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ABSTRACT 

A separation of the individual nitrate nitrosylruthenium complexes iivhich exist 
in aqueous nitric acid solutions has been achieved by paper chromatography, and the 
technique has also been applied to solutions of the complexes in 1:^-111^0^-1120 systems. 
It has been possible to determine the equilibrium compositions of solutions of these 
complexes, the partition coefficients, v/ith THP, of the individual complexes under 
certain specified conditions, and the rates of the reactions by vdiich there is inter­
change betvreen the coiirplexes. This knowledge has been used to interpret the overall 
ruthenium distribution coefficients \'rfiich are obtained vAien solutions of these com­
plexes, under a vdde variety of concentrations of aqueous nitric acid and of TEP, are 
intimately mixed. 

The conditions investigated are related to acid systems for the extraction by 
TBP of fissile material from nitric acid solutions of irradiated fuels: in such 
solutions, fission product rutheniimi can occvir, to a greater or lesser extent, as 
these nitrate (RUNO) complexes. 

A.E.R.E. Harwell. 
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1. INTRODUCTION 

Over the past few years, several laboratories have investigated the problem of 
ruthenium decontamination in a Primary Separation Process by solvent extraction for 
the treatment of irradiated \arani\jm fuels. Apart from vrork on "head-end" or pre-
treatments to improve ruthenium decontamination, studies on fuel solutions, some 
synthetic, some actual, have been reported by Aikin and Bruce at ph!?-lk Rivervl/, by 
Martin^^} and by Sangster'^) at A.E.R.E., by Ytoodward and Jamrack^^^ and by Naylor^5) 
at ̂ Yindscale as well as by a number of research workers in the U.S.A. Each piece of 
•work has added knowledge to the ruthenium problem, but a complete \mderstanding of 
the effect of dissolving and feed adjustment conditions on the species of ruthenium, 
and of the role in the extractor of such factors as concentration, residence time, 
temperatvire, on the ruthenium decontamination factors, has not emerged. 

The work presented in this rex̂ ort is confined 

(a) To studies with nitrato nitrosylruthenium complexes. Other ruthenium 
species, RuIV and nitre complexes of nitrosylruthenii.im, can be fcv d̂ as 
a resvilt of the dissolution of irradiated metal fuels in nitric aci !, 
but it is likely that batch or continuous dissolution in boiling nitric 
acid vri.ll produce feed solutions containing a substantial fraction of the 
rutlienium in the form of nitrato nitrosylruthenium coinplexes. 

(b) To acid systems. "Acid deficient systems have not been covered. Y/hen 
the pH of the solution is >1, ruthenium presents little or no problem 
since the nitrosylruthenium nitrato coinplexes are then almost completely 
hyilrolysed to solvent inextractable polynuclear species. 

(c) To tributyl phosphate (diluted with an inert paraiffinic hydrocarbon) as 
the solvent. 

1 o 

(d) To inithenivun concentrations in the range 10 to 10" M. Concentrations 
of the order of 10"^ apply to natural or near-natural xiranium fuel 
irradiated under conditions •v̂ iich might prevail in power reactors: thus, 
vri.th an irradiation of 3000 IETO/T, such a fuel gives, for a solution con­
taining 200-300 gms U/l, a ruthenium concentration of 1 to 2 x 10~%. 
Rutheniimi concentrations of the order of 10~̂ .I may occur from enriched 
fuels after high burn-up. 

In this part. Part I, the characteristics of the various individual nitrate 
nitrosylruthenium complexes which have been recognised in aqueous and TBP solutions 
are given, together with the compositiorBof certain solutions at equilibrium, parti­
tion coefficients for the individual complexes, and the rates at Avhich these complexes 
change into one another. These results rafer to typical solutions containing nitric 
acid and in some cases viranivun. The maimer in v/hich these complexes, and the re­
actions in v/hich they are concerned, influence the overall distribution of ruthenivim 
after aqueous and T!EP phases are intimately mixed for various times is explained and 
illustrated. 

Although the object of this study lias been primarily directed tov/ards an under­
standing of -the behaviour of ruthenium in the first extractor of a TBP solvent 
extraction scpajration process, the data given on the various conn̂ lcxeo and their 
properties are relevant to other conditions (e.g. second and subsequent Til? cycles, 
the treatment of fission pi'oduct rafi'inates) in v/hich nitrato nitix)sylrutheniiam 
complexes exist. 

- 1 -
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In Part II, which will appear as a separate report, the behaviour of ruthenium 
(present as nitrato complexes of nitrosylruthenium in nitric acid - uranyl nitrate 
solutions) in miniature extractor runs carried out under a variety of Extractor I 
conditions will be reported and correlated with the properties of these complexes 
ajs set out In this Part. 

2. THE NITROSYLRUTHMmJI.1 NITRATO GOI.IPLEXES FOUND IN SOLUTION 

Previous work has Indicated the existence in aqueous solution of.a.discrete 
number of complexes with characteristic solvent extraction properties'"^. By 
techniques whicli involve solvent extraction either from two stiarred phases or by 
elution on cellulose paper (paper partitien-chromato^jraphy), quantitative data con­
cerning certain'properties of the coirrple::es and of the amounts present under various 
conditions have novr been obtained, 

2.1 Exp eriment al. 

(a) Stock solutions of nitrosylruthenivmi nitrato complexes in nitric acid. 

Various Ru''°^ labelled stock solutions in~iai liNOj, supplied by R.C.C* 
Amersham and used in miniature extractor runs (Part II), were the initial source 
of these ccanplexes. Per much of the work a single well-aged (> 3 months) stock 
solution, Solution X, of rutheni\ffla concentration 1.33 x 10~?M, in 11,3M HlTOj was 
used; this was made by evaporation under atmospheric pressvire of a mixture of 
several solutions, mainly in 1-3M HNO3, in order to have a large bulk of a Solution 
of fixed composition. 

Although the forraation and preservation of these nitrato complexes in nitric 
acid solution is relatively simple, there are conditions in which side reactions 
affect their purity and composition: thus exposvire to atmospheric oxygen of 
solutions in >12M HNO3 has been found to lead by way of a purple complex to 
t̂ ithenium v/hich is no longer nitrosylruthenium but is in a higher oxidation state. 
This side-reaction can be avoided by keeping such stock solutions in stoppered 
bottles protected from light. Also, a high temperature stage (e.g. by boiling) 
Is necessary in the preparation of these solutions from nitrosylruthenium hydroxide 
In order to ensure decomposition of any polynuclear (RUNO) species. On the other 
hand, when solutions in 1-5M nitric acid are boiled, vre have found a tendency for 
the nitrate (RUITO) complexes to be converted to nitre (R\:INO) complexes owing to the 
unavoidable presence of traces of nitrous acid formed under such conditions: this 
reaction is prevented when the nitric acid concentration is sufficiently high. It 
follows that suitable stock solutions are those which contain 7-12M nitric acid and 
for which the final stage in their preparation has involved a heating sta^e in this 
acidity range. Such stock solutions are most conveniently made from other 
ruthenium compounds by Viray of RuOji ŵ hlch can be separated from an aqueous phase 
either by extraction with carbon •tetraclxLoride or by distillation before being 
brought into contact vrith 7-12M nitric acid in the presence of oxides of nitrogen. 
The resxilting solution should be heated for a few minutes to complete the conversion 
of ruthenium to the (RVINO) state. RuIV, which is the most likely contaminant, 
when present to an extent >2 x 10~̂ .I, can be noticed visibly by its prominant brown 
colour: a mere refined method for testing for freedom from RuIV is based on an 
examination of the absorption spectrua( 7) of tlie solution. 

The formation ofnitro from the nitrato complexes v/a.s avoided in the experi­
mental investigations by keeping stock solutions in darkness and by the use of 
reagents (nitric acid anrl organic solvents) of IOT/ nitrous acid content. 

- 2 -



(b) Paper Chroraatogra-phy. 

The technique previously described ' was employed: it has in some cases 
been slightly modified In that only 0.001 ml of the sample v/as applied to the 
Whatman CRI/1 paper strip. This gives a much better resolution of the complexes 
than that obtained when 0.01 ml samples are talcen (Pig, l). In all cases, methyl 
Isopropyl ketone conditioned vdth 3M HNO3 was used as the eluting solvent, and the 
time taken for elution was about 30 mins. The ohromatograms were analysed for 
ruthenium by dividing the paper strip, in \diich the distance betvreen the starting 
line and the solvent front was 8 cm, into 17 sections and P or Y counting each 
section for Ru'^06, po^ reference purposes, the section to which the drop of 
liquid was applied is called Section 1, and the other sections are numbered con­
secutively up to the solvent front (Section I7). 

2,2 Identification of Complexes. 

An examination of i^lcal paper ohromatograms of solutions, derived from 
Solution X, 

(1) In aqueous nitric acid (Pigs. 1 and 2), 

(11) In tributyl phosphate solutions containing HpO, HNO^ and kerosene as 
a diluent (Fig, 3 ) , <^ :> 

clearly indicates the existence of a limited number of forms with characteristic 
I^ values; it will be noticed that the resolution is better for TBP solutions 
than for aqueous solutions; in the latter, some interchange of species during the 
time of elution probably occurs. Prom the ohromatograms of aqueoiis and TEP 
solutions it appears that there are four species, A, B, C and D (Table I), vdiich 
occvjr in both types of solution. The characterisation of tliese species, in terms 
of the particular nitrosylruthenium cornplexes given in Table 1, is based on the 
followliTg supporting information:-

(a) T̂hen the solid trinitrate complex, [EUN0(N0,),)(H20)2] 2H2O, is dis­
solved in dry methyl isopropyl ketone, and thxs solution is applied to 
a paper 'strip and eluted by the standard method, ruthenium appears 
only on the solvent front (Rp ~ 1): this characterises Complex A. 

(b) The proportions, at equilibriimi, of species with high I^ values in­
creases as the aqueous concentration of nitric acid increases 
(of. Pigs. 1 and 2). 

(c) The existence of a mononuclear dinitrato complex can be deduced from 
the work of Jenlcins and Vfein(9). 

(d) Observations, by paper chron atog,raphic analysis, on the kinetics of 
decomposition and formation of tiie trinitrate species in dilute and 
concentrated nitric acid respectively, indicate tlnat Complexes B a M 
C are formed as intermediates in these reactions. 

(e) The^[uilibrium betvrcen the coiiTplexes in 3I.I nitric acid is found, both 
by distribution measurement and by paper clTromatographv, to be in­
dependent of the total ruthenium concentration from IQ-'̂ il to 3 x 10"^,I, 
e.g. values of the ruthenium distribution coefficient, for staniard 
conditions of extraction (30 sec. ntirrin^; ot QOC, v/liich is long enough 

- 3 -
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TABLE I 

NITROSYLRUTHENIULI NITRATO CaiPLEXES POUND IN HNO,-H„0 AND IN TBP-BNO,-H^O SOLUTIONS 
— — — — — ~ D ^ J-^'i' ' 

Species 

A 

A* 

B 

0 

D 

E 

Complex 

Trinitrato-aquo, 

[RUN0(N02)^(H20)2] 

Trinltrato-TBP, 

CRUNO(NO2)^(TEP)2] 

Dinitrato, RUNO(NOJg"^ or 

[RUN0(N02)20H(H20)2] 

Mononitrato, RuITO,NO, or 

[RuN0N0^(0H)2(H20)2] 

Non-nltrato or Trlhydrexo, 

RuNÔ "̂  or [RuNO(OH) (H20)2] 

Polynuclear 

Rp Value(a) 
Applied in 

Aqueous 

1.0 

-

0.5 
to 
0.9 (c) 

0.2 

0 
to 
0.1 

0 

TBP Solution 

0.8 (b) 

0.95 

0.6 

0.2 

0 
to 
0.1 

1 

Remarks 

Occurs in aqueous 
and TBP phases 
with secondary 
solvation by HpO 
or TEP respectxvely. 

Slowly produced 
in TBP phases from 
A. 

) 

1Occur in aqueous 
Jand TBP phases. 

\ 

) 

A range of 
conrplexes is 
likely in 
aqueous solutions. 

The I^ values listed are for allquots of either aqueous or J)Qffo TEP/kerosene 
solutions applied to the paper and eluted vriLth methyl isopropyl ketone 
xinder standard conditions at room temperature. Merely on account of the 
method of dividing the paper, values are subject to an error of + 0.04. 

The lower Rp value from a TBP solution is due to the preferential 
extraction of TEP and kerosene which appear at the solvent front. 

A sharp peak is never found v/-ith tlae dinitrato complex in aqueous solution; 
it appears on a nujnber of adjacent strips (Figs. 1 and 2). 

The Coinplexes B, C and D arc represented both as charged cations (vdth the 
maximum charge possible) and as uncharged molecules. Charged forms pre-
dondnate in aqueous nitric acid solutions, uncharged forms in TEP 
solutions. 

- 4 -
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to reach equilibrium bet\yeen the phases for each complex but not long 
enough to allow significant interchange between the complexes yd thin 
each phase), bet̂ veen 31̂1 HNO3 and ^Ofo TBP are 

Total Ru (M) Dĝ ^ 

10"^ 0.120 

10"^ 0.125, 0.128 

10"^ 0.128 

3 X lO"'̂  0.120 

The existence of appreciable quantities of species vdth different 
numbers of ruthenium atoms per molecule is therefore under these 
conditions thermodynamically excluded. 

Except for low acid coriditions (<0.1M HNO5) vAien polynuclear complexes may be 
present, we are therefore mainly concerned with foiur discrete (RUNO) corr̂ lexes 
vddch form a regular sequence from the non-nltrato complex to the trinitrate 
coinplex. Further points A'diich concern these complexes in aqueous or in organic 
phases are discussed belo\7. 

2.3 Complexes in Aqueous Nitric Acid. 

There is evidence from partition coefficients that in relatively concentrated 
nitric acid (>12M) there may be further nitration of the trinitrate complex with 
the replacement of one or both of the aquo groups to form the tetra- or pentanitrato 
complex. These wotild appear in paper chromatography wi.th Complex A. 

The non-nltrato coinplex. Complex D, is represented in Table I as being mono­
nuclear. 7/e have no positive evidence for this formulation: in viev/̂  of the 
tendency of ruthenl\im as (RUNO) in organic media, and as RuIV in aqueous media, to form 
'biitudear oxygen-biddged ccnipouiKls,-Eu-<)-Ru-, Ccoplex D might equally well possess 
this structure, i,e. exist as aquo-cations, [RuNO-O-RuNOjS^ vAiere n is 6 or less, 
or as the unionised molecule [EU1TO(0H)2(H20)2.0.RUN0(0H)2(H20)2]. 

The polynuclear conrplexes (E of Table l) can be a mixture of complexes of 
various molecular weights all relatively inextractable from aqueous solution by 
organic solvents. Rather stable polymers occur vdth PuIV in solutions below 0.1M 
In WO-^ and with ZrlV in solutions below 1M in "Sl^y. comparable polymers have not 
been found during this v/ork though they may exist m solutions of nitrosylruthenium 
hydroxide in cold dilute nitric acid. Hor/ever, condensation, e.g. by (OH) bridging, 
to simple polynuclear forms has been post\alatcd for a number of partially hydrolysed 
cations, and we suggest that the same phenomenon occurs vdth the non-nltrato 
complex. These polymers, tmlike "colloidal" PuIV, arc depolymerised at a finite 
rate by cold 7-12M nitric acid (para. 5). 

2.4 CoiiTplexes in TBP Solutions. 

(a) Aquo-comr)le xes. 

V/hen solid (RUNO) nitrato complexes are freshly dissolved in TBP solutions, 
or vAien the nitrato coiiri>lexe3 have just been extracted from an aqueous phase, the 
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complexes appear to enter the organic phase in the first place as solvated aquo-
oomplexes. e,g, as TEP solvated [R\}i:o(m^)^{}i20)2]-> 

Llgajxl substitution in nitrosylruthenium complexes is a relatively slov/ pro­
cess: v*ien aqueous phases containing nitrato nitrosylruthenium complexes are 
vigorously stirred vdth irandscible organic solvents such as TEP, they are extracted 
in a few seconds and there is no significant variation in the ruthenium distri­
bution coefficient at 0° for stirring times from 10-60 sees., i.e. the individual 
con̂ jlexes are at equilibrium across the phase boundary, but they are not at 
equilibrium vdth each other within the phases and secondary changes occur for more 
prolonged stirring times. The complexes first extracted into the organic phase 
are therefore regarded as containing the original aquo groups around the central 
ruthenium atom. When subjected to paper chromatography, it is natural that such 
aquo-complexes give almost identical % values irrespective of v/̂ hether they are 
applied in an aqueous or TEP phase (of. Pigs. 1 and 2 vdth Pig. 3). The main 
evidence for the presence of an average of tv/o solvating TEP molecules is derived 
from the work of Martln(2) -who found that the rutheniian distribution coefficients 
betvreen 6tS. sodium nitrate and 2 to 30^' TEP vrere approximately proportional to the 
square of tiie TBP concentration (extraction of mixttires of the mono-, di- and trl-
nitrato complexes occurred). 7/hile partition coefficients obtained in this vrork. 
for the dl- and trinitrate complexes ̂ vould support this view (para. 4.1), it must 
be realised that our measurements vrere made vdth rather higher concentrations of 
TBP than are desirable for the strict derivation of the degree of TBP cemplexing 
by this method. 

(b) Non-Aquo-Complexes. 

On ageing in a separated TBP phase, the a'bove-mentioned aquo-complexes under­
go a slow change. It is foxind that the new complex (or complexes) formed has an 
Increased tendency to remain in an organic phase: the ruthenium distribution 
coefficient for standard conditions increases and, in paper chromatography, a new 
peak, even closer to the solvent front than that for the trirdtrato-diaquo complex, 
appears, an! grows with time (Pig. 4): the proportions of the lower nitrato com­
plexes correspondingly decrease vdth time. Martim^^ suggested that the changes 
on ageing in TBP solutions are related.to changes in TBP cemplexing, and postulated 
that a 2 TIP complex is converted to a 4 TBP complex. V/hile accepting the 
principle that TBP cemplexing is involved, we viev/ this reaction as a further 
^cample of slow ligand substitution around the central ruthenium atom, in this case 
the displacement of aquo by TEP groups giving Complex A', the non-aquo TEP complex 
[RUNO(NO_5)2(TBP)2]. This hypothesis is supported 

(l) by the evidence of Sangster^^' vrhe found that the equilibrium in this 
reaction is proportional to the square of the free* TBP concentration; 

(ll) by the formation in some cases of a separate aqueous phase during 
ageing (para. 3.6); and 

(ill) by the reaction being slovdy reversed wiien the water concentration in 
the TEP phase is axtificlally increased. 

• Throughout this paper, "free TBP" is defined as the TBP uncomplexed by nitric 
acid or by urcnyl nitrate. 
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Theoretically, mono- and dinitrato TBP complexes may also exist in such aged 
solutions. Histograms derived from paper chromatography of aged TEP solutions do 
not provide any clear evidence on this point and such complexes have therefore 
been excluded from Table I. 

It must be remembered that the TTf solutions under consideration contain 
substajitial amounts of nitric acid and v/ater as vrell as any diluent such as kerosene. 
Aquo-coniplexes freshly extracted into the solvent phase are unlikely to be present 
in the proportions appropriate to equilibrium in the solvent phase. Relatively 
sloviT nitration and denitration reactions bet'.veen the mono-, di- and trinitrate 
aquo-complexes occur in a T'EP ploase as in an aqueous phase, and it is found that 
the sloviT forraation of the trinitrate TBP complex is linked with a decrease in the 
proportions of the lov/er nitrato complexes, i.e.. 

Monordtrato aquo-complex) 
HNO, 

Di- " " " ) > Trinitrate aquo-complex 

î  TEP 

Trinitrate TBP complex. 

The presence of uranyl nitrato, or otlier nitrates which reduce the v;ater concen­
tration in the TBP phase, favours these reactions, but the conditions vAiich obtain 
vrfien the TEP phase is vrashed (or stripped) vdth vra.ter or dilute nitric acid lead 
to their slow reversal. 

It vdll be noted that we have rejected the possibility that on ageing there 
is the formation of tetra- or pentanitrato coiTiplexes in a TEP phase by a reaction 
sudi as 

HNO, + [RU]MO(NO ) (H20)2]. 2 TEP > H[RUN0(N0 ),H20]. 2 TBP + H2O. 

In the analogo\i3 case of uranyl nitrate, pseudo-anionic metal coniplexes such as 
but are absent in TBP solutions in H[U02(N03)T] exist in some organic solvents, 

viiiich [U02\N03)2(TBP)2] only is fourfiS^^) 

\IG have attemped to prepare Coinplex A' by saturating dry lOÔ J TEP vdth the 
trinitrate complex, [RUN0(N03),(H20)2].2H20. The product, after centrifugation 
from the -laqueous slurry formed v/as found to contain RuNO : NO-z : : 1 : 2 and is 
thought to contain the binuclear structure (N03)2N0.RU,0.RUN0\N03)2; this re­
sembles the binuclear structure in other (RUNG) conrplexes, e.g. Ru2Ng0^c v°/, 
prepared in organic media. It is therefore possible that Complex A' is itself 
binuclear or is slowly converted to a binuclear form. 

3. Ef,.UILIBRIUM OOITDITIONS FOR (RUIIO) NITR.\T0 GOI1EI.EXES 

Equilibrium betvreen iiranyl nitrato complexes is established extremely rapidly 
in solution; in solvent extraction processes, the residence time per stage is at 
least of the order of seconds and therefore equilibrium conditions for uranyl nitrate 
are reached in each stage. With nitrosylruthenium complexes the rates of niti 'cien 
and deni tration are relatively slov/̂  (jiara. 5): vrxih mixing and settling times per 
stage of the order of a fev/ minutes, equilibrium conlition.̂  are unlilcely to be 
established at room temperature. 'Jith these "inert" cornplexes, vre ai-e dealing vdth 
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a case which is intermediate between that of mixtures of uranyl nitrato complexes 
(and similar "labile" complexes) and that of nuxtiires of stable organic compounds. 

3.1 Experimental and Techniques. 

Ruthenium distribution measurements and po.per chromatography have been used 
to obtain ttie proportions of the various (RUNO) nitrato coniplexes at equilibrium 
In solution. 

(a) Solutions Used. 

Equilibria have been studied in detail for solutions made by the addition of 
water or concentrated nitric acid to Solution X; these vrere subsequently aged at 
least 24 hours at room tenrperature. Solution X (11.3M IWO3) after long ageing 
contained about 4/'" of "inextractable" material (Table II A ) ; this is attributed 
to the presence of RuTV, firstly because the amount present -vrxs found to be in-
varient with acidity over the range 9 to 15M HNO3, and secondly because the cherry-
red coloiur of the trinitrate complex in solution was visibly masked by the 
characterlstic.brown coloiir of RuIV nitrates wliich have a high molar extinction 
coefficient.(7) 

(b) Distrl"bution Measurements. 

The Information obtainable from a simple distribution measurement between two 
phases of say equal volume is, in this case, limited, because numerous discrete 
coiotplexes are Inyplyed, It has therefore been necessary to employ a method 
(Martin's method^"*'"^^, subsequently used by SangsterC^)) in which the ruthenium 
concentrations in the aqueoxis and or̂ ganic phases are measured at various values of 
the ratio V, where 

V = (volume of solvent phase) / (volume of aqueous phase); 

Pig. 5 shows a typical example in v/hich V has been varied from 0.2 to 8. It is 
possible, with tvro species of vddely different extractability, to calcxilate from 
the results their separate partition coefficients and relative proportions for the 
given conditions, and to assess the total proportion of "inextractable" species 
present (see Appendix). 

(c) Paper Chromatography. 

The techidque is described in para. 2.1 (b). 

It is possible to obtain approximate compositions of solutions from the histo­
grams alone; but factors such as incomplete resolution (which applies particularly 
to the dinitrato con5)lex) and tailing back of the trinitrate corrrplex (this is 
accentuated for samples of high acid concentration because of the decrease of 
acidity attendant on elution) introduce an appreciable uncertainty. For example, 
^or 7.5 and 9.2M HNO3 solutions, the values of 42/o and 55.5̂ ^ respectively given in 
Table II A for the trinitrate complex are based on Martin's method. Histograms 
for these solutions have on different occasions shov/n the follo\dng percentages of 
ruthenium on the three (of the I7) sections of the paper strip nearest to the 
solvent front: 
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Section 

17 

16 

15 

Total 

7.5M HNOT: 

33.0 41.9 39.2 

6,3 6.0 7.3 

6.3 4.9 2.5 

45,8 52.8 49.0 

9.2M HNO, 

49.1 36.6 2̂ 2,0 

13.9 18.0 7.4 

2.6 3.1 6.5 

65.6 57.7 55.9 

Since the dinitrato complex is found distributed over Sections 9 onwards, it is 
likely that it contributes slightly to the ruthenium on Sections 16 and 17. T̂ith 
these solutions paper chromatography is most suited to the determination of the 
percentage of ruthenium present either as highly extractable species (Rp >0.95) in 
dilute acid or as weakly extractable species (l^ <0.1) in concentrated acid. 

3.2 Eq\u.libria in Aqueous Nitric Acid Solutions. 

3.2.1 At Room Temperature (20°C) 

Previous information on equilibria in aqueous id trie acid solutiona 
(ref. 6, p. 392jref.8} and ref. 20, Table 6) has been considerably extended 
and in certain oases modified. 

Results are given in Table II A and Fig, 6j that 24 hours is sufficient 
time for equilibrium between tlie mononuclear complexes to be reached has been 
demonstrated by the application of paper chromatography to solutions ageing 
over a period of 4 weeks;-

Time of Ageing 

2it. hours 

88 " 

2 weeks 

4 " 

3M HNO3 or 
1 and 2 

35.7 

33.2 

34.7 

34.4 

fo Ruthenium in 

1 sections 
16 and 17 

9,S 

9,2 

9,8 

9.1 

7.51".! 111̂ 03 01 
1 and 2 

11.4 

11.6 

12,0 

11.6 

1 sections 
16 and 17 

45.8 

45.6 

46,5 

44.0 

Both techrdques, paper chromatography and Martin's method, einployed to 
obtain these results liave their limitations, but together they have enabled 
the vdiole range of rutric acid concentrations to be oovered, 

(a) Below 3M WOj,, 

The percentage of extractable rutlicpitun io GO low a t those ac id i t i es tha t 
Mart in 's method becoiaeo in.ipplicable: in th i s ac idi ty range rc3ul.ts have been 
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TABLE I I 

A. PBRCEHTAGES OF RUTHENIUM AS VARIOUS (RuITO) NITRATO COMPLEXES 
AT E'lUILIEEmJM TO 0,1 TO 14.5tl IflTO SOLUTIONS AT 2 0 ^ 

°HNO^ 

(M) 

0,1 

1,0 

3.0 

4.6 

7.5 

8,7 

9.2 

11.3 

14.5 

°Ru 
(M) 

1.18 X 10*"''' 

1,18 X 10"^ 

3.53 " 

5.41 

8.83 " 

1,02 X 10"^ 

1.08 " 

1.33 " 

3.84 X 10"^ 

Percentage Ruthenium as 

Trinitrate Dinitrato Mononitrato Non-rdtrate* Complex 

0 0 5 95* \ 
3.5 3 23.5 70 

7 15 46 32 

18 20 l\)i. 18 j 

42 19 31.5^ 7.5 

50.5 21.5 23 i> 5 

55.5 20 19.5 <f> 5 

70.5 18.5 6.5 0 4.5 

81"̂  13 2 <f, 4 

' Includes up to 5/o of a h ighe r n i t r a t o complex. <f) Obtained by d i f f e r e n c e . 

*> Includes up t o l4^ of Ru as RuIV. + Llay inc lude some (RUNO) polymer. 

B. PERCENTAGE OP RUTHEimJM AS THE TRINITRATO CaiPLEX AT 
E(]UILIBRIUM IN HNO, SOLUTIONS CONTAINING ICLTRATES AT 20°C. 

• • " • ' • • « — l-l . • — • III.KIII • — I '^I.W i n i — ^ — • - l . « l l — ^ - l •!•• • • ! I. • . . — I I — - v " ' • • • • » — • • • - . • • • • • I W • 

(M) 

1 
1 

2.7 

1 
3.5 

3 

3 

3 

3 

5.5 

3 

4.^ 

[ Added Nitrate 

Salt 

• 

W^im^),2 

U02(N0^)2 

-

-

NaNQ, 

M^(N03)2 

U02(N03)2 

-

L-Ĉ (N03)2 

-

So, 
(M) 

_ 

! '̂"̂  

2,5 
-

-

2,5 

2,5 

2,5 
— 

1.7 

1 

k 

j 
) 

I 

\ 

\ 

) 

] 
) 

) 
4-

Rutherdum as 
Trinitrate Complex {%) 

5.5 

8 

6.5 

13 

\0 

7 
20 

27 

27 

24.5 

22 

18.5 
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obtained by combining chromatographio data vdth the distribution coefficients 
disctissed in para. 4. To illustrate this method, the procedure used in the 
case of a 1M HNO3 solution of (RUNO) nitrato conrplexes is quoted; three 
experiments were carried out;-

(1) A paper chromatogrom was made of the aged 1M HNO3 solution and 
from it the approximate composition vms deduced. 

(11) 4 ml of the 1 M HNO, solution vrere stirred with 4 ml of con­
ditioned 20fu TEP for 30 sec. at 20°C; the measured value of 
Df^ was 0.061; a paper chromatogram was immediately made of 
•Idle solvent phase (Pig. 3 A ) , 

(ill) 1 ml of the 1M HNO3 solution vras diluted to 10 ml with vra.ter 
and iranediately extracted vdth 10 ml of corditioned 30?^ TEP 
at 0°C; the measured value of D^ v/as 0.110; a paper 
chromatogram was immediately made of the solvent phase 
(Pig. 3B). 

The approximate composition of the solution (ColimMi 2) v/as modified by 
successive approximation to give the more acciirate composition (Colvmin 3) 
consistent with the other experiments (Columns 5 and 7). 

1 

Ocnrplex 

Trinitrate 

Dinitrato 

Mononitrato 

Non-nltrato 

2 
Approx. 
cerap. 

from (1) 

0̂ Ru as 
complex 

3 

4 

25 

68 

3 
Comp. con­
sistent 
v̂ith (ii) 
and (ill) 

fo Ru as 
complex 

3.5 

3.0 

23.5 

70 

4 5 
Coitip. of solvent 
phase in (ii . 

fo Ru as complex 

Calc. from 
Col. 3 and 

% u 

53 

25 

12 

10 

Observed 

52 

23 

13 

12 

6 7 
Comp. of solvent 
phase in (ill . 
/o Ru as conrplex 

Calc. from 
Col. 3 and 

% u 

35 

26 

20 

19 

Observed 

35 

27 

21 

20 

(b) From 2 to SII HNO3. 

Both techniques are useful in this range, but Martin's method does not 
distinguish betT/een the mononitrato and non-nltrato complexes whereas paper 
chroiiiatography dees (Figs. 1A and 2B). 

(c) Above 5t.I HNOj. 

Martin's method becomes of particulai* value in dfdacing accurately the 
proportions of the tri- and dirdtrato complexes in this range. Paper 
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chromatography permits a sepoxotc estimation of the non-nitrato complex, but 
it does not give acciurnte values for the tri- and dirdtrato coi.rilexes; the 
values quoted in TabDe II A for the mononitrato cornxdcx are obtained by 
difference and are consistent v/itli the histograms. 

3,2,2, Ea'fect of Temperature. 

After a solution of nitrato complexes (l.3 x 10~''l.I Ru) at eqidlibrlum 
In cold 3I<I HNO3 has been heated, paper chromatography of rapidly chilled 
samples indicates that the percentage of ruthenium on the solvent front 
(Section 17) has Increased, for example: 

Serial 
Temperature 
^ 

20 

65 

100 

% Ruthenium on 

Section 17 Sections 1 and 2 

16 

26 

35 

30 

27 

DR,, (30?; TBP,^ 
eotial volumes. 0 C) 

0.125 

0.163 

^ 0,18 

On cooling the solutions (Serial 2 and 3) to room temperatvire and ageing for 
24 hovirs, 12 to 16̂ 0 of the ruthenivim is usually found on section 17. In 
spite of this being greater than the original T/^J, the ruthenium distribution 
coefficient measured under standard conditions (see above) reverts to its 
original value (after heating at 65°C for half an hour, cooling and ageing for 
24 hours, the observed value of Dj^ was 0,128). The explanation of these 
facts, and of the apparent contradxction between the results of paper chroma­
tography and distribution measurements, is twofold. 

(1) Some of the nitrato complexes are converted to a rdtro complex on 
heating; this has an Rp value of about unity vdth methyl iso­
propyl ketone as the eluting solvent, but has a mucdi loii-rer partition 
coefficient than tlie trirdtrato complex vdth TBP. 

(11) The equilibrium between the nitrato components of the system is 
shifted, at elevated temperatures, in favour of the trinitrate 
complex (from T,^ at 20° to approximately I6/0 at 100°C), but reverts 
to the original composition after ageing at 20° for 24 hours. 

The use of dibutyl cellosolve as the eluting solvent in paper chromatography 
enables a distinction to be drav/n bet\7een the trirdtrato complex and this 
nitre complex; this v/ox'k vdll be reported in detail later. 

3.3 Equilibria in Aqueous Nitric Acid - Niti'ate Solutions. 

In the processing of irradiated nuclear fuels, nitrates other than rdtric acid 
and rutherdum complexes are present in substantial aî .iounts. The ini'luenoe of sucjh 
nitrates has been examined by paper chromatography for some conditions of interest 
in solvent extraction processes. The results are given for the trirdtr'ato conrplex 
in Table II B. Since these i-esults arc derived entirely fron. histô r̂ rams they are 
of a lower order of accurocy than those for nitric acid alone: for solutiom con-
talidng uranyl xdtrate (wldch moves to the solvent front) there is an apî reciable 
decrease in tne Rp value of the trinitrate complex (Fig. 7). 
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The results in 1M and 3I.I HNO, (Table II B) indicate that the proportion of 
the trirdtrato conrplex is dependent on the total nitrate concentration, and the 
extent to which a given concentration (2.5I.I) of certain rdtrates, in the presence 
of 3M HNO3, Influences the proportion of ruthenium as the trinitrate conrplex at 
equilibrium is approximately constant. 

3,4 Equilibria in TEP-Nitric Acid Solutions. 

The equilibria in aqueous nitric acid solutions of (RUNO) nitrato complexes, 
as presented in Table II A, can be interpreted in terms of increased rdtration as 
the nitric acid corBentration increases and vice-versa. In the TBP solutions 
used in this work, the ratio, Cijfj03/0H20» °^ ^^^ rdtric acid to water concentra­
tion (Table III) is considerably higher than in aqueous nitric acid, e.g. this 
ratio is greater (O.84) in a 3G,J TEP solution equilibrated vdth 2M rdtric acid 
than in I6M aqueous rdtric acid (0.70). Although similar rdtration and derd-
tration reactions occur in the TEP phase to those in the aqueous phase, the 
equilibria in the former favour the more highly rdtrated coinplexes. An aged 
solution of these conrplexes in TEP, obtained by extraction from a solution orig­
inally at eqvdllbrium in aqueous rdtric acid, contains a higher proportion of the 
more highly nitrated rdtrato nitrosylruthenium comt:)lexes than was present in the 
original aqueous solution; also, TEP cemplexing replaces.aquo cemplexing. Con­
sequently, as has been noticed by Martim'1), by Sangster'3J and by Aikin and 
BruceNV, TBP solutions made in this v/ay.have rutherdum distribution coefficients 
(for short times of stirring) which increase on ageing to a relatively high value. 
Some values of DRU for rdtrato complexes at equilibrium in various T£P solutions 
are given in Table IV. 

Equilibrium is reached at room tenrperature in 2-3 hours, and for at least one 
set of conditions it is independent of the method of preparation of the solution 
(see DR^ values of I.64, I.69 and 1.68 given in Table IV for three solutions aged 
in a 30fi; TBP phase in equilibrium with 3M HNO3). 

Paper chromatography and Martin's method have been used to estimate the per­
centages of rutherdum as certain rdtrato nitrosylrutherdum complexes at equilibrium 
in TBP solutions (Table V). The information derived from these experiments is of 
limited accxiracy and is largely confined to Conrplexes A, A' and B (as defined in 
Table l) because, 

(1) only small quantities of the mononitrato and the non-rdtrato conrplexes 
are extracted into the solvent phase and analysis of the histograms 
for them is correspondingly difficult, and 

(11) Martin's method gives no detailed information about these less extract-
able species, vrfiich are probably numerous as they can contain several 
combinations of tlie groups NO^, OH, H2O and TEP around the central 
rutherdum atom. 

Martin's method only yields use/ul information v/hen applied to high acid 
solutions (Serials 4 and 5 of Table V). The results obtained vdth tvro TBP 
solutions (in equilibrium v/ith 6M and 21,1 aqueous HIIO, respectively) are given in 
Pig. 8: in the high .acid case (Fig. 8 A ) , the methal divides the species into tivo 
groups; but in the lev/ acid case, it is xmpossible to estia.iate the equilibrium 
composition of the solution because tlie curve obtained (Fig. 8B) is hyperbolic 
ovdng to the presence of several extro.ctablc complexes. Paper chi-omatography, 
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TABLE III 

THE OggOSITIONS OP CERTAIN EQUILIBRATED TBP SOLUTIONS CONTAINING 
WATER. NITRIC ACID AND URANXL NITRATE (25007 

Ser ia l 

.1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Conrposlti 
aqueous p 

ecjuilib 

°HNO, aq 

0.75M 

1.5 

2,0 

3.0 

4.3 

6,0 

10.0 

1.0 

1,0 

0.5 

on of 
hase for 
ra t ion 

°UNH aq 

-

-

-

-

«« 

-

0,105M 
j(25 g/1 U) 

0.21 

0,25 

Coniposltion of equi l ibrated orgaidc pheise 
1 1 1 0 n i t r a t e or^. 

°HN03 °^e. Cĵ ^o ^^^^ C ^ org. 0^^^^ ^^^^ 

CoTvlitions i n equil ibrated 30^ (1.1M) TBP 

0.12M 

0.30 

0.42 

0.60 

0,79 

0,92 

1.10 

0.08 

O.l^SM 

0.51 

0.50 

0.34 

0.24 

0.19 

0.15 

0.26 

-

-

-

-

-

-

«<• 

0.31^5?" 

0.27 

0.59 

0.84 

1.75 

3.3 

4.8 

7.3 

2.7 

CoTxiitions in equi l ibrated 20^ ( 0 . 7 5 M ) TBP 

0.04 

0.02 

0.044 

0.095 

0.25* 

0.21* 

12.3 

4.6 

• The U-saturation of the TBP in the three cases is 56, 68 and yff^ 
respectively. 
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TABLE IV 

RUTHENIUM DISTRIBUTION COEFFICIENTS FOR 
(RUNO) NITRATO COMPLEXES IN VARIOUS 3^^ TBP SOLUTIONS 

Method of 
preparation of 
solution in 
30̂ 0 TEP 

By extraction; 
after dilution 
of stock 
solutions 
8l«I or 11.3M 
in HNO, 

By reduction of 
the nitric acid 
content of a 
TBP solution 
in equilibrium 
vdth lai HNO, 
(aq) from I.TU 
to 0.6M HNO, 

By dissolving 
solid trinitrate 
conrplex in the 
appropriate TBP 
phase. 

Nitric Acid 
concentration of 
aqueous phase in 
equilibrium vdth 
TBP solution 

0.75M 

1.5 

2.0 

3.0 

3.0 

3.0 

4.3 

D^ * 
xvu 

After 10-15 
min. ageing 

11.2 

10.5 

5.4 

1.9 

-

1.25 

0.39 

After 
ageing to 
equilibrium 

11.3 

5.9 

3.0 

1.64 

1.69 

1.68 

• 0.63 
i 

Time taken for 
D ^ to become 

constant 
at 20°C 

<10 min. 

~ 2 hours 

~ 6 " 

~ 2 " 

~ 2 hours 

~ 3 hours 

~ 3 " 

* Per 30 sec. stirring at 25 C of equal volumes of the TEP phase and 
aqueous rdtric acid of the concentration used for equilibration. 
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TABLE V 

PERCENTACg! OF RUTHEINIUI/I AS VARIOUS ( R U N O ) NITRATO 
COMELEXES AT EQUILIBRIUM IN 30;^ TBP SOLUTION AT 20*^0 

Serial 

1 

2 

3 

4 

5 

°HN03 ^^ 

30/« TBP 

(M) 

0.01 

0.18 

0.61 

0.92 

1.10 

Equivalent 
Aqueous 
phase 
(M) 

0.1 

1 

3 

6 

10 

Percentage 

Complex 

A' 

7 

35 

46 

58 

76 

Conrplex 

A 

30 

38 

24 

Rutherdum 

Conrplex 

B 

34 

15 

as 

Conrplexes 

C and D 

29 

12 
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and the rutherdum distribution coefficients given in Table IV, therefore form the 
basis of the results for low acid solutions (Serials 1, 2 and 3 of Table V). 

3.5 Equilibria in TEP-Nitric Acid-Uranyl Nitrate Solutions. 

These conditions favour the fonnation of the complexes A' and A; this is 
deduced from the observed facts (Table VI), 

(i) that the value of the rutherdum distribution coefficient (for 30 sec. 
stirring at 25°C with the corresponding HNO^-UNH aqueous phase) 
increases with ageing time, and 

(ii) that the equilibrium values of DR^ are much higher than v/ould be 
expected in the equivalent aqueous phase (e.g. for all the conditions 
given in Table VI, the value of Dj^ for the complexes at equilibrium 
in the equivalent aqueous phase is ~0. l). 

The relative magrdtudes of the equilibrium values of Dj^^ quoted in Table VI in­
dicate that the equilibrium proportions of these complexes are influenced by the 
free TEP concentration; as the ̂C U saturation increases, the TEP available for 
complexlng of (RUNO) is correspondingly decreased. The order in v/hich various 
complexes mil displace one another from TEP phases is;-

Complex 

[U0^(N0 )2(TBP)23 will displace 

[RUNO(NO,) (TEP)2] vad.ch " " 

[RUN0(N0^)^(H20)2] " " 

[HgO TEP] from the TEP phase. 

3.6 The Separation of Aqueous Phases from TBP Solutions. 

A phenomenon relevant to a study of equilibria in TBP phases is the forma­
tion of a relatively small volume of an aqueous phase during the ageing of certain 
TBP solutions of (RVLNO) nitrato complexes. This has been noticed at 21 + 0.5 C 
(and more jarticulajrly at 0°C) in solutions of high nitric rcid concentration. 
Under tlrese conditions the complex A', [RUNO(N03)3(TEP)2] , is formed from aquo 
coniplexes; v/ater is liberated and supersaturates the TBP pliase. This water forms 
a separate phase and exti'acts from the organic phase both rdtric acid and aquo 
(RUNO) rdtrato conrplexes (under high acid conditions, these have very lev/ parti­
tion coefficients as is inlicated by extrapolation of the curves in Fig. 10). On 
wanning to 50 C there is homogerdsation of the phases. The occurrence of this 
phenomenon can have repercussions on the techrdques used for the analysis of (RUITO) 
- contodrdng TEP pliaoes from counter-current extraction systei.TS. It can also 
provide automatically some decontojnina Lion of TEP phar.es from rutherdum. 

4. PARTITION COELi-FICIfllTS 01'' NITRATO NITROSYLRUTIMrEUlI GOITLEKIS 

4.1 Anuo GoLTplexes. 

If aqueous .solutions of (RUIIO) rdtrato complexes are equilibrntcd -with TBP 
(+ diluent) for sixffioicntly short tfunes of Stirling (v/c hnve lari_,ely worked mth 
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TABLE VI 

RUmENIUM DISTRIBUTION COEFFICIENTS ( D ^ ) FOR TBP SOLUTIONS 

OF (RUNO) NITRATO COI.lPLEfflSS 

For 30 sec. S t i r r ing a t 25 C 

Conditions i n TBP 
and equivalent 
acjueous phases 

As In Table TTT, Ser ia l 8 

MM M M " 1 0 

n II II 11 11 Q 

^free TBP 

(M) 

0.40 

0.29 

0.19 

u 
sa tura t ion 

56 

51 

68 

°1 
After 
ageing 
for 15 
min. i n 

TBP 

1.29 

0.58 

0.29 

Ru 

At 
equilibrium 

in TBP 

1.65 

0.80 

0.46 
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30 sec. stirring at 0 or 20 C), there is no time for the conversion of aquo-
complexed to TBP - conrplexed opecies in the organic phase. This makes it 
possible to detemdne the partition coefficients (KJ for the trinitrate conrplex, 
K[) for the dinitrato cornplex, etc.) of the various aquo - conrplexed species for 
ajny given set of conditions. These partition coefficients are, by definition, 
peculiar to a given cximplex and independent of 

(1) The relative volumes of the organic and aqueous phases; 

(2) The time of stirring (provided this is svifficiently long for 
complete transfer between phases): 

but they are dependent on 

(3) The temperature; 

(4) The conrposition of the aqueous phase; 

(5) The composition of the organic phase, i.e. the /J TBP; 

(6) The concentration of the species (this v/ork has been limited 
to concentrations of <10~'-M Ru for which little dependence on 
concentration is found). 

The partition coefficients, for the same condit.ions of equilibration, increase as 
nitrate cemplexing of (RUMO) increases (of. r̂o values given in Table l). 

4.1.1 Resvrlts in Nitric Acid Solution. 

The determination of the individual partition coefficients is made 
difficult by the presence of several species in any particular solution: 
this has been overcome, firstly by employing Martin's method (para. 3«l)> 
secondly by paper chromatography of equilibrated phases. Various aqueous 
and TEP conditions have been studied. 

(a) Effect of Chanfie of TEP Concentration. 

The partition coefficients of the tri- and dinitrato complexes between 
3I.'I HNO3 and 10, 15, 20 and 50/̂  TEP/OK have been detemdned by Martin's 
method (Table VII, Fig. 9); in this case the free TBP concentration varies 
becaiise of changes in the total TEP concentration; for both complexes, over 
the range studied, a relationship of the type 

^^°free TEP)" = ^ constant 

i s obeyed (Fig. 9 ) . Tlie fact tliat n ~ 2 for both corrolcxes does not 
necessori ly mean that a 2 TEP conmlcx i s foiTncil, becouse m^ler these condi­
t ions the ac t i v i t y effects , olthoujili con."itant, m.iy be l a r j e ; . hov/cver, these 
r e s u l t s , tQ;;ether vdth the ^/orlc of llartin^^/ raid of Sangster^-^'', point to a 
2 TEP complex. 

i^) Effect of _Chan,'';e oC Anueonr. Ni t r ic Acid Gonccntrition. 

Pojrtition coeffioientM of the t i d - :uid cTLnLtrrio cor.^ilexen between 
ce r t a in aqucourj n i t r i c acid .uoluLioiiL; txnl 20, or jCf/^ Til a t 0°U have been 
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TABLE V I I 

m S DPTiilMDMCK OF THE PARTITION CORyFICIEHTS OF Tim (RUNO) T R I - MP 
DINITRATO G0I.n?LEXB3 AT 0°C ON TBP CONGEl̂ ITRATION 

Aqueous HNO^. M. 

% THP 
(=x) 

30 

20 

15 
10 

'̂ TJKP 

1.13M 

0.75 

1 0.56 
0.38 

free TBP 

0.52M 

0.32 

0.25 

0.17 

5.0 

2.2 

1.1 
0.4 

^ 

0.5 
0.2 

0.1 

0.02^ 

K(30f^ THP) 
Ratio •— 

K(z^i THP) 

^ 

-

2.3 

it-. 5 

12.5 

^ 

-

2.5 
5.0 

12.5 

TABLE VIII 

PARTITION COEFFIGIEMTS OF ( R U N O ) NITRATO COt.IPL-HIXES 
BET;ffiM A'-^OUS NITRIC ADID MD TBP SOLUTIOITS 

Pinal acidity 
after dilution 
of 7.5M HNO3 
stock solution 

0.75tl HNO, 

1.88 

3.0 

3.6 

4.13 

30̂ 0 TBP 

• ^ 

5.0 

0.63 

Partition Coefficients 

at 0°C 20fo TBP at 0°C 20^ TBP at 20°C 

«i> 

0.5 

0.06 

^ 

16 

2.2 

h 

1.5 
0.2 

S ^ 
30* 2.8* 

o.hii* 0.041* 

Ratio of 
partition 

coefficients 

10.7 

10.7 

10, 11 

10.7 

[ 10.5 

* Values calculated from measurements, v/itli various solvent/aqueous 
r a t i o s , "by Sangster^^/. 
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similarly determined (Table VIIl). Values of the partition coefficients 
at other solvent concentrations and temperat\ires from those at which they 
were measured may be calculated from the relationships, 

K(30/'i; TBP) 

K(20?2 TBP) 
= 2,k (deiived from Table VII) 

K (0°C) 
= 1,63 (obtained.from the work of Jenkins 

K (20 C) and Wain^^; on the trinitrate 
complex). 

The results, corrected to 2a> TBP and 20°C, are plotted in Pig. 10. The 
decrease in the partition coefficients Rj and T^ with increasing aqueovis 
nitric acid, concentration (Ofjiio, ĝ q) is interpreted, as previously suggested 
by Martln^2/, as being due to tne corresponding decrease in the free TBP 
concentration (Pig. 11); in this case (contrast Pig. 9) Ofj,gg TBP varies 
because of changes in the nitric acid concentration in the TBP phase; 
activity effects, which are both large ajnd variable, prevent quantitative 
agreement with a simple relationship such as ]K/(Ofree TBP')'̂  ~ ^ constant. 

liartin's method, in certain low acid cases, also gives values of the 
overall ruthenixmi distribution coefficient for Coniplexes C and D; tvra 
examples are: 

_. , . . „ ,. . . D„ for llixture of Complexes 
Extraction Conditxons Ru „ ^ ^ ^ 

— 0 and D 
0.73'̂ I HN0,(aq) with 20^ TBP at 20°C 0.035 
I.Sai HN0,(aq) with 20fo TBP at 0°C O.OI7 

Pape?* chromatography of the TBP and aqueous phases after equilibration 
provides a direct method for iiie determination of individual partition cc ~ 
efficients: trailing in the aqueous phase limits the accuracy of this method, 
particularly for -tiie higher nitrato complexes in high acid solution. The 
method does, however, provide approximate values of the respective partition 
coefficients (%, Kjj) for the mononitrate and the non-nitrato conrplex for 
•v\diich no other method is available: 

0. J10^(agl 

1M 

0.1M 

Approximate Pa r t i t i on Coefficient vn.th 20/o TBP a t 20°C 

0.03 

0.10 

0.008 

0.03 

The values of Î-- are included in Fig. 10. It may be noted th:\t the partition 
coefficient of water (% Q ) betT/een 0.75I.I ̂ 103 and 30/'J TBP at 25°C is 0.01, 
i.e. is comparable to Kĵ j? 
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4.1.2 Results in Nitric Acid-Nitrate Solutions. 

'mE 1 

Pinal aciditr 
a f te r diluti^ 
of 7.5I<I HNO3 
stock s o l u t i 

0.75M HNO, 

1.88 

3.0 

3.6 

1 4.13 

* VE 

re 

(12) 

The presence, at equilibrium betv/een the two phases, of uranyl rdtrate 
affects the partition coefficients in a number of ways. It is likely, how­
ever, tiiat the predominant effect arises from the decrease in the free THP 
oonoentration atter̂ iant on the uptake of uranyl nitrate by the TBP jirase. 

Measurements from which the individual partition coefficients in the 
presence of uranyl idtrate can be deduced have not been carried out, because 
of the difficulty of maintairdng equilibrivmi cx)ncentrations of uranyl nitrate 
in the solvent and acjueous phases vAille carrying out Martin's method, but the 
gross ruthenium distribution coefficients, observed for short times of stir­
ring, are in good agreement vdth calculated values (para. 6,2). 

The presence of Inextractable nitrates, such as sodium nitrate, will 

(i) increase IL-^ and loiiver the free TBP for a given value of 
3 

°HNO,(aq)' 

(11) oause Setchenow salting-out of any individual ruthenium complex 

These will act in opposing directions on the partition coefficient of a 
particular complex. 

4.2 TBP aomplexes originating in a TEP phase. 

It 1^ to be expected that the partition coefficient of the complex 
CRUN0(N03),(TEP)2] would be extremely high, and that only after ligand substitu­
tion would'̂ it enter an aqueous phase. Rutherdum distribution measurements by 
Martin's method support this view: a solution of tjie trinitrate complex agec. in 
30^ TBP e'quillbrated with 6J/I HNO3 was found, when stripped vdth various volumes 
of 6M HNO3 (Pig. 8 A ) , to contain 58^ of the ruthenium as one or more species with 
a very high partition coefficient (>103) In favour of the solvent phase. The 
other 42?o had a partition coefficient suggestive of the trirdtrato aquo complex, 

4.3 Ex:tractien of Nitrato Conrplexes b.y Dibutyl Phosphate. 

Dibutyl phosphate (DBP) is sometimes present as a hydrolysis product in TBP 
due to attack by radiation or by acid. This compound acts as an acid and foiiiis 
salts with metallic cations: these salts, e.g. of uranyl and zirconium, favour 
the organic phase. The trinitrate conrplex cannot be a cation; the lower rdtrato 
conrplexes are probably largely cationic in rdtric acid solution (R.P. Bell, private 
coninunicatlon). In spite of this, the ruthenium distribution coefficients ob­
tained from the equilibration at 20°C of aqueous solutions of the nitrato ccaiiplexes 
in nitric acid vdth 2̂ j DEP in kerosene are extremely low:-
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2 

20 

60 

rain. 

II 

II 

2 min . 

20 

60 

II 

11 

CHNO T > e of Stixriry^ D^^ 
3 ~*" 

1M 2 min . <10"^ 

^2 X 1 0 " ^ 

3M c j iu. i l . f f. 

<10'^ 

~4 X 10"^ 

The presence of DBP In TBP Is therefore most unlikely to influence the decon­
tamination factor which applies to rdtrato conrplexes of idtrosylrutherdum. In 
agreement with this work, no effect of DBP and MBP in TBP was found by Alrey, 
Ashworth and Hyde^''3) who used synthetic solutions containing (RUNO) nitrato 
complexes; and no effect with up to ^fo in TBP is reported by Bruce(14) and by 
Naylor'5) for ruthenium in fission product mixtures. 

5. RATES OP REACTIONS 

5»1 Aqueous Solutions. 

The main reactions occurring in aqueous id trie acid solution may be repre­
sented (for 6-coerdinated ruthenium) as follows:-

k. . 
[Ru NO (NO^)j (H20)2] ;~'-^ [Ru VO {W^)^ i^O)^] "̂  (l) 

°1 r' °2 
[Ru NO (N0^)2 (H20)^]"^ ^^ ^ [Ru NO NO^ (V)^^] ^"^ (2) 

02 \ Cj 

[Ru NO.NO, (HgO), ]^* ^ ^ [Ru NO (H20)3] ^̂^ (3) 
•̂  "̂  k/: 

=3 \ 
where k-) etc. eire rate constants and Ci etc. are concentrations. The rates of 
these reactions are eill first order vdth respect to rutherdum, and therefore 
independent of rutherdum cioncentration. 

Rate constants for the disappearance of the trirdtrato conrplex (k-]) have 
been measured by Jenkins and 7fein\9) for solutions in 0.75 to 1|M nitric acid; 
their results are included in Table IX, The constants for the reverse reaction 
(k2), also given in Table IX, were calculated from the relative concentrations, 
C-| and 02, at equilibrium (Table II A) and from k-j by the relationship 
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TABLE IX 

AITROXII.IATE RATES 0? REACTIOI! EET-.'.̂ EEIT (RUNO) 
mTRATO OOHELSXES IH ACUEOUS SOLUTION 

Reac t ion 

Decomposition of 

T r i n i t r a t e Complex 

(Rate Constant kp) 

[ FoiTOn.tion of 

T r i n i t r a t e Complex 

(Rate Cons tant k j ) 

°mio, 
(M) 

0 . 7 5 ; 

2 .0 

if.0 

7 .5 

0 .75) 

2 .0 

7 .5 
-

Condi t ions 

°Ru 
(M) 

5 X 10"^ 

5 .7 X 10"^ 

^ - 2 
3 .7 X 10 ' ' 

5 .7 X 10"^ 

It 

ti 

10-2 t o 10"^ 

5 X 10"^ 

5 .7 X 10"^ 
t o _2 

3 .7 X 10 '̂  

5 .7 X 10"^ 

•1 

u 

10"^ t o 10"^ 

Temp, 
°C 

0 

25 

35 

25 

II 

II 

0 

25 

35 

25 

i> 

II 

Rate 
Constant 

rain"'' 

0.0185 

0.0i^8 

0.060 

0.02^5 

0 .034 

~0 .02 

0.0035 

; 0.009 

0.011 

0.012 

0,026 

~0.0i». 

Hnlf-t irae 
min. 

38 

1if 

12 

15 

20 

- 3 5 

198 

77 

63 

58 

27 

- 1 7 

Ifote; Gijggenheim'3 method^ •' v/as used i n the deduc t ion of r a t e 
c o n s t a n t s from d i s t r i b u t i o n c o e f f i c i e n t da ta* 
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The rate constants given in Table IX for the 7.5I'I HMO5 solution were derived from 
the paper chromatographic results on Solution A of Table X. As would be expected 
both k-| and k2 show some dependence on nitric acid concentration (see result»• for 
25°C in Table IX). 

There is some evidence from the histograms obtained in paper chromatography 
that the rate constants of Reactions 2 and 3 are of the same order as k-j and k2J 
Table X gives results obtained from two relevant histograms; the overall rate of 
production of the trinitrate coniplex for Solution A, vdiich was largely composed 
of the mono- and non-nitrato complexes, is coinparable with k̂  indicating tiiat 
there is no very slow stage in the seĉ uence of reactions involved. The deriva­
tion of precise kinetic data from such histograms is not possible because of 
trailing of the intermediate peaks, but an approximate value for kc in 7.5M HNOj, 
calculated from the two histograms to \'\̂ ch Table X refers, is k^ = 0.017 min~1 
(tx - LO min. ;j from the equilibria given in Table II A, a value of k^ = 0.004 
min''1 (ti =170 min.) is obtained for these cjonditions. 

Certain solutions, e.g. those derived 

(i) from low acid (pH >l) conditions, 

(ii) from certain solid preparations of (RUITO) nitrato complexes, 

may contain polynuclear complexes. The rate of nitration of these is relatively 
slow. An example of this is the rate observed vrhen a particiilar solid preparation 
was dissolved in 1M HNO5; the solution was aged to equilibrium at this acidity 
and then made 7.5M in HNO^: 

Time of Afreinf?; in 7.5M HNÔ  at 20°C 

0 

30 min. 

135 " 

24 hours 

% T r in i t r a t e Complex 

~ 2 

- 3 

- 4 

~ 6 

5.2 TEP Solutions. 

Pour types of reaction, all of which are fii^t order v/ith respect to 
ruthenixjm, v/hich occur in THP solutions containing nitric acid are:-
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•TAHJX 

RATE OF CHAKGE OP PROPORTIONS OP NITRATO COI'.IPLEXES 
AT 20"'0 AS DETERMINED PROM PAPER CeRC».tAT0GRAM3 

With Solution A^^^ 

Nitric Acid: Initial 1M 
Nitrio Acid: During Ageing 7.5M 

T l ^ 

0 

15 mins. 

30 » 

60-70 mdns. 

135 " 

4 hours 

24 " 

Ru as 
Non-nitrato 
Ooniplex 

66^0 

59 

54 

41 

35 

17 

Ru as 
Trinitrate Complex 
on the solvent front 

2-3?^ 

8 - 1 0 

10 - 12 

26(iii) 

Solution B^^^^ 

5M 
7.5M 

Ru as 
Trinitrate Coniplex 
en the solvent front 

9fo 

15 

20 

26 

26(iii) 

Notes: (i) Solution A was made by dilution of Solution X: it 
was aged for 24 hours in 1M HNO, before tise. 

(ii) Solution B was made directly from a preparation of 
the complexes in a solid form. 

(iii) BecaxjiBe of trailing of the trinitrate coniplex, 
paper chronciitograms raxely show the full amount 
of 42̂ ^ Ru on the solvent front for solutions at 
equilibrium in 7.5I>I Î INÔ ; ~30/^ Ru is sometimes 
found (por*a. 3.1 o). 
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Reaction 

Type Example 

Dependence of rate constant 
on concentration of 

HNO3 
(or nitrate) 

HgO TBP 

Nitration 

5. Denitration 

Formation of (RUNO) 
trinitrate coinplex 
from Icuver nitrate 
complexes. 

Reversal of 4» 

Dependent 

Inversely 
deiaendent 

Inversely 
dependent 

Dependent 

Practically 
independent. 

6. TBP complex 
foimation 

7. Aquo complex 
formation 

Formation of (RUI^O) 
trinitrate 2 TBP 
complex. 

Reversal of 6. 

)lndependent 
except 

)in so far &s[ 

affects ) 

j^HgO (°^S) I 

Inversely 
dependent 

Dependent 

Practically 
independent as 
long as there is 
a swamping con­
centration of 
THP. 
Inversely 
deiDendent, 

The following scheme summarises these reactions; the half-times refer to the 
ten5)erature range 20 to 25°C: 

Lower nitrato 
complexes x 

ti ~20 mins. 

ti ~25 mins. 
2 

ti. ~3 mins. 

[RUH0(N0^)^(H20)2] ^ [Ru]M0(N0^)^(THP)2], 

tj_ ~6 mins. 
2 

It will be noted that the rates of the nitrations and denitrations in TBP are about 
the same as in aqueous solutions (Table IX), 

Ruthenium distribution coefficient measurements were used to obtain kinetic 
data (Table Xl); the organic phase in which the reactions were occurring was 
stripped at various time intervals with an equal volume of an acjueous phase of 
euitablQ oomposition. 

There are two distinct series of rate constants (and half-times) :-

(«,) When QH20(org) is low (<0,2M), i.e. with high concentrations of nitric 
aqid or uranyl nitrate in the TBP phase. Under these conditions the 
trinitrate oeroplex is the predominant initial species, and a reaction 
with a half-time of about 3 mins. has been observed by Sangster̂ '̂ ', by 
Aikin and Brucev''), and by ourselves (Table XI, Series A). This rather 
fast reaction is attributed to TBP complex fennation (Reaction 6), 
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TABLE XI 

RATE5S OP REACTIONS CF (RUKO) NITRATO COMPLEXES IN TBP SOLUTIONS 

Series 

A 

B 

0 

Ageing 
Condi, tions 

Complexes 
freshly 
extracted 
into TBP 
phase 

n 

TBP phase 
stirred 
continuously 
with 
equilibrium 
aqueous 
phase 
(1CM HNO,) 

Reaction 
Acoe\mting 

for 
slow 
stage 

TBP 

Cen5)lex 

formation 

Denitration 

Nitration 

II 

Formation, 
from TBP 
complexes, 
of aquo 
complexes 
with 
extraction 
into the 
aqueous 
phase. 

Conditions in TBP phase 

*̂ TBP 

fo 

20 

20 

30 

30 

30 

30 

30 

Free 
(M) 

0.31 

0.29 

0.8 

0.5 

0.4 

MD 

°HN03 

(M) 

0.42 

0.44 

1.1 

0.3 

0.6 

0.08 

1.1 

%o 
(M) 

0.11 

0.11 

0.15 

0.51 

0.34 

0.26 

°N0 

%o 

3.8 

4.0 

7.3 

0.59 

1.75 

2.7* 

-

Temp. 

(°c) 

20 

20 

25 

25 

25 

25 

25 

0 

First 
order 
rate 

constant 
(min-l) 

~0.17 

-0.23 

~0.22 

0.026 

0.030 

0,043 

~0.'12 

-0.006 

Half-
time 
of 

reaction 
(min.) 

- 4 ^ 

- 3 ^ 

- 3 

26.5 

23.0 

16.0 

~ 6 

~100 

* This solution contained 0,31M uranyl nitrate. 

I Sangster. 

i Alkln and Bruce. 
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(b) When CH2O (org) is high or vdien the initial species in the TEP phase 
are lovrer nitrato complexes, hall'-times of 15-30 mins. are obtained 
(Table XI, Series B ) . Tlie directions and rates of these changes are 
controlled by Cjiitrate/0H20 ̂ ^^ ^^^ attributed to nitration and de­
nitration reactions (Reactions 4 and 5) vyhich axe similar to those 
occvirring in the aqueous phase (Reactions 1-3). 

Information about the rate of Reaction 7, which may be represented as 

(RUNO) nitrato TEP comt̂ lexes > (RuNO) nitrato aquo complexes, 

was obtained by continuously stirring a TEP solution (I.IM in HTIOj) v/ith an 
equilibrium aqueoiis phase (101.1 HITÔ ) originally cjontaining no ruthenium. The 
values of Dj^ from virhich the rate constants given in Table XI, Series C axe 
derived, were:-

Time of Stirriiy; 

0°C 

2.34 

1.83 

0.52 

^Ru 

25°C 

2.8 

0.14 

0.007 

30 sec. 

15 min. 

2 hovirs 

Paper chroraatograms on THP solutions have confirmed, by the relative rates of 
growth of peaks at 0° and 20°C, that the teinperature coefficient of the rate 
of this reaction is large, 

6. HJTHENimi DI3TRIHJTI0N COELĴ ICIEIJTS 

6.1 Factors wliich affect observed Ruthenium Distribution Coefficients. 

Most laboratory measurements related to the plant problems wliich arise from 
fission product ruthenitmi have been by p smd y coxmting and so give distribution 
coefficients, DJĴ , viiiich are integrated values for all the ruthenivmi complexes 
present. It fellows from the previous paragraphs that any value of D>RU> derive! 
by the sampling and analysis for ruthenium of tvfO phases -wliich have been stirred 
together and separated, has no meaning unless the conditions are specified. 

The distribution coefficient can depend on:-

(1) The composition of the two phases with respect to components 
(HNO,, HpO, TBP, uranyl nitrate etc.) other than ruthenium: 

(ii) The proportions of tlie ruthenium complexes initially present 
(these may or may not be at equilibrium): 

(iii) The temperature: 

(iv) The relative volumes of the organic and aqueous phases: 
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(v) The time of mixing of the two phases (see 6.2 to 6,4) t 

(vi) The proportion of ruthenium present in other forms e.g. as RuTV 
or as certain (RiiNO) nitre complexes (see 6.5)t 

(vll) Tlie presence of DEP etc, (see 6.6). 

The concentration of ruthenium is unlikely to have any appreciable effect for the 
acid systems under consideration, provided it is <10~fM. The first three of 
these factors have been discussed in para. 4 for individual nitrato nitrosyl-
ruthenitun complexes; an example of (iv) is given in Table XII. With regard 
to the mixing time, it is convenient to consider the following three cases;-

Case 

A. Proportions of 
(RUNO) species not 
appreciably changed 
dijring equilibration. 

B. Equilibrivim between 
species reached both 
between and within 
the two phases. 

Mixing Times vAiich apply 

Short: less than 1 min. 
at 20°0. 

Long: several hexors 
at 20°C. 

Remarks 

Analogous to dis­
tribution of carbon 
for a mixture of 
stable organic 
compotands. 

Analogous to dis­
tribution of uranium 
for uranyl nitrate 
solutions for all 
times of stirring. 

Intermediate: 
minutes s.t 20°C, 

C. Some change 4.n the 
proportions pf species 
but equilibrium with»-
in each phase not 
reacshed, 

6.2 Case A; Short Mĵ xing Times, 

(a) In the Abseî oe of Uranyl Nitrat^, 

Measurements with stirring times in the range 10-120 sees, (followed by 
centrifugation for about 2-3 mins. and Ixnuiediate phase separation) give almost 
constant values of D„ 

Ru 
(l) for stirring times up to 2 mins, at 0 0 (an example is Dj^ = 0,66, 

0.85, 0.85, 0.85 for 15, 30, 60 and 120 sees, respectively for a 
solution of (RUNO) nitrato con^lexes aged in 1.37M HNOi and extracted 
with 3C^o TBP at O^C) and 

(ii) for stirring times up to 30 sees, at 20° or 25°0. 

These times are reasonably short in relation to the half-times of the reaction 
involved. 

The interpretation of measured values of Dj^ for all conditions to which the 
data of Tables II and VIII apply is possible for these short times of stirring. 
The agreement between observed and calculated values is presented:-
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TABLE XII 

CggARISON OF OBSERVED ATP CALCUIATBD RUTHENIUM DISTRIBUTION 
COEraiCIENTS OBl̂ AINED mTR DIFFERENT RELATIVE VOLUI>IES OF THE 

SOLVENT MTD AQUEOUS RIASES (MARTIN'S METHOD) 

Solution X diluted to 3M HNO, and instantaneously extracted with various 
volvmies of 30^ TBP at 0°C i3Q sec. stirring). 

V 

0.2 

0.35 

0 .5 

0.75 

1.0 

2 . 5 

5 ,0 

7 .0 

Ru Y cts/mir/nil (x 10"^) 
i n solvent phase 

Obs. 

21.77 

14.69 

11.45 

8.626 

7.032 

3.287 

1.728 

1.275 

Calc , . 

20.38 

14.86 

11.80 

8.817 

7.063 

3.264 

1 . 7 ^ 

1.268 

°^S' r inn 
Calc. ' ' ^°° 

107 

99 

97 

98 

100 

101 

99 

100 

Ru Y cts/min/ml (x 10~^) 
i n aqueous phase 

Obs. 

6.576 

5.435 

4.815 

4.013 

3.600 

2.478 

1.952 

1.752 

Calc. 

6.604 

5.4W 

4.742 

4.026 

3.578 

2,kl(> 

1.940 

1.755 

°^S' . inn 
C a l c - ^°° 

99.6 

99.9. 

101,5 

99.7 

100.6 

100,1 

100.6 

99.8 

Ruthenium d i s t r ibu t ion 
coefficient 

Obs. 

3.31 

2.70 

2.38 

2.15 

1.95 

1.33 

0.890 

0.728 

Calc. 

3.09 

2.73 

2.49 

2.19 

1.97 

1.32 

0.897 

0.723 

^ ^ 1 0 0 Calc. 

107 

99 

95 

98 

99 

100 

99 

101 

Note: y _ Volume of solvent phase 
~ Volume of aqueous phase 
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(i) In Table XII, for extraction by 30̂ » TBP from a particular stock 
solution (the variable is the ratio of the volumes of the solvent 
and aqueous phases): 

(ii) In Table XIII, for extraction by an equal voltmie of TBP from various 
solutions derived from stock solutions (variables are acidity, fo TBP, 
temperature): 

(iii) In Table XIV, Serial 1, for certain experiments in which there have 
been successive operations ending with stripping of a TBP phase, 

(b) In the Presence of Uranyl Nitrate. 

Calculated values of DRQ for these conditions may be obtained by using 
coirpesltions derived from Pig, 6 and by the use of partition coefficd-ents inter­
polated from Pig. 10, There is again good agreement (see TableXEV, Serials 2 
and 3). 

6.3 Case B. Eqvdlibrium CorcLltions Reached (Long Mixing Times), 

With svifficlently long times of stirring there vdll be equilibrivmi both in 
each phase and between each phase. Reaction ratiss have been fovmd (para, 5) 
to be sucdi that the reactions in both the aqueous and TBP phases are complete in 
about 2-3 hours at 20°C or in about 20 mins, at 50°C. Beyond such times further 
changes may occur in exceptional circumstances when polymers are Involved, 

Calculations of liRa, with the help of the results in paras, 3> 4 and 5, for 
two phases at equilibrivmi wotild be easy if transfer between the two phases was 
limited to one cx)mplex, say [RVINO(N02)5(H20)23, which in turn was in equilibrium 
vdth only one other complex in each phase, e.g. 

TBP Phase Trinltrato-Aquo ^ Trinltrato-TBP 

Mononitrate -̂  Trinltrato-Aquo Aqueous Phase 

This however is a much over simplified picture, since there are other coinplexes 
in both phases and also there is exchange, between the phases, of more than one 
complex. 

Fortunately, prolonged mixing of aqueous and TBP phases is of limited 
practical Interest to solvent extraction systems. Values of D^^ of unity or 
greater are often obtained for 30 sees, eqvd.libratien (Table XIII and Table XIV, 
Serial i): by contrast, for prolonged stirring times, DRU is usually low 
(Table XV), Serials 8 and 9 of Table XV refer to conditions which might prevail 
if the TBP phase from a uranium solvent extraction system was stripped with 1M 
HNO3 with a long time of stirring: the percentage saturation of the T ^ by 
uranium in the two experiments was 58-6lJa, 
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TABLE XII I 

COMPARISON OF OBSERVED AND .CALCUTĴ TED RU1HENIUII DISTRIBUTION COEJJT'ICIENTS 
OBTAINED WL-m EQUAL VOLUMES OF THE 30LVEMT AND Â jUEOUS PHASES. 30 SBC, 

STIRRING AI€) ^^0-M Ru 

Aqueous n i t r i c ac id 
c o n c e n t r a t i o n 

Stook 
S o l u t i o n 

(M) 

0 ,75 
0 ,75 
1,0 
1.37' 
1.57 
1,5 
2 , 0 
2 ,2 
3 . 0 
3 , 0 
3 .6 
4 .05 
4 . 6 
5 ,0 
6 , 4 
7 ,5 
7 .5 
7 .5 
7 .5 
7 .5 
7 .5 
7 .5 
7 .5 
7 .5 
7 .5 
7 ,5 
7 .5 
7,75 
7,75 
7.93 
8 ,7 

11 .3 
12 ,4 
14.5 

F i n a l 
Ac id i t y 

(M) 

0.75 
0.75 
0.1 
1.37 
1.37 
1.5 
2 .0 
2 .2 
3 .0 
3.0 
3.6 
4 .05 
3 .0 
5.0 
3 . 0 
0 .75 
0.75 
0 .75 
1.5 
1.88 
2 .2 
3 .0 
3 . 0 
3 .0 
3 .0 

•3 .6 
4 . 1 3 
2 .0 
4 .05 
1.37 
3 . 0 
3 .0 
3 .0 
3 .0 

TBP phase 
(fp TBP) 

20 
30 
30 
30 
30 
20 
30 
20 
30 
30 
20 
30 
30 
30 
30 
20 
30 
30 
20 
20 
20 

1 10 
15 

1 20 
30 
20 
30 
30 
30 
30 
30 
30 
30 
30 

Temp. 
°C 

20 
25 
0 
0 

25 
20 
25 
20 

0 
20 
20 
25 
0 

20 
0 

20 
0 

25 
20 
20 
20 
0 
0 
0 
0 

20 
0 

25 
25 
25 
0 
0 
0 
0 

Rutheniimi d i s t r i b u t i o n c o e f f i c i e n t ( D - ) 

Observed 

0 .041* 
o.dMt-
0.11C* 
0.085 
0*05^ 
0.05 
0 .08 
0,05 
0.124 
0.074^ 
0.041 
0.024 
0.252+ 
0,019 
0,538* 
1.26 ** 
1.9 + 
1.46* 
0.99** 
0,894* 
0.63** 
0.149* 
0.30CH= 
0.47W 
0.693* 
0 , l6o«* 
0.200+ 
1,06+ 
0,13+ 
1.33+ 
0,964* 
1.95+ 
1,92+ 
2.57+ 

Ca lcu la ted 

0.0405 
0.044 
0,115 
0,084 
0,056 
0,065 
0.070 
0.073 
0.124 
0.074 
0.043 
0,040 
0.262 
0.016 
0,515 
1.27 
1,8 
1.50 
1,05 
0.896 
0.74 
0.145 
0,311 
0,473 
0.697 
0.157 
0.209 
0.96 
0 .14 
1.30 
0.971 
1.97 
2.09 

X\\A. 

~^ioo 
Calc . 

101 
100 
96 

101 
90 
77 

114 
70 

'100 
100 
95 
60 
96 

120 1 
104 
99 

105 
97 
94 

100 
85 

103 
96 
99 

100 
i 102 

96 
1 110 

93 
102 
99 
99 
92 

2.66 97 

Res\ilt3 by Sangster 

These distribution irteasxirementa vrore carried out immediately after 
dilution of the ntock solutions; the ruthenium composition j\ist 
prior to equilibration was therefore that of the stock solution. 

- 33 -



TABLE XIV 

COMPARISON OP OBSERVED AND CALCULATED ROTHEtTIUM DISTRIBUTION 
CDEFFICIMCS OBTAINED UNDER CERTAIN SPECIAL OOHDITIONS (30 SEC. STIRRING) 

Serial 

1-
1 

2. 

3. 

Conditions of Experiment 

(RUNO) nitrate oemplexes aged in 
7.5M HNO3, diluted to 0.75M IINO3 and: 

(1) Extracted with an eqjial volume 
of 30;c TBP at 0°C: 

(2) The solvent phase from (I) 
immediately extracted with an 
ernial volume of O.75IA HNO3 at 

(3) The solveiit phase from (I) 
extracted with 5 times its volume 
of 0.75M HNO3 ̂ t QPQ, 

(RUNO) nitrato oc»Qp)Lexes aged to 
equilibritjm in 1M HNOT containing 1.60M 
uranyl nitrate and extracted with an 
equal volume of 2Q!o TBP containing the 
equilibrium amounts of HNO3 and uranyl 
nitrate at 20^0. 

(RUNO) nitrato oemplexes aged to 
equilibrium in 3M HNO3 containing 1.26M 
tiranyl nitrate and extracted with an 
equal volume of 2Q,o TBP containing the 
equilibrium amounts of HNO3 and uranyl 
nitrate at 20°C. 

Observed 

1.9 

8.3 

17.8 1 

0.016 

0.0032 

Calculated 

1.8 

8,45 

16,;;! 

0.015 

0.0038 

Calc. 

105 

98 

110 

107 

84 
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TABLE XV 

RUTHENIUM DISTRIBUTION COEFFICIENTS. D j ^ . OBTAINED VflTH LONG MIXING 

TIMES OF THE ORGANIC AND AQUEOUS PHASES 

Serial 

1 

2 

3 

4 

5 

6 

7 

6 

9 

Aqueous Phase 

°HN0, 

0.75M 

1.5 

3.0 

2.2 

2.9 

3.0 

3.6 

1,0 

1,0 

°UNH 

« • 

-

-

-

-

-

-

0.135^1 

0.125 

Organic Phase 

0, 

% 

20 

H 

30 

20 

II 

II 

II 

n 

II 

L'BP 

Free 

0.69M 

0.54 

0.50 

0.40 

0.31 

0.30 

0.24 

0.24 

0.26 

°UN 

-

-

«* 

-

- • 

-

-

0.22M 

0.21 

Temp. 

20°C 

II 

II 

It 

II 

80 

20 

II 

60 

R̂u 

0.30 

0.23 

0.17 

0.14 

0.08 

0.10 

0.065 

0.02 

0.008 

Results 
by 

Sangster^ ̂-̂  

II 

This work 

Sangster 

II 

Aikin^^) 

Sangster 

This work 

n 

Notes: (1) In Serials 1 to 7, equal volumes of solvent a M aqueous phases 
were used: in 8 and 9, the ratio of the organic volume to the 
aqueous volume was 3!1. 

(2) In Serials 1 to 5 and 7, the ruthenium was originally in the 
aqueous phase: in 6, 8 and 9, it was originally in the solvent 
phase. 

(3) Stirring times for Serials 3, 8 and 9 were 66O, 400 and 30 min. 
respectively. 

- 35 -



6,4 Case C. Intermediate Times cxF Mixing. 

This case is the one of most interest to solvent extraction processes since 
In cxjvinter-ovurrent extraction vd-th columns or with mix e r-settlers, the mixing 
time is visually of the order of a few minutes. Laborateiy experiments with 
(RUNO) nitrato complexes have, therefore, frequently been in this category. . K 
Results with TEP have been reported by MartinC'2)^ Aikin and BruceCl/, P,R. Brucev14; 
aM by Holbert and Marshall^''*), V/ith acid systems (say >1M HNO3), the Important 
reactions (para, 5) have half-times at room teniperature of about 20 mins. (nitra­
tion and denitration reactions) and about 3 minutes (complexing by TBP or by vrater 
in the organic phase). It is possible therefore to interpret tiie past resxilts in 
terms of these reactions and their respective rates. 

It is convenient to divide examples into two categories: firstly with 
ruthenivm originally entirely in the aqueous phase; secondly with ruthenium 
originally entirely in the TEP phase, 

(a) Ru originally in the Aqueous Phase, 

With solutions initially at equilibritim, the tendency is for Djj^ to rise with 
stirring time (Table XVl), TYlth solutions initially not at equilibri\mi, it is 
obvious that D^ can rise or fall with the stirring time depending en the relation­
ship of ihe species present to the equilibration conditions used. 

The variation of DR^ (for synthetic solutions in which the ruthenium species 
were NOT Initially at eciuillbrium) with the nitric acid concentration has been 
determined separately for 20,-0 TBP at room temperature,with a stirring time of 5 
mins, by Martin and Gilliesv^/ and by Aikin and Bruce'^/, Their results are 
included in Fig. 12 with owe values for 30 sees, stirring for solutions at equil-
Ibrliun: it is apparent from the curves in this figure that the relationship between 
I)RU and OuNO^aq becomes quite different when dealing with different sets of cori-
dltions, e.g. solutions at or not at equilibrium. Our results first rise and then 
fall as OHNQ_aq increases because of cenpetition between the effects due to the 
Increase in the proportion of highly extractable species and the decrease in the 
free TBP concentration. 

The Influence of viranyl nitrate en I>^ (with solutions of irradiated uranium 
in 3I'I/HN03, 30Jo TBP and a stirring time of 10 mins.) has been quoted by F.E, 
Brucê '"̂ "̂', The slope of the plot (Pig, I3) of log DRU against log (free TBP) 
concentration indicates that DfĴ  a [Free TBP] 2.4. 

(b) Ru ori/̂ .inally in the Orpianic Hiase, 

The influence of the stirring time en DRU in this case (which applies in a 
stripping section or a backv/ash extractor) can be very marked. The following is 
an example: a solution of (RUITO) nitrato complexes, not at equilibrium, in 20?o 
TBP containing 52 gU/l was stirred with ^ of its volume of 1M HNO3 containing 
33 gU/l at 20°C; the value of DR^ fell v/ith time as follows:-
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TABLE XVI 

THE EFFECT ON THE RUTHENIUM DISTRIBUTION COEFFICIENT. D̂ ^̂ . OF CONTINUOUSLY 

STIRRING A 3M HNO, SOLUTION OF (RUI^TO) NITRATO C01/1PLEXES. ORIGINALLY AT 

EQUILIBRIUM. TOTH CONDITIONED 30A> TBP AT 20°C 

Ru-̂ 10"̂ vl 

Time of S t i r r ing 

30 sec . • 

10 min. 

30 •• 

1 hovu: 

3 " 

11 " 

°Ru 

0.074 

0.093 

0.119 

0,146 

0.167 

0.167 



2 mins. 

12 

57 

120 

11 

II 

II 

Time of S t i r r ing Dj^ 

0.97 

0,54 

0.20 

0.087 

400 " 0.02 

6.5 Allowance for RuIV etc. 

As RuIV nitrates are practically Inextractable by TBP (e.g. DR^xy <10''"̂  for 
3C5« TBP), their presence will cause a decrease in the ruthenium distribution cor .. 
efTlcient: also certain nitre complexes of (RUNO) are relatively inextractable^"'"/. 
Thus if Djjji is x for nitrato nitresylruthenivon complexes under certain cjonditions, 
EjfjjWill be 2Sli/(l + 2S ~ SIL) ^ ° ^ mixtures of 'these complexes with other inextractable 
forms of ruthenium, î diere 

Ruthenium Concentration as (RUNO) Nitrate Complexes 
I = 

Total Rutheniimi Concentration 

A fvirther effect of the presence of RuIV nitrates is discussed below (para. 6.6), 

6.6 Effect of DBP in TBP Solutions. 
DBP and other hydrolysis products of TBP may occur in TBP systems due to acid 

hydrolysis or to radiation effects. Evidence is given in para, 4.3 that these 
imptarities exert a negligible effect, in acid TBP systems, on the distribution 
coefficients obtained with (RIINO) nitrato complexes. 

Due to the cationic nature of RuIV nitrates, acids such as DBP might, however, 
lead to the extraction in a TBP system of RuIV if any ruthenium is present in this 
form. Distribution measurements, siini.lar to those described in para, 4.3> with 
RvtIV solutions in nitric acid show that some extraction of RuTV does occur with 
DBP (Table XVIl): as is to be expected, high acid conditions oppose the foimation 
of a DBP complex; such extraction of RuIV as might occur in a TBP-DBP system is 
therefore only likely to be significant under low acid or acid deficient conditions. 

An adverse effect of radiation on ruthenium decontamination has been reported 
by U,S.A. workerrt (Gathers'''7)). Their results apply to acid systems, She 
explanation for this adverse effect must apparently be sought outside the action 
of DBP on (RUITO) nitrato coniplexes or on RuIV: there are of course other 
possibilities e.g. the action of other organic degradation products from TBP and 
its diluent or the foraiation of different rutheni\jm complexes by the action of 
reagents, such as nitrous acid, which are formed by radiation in the system, 

7, DISCUSSION AID CONCI..USIONS 

The properties of nitrato nitrosylruthenixmi coniplexes in aqueous and TBP solu­
tions of nitric acid follow the general pattern of nitrato complexing of polyvalent 
cations e,g. 
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TABLE XVII 

EXTRACTION OF RuIV PROM NITOIC ACID SOLUTIONS BY 2^ (O.IM) DEP IN KEROSENE 

Vol, of organic phase : Vol. of aqueous phase = 1. Temperature ~20 C, 

Serial 

i •'• 

2. 

3. 

Preparation of Initial 
Solution from Stock in 

3.3M HNO, 

Diluted to 1M HNO3 and 
aged for 2 hours. 

Diluted to Vd HNO3 and 
extracted immediately. 

Diluted to 0.1M HIO^ and 
extracted immediately. 

Ru 
Concentration 

~ 10"\ 

11 

~ i0"Vi 

Stirring 
Time 
(mins.) 

2 
20 

20 
60 

2 
20 

Ru Distribution 
Coefficient ( /A.) 

.0004 • 

.0014 1 

.004 ' 

.oai-

.069 

.067 

Note: The conditions in Serisj. 3 are relatively favourable to the 
fonnation of a RuIY-DEP coniplex; this is because there is 
little time for poljaner formation, and coiaplex formation, 
according to an enuilibriuan such as 

Ruiv2+ + X H(BU2.P0, ) '̂  RuC'Bû PO, )^ + 2̂1"̂  , 

is promoted by the lovr hydrogen ion concentration (activity). 
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(l) there Is a series of pomplexes in which the higher nitrate coniplexes are 
favoured by high stoichiometric concentrations of nitric acid or of 
nitrate: 

(ll) one of the stable forms in TBP solution is an uncharged TBP complex contain­
ing no aquo groups. 

Partlcvilar points of interest which arise from this work are -

(ill) the absence of polynuclear forms (with <10"'l.I Ru) in concentrations of 
nitric acid down to 1M and probably even to 0.1M; 

(iv) the ease with which the individual complexes can be detected and estimated 
by paper chromatography owing to the relative slowness of the nitration 
and denitration reactions. 

The distribution of rutheniuin obtained v/hen aqueous and TBP phases containing 
these complexes are mixed can now be explained, for a wide variety of conditions, 
from the kinetic, equilibrium and partition data given in this paper: the distri­
bution of ruthenixan can also be forecast for other conditions. Unlike the dis­
tribution of ether metals, when present as nitrates, the ruthenium distribution is 
dependent on relatively slow reactions; this is one of the main reasons why it has 
behaved anomalously in many of the investigations in wiiich fission product ruthenium, 
in conjxuiction vdth othei' fission products and with fissile and fertile elements, has 
been stuiied in nitric acid solution. The properties of these (RulTO) nitrato com­
plexes reported in this paper can also be applied to the complicated conditions which 
arise in a cotinter-current extraction systau: forecasts can be nade of the effect of 
variables such as residence times on ruthenium decontamination factors: results will 
be reported in Part II for a TBP system. 

We are conscious that ruthenium is anomalous compared to many of the other 
elements present in solutions of irradiated material in nitric acid in another im­
portant aspect, viz,, its possible existence in a multiplicity of forms such as RuIV, 

(RuNO) nitrato complexes and 

(RUNO) nitre coniplexes. 

The (RUNO) nitrato complexes, to vdiich this paper is confined, are only one of 
theise forms: dissolving and subsequent cooling conditions as well as radiation, can 
influence nitrous acid concentrations and therefore play an important role in deter­
mining the proportion of ruthenium as (RUNO) nitrate complexes: these matters are 
under investigation and it is already apparent that the (RuNO) nitrato coniplexes are 
an Intermediate form between RuIV and (RUNO) nitre complexes. However, as both 
these other forms appear to be relatively inextractable by TpP solutions, the overall 
behaviour of fission product ruthenium in a TBP extraction process is probably largely 
controlled by the prevalence of (RUNO) nitrato complexes, 
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APPENDIX 

TWO APPLICATIONS OF MARTHA'S METHOD TO SPECIFIC PROBLÎ JS 
{̂ELATED TO NITRATO CaiPLEXES OF NITROSTLRUTHENITO.! 

(by R,P, Bel l* ard. P,G,M, Brown) 

1» Definition of Tenns. 

•r«t V Volume of Solvent Phase 
** Voliane of Aqueous Phase 

K_ a partition coefficient of trinitrate ( R U N O ) complex. 

Kp « " " " dlnltrato " " 

I refer to the inextractable species (in each case the 
assumption is made that oiily the tri- and dlnltrato 
complexes extract; the term inextractable species is 
applied to the lower nitrato and polynuclear complexes). 

0 refer to concentrations in the original aqueous solution, 

G_ cs concentration of trinitrate ( R U N O ) complex. 

Cjj s It II dlnltrato " " 

C- s concentration of Ru as inextractable Ru species. 

Cp s total ruthenium concentration. 

then Cjj^ = C^ + Cjj + Cj . 

Let a = V'S s^ P - V \ • 
x = concentration of ruthenium in the aqueous phase, for a 

given value of V, after extraction. 

x' = X - C_ = concentration of extractable ruthenixnn in the 
aqueous phase, for a given value of V, after extraction. 

y B concentration of imthenium in the organic phase, for a 
given value of V, after extraction. 

« 
Consultant to A.E,R,E, 
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2* Case I: To fir̂ . C ^ CL and K^ when C and K-. are known. 

Note: K_ may be obtained from the approximate relationship 

K^ £» lim 
X > C^ ^dx^ ' 

Ru 
(1) 

or, alternately, from separate successive strip ejqperiments. C_ is 
obtained directly from the intercept of the plot of x against y en 
the X-axis, These points are illustrated below (see Fig, 5) J 

V < I 

V > I 

\tl 
£j. 

SLOPE K T 

X EXPERIMENTAU 00IMT8 

Now for tv/o extractable species, T and D, and one inextractable species I , 

X = 
T̂ 

and y = ^£l 

IH-VK^ 

^^T + h 
1+vK- Ti 

D „ 
1+VKp •" ° I 

A 

by rearrangement of (2) and (^) with subs t i tu t ion of 

a =, Gjy'c^ and p = K^/K^ , 

we derive "the equation 

(2) 

(3) 

(1 + VK )̂ K^ x ' 

y - K ^ x l a (p - l ) 

1 + a (g + P) Ky 

a( l-p) 
ik) 

\'rfiicb gives p. s t ra igh t l i ne p lo t vAien 

(1 + VI^) K^ X' 

y - 1^ x ' 
( = < P ) 
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is plotted against V; the slope (s) of the plot is given by 

a(l-p) 

and the intercept on the <p axis (i) is given by 

(5) 

When (5) and (6) are solved for a and p, we obtain 

Q. Krp 

1 + V 
and P s 1 - la ^ /Q\ 

i 

H and 1 are known (also K-), hence a and P, and therefore C , C„ and Kj., may 
be calculated. 

It is v/orth noting that if equation (4) is divided throughout by V, and 
the left hand side of the equation is plotted against 1/̂  , the roles of the 
slope and the intercept are reversed. This causes the points to bunch 
differently, and acts as a very good check on the method; in certain cases 
this method of plotting is more suitable to the analysis of the results. 

3. Case II: To find K- and K̂.. vAien C-, C and 0.̂. are kxiovm. 

Again from equations (2) and (3), by rearrangement, we may deduce the 
expression 

y (1 + VKp) = K^ x' (1 + VKĵ ) - Ĉ ^ (K^ - K̂ )̂ . (9) 

In this case we apply a method whereby a value of ¥L is chosen, and then 

1 = - 0^ (K^ - Kjj) , (10) 

- i*4 -
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