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Tl S THE SOLVENT EXTRACTION OF HEPTAVALENT
o TECHNETIUM BY TRIBUTYL PHOSPHATE*

D. J. Pruett
Chemical Technology Division -

- Consolidated Fuel Reproéessing_Program )
Oak Ridge Natiomnal Laboratory
Oak Ridge, Tennessee 37830

. ABSTRACT

_ The solvent extraction of heptavalent technetium from aqueous
nitric or hydrochloric acid by tributyl phosphate in n-dodecane (TBP-
NDD) has been studied over a wide range of TBP and acid concentrations
at 25, 50, and 60°C.‘+The extraction was found to proceed according to
the reaction 3TBP + H + TcO, - (HTCl, +3TBP). A discussion of possible
reaction mechanisms is presented, along with values for AG, AH, AS and
‘the equilibrium constant for the extraction reaction. Finally, evidence
for the coextraction of technetium by uranyl ions is presented.

INTRODUCTION

Tec-99 is a high yield»(6.06% from thermal neutron fission'of 233y (13),
long liver (Tl/2

makes up a dominant portion of the nuclides remaining in radioactive

= 2.12 x.lOSy) fission product that, along ﬁithilzgl,

- wastes after decay‘periods of 206 to lOOOy} A knowledge of the solvent
extraction behavidg of the eiement may suggest ways to isolate it and
perhaps simplify the waste problem. The sol&ent extractioﬁ chémistfy of
technetium has been'sﬁudied'uﬁder a variety of conditiong (i—S), but

:relativel§ little wofk has been done in systems likelthose‘ﬁsed in
treating nuclear waste. In oné investigation, carried out under conditions
similar to those used in the furex.brocessA(6), tributyl phosphate (TBP)
was used to extract teéhnetium from an aqueous U022+—Tc04_—HN03 solution.

: Hoﬁever, only a limited range of conditions were studiea. There are a
few other reported instances where TBP has been used as an'éxtractant
for technetium (e.g., ref..2),<but there has'been no comprehensive study

of this system,

*Research sponsored by the Nuclear Fuel Cycle Division and the
Division of Chemical Sciences, U.S. Department of Energy under contract
W-7405~eng~26 with Union Carbide Corporation. ‘



The present work was undertaken to examine the use of tributyl

phosphate in ‘n-dodecane (TBP-NDD) as an extractant for aqueous, heptavalent:

technetium under a wide range of conditions. Distribution coefficients

as a function of.temperéture and the concentrations of TBP, HNOj3, HC1,

and UO,(NO3), were determined and ‘analyzed. These data were used to
determine a probable stoichiometry for the extraction eqhilibriﬁm reaction,

and to calculate certain approximate thermodynamic properties of the

‘solvent extraction process.

EXPERIMENTAL

Technetium - Tc-99 was obtained as solid NH, TcO, from the Isotopes

Division, Oak Ridge National Laboratory. .Thé'salt_was purified and

converted to the potassium salt by dissolution in warm, ammoniacal H,0,,

‘followed by the addition of KOH and heating to drive off NH3 and precipitate

KTcO, . The solution was chilled in an ice bath, and the fine white

érystalline pfecipitate.was filtered and washed with cdld absolute

ethanol. Finally, the broduct was vacuum dried at 80°C in an'Abderhélden

drying apparatus.

Tribﬁtyl-phoéphate - Solutions of TBP-NDD were prepared as described
previously (7). All TBP-NDD solucibns were saturated with water during

their preparation, and remained so during. their analysis and use.

Distribution Measurements - Nitric acid solutions of KTcQ+ were prepared
by diluting 2.00 ml of 0.0495 M KTcO;, along with an aliquot of 10.0 M
HNO3 sufficient to'pfoduce the desired final acid concentration, to

exactly 25 ml with-diétiliedlwater, Exactly 20 ml of these soluﬁions,



were emulsified with.-an equal volumc oE.TBP—NDD'that'had been preequilibrated

with nitric acid of the same concentration, but containing no technetium.

"Note that when the water-saturated TBP-NDD. solution was equilibrated

with an aqueous solution of nitric acid, a small change in the volume of
the TBP phase occurred as HNO; was transferred into and Hy0 'was transferred
out of the organié phase. At high TBP and HNO3 concentrations, this

effect can produce a substantial'change in the. volume of the organic
- : 4 .

phase, and hence in the TBP concentration. HoweVer,-under the conditions

of the experiments reported here, a maximum volume-change of about 5%
(usually much less) occurs. These small changes were neglected, and all

TBP .concentrations cited refer to the initial, water-saturated TBP-NDD

" solution before it was equilibratéd with HNO 3 .and KTcOy. If desired;

the final concentraﬁionAof TBP in the‘'organic phase’ﬁay be calculated
‘using the data of Davis (8-10).
/

Equilibrations were carried out in a water bath at 25, 40, and 60 *

0.5°C for 20 min to ensure thermal and chemical equilibrium. Preliminary

"experiments had shown that identical results were obtained for samples

‘withdrawn any time after 10 min. In those experiments containing uranyl

nitrate, aliquots of a stock solution prepéred by dissolving reageht
grade UO,(NO3),+6H,0 (Alfa;Ventren) in distilled water were added to the A
Volﬁmetrié flask beforevdilption." |

Studies of the KTCQ;—HCI—HZO—TBP system were carried out as described
above, except that HC; was substituted fof ﬁNOgg 1t was neceésary to
dilute the stock solution of HC1 to a concentration of less than 6 M
before adding‘KTcOu to prevent reduction ofithe'pertechnetate ion.

Analyses — TBP was analyzed by a modification of the dieleqtric
constant method originali§ developed by Kelly et al. (11). Samples were
washed once with 0.0i M Na,COj, followe& by two washings‘with distilled

water. The dielectric constant of the sample was then mrasured and the



TBP concentration determined by comparison with a calibration curve

prepared by measuring the dielectric constants of a series of standard

TBP~NDD solutidﬁs and fitting the data to a quadrati¢ equation. The
estimated erro; of .the method is iO.liv/é TBP.

Technetium concéntrations in aqueous,and organic sqlﬁtions,were
de;érmined-ﬁylbeta counting using a Packard Model 2425 liquid~scintillation

spectrometer. Counting efficiency was greater than 80%. Most solutions
. 4 .

. required a dilution prior to beta counting; acid solutions were diluted

with water, and organic solutions were diluted with 30% TBP-dodecane.
Quenching was minimized by counting small aliquots of the dilution. The
liquid scintillation medium was Packard Instagel.

Uranium was determined by Neptron,Activation Analysis;

RESULTS AND DISCUSSIONS

Effect of Nitric Acid Concentration

Figures 1-3 show plots of DTC {i.e., (Tc)organic/(Tc)aqueous] as a

function of nitric acid concentration .at 25, 50, and 60°C. For any

given IBP concentration, the distribution coefficient increases rapidly

with increasing acidity until a maximum is reached between 0.6 and 1.0 M

HNOj3.- Above_y.O M HNOj3, D o falls off rapidly as competition. from the

T

significant amounts of nitric acid present in the organic phase reduces

_the amount of free TBP available to extract technetium. The maximum

seems to occur at slightly lower acidities as the TBP concentration
increases, and at slightly higher acidities as the temperatures increases.
These trends, while not very pronounCed, follow the qualitative changes

in the distribution coefficient of nitric ‘acid and hence the concentration

"of free TBP.
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Effect of Hydrochloric Acid Concontration
In contrast? fiéuros 4-6 show the distribution péhavior of technetium

when hydrochlorio acid is substitutedvfor nitric acid under the same
conditions ofAtemperéture and TBP ooncentrntions. The distribution
coefficient increaseo smoothly as the HC1l or TBP concentration is inoreased.,
The'differences‘in the distribution behavior between the:two'systems can
be largel& attributed to#tho relatively large amounts of nitric acid
thot can be extracted by TBP, which reduce the amount of_uncomplexed or
"free" TBP availabie to extract perteohnetate. Hydrochloric- acid .is much
’loss.cxtractable, S0 COrreotions for.the amount of TBP complexed by thé
mineral ocid are small or negligiole over the range of conditions studied}:

'.Figure 7'ohows that plotting DTC as a funotion of the mean molar
:activity of hydrocnloric.acid (4) at 25° yields.linear curves nith‘o slope of
one under all conditions studied. This suggesté that a single proton is
involved in the extraction reaction and that, under these conditions,
competition between HTcQ, and HCl for TBP is negiigible; implicit'in
this'treatmont is the”assumption thdt thé'activity coefficients of.the
‘aqueouo and organio'technetium spocies’are constant (and probably near
unity) in .these dilute (0 to 500 ug/ml) solutions. The activity cooffioiént
of TBP at a given concentration io also assumed to be unchanged by the

extraction of small amounts of technetium and HCL.

Effect of TBP Concentration

Typical plots of D as a function of TBP concentration in the

Tc . .
nitric acid system are shown in Fig. 8. The slopes of these and similar
lines that may be constructed from the data in Figs. 1-3 have an average

value of 3.1 0.2, suggesting that three TBP molecules are involved in

the extraction of pertechnetate. Similar results have been found previously
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for both pertechnetate (6) and perrhenate (which behaves similarly) (ll);
though over a much smaller range 6f conditions. If the dist;ibution '
data for the hydrochloric acid system (Fig. 4-6) is tfeated in the same .
way, é similar fémily of curves is generated'with'an averagé slope of

3;2 + 0.1. |

Figure 9 compares plots of D° as a function of mean molar activity

Tc

in the HNOj and HCl systems. D°;

Tc~is obtained by dividing D

Te by the

concentration of free TBP toAthe third power [(TBP)ftee = (TBP)organic -

n(HX-nTBP) ]. This hormalizgs the distribution coefficient to a

organic

constant 1 M concentration of free TBP [see refs. (7) -and (12)]. A

straight line with a slope of one is obtained for the HCl - -system; howevér,

the curve for the HNO3 system is nonlinear. The initial portion of the
HNO3 curve has a slope near one and lies close to the HCL
curve. However, as the acid concentration in.incredsed, the HNOj3 data

begin to curve, and consistently lower values of D°_ are obtained. The

Tc
HNO3-TBP—H20 system is known to be quite complicated (13), and it would
appear that. the empirical method used to correct for free TBP in this
system is not adequate to account for the rapidly increasing concentrétion‘

of nitric acid and subsequent activity coefficient changes in the organic

phase. In the HCl system, much less acid is extracted, and these corrections

are not so critical. It is also possible that a second speciés may be

extracted in the HNO3 system, but this has not yet been established.

Extraction Reaction Stoichiometry

These data presénted above sﬁggest that the following equilibrium
predominates in the extraction of pertechnetate ion from acid solution-
by TBP:

4+ . = . :
H + TcO, + 3TBP =+ (HTcO,-3TBP) - (D)

organic
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This étoichiometry Has been suggested for both pertéchnetate (6) and
perrhena£e‘(ll);valthougtheftes and Beck'(l4> reppft a fourth-order
deﬁeﬁdépée on TBP. Each sﬁeciés-in Eq. (1) would also bebhyerted to an
undetefmined degree,A |

SincelHTCOQ is a strong acid (15), it might be expecfedxgo behave
like other strong acids,“especially strong oxy-acids, whén(in#eracting
with TBP. However, while tﬁerevis evidence'for‘l:Z and 2:1 TBP:HA |
'éémblexes containing varying nuﬁbérs of HZO‘méleéules-(IQ, 16), most of
" the acids that have been studied férm 1:1 cbmplexes with TBP under most
conditions. 'A solvation nﬁmber of tﬁree appeafs to be most unusual.
' HC1Q+.has béeﬁ reportéd to forﬁ céhplexes containing 1, 2, or 4 TBP
m&lecules and from 2.5.to 10 Qater molecules, depeqding on the fotal'
ﬁClOu cOncentragion'(l7).
On the basis of extensive ph&sicochemical data, the follqwing4interaction.
between TBP monohydrate and'tefrah?drated peréhloric acid was proposed
in dilute (up to'2.§ HC16ui solqtidn: | |

4(TBReH0) () + H90q+(aq) + ¢10, "(aq) ~+

(TBR, “HCLO, - (H006) (g gy - - @

. The TﬁP‘monohydréte molecules may be hydrogeﬁ bonded to either the Cqu-
oxygeﬁ atoms or tﬁe ;etrahydrate proton,'since HC1Q, is extensively
dissoéiated iﬁ TBP (16). .In fﬂe former case, the perchlorate ion may be

considered as the species being extracted, with a hydrated proton providing
for electroneutfali;y. In the latter case, a hydrated proton is extracted{
and the anion serves toAbqlancé eleétricél charge. Intermediaté cases, |

where both the perchlorate ion and the hydrated proton are hydrogen

bonded to one or more TBP+H,0 complexes, are also possible.
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HC1Q, ie»unique in that it is the only mineral acid that is strong
in TBP,‘even though its ionization is euppressed when a diluent is added
to the organic'phase.- it is uhlikely that HTcOy behaves‘as a strehg_,.
ac1dV1n an organic TBP NDD- HNO3—H20 phase. Hence, mechanism involving
the exclusive solvation of a hydrated proton by TBP are unllkely These
‘mechanisms are further excluded by the experimental‘results presented_
here. If TBP were actlvely solvatlng only protons and not the TcOu
ions, the TBP- H —HQO complex would carry essentially only N03 ions into-
the organic phese to marntaln-electroneutrallty since they are far more
‘ahailable (bwl to 4.6 M) than.TcOQ_ ione (0.004 M), and no appreciable
distribution ef techhetium into the organic phase would be Qbserved.

A more likely bonding seheme might involve TBP'molecules hydrogen
bonded to a HTcO, molecule.. In‘the organic phase, hoth TBP and TBP
monohydrate are'available:tobformhcoordination complexes. At the' S
_aqueOus—organicAinterface, TBP-H,0 is probably the predominant sPeciee.
Consideration of theee:facts.and an examination of molecular scale
mohels'lead‘to two possible etructhres of the TBP-HTcO, compiex; represeﬁted

by I--and II, below.

.OP(Bu)s N ‘ LOP(Bu;
H" . - ’ H'
~ : _ - /
o/ ?
| v v ' o---Tc
0-=Te : \,
o ® .'IH_O
O P(Buly H, N M
o. . . . H . .
OP(BU), . .. ' OF.’(BU);
_ ‘OP(Bul;
1 S 3

Structure I is the less satisfying of the two, as it involves three

different types.of HTcO, ~to-TBP bonds, is highly unsymmetrical; and is
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slightly ﬁore crowded sterically than is the second model. Structure Tl
R involves'bonding only through .the oxygen atoms 0f thg pertéchneta§¢ ion
and no direct TBP-Tc boﬁds. Such a complex couid‘form iﬁ two steps.
de TBP monohydrate moletules on tHe interface could coordinate to the
'ox§gen,étoms of the pertechnic acid molecule. This complex'could move
into the organic phase, .where a free TBP ﬁolecuie could then hydrogen
bond to the pertechnic acid proton: |

The fourth oxygen atom qf HTcO, is also availagle to coordinate to
a TBP monohydréﬁe compleg. This site is some&hét obécured in the tri-
~ TBP complex, but it can be'reaéhéd and gﬁe resulting HTCQ+-TBP?(TEPjH20)3
cqmplex,'while sémewhat more.crowded, doeé not abpear to be impossible.
..Iédeea,‘the existance of this highéf TBP:solvaté.méy'account for the

fact that plots of D, versus TBP cOndentration'intthe HCl system produce

Tc
1ines‘wﬁose slopes are constantly slightly greater thdﬁ~3.0 (3:08 tp'
3.48), Similar complexes may account for the reported HRéQ+°4TBP and
HC1Q, <4TBP (14) éomplexes. |

- Methods are available to dgtefmine_ifAthese or'éome dthér structufes

actually exist.  Feor example, a study of the interphase transfer kinetics

of pertechnetate could be used to determine the order of the aqueous-to—-

organic and organic-to-aqueous rate equations with respect to the concentration

" of TBP: If,the:two—stép-mechanism 1eéding to the‘formation of the tri-
.solvatedAspéciés in the organic phase is correct, the aque0us—to—organic
‘rate eipression will have a second-order dependence on. TBP concentrétion,'
and thg organic-to-aqueous rate ekpression will have a negé;ivé first--
order dependence on the TBP concenéraﬁion. Obviously, if this‘mechanis@-7
is'incorrect, otﬁer‘resﬁlgs are possibleAthag may suggést other mechanisms

and structures. Infrared or Raman spectral studies may also prove
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helpful in identifying these complexes. Attempts to isolate crystalline

compounds are also being made.

Calculation of Equilibrium Quotients

The concentration equilibrium quotient expression for Eq. (1) may

be written as:

. [HTcOy, + 3TBP ] . ‘ . o (3)

e 10, ") (18213 (1]

where [HTcO, +3TBP] is equated with the measured concentration of technetium

in the organic pnase. Unfortunately, the available activity coefficient

‘data for the components of this system, needed to calculate a true,

thermodynamic equilibrium constént, afe qﬁite'limited, especiaily at
temperatures pther than 25°C. Nonétbeless, a reasonébly»constant value
for KC can be obtained by insérting the known stoichioﬁétric concentrapions
of each species into Ed. (3). Further, by taking advantage of the knownA
activity coefficientngf nitric acid and hydrochlpr;c acid, an improved
expréssion can be developed. |

In the nitric acid system at 25°C; Eq. (3) can be modified to tgke

into account the degree of dissociation (a) of nitric acid (18) -and to

' correct for free TBP effects (12):

(HTcOy «3TBP] ‘( 5

K% = — .
[Tcq, _'][TBP]3free o ;HN03]' _

Table 1 shows some typical values of KC calculated from Eq. (4)f For a
given TBP concentration, the values of K are somewhat higher at low acid .
concentration, pass through a minimum near 2.0 M, then rise again‘slightly.

For the data shown in Table 1, the average value of K is 0.94 + 0.15.
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.
Table 1. Calculated valﬁes of Kz for the extraction‘
of HTcOy from nitric acid . '

(10 v/o TBP, 25°C)

0.1 0.2 04 0.5 0.6 0.7 0.8 0.9 1.0 2.0 3.0 4.0

1.27 1.16 1.02 0.97 0.95 0.91.0.89 0.86 0.82 0.77 0.81 . 0.89
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If all the data in Fig. 1 aregused,'the averége vdlue of K is found to
" be 0.97 + 0.45. Large deviations from this value-occur atAﬁigh TBP
éonceﬁtrations and low .acid cohcgntrations, resulfing in'a 1a¥ge-5tanda;d
deviation on the value for K. For example, in 0.2 M HNOj usiné.80 v/o
"TBP, a value of 2;51.is'9btained for K. Similar deviations were observed
' in a study of the Reo;—léyStem (14) and:gre épparéhtly dpe to- changes in
the a;tiVity»cpefficients of the §arious'components of the system.
Unfdrtdnately;'n0'dataAa;e available fo cor?eét:for the.concentrapionA
of free TBP or the degree}éf'dissociation of’Hﬁog ét.elevated teﬁperatufes.
Hdwev.eAr,v' s;;ch corr'.ectioﬁs" should be‘ sma_liqt ﬁitric acid concentrations
‘below 0.8 M, anq using uncorrected values féf [TBEj and [H*] in‘Eq. (3)
Qndef these cohditions'yields Qalueé of 6.42'1'0fi6.and 0.11 + 6.05 for"
Kc at 40 gﬁd»§0°C. | |
In'thelHC1 system, frée TBP'éorrections épe negligible, and values
of Kc can béAéalculatéd‘diregtly from Eq. (3) by gquating [H+] with the
stoichiomgtr;c Hydrophlorié aéid congentration. ‘K; has'an average value
of 3.4‘i 1.8 at 259C,.0;89-£ 0.49 at 40° and '0.23 * 0.14 at 60°. As in
the nitric ‘acid system,<lafge &eviations from the average valueé'occur
‘at highacid and TﬁP'concentraﬁions;
. ‘ For those HCl'concehtrgtions where activity déta ére availablé, a
mixed concéntrétion—écfivity equilibrium‘constant;zKé,.may b§ calcﬁlated
by substituéing the mean molar hydrochiéric_aéidvactivityAfof the .stoichiometric
hydrdchioric écid coﬁcentration in Eq;‘(3); The évéragekvalué'bf Ké
ébtéiped in this way is 3.4 2 0;8 at 25°C.‘ Appareﬁﬁly,-the variafion in
the values of KC that lead to the large standard deviafion is due mainly\
‘to qciivity_effeéts, sincé using even a limited amount of actiﬁiﬁy data in

Eq. (3)‘result8'in the much more constant value of Ké. Since the technetium
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. concentrations: are so low-(lQ_3‘§.oY less), most of the remaihing_variance
in the yalue of the equilibrium.cdnstént is probably due to the qhanging
activities of TBP over the wide réﬁge of conditi&ns sﬁudied. A typical
set of values for K_ and Ké is shown in Table 2 for 307 TBP at 25°C.

~ Similar fésultg are obtained'ﬁhgn Kc aqd Ké are calculatéd a; 40
and 60°C. ‘These Va¥ues aré summarized in Table 3, along.with averadge
values ofAAqlobtained from thé reiétionship AG; = fRT In Kc (ox AGé
= —R‘Tfﬂln' ’K(':) . | ‘ |

FromAthe generél'relationship In K = —(AH/RT).+ C, ié can be easily’

_shown that when [TBP] and [H+] are held constant,'ln DTC = - (AH/RT) +

Tc Versus 1/T such as those shown

Cf, and-semilogarithmié plots of log D
.in'Fig;-lo should be linear Vitb.giope f(AH/2.3:R). The dat; in Figs. 4-6
may be uséd to construct 48 such plots, which yield an average AH
vaiue of -62.3 4.2 kJ/ﬁole. Usigg»this averagé valuelof AH, ASC (or Asé)'
may be calculated from the relationship AS% = (AH/T) + R lp
-Kc [or,ASé =.(AH/T + R 1n'Ké)]. The avefage yalues'of ASC'and‘ASé
calculated in}this way. are shbwn.in‘Table 3. |

"It should be noted that-USé'pf the average value of Ké or.Ké to
calculate AGC'Q? AGé (and éubsgquentiy ASC and ASé) givés slight}y
different values for tﬁe free’energy andlentrépy Ehanges khan are shown
in Table é; ThisAdiffereﬁce arisés because taking the,légafithm of each
calculated Qalue of K and then averéging is.nbt mathematically eqﬁiﬁalent
to. taking'the'logarithm of an average value fo?lK. Ip an ideal dafa
set, this differenée Qould not occur;

It should also Be ﬁdted tﬁat the‘average values of the various

péraﬁeters are ésSéntially ghe same when calculétedlwith or without‘the
| use Qf the évailabie’activity’coefficient data. However, the scatter in
‘the values; as measured by thé:standard dgviation.of the.avefage, is

substantially reduced when'the»activity,boefficients are used.
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Table 2. Calculated values of Kt and K;
. _for the extraction of HTcOy from'équeous

(30% TBP, 25°C)

HC1

QD . Kc c
0.2 2,67 3.49
0.4 2.51 —
0.6 " _ 2,57 -
0.8 o ‘i' : 2.54’ -
1;0 - __'4"“' 2.61 - 3.23
2.0 0 32 3.69.
3.0 499 3,79
4.0 6.54 3.71




for the extraction of HTcOy from aquecué'HCl

',Téble 3. Average values of K ; K', AG ,-AC', AS and AS
- c? ¢’ ¢ c c c

AS - - AG!
C C

A e AS!
T . .c - . K’ S c
(°cy ~(kJ/mole) - :(J/mole K c (kJ/mole) (J/mole K)
25 3.4 % 1.8 -0.66 + 0.24 -47.8 £ 0.8 3.4 £ 0.8 -0.68 * 0.17 =-47.6 + 0.5
40 0.89'% 0.49 " 0.17 £0.34 -48.1* 1.0 0.87 £ 0.32 0.13.+ 0.23 -48.0 + 0.7
60  0.23 0.14 I -47.9 £ 1.0 0.23 % 0.07 - 1.0 % 0.20 -47.8 % 0.6

1.

+ 0.34

Y7 -
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AAsimilan»treatment of the data from the nitric acid system (Fig.
1-3) éan be carried out,'but is hampered by a lack of activity data and
‘aétavto cdrreét for the'concen£fation of free TBP at elevatedltemberatures.
Nonethgless, an approximate value for AH can be obtained in the same way

"as in the hydrochloric acid system. 'Linear plots of D versus 1/T,

Tc
such as those shown\in.Fig.All, are obtained for nitfic acid concentrationé‘
up to i;OLM_and_TBP-conégntrétidnsugp to 60 v/o (2.2 M). If all the data _
presented in Figs. 1-3 isianélyééd in this way, an avéfage Value-fof AH
of -58,2:t-3.l kJ/mole is obtained;A UsingAthe'aQérage value of 0.97 for
Kg ét.ZSPC, a vaiue of 75 ¢ SQQ J/mole is dbtained-fbr AG,and AS is.
calculatedAto be -197 * 25'J/molebK;l‘The’iéfge, negative entropy term
‘obtainéd'iq_both‘;cid,sysféms is consispenﬁ with the lérgeAamouhts of

:orderihg that ﬁust occur as the fivé molecules and idns oﬂ the left hand

:side‘of Eq. (1) condense intqsa single‘compie%>9pecies.and as the stfucturé_

: breaking:oxyanioﬁs are fgmoved'from fhe'aqueous phase and allow the-
étructgre qf'the solvent go reform. Table 4 suﬁmarizes the vaIues~of
thg variouS<parameters qalculafed fér the HNOj system.

) Ideally, -of course,. the true thermodynamic eqpilibfium constant for
Eq. (1) could be calculated ﬁsing Eé; (3)  along with fhe appropriaté
aétivitf‘éqefficiEnfs. AIhis‘cbns;ént Qould be independent of the type
of acid usédnto SupplfAthéﬁprotonéifor the reaction. Thié is‘clearly
not the.césé'for fhe "constants" calculéted‘hgré;,aslé cémpafison of the
‘values in TabIes-3.énd'4'§i11 show. However, Ehis treatﬁent4does‘have
some pfedicfive vaiue, especially for thé leés cbmplicate&‘HCl'sysgém;
Substit,uting"'DTC fori[HTcdg-BTBP]/iHTcQJ Cin Eq; (3)Aand’taking'iogrithms;
it'is easily shown, that

InD, =1lnK_+1n (8] +3 1n [1BP].. - i (4)
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Table 4..

T 6, . as
(°c) c. - (kJ/mole) (J/molg K)
25' . 70.97 £0.45% . 0.075 % 0.8 ,—197‘t 25
400 042 %0.16° . 2.3%1.4 | 193213
60  0.11 £0.0s° - 6.1%1.7 193 ¢ 14

aKc from Eq. (4).

bKC from Eq. (3).
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But since AG = -RTInK =‘AH~TAR, then 1In K = (AS/R)—(AH/RI) and. using

the calculated values of AS and AH,

In Dy = -24.1 + 7500/T + 1n [H'] + 3 1n [TBP] (5)

This equatioﬁ,can then be used to'galculate an approximate value for DTC

.at any given temperature, acid concentration and TBP concentration in

thevhydrdchlotic'acid system. However, an improved eqﬁationfcan be
obtéined'by allowing AS,_AH, and the power dependences of [H+} and [TBP]
in Eq. (3) to act as parameters in the general equation.

In Dy =a+ b/T + cln [H+]~+'d in [TBP] . ~ ’ ‘ - (6)

" The multiple linear regression program in the statistics'package of a
Hewlett-Packard 41C calculator was used to fit this equation to the

experimental values for D

TC,‘TBP concentration and the mean molar activity

of hydrochloric acid; yielding equation (7)
‘ o © HC1

In Dy = -23.0 + (7160/T) + 1.05 In a,.  + 3.37'ln [TBP) . ()

Ihe-valqes of é, b, ¢, and a'are not drastically different from

" their ”idéal”;valqes in-Eq.‘(s), but génerally yield yalués Sf DTc much
closef.to the experimentally determined values.':As shown by the exambleé

_in Téble 5; the calculated valdes.éreféften'quitevclose to the experimgntal
values, but can beVsubstanﬁially'different at high acid or TBP concentrations.

In extreme cases, the calculated-valuelof D may be in error by as much

Tc
as 60%, bur more typically it will bé'within'5—15%~of the experimental -
- value,

Attempts to correlate the data from -the nitric acid system were

. . N . . " ' . " .
unsatisfactory except over very narrow ranges of conditions.

Effects of Adding Uranyl Nitrate
The finalAparamefer‘affecting technetium extraction by TBP that was

included in -this study was the addition of uranyl nitrate to the aqueous
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Table 5;‘-Sele¢ted”ca1culated and experimentél values for

D.. i
Tc.ln the HCl system

(uc1) - (TBR) - T Difference

- . o
) ) ®) Sexpt.  eale. .
0’ 0.366 298~ -0.230  0.199 . - -10
0 0.366 298, 0.401 0.403 . - - 41
8  2.20 . 298  22.4 - 241 48
2 2.93 298 149 6.8 . -54
2 0.732 313 0.223  0.243 - ° +9
0 2,20 M3 246 251 42
2 2.93 313 4.75 - 4.60 -3
0 1.47 333 0.521. 0.615 . +18
5 )

O O N O O O W K

.93 333 - .1.31  1.15 a2

" Average of all data: -4.8.



phase. Figure 12. shows some values of D
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Te at various nitric acid-

concentratidns when 0.1 ﬁ U0, (NO3), is aaded to the'aqueous.phasé cémpa;ed
to fhose wiﬁh no‘ﬁrani@m in the system. Under most;Aconditions,AD.TC is
sqbstaﬁtially iﬁcréaséd. Apparéntly,.a'pertéchnetate anion is substituted
for a nitrate anibn‘in'the eXtraction of.;ﬁe“uranyl in (6):

U02%+_+'N937 + TcQ,” + 2TBP +AU02(N03)(Té0g):2TBP - (®)

Efforts are:currently'being made to quantify,and explaih this effect.
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