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Tritium distribution ratios between the organic and aqueous phases
were measured for the system of 30% tributyl phosphate(TBP)-normal
dodecane(nDD) furanyl nitrate-nitric acid water. It was confirmed that
tritium is extracted by TBP into the organic phase in both chemical forms
of tritiated water (HTO) and tritiated nitric acid (TNO3z). The value of
tritium distribution ratio ranged from 0.002 to 0,005 for the conditions
of 0-6 mol/L nitric acid, 0.5-800 mCi/L tritium in aqueous phase, and
0-125 g-U/L uranium in organic phase, Isotopic distribution coefficient
of tritium between the organic and aqueous phases was observed to be about

0.95,

Keywords: Tritium, Distribution, TBP, Reprocessing, Extraction,

Tritiated Water, Uranyl, Nitric Acid

+ Office of Planning



JAERT—-M 89152

30%) YEER)FTFU(TBP) —/ W= FEFFhHY

(nDD) OFEBHELWEY 5 = v — HEEIERE O
BB R F e LS

A AR SR R - R T3
AR S A EE - RN
mE FR-uam BT

(1989%F9H22H=ZH)

by F LR E, 0% TBP—nDD .~ i~ 7 = v — B KR TRAIE LI MY F 74
d, FUFIaKk (HTO) &MU F7 i (TNO,) OLFERTTBPICH SN, €00
Bobbid, KM ORMERERES 0~6mol /£, MU FILBEN0L~B00mCi £, HHHETD
D5 VEEH0~125 ¢ — U AR 0002 5 0005 DRATE N, T/, ZORIF
7 40 2 MERGA I AR, R 090TH -7

TR T319-11 FHERHEEHN /7B 2- 4
+  EE



JAERI-M 89—-152

Contents

e INtrodUCLIiON sisiscretesnervrasasnsscsstcrnsenrtevoncascvansnossanssns

. Experimental ..ciiviiecoiresantecsansasntateresiostanitahartntarann

1

2

3. DiSCUSSION 4iaverovtruennsrarassssssesnnssarssncnsasnssnsnsnsnns
4

. COHCluSiOI‘l I R I R R I R R I I I N N A A N N R A

R RERE]

ACkNOWledEmENES serusearssssncncsarsencsasvasnenssssnsonsssnsnsnsss

~5 @ o = o =

LI RCRE N B RN A )

References LR R R I I R N N I AR A I A R R SR B I RN Y BN A A 3

L dusic

o]

® B
3 FEBERLEE

4 % EEﬁ E et e ke b an B e en e e NN AR b b ed ke e b me e ek ea ke d s e pak e ek kst e ke e e ed b e kb pen ey 8

% H



JAERI-M 89—152

1. INTRODUCTION

Tritium is one of the nuclei generated by the ternary fission in
nuclear fuels(l). The tritium is released when they are dissolved in a
reprocessing plant. The released tritium is diffused and diluted through-
out the process. This betha-ray emmitting nucleus causes many troubles in
the plant maintenance and the contamination of environment. However, in
the currently running reprocessing plant, the tritium is neither recovered
nor retained in the plant. This isotope is able to be used as a fuel in
D-T burning fusion reactors. So, it is recommended that tritium be
reasonably managed and controlled in the future reprocessing plant(2).

For the purpose of retaining the tritium in the nuclear fuel repro-
cessing plant, two methods: the tritiated water recycle process(1-6) and
the voloxidation(7,8), have been proposed. 1In the voloxidation method,
tritium is released into the off-gas by the oxidation treatment of sheared
fuels in the head-end process applied to the ordinary Purex process.
Tritium introduction into the solvent extraction process can be avoided by
this method. However, it is accompanied by the difficulty of handling of
highly radicactive powder. As for the tritiated water recycle process,
tritium is dissclved by nitric acid solution along with fuels in the
dissolver. As shown in Fig. 1, the uranium bearing aqueous solution, which
is contaminated with tritium, is introduced into the co-extraction step.
Most tritium is separated into the high level aqueous waste (HAW), however,
up to 7% (1) of the tritium flows along with the organic solvent to the
uranium-plutonium partition step. In the tritiated water recycle process,
the organic solvent, which flows along with uranium and plutonium from the
co-extraction step, is scrubbed by a non-tritiated nitric acid solution and
set back to the co-extraction step. Nitric acid is recovered from the
raffinate of coextractlion step by evaporation operation and recycled to the
dissolution step. The recycled nitric acid is contaminated by tritium and
the concentration of tritium in the recycled aqueous solution increases
dependent upon the number of the recycling. Thus, tritium is retained in
the reprocessing plant,

The key operation in the tritium recycle process is the tritium
écrubbing step. Multi-stage extractors such as mixersettlers or pulsed-
columns are applied for this operation. Tritium is able to be scrubbed
by the distribution preferred to the aqueous solution rather than to the
organic solvent during the contact of solutions. Equilibrium of the

tritium distribution, however, has not been made clear in the literature.
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As one step of establishing an effective tritium scrubbing technique,
tritium distribution ratios between the organic and aqueous phases were
measured in the present study. The influences of concentrations of nitric
acid, uranyl nitrate, and tritium on the tritium distribution ratios are

discussed.

2. EXPERIMENTAL

2.1 Experimental Procedure

Tritium distribution between the phases was investigated by the
beaker-scale experiment. Figure 2 shows the procedure., Tritium in the
form of tritiated water(HTO) was loaded into the experimental system.
Certain amounts of uranyl nitrate, nitric acid, and tritiated water were
added into the system composed of a nontritiated water and a 30 volume
percent TBP diluted with nDD organic solution. A twenty milli-liter volume
of each solution was mixed thoroughly by shaking for more than 2 hours so
that the distribution equilibrium was attained. After the shaking stopped,
the solutions were settled in a tube with plug for over 2 hours enough to
separate the phases completely, Then, the concentrations of sclutes in
each phase were analysed. A shaker attached to a water bath was used in
order to fix the solution temperature at 20 °C.

The concentration ranges of solutes in the present experiment include
the standard conditions applied to the ordinary Purex process. Nitric
acid concentration in the aqueous phase was varied in the range from 0 to
6 mol/L. Uranium concentration in the organic phase was from 0 to 125
g-U/L. - Tritium concentration in the aqueous phase ranged from 0.5 to 800
mCi/L.

Tritium concentration was analysed by liquid scintilation counter.
Nitric acid and uranium concentrations were analysed by potentiometric
titration. Water content in the organic phase was analysed by Karl

Fisher titration.

2.2 Experimental Results

Figure 3 shows the results for a uranium-free system. Tritium was
distributed between a 30% TBP/nDD organic solvent and nitric acid soluticn.
Nitric acid concentration in the organic phase increases in proportion to

nitric acid concentration in the aqueous phase. On the other hand, water

-9
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content in the organic phase decreases by increasing the nitric acid
concentration. Displacement of water by nitric acid occurs at the
adsorbing agent TBP in the organic phase. Tritium distribution ratio DT
is defined by Eq. (1) in the present work.

_ (Tritium concentration in organic phase) (1)

D, = r . .
T (Tritium concentration in aqueous phase)

The value of DT increases by increasing nitric-acid concentration, although
tritium is loaded into the system as tritiated water. This phenomenon
indicates that tritium easily exchanges between tritiated water(HT0) and
tritiated nitric acid(TNO3). Value of the obtained tritium distribution
ratio agrees with that of distribution ratio of hydrogen atoms composing
the water and nitric acid in both phases. Tritium atoms are, therefore,
extracted into the organic phase as both chemical species of tritiated
water and tritiated nitric acid.

Tritium distribution ratio DT decreases by adding uranyl nitrate into
the system as shown in Fig. 4. For this case, nitric acid concentration
in the aqueous phase was constant at 1 mol/L. Uranium cencentration in the
organic phase increases by increasing uranium concentration in the aqueous
phase. Uranyl lons displace water and nitric acid at the adsorbent TBP in
organic phase. As the result, tritium distribution ratio decreases by
increasing the uranium concentration,

Figure 5 shows the result for the case of 85 g-U/L uranium concen-
tration in the organic phase, which is the standard condition of ordinary
Purex process. Tritium distribution ratio DT increases from 0.002 to 0.004
by increasing nitric acid concentration in the aqueous phase from 0 to 6
mol /L. The value of DT obtained is about one fourth that for the uranium-—
free system shown in Fig. 3. Water content in the organic phase decreases
by decreasing nitric acid concentration within the limits of lower 1
mol/L.. This tendency indicates that water is extracted differently
between the cases of Fig, 3 and Fig. 5. In the case of Fig. 5, concen-
tration of free-TBP, which is free from uranyl ions and nitric acid, is
small and the hydrophobic property of normal dodecane appears to dominate
the organic phase. Thus, water weakly bound with TBP is easily expelled.
The similar phenomena is reported by Daﬁis(Q).

Tritium distribution ratio D., is nearly constant in the present

T
experimental range from 0.3 to 800 mCi/L of tritium concentration in the
aqueous phase, as shown in Fig., 6, For this ease, nitric acid concen-

tration in the aqueous phase was 1.5 mol/L, uranium concentration in the

_3_
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aqueous phase was 1.5 mol/L, uranium concentration in the organic phase

was 85 g-U/L, and the temperature was 25 °C,

3. DISCUSSION

The present experiment indicated that tritium was extracted by
tritiated water and nitric acid respectively. Fxtraction of water and
nitric acid into organic solvents has been studied by many researchers
(9-13). Estimation equations of the concentrations of uranium, nitric
acid, and water in organic phase have been proposed and used in SEPHIS
computer program(l4) for the conditions of ordinary Purex process.

According to the literature, the following reactions occurr during the
present extraction. One mole of uranium is extracted as uranyl nitrate in

co—ordination with two moles of TBP.
U02%% + 2NO3™ + 2TBP = U0,(NO;), 2TBP (2)

One mole of nitric acid is extracted in co-ordination with one mole of TBP
within the concentration lower than 6 mol/L, which is the present experi-
mental condition. Water is extracted in co-ordination with TBP by the
ratio of n to one, where the value of n is smaller than unity. In the
cases of tritiated water and tritiated nitric acid, these reactions are

expressed by Fgs. (3) and (4).

T4 NO3 + TBP = TNO; TBP (3)

nHTO + TBP = nHTC TRP (4)

Tritium reacts solely with free-TBP which is not co~ordinating with uranyl
nitrate, In the literature(9), "free-TBP" has been defined as the TBP
which is not co-ordinating both with uranyl nitrate and with nitric acid.
However, this definition is unsuitable for the study of tritium scrubbing,
since nitric acid is also tritiated. In the present work, therefore,
free-TBP is defined as the TBP which is not co-ordinating solely with
uranyl nitrate.

. Relation between tritium distribution ratio and the free-TBP concen-
tration is shown in Fig. 7 for the 30% TBP-nDD/uranyl nitrate-nitric
acid-water system, Tritium distribution ratios DT obtained for several

nitric acid concentrations are plotted on the figure. The value of D, is

propotionate to the free-TBP concentration and nearly equals zero near zero

_4_



JAERI-M 89-152
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free-TBP concentration. This indicates that the tritium extracted by Eq.

(5) is far smaller than that etracted by two reactions of Eqs. (3) and (4).
U0 (NO3)2 2TBP + mINO; + nHTO = UO0,(NO3)2 2TBP mTNO; nHTO (5)

The lines in Fig, 7 represent the estimated distribution ratio of
hydrogen atoms, which compose water and nitric acid, as a function of the
free-TBP concentration. The equations proposed in SEPHIS program(l4) were
used in the present estimation of water and nitric acid concentrations in
the organic phase. Equilibrium coefficient of uranyl nitrate KU is

expressed by

[UQ05(NO3)2 ZTBP]Org

“u ~ T00(¥02)21,, [TBPIZ

(3.702*5741,4n2 * 240,010+ %) (4F~° - 17-3)exp (2, 500T) . (6)

Equilibrium coefficient of nitric acid KH is

[HNO; TBP]
KH _ org
[HN03]aq[TBP]Org

= (0.135n;-82+0.0052n;-““)[1.0-0.54exp(-15F)]exP(340T). (7)

where
n, = [HNOs]_ + 2[U02(NO)2], (8)
To= 27;Q-t B 2;8. (%)

Symbol F represents the TBP volume fraction in dry and solute-free solvent.
The value of F is 0.3 for the present 30% TBP-nDD scolvent, and temperature
t is 20 °C, Molar water concentration in the organic phase [Hzo]org is

expressed by

[U0z(NO3)> ZTBP]Org 0.65[HNO; TBP]

= _ _ _ org..1.65
_[Hgolorg-—(3.95 0.0144t)>(1.0 G q IF
(o] 0s

(10)
where symbols UOS and Hos are molarities of uranium and nitric acid,
respectively, required to saturated TBP in the organic phase, They are

defined by
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_ 0.5 s

Yos = 1.0 + 0.046 5 an
_ 5[1.0-0.00609(3.95-0.0144t)F**°°]

Hos 1.0 + 0.043 S (12)

Symbol S represents molarityrof TBP in dry and solute-free solvent, and the
value of S is 1.096 mol/L for the present condition, which is indicated by
the arrow mark on Fig, 7 showing the uranium-free system.

Molar concentrations of nitric acid[HNO; TBP]Org and water [Hzo]org
in the organic phase were calculated using these equations as a function of
molar concentrations of nitric acid[HNOa]aq and uranyl nitrate[UOz(N03)2]aq
in the aqueous phase. Concentration of hydrogen atoms in the organic
phase was obtained by the values of [HNO; TBP]Org and [Hzo]org. Con—
centration of hydrogen atoms in the aqueous phase was obtained through the

estimation of density. Density dt {g/ml.) of the aqueous phase at temper-

ature t (°C) was calculated by Egs. (13) and (14) (ref. 15).
dt = 1,0125d,5 + 0.000145¢t - 0.00050td,s - 0.0036 (13)
where d;s (g/uL) is the density at 25 °C.

dzs = 1.10012 + 0.3177{U02(N03)2]aq + 0.03096[HN03]aq (14)

Weight concentration of water in the aqueous phase was obtained by sub-
tracting [UOz(NO3)2]aq and [HNOa]aq from the value of dt' Then, the
concentration of hydrogen atoms was calculated from molar concentrations
of water and nitric acid in the aqueous phase, The free-TBP concentration

[TBP]f was calculated by
org

[TBP]grg = [18%] - 2[002(N03), 2TBPI (15)

org
The lines representing the distribution ratio of hydrogen atoms are shown
in Fig. 7 as a function of the free-TBP concentration [TBP]irg using
nitric acid concentration [HNOg]aq in the aqueous phase as a parameter.
The distribution ratio of hydrogen atoms Increases in proportion to the
free-TBP concentration, and increases by increasing nitric acid concen-
tration. The tritium distribution ratios DT obtained in the present
experiments, plotted on the figure, have the similar tendency to the
estimated distribution ratioc of hydrogen atoms. The tritium distribution

ratios, however, generally give the smaller values than the estimated

_6_
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distribution ratios of hydrogen atoms composing water and nitric acid.
Figure 8 shows distribution ratios for the case of 1 mol/L nitric
acid concentration in the aqueous phase. The line represents the
distribution ratio of hydrogen atoms calculated using by the estimation
equations of nitric acid and water. Open circles represent the distribution
ratios of hydrogen atoms calculated using the concentrations of nitric
acid and water in the organic phase obtained in the present experiments.
Solid dotts are the tritium distribution ratios directly obtained in the
present experiment. The open circles agree well with the line. This
indicates that the distribution ratios of nitric acid and water obtained
in the present experiment coincide with the estimation equations used.
Sclid dotts, however, are slightly lower than the line. The discrepancy
is considered to be caused by the isotope effect of tritium between the
organic and aqueous phases. Then, isotopic distribution coefficient KT
of tritium between the phases was defined by the ratio of the isotopic
concentration ratio [T]/[H] in the organic phase to that in the aqueous

phase,

([TI/(BD) o
- (7D

K (16)

The walues KT obtained were plotted on Fig. 9 as a function of the
free~-TBP concentration for the cases of 3.5, 2.5, and 1.0 mol/I. nitric
acid concentrations in the aqueous phase. The mean value of KT is found
to be about 0,95, smaller than unity, although some scattering of the data
is observed. The reciprocal equals to 1.05, The tritium isotope separation
factor of water distillation method has been known to be the similar value
(16). The isotope effect is caused by the different strength of the
hydrogen bonding between the aqueous and vapor phases. In the present
system, the strength of hydrogen bonding in the organic phase is weaker
than that in the aqueous phase(17,18). Therefore, it may be concluded

that tritium isotopic concentration in the aqueous phase is enriched by

1.05 times that in the organic phase.
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4. COKCLUSION'

For the purpose of establishing an effective tritium scrubbing

technique in the fuel reprocessing process, tritium distribution ratios
between the organic and aqueous phases were measured for the system of 30%

TBP-nDD /uranyl nitrate-nitric acid-water. The following conclusions were

obtained.

(1) Tritium is extracted by TBP into the organic phase as both chemical
species of tritiated water(HTO) and tritiated nitric acid(TNO;).

(2) Tritium distribution ratio decreases by increasing uranium concen-
tration and increases by increasing nitric acid concentration, it
does not vary along with tritium concentration in the present experi-
mental condition.

(3) Tritium distribution ratio ranges from 0.002 to 0,005 for the standard
solution conditions of the Purex reprocessing process. Therefore,
the value of tritium decontamination factor in the scrubbing step is
expected in the range from 200 to 500 per one stage, if the stage
efficiency is 100% in the process.

(4) Isotopic distribution coefficient of tritium between the organic and

aqueous phases was considered to be about 0.95.
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Fig, 2 Experimental procedure for measurement
of tritium distribution ratio between
the organic and aqueous phases.
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Fig. 3 Tritium distribution ratio, concentrations
of nitric acid and water in a uranium-free
30% TBP-nDD organic phase, as a function
of nitric acid concentration in the aqueous
phase. The temperature is 20 °C.
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Fig. 4 Tritium distribution ratio as a function of
uranyl nitrate concentration in the aqueous
phase. Nitric acid concentration in the
aqueous phase is constant at 1 mol/L and
the temperature is 20 °C.
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Fig. 5 Tritium distribution ratio, concentrations of nitric acid
and water in a 30% TBP-nDD organic phase loaded uranyl
nitrate of 85 g-U/L, as a function of nitric acid con-
centration in the aqueous phase. The temperature is 20 °C.
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Fig. 6 Tritium distribution ratio as a function of tritium
concentration in the aqueous phase. Nitric acid con-
centration is 1.5 mol/L in the aqueous phase, uranium
concentration is 85 g-U/L in the organic phase, and
the temperature is 25 °C.
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Fig. 7 Relation between tritium,distribufion ratio and the

free-TBP concentration defined by Eq. (15), for a
parameter of nitric acid concentration in the aqueous
phase. The lines represent the estimated distribution
ratio of hydrogen atoms composing water and anitric
acid. The arrow mark shows the uranium-free condition.
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Fig. 8 Tricium distribution ratio as a function of the free-
TBP concentration for the case of 1 mol/L nitric acid
concentration in the aqueous phase. The line represents
the distribution ratio of hydrogen atoms composing water
and nitric acid.
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Fig. 9 Isotopic distribution coefficient of tritium defined by

Eq. (16), as a function of the free-TBP concentration
for the cases of 3.5, 2.5, and 1.0 mol/L nitric acid
concentrations in the aqueous phase. The temperature
is 20 °C.




