)
RuNO-ni tratd complexes and the aged (one month) RuNO-
nitro ccmplexes. The organic phase nitric acid
concentration corresponding to an aqueous phase concen-
tration of 3M HNO, is marked for reference purposes.

It should be notea that since the RuNO-nitro complexes
are very slow (compared to the RuNO-nitrato complexes)

in approaching eqtlibrium in the aqueous phase, the aged
RuNO-nitro solutions will be labeled as to the length

of the aging time. Whereas for the RuNO-nitrato
complexes there exists no appreclable difference in
solution composition at ages of one month or six months,
the RuNO-nitro complexes solutions appear to be changing
even at an age of four months. This toplec will be
discussed in more detall in Section 3.3.1.

3.2.2 Effect of Aqueous Ruthenium Concentration

In Figure 28 are plotted the values of the final
organic ruthenium concentration as a function of final
aqueous ruthenium concentration for the RuNO-nitro
complexes aged for two months. The aqueous ruthenium
concentrations were varied at two different levels of
acid concentrations. Both studies show the final organic

- . B . - ¢
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FIGURE 25
Extraction of Aged RuNO-Nitro Complexes
Solutions Aged For One Month at Room Temperature

24 -Hour Contacting at 25°C With 0.20 M TLA in Toluene

Nitric Acid-Sodium Nitrate System (Total Nitrate=6.3M)

Nitric Acid System (No Salting)
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The Effect of Contact Tlme on the Extraction

of RuNO-Nitro Complexes

Solutions Aged for One Month at Room Temperature
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FIGURE 28
The Effect of Aqueous Ruthenium Concentration on-

ExtractionafsRal0OeNitto Gifpléxes
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ruthenium concentration to be dependent upon the 1.2

power of the final aqueous ruthenium concentration in

the range of final aqueous ruthenium concentrations of

from about 0.2 gm/liter to 5 gm/liter. This dependence
upon a power greater than unity may be due to self-

salting of the RuNo-nitro complexes. A few extractions
with added amounts of sodium nitrite to RuNO-nitro complexes
will be-‘made in the near future to determine the effect

of nitrite salting. ...

3.2.3 Effect of Amine Concentration

In a simllar fashion to the aged RuNO-nitrato
complexes, the distribution ratio of aged (two-months)
RuNO-nitro complexes increases initially with the 1.2
power of the amine concentration and then tapers off to
a lower power dependence above an amine concentration
of approximately 0.13M. (see Figure 29) The tapering
off can again be explained by the higher concnetration
of unbound nitric acid in the organic phase than would
be the case if the ratio of unbound acid concentration
to amine concentration were constant.

3.2.4 Effect of Nitrate Salting

Following the mebthod employed in Section 2.2.3,
the values of EQ for 24 hour contacting of the aged
(one month) RuNB -nitrat e sgwpex es are plotted in Figure
30 as a function of final organic unbound nitric acid
concentration for constant total aqueous nitratc concen-
trations of 1.2M, 3M, 5M, and 6.3M. Cross plotting o
from Figure 30 gives Figure 31, where the values of EA
are plotted as a function of total aqueous nitrate
concentration for constant organic unbound acid concen-
- trations.

From Figure 31, it appears that the distribution

ratio varies as the 0.8 to 4.7 power of the total aqueous
nitrate concentration. A particularly strong function

of total nitrate concentration seems to be apparent in

the small range of 5M to 6.3M total nitrate. However,

ag was shown 1n Section 3.2.1, the rate of increase of

E, with contacting time is greater for the salted solutions
(é.3M total nitrate) than for the non-salted solutions.

Therefore,oin order to obtain a better idea of the
dependence of E, on total aqueous nitrate concentration,
the dependence 8n comfact time should be eliminated as
much as possible. Thlis can be accomplished by plotting
the valwes of E; for the two-minute contacting time.
Cross plotting from Pigure 23 yields Figure 32 which shows
the values of E, for two minute contacting of aged
solution at the non-salted conditions and the salted




FIGURE 29
The Effect of Amine Concentration on Extraction of
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condition of 6.3M total aqueous nitrato concentration.
The values of E. for the intermediate salted solutions
are not plotted"because those data points were taken only
for the 24 hour contacting time and not for the two
minute contacting time.

From Figure 32, the value of EX 1s seen to be
dependent upon the 0.4 to 0.8 power of the total aqueous
nitrate concentration. The actual exponent is probably
closer to 0.4 than 0.8, since the slope of 0.8 is a
result of two closely spaced points and a small error
in thelr values could result in a large error in the
slope of the line drawn through them.

3.3 Spectra of Solutions

Spectra of the RuNO-nitro complexes solutions were
made on a Beckman Model Du Spectrophotometer in order to
discover any similarities and/or differences between
these solutions and the RuNO-nitrato complexes solutions.

3.3.1 Effect of Solution Age

"As a means of determining the length of aging time .
required for the RuNO-nitro complexes to come to equilibrium
in aqueous nitric acid solutions, spectra were made of
three RuNO-nitro complexes solutions at aging times of
seven weeks and four months. The spectra are shown plotted
in Figure 33.

Several points are of interest:

(1) The spectra of the RuNO-nitro complexes at both
solution ages are similar to the aged RuNO~-nitrato
complexes from the aspect of exhibiting a minimum in the
value of the absorbance between 400 my and 450 mp and a
maximum between 450 myt and 500 mp. They are also
similar in that the absorbance at the maximum increases
with increasing nitric acid concentration.

(2) A significant difference is that the position
of the maximum shifts with acid concentration. Whereas
in the aged RuNO-nitrato complexes solutions the maximum
remained at 475 my, in the seven weeks aged RuNO-nitro
solutions the position of the maximum moves from 485 my
at 1.2N HNO, to 500 mp at 9.6 N HNO,. Although the
absorbance gt the maximum 1ncreases3With acld strength,
it does not increase nearly so much as does the peak
absorbance for the aged RuNO-nitrato solutlons.

(3) At the seven weeks aging time, the absorbance
minimum for the RuNO-nitro solutions is much more
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pronounced, especlally at higher acid concentrations,
than for the RuNO-nitrato solutions. A large shift in
both position and absorbance of the minimum is seen
between 1.2N #NO, and 4.5N HNO, but praectically no
difference in eiéher position §r absorbance 1s observed
between 4.5N HNO3 and 9.6N HNO3.

(4) The effect of aging is generally to increase
the absorbance over the entire range of 400 mu to 540 mu
(except for the 1.2N HNO., solution above 420 mp) and to
shift the position of thé maximum to lower values of wave-
length. Little effect of aging is observed for the 1.2N
HNO, solution, but a large effect of aging is seen in
the34.5N HNO., and 9.6N HNO, solutlons. In the latter
two cases, tﬁe spectra are-seen to be changing so as to
more nearly approximate the spectra of the RuNO-nitrato
complexes solutions. The position of the maximum for the
4.5N HNO, solution has shifted to about 475 mp, the
same as §or the RuNO-nitrato complexes, and the position
of the maximum for the 9.6N HNO, solution has shifted
from about 500 mp. to about 485 éu. The absorbance
maximum in the 1.2N HNO, solution appears to have shifted
from 485 mu to about 473 mu, but the value of the
absorbance at wavelengths greater than 470 my appears
to have decreased. However, the change in the spectrum
of the 1.2 N HNO, solution has been 1little, and its
interpretation mést be somewhat limiteaq?

The general conclusions to be reached are:
(1) that the RuNO-nitro complexes solutions are very slow
in attaining equilibrium (relative to the RuNO-nitrato
complexes solutions.) Equilibrium has not been reached
aZter seven weeks aging and possiblynnot after four
months aging; however, more spectra will have to be taken
as agling continues before the latter statement can be
shown to be true or not. :

(2) From the appearance of the manner of the change in

the spectra with solution aging, it appears that the
RuNO-nitro complexes are slowly being transformed,

elfher wholly or in part, to the RuNO-nitrato complexes
and/or mixed RuNO-nitro-nitrato complexes. This conclusion
1s consistent with the conclusion drawn from the extraction
studies on the RuNO-nitro and RuNO-nitrato complexes.

3.3.2 Effect of Ruthenium Concentration

In Section 3.2.2, the value of EC for the aged (two
months) RuNO-nitro complexes was founé to be dependent
upon the 1.2 power of the aqueous ruthenium concentration.
Although thls effect is believed due to self-salting of
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the RUNO-nitro complexes, a series of spectra
measurements was performed to determine if the spectra
changed as a function of aqueous ruthenium concentration.

The measurenents were made on 1.2N HNO3 solutions
of RuNO-nitro complexes. This solution was-chosen
for two reasons:

(1) The spectra of the 1.2N HNO, solution changes
very little with solution age (see Figure 33).

(2) The value of 1.2N HNO, falls within the range
of acid concentrations that displayed the dependence of
the value of EQ on the 1.2 gower of aqueous ruthenium
concentration %see Figure 28).

Figure 34 shows the spectra for 1.2N-HNO3 solutions
with aqueous ruthenium concentrations of 0.22; 0.44,
1.09, and 2.17 gm/liter. The solution had béen diluted
from the original stock solution concentration of 5.43
gm/liter with 1.2N HNO, after the stock solution had aged
for two months. The d%luted solutions were aged for two
weeks before the extractions were made and the spectra
taken. The spectra appear to be very regular with
regard to one another and do not display any noticeable
variations other than the expected decrease of absorbance
with decreasing ruthenium concentration. In fact, the
value of the absorbance at the maximum (480mp) varies
linearly with concentration as shown by Figure 34. Visual
inspection of Figure 34 shows that the linearity holds
true at the lowest wavelength measured (400 mp), the
highest wavelength measured (540mp), and at the position
of the minimum (440 mu).

Although the regularity of the spectra cannot be
considered proof of a lack of effect of ruthenium
concentration on the amount and/or type of RuNO-nitro
complexes in solution, ig would indic&ed that the
observed dependence of E, on the 1.2 power of the
ruthenium concentratlion és probably due to the effect
of self-salting.
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TABLE 3

Summary of Ruthenlum Extraction Data

Aqueous . Organic

Sample Type Age Contact o Initial Final Final Initial TLA,M Final Eo

No. of of Time Temp C HNO3 HNO3 Total Ru,gm/1 Ru, gm/1 A
Complex Soln. NO3

h2 NO F 2m 25 0.421 0.403 0.403 5.43 0.25 0.954 0.212
43 " " " " 0.766 0.755 0.755 " " 0.742 0.158
44 " " " " 1.219 1.196 1.196 " " 0.582 0.120
L5 " i " " 2.938 2.93 2.93 " " 0.205 0.0382
46 " " " " L4.51 4.48 4.48 " " 0,075 0.0140
b7 " " " " 6.29 6.24 6.24 " " 0.0276 0.0051
48 " " " " 8.22 8.11 8.11 " " 0.02 0.0037
49 " " " " 9.60 9.56 9.56 " " 0.02 0.0037
50 " " " " 0.358 0.307 6.29 q. 94 " 0.480 0.1076
51 " " " " 1.006 0.947 6.20 e " 0.240 0.0511
52 " " " " 2.60 2.55 6.28 " " 0.114 0.0236
53 " " " " 4.31 4,26 6.53 " " 0.048 0.0098
54 NA F 2m " 0.47 0.45 6.18 6.00 0.25 0.146 0.0249
55 " " " " 1.27 1.21 6.13 " " 0.0796 0.0134
56 " " " " 3.10 3.05 6.12 " " 0.0354 0.0060
57 " " " " 5. 05 4.98 6. 28 " " 0.0301  0.0050
58 " " " " 0.5 0.49 0.49 6.45 " 0.0303 0.0047
59 " " " " 0. 89 0.87 0.87 " " 0.0324 0.0050
60 " " " " 1.32 1.31 1.31 " " 0.0328 0.0051
61 " " " " 2.10 3.07 .07 " " 0.0364 0.0057
62 " " " " .91 .92 .92 " " 0.0285 0.0044
63 " " " " 6.85 6.86 6.86 " o 0.0224  0.0035
64 " " " " 8.74 8.84 8.84 " " 0.0183 0.0028
65 " " " " 0.08 10.19 10.19 " " 0.018 0.0028
66 NO A " " 0.42 0.41 0.41 5.43 " 0.487 0.0986
67 " " " " 0.77 0.77T 0O.77 " " 0.345 0.0679
68 " " " " 1.22 1.21 1.21 " " 0.217 0.0417
69 " " " " 2.94 3.20 .20 " " 0.0944 0.0177
70 " " " " 4.51 4.59 .59 " " 0.0472 0.0088

13



TRBLE 3 (cont.)

Aqueous Organic

Sample Type Age Contact o Initial Final Final Initial TLA,M Final E°
No. of of Time Temp C  HNO, HNO;  Total Ru, gm/1 Ru, gm/1 A
- Complex Soln. NO3
72 NO A 20 25 6.29 6.42  6.42 " " 0.0216  0.0040
72 n t 1 n 8.22 8.16 8.16 5.43 0.25 0.0125 0.0023
73 1 it " " 9. 60 9, 81 9. 81 " " 0.0140 0.0026
i L " " " 0.36 0.3l 6.29 4.94 " 0.345 0.0752
75 " " L L 1.01 0.96 6.21 " " 0.155 0.0324
76 " " " " 2.60 2.59  6.32 " " 0.0767 0.0160
77 ] n " n 4.31 4.38 6.65 " " 0.0302 0.0061
78 " o4 hrs. " " 0.42 0.41 0.41 5.43 " 1.50 0.382
79 o n " " 0uTT 0.77 0.77 " n 1.03 0.234
80 " " " n 1.22 1.21 1.21 " " 0.650 0.136
81 " n " " 2.94 2.98 2.98 " " 0.149 0.0282
85 n " " " 4.51  4.34  4.34 " " 0.0541 0.0101
83 " n " n 6.29 5.98 8.98 " " 0.0251 0.0041
84 " " " " 8.22 8.21 .21 " " 0.0141  0.0026
a5 " " n " 9.60 9.74  9.Th " " 0.0104 0.0019
86 n u n 1" 0.42 0.41 0.99 " " 1.23 0.293
87 L " " " 0.41 0.36 2.94 " " 1.19 0.281
88 " n " " 0.38 0.33  4.91 " " 1.33 0.324
89 " " " " 0.36 0.26 6.24 4.94 " 1.62 0.488
90 " " " " 1.16 1.13 2.91 5.43 " 0.515 0.105
91 n " " n 1.07 0.95 4.73 " " 0.449 0.0902
92 " " " " 1.010 o0.91 6.16 4.94 " 0.615 0.142
93 " " " " 2.97 2.57 2.67 5.43 " 0.139 0.0263
ol " " " " 2.76  2.7T7 4.87 " " 0.123 0.0232
95 " " " " 2.60 2.55 6.28 4.94 " 0.180  0.0378
96 " " n " 4.60 4.65 5.15 5.43 " 0.045 0.0084
9 n n " " 4.31 4,38 6.65 4.94 " 0.0406  0.0083
9 " " " " 0.42 0.4 5.43 5,43 " 1.415 0.353
99 " " " " 0-42 Ool"'l 0-41 2.17 " O' 525 0'320

100 " " " n 0.42 0.40  0.40 1.09 " 0.235  0.277

101 " " " " 0.42 0.40  0.40 0.435 " 0,0831  0.236
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TABLE 3 (cent.)

Sample | Type Age 'y
No. of Contact Initi queous

Complex ggln Time  Temp’C HNOZl F;..&l(a),l ggg:i Initial TLA Slrg;?igl

. R s’

102 O . 3 NO, u,gm/1 Ru, gm/1
103 " A 2% Hrs. 26 0.42 O-TT

104 ) " ! ) O-F2 0L 0.4 0.217  0.25 0.03%6
102 " n " " 0-42 0042 o'u 5043 0.20 1.195
107 " " " " 0-42 0.44 O.LI-LZ;. 5043 00125 O 8[47
108 " " " n 1.22 1.21 1.2 2143 0.05 0.313
1 " " " l.22 1.21 21 5.13 0.25 0.631
09 " " " , 1.22 1.50 1.21 2.17 " 0'23
llo " " " ' 1.20 1'19 1.20 1.09 " o- 12
11 m : I : 1.19 .43 " 0.105
112 " A 2m " 22 1.19 1 2 0.032
113 " : " n g'u7 0.44 6:%? 2'357 x 0:0153
114 " " : " 3:%% %'gé 6-13 6:00 n 8'%24
112 " " | ] 5.05  b. 6.09  6.00 ! - 009
116 " 24 Hrs. " .99 6.2 0.040

" 1 3.10 3.0k 9 6.00 " 0
117 " " | " L.o1 4‘ o 3.04 6.45 " 0-035
iig n " n " 3.09 3'83 3'82 6.45 " o’%gﬁ
50 ; T 2SR O £
121 " " " " 1.32 1'31 6.31 6.00 1" 0’307
%22 n " " x 1.27 1'21 1.31 6.45 " 0‘ é7
120 ; . " n 1.29 1.18 %'ég 2’25 " 0848
125 v . " : 27 146 8.08 8.00 . 090
126 " n " " 0.50 O.Ag 0.49 6.45 " 0'927
121 " " " " 0.48 0.4 1.20 6.45 " 266
128 n " y m 0. 46 O. 0 3.20 6.45 " 0.709
129 " " " 1 0 .47 0.35 v 5.26 6.45 " 2.70
i3o n " . x 1.32 l'gz 6.10 6.00 n 2'%%
1%% ) " " " 1.32 1.32 %'3% 6.45  0.20 0.430
1 n ; ' 132 13 13 6.45  0.125 0.26
33 " " " | 1.32 1.31 .32 6.45 0.05 0.0
i%u ; " " ) 1.32 1.33 1'31 6.45  C#10 0:157
132 " " 2m " 1.32 1.32 1.3% " 0.08 0.143
" ; 0.52 0.4 ‘3 0.06 0
137 " " ! W 0.89 0 A o S 025  0.008
1.3 1.31 8:_%% 1', " 82825

1



Contact o
Temp. C
Complex

TABLE 3 (Cont.)

Final Initial
Total Ru,gm/1
NO3

Aqueous
Initial Final
HNO3 HNO3
3.10 .02
4.91 .82
.85 .T1

3.02 6.45
4082 "
6.71

1"

Organic
TLA,M Final o
Ru,gm/1 E
A
0.25 0.049 0.0039
" 0.045  0.0070
" 0.035 0.0055
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4.0 Uranium Extraction

Mr. David Sabo worked on the project as a Research
Assistant for two months in the Summer, 1961, to
investigate the effect of temperperature, sulfate ion,
and fluoride ion on the extraction of uranium.

4,1 Effect of Temperature

A brief study of the effect of temperature upon
uranium extgaction consisteg of five parallel samples,
three at 25°C and two at 50°C. The results are lised
in Table 4 and plotted in Figure 36.

TABLE 4

Uranium Temperature Study

Aqueous Phase = 4.88 gm/liter of uranium as uranyl
nitrate in 5.8N HNO, solution.
Organic Phase 0.086M TAL in toluene

[}

Contact time 24 hours
| o Final Ag. Final Org. £°
Sample No. Temperature, C HN03,N U,em/1 U,gm/1 A
1 25 - 3.72 0.953 0.256
2 25 5.60 3,88 0.883 0.227
3 25 5.76 3.84 0.946 0.247
L 50 5.73 4,25 0.661 0.163
5 50 5.75 4,00 0.643 0.163

It was found that a 33% decrease in the value of
the distribution gatio regulted when the temperature was
increased from 25°C to 50°C. This corresponds to an
activation energy of AH = -~ 3.10 Kcal

mole *

4.2 Effect of Sulfate

In order to study the effect of sulfate on uranium
extraction in nitrate systems, solutions of uranyl
nitrate were made such that the nitric acid and total
nitrate concentrations remained at 2M, while the sulfate
concentration (as sodium sulfate) varied in steps of 0.5M,
1.0M, and 2.0M. The data are listed in Table 5 and shown
plotted in Figure 37.
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Figure 36
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TABLE 5
Uranium - Sulfate Study

Aqueous Phase: HNO3 = total nitrate = 2M

Contact time = 24 hours at 25°C

]

Organic Phase= 0.086 M TLA in toluene

gm/liter °
Sulfate,M U aq.,1 U aq., £ Uorg, £ EA

0.0 4.89 4. .47 0.376 0.0841
0.5 4.92 4.63 0.232 0.0501
1.0 4.74 4.60 0.136 0.0296

2.0 L.67 4.4y 0.232 0.0523

The addition of sulfate i1s seen not to affect uranium
extraction by any order of magnitude, but may possibly
"affect it by a factar of two or three.

4.3 Effect of Fluoride

Parallel solutions of fluoride, similar to the
sulfate solutions, were prepared, using ammonium fluoride
as the source of fluoride ion. The data are listed 1n
Table 6 and plotted in Figure 37.

TABLE 6
Uranium - Fluoride Study

Aqueous Phase: HNO3 = total nitrate = 2M
Organic Phase: 0.086M TLA in toluene
Contact time : 24 hours at 25°C

(=]

Fluoride,M Uaq.,i,gm/1 Uaq.,f Uorg,f Ey

0.0 4.89 4.47  0.376  0.0841

0.5 4.43 4.19 0.221 0.0530
1.0 4.63 4,24 0.385 0.0908

2.0 4.52 4.21 0.312 0.0741
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Similar to the sulfate addition, the addition of
fluoride does not affect uranium extraction by an order
of magnitude, but may possibly affect it by a factor of
two or three., In the sulfate and fluoride cases, a
more careful and detailed study would be required to
determine thelr exact effect on uranium extraction.

e
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