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Abstract.

The relative measureaents of vapour pressure in

the systems TBP - hexane arid U0 2(N0 3 Л,- TBP - hexane

were performed with the help of the Mechrolab 301л

osmometer. The partial dinerization of tri'outylphos-

phate /Ł, • = 1.2-i ± 0.0-3 at 25 С/ алс! die sc.lva.ticn

Dhenonenon of the UO.-,(XO„ )„,2 T3P complex \ilth one

molecule of free TBP were found. Tlie гси

constant of the reaction UO., (NO^Jo. 2 'TBP + O P

Streszczenie

Na osnometrze Meełirolab 301.1 ^тукопало pomiary nz-
ględiie prężności par układów TBP - heran i U0 n (^0 o ) o

-TBP - he:.aneStwierdzono częściową dirieryz-ację t r ó j -
butylofosforanu /Kd^m = 1,24 ± 0,03; tcnp.25°C/ oraz
\rrstępov.-anie zjawiska solwatacj i konpleksu U0o(N0„)9.
.2 TBP jedną cząsteczką wolnego TBPO S t a ł a ró\.-nowasi
reakc j i D0 o (N0„L.2 TBP + TBP ;sp=Sr U 0 O ( M 0 „ ) „ . 3 TBP
j e s t równa 3,7 + 2,0 vs temperaturze 25 C,

Резюме
На осмометре Mechrolab 30IA были произведены отно-

сительные измерения давления пара для систем ТБФ-гек-
сан и и о 2 ( Ш з ) 2 - ТБФ - гексан. Найдено, что тр^бу-
тилфосфат частично подвергается дкмеркзапии (К~
1,24 ± 0,С8 при 25°С) и что комплекс UOjCMC^p^TR
способен сольватироваться одной молекулой свободного
ТБФ. Константа равновесия реалии и0р(Н0з)р»2 ТБФ +
+ Т Б Ф = £ U02(N03)2o3 ТЕФ равна 3,7 + 2,0 при 25°С„



i , ШТЕОШСТЮЙ

The 34>lvatiou of urauiuo compounds by organic solvents,
ia particular of urauiura n i t r a t e nalts, is long studied»
Trifcutyl phosphite is a solvent of special interest in tkese
iavesi,igatio-T-3 Vscanse озГ it.2 practical use in tlie repro-
csssing at rrracU^ted шс1 >:-к-г Г»лз1. For exuaple, the techno-
logical PureK prac ess, U-J.4» almost gtuorally applied in the
reprocessing of ftisl о it ел industrial scale, is based on the
use of TBP»

Suck pre'die::» аз t'uc cciip-jsiticsi of uraayl ni trate comp-
lexes «ith TEi', tlie i r -structure and. ia particular, the
course of extraction oi ur^ayl ni trate fro® an aoidilied
aqueous phu,sa to the orgiAiiic pJiase, ccapoeed of TBP in iuert
diluent, have iEtsia^eiy teen studied in tiie f i f t i e s ' " .
Tiaa salvation n-iaber ^ s dstsr-ained witu the belp of various

but ffiost frequently frosa the <Zependon.ee of uraoiua
oa rat io oa the oonceatration of TBP in the organic

phase ' ' • ' , from meaaareaeats of tlie solubil ity of the
о. i t rate sal t in TBP*' ' au.d frca infrared absorption spec-
tra ' " " ' " ' А / o£ the coaplexatioa producte Results of tbese

as perlit ted to define the formula of the coop i эх

as иО2(КО_)„ • 2 TBP, generally cited in the chemical litsra-

turee The cosuplsx uolecule does not contaia molecules ni

water алй is not etoargedo

The aias of the work was to study the solvation pheuomeaon

of uranyl nitrate toy TBP by means of the thermoelectric dif-

ferential vapour pressure method, usually called the vapour

pressure lowering /VPL/ methodc The problem of the composi-

tion of complexes arose Bisea carrying uut axpariffisata oa zhe

simultaneous extraction of p. rani urn, plutoaium and nitric acid

in the systea UO 2(NO 3) 2 - Ри(КО3)д - HN03/TBP-n-dodecane0

Till now in irkvestiga^ions of this type the aggregatioa of

solvent itsoir was not taken into account, therefore it was

e j e



interesting to study the composition of the organic phase

in a more complex тзау0 The replacement of и-dodeeane with

hssane was extorted because of low vapour pressure of

a-dodacaae,, This should no* have any influence on the cha-

racter of coraplexation processes.

It is not© worthy that from the point of view of appli-

cation of the ¥PL method the search after several species

in the solution with the aim at their identification is in-

verse to the traditional use of the methode The method is

routinely applied for the determination of molecular weights

of organic and inorganic substances and aggregation, disso-

ciation phenomena being strong impedimentso Whea molecular

weights of substances are known a priori, then it is possible

to investigate chemical equilibria in solutions,, One oan give,

as an example, studies of the aggregation equilibria of alkyl-

15/
ammoniura salts in benzene ™ and a study of the composi

tion of ZnCl2 oomplex with trichlorlaurylamine in оепгепе'

2„ PRINCIPLES OF THE V?L METHOD

The physical basis of the VFL method consists in a known

fact, that the vapour pressure of a pure solvent is always

greater than the vapour pressure of a solvent to which a

solute was added. The lowering of vapour pressure of solvent

is proportional to the molar fraction of the solute in the

solution,,

When* two drops of liquids, one being a pure solvent and

th© second a solution, are placed side by side in an isoth^rmic

chamber, to ishich previously a large quantity of the solvent

/placed on the bottom of a vessel/ has been introduced, then

after short time the drop of the solvent will be in equilibrium

with the vapour of the solvent in the gaseous phase,, The drop of

the solution is growing /the rate depends on the concentration

-2-



o.f tJae solute/ because the nunber о I' f.he solvent aioleculea

condensing on i t s surface is great--?! *,&an t-Jao number of the

evaporating molecules* AS a resul t , t':te mass transfer сссигз

connected with the evolution of condensation iaeat» The zsm-

perature of the solution drop is гагвег'гаь higher tisan the

tecparature of the solvent tli'fip. П.\е la t ter tesiparaturs LS

equal to the aistoient tcrip&r.it-tTt1 _"r •_-::& tćrniued by & heater

ooatrol oircuito

One o.f tho best v;uy r-.;.r ccuŁiauous measurements <ji very

з:.>?.11 t..-..pyratu;; & ЛГкгзпоез is to put tli-? drops c-a natalvtcl

teiUi'stori», аз :;bov.-:i in I'ig^i, 'Ric ot^n;^ of t,hs tiierai.otor

reaistaiice d! l u;ast be •prcporsioivu.l to the change cf tesa-

peratui-o Д1?* Т'аз MeoJarolab Ossoueter Łlodal 301A belongs

to the d.roy type of VPL csKoicetera ' . The fcfaermisto.rs are

of ]iig,li resistauce sEall beads vixxli diai.ist,er ciroa i шт,

eounted on fine wire3. Thoy constitute the essential part of

a DC t1j.itatoc.e bridge circuit, by nieaas of ̂ sfeioa ouaages of

electrical resistance of Ш е sassple beasl are measureu bj

coapensaDing on the balancing arme The scfeesae «?£ *he bridge

is sko?m in Fig o2 e It is designed for measuring values of

Af betwoes. tiie drops sq.ua! to 0s000i°Co Of oomrse, the

stabi?..ity of temperature in the chamiser isust be oiaintaiBed

adequately,,

VFL osaioaeters ai'e operating TSttth good accuracies wtaen

solvents, such а«з benzene, toluene, earboa tetraciiloride,

demonstrate groat volatility at moderate temperatures, antó

solutes, oa the contrary, shew very low volatilitye 'Thea tfae

content of tJae salute in the drop of the solution is constant

and the evaporation - condensation process is connected al~

isfost entirely v,rifc3i Ш е solventa The per cent of accuracy i.s

comparable wita the ratio of vapour pressure of the solute

to that of the solvent,,

The most characteristic feature of VPL oataoaeters is

that they "count" in the same way all particles in Ш е solu-

tion, independently of the chemical nature of species.

- 3 -



Sinple molecules of various тг-guitude, icoe, and aggre-

gates /diners, trimers, multiraers/ causs tJ>e sa^o effect

of vapour pressure lowering of a solvent provided tbeir

concentration in solution, expressed In к-?1аг fraction, is

equal» This gives a possibility of reading the ccneettU-a-

tions of various species from ono ca libra, tiers curve, traced

for a given solvents The calibration curvo е>:тг-с-и-зг:з tlie

values ДП for various concentrafr-icj'5 o" a st^e'evd

solute* The molecules of the stLnfevd зо1н*,с should cat

aggregate or dissocic-Ue; then, at correct of arr.taon. of tiro

osaonetar, the calibration curve a'-ci-.lr" be a sv.v.-jtrvĵt lie?,

As a rule, in the VPL ciet?iod sun.ll ccrcenfrat.ich? e.>p ;.'>H i-f,

ć-.re used and this aaKes poesiblo to е;;̂ л̂ ;;с i.11.:.; ̂ a Lho

molarity instead as the ETC IF r tx&^tioTic Д'.'-th calibration

curve and proper so lut ions/«,

It is desirable that the о*'0.рз U.'-.O;.'1'J ba of %h<i sare

magnitude because not T&iole boat of cone'ens^tion co^.tributo

to the rise of teraperatr :e of the drop and tber^islore Pa», t

of the heat dissipates frou the solution by cotivectioa,
IT/conduction aud radiation ', In SOE3 cases it may cause

false readings of A R and le.ok of good reproduci'oility.

3 e AGGREGATION EQUILIBRITOt STUDIES OS? TBP IN HEXANE

Bensil, tribenzylamine, biphenyl, i,2~dichioraben:r,ene

and n-dodeeane were used in hexano solutions for the cali-

bration of the Meohrolah VPL osp.omoter, nodal 301A« Een̂ sil

and tribenzylamine were not useful oeoause of too low so-

lubility in hexane at 25°CO On the contrary, Mphenyl aud

i,2-dicliloroben2ene gave an aggregation effect at concen-

trations above 0..05 Ы. Only n-Uodeoane gave an iacrease of

AH values proportional to the rise of concantr"tion in

the studied range 0.03-0.25 Mo The straiglit calibration



Line for tiie оопсеньгагюдз of a-uoaec&ne, greater глав,

foreseen as optimal iu Uie benall - aeuzeaa system, ie« из

to work with, сcueonсrations of larger range с&ал :>сятаа̂ 1>

used /0 e 0i - 0.15 M/.

The drops o£ liexaue atid sui table sample aoluticns were

placed by ш%.ог.з ax syringes oa beads and readings oi i . t

VŁŁLues wcr<3 r«'..arda.i a l t e r 2. I, 6, 3 anu 10 uiinut»3. The

roas".r<J:Jsouc of <ЛЯ for sacfi concentration or s&e ЗОАЦГ,1-:Г.

wu,3 rtr^"'tó'i tiireo linas* 'The grapi. 3f i i АЗ а Гипсti.ос

.'Г '..U".'.? H fj 1ч. ..: ociiabnicced i'roui frit i en т,йа vai;>_-s л В. 'i'-

г. з o wove r'ouud by .j.KŁra,polat<ion, In Я.^»0 :łia id^ariuA-

:«T.ion ai* ^.HQ for л 0.20 ii 3Jii'.;ica of п-йоЛ ;.:аае i.r

•:'f.oLcŁEc i s 3iKswae lite reprci-iiie.tbllitj' of rfcp-ibtuvt vfeaiiln^s

R.f the Л9 valut'S was abc-u^ L •>>,. vhe feprc-Jticlbiiity o£

ip.s.E,(3;'.re-SBe.ar-.5 w î-e IÎ ŁE? аг 25^^-.

Сйк rtits:ilt.4 i'or r,.Ui? ^-dodao«a.!i - u-..ji:ajae and TB.P-fifcX3.us

a/ytcvs ore siiov-u .iu 7ig;,-Ł. Т\:.Й poiav...- rćprsaentiug cite ^Ь, л

'U.Lu.t3 if о.- Luf vurious ccn.cwn.cra и ions ai' juJ„'.:taa i i a , -л

o i' 'KU' es а łiOi:-.tviiat a.'.i.v.''.j lin.'-5. a Die s r r a i s h t liaa was useu

г.-j tiT.6 ^aiiurat-ion curve. Ttife sloping ai tLe ГБР curve i s

caiiatd by the r<*iatlv« tieore'.iSa ia p a r t i c l e coacenvracxor.

witk g.fc>r.t»g ^oiai oouoent'.aticn ot the aoluie ia liexane.

Since t .ributył рка,ар'>аье aas tiie polar pteo3piu»ry.L group..

P-*-0, and tiesane ts a cojipoiar soiventi, it i s obvious to

assume the associat lca of ТБР aoiacules . The ma^ituda of

a,£gregatćJ3 tea.у vary. Iu t47.e aiKplest сазе they occur as

•Мгаегз,

Wlieu in tLe soiut ieu OŁiy оопспег ajut dimer molecules

of a soluto ars present, ша nggrv^bion eądiiibriuw is

aosily -tescribed.



that the sotivity coefficients are unity,

equilifcrinffl constant then iss

where x_ - concentration of dimer in the solution,

x - concentration of monomer.

It is obvious that x 2 must be equal to the difference

between the total concentration of TBP and the concentra-

tion of the monomer, divided by a factor of twos

X /2/
~ 2

The value of x can be found from the following

equations

where E - equilibrium concentration of all species in

the solution „ E is determined from the calibration curve

after measuring the. AR value of solution containing a

given cotal concentration of the solute„

Replacing x in еч.е/2/, and /i/, by the expression

2Е-(ТВР) , we receive!
4ot e

(твР)м-е_ ,
(2E-(TBP)ioŁr

Substituing the relative values of (TBP) . and E
from Pigo4 to eqo/4/ a good constancy of fig w a s found

in the whol© range of the studied concentrations,, The cal-

culated value of ji2

 i B io24±0o08 e Tue small differen-

ces between the individual determinations imply that only

diraerization of TBP takes place in the hesane solution*,



i , 501УЛТЮУ OF THE UP.,( NO., ,',-,'2 TBP COMPLEX BY FREE TBF

The д-••';;!.. •.'orm at the solvation equation can be wr i t ten

.•.V-2:3D гпТЭР^иН-2 T3P-(78P}n /w

'-'̂ i co ans UO.j'MO,,' ,

iig into aocoum Łliat two processes occur in the or

so lv'.ion if ГВР _i ntl u rany 1 n i t r a t e , namely, the a^^recation

of TL;? i t s e l f шла the solvat ion of the forued UN. 2 TBP, :he

a tor the t o t a l concentration of T3? uay Ъе written.

. '-> .'•

or, at [ТВР]= Xi

, ^ ; /7/

The total uranium concentration is:

UtQL = ^

2TBP](l+KX+KX2+KX*+-~) /s/

The equilibrium conceatra.tioa of all the species present ia

the solution is expressed by Si

Х2* К,



By subtraction eq./8/ from /9/ vo receive tbe expression*

from which i t i s easily to determine tlie fro a /
concentration of TBP»
The aim of our considerations was to knc-.» hc*j nu:>;>" i:>olecul^
of TBP are combined with one raolscule of ur^'-yl ni u aT. u (Ti. ,'
The calculation was carried out vit'a the help of L,:;J i4mc-

/u

к2х
2+КзХ3+ ••-)

Eqa/ii/ represents the concentration of TBP eoMbiood with

uranium, eqo/i2/ the total concentration of uranLuni in the

system* The relation A to В gives jft. :

1 vВ 1+К,Х+К3Х
2+К3Х

3+

with lira— = 2 at X — ^ 0 .
В

Ргош eqe/l3/ it is clearly seen that if there is tine sol-

vation of the UNe2 TBP complex by free TBP, then the in-

crease of monomer concentration X. in the solution must

cause an increase of the average solvation nujaber f\ « To

be in accordance with the literature, only a couples with

solvation number 2 should exist at the saturation concentra-

tion of TBP with uranyl nitrate.

The value K^ can be determined by the following opera-
tions?

-8-
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v-i.

L j i b l ^ i•:- i x u d с? ; ;- • ; . i

ti OI '::AlO'J I-. Л -Л

RESULTi

3ui »:;-.*--!•,.- Ł»r ount3 of T3P '.'«re "j/oixtlifcu ли 2-ii u l

20 r.:l o i* he:-: •.•.;':•.; vvox--.- Cf'ided l o r d i l u t i o n . -j\d -hen aa

i4iantii;".i;-;. >f ;.he '..0,4 Mu., j .,* oH,,0 salo,, Ihe s o l u t i o n was

d i l u t e d to ;;.c/rk by Jits^ut;., Toe итлзиганетв of Д ii v a i u a s

were c a r r i e d out a f t e r 5-i hours and a f t e r f i l t r a T . i o a of tixe

soluticu LhrcivU а рар-ег J i l t e r . Tbe f i l t r a t i o n was neces-

sary to sopai-oiv crysi;?.lliz.-ii:ioii vster evolving on the

walls of tiie flasits*

Iii3 results of experiiseats are presented in Table I,

In the respective coliuins are giveas

1 - tlie total ooneeruration oi" IB? in so lat "^

2 - tbe to fal concentration oi' urauium.

J - cho avyr^a value o£ 'Лха observed resistance ciiangt

4 - the зша oi the couoeritrcitioii of a l l species,

5 - the sun of the concentration ;•£ сопоаегз aim 'ii_:.','-

d — ttłe содошег conesntratioa,

7 - ihe values or function A /eq.li/ . o.r.lculated -зу



the substitution of X values from coluan t> and

Л 2« 1.24 to the expression-. (твр) г о 1 # = (X+2/32Z
2/

b - the values of function В /&q.!2/, calculated by

substituting X and Qs values, as above, to the

expression? £ - (X + /S2 X
2 )

& - the average value- oX solva ioa uui^er,

10 - the calculated valves of the tuition ?1^ел in o] s

In Fig.5 are presented the values of f: /со1мг:л 9/ VE, the

concentration of free, mononeric TBP.

In Fig,6, similarly, are presented the values IXVA ooluiin

10 vs. the free TBP concentration*

Chemicals

The following reagents ire re used:

n-uexane, RP ACS, Carlo ЕгЪа /M4w. 3S,i7; b.p. 6u,T±i°C/,

n-dodecane, free of olefins, purum, Pluka AG БлсЬа S.6.

/U.v. 170.34; Ъ,р, 216.3°C/,

tributyl phosphate, pisriss., Fluka AG Buchs S«G*

,4£,w0 266,02; Ъ„р„ а39°С/,

uranyl nitrate hesahydrate, p.a.

6o DISGHSSION

The measurements of average salvation nunber ia the

uranyl nitrate - TBP systsa by the VFL method supplied very

interesting results», It is easily seen from eoiusm 9 of

Table I and froia Figo5 thats

/I/ tihe average solvation nuja?ic-r deperids on the propor-

tion between the concentrations of solvent and the

salt.,

/II/ the value of ft proc&e-ds to a value of 2 paralelly
to the saturation of T3P with uranyl nitrate*

-10-



Heace we can say the followings

/I/ The dominating and the most stable complex o£ urany i

nitrate with TBP in the organic phase under tne vari-

able chemical conditions is only TO^NO^,• 0- 2 TBP.

This remains in full accordance wxth zhe rich litera-

ture on this subject*

/II/ The UO.-,! N0„, °2 TBP oompl&c undergoes the solvatioc

process in the presence of free TBP*

The nature of the other species, beside the disclvates.

present in the solution at X > Q, was leterained by *he

stepirise analysis» Ihe application of first aatheaaticax

operation /eq„i5/ aaa given the values of {П. — 2. К function

without any trend to systematic change with the аопошог con-

centration* This laeans, that only the existence of the

U0„'vN0„jo'3 TBP complex can be takea into account. Baeause

of considerable scattering of the results in column 10, i с

was not possible, аз is seen from Fige6, to maisa extrapola-

tion to X = 0 with the purpose of determining the solvallon

constant К., On the other side, at larger concentrations

of the TBP monoaer the expression (Fl — 2)/X can very differ

fro© the salvation constant L ° For these reasons calcu-

lations of the values SL were made for each experiment»

Remembering equation /5/ we еаа write the equilibrium

constant of solvation process ass

_ [UN-2TBP-TBP]
' [№'2TBP][T8P]

The proportion of the trisolvate to disolvate in Ш ©

[UN-2TBP-TBP] = K

"Ш-2ТВР1 1

-и-



The @«ш of the concentrations of di- and trisolvate is
equal to the total concentration of uranium, Cy/f *

[UN-2TBPMUN-3TBP]' CUE /«/

If we denote [m*2, TBP] » у and [UN"3 TBP] - Cm~y,

From eq e / i9/ we haves

( ) /20/

The proportion of tho trisolvate to dieolvato in terms of

П iss

[UN-2TBP'TBP]^ fi~2 .
[UH-2TBP] 3-П

From the equality of the right hand sides of equations /17/

авй /2.t/ we receive г

* / 2 2 /

where X <= [TBP]O

The values of the (f\'-2) {3"fi) funotion and the values of
Ł , calculated by means of eqe/22/s ai'e given ia columns 11

and 12 of Table IB respectively. By comparison of suitable

figures in columns 10 and 12 it is apparent tbat in taauy ex-

periments the use of the above method for calculating К w-,*?

n©ceaaarye

After rejecting tae result in ©sporimeut Ко 20, the

aritlmetical шеап of the value Ł is equal to 3 O7 end the

mean deviation 2<>Q . Иепое Ł = 3O? t 2.0 в



The only case of application ©f Ш © Wh method t& study

the aotinide complexes with tributyl phospaat© is th® paper

of Apslblat and Hornik1 о Results of their experiments on

the cQuraleration of thorium nitrate by TBP ia GGl^ solutions

are explained by assuming a mixture of two complexes with

TBP9 the disolvat© and trisolvate* The eelvation constant of

th® triaolvate is 30 v.t 25° e Tais valu© is miioh airier than

our value of Ł for urany1 nitrate in the hesane solution

at 25 Сp

Our results on the aggregation of TBP are la egreement

with those of Petkovic ' e He has found that in hoxane solu-

tions only the diRierization process of TBP takes place and

that the equilibrium constant /?2 i determined by dielectric

constant tseasurefflsnts, is equal to 2оТ±0Л at 20oGo

To CONCLUSIONS

a/ Oauiometric maasurements by the VPL method of the aggrega-

tion of TBP in hexaae solutions, up to concentration

0a2 hi, have indicated that tha dimerization of TBP mole-

cules takes plaeee The equilibrium constant fi9 of the

reaction; monoaar sjr±~ dimer is equal to io24±0408 at

25°Ce

b/ The results of application of the VPL method for studies

of equilibrium in the tfO?(NO3)2 - TBP - hexane system

h&s been explained by assuming that the solvation of

иоу(Н03)2"2 TBP complex by free TBP takes place* The tri»

Eolvatcd are present in equilibrium wi+ł: Jh3 di.polv-Лг •••:

UO2(N03)2«2 TBP + TBP 3 & UO;i(NO3)2'>2 r.ir
 f*Bx>, , ••,-

constant K. is equal to 3aTt2„0 at 1г5
оСФ
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Solvent Solution

/ г*

Evaporation
CondQnsation

AR ~~ AT

H,n
a,

tl, - g
N, + a

да
С so lute

- moles of solvent in unit tine, (П <N

- quantities of heat in unit tiue,(o <

- suEimarized mass of tbe drop and thernistor,

- sign of proportionality»

The temperature of thermistors during equilibrium

between the liquid and vapour phases.
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MODEL 301А
VAPOUR PRESSURE OSMOMEltR
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10 min

Pig.3e Detertaination of &RO value from &R data

by estrapolatioD. /xn
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0.05 x 01 0,15

Pig«5o Oepeudenoe at the average solvtitiou numbei.- iti the UO_(NO ) -TBP-
-hexane system on the concentration of moitooieric TBP,,
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