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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 were 30 to 60°C, 0.05 to 1.5 M Th(NO;),4, and 0.0 to 3.0
M HNO;. 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(Ctp + bCy) + ¢, where a is the slope, b is a constant, c is the intercept, and Cpy and Cq
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.



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 HNO;
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 normal 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(NO;),
4H, O crystals in water and then diluting to a 1-£ volume at ambient temperature. Aliquots
were taken and analyzed by the EDTA titration method!® to verify concentration.



Nitric acid for solution preparation was standardized from dilutions of reagent nitric
acid (sp gr 1.42). Dilutions to approximately 13 and 5 M HNOj 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 4.950 M HNOj; respectively.

A density determination of the 2.384 M Th(NO,), 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 20-2 (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
Ya-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 ul pipette. The 750-ul 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(NO;), -
4H, O, were prepared to contain 0.05 to 1.5 M thorium. The designations and concentrations



of these solutions are as follows: solution 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, 1.00 M; H, 1.25 M; and I, 1.50 M. Nitric acid was added during
preparation to provide solutions with 0.0 to 3.0 M HNO;.

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 selutions for an equilibration study

Thorium concentrations, M

Freeacid, M, B c D E F G H I
005 010 020 030 050 075 100 125 150

0.0 X X X X
0.05 X X
0.10 X X X X X
0.25 X
0.50 X X X X X
0.75 X
1.00 X X X X X
1.50 X X
3.00 X 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.



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.12-13

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 I'TP
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 waterjacketed 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 m] 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 m! 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-ul pipette. Care was taken to bring the pipette to tempera-
ture by rinsing with thermal equilibrium solution. After the pipette was warmed to the



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 M 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



Table 2. Stability of aqueous and organic free acid samples
in storage prior to analysis

Sample Individual determinations (M) Fre(;;;czd
Free acid after storage at room temperature
1 Aqueous 2.604 2.612 2.504 2.560  2.570 = 0.028¢
1 Organic 0.395 0.378 0.401 0.397 0.393 +0.007
2 Organic 0.038 0.038 0.036 0.036 0.037 £ 0.001
3 Aqueous 0.087 0.084 0.079 0.082 0.083 + 0.003
3 Organic 0.015 0.016 0.015 0.015 0.015 £0.001
4 Aqueous 0.864 0.874 0.879 0.872 + 0.006
4 Organic 0.127 0.127 0.127 0.124 0.126 £ 0.001
5 Aqueous 0.504 0.455 0.456 0.438 0.463 £0.020
5 Organic 0.045 0.050 0.050 0.049 0.049 £ 0.002
Free acid after storage by freezing at —12°C
6 Aqueous 0.429 0.428 0.432 0.430 = 0.002
6 Organic 0.067 0.068 0.069 0.068 *0.001
7 Aqueous 2.728 2.708 0.718 £0.010
7 Organic 0.313 0.326 0.322 0.320 £ 0.005
8 Aqueous 0.671 0.672 0.672 £0.001
8 Organic 0.104 0.103 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.



Table 3. Experimental material balances for
thorium and free acid concentrations

Experiment type Free acid analysis Thorium analysis
Two-phase

Sample analyses 14 16 19 17 19 23

Recovery, % 100.4 99.0 100.0 99.1 101.1 101.2

Precision, %° 0.8 2.2 2.7 1.5 1.2 0.8
Three-phase

Sample analyses 9 5 5 12 7 7

Recovery, % 103.2 99.5 100.9 101.3 102.1 102.7

Precision, % 3.0 1.9 1.8 3.5 0.8 0.8

Incipient three-phase

Sample analyses 6 5 5 8 7 7
Recovery, % 101.2 101.6 103.6 102.1 104.7 102.4
Precision, % 2.6 4.9 3.8 1.4 1.0 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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1 000 0500 I 18 0680 0451 13016 0 2Ks 00618 14 0419} 01370
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1000 0100 282 is 14 0596 00797 1 2391 0223 00118 0892 0374 0168
1 000 0500 342 15 14 0532 0380 12218 0216 060539 0 889 0406 0142
1 000 1 000 414 15 24 0453 0743 12030 0208 01018 0 890 0459 0137
1250 00500 452 1524 0613 00272 12421 0224 00061 0864 0365 0224
1250 1 500 436 1014 0409 1007 1190 0201 0134 0 888 0491 0133

“Not nalysed

hNngUVC free aurd mdicates the acd deficient condition

“Three phases were present after cquilibration

dlnuplcnl three phase experiments Two phases were present after equilibration The addition of a small amount of aqueous Th(NO;); HNO,
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).



Table 5 Equilibration of therium nitrate nitric acrd solutions in 30% TBP NDD at 40°C

Initial solution Equilthration

concentration volume Aqueous phase Organic phase Distribution

Thorum Free acid Orgamie Aqueous Thorum Free auid Density  Thorum Free acid Density __coefficient

o N (ml) (i) (M) (M) (g/ml) (M) (M) (g/mi) Thorum Free acid
00500 0 000 s 15 0 0496 0 0006 10123 000066 0 0006 0 7996 0013 1 000
00500 0100 15 5 00491 00955 10149 000133 0 006%2 08002 0027 00714
00500 0500 15 15 00431 0438 10235 000710 00597 0 8040 01647 01363
00500 1 000 15 15 00347 0844 10332 00155 01452 08098 04467 01720
0 0500 3 000 15 15 00177 2483 10789 0322 0 489 08257 18192 0 1969
0 1000 0050 15 15 00950 00458 10326 000440 000439 08012 00463 00959
0 100 1 500 Is 15 00575 1256 10554 00431 0220 08226 0 7496 01823
0200 0000 1s N 018t 000135 10653 00200 000159 0 8069 01105
0200 0100 15 15 0174 0 0885 10656 00263 001264 0 8097 Q1S 01428
0200 0 500 15 15 0155 0427 10679 00473 00708 08192 03052 01658
0200 0996 15 s 0134 0845 10726 00670 01434 08289 0 5000 01697
0200 2991 15 15 00921 2580 11106 01065 0414 08512 11564 0 1605
0300 0250 15 Is 0238 0215 10934 00670 00357 08257 02815 01660
0500 0000 15 I 0388 000574° 11461 0124 000266 03438 03196
0500 0100 s 15 0384 00792 11461 0130 001314 08474 03385 01659
0500 0 500 15 s 0365 0422 11487 0147 00670 08557 04027 0 1588
0500 1 000 15 15 0 349 0854 115581 0166 01290 08639 04756 01sH
0500 3000 15 15 0312 2048 11968 0203 0318 0 898 06506 0120t
0750 0750 15 15 0547 0642 12268 0212 0 0888 08829 013876 01383
0999 0000 157 15 0763 0013¢7 12908 025) 000580 08472 03290
1 000 0100 157 15 0759 00827 12923 0258 001384 0 8486 03399 01674
1 000 0500 1sh 15 0 740 0437 1 2988 0267 0 0586 0 8509 03579 01341
1 600 1 600 15° 15 0741 0 895 13091 0277 01078 08531 03738 01204
1 600 3001 15” 15 0728 2752 13590 0289 0246 08581 013970 0 0894
1250 0050 15P 1S 0979 00349 13706 0308 000822 08573 03146 0235~
1250 1500 ts” 15 0979 1393 14064 0318 Q1304 08610 33218 00936
0999 0000 209 18 6¢ 0761 001367 12862 02552 000439 0892 03768
1 000 0100 183 15 1¢ 0738 00769 12787 02549 00126 0892 04186 01986
1 000 0500 230 15 1¢ 0600 0418 12635 02412 00575 0890 0365 0138
1 000 1000 287 15 05¢ 0598 0815 12471 02373 01075 0390 0897 0132
1 000 3001 374 121¢ 0383 2278 12104 02153 0282 0 886 0162 0124
1250 00500 339 15 2¢ 0751 00280 12827 02546 000697 0894 0339 0249
1250 1 5000 432 13 1¢ 0553 1 085 12369 02318 01395 0889 0419 0129

“Negative free acid indrcates the aad defictent condition

P Three phases were present after equilibration The organic phase density represents organie phase dituted with an equal volume ot 307 TBP NDD

“Incipient three phase experiments Two phases were present after equilibration The addition of 4 small amount of aqueous Th(NO3); HNO;
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 6 Equifibration of thorium mtrate mtric acid solutions n 30% TBP NDD at 60°C

Imitial solution Equilibration

Aqueous phase Organic phase Distribution
coneentration volume coefficient
Thomum Froe acid Organtc Aqueous Thorwum  Free acid Density  Thonum Free asd  Density .~ 27
M on (ml) (ml) (M) (M) (g/ml) (M) (M) (g/ml)  Thorum  Free acd
00500 0000 15 15 00499 000093 10030 000061 000057 07838 00122 06129
00500 0100 is 15 00494 00981 10055 000113 000558 07842 00229 00569
00500 0500 15 15 00443 0451 10145 000603 00523 07873 01361 91160
00500 1000 15 1S 00368 0 866 10241 00137 0138 07928 03723 01594
0 0500 3000 15 15 00202 2516 10676 00293 0525 08087 14505 02087
0100 00500 15 s 00970 00475 10233 000334 000357 07852 00344 00752
Q100 1500 15 1S 00615 1265 10463 00392 0230 08047 06374 01818
0200 0000 15 15 0188 000176° 10570 00150 000238 07892 00798
0200 0100 15 15 0183 00912 10573 00212 00113 07918 01158 01239
0200 0 500 15 15 0163 0431 10600 00410 00654 0 8005 02515 01517
0200 0996 15 15 0142 0852 1 0645 00605 0139 08102 04260 01631
0200 2991 15 15 0103 2564 11009 00980 0427 08319 09515 0 1665
0300 0250 15 15 0248 0217 1 0863 00580 00332 0 8060 02339 01530
0500 0000 15 15 0405 0 00667 11399 01085 000483 08224 0 2604
0500 0100 15 15 0395 00843 11396 01145 00156 08261 02899 01851
0500 0500 1S 15 0377 0434 11413 0134 00710 08350 013554 01636
0500 1 000 15 15 0 358 0 868 11468 0153 0137 0 8438 04274 01578
0500 3000 15 15 0325 2656 11874 0180 0366 0 8606 05538 01378
0750 0750 15 15 0551 0654 12176 0206 0 0966 08626 03739 01477
0999 0000 15 15 0775 001277 12825 0241 00068 08726 0310
1 000 0100 15 15 0764 00750 12838 0246 00152 08757 03220 02027
1 000 0500 15 15 0755 0429 12007 0253 00651 0 8809 03351 01517
1 00O 1 000 15 18 0748 087N 13014 0258 0125 08875 03449 01435
1 000 3001 15 15 0751 2692 13486 0290 0299 08378 03862 01111
1250 00500 s 135 0979 00310 13616 0290 00123 08377 02962 03968
1250 1500 15 15 0978 1362 13944 0302 0167 08419 03088 01226
1 499 0000 15 15 1206 001567 14429 0331 00104 08454 02745
1500 00999 15 1S 1210 00827 14437 0333 00158 084597 02752 01911
1500 0500 15 15 1209 0 448 14535 0333 00581 08466/ 02754 01297
1 500 1 000 s 15 1213 0925 14669 0325 0108 08469" 02679 01168
1 000 3001 271 153 0624 2654 12978 0235 0314 0 880 0377 0118
1250 00500 177 155 0966 00332 13541 0278 00112 0 889 0288 0337
1250 1 500 308 153 0776 1255 13201 0257 0163 0884 0331 0130
1499 0000 3t 4 151 0970 0 00897 13619 0278 00083 0 886 0287
1500 00999 279 131 0948 00681 13542 0281 00145 0 889 0296 0213
1 500 0500 258 131 0901 0388 13430 0275 00565 0 886 0305 0146
1500 1000 354 133 0845 0778 13333 0270 0108 0 884 0320 0139

Negative free acid mdicates the acid deficient condition
5 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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Fig. 1. Aqueocus-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 M).
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Fig. 2. Organic-phase thorium concentration response to free acid concentration change at 40°C. (Initial aqueous
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aqueous free acid concentrations: 0—3.0 M).
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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 Tem(poeé;i ture Equation?
Aqueous 30 D =0.3839 C + 1.0020
Aqueous 40 D =0.3823 C +0.9960
Aqueous 60 D =0.3804 C +0.9852
Organic 30 D =0.3852C + 0.8071
Organic 40 D=0.3774C +0.7991
Organic 60 D=0.3755C+0.7831

4C = Ctp, + 0.08 Cy, where Ctp, = concentration of thorium (M)
and Cy = concentration of free acid (M).
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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(Cty, + bCq) + ¢, where a is the
slope; Ctp is the thorium concentration, M; b is the free acid coefficient; Cy is the free acid
concentration, M; and ¢ is density intercept, g/ml.

Expanded to include the effect of temperature, the expression is D = a[(To — Ti) (K¢)
(Ctp + bCx)] +e(To — Ti)(Ke), where To is the reference temperature, °C; Ti is the system
temperature; K¢ is the correction constant for thorium and free acid concentration per °C;
and Kp 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) free 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
K. and K¢, which were determined from the equilibration data, are given in Table 8.

Table 8. Temperature corrections for equilibrations at
30, 40, and 60°C

Temperature
range Phase K¢ Ke
o
3040 Aqueous 0.00015 0.00060
40—-60 Aqueous 0.00010 0.00054
30-60 Aqueous 0.00012 0.00056
3040 Organic 0.00078 0.00080
4060 Organic 0.00010 0.00080
30-60 Organic 0.00032 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 = a(Cty, + bCq) + ¢, where «a is the slope, Cty, and Cy
are molar concentrations of thorium and free acid, b is the free acid coefficient, and ¢ 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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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(NO;),,
b = concentration of HNO;,,

¢ = concentration of solvent,

p; = density of solvent,

p, = density of solution,
the density of a solution can be expressed as a sum of the concentration of its constituents
p,=at b+c . (1)

If the amount of solvent excluded when Th(NO;), and HNO; 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=Cy - fia—fab , 2)
where f; = exclusion factor for Th(NO;),, and f, = exclusion factor for HNO;.

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

1—1)b
p2=(1-f1)‘}1+*(‘('—1*‘:]:f%-1)£,+p1 . 3)

The combined equation is a straight line with slope of (1 — f,), and intercept = p, when
p, is plotted vs a + [(1 — f,)/(1 — f1)]b.

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

Crn = concentration of Th(NO;),, M

=2 .
0.48006 ’

Cy = concentration of HNO,;, M

S
0.063013 ’
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1000
L = <———->ﬂ"11=2-083ﬂ‘41 ;

_ 1000
fo = (6 > My = 1587 /M, ;

where fM, = molar exclusion factor for Th(NO;),, and fM, = molar exclusion factor for
HNO;.

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

p, =0.48006 Cty +0.063013Cqy +¢ , 4
¢ =p; =M Crg - M,Cy . )
Equations (4) and (5) can be combined to express the density of the solution p, as
0.063013 — fM,
= (0.48006 — fM,) (Ctpt Cul + . 6
P2 =( 6 —fM;) [Th (0.48006~—fM1> HJ by (6)

Equation (6) is a straight line with a slope of (0.48006 — fM,) and an intercept p, (den-
sity).
The coefficient of the free acid term, with the linear relationship

(0.063013 — fM,)
(0.48006 — fM,)

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