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HIGHLIGHTS 

A solvent extraction study to determine equilibrium conditions of thorium nitrate-
nitric acid with 30% tributyl phosphate in normal dodecane has been completed. 
Experimental conditions studied w êre 30 to 60°C, 0.05 to 1.5 M Th(N03)4, and 0.0 to 3.0 
M HNO3. The extractant concentration was constant at 30% tributyl phosphate. 

The equilibrium experiments have produced data which demonstrate that thorium 
nitrate concentration, free acid, and density are related in equilibrium behavior between the 
aqueous and organic phases from 30 to 60°C in the 30% tributyl phosphate-dodecane 
solvent extraction system. The concentration interactions apply to both the two- and three-
phase regions. 

A linear correlation was observed for the density (D) of the aqueous or organic phase 
and the concentration of thorium and free acid. The general form of the equation is D = 
a(Cxh + ^ C H ) + c, where a is the slope, b is a constant, c is the intercept, and Cxh and CH 
are the molar concentrations of thorium and free acid respectively. 

The relationship of temperature, thorium nitrate, and free acid makes possible the 
definitions of the boundaries between the two- and three-phase regions. This dependence, 
in turn, permits operational control or simulation studies of the system within the two-
phase region. The data demonstrate the interactions of the components of the Thorex 
system and can be used to improve the mathematical description of equilibrium in the 
SEPHIS-Thorex computer program. 

V 



1. INTRODUCTION 

Laboratory equilibrium data with the solvent extraction system, thorium nitrate-nitric 
acid-tributyl phosphate (TBP) in normal dodecane (NDD) were needed to support further 
development of the acid Thorex flowsheet utilizing 30% TBP in NDD as an extractant. 
Earlier laboratory and pilot plant studies of the separation of thorium and uranium by the 
Thorex process'"^ paralleled the development of plutonium and uranium separations by the 
Purex process and evolved an extensive technical base for both solvent extraction systems 
utilizing TBP as an extractant. 

One significant development to further the study of the application of the Purex 
process to the separation of plutonium and uranium in liquid-metal fast-breeder reactor 
(LMFBR)-type fuels has been the solvent extractive processes having interacting solutes 
(SEPHIS) computer program.* The SEPHIS program allows, with accuracy and reliability, 
the prediction of stage and product stream concentrations, thus reducing the number of 
experimental runs required to establish optimum flowsheet conditions. 

A modification of SEPHIS, the SEPHIS-Thorex program, was designed for application 
to the acid Thorex flowsheet.'' Supporting data for the mathematical model developed for 
SEPHIS-Thorex was desirable; therefore, an experimental program was designed to fill the 
need. A program of equilibrations of 0.05 to 1.5 M thorium nitrate and 0.0 to 0.3 M HNO3 
with 30% TBP in NDD was set. Temperatures of 30, 40, and 60°C were selected for the 
equilibrations. These conditions bracket the flowsheet parameters of the acid Thorex system. 

2. EXPERIMENTAL 

2.1 Reagents 

Practical-grade normal dodecane (NDD), Eastman Kodak catalog number P2556, was 
used without further purification. The NDD was determined free of detectable organic 
impurities by an ASTM analysis procedure for boiling range distribution of petroleum 
fractions by gas chromatography.^ 

Commercial grade tributyl phosphate (TBP) was purified by distillation under reduced 
pressure for the removal of water and most of the hydrolysis products. After distillation, 
the TBP was stored in brown bottles in subdued light. 

The 30% tributyl phosphate in norma! dodecane extraction mixture (TBP-NDD) was 
prepared by volume mixing of the above reagents. Prior to its use as a reagent, the solution 
was further purified by stirring for 10 min with an equal volume of 0.5% sodium carbonate, 
and then was filtered through Whatman 42 paper into a brown bottle for storage. This 
extraction reagent was analyzed by gas chromatography and determined to contain less than 
0.01% monobutyl or dibutyl phosphate.^ 

The thorium nitrate, nitric acid, and other reagents were reagent-grade chemicals. 
Confirmations of purity levels were made by chemical and spectrographic methods. The 
water used for reagent preparation was double-distilled. 

Initially, a 2.384 M thorium nitrate solution was prepared by dissolving Th(N03)4' 
4H2O crystals in water and then diluting to a 1-C volume at ambient temperature. Aliquots 
were taken and analyzed by the EDTA titration method*" to verify concentration. 
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Nitric acid for solution preparation was standardized from dilutions of reagent nitric 
acid (sp gr 1.42). Dilutions to approximately 13 and 5 M HNO3 each were made with dis­
tilled water; the concentration of each was then established by potentiometric titration with 
standardized 0.1 M sodium hydroxide. Final concentrations of the nitric acid solutions were 
13.05 and 4.950M HNO3 respectively. 

A density determination of the 2.384 M Th(N03)4 solution was made (according to 
the pycnometer procedure described later) in preparation for the transfer of weighed 
aliquots of the stock solution. The weight of solution calculated to contain the thorium re­
quired for each aliquot was weighed into tared 200-ml volumetric flasks. The required 
standardized nitric acid was added volumetrically; the solutions were then diluted to volume 
with water. Weight transfer was used because of the better accuracy attainable, particularly 
when aliquoting concentrated, viscous material. 

2.2 Apparatus 

A constant temperature water bath and an extraction vessel with a jacket for recircu­
lating the water were assembled for the studies. The bath assembly, which was used for 
experiments at 30°C, was based on a 20-£ (5-gal) container insulated with asbestos tape. The 
water was circulated with a motor-driven stirrer. Quartz-jacketed 125- and 500-W immersion 
heaters were controlled with a Philadelphia microset mercury regulator and a Lapine elec­
tronic relay. The bath maintained temperature to within ±0.1 °C. The water-jacketed glass 
extraction vessel was used for the 40 and 60°C equilibrations. The apparatus was fabricated 
2.2 X 17-cm long, with a sample volume of about 65 ml. Temperature, which was monitored 
at a thermometer well located in the water outlet, was controlled by a precision mercury 
regulator in an attached Haake-type thermostated circulating water bath. Control of this 
bath and the reaction vessel was also maintained to ±0.1°C. The jacketed extraction vessel 
design permitted clear sample observation with no upset in temperature. 

An International clinical centrifuge, model CL, was mounted in a Modern Equipment 
Company model 25-SR oven. The centrifuge was supported in the oven by means of a 
/4-in.-thick perforated stainless steel plate. The temperature-controlled centrifuge was set 
up to completely separate any suspended organic material from the aqueous phase while 
maintaining the equilibration temperature. 

Kimax 10-ml specific gravity bottles with side arms were used for density determina­
tions of the aqueous and organic phase samples at 30, 40, and 60°C. Density measurements 
of samples from incipient third-phase experiments (described below) were performed using 
a calibrated and tared 750 jul pipette. The 750-^1 pipette, rather than the 10-ml pycnometer, 
was used for the density measurements because of the extreme care necessary to avoid 
erroneous results. Organic samples, which were near the third-phase transition (those from 
elevated temperature equilibrations), were subject to precipitation if they were not carefully 
and quickly handled while maintaining the temperature. 

Other equipment used for these studies was of a quality consistent with the analytical 
accuracy required. 

2.3 Detailed Experimental Procedures 

2.3.1 Solution matrix design 

A matrix of thorium nitrate-nitric acid solutions was devised to permit equilibrations 
in the two- and three-phase regions. The thorium nitrate solutions, made from Th(N03)4 • 
4H2O, were prepared to contain 0.05 to 1.5 A/ thorium. The designations and concentrations 
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of these solutions are as follows: solution A, 0.05 M; B, 0.10 M; C, 0.20 Af; D, 0.30 7W; 
E, 0.50 M; F, 0.75 M; G, 1.00 M; H, 1.25 M; and I, 1.50 M. Nitric acid was added during 
preparation to provide solutions with 0.0 to 3.0M HNO3. 

Table 1 shows the plan for concentrations of all solutions. These solutions shall be re­
ferred to in this report as starting solutions. 

Table 1. Matrix of aqueous thorium nitrate-nitric acid solution sets 
prepared as starting solutions for an equilibration study 

Free acid,M 

0.0 

0.05 

0.10 

0.25 

0.50 

0.75 

1.00 

1.50 

3.00 

A 
0.05 

X 

X 

X 

X 

X 

B 
0.10 

X 

X 

c 
0.20 

X 

X 

X 

X 

X 

Thorium concentrations, M 

D 
0.30 

X 

E 
0.50 

X 

X 

X 

X 

X 

F 
0.75 

X 

G 
1.00 

X 

X 

X 

X 

X 

H 
1.25 

X 

X 

I 
1.50 

X 

X 

X 

X 

2.3.2 Normal phase separation 

The normal phase separation is the separation after an equilibration into clearly defined 
aqueous and organic phases. When there was a two-phase system (one distinct aqueous phase 
and one organic phase), the aqueous and organic phases were separated and analyses were 
made. When there was a three-phase system, two organic phases were present after an 
equilibration and phase separation. The aqueous phase was first removed and analyzed; the 
combined organic phases were then diluted with an equal volume of TBP-NDD to obtain a 
clear single phase. The single phase was then analyzed, and the results were corrected for 
dilution. 

To perform an extraction and analysis, 15 ml of the starting solution was pipetted into 
a sample container suspended in a 30°C constant temperature water bath. Fifteen milliliters 
of TBP-NDD was added, and 10 min was allowed for thermal equilibrium. To guard against 
the evaporation of water and NDD, the vessel was loosely sealed with Parafilm M; the mix­
ture was then stirred for 5 min with a Teflon stirrer at sufficient speed to produce a uniform 
dispersion. To prevent evaporation throughout the stirring period, a disk, which acted as a 
cover on the extraction vessel and as protection against solution loss caused by splashing, 
was attached to the stirrer. The phases were allowed to separate for about 5 min after this 
stirring step and were then visually inspected to determine whether a two- or a three-phase 
condition existed. Data from the observation was recorded. 

The aqueous phase was transferred to a centrifuge tube and sealed with Parafilm M. 
The sample was centrifuged for 15 min at 30°C to separate any organic material remaining 
in the aqueous phase. 
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A portion of the aqueous solution was transferred from the tube to fill a calibrated 
pycnometer suspended in the water bath to obtain thermal equilibrium. After adjusting the 
volume of liquid in the pycnometer at equilibrium temperature, the pycnometer was wiped 
and dried, cooled to room temperature, and weighed. The density calculation was made 
from the weights and the known volume of the pycnometer. 

The aqueous solution from the density measurement was used to determine the 
thorium and free-acid concentrations. Thorium was determined by the EDTA titration 
method'" when the quantity of thorium was within the range of the method (1 — 100 mg 
Th), or it was determined by the Arsenazo III photometric method' ' when the thorium was 
present in microgram quantities. The free acid was determined by a potentiometric titra­
tion in an oxalate medium.' ^ ''^ 

The density of the organic layer from a single-phase organic separation was determined 
first and then followed by an analysis for thorium and free acid. 

Only clear single-phase samples are suitable for a representative thorium or free acid 
determination; therefore, when the organic layer contained two phases, as evidenced by 
either a clearly defined meniscus or a separable layer prior to analysis, the two organic 
layers were converted to a single phase by dilution with 15 ml of TBP-NDD. The resulting 
single-phase organic layer was brought to thermal equilibrium at 30°C for density, thorium, 
and free acid measurements. In the final calculations, consideration was given to dilution. 

2.3.3 Incipient three-phase experiments 

The incipient third-phase (ITP) condition is a boundary or transition condition be­
tween the two- and three-phase systems. It is seen as a slight clouding of the organic layer — 
a clouding which does not separate into a distinct meniscus within a normal separation time. 
The addition of a small amount of aqueous to a system in the ITP condition will result in a 
three-phase system. The addition of a small amount of TBP-NDD to a system in the ITP 
condition will result in a two-phase system with clear aqueous and organic phases. 

The ITP experiments, therefore, were performed on the solution concentrations in 
which the equilibration (described in Sect. 2.3.1) produced three phases, or a cloudy layer 
without clear evidence of organic third-phase formation within the normal separation time. 
To perform the experiment, a known quantity (nominally 15 ml of the starting solution) 
was pipetted into a water-jacketed extraction vessel. An equal volume of TBP-NDD was 
added, and the mixture was stirred for 5 min at 30°C. The TBP-NDD was then added in 
controlled increments of 0.5 to 1.0 ml, with thermal equilibration and stirring following 
each addition. As the two-phase organic layer approached clarity, additions were decreased 
to 0.1 to 0.2 ml until a clear single organic layer was obtained. 

A confirmation of this endpoint was made as follows. About 0.25 ml of the aqueous 
starting solution was accurately measured, added to the above system, and mixed to repro­
duce the ITP condition. Incremental titrations of 0.10 to 0.20 ml of TBP-NDD were made 
until the clear system again appeared. The equilibrated aqueous and organic volumes (sample 
aliquot volume plus aqueous added for the titration and all corresponding volumes of 
TBP-NDD) were recorded for calculating the thorium and free acid. Corrections were made 
to obtain the thorium and free acid concentrations in the original 15-ml aqueous and 
organic aliquots. 

The density of the organic phase was determined from the weight of organic contained 
in the calibrated and tared 750-/xl pipette. Care was taken to bring the pipette to tempera­
ture by rinsing with thermal equilibrium solution. After the pipette was warmed to the 
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equilibration temperature and filled to the volume mark, it was cleaned with a Kimwipe 
moistened with acetone. The pipette and contents were placed in a tared sample bottle for 
final weighing. 

Observations made during the 30°C series resulting in a modification of the test pro­
cedure and equipment when applied to the 40 and 60°C equilibrations. The water-jacketed 
extraction vessel was used for all of the equilibrations performed at 40 and 60°C. It was 
determined that a complete separation of aqueous and organic phases occurred by normal 
settling. No organic was separated by centrifugation at temperature; therefore, the use of 
the centrifuge could be discontinued. All other techniques and experimental parameters 
described for the 30°C test series were used in the 40 and 60°C test series. 

3. RESULTS AND DISCUSSION 

3.1 Phase Separation 

In preliminary work, the separation of phases was satisfactory qualitatively; that is, 
the aqueous layer of a TBP-NDD equilibration was normally clear and distinct and did not 
appear to contain any organic in excess of that in solution.'^ Nevertheless, it was decided 
that a 15-min treatment in a clinical centrifuge would be performed to test for organic sus­
pended in an aqueous layer. The use of the centrifuge at the temperature of sample 
equilibrium was considered necessary to ensure that the separated organic was the result 
of the physical treatment and was not associated with a change in solubility because of 
change in temperature. 

All samples equilibrated in the 30°C test series were treated by centrifugation following 
the normal separation described in Sect.2. It was observed that none of these samples 
showed any evidence of further material separation; there was neither evidence of separation 
of droplets nor of meniscus formation. The aqueous solutions remained clear throughout. 
This confirmation was deemed adequate, since there was no reason to believe that layer 
formation and separation at 40 or 60°C should be more difficult than at 30°C; therefore, 
the centrifuge was not used in the studies performed at 40 and 60°C. 

3.2 Stability of Free Acid and Time of Sample Storage 

Samples were analyzed and then retested to demonstrate that the level of free acid 
does not change within the laboratory testing time. The samples selected ranged from 0.09 
to 2.7 M in free acid and 0.09 to 1.21 M thorium in the aqueous phase. The concentrations 
in the organic phase were 0.01 to 0.4 Af free acid and 0.07 to 0.34 M thorium respectively. 

Samples were tested under two sets of conditions: storage at room temperature and 
storage in a frozen condition. The samples for the room temperature experiment were 
equilibrated and separated at 30°C, analyzed for thorium and free acid the same day 
separated, and then sealed for later reanalyses. The reanalyses were performed randomly 
within a four-month period. The samples designated for storage in the frozen condition were 
separated at 30°C, analyzed, and then frozen at — 12°C. For reanalyses, these samples were 
warmed to room temperature, sampled, and immediately refrozen. The testing of the frozen 
samples was completed within one month. 

With the exception of one sample, designated No. 5 Aqueous (Table 2), there was a 
pattern of free acid content repeatability consistent with the reliability of free acid measure­
ments for the entire study and consistent with the precision established by measurements of 
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Table 2. Stability of aqueous and organic free acid samples 
in storage prior to analysis 

Sample Individual determinations (M) , ^ 

Free acid after storage at room temperature 

1 Aqueous 
1 Organic 
2 Organic 
3 Aqueous 
3 Organic 
4 Aqueous 
4 Organic 
5 Aqueous 
5 Organic 

6 Aqueous 
6 Organic 
7 Aqueous 
7 Organic 
8 Aqueous 
8 Organic 

2.604 
0.395 
0.038 
0.087 
0.015 
0.864 
0.127 
0.504 
0.045 

2.612 
0.378 
0.038 
0.084 
0.016 
0.874 
0.127 
0.455 
0.050 

2.504 
0.401 
0.036 
0.079 
0.015 
0.879 
0.127 
0.456 
0.050 

Free acid after storage by freezing 

0.429 
0.067 
2.728 
0.313 
0.671 
0.104 

0.428 
0.068 
2.708 
0.326 
0.672 
0.103 

0.432 
0.069 

0.322 

2.560 
0.397 
0.036 
0.082 
0.015 

0.124 
0.438 
0.049 

at -12°C 

2.570 + 0.028^̂  
0.393 + 0.007 
0.037 ± 0.001 
0.083 + 0.003 
0.015 ±0.001 
0.872 + 0.006 
0.126 + 0.001 
0.463 ± 0.020 
0.049 ± 0.002 

0.430 + 0.002 
0.068 ± 0.001 
0.718 ±0.010 
0.320 ± 0.005 
0.672 ± 0.001 
0.104 + 0.001 

''̂ Mean value ± mean deviation. 

analytical controls analyzed prior to a test series. It was noted that in No. 5 Aqueous, the 
free acid content was significantly lower at three months than the value obtained when 
initially separated; however, the No. 5 Organic did not show a loss. Although expected to 
be least stable, the No. 5 Organic, in fact, showed a gain in free acid. Most likely the 
problem was in the original analysis. It was also observed that assuming the first analysis of 
each sample was unbiased, there was an equal number of deviations, both high and low, for 
the reanalyses. Therefore, it was concluded that no significant changes in the data occurred 
because of changes in the free acid content of either the aqueous or organic phases. 

3.3 Material Balance for Thorium and Free Acid 

The data for the thorium and free acid determinations were examined to ascertain that 
the analyses of the aqueous and organic layers represented the quantities of acid and 
thorium in the starting aqueous solutions. Recovery values for all experiments at 30, 40, and 
60°C show that the average recovery was 101.4% for thorium in 107 samples and 100.6% 
for free acid in 84 samples. The data are presented in detail in Table 3, which shows that 
adequate experimental control was maintained for work at all three temperatures. There are 
less free acid samples than thorium samples because of the experiments with no free acid 
added. 

The percentage recovery is based on milligrams of thorium found in the aqueous-plus-
organic layers divided by the amount of thorium in the starting solution times 100. The 
percentage recovery of the free acid is based on milliequivalents of acid in the starting and 
final solutions. 
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Table 3. Experimental materia! balances for 
thorium and free acid concentrations 

Experiment type 

Sample analyses 
Recovery, % 
Precision, %° 

Sample analyses 
Recovery, % 
Precision, % 

Free acid analysis 

14 
100.4 

0.8 

9 
103.2 

3.0 

Two-phase 

16 19 
99.0 100.0 

2.2 2.7 

Three-phase 

5 5 
99.5 100.9 

1.9 1.8 

Thorium analysis 

17 
99.1 

1.5 

12 
101.3 

3.5 

19 
101.1 

1.2 

7 
102.1 

0.8 

23 
101.2 

0.8 

7 
102.7 

0.8 

Sample analyses 
Recovery, % 
Precision, % 

Incipient three-phase 

6 
101.2 

2.6 

5 
101.6 

4.9 

5 
103.6 

3.8 
102.1 

1.4 

7 
104.7 

1.0 

7 
102.4 

2.8 

''Precision expressed as one standard deviation. 

3.4 Relationship of Thorium and Free Acid Concentration 

The analytical data for all equilibrations of the study are summarized in Tables 4 
through 6. These tables present the equilibrium aqueous and organic concentrations of 
thorium and free acid, the density measurements, and the distribution coefficients calcu­
lated from the data. In this discussion, free acid is defined as the amount of acid which 
would remain if the hydrolyzable ions were removed from the solution; therefore, it is the 
acid content free of the influence of the hydrolytic character of the thorium. The distri­
bution coefficients of thorium and free acid are calculated as the equilibrium molar ratios of 
concentration in the organic phase to concentration in the aqueous phase. All experiments 
were performed starting with equal volumes, 15 ml each, of aqueous solution and TBP-NDD. 
Also, only the results of the work at 40°C are discussed and presented in detail; however, 
these results are representative of those at 30 and 60°C. 

At 40°C with constant free acid in the system (i.e., when the sum of free acid in the 
aqueous phase plus free acid in the organic phase was constant), it was shown that as the 
equilibrium thorium concentration in the aqueous phase is increased, the equilibrium con­
centration of thorium in the organic phase increases. When total thorium in the system 
(thorium in the aqueous plus thorium in the organic phase) is constant, and equilibrium free 
acid is increased in the aqueous phase, equilibrium thorium in the organic phase increases 
(see Fig. 1) and thorium in the aqueous phase decreases (see Fig. 2). These changes in 
equilibrium concentration apply to both the two- and the three-phase regions, which are 
defined by the incipient three-phase (ITP) boundary curve. 

Figure 3 shows the thorium-free acid relationship in another way. As thorium in the 
system is increased (i.e., in the case of starting solution sets A through G), the equilibrium 
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Table 4 Equilibration of thorium nitrate-nitric acid solutions with TXH/r TBP NDD at 30°C 

Initial s 

LoiKcn 

Tiiormni 

0 OSOO 

OOsOO 

OOSOO 

oo<;oo 
OOsOO 

0 100 

0 100 

o:oo 
0 200 

0 200 

0 200 

0 200 

0 wo 
OsOO 

OSOO 

o=;oo 
osoo 
osoo 
0 7=i0 

0 ')<)') 

1 000 

1 000 

1 000 

1 000 

1 2-50 

1 2S0 

1 4')9 

1 SOO 

1 soo 
osoo 
0 7S0 

0 999 

1 000 

1 000 

1 000 

1 2'iO 

1 2^0 

oiulmn 

tiatiDH 

hiee acid 

0 000 

0 100 

0^00 

I 000 

^000 

OO'iOO 

1 SOO 

0 000 

n 100 

0 soo 
0 ')96 

2 991 

0 2sO 

0 000 

0 100 

O'^OO 

I 000 

1000 

0 7S0 

0 000 

0 100 

O'iOO 

1 000 

1001 

0 0500 

1 "iOO 

0 000 

osoo 
3 000 

U)00 

0 710 

0 000 

0 100 

osoo 
1 000 

0 0'500 

1 SOO 

1 cjuilibration 

volume 

Oigniic 

(ml) 

IS 

n 
IS 

11 

11 
IS 

IS 

IS 

IS 

Is 

Is 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

24 1 

20 2 

26 0 

28 2 

34 2 

41 4 

4S 2 

41 6 

Aqueous 

(ml) 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

Is 

IS 

IS 

is 

is 

is 

Is 

Is 

IS 

IS 

Is 

Is 

Is 

Is 

IS 

IS 

IS 

Is 

IS 

IS 

IS 

IS 

IS'' 

IS 2'' 

isi-' 

IS \'> 
IS 1'' 

IS s"/ 

IS 2'^ 

10 W 

Thorium 

(hf) 

0 0496 

0 0490 

0 0420 

0 0336 

0 0160 

0 0944 

0 0S44 

0 171 

0 166 

0 148 

0 128 

0 0872 

0 222 

0 181 

0 169 

0 1S1 

0 122 

0 2X7 

0S14 

0 7S0 

0 6S8 

0 680 

0 717 

0 729 

0 9S8 

0 9S1 

1 199 

1 208 

1 197 

0 211 
0 47S 

0 624 

0 S96 

0S12 

04S1 

0 611 

0 409 

Aqueous phase 

1 rce ALit^ 

(Af) 

0 0000 

0 0911 

0 429 

0X41 

2 S18 

0 0449 

1 268 

OOOOl'' 

0 0861 

0 424 

0 846 

2 604 

0 214 

0 0060'' 

0 0869 

0411 

0 864 

^ 728 

0 671 

0 0092'' 

0 08SI 

0 4SI 

0 910 

2X44 

00121 

1 416 

00117'' 

0S04 

2 920 

2 441 

0 621 

OOlll'' 

0 0797 

0 180 

0 741 

0 0272 

1 007 

Densily 

(g/ml) 

1 0162 

1 01X7 

a 
1 0166 

1 0840 

1 0160 

1 0S90 

1 0677 

1 0677 

1 0701 

1 07s4 

1 Il4s 

1 09 S 1 

1 1472 

1 147S 

1 1S12 

1 IS79 

1 1974 

1 2278 

1 2919 

1 2940 

1 1016 

1 1126 

1 1641 

1 37S| 

1 4126 

1 4621 
I47S1 

1 S420 

1 1621 

1 2081 

1 2461 

1 2191 

1 22IS 

1 2010 

1 2421 

1 190 

Thorium 

(A/) 

0 0001 

00014 

0 0080 

0 0167 

0 0120 

0 00S2 

0 0449 

0 0219 

0 0108 

0 0S17 

0 0700 

0 1074 

0 0706 

0 121 

0 111 

0 1 SO 

0 161 

0 217 

0 214 

0 276 

0 261 

0 28S 

0 299 

0 114 

0 120 

0117 

0 116 

0 140 

0 1S8 

0 194 

0 208 

0 226 

0 221 

0 216 

0 208 

0 224 

0 201 

Organic phase 

Free acid 

0 0004 

0 0081 

0 066 

0 167 

0 497 

0 00 S 4 

0 216 

0 0016 

0 0142 

0 0771 

0 148 

0 19S 

0 017X 

0 0016 

0 0149 

0 06 X 

0 127 

0 112 

0 104 

0 00S7 

00I3S 

0 0618 

0 111 

0 218 

0 0079 

0 147 

0 0049 

0 04S 

0 191 

0114 

0 0X91 

0 001S 

00118 

0 OS 19 

0 1018 

0 0061 

0 114 

Density 

(g/ml) 

0 X076 

0 8081 

0X12S 

OXIXS 

0X142 

0 X094 

0X116 

0X164 

0 8192 

0 8289 

0 81XS 

0 X609 

0 X160 

OXsSO 

OXSXO 

0 X661 

0 8741 

t 

r 

f 

( 
( 
( 
r 

( 
< 
i 

i 

( 
0 882 

0 889 

0 891 

0 892 

0 8X9 

0X90 

0X84 

0X8X 

Disir 

coel 

Thorium 

0 0060 

0 02X6 

0 190S 

0 4970 

2 000 

OOSSI 

0 X2S4 

0 1182 

0 l8Ss 

0 1491 

0 S469 

1 2117 

0 11X0 

0 1211 

0 1604 

0 4274 

osooo 
0 7S61 

04182 

0 1680 

0 1997 

04191 

0 40S7 

0 4107 

0 1140 

0 1111 

0 2802 
0 2X1S 

0 2991 

0 919 

0418 

0 162 

0 174 

0 406 

0 4S9 

0 16S 

0 491 

ihution 

flcienl 

l-ree acid 

0 0870 

0 IS1X 

0 1986 

0 19S8 

0 1201 

0 1861 

0 164S 

0 1818 

0 1749 

0 1S17 

0 1 766 

0 I7IS 

0 IS78 

0 1470 

0 1144 

0 ISsO 

0 ls86 

0 1170 

0 1242 

00817 

0 2469 

0 I01X 

0 0X91 

0 06S4 

0 129 

0 141 

0 168 

0 142 

0 117 

0 224 

0 111 

"Not uialy/cd 

'Negative tree acid indicates the acid deficient condition 

'Three phases were present after equilibration 

Incipient three phase experiments Two phases were present after equilibration The addition ol a small amount oi aqueous Th(N0,)4 HNOi 

causes three phases to form 

thorium concentration increases in both aqueous and organic phases. The increase in 
thorium concentration in the system also produces a change in the free acid distribution 
between phases. As the thorium is increased, the equilibrium free acid increases in the 
aqueous phase and decreases in the organic phase (Fig. 4). When no free acid was initially 
added to the thorium nitrate, after equilibration, the aqueous phase became acid deficient 
because of the hydrolysis of thorium to liberate acid and the resulting transfer of the acid 
into the organic phase. The increase in acid deficiency was observed with an increase in 
thorium concentration, except in the case of ITP experiments (Tables 4—6). 

A related effect is produced by changing the free acid in a system in which the thorium 
remains constant. At constant thorium (e.g., solution set E, Table 1), an increase in the free 
acid at equilibrium causes the thorium concentration to increase in the organic phase and 
to decrease in the aqueous phase (Fig. 3). 
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Table S Equilibration of thorium nitrate nitric acid solutions in W/r TBP NDD at 40°C 

Initial 

Thorium 

(Af) 

OOSOO 

oosoo 
OOSOO 

OOSOO 

OOSOO 

0 1000 

0 100 

0 200 

0 200 

0 200 

0 200 

0 200 

0 100 

OSOO 

OSOO 

OSOO 

OSOO 

OSOO 

0 750 

0 999 

1 000 

1 000 

1 000 

1 000 

1 2S0 

1 2S0 

0 999 

1 000 

1 000 

1 000 

1 000 

1 250 

1 250 

solution 

itration 

hree acid 

(Af) 

0 000 

0 100 

0 500 

1 000 

1000 

OOSO 

1 SOO 

0 000 

0 100 

OSOO 

0 996 

2 991 

0 2S0 

0 000 

0 100 

OSOO 

1 000 

1000 

0 750 

0 000 

0 100 

OSOO 

1 000 

1001 

OOSO 

1 SOO 

0 000 

0 100 

OSOO 

1 000 

3 001 

0 0500 

1 5000 

hquilibration 

volume 

Organic 

(ml) 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

is'' 

IS'' 

IS'' 

IS" 
IS'-

IS" 
IS" 
20 9 

18 1 

210 

28 7 

37 4 

33 9 

43 2 

Aqueous 

(ml) 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

Is 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

1X6' 
IS I< 

IS 1' 

IS OS' 

12 1' 

15 2' 

13 1' 

Thorium 

(AO 

0 0496 

0 0491 

0 0411 

0 0147 

00177 

0 09 SO 

0 0S7S 

0 181 

0 174 

0 ISS 

0 114 

0 0921 

0 218 

0 1X8 

0 1X4 

0 16S 

0 149 

0 112 

0S47 

0 761 

0 7S9 

0 74o 

0 741 

0 72X 

0 979 

0 979 

0 761 

0 718 

0 600 

0 S98 

0 383 

0 751 

0 553 

Aqueous phase 

Free acid 

(Af) 

0 0006 

0 09S5 

0418 

0X44 

2 481 

0 04S8 

1 256 
0 001 IS" 

0 0885 

0 427 

0 845 

2 S80 
0215 

0 00574" 

0 0792 

0 422 

0XS4 

2 648 

0 642 

00110" 

0 0827 

0417 
0X9S 

2 752 

0 0149 

1 391 

0 0136" 

0 0769 

0418 

OXIS 

2 275 

0 0280 

1 085 

Density 

(g/nil) 

i 0121 

1 0149 

1 0215 

1 0312 

1 0789 

1 0126 

1 OS 54 

1 0651 

1 06 56 

1 0679 

1 0726 

1 1106 

1 0914 

1 1461 

1 1461 

1 1487 

1 ISSl 

1 1968 

1 2268 

1 2908 

1 2923 

1 2988 

1 1091 

1 1590 

1 1706 

1 4064 

1 2862 

1 2787 

1 2615 

1 2471 

1 2104 

1 2827 

1 2369 

Thorium 

(Af) 

0 00066 

0 00133 

0 00710 

00155 

0 322 

0 00440 

0 0431 

0 0200 

0 0261 

0 0471 

0 0670 

0 I06S 

0 0670 

0 124 

0 110 

0 147 

0 166 

0 201 

0212 

0251 

0 258 

0 267 

0 277 

0 289 

0 108 

0115 

0 2552 

0 2S49 

02412 

02171 

02151 

0 2546 

02318 

Organic phase 

Free acid 

(Af) 

0 0006 

0 00682 

0 0597 

0 I4S2 

0 489 

0 00439 

0 229 

0 00159 

0 01264 

0 0708 

0 1414 

0414 

0 01S7 

0 00266 

001114 

0 0670 

0 1 290 

0118 

0 088X 

0 OOSXO 

0 01384 

0 05X6 

0 1078 

0 246 

0 00822 

0 1104 

0 00439 

0 0126 

0 0S7S 

0 107S 

0 282 

0 00697 

0 1195 

Density 

(g/ml) 

0 7996 

0 8002 

0 8040 

0 8098 

08257 

0 8012 

0 8226 

0 8069 

0 8097 

0 8192 

0 8289 

08512 

0 8257 

0 8418 

0 8474 

08S57 

0 8619 

0 898 

0 8829 

0 8472 

0 8486 

0 8S09 

08511 

0 8SXI 

08S71 

08610 

0 892 

0 892 

0 890 

0 890 

0 8X6 

0 894 

0 889 

Distribu 

coeffic 

Thorium 

0013 

0 027 

0 1647 

0 4467 

1 8192 

0 0463 

0 7496 

0 llOS 

0 ISII 

0 1052 

OSOOO 

1 1564 
028IS 

0 1196 

0 3185 

0 4027 

0 47S6 

0 6506 

0 1876 

0 1290 

0 1199 

0 1579 

0 3718 

0 1970 

0 1146 

01218 

0 1768 

04186 

0 165 

0 897 

0 162 

0 339 

0419 

Hon 

ent 

Free acid 

1 000 

00714 

0 1363 

0 1720 

0 1969 

0 0959 

0 1821 

0 1428 

0 1658 

0 1697 

0 I60S 

0 1660 

0 1659 

0 15X8 

0 1511 

0 1201 

0 11X1 

0 1674 

0 1141 

0 1204 

0 0X94 
021SS 

0 0916 

0 1986 

0 I1X 

0 112 

0 124 

0 249 

0 129 

"Negative free acid indicates the acid deficient condition 

Three phases were present alter equilibration The organic phase density represents organic phase diluted with an equal volume oi 307 TBP NDD 

'Incipient three phase experiments Two phases were present alter equilibration The addition of a small amount of aqueous Th(N004 HNO3 

causes three phases to form 

Thorium and free acid are therefore shown to be interactive in final equilibrium con­
centrations for both aqueous and organic phases. Changes in the thorium concentration in 
the system result in predictable changes in the free acid equilibrium between the phases. 
Data plots with these characteristics produce families of curves typical of the data presented 
in Fig. 4. 

Thorium concentrations related to free acid changes in the region of the incipient 
third-phase (ITP) boundary condition exhibit different slope characteristics than those pre­
sented in the clearly defined two- and three-phase regions. These equilibrium concentration 
changes are characterized by decreases in allowable thorium concentration in both aqueous 
and organic phases as the system free acid is increased. The condition is shown in Figs. 1 and 
2. The data set indicated for the ITP line defines the boundary condition. The transition to 
the three-phase system occurs at concentrations above the limits imposed by these condi­
tions. 

It is believed that the single organic-phase solubility limit of the thorium nitrate-TBP 
complex is 30% TBP at 30, 40 and 60°C was measured by the ITP measurements. The 
equilibrium boundary limits for free acid and thorium concentration for the two- and three-
phase regions are shown in Fig. 5 for 30, 40, and 60°C. 
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Table 5 Equilibration of thorium nitrate nitric acid solutions in StW TBP NDD at 50°C 

Initia 

cone 

Thorium 

(Af) 

0 0500 

0 0500 

OOSOO 

0 0500 

0 0500 

0 100 

0 100 

0 200 

0 200 

0 200 

0 200 

0 200 

0 300 

0 500 

OSOO 

0 500 

OSOO 

0 500 

0 750 

0 999 

1 000 

1 000 

1 000 

1 000 

1 250 

1 250 

1 499 

1 500 

1 SOO 

I 500 

1 000 

1 250 

I 250 

1 499 

1 500 

1 500 

1 500 

I solution 

entration 

Free acid 

0 000 

0 100 

0 500 

1 000 

1000 

0 0500 

1 500 

0 000 

0 100 

OSOO 

0 996 

2 991 

0 250 

0 000 

0 100 

OSOO 

1 000 

1000 

0 750 

0 000 

0 100 

0 500 

1 000 

3 001 

0 0500 

1 SOO 

0 000 

0 0999 

0 500 

I 000 

3 001 

0 0500 

1 500 

0 000 

0 0999 

OSOO 

I 000 

fcquilibration 

volume 

Organic 

(ml) 

15 

15 

15 

IS 

15 

15 

15 

IS 

IS 

IS 

IS 

IS 

15 

IS 

IS 

IS 

IS 

IS 

15 

15 

IS 

15 

15 

15 

IS 

15 

IS 

IS 

IS 

IS 

27 1 

177 

30 8 

31 4 

27 9 

25 8 

35 4 

Aqueous 

(ml) 

153 

155 

153 

15 1 

13 1 

13 1 

133 

Thorium 

(Af) 

0 0499 

0 0494 

0 0443 

0 0168 

0 0202 

0 0970 

0 0615 

0 188 

0 181 

0 161 

0 142 

0 103 

0 248 

0 405 

0 195 

0 177 

0 158 

0 325 

0551 

0 775 

0 764 

0 7S5 

0 748 

0 751 

0 979 

0 978 

1 206 

1 210 

1 209 

1 213 

0 624 

0 966 

0 776 

0 970 

0 948 

0 901 

0 845 

Aqueous phase 

Free acid 

(AO 

0 00093 

0 0981 

0451 

0X66 

2 S16 

0 0475 

1 265 

0 00176" 

0 0912 

0411 

0852 

2 564 

0217 

0 0066" 

0 0X41 

0414 

0 868 

2 656 

0 654 

0 0127" 

0 0750 

0 429 

0 871 

2 692 

00310 

1 162 

0 01S6" 

0 0827 

0 448 

0 925 

2 654 

0 0332 

1 255 

0 0089" 

0 06X1 

0 388 

0 778 

Density 

(g/ml) 

1 0030 

10055 

1 0145 

1 0241 

1 0676 

1 0213 

1 0461 

1 0S70 

1 0571 

1 0600 

1 064S 

1 1009 

1 0X61 

1 1199 

1 1196 

1 1411 

1 1468 

1 1874 

1 2170 

1 2825 

1 2818 

1 2907 

1 1014 

1 3486 

1 3616 

1 3944 

1 4429 

1 4417 

1 4515 

1 4669 

1 2978 

1 3541 

1 3201 

1 3619 

1 3542 

1 3410 

1 3333 

Thorium 

(Af) 

0 00061 

0 00113 

0 00603 

00117 

0 0291 

0 00114 

0 0192 

0 0150 

00212 

00410 

0 0605 

0 0980 

0 0580 

0 loss 

0 IMS 

0 114 

0 151 

0 180 

0 206 

0 241 

0 246 

0251 

0 2SX 

0 290 

0 290 

0 302 

0131 

0111 

0 111 

0 325 

0 235 

0 278 

0 257 

0 278 

0 281 

0 275 

0 270 

Organic phase 

Free acid 

0 00057 

0 00558 

0 0523 

0 138 

0 525 

0 00157 

0 210 

0 0021X 

00113 

0 0654 

0 139 

0 427 

0 0332 

0 00481 

0 0156 

00710 

0 117 

0 166 

0 0966 

0 0068 

00152 

0 0651 

0 125 

0 299 

0 0123 

0 167 

00104 

0 01 58 

0 0S8I 

0 108 

0314 

00112 

0 163 

0 0083 

00145 

0 0565 

0 108 

Density 

(g/ml) 

0 7838 

0 7842 

0 7873 

0 7928 

0 80X7 

0 7852 

0 8047 

0 7X92 

0 7918 

0 800S 

08102 

08119 

0 8060 

0 8224 

0 8261 

08150 

0 8418 

0 8606 

0 8626 

0 8726 

08757 

0 8809 

0 8875 

0 8378 

0 8377 

08419 

0 8454 

0 8459" 

0 8466' 

0 8469" 

0 880 

0 889 

0 884 

0 886 

0 889 

0 886 

0 884 

Distribu 

coeffici 

Thorium 

00122 

0 0229 

0 1361 

0 3723 

1 450S 

0 0344 

0 6374 

0 0798 

0 1158 

02515 

0 4260 
09515 

0 2339 

0 260S 

0 2899 

0 1554 

0 4274 

0 5538 

0 3739 

03110 

0 3220 

033S1 

0 1449 

0 1862 

0 2962 

0 3088 

0 2745 

0 27S2 

0 2754 

0 2679 

0 377 

0 288 

0331 

0 287 

0 296 

0 305 

0 320 

tion 

lent 

Free acid 

0 6129 

0 0569 

0 1160 

0 1594 

0 2087 

0 0752 

0 1X18 

0 1219 

0 1517 

0 1631 

0 1665 

0 1510 

01851 

0 1636 

0 1578 

0 1378 

0 1477 

0 2027 

0 1517 

0 143S 

0 1111 

0 1968 

0 1226 

0 1911 

0 1 297 

0 1168 

0 118 

0 337 

0 130 

0211 

0 146 

0 139 

"Negative free acid indicates the acid deficient conditum 

"Three phases were present after equilibration The organic phase density represents organic phase diluted with an equal volume of 30% TBP NDD 

3.5 Relationship of Thorium, Free Acid, and Temperature 

The thorium and free acid relationship exhibited by the ITP data is consistent with the 
results of earlier studies of the solvent extraction of thorium with TBP. It has been shown 
by McKay et al. and by Schulz^ that the solubility of the thorium nitrate-TBP complex (as 
a single-phase organic entity) decreases with the increase in nitric acid concentration of the 
organic phase; at constant nitric acid concentration in the organic phase, solubility of 
thorium increases with increase in temperature. 

The plot of data (Fig. 5), which shows changes in the boundaries between the two- and 
three-phase regions, corresponds to the earlier work and shows that a constant temperature, 
the solubility of thorium in the organic layer decreases with an increase of free acid in the 
system. A corresponding relationship is true for the aqueous layer. At a constant tempera­
ture with an increase of free acid in the system, the limit for thorium in the two-phase 
region is decreased. Also, as temperature is increased, overall solubility of thorium nitrate 
in the TBP-NDD system is increased, which indicates that a family of curves (which show 
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0RNL--DW6.77-7810RI 

® 3 PHASE SYSTEM 
o 2 PHASE SYSTEM 
A INCIPIENT 3 PHASE SYSTEM 

FREE ACID CONCENTRATION [M) 
Fig. 1. Aqueous-phase thorium concentration response to free acid concentration change at 40°C. (Initial aqueous 

thorium concentrations: A, 0.05 M; B, 0.10 M; C, 0.20 M; D, 0.30 M; E, 0.50 M; F, 0.75 M; G, 1.0 M; H, 1.25 M; initial 
free acid concentrations: 0-3.0 Af). 
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0,4 
CRN L-DWG. 77-7809 RI 

# 3 PHASE SYSTEM 
O 2 PHASE SYSTEM 
A INCIPIENT 3 PHASE 

SYSTEM 

0 0.2 0.4 
FREE ACID CONCENTRATION iM) 

0.6 

Fig. 2. Organic-phase thorium concentration response to free acid concentration change at 40°C. (Initial aqueous 
thorium concentrations: A, 0.05 M; B, 0.10 M; C, 0.20 M; D, 0.30 M; E, 0.50 Af;F, 0.75 M;G, 1.0M;H, 1.25 M;initial 
aqueous free acid concentrations: 0-3.0 Af). 
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ORNL-DWG. 77-781 iR! 

0.8 

0.6 

0.4 

0.2 

M H 

o 2 PHASE SYSTEM 
D 3 PHASE SYSTEM 
A INCIPIENT 3 PHASE SYSTEM 

oD 

0 0.1 0.2 0.3 
THORIUM CONCENTRATION IN THE ORGANIC PHASE [M) 

Fig. 3. Effect of free acid concentration on the thorium equilibrium between the aqueous and organic phases at 
40°C. (Initial aqueous thorium concentrations: A, 0.05 Af;B, 0.10 Af;C, 0.20M;D, 0.30 Af;E, 0.50 Af;F, 0.75 Af;G, 1.0 
Af; H, 1.25 Af; initial aqueous free acid concentrations: 0-3.0 Af). 
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Fig. 4. Typical plot of equilibrium of free acid between aqueous and organic phases showing influence of thorium 
concentration at 40°C. (Initial aqueous thorium concentrations: A, 0.05 Af; C, 0.20 Af; E, 0.50 Af; G, 1.0 Af; initial 
aqueous free acid concentrations: 0-3.0 Af). 
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ORNL-DWG. 7 7 - 7 8 0 7 R I 

UJ 

< 
X 
CL 

(/) 

O 
UJ 
Z) 
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0 1 2 

AQUEOUS PHASE 
FREE ACID CONCENTRATION ( M ) 

Fig. 5. Aqueous phase limiting conditions for two- and three-phase boundary regions. For each temperature, three 
phases are above the boundary and two phases are below. 
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the limits of thorium-to-free acid concentration for any specified temperature) can be 
constructed. As shown in Figs. 5 and 6, the relationship of phase concentration limits and 
temperature applies to both aqueous and organic layers. When any two of the three para­
meters (thorium, free acid, and temperature) are known, the limit of the two-phase region 
for the third parameter can be determined. 

3.6 Relationship of Thorium, Free Acid, and Density 

As the concentrations of thorium and free acid are changed, changes also occur in the 
densities of the phases. As equilibrium thorium is increased by increases in total system con­
centration (thorium in the aqueous phase plus thorium in the organic phase) and holding 
free acid constant, the density increases (Fig. 7) for each phase. When thorium is constant 
in the system (e.g., solution set E, Table 1), as equilibrium free acid increases in the aqueous 
and organic phases, density increases. 

A presentation of thorium concentration vs densities (Fig. 8) also shows the relation­
ship of thorium, free acid, and density. When free acid in the system is constant, and 
thorium concentration in either phase is increased, both aqueous and organic equilibrium 
densities increase. When aqueous thorium in the system is constant (e.g., solution set E, 
Table 1), and free acid of the system is increased, the density of the aqueous phase at equili­
brium is decreased and density of the organic phase is increased. 

The data of the 30°C test series (shown in Fig. 9) demonstrate the correlation of 
concentration parameters and density. The equilibrium concentrations of free acid plus 
thorium of the aqueous and organic phases are plotted vs the densities of the phases. This 
presentation shows that at equilibrium, as the sum of the concentrations of the two para­
meters is increased in a phase, the density of the phase is increased. 

The data from the studies at 30, 40, and 60°C were plotted to graphically determine 
the relationships which describe the system equilibria. The equations obtained having 
greater than 0.99 correlation for each temperature are shown in Table 7. It was determined 
that the density of the system is a function of thorium concentration (M) plus 0.08 times 
free acid (M). An expression which describes the concentration relationships is developed in 
Appendix A. The coefficient derived, 0.08, is consistent with graphic representation of the 
data. 

Table 7. Equations for experimental data fit 
of aqueous and organic phases 

Phase 

Aqueous 
Aqueous 
Aqueous 
Organic 
Organic 
Organic 

Temperature 
CO 
30 
40 
60 
30 
40 
60 

Equation'^ 

D = 0.3839 C+1.0020 
D = 0.3823 C + 0.9960 
D = 0.3804 C + 0.9852 
D = 0.3852 C +0.8071 
D = 0.3774 C + 0.7991 
D = 0.3755 C +0.7831 

''C = Cxh + 0.08 CH, where Cxh = concentration of thorium (M) 
and CH = concentration of free acid (M). 
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Fig. 6. Organic phase limiting conditions for two- and three-phase boundary regions. For each temperature, three 
phases are above the boundary and two phases are below. 
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Fig. 7. Relationship of density of aqueous or organic phase and free acid concentration in the phase at 40° C. (Initial 
aqueous thorium concentrations: A, 0.05 Af; B, 0.10 Af;C, 0.20 Af;D, 0.30 Af;E, 0.50 Af;F, 0.75 Af;G, 1.0Af;H, 1.25 Af; 
initial aqueous free acid concentrations: 0-3.0 AT). 
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The general form of an expression which describes the linear correlation of density (D) 
of the aqueous or the organic phase of the system is D = a(Cxh + hCn) + c, where a is the 
slope; Cxh is the thorium concentration, M;b is the free acid coefficient; CH is the free acid 
concentration, Af; and c is density intercept, g/ml. 

Expanded to include the effect of temperature, the expression is D = a [(To — Ti) (Kc) 
(Cxh + ^ C H ) ] + e(To — Ti)(^e), where To is the reference temperature, °C; Ti is the system 
temperature; Kc is the correction constant for thorium and free acid concentration per °C; 
and Ke is the correction constant for density per °C. 

The data from this study are plotted as the relationship of density to thorium nitrate 
concentration plus (0.08) fi-ee acid concentration for the aqueous phases in Figs. 10, 12, and 
14 and for the organic phases in Figs. 11, 13, and 15. The temperature correction constants 
Kc and Ke, which were determined from the equilibration data, are given in Table 8. 

Table 8. Temperature corrections for equilibrations at 
30,40,and60°C 

Temperature 
range 
(°C) 

30-40 
40-60 
30-60 
30-40 
40-60 
30-60 

Phase 

Aqueous 
Aqueous 
Aqueous 
Organic 
Organic 
Organic 

Kc 

0.00015 
0.00010 
0.00012 
0.00078 
0.00010 
0.00032 

Ke 

0.00060 
0.00054 
0.00056 
0.00080 
0.00080 
0.00080 

4. CONCLUSIONS 

It has been demonstrated that thorium nitrate concentration, free nitric acid concen­
tration, and density are related in equilibrium behavior between aqueous and organic 
phases from 30 to 60°C in the TBP-NDD solvent extraction system. Temperature, thorium 
nitrate, and free acid interact to provide the limiting values which define the boundaries 
between the two- and three-phase regions. The relationship applies to both aqueous and 
organic phases. 

A linear correlation was observed for the density (D) of the aqueous in the organic 
phase and the concentration of thorium and free acid. The general form of an expression 
which decribes the correlation is D = fl(CTh + ^ C H ) + c, where a is the slope, Cxh and CH 
are molar concentrations of thorium and free acid, b is the free acid coefficient, and c is the 
density intercept. 

The data support the mathematical model of the 30% TBP-NDD solvent extraction 
system and improve the data base for using the SEPHIS-Thorex computer program for 
solvent extraction system design and simulation. 
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Fig. 10. Relationship of density and thorium nitrate plus free acid for the aqueous phase at 30° C. 
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Fig. 14. Relationship of density and thorium nitrate plus free acid for the aqueous phase at 60°C. 
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APPENDIX A 

Derivation of the Free Acid Coefficient, 0.08 

By assigning the definitions shown to the variables listed (in g/ml), 

a = concentration of Th(N03 )4, 

b = concentration of HNO3, 

c = concentration of solvent, 

p 1 = density of solvent, 

P2 = density of solution, 

the density of a solution can be expressed as a sum of the concentration of its constituents 

P2 = a + b + c . (1) 

If the amount of solvent excluded when Th(N03)4 and HNO3 are dissolved is propor­
tional to the quantity of each, and the solvent excluded for each is independent of that ex­
cluded by the other while volume of the solution remains constant, the concentration of the 
solvent can be expressed as 

c = Ci -f.a-f^b , (2) 

where / i = exclusion factor for Th(N03 )4, and / j = exclusion factor for HNO3. 

By combining Eqs. (1) and (2), the following is obtained: 

(1 -f2)b 
P 2 = ( l - / i ) a+-

( I - / 1 ) 
+ Px • (3) 

The combined equation is a straight line with slope of (1 — / i ) , and intercept = pi when 
P2 is plotted vs a + [ ( 1 - / 2 ) / ( l ~-fi)]b. 

Equation (3) can be converted into molar concentration terms and molar exclusion 
factors using the following identities: 

Cxh = concentration of Th(NO3)4, Af 

a 

~ 0.48006 ' 

CH = concentration of H N O 3 , M 

b _ 

0.063013 ' 
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/ 1000 . 
/ i = /Ml = 2.083/M, ; 

' V 480.06 / ' ' 

/ 1000 \ 

where /Mj = molar exclusion factor for Th(N03)4, and /Mj = molar exclusion factor for 
HNO3. 

By substituting the molar concentration and exclusion terms in Eqs. (1) and (2), the follow­
ing expressions are obtained: 

P2 =0.48006CTh+0.063013 C H + c , (4) 

c =p i -fMiCjg^fM^Cn . (5) 

Equations (4) and (5) can be combined to express the density of the solution pj as 

P2 = (0.48006 - /Ml) 
^ /0 .063013^/M2\^ 

T̂*̂  *"0.48006-/MJ^" + Pi . (6) 

Equation (6) is a straight line with a slope of (0.48006 — /Mj) and an intercept Pi (den­
sity). 

The coefficient of the free acid term, with the linear relationship 

(0.063013 - / M a ) 

(0 .48006- /Ml ) 

was determined by a least squares fit of the experimental data to be equal to 0.08. 
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