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ABSTRACT

Data are presented for the specific heats of
representative aqueous and organic solutions
of the Purex separations process. An emplri-
cal equation, accurate within four per cent
of experimental values, permits the calcula-
tion of specific heats of aqueous solutlons
of uranyl nitrate and nitric acid throughout
the ranges of process concentratlon. Heats
of reactlon are reported for the extractlon
of water, nitric acid, and uranyl nitrate
into an organic phase composed of thirty
volume per cent tributyl phosphate in kero-
sene.

External Distributlon acceording to
TID-4500 (11lth Ed.)
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THERMOCHEMICAL MEASUREMENTS
OF PUREX PROCESS SOLUTIONS

INTRODUCTION

Plutonium and uranium are separated and purified by a tributyl phos-
phate - kerosene sclvent in the Purex process. The solutions of various com-
positiong that are involived in the process have thermal properties that are
not readily avallable. These properties were needed for evaluating heating
and coollng problems, for evaluating safeguards agalnst exXceedlng the flash
point of the solvent, and for estimating temperatures of extraction. Heats of
reactlon and extraction were needed for calculatlon of temperatures within the
contactors; these values are also expected to he useful in connectlon with
other studies of solvent extraction.

SUMMARY

Calorimetrlc apparatus was assembled, and the adequacy of the equip-
ment and technique was established by measurement of the heat capacilties of
several aqueous solutions containing nitric acid or uranyl nitrate. The
results agreed with previous literature values within one per cent. The heat
capacities of several agueous solutions contalning both uranyl nitrate and
nitric acid were measured. The followling equation was formulated as an
expression of the data obtalned at 25°C:

¢ =1 - 0.06H - 0.39U + 0.083U% + C.C3ZHU (1)
Where
C = specific heat of the solution, cal/gm-°C
H = molar concentration of nitric acid

U = molar concentratlon of uranyl nitrate

This equatlon was used to calculate the specific heatz of aqueocus uranyl
nitrate - nitric acid solutions throughout the concentration range of the
Purex process, wilth agreement within four per cent of the values obtalned by
direct measurement.

The heat capacity of Purex extractant, tributyl phosphate (TBP) in
kerosene, was found to have a positlve temperature coefficient iIn contradic-
tion to earlier data 1n the AEC project literature. The kerosene was "Ultra-
sene," a speclal grade marketed by the Atlantic Refining Company.

The heat of extraction of water into 30 per cent TBP-'"Ultrasene" is
small, 4+0.4 kcal/mole, but values for the heats of extraction of nitric acid
and uranyl nitrate are as large as -8 kcal/mole, which 1g sufficlent to have
significant effect upon the temperature proflle in Purex contactors.



DESCRIPTION OF EQUIPMENT

The calcrimeter (Figure 1) consisted of (1) a silvered Dewar flask
enclosed in a protective container, (2) & manganin heating coil suspended
within a sultably shaped glass tube filled with oil, (3} a glass stirrer
driven by a small motor, and (4) a "Teflon" cover, which held in rigid
alignment the heater support, the stirrer and bearing assembly, and the
Beckmann thermometer.

The flask was a 750-cc, wide-mouth vacuum bottle that projected
above the cuter can and fitted tightly into a matching groove in the "Teflon”
cover. During a run this cover was held firmly in place with bolts extending
from a plate at the bottom of the flask and passing through holes in the
"Teflon" cover where they were secured. The stirrer was driven by a small
variable-speed motor that was coupled to the top of the shaft by a short
length of heavy rubber tubing. The moftor was operated Ilndependently of the
remainder of the electrical equipment.

The circult that was used to supply the energy and obtain the neces-
sary measurements is described in Welssberger, Physical Methods of Organic
Chemistry, Vol. I, Part I, page 737.(4)

SPECIFIC HEAT MEASUREMENTS

The calorimeter constant, K, was determined with water and benzene.
The values of K determined by the two measurements agreed within two per cent.
The specific heats of water and benzene are well established, and cover the
extremes of The range for Purex solutions. A standard volume of sclution was
welghed into the calorimeter for each measurement and all experimental condi-
tions were maintained as uniform as feasible from run to run. Specific heats
were calculated from the relation

_ BTt _K
C = 3

.1 AT)S
where
¢ = gpecific heat, cal/gm-°C
E = voltage across calorimeter heater
I = amperage through calcorimeter heater
t = energy input time, seconds
K = calorimeter constant, cal/°C
AT = temperature increage due to energy input, °C
3 = sample welght, grams

Agqueous Solutlons

The adequacy of the apparatus was demonstrated by measurements that
agreed within one per cent with previously reporfted values of specific heats
of nitric acid solutions {1} between 0.75 and 6.0 molar. Similar evazluation
with four uranyl nitrate solutions between C.75 and 2 molar yilelded results
one per cent higher than values previously repox‘ted.(1 Specific heat
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determinations on mixed uranyl nitrate - nitric acid sclutions of varying con-
centration of each constltuent are tabulated below. Empirilecal Equatlon 1 per-
mits calculation of the specific heats of agueocus solutions at 25°C within
four per cent of the measured values. Measurements of specific heat on
agueous solutions were alsc made at 45 and 65°C. The accuracy at 65°C-
decreased to about four per cent, as shown by determinations of the calorime-
ter constant wlth diphenyl etherfE) at that temperature.

SPECIFIC HEAT, cal/gm-°C

Solutions of Uranyl Nitrate - Nitric Acid

Uranium (Molarity) 0.29 . 0.14 0.52 1.05 1.3%3 2.05
Nitric Acid (Molarity) 0.28 1.89 0.52 ©.99 2.02 2.02
Measured Values, 25°C 0.87 0.83 0.81 0.67 0.61 0.53
Measured Values, 45°C 0.89 - - - 0.62 0.55
Measured Values, 65°C 0.91 - - - 0.66 0.57
Calculated

from Equation 1 25°¢ 0.88 .85 0.80 0.66 0.59 0.55

Tributyl Phogsphate 1in Kercsene

Measurements of the speciflc heats of four extractant solutions
ranging in composition from 100 per cent Tributyl phosphate to 100 per cent
"Ultrasens" diluent are given in the following table and are ploctted *n Figure
2.

SPECTIFIC HEAT, cal/gm-°C

Tributyl Phogsphate in "Ultrasene"

Volume Per Cent TBP

0 30 60 100

Temperature, °C 25 0.548 O.47 0.45 C.43
Ls - 0. 47 - -

65 Q.53 0.51 - 0.46

These data provide an adequate basis for estimation of the specific heat of
any mixture of these components. Measurements were also performed on organic
solution ?t 45 and 65°C, in order to determine whether a previocusly
reported'®’ negative temperature coefficient of specific heat for 30 per cent
TBP in "Ultrasene" could be substantiated. The negative coeffilclent was not
confirmed in these measurements. The posltive temperature coefflecient that
was obtained provides assurance that the organlc extractant will not demcon-
strate an increasing rate of temperature rise with constant heat input.

Solutions in Process 3Scolvent

The speciflc heats of solutlons of uranyl nitrate and nitric acid 1n
the Purex solvent (30 per cent TBP in "Ultrasene") were calculated from data
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that were obtalned in conjunction with determinations of the heats of extrac-
tion of these solutions. After the aqueous and organic phases had been mixed
in the calorimeter and temperature equilibrium had been attained, the energy

necessary to increase the femperafture of the mixture 1°C was determined. The
contents of the calorimeter were removed, the two phases were separated, the

volume and density of each phase were measured, and the uranilum and acid con-
centrations in each phase were determined by analyses. The specific heat of

the aqueous phase was calculated from FEquatlon 1 and the specifle heat of the
organic phase was then determined by difference, with an apparent accuracy of
about five per cent.

At 25°C the measured specific heat of 30 per cent TBP saturated with
water was Q.5 cal/gm-°c. For 30 per cent TBEP sclutiocns containing nitrie acid
over the concentration range 0.05 to 0.6 molar, the specific heat was calcu-
lated to be 0.55 cal/gm-°C, within 5 per cent. The specific heats at 25°C for
20 per cent TBP contalning both nitric acid and uranyl nitrate are given in
the followlng table. The specific heat values for all systems are within
approximately ten per cent of that for the solute-free extractant.

SPECIFIC HEAT AT 25°C

Uranyl Nitrate and Nitric Acld in 30% TBP 4in "Ultrasene," Saturated With Water

U0z (NOs )2 HNOs Specific Heat*

0 molar 0 molar 0.50 cal/gm-°C
0.042 0 0.49
0.34 0 0. 44
0.50 0.06 0.43
0.21 0.12 0.49
0.43 0.05 0.46
0.31 0.21 0. 47
0.45 0.09 C.45
0.36 0.22 0.46

* Estimated accuracy for specific heat values is * 5 per cent.

HEAT FFFECTS IN PUREX REACTIONS

The total heat effect In Purex extractlon is a combination of
effects accrulng from the transfer of water, nitrlec acid, and uranyl nitrate
between phages. The indlvidual contributions made by each component were
determined by correcting for the heat produced by extraction of the other
components.

The apparatus conslisted of a small insulated vessel attached to the

calorimeter and equipped with stirrer, heating coll, and Beckmann thermometer.
The agueous sgolution in the external vessel was rapidly added to the organic
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solution in the calorimeter after both sclutlicns reached the same temperature.
The temperature change produced by mixing the solutions was read from a Beck-
mann thermometer when equilibrium was reached. A measured amount of energy
was added to the system and the temperature change was measured in-order to
determine the energy equivalent of the temperature change that was produced
when the two solutions were mixed. The agueous-organic mixture was removed
from the calorimeter and the necessary analyses were performed.

The 1limit of accuracy of the measurement of the heat eflect was
three per cent az determined by measuring the heat of neutralization of 0.2
molar sodium hydroxide with 0.2 molar nitric acid (AT = 1.38°C). Three per
cent accuracy was probably not attalned for heat effects producing less than
0.5°C change in temperature. Most of the extractions with water and nitric
acld produced temperature changes of less than 0.5°C, and the accuracy for
each indivldual measurement was estimated on the basis of the AT and was
included in the tabulation. All uranium extractions except one produced ¥Tem-
perature changes greater than one degree, so that the accuracy was not seri-
cusly affected by the AT. However, in this case the cumulative errors due to
correction for acid extraction limited the accuracy and it was estimated that
the errors were approximately five per cent for the values tabulated.

The heat effects produced by individual components of the system
were studied by first measuring the effect of adding water to a dry solution
of 30 per cent tributyl phosphate in "Ultrasene." Two such measurements gave
an average value of +0.4% kcal per mole of water extracted. The solubllity of
water was small, 7.5 mg per liter in the organic phase in equilibrium with
water. The heat effects were therefore so small (AT <0.2°C) that duplicate
runs differed by 20 per cent, but the corrections made to subsequent data were
based on the small heat effects and were subjJect only to small errors.

The heat of extraction of nitric acld into the organic solvent was
determined by adding agueous nitric acid to extractant, measuring the heat
effect, and correcting the heat effect for that due to extraction of water.
The data cobtalned are presented in the followlng table and 1n Figure 2.

HEAT OF EXTRACTION

Nitric Acid into 30 per cent TBP in "Ultrasene”
(kcal/mole HNOs Extracted, Corrected for HpO Extraction)

Molarity HNO=s agueous 0.4 0.78 1.5% 3.07
Molarity HNOs organic 0.06 0.15 0. 34 0.71
Heat of Reaction -%.9 -3.4 -2.7 -1.6

Estimated Accuracy, Per Cent +25 *6 £ 4

The heats of extraction of uranyl niltrate, from both neutral and
nitric acid soluticn in water, were determined simllarly. The ocbserved heat
effects were corrected for effects of both water and nitric acid to calculate
the individual effect of extraction of the uranyl nitrate. The data are pre-
sented in the following table and in Figure 4.




HEATS QOF EXTRACTION

Uranyl Nitrate into 30 per cent TBP in "Ultrasene”

Molarity HNOs aqueous; 0
Molarity HNOs {(organic 0]
Molarity erENOa 2 (aqueous) 0.053
Molarity UOz=(NOs)sz (organic) ©.042
¥Heat of Extraction -1.5
[keal/mole U0=(NO3)2

transferred to organic

phase]
Heat of Extraction ~1.2

(Smoocthed values,
Figure 4}

1.08
0.12

0.047
0.21

i

4.2

2.15 0 3.06 1.01 2.11
0.21 0] 0.22 0.05 0.06
0.045 0.36 0.06 0. 36 0.90
0.31 0.3%3  0.36 0.43  0.50
4.7 -5.5 -5.9 -6.3 7.7 "
-5.2 -5.5 -5.9 -6.5 7.3

*¥ Measured, corrected for H»0O and HNOs extracted.

)2%62146520®7w~1ﬁ

G. A. Burney ﬂﬁ/
Separations Chemdlstry Dilvision




BIBLIOGRAPHY

Hanford Works, HW-18700, July 1951 (Clasgified).

Ginnings, D. C. and Furukawa, G. T. "Heat Capacity Standards for
the Range 1% to 1200°K." Journal of Amer. Chem. Soc. Vol. 75,

p. 522 (1953).

Dreeben, A. Determination of the Specific Heats of Some Purex
Solvents and Diluents. Rnolls Atomlc Power Laboratory, KAPL-034,
October 1952 (Declassified).

Welssberger, A. Physical Methods of Organic Chemistry Vol I -
Part I, 2nd Ed. New York: Interscience Publishers, Inc. .

-10-



FIGURE 1

Iy

w
r >
1] [F1)
> 113
[o] -
d w
2 w
3 >
- ~
S F
= o h o
° : 5 x
[
= & ¥ £
g £ P
] 777 (.{ (n
z 2 v ﬁm\\\\\ PIITIN TN ITTI IS ST TP I TTIISIIINS
<D F 3
2 ) NNANNNNANNNNNANNNNCS
b }
ol
1
1 L 'l 4 £, u...v “ie N
.HlaJ,. ——F
\\& i
; —
LUANAREANANANNARN I ANNNNAUNRRRNRRN

) N

FPTIITIITIITIIES

PIFIIIIIrss

S LI TE Vi CTTT VTSI TIITTETITIIIIS S

DEWAR FLASK — >
HEATER —

THERMOMETER

CALORIMETER

=11~



o
o

_a'[_
Jo—N9/ VD “LVIH J14103d$
-
[,

T \

o

H
N

SJEMP
50
C

\

I

20 30 40 50 60 70 80 90

g HYNDIA

VOLUME PER CENT TRIBUTYL PHOSPHATE IN MIXTURE

SPECIFIC HEATS OF TBP-"ULTRASENE" MIXTURES




_QI_
JINVONMO OL Q3MN34SNVHLl EONH 3NOW/IVON

-1.5

\

'
N
(44

¢ dHADTA

AN

f
o
1]

/

-40

(o} 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8
MOLE PER LITER HNO3 (ORGANIC PHASE)

HEAT OF EXTRACTION OF NITRIC ACID FROM AQUEQOUS PHASE TO 30% TBP (IN "ULTRASENE")




90

(L3IN3ISVHIIN, NI} dal _
%O€ Ol 3SVHd SNOINOV WOHS FIVILIN TANVEN 30 NOILOVEIX3 dJ0 1vV3H

(3SYHd D2INVOYO) N Y3111 ¥3d 3T0W
G0 +'0 €0 0 10

ol-

FIGURE 4

< w0 w
i 1 |

KCAL/MOLE U TRANSFERRED TO ORGANIC PHASE

o
I

~14-





