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Chapter I 

The actinide elements

The concept of the group of the actinide elements as a f-type transition 

series within the periodic system was first launched by G.T. Seaborg in 1944 

[l]. In this transition series the filling up of the 5 f electron shell would 

cause a close similarity with the lanthanide series. This proved to be a very 

fruitful hypothesis in the prediction of the properties of the new elements ' 

americium and curium that soon were discovered [j?] .

The new hypothesis necessitated a shift of the accepted ideas concerning 

the place of the elements thorium, protactinium and uranium in the periodic 

table. In fact, the chemistry of these elements had never been considered to 

be so closely parallel to that of the lanthanides. On the contrary, the trend 

in the stability of the oxidation states had been interpreted to indicate 

that these elements would belong to group IVA, VA and VIA respectively. It 

is undeniable that there are marked differences in oxidation states between 

the lanthanide elements and the first six elements of the actinide series. 

However, physical and chemical investigations both of the newly discovered 

elements and the éléments actinium to uranium disclosed many resemblances 

with the lanthanides that had not been noticed before in this group [3^•

The actinide elements - and more in particular the transuranium elements - 

have been the subject of a number of monographs covering the discovery, the 

synthesis, the systematics, the chemistry, and (or) the nuclear properties 

of these elements [2, 4— 16 incl.]. It is for this reason that the scope of 

the following sections in this chapter will be limited to a summary of the 

chemistry in sofar as it is relevant to the investigations described in the 

following chapters, v iz ., the properties of the elements in aqueous systems 

and more in particular in those systems containing nitrate ions. .

1. 1. Introduction

Note: The numbers between square brackets refer to the literature references 

listed at the end of each chapter.



-2-

The prototype of the group is the element actinium. This is reflected 

in its properties, which are very similar to those of lanthanum in nearly 

all respects. The A c 3+ ion is in size the largest +3 ion and in separation 

procedures it behaves as a more basic homologue of the lanthanides. On 

cation-exchange resin A c 3+ is more strongly adsorbed than L a 3+ and any of 

the lanthanide ions.

The normal valency state of the next element of the group, thorium, is 

the tetravalent state and in this state it resembles zirconium and hafnium 

as well as cerium in some respects. Protactinium in its most common penta

valent state shows resemblance to tantalum. The elements thorium and protac

tinium are not known in the trivalent state in aqueous solution.

Uranium is known in aqueous solution in the (III), (IV), (V), and (VI) 

valency states. The (III) and (V) states are very unstable. In the most 

common (VI) state the element occurs as the (nearly) linear uranyl ion 

(0U0)2+. This type of ion is only known for uranium and the transuranides 

neptunium, plutonium and americium. Apart from the ease with which they are 

oxidized, uranium (III) and (IV) resemble in chemical behaviour the tri

positive lanthanides, respectively the tetrapositive thorium or cerium. 

Neptunium possesses various stable oxidation states in solution, of which 

the (V) state is predominant (NpO*). Although U (III) and Np (III) were 

found to exist as aqueous halides and sulphates, it was found impossible to 

prepare U (III) and Np (III) in nitrate solutions [l5]• The element plutonium 

possesses five oxidation states in aqueous solution and this element has the 

unique property that four of these five oxidation states, v iz ., (Ill), (IV), 

(V), and (VI), can exist simultaneously in equilibrium in an acidic aqueous 

solution [l7]. Recently, by reaction with ozone in alkaline medium, solutions 

of neptunium and plutonium were obtained in which these elements were re

ported to exist in the (Vll)-state • These remarkable findings have been 

confirmed by other investigators [54~| .

The elements following plutonium occur with preference in the (III) 

state. A summary of the oxidation states in aqueous solution is given in 

table I. 1 for all actinide elements. It is seen that from uranium onwards 

the higher oxidation states become increasingly less stable with increasing

Chaptev I

1.2. The elements and their valency states
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Oxidation states of the actinide elements in aqueous solutions, 

(see Notes 1 and 2)

Section I .  2.

Table I.I

Atomic No. 89 90 91 92 33 94 95 96 97 98 99 100 101 102 103

Element Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lw

Oxidation states ■ (2) 2 -

3 - - (3) (3) 3 3 3 3 3 3 3 3 3 2

4 4 4 4 4 (4) (4) 4

5 (5) 5 (5) (5)

6 6 6 (6)

(7) (7)

Notes (1) : The most stable oxidation states are underlined.

(2) : States which are very unstable (with respect to oxidation, reduction or 

disproportionation) are shown in parenthesis.

atomic number. For americium the (III) state is the only stable state in acidic 

aqueous solution. Though unstable, solutions containing Am (V) and (VI) can 

be prepared and these states occur as AmO* respectively Am02+ ions. Similar 

ions are not known for curium of which the (III) state has special stability 

due to the half-filled f shell. The Ill-state is the only valency state 

known in solution (see note 1).

From a chemical point of view one could say that the 5 f transition 

series begins with curium. A similar standpoint, resulting in a difference 

of opinion concerning the placement of the actinide elements in the periodic 

system, is taken in the standard work of Pascal [20~|'• It should be kept in 

mind that in the beginning of the 5 f series the outer electrons of the 

elements have 7 s ,  6 d, and 5 f levels available which are very close in 

energy. Table 1.2 gives the electronic structure for the gaseous atoms of 

the actinides as compared with the corresponding lanthanides.’ The differences 

observed between the two series give a clear illustration of this fact.

Note (1): Like Aml++, Ст4* has b een observed under very special conditions in 
"aqueous"solutions, 15 M  alkalifluoride at 0 °C. These ions havé 
very high oxidation potentials QeJ .
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Chaptev I

Electron configuration of actinide and lanthanide elements.

(gaseous atoms)

Table 1.2

Element
Electron 

Configuration(1)

Highest
Ion

Valency Element
Electron 

Configuration(2)

Highest
Ion

Valency

La 5d 6s2 +3 Ac 6d 7s2 +3

Ce 4f2 6s2 +4 Th 6d2 7s2 +4

Pr 4f 3 6s2 +4 Pa 5f2 6d 7s2 +5

Nd 4f4 6s2 + 3 U 5f 3 6d 7s2 +6

Pm 4f 5 6s2 +3 Np 5f 4 6d 7s2 +7

Sm 4f 6 6s2 + 3 Pu 5f6 7s2 +7

Eu 4f 7 6s2 + 3 Am 5f 7 7s2 +6

Gd 4f7 5d 6s2 +3 Cm 5f 7 6d 7s2 +4

Tb 4fS 6s2 +4

Notes (1): beyond xenon configuration

(2): beyond radon configuration. Data from [¥] •

Going down in the actinide series the 5 f electronic level gradually becomes 

of lower energy as compared to the 6 d level. When the electron configuration 

is compared with the highest valency found one may conclude that the energies 

of the 5 f electrons are not low enough to prevent the formation of highly 

positive ions. Continuing the series to higher atomic numbers, the 5 f orbit

als which are spatially more extended and less shielded than the comparable

4 f orbitals in the lanthanide series become more contracted beyond americium 

and from there on the actinide series displays greater similarity in chemical 

behaviour with the lanthanide series.

From curium till the end of the series (element 103, lawrencium) the

(III)-state is in general the only stable valency state in aqueous solution.

A few exceptional cases are to be noted. Berkelium has a rather stable

(IV)-state in addition to its (Ill)-state. This may be related to the half

filled 5 f shell of the Bk1*4" ion, giving this state a certain extra stability.
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The oxidation potential of the Bk (III)/Bk (IV) couple is very close to that 

for the Ce (III)/Се (IV) couple. Furthermore, it has been shown that mende- 

levium [2 1 , 22] and possibly californium [23, 5б] can exist in an anomalous 

valency state of +2 in aqueous medium. The ions resemble Y b 2+ and Eu2+. For 

nobelium the most stable valency state is the divalent state. Trivalent 

nobélium, to the contrary, is considered to be a strong oxidizing agent 

[54, 55]. On the basis of recent work it is expected that in addition to 

mendelevium, californium, and nobelium, also the elements fermium and 

einsteinium will form divalent ions which are in aqueous solutions relatively 

stable, presumably more stable than the divalent ytterbium ion [56~|. M d 3+ 

was reduced to Md2+ by for example zinc dust, zinc amalgam or Eu2+ [22] .

Spectroscopic studies have shown that in all actinide ions of ionic 

charge +3 or higher the electrons which are in excess to the radon con

figuration belong to the 5 f shell and not, for instance, to the 6 d shell 

[24J . This applies to gaseous ions as well as to ions in compounds. It is 

reasonable to ascribe the stable No2+ state to the 5 f 11+ electronic confi

guration.

In summarizing the material available at present on valency states one 

might conclude that although the actinide series resembles the lanthanide

series in many respects, the former is characterized by the occurrence of

many different valency states, ranging from +2 to +7 (note 2). Qualitatively,

this behaviour might be interpreted as the result of the small difference

in energy of 5 f and 6 d electronic levels. In the second part of the series 

the binding energy of the easiest-to-remove 5 f electrons becomes larger and 

the trivalent state predominates strongly as is the case in the lanthanide 

series. In addition, there is a much stronger tendency towards stable di

valent states than in the lanthanide series. This is most obviously demon

strated by the stable No2+ ion.

1.3. Availability of the elements

It is obvious that for scientific purposes there are no problems in 

obtaining the natural elements. In addition, almost any quantity of

Note (2): A very useful summary of the more uncommon oxidation states is
given in [25], although several more cases have been found after 
completion of this survey.

Seation 1.2.
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239-241pu can be obtained nowadays for research purposes. Furthermore, 227Ac, 

231Pa, 237Np, 2l+1Am can be purchased freely in milligram quantities. The 

transplutonium nuclides 2Lfl+Cm, 21+9Bk, 252Cf, 253 >251+Es, though not commonly 

available are being produced in weighable quantities (say from gram amounts 

for Cm to microgrammes for Es). The still heavier elements have only been 

prepared in extremely minute amounts.

A very important project for the production and research of the heavy 

nuclides is the transuranium project of the U.S.A.E.C. In Oak Ridge the 

High Flux Isotope Reactor (HFIR) has come into operation for the production 

of macro-amounts of transcurium elements. For that purpose multigram-amounts 

of 2i+3Am and 2i+l+Cm are prepared for incorporation in HFIR targets. The pro

duced transcurium elements will be purified in the radiochemical processing 

plant (TRU) specially built for that purpose [j 1, 13, 26, 53~| . For 1969 the 

expected output of the unit was:

Chapter I

400 mg 2 ̂ 2Cf (T,
2

= 2.65 yr)

40 mg 2^ B k (T,
2

= 314 d)

20 mg 253Es (T,
2

= 20 d)

0.4 mg 2 S^Es (T,
2

= 276 d)

0"7 mg 2 57Fm (T,

О00II d).
2

The experimental work reported in the following chapters was performed 

with the following approximate amounts of tracer materials:

0.8 microgrammes of 2l+ttCm 

2x 10 5 microgrammes of 249Bk 

10~3 microgrammes of 2 5 0-2 52çf 

4xl0 - 6  microgrammes of 2 5 3Es.

The einsteinium was prepared by irradiation of a californium sample in 

the High Flux Reactor at Petten (see Appendix I ) . The other tracers mentioned 

above were kindly made available by Euratom under the terms of its Trans

plutonium Research Programme.
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Seotion I .  4.

Similar to the lanthanide series a gradual contraction in size is 

observed from the prototype element to the last member of the series. This 

regular decrease applies both to the atoms and to the trivalent and tetra

valent ions. As shown in table 1.3, the M 3+ crystal radii (obtained from 

X-ray analysis of the cubic ^ 0 ^  structure) differ only slightly within the 

group. This causes a high degree of similarity in the chemical behaviour of 

the trivalent ions within a group. Furthermore, the radii of the actinide 

ions are greater by not more than 4% on the average than the corresponding 

lanthanide radii.

Table 1.3

Crystal radii of trivalent lanthanide and actinide ions.

1.4. The actinide contraction

At.No. Element Radius,X Дг At.no. Element Radius,8 Дг

57 La 1.061

0.027

89 Ac 1.1 1

58 Ce 1.034

0.021

90 Th *“

59 Pr 1.013
0.018

91 Pa “

60 Nd 0.995
0.016

92 U 1.03
0.02

61 Pm 0.979

0.015

93 Np 1.01

0.02

62 Sm 0.964

0.014

94 Pu 0.987

0.002

63 Eu 0.950

0.012

95 Am 0.985

0.006

64 Gd 0.938

0.015

96 Cm 0.979

0.025
65 Tb 0.923

0.015

97 Bk 0.954

0.006
66 Dy 0.908

0.014
98 Cf 0.949

67 Ho 0.894

0.013
99 Es —

68 Er 0.881
0.012

100 Fm

69 Tm 0.869

0.011
101 Md

70 Yb 0.858
0.010

102 No

71 Lu 0.848 103 Lw (0.88)

References: Lanthanide data: Templeton and Dauben as quoted by |_б] , p.437.

Actinide data : At.No. 89-93, Zachariasen [5], chapter 18.

At.No. 94-98, Peterson and Cunningham [52]. 

At.No. 103, Estimated Seaborg ¡2], p . 279.
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It is also shown in table 1.3 that there is a certain regularity in 

the decrease Ar. This is more clearly seen in the case of the lanthanides 

Where the data are more complete and more accurate. The largest decreases 

occur with the addition of the first f electrons, but the trend of gradual 

decrease in Ar is broken as soon as a new electron is added to the half

filled f shell (Gd-Tb). The same type of effect seems to apply to the 

actinide series (Cm-Bk). Deviations of the regularity in chemical properties 

can sometimes be noted which seem to go in conjunction with these irregula

rities in ionic size. In a number of cases (but not in all) the observed 

distribution coefficients from ion exchange or solvent extraction equilibrium 

data when arranged according to atomic number show a break in the regularity 

between gadolinium and terbium or between curium and berkelium. The same is 

observed for the formation constants of a number of complexes (note 3).

The contraction within the lanthanide and actinide series extends its

influence even to the elements following the two series in the periodic

system. For example in group IV B, the ionic radius of Zr1++ is 0.77 X,
*+0

almost the same as that of Hf1** anc  ̂ also the expected ionic radius of the 

element kurchatovium, 1^|+Ки1++, is estimated to be the same [28] .

Although there is not sufficient knowledge about element 104 to draw 

this parallelism in great detail the result of the near to identical sizes 

of the ions lead to striking analogy. Zirconium and hafnium display a 

chemical similarity almost unparalleled in the periodic table [29~| . Moreover, 

from a recent investigation it was concluded that kurchatovium and hafnium 

are close together in properties [30~| , as far as the tetrachlorides are 

concerned, although KuCl^ seems to be somewhat less volatile than HfCl^.

1.5. Complex formation of the trivalent actinides

According to Ahrland's classification of ligand acceptor ions [3l], 

the actinides belong to the "hard" or "class a" acceptors and hence the 

properties of complex formation should be mainly interpreted by electro

static bonding. The formation of the complexes of the type MX2+ with

Note (3): For the lanthanide elements, a complete discussion of the trends 
in the formation constant data of complexes is given in a section 
of the review article of Th. Moeller et p. 19-21.

Chapter I



-9-

F~ > SCN-  > N 0“  > C l-  > Br- > I" > C IO ”
3 **

1.33 1.81 1.96 2.20 2.8

(ionic crystal radii in S. are indicated).

A similar influence is found for the cationic radii. In general these 

complexes are more stable with decreasing anionic as well as cationic radii.

The formation of complexes with anions is of special importance in con

nection to cation exchange behaviour. There are a number of simple anionic 

complexes in which lanthanide and actinide elements behave quite similar 

and this is the cause of a close similarity in elution behaviour on cation- 

exchange resins. This property was essential in the discovery and identi

fication of the synthetically prepared transcurium elements. It has been 

possible to predict with great accuracy the elution position of elements 

not yet known. In these cases, citrate and alpha-hydroxyisobutyrate complexes 

were used.

The simple complexes MX2+ have been investigated by various methods.

It appears that a distinction has to be made between outer-sphere and inner- 

sphere complexes. The outer-sphere complexes are in fact hydrated ion pairs.

No anions enter into the primary hydration sphere of the cations. The 

formation of inner-sphere complexes, however, is characterized by the dis

ruption of the hydration in this inner coordination sphere and replace

ment of a hydrate molecule by an anion. Outer- and inner-sphere complexes 

can be distinguished for instance by enthalpy and entropy effects, by density 

and compressibility data or by nuclear magnetic resonance investigations [~32] .

In the case of nitrate complexing outer-sphere coordination is predomi

nant at low nitrate concentrations (< 1 M) [̂ 33̂  • At higher nitrate concentra

tion both modes of complex formation occur \ji2] • Most of the work on these 

MN02+ complexes has been done with lanthanides. However, Choppin and Strazik 

[ЗЗ] include measurements on Am (III) which show the same trend. While chlo

ride ions tend to form only outer complexes, sulphate and thiocyanate form 

both outer- and inner-sphere complexes and propionate and isobutyrate form 

inner-sphere complexes only ^34].

Seotion I . S.

monovalent anions is in the order
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The sequence reported above for the stability of the complexes MX2+ 

with increasing atomic number is in general not valid for the higher anionic 

complexes (MX*, M X ^ .........  ). A large number of literature data on stabi

lity constants for actinide complexes have been surveyed by Gel'man e t  al-  
[35] and others |_15, 12]. Furthermore, data have been published recently 

by various authors [36~40] (see note 4). However, the limited validity 

of many of these data has been shown by Choppin [37] . Although stability 

constants can be measured at constant ionic strength, the constituents and 

their relative amounts must necessarily be varied. The effect of this on 

the activity coefficients of the ionic species involved in the complexation 

should be considered. Unfortunately, insufficient data exist, however, on 

mixed electrolyte solutions to permit such treatment in most cases.

In quite a number of cases it will be observed that complexes of 

actinides are more stable than those of the lanthanides with the same type 

and number of ligands. This has been explained by the differences in elec

tronic structure of the two groups. In the lanthanide ions the 4 f orbitals 

are effectively shielded by the overlying 6 s, 6 p shells. It is well known 

that the absorption spectra of these elements consist of narrow bands due 

to electronic transitions in the f configuration. The surroundings of an ion 

have only a very slight influence on these bands. Certain hypersensitive 

transitions, however, can be used in the determination of complex configu

rations of lanthanides in solution [42]. In the case of actinide ions the 

5 f electrons are less shielded and accordingly more influenced by the 

surroundings as is evident from the spectra |~43j .

Interesting differences in complex formation between actinides and 

lanthanides have been derived from ion-exchange experiments in concentrated 

electrolytes. Detailed investigations of the elution behaviour of trivalent 

actinides and lanthanides from cation-exchange resin using varying concen

trations of HC1 have been made [44, 45[] . Large differences were found at 

concentrations > 6 N HC1. For the lanthanides it was found that the peak 

elution volumes increased with increasing HC1 molarity.

Note (4): The latter references have been limited to inorganic ligands.
A review of literature on stability constants with organic ligands 
and chelates is given in [41] .

Chapter I
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The actinides, however, showed decreasing peak elution volumes under 

these circumstances. This difference was obviously due to a greater degree 

of chloride complexing for the actinides compared with the lanthanides., In 

order to explain this behaviour a partial covalent character was ascribed 

to the bonding in the transuranium complex ions and this could be due to 

the involvement of the 5 f orbitals in hybrid covalent bonding. It should 

be noted that these effects were preferentially found at high HC1 concen

trations where complexes of the type MC13 are presumed to prevail. As in 

concentrated hydrochloric acid the actinides show stronger complexing in 

thiocyanate solutions than the lanthanides [46, 47]. It may now be con

sidered quite certain that the 5 f orbitals can participate to some extent 

in covalent bonding.

1.6. Hydrolytic properties

The initial product of hydrolysis may be considered as a special case 

of anionic complex formation of the type MX2+ with X = OH. So the general 

qualitative treatment on the basis of electrostatic ionic bonding can be 

applied to hydrolysis. Hydrolysis must be largely dependent, then, on ionic 

size and charge. As far as the trivalent ions are concerned the theory of 

electrostatic bonding has yielded better results in the explanation of hy

drolysis than in the case of many other complexes.

With increasing charge on the cation the hydrolysis (and complex form

ation) are expected to be stronger. It has been found that these properties 

decrease in the order

M 4+ > M02+ > M 3+> MOÍ .
2 ¿

* * 9 ̂  #
The position of MO^ m  the sequence is presumably due to the high

positive charge on the central atom. It is clear that the hydrolytic pro

perties of the M 3+ series will not be as pronounced as those of the M 1+ + 

series. Due to the actinide contraction it is expected that the tendency to 

hydrolyze increases slightly with increasing atomic number. This is analogous

to what is actually found for the trivalent lanthanons [48] and on basis of

the data known for the trivalent actinides a reasonably close agreement is 

indicated (note 5). However, except for plutonium [49, 50] , data on the

Note (5): The M 1*'*' ions follow the same behaviour from uranium upward. For 
the M02+ ions and M02 ions the relation is the reverse.

Section 1.5.



Chapter I

hydrolysis of trivalent actinides are scarce. For americium it was con

cluded from tracer adsorption experiments on quartz glass that A m 3+

hydrolyzes above p = 4 where ions of lower positive charge are formed 
H
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II.]. General discussion of long~chain ammonium extractants

The high molecular weight ammonium extractants include the salts of long- 

chain primary, secondary,and tertiary amines as well as quaternary ammonium 

salts. After the first report on the extraction of metal ion complexes by 

high molecular weight amine reagents in 1925 Q ] , it lasted at least 25 

years before these extractants became the subject of extensive investigations.

The technical importance of the high molecular weight amine sulfates for 

the production of uranium from sulfate liquors was discovered and studied at 

Oak Ridge National Laboratory (ORNL) ¡J2, 3] . Furthermore, the high affinity 

of trialkylamine nitrates for plutonium (IV) had drawn attention.

Wilson's report at the second Geneva Conference £4] started a widespread 

interest in the possibility of quantitative recovery and purification of 

plutonium by extraction with a tertiary amine. Process studies as well as 

investigations of a purely chemical nature have been numerous since then. 

Summary articles covering the various applications and the proposed flow

sheets for amines in the reprocessing of nuclear fuels have been prepared, 

among others, by M. Zifferero f5] and C.F. Coleman [б"| .

The analytical applications of amine extraction systems received also 

attention, first at ORNL [7, 8]. Summaries in the analytical field have been 

prepared by F.L. Moore [9] , and C.F. Coleman e t  аЪ. and H. Green f 1 lj •

More recently an extensive survey covering all aspects of the rather intri

cate chemistry has been made by W. Muller Q 2] . The theoretical aspects of 

amine extraction were recently reviewed by Y.U. Frolov e t  аЪ. Г39~| .

Although B. Goldschmidt e t  at. ¡J3] had already in 1955 reported on the 

possible use of long-chain quaternary ammonium nitrates for the separation 

of plutonium from uranium in nitric acid solution, in the following years 

little attention was paid to such extractants compared with tertiary amines. 

Further investigations of the advantages and disadvantages of various 

quaternary ammonium extractants appeared in 1963 P14~| . After 1963 several 

investigations on the extraction of uranium (IV), (VI), thorium (IV), nep

tunium (IV),and plutonium (IV) nitrates followed Q 5 ,  16, 17, 18]. In 

addition, the extraction of protactinium (V) from HC1 solution was investi

gated [19]. Also outside the field of actinide extraction quaternary
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ammonium reagents were used [~20, 21, 22]. It is remarkable that in particular 

one type of quaternary compound had now found widespread use. This point is 

further discussed in section II.2.

The trivalent actinides have poor extractability from dilute or moderately 

concentrated acid solutions. However, it was found that an aqueous phase 

consisting of concentrated, slightly acidified, lithium chloride was suitable 

for extraction of the trivalent actinides [23, 24]. This extraction system 

has been investigated thoroughly and has become the basis of a process for 

separation of the trivalent actinides from the lanthanides (Tramex process)

[25, 26]. Eventually, a part of the lithium could be replaced by calcium 

or aluminium ions. A great similarity in behaviour is observed in these 

systems between anion exchange and amine extraction properties £27].

If concentrated metal nitrate solutions were used instead of chloride 

solutions no group separations were obtained by ion exchange or amine ex

traction. From the work of various authors, however, it was known that the 

concentrated metal nitrate system was favourable for the separation of 

certain trivalent actinides from each other, especially for americium- 

curium separations by anion exchange resin [28, 29, 30].

Quaternary ammonium compounds were first used for the extraction of 

trivalent actinides in 1964, to obtain a group separation from the lantha

nides in ammonium thiocyanate solutions [31, 32^. After that, the use of 

quaternary ammonium salts for extraction of trivalent actinides from nitrate 

solutions received the attention of various investigators. Early 1965 the 

present author decided to work on this subject and in 1966 a preliminary 

report of the results was published [ЗЗ] . In the same year papers by F.L.

Moore from ORNL [34~| and by E.P. Horwitz e t  al. from Argonne [35] appeared. 

Although the subjects of all these articles were closely related, there was 

hardly any duplication of work involved in these investigations.

II.2. The choice of extracting agent and diluent

Various types of commercially available quaternary ammonium compounds 

were investigated as possible extractants by E. Lopez Menchero e t  al. [l4] 

and, more thoroughly by R. Вас [_18j • Bac concluded that the extraction be

haviour for plutonium and the physical properties like solubility in water

Seat-ion I I .  1.
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and organic solvents or emulsion forming tendency in two-phase systems, varied 

strongly with the number of large organic groups (each group containing 6 - 2 2  

С-atoms) attached to the ammonium nitrogen. The commercial products were 

obtained as chlorides and bromides and converted to the nitrate salts before 

use. Several of the commercial products were impure and some other products 

were mixtures. It was, however, concluded that the types with two or three 

large groups offered good prospects for the application as extractants, with 

the latter type probably the best (note 1). A typical representative of this 

type is the commercial product Aliquat 336 (note 2). This product has been 

used for nearly all investigations in this field since 1964 fl5, 17, 19, 21,

32, 35] . For the study of equilibrium variables in a well-defined system the 

use of a pure compound of known structure is preferable. A quaternary com

pound of the type RgCHgN.X containing three C 12groups was introduced by 

van Ooyen, Вас, Bonnevie Svendsen and Eschrich [Зб[] . The preparation of this 

compound, trilaurylmethylammonium nitrate, TLMANO^, is described in section

II.3.

In view of the fact that it was not intended to investigate the influence 

of various diluents but rather to investigate the behaviour of one well- 

defined extraction system, a suitable choice of diluent had to be made. 

Aliphatic diluents cannot be used without the addition of a solvent modifier, 

due to the limited solubility of the metal and acid complexes of TLMAN0 3. 

Because of the desired low volatility and solubility in water the use of a 

homologue of benzene was indicated and ortho-xylene was finally selected for 

its slightly polar character, which has a moderating influence on the aggre

gation of the extractant. This has been illustrated by the data reported by 

E. Hogfeldt on the aggregation of trilaurylamine nitrate (TLA HNC>3), showing 

that the order of aggregation of this compound in various solvents is: 

o~xylene<toluene<m-xylene<tert.butylbenzene<<octane<dodecane .

Note (1): A compound with four large groups attached to the ammonium nitrogen 
was not included in the survey.

Note (2): Aliquat 336 (manufacturer General Mills Inc.) is a quaternary com
pound of the structure R 3CH 3N.CI in which the large groups R are 
С or С hydrocarbon chains with С predominating. Equivalent 
weight 442, assay 85-88%.
Aliquat 336 S, the same material with 95~98% assay, though used in 
some American investigations, was not delivered to Europe when the 
investigations described in this report were started.

Chapter I I
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11.3. The preparation of TLMANO^

For the preparation of TLMANO^ on a laboratory scale, 89.5 g 99% pure 

trilaurylamine (Rhone-Poulenc) is dissolved in 250 ml chloroform and 24.5 g 

methyl iodide (BDH) is added. The solution is kept for 24 hours in the dark 

at room temperature. After that period the chloroform solution is shaken for 

15 minutes with a nearly saturated sodium nitrate solution (250 ml). After 

separation the organic layer is contacted for another 15 minutes with a slurry 

containing 100 g silver nitrate in 100 ml of saturated sodium nitrate 

solution. After each contact period the aqueous layer is allowed to separate 

and subsequently discarded. The organic layer is made free from silver iodide 

by filtering and tested for the presence of iodide ion. The treatment with 

fresh portions of the slurry is repeated till the organic layer is free of 

iodide. Finally, the chloroform solution is washed with water and dried 

with solid sodium nitrate (see note 3). The chloroform is removed under 

vacuum.

TLMANO2 (MP 75-80°C) is obtained in a yield of 87%. This product is 

usually pure enough for extraction experiments. The compound can, however, 

be further purified by recrystallization from acetone. The TLMANO^ is then 

dissolved in acetone under slight warming. The solution is cooled to -5 °C 

and filtered. The solid mixture of TLA and TLMANOg obtained is discarded.

The filtrate is cooled to -20 °C and the TLMANO (MP 78— 81 °C) is obtained
3

in a yield of around 80%.

11.4. Analytical procedures for TLMANO

The equivalent weight or apparent molecular weight of the TLMANO^ pre

parations was obtained by titration with perchloric acid in 1 0 0% acetic 

acid [38]. The values obtained were always in the range of 600-602 (theo

retical 599). As TLMANO^ and its main impurity TLA HNO^ are not very much 

different in equivalent weight this titration does not give an accurate 

assay of the product. An additional method was required to detect small per

centages of long-chain tertiary amines in TLMANO .

Note (3): In some cases the chloroform solution may have a dark colour due 
to presence of iodine. The solution is then treated with acti
vated carbon at this stage.

Section I I .  3.
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For this purpose a procedure was worked out in which the amines and 

the quaternary ammonium compounds were adsorbed on aluminium oxide. The 

tertiary amine was only weakly held and eluted by a few column volumes of 

benzene. Thereafter, the quaternary compound was eluted by two column 

volumes of ethanol. Both fractions were evaporated and titrated with per

chloric acid in acetic acid diluent. A complete description of the method 

is given in Appendix II.
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The extraction of nitric acid by TLMANO, from 

concentrated lithium nitrate solutions

111.1. Introduction

In the course of the investigations described in chapter V concerning

the extraction of the trivalent actinides and the dependence of the americium

distribution coefficient (note 1 ) on the p of the aqueous lithium nitrate-
H

nitric acid solution, it was concluded that the co-extraction of nitric acid 

from these acidified solutions played an important role. Hence it was found 

appropriate to make the acid extraction the subject of a separate investigation, 

the results of which are reported in this chapter.

111.2. Experimental

Materials . Trilaurylmethy1ammonium nitrate, recrystallized from acetone; 

o-xylene, 99% pure (Fluka). Lithium nitrate "pro analyse" from U.C.B. All 

other chemicals were analytical grade reagents (Merck).

Procedures • The distribution of nitric acid between various concentrations

of TLMANO3 in o-xylene and acidified 5M LÍNO3 solutions in the p^ range of

3 to 0.4 was investigated by a technique involving potentiometric two-phase

titration . The equipment used included a Beckman Research p meter connected

to a Beckman type E-2 glass electrode and a fibre junction calomel reference

electrode. The electrodes were inserted in a titration vessel as shown in

fig. III.l. The reference electrode was provided with an outer jacket having

a ground glass sleeve covering a small hole at the lower end of the electrode.

The jacket contained 5 M LiN03 and acted as a salt bridge. The titration

vessel was kept at a constant temperature of 25.0±0.02 °C, by pumping water

from a thermostat through the water jacket of the vessel. At the beginning

of each experiment the titration vessel contained 25 ml TLMANO3 solution in

o-xylene and 25 ml 5 M LiN03 solution. The titrant solution was 5.0 M in

LÍNO3 and 2.0 M  in HNO 3 . It was added to the titration vessel in increments

from a piston-type microburette. After each addition the p was recorded.
H

Note (1): the distribution coefficient D of a metal is defined as

D = organic phase concentration/aqueous phase concentration.

Chapter III
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Figure I I I . 1.
Titration vessel for two-phase 
t i tra t io n .
1. t i t ra t io n  vessel;
2. water jacket;
3. l id  o f hard PVC;
4. glass electrode;
5. calomel electrode;
6. electrode jacket with ground 

glass sleeve covering small hole;
7. t ip  o f plunger-type microburette 

(Metrohm).

Vigorous agitation of the two-phase system could be effectuated by a magnetic 

stirring device and by simultaneously bubbling a stream of nitrogen through 

the liquid.

In order to correct for misreadings of the electrode system which

might be due to (i) the high lithium nitrate concentration and (ii) the

presence of (surface-active) TLMANO3 , the electrode system was calibrated

before each two-phase titration. For this purpose, 25 ml 5 M LÍNO3 solution

was first equilibrated with TLMAN03/o-xylene solution. After separation the

aqueous phase was placed in the titration vessel and incremental amounts of

titrant solution were added. By combining the information obtained in the

two-phase and single-phase titrations, the HN0 3 concentration in the organic

phase was calculated for each p reading of the two-phase titration. Corrected

p values for the single-phase titration were obtained by calculation from 
ti

the amount of nitric acid added and the mean molar activity coefficient of 

nitric acid in 5 M lithium nitrate solution. Mean molal activity coefficients 

for nitric acid in various concentrations of lithium nitrate have been measured 

by Marcus and Givon [l]. By recalculation and interpolation of their data the
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mean molal activity coefficient of nitric acid in 5 M or 5.93 molal (m) 

lithium nitrate was found as y+ = 10.3 (note 2 and Appendix III). From this 

value followed the mean molar activity coefficient of nitric acid (molar

concentration C, molal concentration m ) , my+
y = — - . 0.997 = 12.2.
± С

The fact that the activity coefficient of nitric acid might be considered 

constant over the whole titration range was confirmed by the single-phase 

titration curves of lithium nitrate solution where it was found that the 

measured mean nitric acid activity changed in linear relation with the added 

concentration. The solubility of nitric acid in an organic phase consisting 

of pure o-xylene was found negligible in the low-acid region investigated 

by the potentiometric two-phase titration technique. The partition of HN0 3 

involving higher equilibrium acidities than could be measured in the two- 

phase titration system was determined by acidimetry of the separated phases. 

5 ml 0.1 M  TLMANO3 in o-xylene was hand-shaken for 5 minutes with 5 ml 

5 M  LÍNO3 containing the desired amount of HN03. Glass-stoppered centrifuge 

tubes were used. After centrifuging for 8 minutes, 1 ml of the aqueous phase 

was titrated with 0.1 N NaOH solution. A portion of the organic phase was 

extracted with an equal volume of 0.05 M  NaN03 solution [2] . After centri

fuging and separation a suitable aliquot of the NaN03-HN03 solution was 

titrated with 0.1 N NaOH. The solubility of HN0 3 in o-xylene in equilibrium 

with 5 M LÍNO3/I-5 . 5  M HNO3 solutions was determined following a similar 

procedure but substituting the TLMANO3 solution by pure o-xylene.

III.3. Results and discussion

III.3.1. The range of low aqueous acidities

For the potentiometric two-phase titrations, solutions of TLMANO3 in 

o-xylene were prepared of the stoichiometric concentrations 0 .0 1 , 0.05, and

0.1 M. In the following the stoichiometric concentration of TLMANO3 is in

dicated as cTIjMANQ 3 ' Furthermore, square brackets denote the concentration

Note (2): Certain inconsistencies were noted in the data for y+ tabulated in 
reference [l] . As a result of the recalculation the value for у 
used here differs from the value of 8.9 used in our earlier work 
[3]. Detailed data are given in Appendix III.

Section I I I .  2.
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of the species formulated. The suffix "o" indicates a concentration in the

organic phase. For example [TLMANO3] indicates the concentration of the

uncomplexed species of trilaurylmethylammonium nitrate in an organic phase,

which concentration needs not be identical with CrrT.,.„- .
TLMANO3

For all potentiometric readings of the two-phase titration curves the 

ratio Z was calculated:

Chapter I I I

Z =
[H»o3] 0

Log Z was plotted as a function of the corrected p values. For one of the
H

titrations in which = 0.1 M this plot is shown in fig. III.2, curve
TLMANO3 —

(a). It is seen that over the whole range Z < 1 but, by extrapolation, it

may be presumed that 

with increasing acid

ity Z is approaching 

one. Fig. III.3 shows 

the results obtained 

by acidimetric ana

lysis of the separated 

phases which were in 

equilibrium with higher 

concentrations of nitric 

acid. Here, Z is plotted 

against the aqueous

pH

0.1

о
z

■ X  .

0.01

Figure I I I . 2. Evaluation of two-phase t i tra t io n .
Extractant mo lari  ty j 0.1 M
in o-xylene. Aqueous phase 3 5 M_ LiNO3.

HNO 3 concentration 

(on logarithmic basis). 

Activity coefficients 

are not available for 

these mixed electro

lyte solutions. By com

bining the information 

obtained from both 

curves it is seen

that Z reaches the value of one and increases further after an inflexion 

around Z = 1.
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[HNO,]a

Figure I I I . 3.
Extraction o f HNO3 into 0.1 M_ 
TLMANO3 in o-xylene.
Z = 1^ °з]0/СТ1МАЮз v s • aqueous
HNO3 concentration. Aqueous phase:
5 M LÍNO3 plus various HNO3 con
centrations .

The behaviour of the system in the range of low acidities suggests 

that a 1 : 1  complex is formed with nitric acid:

HNO 3
(org)

( I I I . 2 )

The potentiometric curves can also be represented in another way. The ex

perimentally determined [нШз]о = [TLMANO3 • HNO 3] and [tLMAN03] q =

^TLMANO ~ resu^ts two-phase titrations were also plotted

versus p
H

[нмоз! 0
in terms of log

As shown in fig. III.2 curve (b), linear relations with slope one were 

obtained. The aqueous nitrate ion concentration was practically constant over 

the whole range of the curves due to the small amounts of nitric acid added 

to the lithium nitrate solution. So the results of the potentiometric inves

tigation are in agreement with the presumed complex formation (equation III.2) 

From the various titrations the apparent formation constant of the complex 

could be calculated. The apparent formation constant is defined as

[TLMANO .HNO ] o

app
[TLMANO 1 . y2 . [H+] [ho "]

(III.3)
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The results obtained are shown in table III.l.

Chapter I I I

Table III.1

Evaluation of the two-phase titrations and calculation 

of the apparent formation constant.

Experiment 

Serial no.
CTLMAN0,

M

Slope of the curve 
log[HN03]o/[TLMAN03]o

ÜS PH

[t l m a n o • HNO 3] o
Г “ " 
app [TLMANO 3]o

if

y±2[H+][Nog

2

10-11 0.01 1.00 7.78 • 10"2

1-7 0.05 0.95 7. 13 • 10-2

4-7 0.95 6.85 • 10-2

30-6 0.92 7.50 • 10-2

3-11 0. 10 1.02 7.98 • 10“2

2-11 1.03 7.37 • 10-2

4-11 1.04 7.64 • 10"2

11-11 1.05 7.55 • 1er2
25-11 0.95 7. 14 • IO-2

Average: 7.44 ■10-2

с 0.35 • 10"2

The treatment of the complex formation reaction (III.2) given so far 

is to a certain extent over-simplified. In equation (III.3) the organic phase 

concentrations of TLMANO3 and ТШАЖ>з*НШз are used. It is, however, possible 

to introduce formal, stoichiometric activities for both components. In sol

vents of low dielectric constant (e) like benzene (e = 2.284) or o-xylene 

(e = 21568) ionic dissociation is negligible in the concentration range con

sidered (note 3). The activity of TLMANO3 is defined on a molar scale as

aTLMAN03 = yTLMAN03 tT m A N °^o in which У rePresents the molar activity

Note (3): C.A. Kraus [б"| gives values of around 10 1 7 for the dissociation
constants of tetrabutylammoniumbromide and other quaternary ammonium 
salts of similar structure in benzene. For the long-chain quaternary 
ammonium salts the dissociation constants may be expected to be 
even smaller.
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coefficient. In a similar way, y„T.,A,T„ represents the molar activity
JTLMANO3 *HN03

coefficient of the nitric acid complex.

From the data for К shown in table III.1 it may be concluded that
aPP

over the range of concentrations investigated (0.01 - 0.1 M ) , К has a 

constant value. This indicates that the ratio between the two activity 

coefficients is constant within the limits of experimental precision. The 

strong dipole-dipole interactions between the solute molecules will, however, 

cause severe deviations from unity for the activity coefficients of both 

compounds. An attempt to determine the activity coefficients of TLMANO3 

solutions of various concentrations in o-xylene by thermo-electric differential 

vapour pressure measurements will be discussed in chapter IV.

The reaction (III.2) can also be considered from a different point of 

view, taking into consideration the possible formation of aggregated mole

cules or "oligomers". In solutions of TLMANO3 the presence is assumed of a 

series of species (TLMAN03)^ which react with nitric acid under formation 

of (TLMAN03)p*(HN03)^, in which p and q indicate a series of positive in

tegers and p > q. Ultimately the reaction proceeds to a point where the 

ratio Z of equation (III.l) becomes unity and hence p = q. In the concentration 

range of 0.01 - 0.1 M the degree of oligomer formation increases [4,5, this 

study chapter ivj . The apparent formation constant К ’in equation (III.3), 

however, does not change significantly in value over the whole concentration 

range. Hence, the degree of association has hardly any influence on the 

formation of the TLMAN03-nitric acid complex. Apparently, the probability 

that a TLMANO3 molecule complexes with HN0 3 is the same, no matter whether 

or not the molecule is bound in an oligomer and this causes the reaction to 

proceed in accordance with the simple equation (III.2).

III.3.2. The_range_of_high_a2 ueous_acidities

In the range of the higher acidities in fig. III.3 the curve rises 

beyond Z = 1. In general, one might consider the possibility of further 

complex formation in accordance with the formula

p TLMANO3 (org ) + qH+ + qN0¡ ( T m A N 0 3)p -(HN03)q(org) ( H I . 4)

with q > p. The curve of fig. III.3 gives rise to certain comments.

Sectbon I I I .  3.1.
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The reaction in which the ratio p:q = 1:1 does not fully explain the shape 

of the curve till Z = 1. The tangent at the point of inflexion which occurs 

at, or close to, Z = 1, is not horizontal and the form of the curve indicates 

that some other mechanism of acid extraction contributes here in addition 

to the formation of the 1:1 complex. So the possibility is open that other 

complexes of the type indicated by equation (III.4) are formed. After the 

point represented by Z = 1 the curve continues to rise with an obvious change 

in direction around a Z value of 1.2. Finally, a value for Z of larger than

2 is reached. The curve gives no evidence by inflexion points or otherwise, 

however, on the occurrence and stoichiometry of other complexes. So it 

cannot be established from these data alone which complex(es) with q > p 

will exist in equilibrium with high aqueous acidities.

A similar behaviour has been observed in other extraction systems.

W. Knoch [7] studied the extraction of HN0 3 from aqueous nitric acid by 

various long-chain tertiary amines dissolved in xylene (isomeric mixture). 

After the formation of the amine salt at low acid concentrations (amine +

HNO 3 «=—  amine nitrate), a complex (amine nitrate • HN03) was formed, as has 

also been stated by other investigators [8-llJ (see, however, note 4).

After the ratio acid/amine = 2 had been reached, a further increase of

the organic nitric acid content with the equilibrium aqueous nitric acid

activity occurred. In this range a linear dependence is observed. According

to Knoch this behaviour indicates "dass nach der Bildung der Verbindung

"Amin.2H.NO3 zusätzlich aufgenommene Säure in der organischen Phase nur noch

" im Sinne einer Nernst'sehen Verteilung gelöst wird und keine weiteren

"Komplexe etwa der Form Amin.3HN03 bildet." Knoch postulates the reaction

H + NOo "=—  HNO3 , ., where ГнШэ. "1 is defined as the
0 — =- 0 (excess,org. ) <- °(excess)J o

concentration of the nitric acid present in the organic phase in excess of 

the stoichiometric composition of the complex (amine nitrate • HNO 3) . 

Furthermore,

[HN03 (excess)^ о 
K 3 = ---- - (III.5)

yj Lh JCnoJ

Note (4): An opposite point of view is given by Scibona et al.\_ 12], who 
conclude that physico-chemical measurements do not support the 
presence of a complex R 3NHNO3 *HN03. On the contrary, physico
chemical evidence exists for the complex R 3NCH 3NO 3 • HNO 3 .

Chapter I I I
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Section I I I .  3. 2.

where K 3 was found to be dependent on the amine concentration. In fact, 

following fig. 3 in reference [ V J  the line of log K 3 vs. log cam^ne has a 

slope of 1.05 and this would mean that with a rather good accuracy

tHN03 (excess)^ о .
------- -------- -------  = constant (III.6 )

c ■ CN 0 1̂amine ±L J *- 3-1

From this it may be concluded that the mass action law is also obeyed 

in the field of "excess" acid extraction, as required for the formation of 

molecular complexes between (amine nitrate • H N O 3) and at least one more 

molecule of HNO 3 . In this respect the above cited statement from reference 

[7] appears unfounded.

The behaviour of TLMANO3 towards the extraction of "excess" nitric 

acid is expected to be very similar to that of tertiary amines [5]. However, 

from the data obtained in the nitric acid - lithium nitrate system the 

equilibrium behaviour of the "excess" nitric acid cannot be evaluated before 

the activity coefficients of various concentrations of HN0 3 in lithium 

nitrate solutions' are known. A further investigation of this subject is 

beyond the scope of the present study.
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Investigation of the aggregation behaviour of TLMANOg 

in o-xylene solutions

When the behaviour of the long-chain quaternary ammonium salts in 

liquid-liquid extraction systems is considered the property of aggregation 

must be taken into account. Most of the publications on extraction of metals 

by long-chain ammonium salts in hydrocarbon diluents point to the importance 

of this property. Extensive studies have been made on the aggregation behaviour 

of tertiary long-chain amine salts Q ,  2, 3, 4, . A certain amount of data

is available on secondary and primary amine salts [б, 7~\ . The long-chain 

quaternary ammonium salts have scarcely been investigated, in spite of the 

extensive literature on aggregation and other physical properties of quater

nary ion pairs with short hydrocarbon chain, e.g. (C^H^)^ NX, with X = Cl,Br,I. 

A comprehensive summary on the properties of the latter group of compounds 

was prepared by C.A. Kraus [8j .

From infra-red absorption spectra and nuclear magnetic resonance measure

ments it has become evident that tertiary amine salts display hydrogen 

’bonding between the nitrogen cation and the anion p9, 10, 1 l] . Quaternary 

ammonium salts do not have this possibility. The hydrogen bonding in the 

tertiary salts results in a stronger interaction and shorter ionic distance 

within the dipole molecule as compared with the quaternary salts. Therefore, 

an increased tendency towards dissociation and an increased dipole-dipole 

interaction or stronger aggregation can be predicted for the quaternary 

salts in comparison with the corresponding tertiary salts. This difference 

is, for example, noted when the properties of TLMANOg and TLA HN0 3 are compared.

It has already been mentioned in chapter III that two different approaches 

are possible in dealing with these strongly aggregated systems. The effect 

of the various interactions can formally be expressed in a stoichiometric 

activity coefficient of the solute TLMANOg (note 1).

Note (1): In solvents of very low dielectric constant dissociation can be 
neglected. In solvents of higher dielectric constant where ionic 
dissociation becomes important it might be more appropriate to 
adopt mean ionic activity coefficients.

Chapter IV

IV.1. Introduction
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The second approach towards the aggregated state of the solute is to 

evaluate whether the experimental data can be explained by the formation 

of distinct oligomeric complexes. By application of the mass action law 

complex formation constants can be calculated, assuming that the deviations 

from ideal behaviour are due to specific solute-solute interactions.

In the present study we have calculated activity coefficients for TLMANO^ 

solutions in o-xylene from thermoelectric differential vapour pressure 

measurements (note 2). These measurements were made in a wet system, i.e. 

in equilibrium with a constant water activity which comes as close as 

possible to that of the aqueous phase composition used in the majority of 

the metal extraction experiments reported in chapter V, section 3.3. In ad

dition the existence of distinct, oligomeric complexes has been evaluated 

starting from the same sets of experimental data.

IV.2. Discussion of the thermoelectric differential vapour pressure method 

■ IV.2.1. Princigle_of_ the_method

Two thermistors are mounted in a constant-temperature vapour chamber.

A drop of the sample solution is kept in contact with one of the thermistors 

and a drop of the solvent with the second thermistor. The thermistors are, 

as a rule, mounted in vertical position, but while some instruments make use 

of a hanging drop system, in our apparatus the drop is kept in place on top 

of the thermistor by a small platinum ring. Both drops are exposed to an at

mosphere saturated with the vapour of the pure solvent at the temperature of 

the vapour chamber. This system is not in equilibrium and the temperature of 

the solution drop will increase till the vapour pressure is equal to that of 

its surroundings. A steady-state temperature difference develops between the 

two drops. This small temperature difference is sensed by the thermistors 

and the change in resistance is measured in a Wheatstone bridge circuit by 

a D.C. amplifier and a galvanometer.

Chapter IV

Note (2): The thermoelectric differential vapour pressure method is also
known as "vapour phase osmometry" or "vapour membrane osmometry".
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As heat losses are hard to avoid, a state of quasi-equilibrium will be 

reached and the whole system has to be calibrated with a substance of known

Seetion IV. 2.1.

concentration in the solvent used.

IV.2.2. Calibration_with_a_standard_solute

When a reference solution is applied to the sample thermistor the 

steady-state temperature difference produces a change in resistance (AR) 

equal to:

in which к is a temperature dependent calibration constant valid for the

The thermistor pair may give an imperfect signal, so that AR is not strictly 

proportional to the temperature difference measured. The deviations will 

not be more than a few percents, but in that case the calibration measure

ments are better fitted by:

The calibration using equation (IV.1) depends on the assumption of ideal 

vapour pressure behaviour for dilute solutions of the calibration substance. 

This can be expressed in terms of the molal osmotic coefficient Ф of the

For ideal behaviour of the solute, Ф = 1 and equation (IV.1) is obtained 

(note 3). If equation (IV.2) is used for calibration the following equation 

is obtained instead of (IV.3):

molecular weight, which shows ideal behaviour when dissolved in the required

AR = k.m (IV.1)

specific solvent used and m is the molality of the calibration solution.

AR = kjin + k 2m 2 (IV.2)

solvent

AR = к.Ф.m (IV.3)

AR = к̂Фт + к̂Ф2т2 (IV.За)

Note (3): A good discussion of the various relations between activity
coefficients and osmotic coefficients is given in reference £l4].



-36-

The calibration substance most commonly used in differential vapour pressure

measurements and likewise in this work is benzil (CcH cCOCOCrH r) . Very precise
b o  b o

direct measurements of the vapour pressure of solutions of benzil in benzene 

at 20 °C [13^ have shown that in the concentration range of 0-0.05 m  required 

for calibration of the thermoelectric differential vapour pressure meter,Ф 

values are between unity and 0.997. Although direct measurements in xylene 

solutions are not available (the vapour pressure of xylene is too low for 

precise measurements - < 10 mm Hg) the data quoted above support the assump

tion that significant deviations from ideality are not likely to occur.

Chapter IV

IV.2.3. Evaluation_of_the_data

Activity coefficients. Once the calibration of the apparatus has been ob

tained, AR measurements on sample solutions of known molal concentration m 

can be evaluated in terms of the molal osmotic coefficient Ф using equation 

(IV.3) in the form:

AR.

Ф. = ï — (IV.4)1 k.m. 4 '
1

For each concentration m , , in , . . . m. of the solute a value Ф. for the
1 2 1 1

osmotic coefficient is obtained. The molal activity coefficient у of the

solute can be derived from the osmotic coefficient using the Gibbs-Duhem 

equation. The references [Ï4] and Q 5] give the derivation of the formula:

m.
1 Ф-1
---  dm (IV.5)
m

The integral in equation (IV.5) is given by the area under the curve in the 
Ф-1

graph of against m, from m = 0 to m  = пь. Formula IV.5 can also be 

written:

lnv. = Ф. - 1 + 
' 1 1

m m.
1 ф-l f 1 Ф-1
-—  dm + -- - dm (IV.5a)
m j m

0 ^

While the value of the second integral can be calculated from the experi

mental data for each value of пь, the value of the first integral can only 

be obtained by extrapolation from m J back to m = 0. It will not always be 

possible to do this with great certainty [j5] . If an error is introduced due
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to inaccurate extrapolation, this will result in an error for In y which is 

constant for all values of i. Hence, this error will not bias the ratios of 

the activities within the concentration range under investigation.

Oligomer formation. Systematic deviation from ideality at very low concen

trations may be ascribed to the formation of one or more oligomers in equi

librium with the monomer. As stated before, it is in this case assumed that 

the observed deviations from ideal behaviour can be completely ascribed to 

the formation of oligomers and that the equilibria are subject to the law 

of mass action. The activities of the oligomer species are assumed equal to 

their molal concentration. In this way, the treatment of aggregation is re

duced to a special case of the calculation of complex formation constants in 

polynuclear systems as described by Rossotti and Rossotti in their book 

"The Determination of Stability Constants", Chapter 16

The data measured on solutions of stoichiometric molal concentration m 

are evaluated by the simple expression:

Section IV. 2.3.

in which S is the apparent total concentration of all oligomeric species 

plus the monomer and к is the calibration constant from equation (IV. 1). The

in which n is a positive integer > 1 , b is the concentration of the monomer

(IV.7)

average degree of aggregation is n = —  and by comparison of formula (IV.7)
_  1

with formula (IV.4) we see that numerically, n = — . When a number of oli

gomeric complexes are present S is given by the formula:

(IV.8 )

and ßn is the over-all formation constant of the oligomer (TLMANOg)^;
n

ß = [(TLMANO ) 1 /ЬП. The mass balance requires:
n 3 nJ о

m = b + У nß ЬП 
L n

(IV.9)

It follows by differentiating equation (IV.8):
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4г = 1 + У пЗ ЬП 1 and hence, = £  (IV.10)
db L n db b

Chapter IV

The integrated form of equation (IV.10) ascribed to Bjerrum is:

S S

! b 
ln b~

o
-  d ln S =
m

S ' S
о о

4  d ln S (IV.11)
n

Here Sq is the value of S at a concentration where no measurable aggregation 

is found and consequently Sq = m Q = b Q and ñ  = |r = 1. If there is apprecia

ble aggregation at the lowest concentration measured, the point Sq must be 

found by extrapolation. The above equation (IV.11) forms the basis of the 

graphical methods for the determination of complex constants as outlined by 

Rossotti and Rossotti Ql 7Д .

For the more complicated systems, for instance those where several com

plexes occur already in the most dilute solutions measured, the graphical 

procedures are troublesome and in these as well as in the simpler cases more 

accurate results are obtained by digital computer methods. We have in the 

present study used the programme LETAGROP VRID developed by L.G. Sillén et 

al. p 8 I .

The particular version of this programme used for the evaluation of 

thermoelectric differential vapour pressure data is summarized in the fol

lowing. From m and assumed values for some selected constants 3 the pro-
n

gramme calculates b from equation (IV.9). Next, (^^ca^c ) i-s calculated from 

equation (IV.8 ) and the calibration constants after equation (IV.1) or (IV.2). 

By stepwise variation of the unknown constants the programme then tries to 

find the set of values for which the error-square sum function U is minimum. 

The function U can be defined at will as:

rAR-AR ,
2 calc

U = I ( A R - A R  , )  or U = £
calc L AR .

calc
(IV.12a & b)

If for a certain value of n one constant 3n turns out to become negative,

it is made zero. By another version of the programme (the so-called species

selector) up to twenty different constants 3 can be tested out for best fit
n

in various possible combinations. If by stepwise variations the standard de

viation a of a particular constant remains so large that 3/o„ < F the con-
p 3 a
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stant is rejected. The numerical value of the "rejection factor" F^ can be 

chosen at will, e.g . 1.5, 2 or 3. If more than one combination of complexes 

appear to fit the experimental data equally well the solution with the small

est number of constants is generally preferred. With the selected combination

of values for ß the next programme HALTAFALL is used to calculate the con- 
n

centrations of each of the species over the whole range of stoichiometric 

solute concentrations m.

From these final calculations one may derive an experimental confirmation 

concerning the validity of the basic assumptions in the oligomer formation 

treatment. These include that the deviations from ideal behaviour in dilute 

solutions are due to specific interactions between the solute molecules 

(compare reference [l9] pp. 186-197) and that the influence of other inter

actions like solvation ( I .e . pp. 175-182) or non-specific deviations from 

ideal behaviour may be neglected.

In accordance with the above, the activities of all oligomeric species 

and the monomer were a priori set equal to their concentrations (basis of 

equations IV . 8 and IV.9). If this standpoint is correct, the monomer con

centration b^ calculated from the complex stability constants must be equal 

to the activity of the solute derived from equation (IV.5) for each con

centration пь for which differential vapour pressure measurements were made.

IV.3. Experimental

Equipment. For the determination of the vapour pressure lowering of TLMANO^

solutions by thermoelectric differential vapour pressure measurements a

Hitachi Perkin-Elmer Model 115 Molecular Weight Apparatus was used. It was

found that work with organic solutions which had been brought into equilibrium

with an aqueous phase (5M LiNO-, p = 4) was impossible in the apparatus as
—  3 H

supplied due to the water absorbing tendency of the filter paper cladding 

and thimble present in the vapour chamber (figure IV.1). These filter papers 

served as solvent evaporators to ensure saturated vapour pressure. The papers 

were replaced by Whatman GF-81 glass fiber filters and extraction thimbles. 

These were found not to absorb any water vapour when previously treated with 

dimethyl dichlorosilane vapours in a desiccator for 24 hours, followed by a 

two-hours heating period in an oven at 120 °C.

Section IV. 2. 3.
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Chapter IV

FILTER PAPER

Figure IV.1. Cross-sectional view through vapour chamber
of thermoelectric d ifferen tia l  vapour pressure 
apparatus.
(by courtesy o f Perkin Elmer (Nederland) N.V.)

With the Hitachi Perkin-Elmer Molecular Weight Apparatus measurements were 

made at 40 °C and 25 °C. For measurements at 25 °C in a room of ambient 

temperature of around 23 °C a cooling circuit was connected to the "lower 

thermostat unit" of the apparatus and water of 20 °C was circulated from a 

thermostat bath.

For water determinations by the Karl Fischer method [20~| with polar

ization - endpoint detection |~21̂  the 3yA constant current circuit of a 

Metrohm Titriskop 366 was used. Density determinations were performed with 

50 ml capillary-pycnometers and an immersion-thermostat bath at 25 ± 0.02 °C.

Materials and methods. Recrystallized TLMANOg was used for all measurements. 

Air-dry samples suffered no loss in weight on drying in vacuum over P 20 5 at 

56 °C (the apparatus was heated by boiling acetone). As a calibration
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substance, benzil, M.P. 94~95 °C from Aldrich Chemical Co., Milwaukee (Wise.) 

was used. For water determination stabilized Karl Fischer Reagent (May &

Baker Ltd.) was used. All other materials were as described in chapter III.

Solutions of 0.1 M TLMANO3 or 0.03 M benzil in o-xylene were prepared 

in volumetric flasks and the required dilutions were made by means of a 

volumetric burette and volumetric flasks. Molal concentrations were deter

mined by weighing all final solutions. Care was taken that all calibration- 

and sample solutions were brought to equilibrium with 5 M LiNO^ at p^ = 4 

prior to the measurements. This p̂ . value rather than p^ = 2 was adopted in 

order to make sure that no corrections in the calculations would be required 

due to TLMANO .HNO present in the solutions (compare figure III.2).

Water determinations in TLMAN03 solutions of various concentrations 

which had previously been equilibrated with 5 M LiN03 solutions showed that 

TLMANO^ was hydrated with approximately one mole of water. Therefore the 

various sample solutions could be prepared by equilibrating with 5 M LiNOj 

the 0.1 M  TLMANO^ stock solutions and diluting these with o-xylene which 

had also been equilibrated with 5 M LiNOg. In calculating the molal concen

trations of the sample solutions appropriate volume corrections were made 

for the water content to ensure that the concentrations were-expressed in 

moles of TLMANO3 per kg of waterfree o-xylene.

Operation of the thermoelectric differential vapour pressure apparatus.

In order to obtain accurate results it appeared mandatory to exercise great 

care in the operation of the apparatus and in the sequence of measuring the 

solutions. When it was first attempted to run daily calibrations using dilute 

benzil solutions it appeared that after such calibrations incorrect results 

were obtained on TLMANO3 solutions. Therefore the calibrations had to be 

made in separate runs, and after that the apparatus had to be dismantled 

and carefully cleaned. The vapour chamber was then filled with o-xylene which 

had been equilibrated with 5 M aqueous LiNOg solution. The apparatus was re

assembled and left overnight to reach thermal equilibrium. After that, a 

new run either on TLMANO or on benzil samples was conducted in the course 

of the day, always beginning with the lowest concentration to be measured.

At the end of the day the apparatus was dismantled and cleaned once again.

The instructions given in the operating manual for the Hitachi Perkin- 

Elmer Model 115 Molecular Weight Apparatus were followed. At 40 °C operating

Section IV. 3.
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temperature after each addition of a drop of the sample solution a 6-minutes 

period was required before the initial drifting of the galvanometer had 

ceased and a stable AR-reading could be obtained. At 25 °C this period was 

12 minutes. The readings were repeated in this way, till each new drop of 

the sample solution gave a constant reading after the predetermined period 

of time. Then, the average of the readings obtained on three more drops was 

recorded as the final result of one experiment.

Chapter IV

IV.4. Results and discussion

IV.4.1. Water determinations and density measurements

Water determinations. In the TLMAN03 solutions which had been equilibrated 

with aqueous lithium nitrate solutions water was found present to roughly 

one mole per mole of TLMANO^ (figure IV.2). In this respect the behaviour of

TLMANO3 was found to be not very dif-

. TLMANO,-^

Figure IV. 2. Vater content of

TLMANO3 /o-xylene so

lutions in equilibrium  

with aqueous LiNO3 so

lution adjusted at 

Pn-4. LiNO molarity

5 M, » , 1 M, x. Equi

librium temperature 

27 °C.

ferent from the well-investigated amine 

salt TLA HC1 ( tri-n-dodecylamine hydro

chloride) [22j and other tertiary amine 

chlorides [б~| . The above does not imply 

that a stoichiometric hydrate is formed. 

The degree of hydration is, as a rule, 

influenced by the ammonium salt concen

tration, diluent, type of anion connec

ted to the ammonium ion, water activity 

and temperature ["23~| .

The general assumption is, that it 

is the salt anion which is hydrated.

That the degree of hydration decreases 

when TLMANC>3 is partially converted into 

its nitric acid complex is shown by the 

data in table IV.1. Dilute solutions of 

benzil are not hydrated. They contain 

the amount of water equal to the amount 

soluble in pure o-xylene.
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Water content of 0.05 M  TLMANOg/o-xylene in equilibrium with

aqueous 5 M  LiNO. at various p (water soluble in o-xylene 
—  3 H

subtracted).

Seetion IV. 4.1.

Table IV.1

PH
Mole H 20/Mole TLMAN03

4 1 . 18

2 1 . 1 2

1 0.92

The extraction equilibrium system with a constant water activity (that of

a constant molarity LiNO- adjusted to constant p and at constant tempera-
3 H

ture and pressure) has a special advantage for differential vapour pressure 

measurements. The chemical potential of the solute TLMAN03 in the organic 

phase and the chemical potential of the solvent change with the concentra

tion of TLMANOg. The chemical potential of the water, however, does not 

change and, consequently, the Gibbs-Duhem equation ¡J4] relates only the 

activity of the solute TLMAN03 to that of the solvent o-xylene.

Density measurements. For the conversion of molar to molal quantities den

sity data were required for the various solutions used. The following den

sity relations were found for solutions of respectively benzil and TLMANO^

(concentration С mol/1) which were equilibrated with 5 M LiNO , p = 4, as
—  3 H

described before.

d 25/4 = 0.87580 + 0.056 . С (IV.13)
benzil

d 25/4 = 0.87580 + 0.026 . СТШДЖ) (IV. 14)

IV.4.2. Thermoelectric_differential_va£our

The determinations were.made from the lowest possible concentration 

for which AR could be measured up to 0.1 M  TLMAN03> At 40 °C this lowest 

concentration was 0.0004 M. In spite of the fact that the numerical values 

for AR measured at 25 °C were closely parallel to those measured at the same 

concentrations at 40 °C, it was found that at the lower temperature, no
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measurements could be made below the concentration of 0.002 M. At concen

trations above 0.002 M  it was noted that, after bringing a new sample drop 

on the sample thermistor, a longer equilibration time was required to ob

tain a stable AR reading at 25 °C than at 40 °C. Even so, the spread in 

the results was larger at 25 °C than at 40 °C. This was illustrated by the 

standard deviations calculated. For the measurements at 40 °C the standard 

deviation was found to be 3% of the measured AR value, or 0.1 scale division 

(0.02 £2), whatever is more. At 25 °C the standard deviation was 6% but not 

less than 0.5 scale division. The experimental results for AR obtained at 

both temperatures are shown in table IV.2, column 1 - 6 .

Chapter IV

Table IV.2

Experimental Data and Calculated Molal Osmotic Coefficients

TLMANO conc. 
3

AR, Scale divisions (one- scale division = 0.2Я) Mol. Osmotic Coeff.$

M, mol/1 m, mol/kg 40°C
Aver.
value

25°C
Aver.
value

40°C 25°C

0.00040 0.000457 1.3; 1.4; 1.6; 1.6 1.48 - 0.55 -

0.00060 0.000687 2.0; 2.0; 2.0; 2.2 2.05 - 0.51 -

0.00100 0.001144 3.2; 3.0; 3.1; 3.2; 3.2 3.14 - 0.468 -

0.00200 0.00228 5.9; 5.2; 5.6; 5.5; 5.7 5.58 5.6; 5.4; 4.8; 3.6; 5.4 
7.0; 5.8

5.37 0.414 0.410

0.00400 0.00458 10.9; 10.2; 10.8; 10.8; 
10.7

10.68 10.0; 10.2; 10.4; 9.2; 
9.1; 9.7; 11.1; 11.2

10. 11 0.395 0.385

0.0060 0.00689 14.8; 14.9; 15.0; 15.2 14.98 14.4; 14.5; 14.4; 14.3; 
13.8; 14.6; 15.7; 15.8

14.69 0.370 0.372

0.0100 0.0115 22.5; 23.0; 24.0; 23.1 23.15 21.8; 22.6; 22.0; 23.3; 
21.1

22.69 0.341 0.345

0.0200 0.0231 42.0; 42.7; 44.8; 42.5 43.0 39.8; 38.9; 38.4; 42.1; 
39.3

39.7 0.318 0.303

0.0400 0.0469 79.0; 79.9; 83.6; 79.9 80.6 79.9; 71.1; 70.6; 73.8; 
72.1

73.5 0.297 0.280

0.0600 0.0714 113.7; 114.4; 120.4; 
115.4

116.0 114.0; 100.3; 96.8; 
104.1; 103.4

103.7 0.284 0.262

0.100 0.122 181.6; 180.9 181.2 184.3; 181.5; 181.4; 
161.9; 162.7; 151.9; 
158.5; 158.8

167.6 0.264 0.255

The facts mentioned above made the temperature of 25 °C rather un

favourable for the measurements. This was undoubtedly due to the low vapour 

pressure of o-xylene at 25 °C. However, the aim of the investigation was to 

correlate the extraction behaviour of TLMANOg solutions at temperatures very 

near to 25 °C with the aggregation behaviour of these solutions.
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The calibration data obtained on benzil solutions could best be fitted 

by equation (IV.2) with the following constants:

Section IV. 4. 2.

at 25 °C k 1 = 5757,

at 40 °C к = 5939, 
1

k2 = -17725;

к = - 9490.
2

It follows from the results calculated for the osmotic coefficient Ф tabu

lated in column 7 and 8 of table IV.2 that there is a rather small but dis

tinct difference between Ф at 40 and 25 °C. In figure IV.3 the osmotic 

coefficient is plotted for both temperatures against the total molal con

centration of the solute. At 25 °C lower Ф values are found but at low con

centrations the curves 

are almost coincident.

The activity coef

ficients were obtained by 

graphical integration of 

equation (IV.5). The results 

are shown in table IV.3.

It is found that even at 

the lowest concentration 

measured the activity 

coefficient is very far 

below unity, indicating 

very strong solute-solute 

interactions. In the following 

a physical interpretation 

of these interactions is 

obtained on the basis of

.06 .08 0.1 

TL M A N O t conc. (m oLkcT1)

Figure IV. 3. Molal osmotic coefficient Ф vs.

solute concentration m. Solid line: 

data for TLMANO ̂  in o-xylene at 

40 °C} broken 1гпе3 the same at 

25 °C.

complex formation considerations.

As outlined in section IV.2.3, complex formation calculations were 

performed with the aid of the computer programme LETAGROP VRID. Approximate 

data for the constants of the various oligomeric complexes to be tested are 

required in order to start the programme. A first approximation for the 

numerical values of some possible formation constants was obtained by 

selecting some single sets of experimental data and solving algebraically 

the equations (IV.8) and (IV.9). The following estimates were obtained:
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Molal Activity Coefficient of TLMANO^ solutions 

in o-xylene.

ТаЫе XV.3

Molality m 
mol/kg

Activity Coefficient Y 
25 °C 40 °C

0.000457 0.153 0. 153

0.000687 0.121 0. 121
0.001144 0.089 0.089

0.00228 0.0555 0.0558

0.00458 0.0346 0.0350

0.00689 0.0264 0.0263

0.0115 0.0186 0.0185

0.0231 0.0111 0.0113

0.0469 0.00652 0.00674

0.0714 0.00471 0.00493

0. 122 0.00308 0.00321

that there were a number of 

possible solutions with about 

equally low U values (the 

lowest values are underlined 

in the table). In the com

binations with n = 2,3,4.,6 

and n = 2,3,4,5,6, the 

formation constant of the 

tetramer was doubtful, as 

its value was equal to or 

less than three times its 

standard deviation. Hence, 

combinations without n = 4 

were tried out. It then 

turned out that not n = 2,3,6 

but n = 2,3,5 gave the best 

fit. Incidentally, it was 

found that in the combination 

n = 2,3,4,5 the tetramer 

formation constant was zero 

and hence also this com

bination turned into n = 2,3,5.

ß2 -ъ I.IO4 ; ^ 1 • 1011 ; ß8 ^ 1 . 102 3 ;

and inconclusive. The constants for
b

other oligomers to be tested in the 

programme can be estimated by assuming 

that the constants of successive com

plexes form a geometrical progression.

A number of oligomer combinations 

were tried out. The definition of U 

given in equation (IV.12b) was applied 

and the average values of AR were used, 

taking into consideration the difference 

in weight. The combinations for which 

low values of U were calculated are 

listed in table IV.4. It was found

Chapter IV

Table IV.4

Values of error-square sum U for various combinations

of oligomers (t=40 °C).

Values of n in chosen 
combinations of oligomers 

(TLMANO )n

Value of function 
AR-AR , 2

U = ^ A R  7
calc

3 , 4 0.03935

2 , 3 , 4 0.00855

2 , 3 , 5 0.00260

2 , 3 , 6 0.00471

3 , 6 0.00468

2 , 4 0.00782

2 , 4 , 6 0.00661

2 , 4 , 8 0.00564

2 , 3 , 4 , 5 0.00262

2 , 3 , 4 , 6 0.00249

2 , 3 , 4 , 7 0.00259

2 , 3 , 4 , 8 0.00287

2 , 3 , 5 , 6 0.00374

2 , 3 , 4 , 5 , 6 0.00255

2 , 3 , 4 , 6 , 8 0.00271
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The constants found for the combination with three complexes (t = 40 °C) were 

the following.

(32 = 0.761 . 10^ (mol/kg)-1 ; a = 4.1%

ß 3 = 5.89 . 107 (mol/kg)- 2 ; a = 3.9%

e 5 = 1.382 . 1011+(mol/kg)_1+; a = 3.3%

The average degree of association ñ  is a suitable measure for the agreement

between the calculated and experimental results. These data are shown in 

table IV.5. The solution given above represents the minimum number of con

stants required to fit the data 

and also the constants obtained with 

the best accuracy (smallest relative 

standard deviation). From a physical- 

chemical point of view it is likely, 

however, that all oligomers with 

n = 2,3,4,5,6 occur in the solu

tions investigated, but that the 

formation of certain species is 

favoured above others. More precise 

measurements over a longer con

centration interval would be re

quired to get a more detailed in

sight.

The complex formation constants at 40 °C were used in the programme 

HALTAFALL which calculated the concentrations of all species specified for 

given total stoichiometric TLMAN03 concentrations. In order to obtain an 

estimate for the confidence limits of the monomer concentrations calculated 

from the oligomer formation constants, "maximum" and "minimum" values for 

the monomer concentration were calculated by using the values of the complex 

constants plus, respectively minus, two times their standard deviation. The 

values obtained are shown in table IV.6, together with the stoichiometric 

activities of TLMAN03 derived from the data in table IV.3. A slight deviation 

is noted towards the higher concentrations but this deviation is not far 

beyond the order of uncertainty caused by the accuracy limit of the experiments.

section IV. 4. 2.

Table IV.5

Calculated and experimental values of average 

degree of association ñ  (t - 49 °C).

TLMANO conc. 

m, mol/kg n calc.
n
e x p .

0.000457 1.86 1.83

0.000687 1.98 1.98

0.001144 2.15 2.15

0.00228 2.38 2.41

0.00458 2.60 2.53

0.00689 2. 73 2.70

0.0115 2.91 2.92

0.0231 3. 15 3. 15

0.0469 3.40 3.37

0.0714 3.55 3.53

0.1223 3.73 3.78
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Chapter IV  

Hence, these results indicate

that in the concentration

Comparison of monomer concentrations calculated from complex range up tO 0.1 M ПО SeriouS
constants and TLMANO^ stoichiometric activities (t = 40°C)

errors are introduced by adop

ting the basic assumptions 

of the oligomer formation 

treatment as outlined on page 

38 and 39.

The experimental data at 

25 °C appeared insufficient 

with respect to accuracy and 

concentration range covered 

to yield good results in the 

complex calculations with 

LETAGROP. As already stated, 

the results of the measurements 

expressed in Ф or n were at the 

low-concentration side of 

the range at 25 and 40 °C 

practically coincident. 

Therefore it was thought justified to extrapolate the measured range at 25 °C 

with three data obtained at 40 °C, namely at 4.10-1*, 6.10-1+ and 1.10— 3 M. In 

this way, the following constants valid at 25 °C could be calculated.

ß2 = 1.40 . 10^(mol/kg)- 1 ; a = 2.9%

ß3 = 7.14 . 107 (mol/kg)- 2 ; a = 2.1%

■ ßs = 4.07 . 101¿t (mol/kg)-l+;a = 2.2%

These oligomer formation constants were evaluated in the programme HALTAFALL. 

The concentrations of the monomer and all oligomers were calculated for each 

total extractant concentration used in the investigations on americium ex

traction described in chapter V, section 3.3.

3 bn
The fraction = — -—  was calculated for each of the species and 

plotted in figure IV.4. The values for the average degree of aggregation ñ  

which were calculated from the oligomer formation constants are shown in 

table IV.7 in comparison with the experimental values.

Table IV.6.

TLMANOj 

concentration 

m, mol/kg

Monomer concentration 

calculated from maximum 

and minimum complex constants

TLMAN03
activity

my

maximum minimum

0.000457 0.000105 0.000100 0.000105

0.000687 0.000125 0.000119 0.000124

0.001144 0.000154 0.000146 0.000152

0.00228 0.000200 0.000191 0.000191

0.00458 0.000255 0.000244 0.000240

0.00689 0.000292 0.000279 0.000272

0.0115 0.000342 0.000329 0.000320

0.0231 0.000419 0.000404 0.000391

0.0469 0.000507 0.000491 0.000474

0.0714 0.000565 0.000549 0.000527

0.122 0.000645 0.000629 0.000587
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Figure IV. 4.

Fractional concentrations X of monomer 

and oligomeric species in ÆmANO 3/ 0-xylene 

solutions plotted against log m.

Table IV.7

Calculated and experimental values of average 

degree of association "n (t = 25 °C).

TUiANOj concentration 

П (raol/l) m (mol/kg) n i calc.
n
e x p .

0.00040 0.000457 1 .86 1.83

0.00060 0.000687 1.98 1.98

0.00100 0.001144 2. 13 ' 2.15

0.00200 0.00228 2.35 2.44

0.00400 0.00458 2.60 2.60

0.0060 0.00689 2.76 2.69

0.0100 0.0115 2.96 2.90

0.0200 0.0231 3.25 3.30

0.0400 0.0469 3.54 3.58

0.0600 0.0714 3.70 3.80

0.100 0.1223 3.90 3.92
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Chapter V

The extraction characteristics of trivalent actinide nitrates

V.l. Introduction

The extractability of the trivalent actinide and lanthanide nitrates 

into solutions of quaternary ammonium nitrates is favoured by high-nitrate, 

low-acid conditions in the aqueous phase. In the absence of high metal ni

trate salt concentrations the extraction of tracer trivalent actinides or 

lanthanides from any concentration of aqueous nitric acid is found to be 

negligible. The nitrates of various metals, like aluminium, calcium, lithium, 

magnesium, as well as ammonium nitrate have been tried out in such high- 

nitrate, low-acid systems [l,2j. In the present study the salt solutions 

used were made up of lithium nitrate only.

Nearly all the actinide elements which were available in sufficient 

amounts for chemical experiments on a tracer-scale and which can be obtained 

in trivalent state in aqueous solution were used: Ac, Pu, Am, Cm, Bk, Cf, Es. 

The lanthanide elements Ce and Eu have also been investigated for comparison.

It appeared that experiments with Pu (III) were near to impossible due to 

oxidation of the trivalent plutonium during the extraction procedure. This 

experience is almost identical to the behaviour of Pu (III) reported by 

Marcus, Givon and Choppin [з] in a similar system, but using tertiary amines 

instead of the quaternary ammonium compound used here. In view of this, 

plutonium (III) distribution behaviour has only been indicated in the following 

in a qualitative way (cf. chapter VI, figure V I . 1).

Most extraction experiments concerning the influence of system variables 

have been performed with americium. This element was used by preference due 

to its availability, combined with the stability of its trivalent state and 

the ease with which it can be determined by means of the 60 keV gamma radi

ation of its 2i+1Am isotope.

V.2. Experimental

Materials and equipment. TLMANO3 was prepared as described in chapter II. 

Thenoyltrifluoroacetone (TTA) was obtained from Th. Schuchardt. As the com

pound deteriorates slowly in contact with the atmosphere, it was used after 

recrystallization from benzene and kept in a vacuum desiccator until needed.
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As already mentioned in chapter I the tracers 2i+LfCm, 249Bk and 243 252Cf were 

kindly made available by Euratom. A Cf-253Es sample was obtained by irra

diation of a Cf sample in the High Flux Reactor at Petten as described in 

Appendix I. Plutonium and americium were used from laboratory stocks. Tracer 

solutions of 1LfLtCe and 152»15i+Eu were obtained from the Radiochemical Centre, 

Amersham, Great Britain. 228Ac was isolated from a 228Ra sample obtained 

from the Radiochemical Centre. The sample was purified from 228Th and decay 

products by cation exchange separation using Dowex 50W-X8 resin [4] . From the 

resulting 228Ra~228Ac solution the decay product Ac was extracted with 0.25 M 

TTA in benzene at p^ = 4.8 and back extracted with diluted HN03 at p^ = 3 

[5]. The resulting 228Ac had a decay half-life of 6 hrs. and was free of 

alpha radiation [б]. All other chemicals used were analytical grade reagents. 

The counting equipment used included a gamma scintillation counter with 

if x 2" well-type Nal (TI) crystal and a ZnS scintillation counter for 

alpha measurements. The purity of alpha emitters and the composition of 

mixtures was measured by means of a grid-type ionization chamber and 400- 

channel pulse height analyzer. 249Bk was counted with a windowless methane 

flow proportional counter. A Beckman Zeromatic p meter was used with micro 

combined glass-Ag/AgCl electrode. For shaking glass-stoppered centrifuge 

tubes a Griffin flask shaking machine was available.

Procedures. For the determination of the distribution coefficient D of a 

metal (D as defined in chapter III, note 1), 5 ml of a lithium nitrate- 

nitric acid solution containing the desired tracer element was brought into 

a 20 ml glass-stoppered centrifuge tube together with 5 ml of a solution of 

the chosen concentration of TLMAN03 in o-xylene. Contacting the two phases 

was done by shaking for 7 minutes. Phase separation was effected by centri

fuging the tubes for another 7 minutes.

Before a tracer distribution experiment was started the lithium nitrate 

solution containing the tracer was adjusted to an experimentally pre-deter- 

mined p^ value which yielded the desired p^ value under extraction equilibrium. 

This p^ adjustment was made with a lithium nitrate-nitric acid solution in 

which the lithium nitrate had the same concentration as in the first solution.

22SAc, 241Am and the lanthanides were determined in both phases by gamma- 

counting one-ml aliquots. 2l+ltCm, 249Bk, and 2 4 9 - 2 5 2 C f or certain cases

Seotion V. 2.
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Am-Cm or Cf - 253Es mixtures present in the TLMANOg samples after contacting 

and centrifugation were stripped by extraction with 0.5 - 2 M HNOj. One-ml 

aliquots were plated on polished stainless steel or platinum counting dishes. 

The tracer metals present in the aqueous salt solutions were extracted into

0.5 M  TTA solution in benzene [V] . Before this operation the salt solution 

was adjusted to p = 4 to ensure a quantitative yield in the extraction. An 

aliquot of the TTA extract was plated directly on counting dishes by evapo

ration followed by heating to 850 °C in a small electric furnace.

Chapter V

V.3. Results and discussion

V.3.1. The_influence_of_a2ueous-2hase_acidity

For the extraction of Am from 5 M  LiNO^ into 0.1 M TLMANO^ /o-xylene 

the p range for optimum extraction was determined. As shown in figure V.l
П.

maximum and almost constant D-values are found at p = 3 to 1.6. At p
H H

Figure V. 1.

Variation of distribution coeffi

cient D(Am) with p o f  aqueous 

phase. Organic phase 0.1 M_ TLMANO 

in o-xylene. Aqueous phase 5 M_ 

LiNO plus various concentrations 

of HNO3. The Pß is indicated at 

extraction equilibrium conditions.

values lower than 1.6 there is a gradual

drop and at p = 0.6, the value of D (Am) 
H

has decreased to almost 10% of its 

original value. It was concluded that 

for those experiments where optimum 

extraction behaviour is desired, not 

influenced by slight variations in acid

ity, a suitable value for the p is 2.0,
H.

when the aqueous phase is in equilibrium 

with the organic phase.

If the p range where the metal
ri

extraction falls off in figure V.l is

compared with the p region where an
ri

appreciable portion of the TIMAN03 

present is converted into the nitric 

acid complex TLMAN03.HN03(figure III.2) 

a connection between the two phenomena 

is evident. An experiment involving Am 

extraction was made under such acidity 

conditions that essentially complete 

conversion of TLMAN03 into the nitric 

acid complex was ensured.
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Using the notation used in chapter III this means Z ъ 1. The actual value 

determined in the experiment was Z = 0.98 and keeping all other conditions 

as for the test series in figure V.l, it was found that D (Am) = 0.014.

The data shown in figure V.l can also be represented in another way.

In accordance with the discussion in chapter III the equilibrium reaction 

equation is assumed to be:

TLMANO , N + H+ + NO~ «=----  TLMANO .HNO . N ( H I . 2)
3 (org) 3 ---- =- 3 3.(°rg)

[TLMANO .HNO "]
in which, after (III.l), Z = --- --------------  and, furthermore,

TLMANO

[TLMANO .HNO "] = [HNOЛ when Z < 1. Equation (III.2) was derived without
o 05 о О О

taking into account the aggregation of the extractant molecules. In the 

following we shall consider this factor and its influence on metal extraction 

behaviour. For the sake of simplicity we will in the following use the ab

breviation Q for the quaternary ammonium salt TLMANOg. In order to make 

allowance for the aggregation of Q we have to introduce a new symbol for 

that part of the total stoichiometric concentration of Q that is not com- 

plexed by HNO^. We call this concentration [r] , defined as

H 0 - [ Q j 0 - 2 & J 0 * 3[Q3] 0 ♦ -------

И 0 - <v -1)
n=l

From the above follows that [R] Q = - QiNO^J^.

We apply now equation (III.3) in which [TLMANO 3"]o is replaced by the more 

correct symbol [r ]

Seation V.3.1.

К
app

c 0 - M ,

H 0 [h+] [N0¡]

c 0
or: [r] = ------------- ---------------  (V.2)

Kapp ' ’ Î + 1

Substituting in (V.2) С = 0.1 ; [Ñ0~1 = 5 ; у = 12.2 and К = 7.44 . IO- 2
Q L 3J ± app

we get :
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Chapter V 

(V.2а)

45.4 у + И  + Ю

Values for у+[н+] could be derived from the values at extraction equi

librium after correction as outlined in section III.2. The distribution 

coefficients D(Am) are plotted against the calculated values of [r] on 

double logarithmic scale in figure V.2. In this diagram the experimental 

values are very well represented by a linear relation of slope = 2.

Remembering that is constant in all ex

periments, it is concluded that, apparently, 

the extraction of americium is counter

acted by an increasing TLMANO3<H N O 3 con

tent in the organic phase. Thus in an ex

periment in which the partition of ameri

cium between the two phases is determined 

each time after addition of a small in

crement of HN0o to the aqueous phase, the
О

LiN03 concentration being kept constant, the 

americium is gradually removed from the 

organic phase by a mechanism in which two 

molecules of HN03 enter into complex 

formation with two molecules of the 

quaternary ammonium nitrate and expel one 

americium-nitrate ion from its metallo- 

organic complex and hence from the organic 

phase into the aqueous phase.

From the above it is concluded that 

there are two quaternary ammonium ligands 

required on the americium to keep it in 

the organic phase and that these two ligands 

can be made inactive by combination with 

each a nitric acid molecule, if these are

Figure V. 2.

D(Arn) vs. the stoichiometric 

concentration of the extractant 

uncomplexed by nitric acid3 [ñ] .
The total stoichiometric con

centration of the extractant is 

kept constant at 0 . 1  M_ in all 

measurements. Aqueous phase in 

all cases 5 M LiNO3 containing 

various concentratbons of HNO3.

allowed to enter the organic phase in sufficient quantity. We may now recall 

a conclusion from chapter III that the chance that a TLMANO^ molecule is com- 

plexed with H N 0 3 is apparently the same, no matter whether or not it is pre

sent as a monomer or a part of an oligomer. The result which we have obtained
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in this section suggests that monomer and more than one type of oligomeric 

species are contained in the metallo-complexes.

The fact that the extraction of the metal ion is prevented by the forma

tion of the complex TLMANO3 .HNO3 is characteristic for the trivalent 

oxidation state of the actinides and lanthanides, in contrast with their 

tetravalent and hexavalent states.

V.3.2. The_influence_of_nitrate_concentration_on_metal_distribution

The distribution of trivalent actinium, americium, curium, berkelium, 

californium, europium and cerium tracers between lithium nitrate solutions 

of various concentrations and 0.1 M TLMANO3 solution in o-xylene was deter

mined (note 1). It should be emphasized that the acid molarity of the lithium 

nitrate solutions used was not constant, but in each case adjusted so that 

the finál p at the extraction equilibrium was 2.0 ±0.1. This procedure 

ensured that the nitric acid activity was kept constant and the only variable 

was the lithium nitrate concentration or activity. It had, however, the dis

advantage that the. correct p^ adjustment before each new extraction con

dition could only be found by trial and error, which made the procedure rather 

time-consuming.

The results obtained are shown in table V . 1. Remarkable are the high 

distribution coefficients for cerium. Musikas and Berger [8] have used ex

traction by 0.1 M TLMANO3 in carbontetrachloride to investigate the Ce(III)- 

Ce(IV) and Bk(III) - Bk(IV) oxidation potentials. Using 1 M HN0 3 as an 

aqueous phase they reported D (Ce IV) = 110 while Bk(IV) was not extracted. 

From 1 M  HNO3 + 1.5 M  А1(Шз) 3 Bk(IV) showed a distribution coefficient

of 65 and Ce was accordingly higher. C e (III) or Bk(III) were not extracted

in any of these cases. These results are not in contradiction to our data,

as it was found that all trivalent actinides or lanthanides can only be

extracted from salt solutions at very low acidity (< 0.05 M HN03). This 

difference in extractability established a convenient way to separate 

trivalent and tetravalent cerium by extraction.

Note (1): Due to lack of material the distribution coefficient of ein
steinium was only determined at 5 M LÍNO3 .

Section V.3.1.
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Table V . 1

Distribution coefficients of trivalent actinides and lanthanides at = 2.0 as a function 

of lithium nitrate concentration and activity. Extractant concentration 0 . I M TLMANO^ in o-xylene.

LiN03 
molari ty 

M

LÍNO3
molality

m

Mean molal
activity
coefficient

Y±

LiNOj mean 
molal activity

a±Li Ac Am Cm Bk Cf Es Eu Ce

3.0 3.31 1.04 3.44 8.2 1.76 0.56 - - - 0.62 20

4.0 4.57 1.26 5.77 37.3 7.7 2.44 4.1 4.7 - 2.75 81

5.0 5.93 1.53 9.05 127 29.4 9.2 17 19.3 26.6 11.9 308

6.0 7.39 1.86 13.74 465 109 33.9 44 63 - 43 990

7.0 8.96 2.24 20.05 - 318 99.4 - 151 - 142 3200

In our experiments special attention was paid to the valency state of 

cerium in order to ensure that the high values were not due to partial 

oxidation to cerium (IV). Moreover, other experiments with reputedly stable 

La(III) have shown about equally high distribution coefficients for La(III) 

and Ce(III). (Compare figure V I . 1). Ac(III) extractability is much lower 

than that of La(III) and C e (III) but higher than Am(III).

The values for D of the various elements were plotted against the molal 

mean ionic activity of lithium nitrate, a+L^ = m ^  . Y +l ¿* 'Î ie activity

coefficient tables used were those collected by Gazith Q?a"j . The log/log 

plots yielded straight lines with a slope of 3 as shown for some of the 

elements in figure V.3 and further in table V.2. It is worth noting that 

the deviations from proportionality with a+ L ^ 3 were found to be well 

within the expected behaviour when compared on basis of a standard deviation 

of ± 8 % which we normally found for our tracer distribution coefficients. 

Therefore, the relation between D(M) and the lithium nitrate activity could 

be expressed by the empirical equation:

D(H) - К . T±L.3 . (V .3 )
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Section V. 3. 2.

Lithium nitrate molarity

2 5 10 20
Mean ionic activity (a+)

Slope of the line log D(M) vs. log LiNO^ mean 

ionic activity for various trivalent actinide 

and lanthanide metals (M).

Table V.2

Metal Slope

Ac 3.0

Am 3.0

Cm 3.0

Bk 3.0

Cf 3.0

Ce 2.9

Eu 3. 1

Figure V. 3.

Distribution coefficient of some of the 

trivalent actinides and cerium versus 

lithium nitrate concentration and mean 

ionic activityj a +£-* extractions 

at p„ - 2 .0 . The ëxhractant solution is

0.1 m_ TLMANO3 in o-xylene.

in which К is an extraction constant (note 2).

To explain this relation between the actinide or lanthanide dis

tribution coefficient and the lithium nitrate activity a possible sugges

tion is that lithium nitrate is present in the extracted metallo-complex, 

in addition to the trivalent metal ion [2] , compare рб|. In order to test 

this supposition separate extraction experiments were made in which the 

aqueous phase contained macro concentrations of lanthanum nitrate in ad

dition to 5 M lithium nitrate. Lanthanum was chosen as it is the highest 

extractable lanthanide ion that occurs only in the trivalent state. It 

appeared that no lithium was extracted into the organic phase and thus no 

experimental support was found for the formation of a mixed metallo-complex.

Note (2): A similar relation involving lithium chloride instead of lithium 
nitrate activity has been found for the extraction of Am(III),
C e (III), Eu(III) and Fe(III) from concentrated lithium chloride 

solutions into solutions of the tertiary amine hydrochloride TLA HC1
[14,16] .
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The influence of aqueous nitrate concentration (or activity) on 

the extraction of tracer amounts of actinide or lanthanide nitrates can 

only be evaluated in a thermodynamic way when the activity coefficient of 

the tracer is taken into account. This activity coefficient cannot be con

sidered a priori- constant, due to the wide variation in ionic strength 

of the lithium nitrate solutions used. In spite of the absence of any 

relevant data concerning the activity coefficients of the trivalent ac

tinide nitrates it is possible to obtain a qualitative impression of their 

variation with increasing lithium nitrate concentration. At low nitrate 

concentration the activity coefficient follows the general pattern and 

decreases considerably below one. The general trend is corroborated by 

the formation of complexes like M(N03)2+ and M(N03)^ . When the lithium 

nitrate concentration increases the activity coefficient of the tracer will 

tend to increase, due to the strong hydration and high concentration of 

the major solute.

Another point deserving consideration is the influence of the water 

activity. As outlined in section IV.4.1. the extractant solution contains 

water of hydration. The formation of a metallo-organic complex is prob

ably accompanied by repulsion of some of the hydrate water[]4j. Consequently, 

a tentative overall equation for the metal extraction can be given as follows:

Chapter V

M 3+ + 3 NO- + j (Q.£H 0)
3 2 org

M(N03)3.Q + ja н?о (v.4)
org ° ¿

When for tracer extractions the p , and the organic extractant concentrationH.
Cq , are kept constant the activity of the extractant will be constant and 

hence:

D(M) = K f . Y±J  . m J  . aw 'J'Ä (V.5)

Here, K ’ is an extraction constant for a fixed extractant activity, y+^  is 

the stoichiometric mean ionic activity coefficient of the trivalent acti

nide nitrate M(N03)3, m  ^ is, as before, the lithium nitrate molality, and 

aw is the water activity of the lithium nitrate solution which is in 

equilibrium with the organic phase. For C^ = 0.1 M the coefficient j  = 5.5 

(section V.3.3) but the value of the coefficient i is unknown and slightly

variable with a .
w
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In equation (V.5) the mean ionic activity of lithium nitrate has no 

function. However, between 3 and 7 M LiNOj the approximation

a = к . у . 2 (V.6 )
w  ±Li

can be used, in which к is a constant (note 3). This gives in equation 

(V .5 ):

D(M) = K' . Y±¿  . m j  . Y±Lp  (V .l)

This equation contains two unknown quantities which vary with ni^, viz.

у and £ (note 4). It seems therefore that no simple explanation can be
±M

given for the good fit of the measured distribution coefficient data with

the empirical relation (V.3).

Section V.3.2.

Note (3): The approximation (V.6 ) is also valid for lithium chloride 
solutions in the concentration range of 8-14 M used for the 
extraction experiments with TLA HC1 referred to in note (2).
Water activity data were taken from the compilation [9b].

Note (4): The coefficient £ is not identical with the total hydration 
number of TIMAN03 as reported in section IV.4.1. On the con
trary, £ is the number of moles of water per mole of extractant 
involved in the overall formation reaction of the metallo-organic 
complex. If reliable values for £ can be obtained at different 
LiN03 molalities the variation of the activity coefficient у 
for tracer М(Ж>з)з concentrations as a function of the lithium 
nitrate activity can be estimated.
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The distribution coefficient of americium as a function of extractant 

concentration was reported earlier by the author in the range =

1 0- 1  - 1 0 - 3  for three different aqueous lithium nitrate concentrations, viz.

3, 5 and 7 M  [jo]. It was stated that the plots of log D(Am) vs. log 

deviated from linearity and that the slopes of the straight parts of the 

curve were between 1.5 and 1.8. This type of behaviour can in general be 

ascribed to aggregation of the extractant molecules in solutions Q  f] .

In order to get a more exact picture of the shape of the curve, the

range of concentrations was extended from 1.10-1+ to 4.10 - 1  M  TLMANOg. Only

the extraction equilibrium with 5 M LiNO ,p = 2.0 as the aqueous phase
—  3 ri

composition was investigated and in total 157 data for D(Am) spread over 32 

different values of were collected. The average values for D(Am)

are shown in table V.3. In figure V.4 these data are plotted-.

Chapter V

V .3 •3 .  The_influence_of_the_extractant_concentration

Table V.3

Influence of extractant concentration on americium distribution

between TLMANO in o-xylene and aqueous 5 M  LiNO, p = 2.0.o — ¿ H

Concentration 

TLMANO M

D(Am) 

(Average value)

Concentration 

TLMANO M

D(Am) 

(Average value)

lO-1* 7.6 . 10-1+ 1.2 . 10-2 1.80

2 10"14 2. 1 . О
1 u> 1.5 . 10"2 2.45

3 . 10~4 5. 1 . 10-3 1.8 . 10"2 3. 11

4 10"1* 8.5 . 10" 3 2.0 10"2 3.77

5 10-i< 1.25 . 10"2 2.6 10“2 5.23

6 10“1* 1.55 . 10"2 3 10“2 6.23

8 10-4 2.85 . 10"2 4 10"2 8.79

10"3 4.7 . 10-2 5 10"2 12.3

2 10“3 1.3 . 10“1 6 10"2 14.9

2.5 10” 3 2.2 . 10"1 8 10“2 21.8

4 10"3 3.8 . 10_1 9 10"2 24.8

5 О
1

5.5 . 10-1 10-1 30.0

6

m1О

6.65 . 10"1 1.4 10-1 43. 1

8 10~3 1.01 2.0 10"1 66.6

9 10-3 1.23 3.0 10_1 105

10-2 1.45 4.0 10"1 151



-63-

Seetion V. 3. 3.

'TLM AN O-i

Figure V. 4.

D(Am) vs. the total stoichiometric 

extractant concentration С

Only below 5.10-1+ M extractant 

concentration it was found possible to 

fit the points by a straight line which 

had a slope of 2 .

Other investigators, using Aliquat 

336 nitrate dissolved in xylene, have 

reported that plots of log D(M) VS . 

log С were linear with a slope of one 

for extraction of A m ( I H )  and Cf(III) 

from concentrated nitrate solutions [2]. 

The same behaviour has been reported for 

tracer concentrations of a number of 

lanthanides and americium in a similar 

system, but using chloroform as a di

luent [)3j. It may be added that, al

though the chemical structure of the 

compound used by these authors is very 

similar to TLMANO^, the difference in 

results may be due to the fact that 

Aliquat 336 is a technical product, mo

dified by the addition of a lower ali

phatic alcohol (compare page 18, note 2 ).

extractions: 5 M_ LiNO3J p^ = 2 .0 . 

The straight line represents D -

К . С
TLMANO,

When tracer metal extraction expe

riments have been made with long-chain 

ammonium solutions in which a variety 

of oligomers is present over the whole

concentration range used it is hard to predict what the form will be of the

double logarithmic plot of the metal extraction coefficient D(M) against the 

extractant concentration C. When in a particular case the extraction me

chanism is well understood, it must be possible to calculate the curve

starting from a few extraction data. On reviewing the literature concerning 

the extraction of metals by long-chain ammonium salts, even when we restrict 

the field to trivalent actinide and lanthanide metals, it emerges that this 

understanding has not yet been reached, in spite of the frequent attention 

this problem has received.
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In a number of tertiary amine salt extraction systems for which it is 

certain that the extractant is aggregated, the curves of log D(M) vs. log С 

have yielded linear plots with a slope of 2. One of these cases is the ex

traction of tracer concentrations of Am(III) or Cf(III) from concentrated 

solutions of nitrates of various metals into 0.03 - 0.6 H  Alamine 336 nitrate 

(note 5) dissolved in xylene or diisopropylbenzene [2].

The extraction of Am and other trivalent actinides from concentrated 

aqueous chloride solutions into trilaurylamine hydrochloride (TLA HC1) dis

solved in cyclohexane, toluene, or other aromatic diluents is another example 

where the slope of 2 is obtained. This linearity was found over the range 

of 3.10“ 3 to 3 . 10_1 M for cyclohexane or 10- 2  to 3.10—1 M for toluene. The 

aqueous phase in these cases consisted of LiCl, 6.3 M, CaCl2 , 2.7 M  and HC1,

0.012 M  [14,15] .

Although the above-mentioned tertiary amine salt extraction systems 

show in their extraction characteristics for trivalent metals a general sim

ilarity with the TLMANO3 / o-xylene system described in the present study, 

they behave quite different from the latter system with respect to their 

extractant concentration dependence. For the constant slope of two at 

varying degrees of aggregation of the extractant the following explanation 

has been offered. The chlorometal ions are supposed to enter into a reaction 

with the oligomers which dissociate as 1 : 1  electrolytes and each furnish one 

chloride ion to the coordination sphere of the metal ion. Two (aggregated) 

ammonium cations participate in the formation of the metallo-organic complex

[15,16] .

The same reasoning is applicable to the other case mentioned, the ex

traction of trivalent metals by a tertiary amine nitrate. From Högfeldt's 

data on the association of TLA H C 1 , TLA HN0 3 and TOA HN0 3 (trioctylamine 

nitrate) in o-xylene [17] it follows that ñ  changes approximately from 1.04 

to 1.75 between 0.005 and 0.3 M TLA HC1 concentration, or from 1.2 to 2.4 

between 0.005 and 0.6 M  TLA HNO^ concentration in o-xylene. In solutions of 

TLA HC1 trimers are formed, the nitrate salt solutions contain both dimers

Note (5): Alamine 336 is a trialkylamine containing mainly octyl and decyl 
groups. The amine was purified before use.

Chapter V
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and trimers (note 6 ). Although it is reasonable to assume that the oligomers 

will take part in the extraction of metals, the proposed mechanism gives in 

itself no explanation for any particular shape of the curve of log D(M) 

against log С for aggregated extractants, as will become evident in the 

following paragraphs.

An alternative and more detailed explanation for the appearance of a 

constant slope of 2 in the plot of log D(M) vs. log С can be based on the 

theory of mixed complexes as given by Вас [l8] . Вас discusses the extraction 

of a metal by a monomer and its dimer. A very similar reasoning is possible 

for extraction by monomer and trimer. Bac's formula (III.47) (note 7) must 

in that case be rewritten as :

D(M) = K lfl ( [Q1' ] 0 + xß3 [qJ*) 2 (V.8 )

Here, К is the apparent constant for the extraction of the metal M by
*  9 *

the monomeric ammonium salt Q , all extraction condition^ being kept con

stant except the monomer concentration and hence D (M) = К [ Q ] 2 •
1 1 j 1 1 o

Furthermore, ß 3 is the overall formation constant of the trimer and x is 

defined by æ 2 = К : К , in which К is the constant for extraction of 

the metal by the trimer only: D^(M) = 3 (Q3] 0 • On basis of equation (V.8 )

a linear plot of slope 2 for log D(M) vs. log is only obtained under the

special condition that x = 3, as this gives :

D(M) - K 1;1 ([Ql] o + 3ß3 [ < g ’ )2 . K b l  C* (V.9)

It is important to summarize the conditions under which equation (V.9) is 

valid. These are:

Seation V. 3. 3.

Note (6 ): For the sake of simplicity we omit here the high-order complexes
(n = 30-50), firstly because these are rather uncertain, secondly
because their influence would only appear above 0.2 M extractant 
concentration.

Note (7): The derivation of formula (III.47) is given in reference [l8],
page 32. Following the nomenclature in [l8"]_ the symbol Q indicates
in equation (V.8 ) and (V.9) the tertiary aimronium salt TLA H C 1 .
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(a) very low concentrations of the metal are present in the organic phase;

(b) the ligands Q 1 and Q 3 have a random statistical distribution over the 

metallo-organic complex species;

(c) all Q-equivalents which form part of an oligomer have the same statistical 

probability to take part in a metallo-organic complex.

Conditions (b) and (c) mean that, if equal concentrations of trimer and 

monomer are present, the probability of finding a trimer at a certain co

ordination site is three times as large as that of finding a monomer at that 

site. As the metallo-organic complex contains two organic ligands, this re

sults in a ratio æ 2 = К : К = З2 : 1.
J ) J 1^1

The same type of reasoning can be applied to the case of tertiary 

amine nitrate extractions, mentioned in the above. The situation will be 

more complicated as we presume monomers, dimers and trimers to be present 

in the solutions, so that 6 kinds of metallo-complexes are to be accounted 

for. The final conclusions, however, are very similar to those for extraction 

by TLA HC1.

Concerning the structure of long-chain ammonium oligomers several 

assumptions have been made which are sustained by very sparse experimental 

material. However, on the basis of the explanation for the extraction be

haviour given above we have to specify one condition concerning the struc

ture of trialkylammonium nitrate and hydrochloride oligomers: the structure 

of the dimers and trimers of these tertiary amine salts must be such that 

all dipoles can occupy positions which give them the same statistical pro

bability to be present in a metallo-organic complex.

The condition stated above may look irrelevant without further sug

gestions concerning the oligomer configuration and its relation to a pre

sumable reaction mechanism. It should be kept in mind, however, that equi

librium investigations like discussed above for TLA H C 1 , TLA HNO^ and those 

which are the subject of the present study on TLMAN03, cannot supply in

formation concerning the mechanism by which the metal-organic complexes are 

formed.

With respect to extraction properties of the oligomers present, so

lutions of TLMANOj are different from solutions of the tertiary amine salts, 

as will become evident from the following.

Chapter V
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chapter IV activities were calculated and applied to the extraction data.

Conversion of molar to molal concentrations and plotting log D(Am) against

log а yielded the results shown in figure V.5. The slope, of this
6 TLMANO J

curve indicates the 

number of equivalents

From the activity coefficients for TLMANO3 at 25 °C  obtained in

TLMANO^ per metal atom 

present in the americium 

complex. The slope at 

the lower end of the line 

is 4.1. At the concen

tration С
TLMANO,

= 0.002 M

Figure 7. 5.

D(Am) vs. activity of TLMANO .
The distribution coefficients 'plotted are the 

same as those in figure V.4.

the value of the slope is 

4.7 and at CTLMAN0  ̂ = 0.1 M  

it is 5.5.

Comparing these data 

with the average degree 

of aggregation in the 

solution ñ  at 25 °C shown 

in table IV.7, it is con

cluded that in the range 

of the lower extractant 

concentrations the approx

imate composition of the

metallo-organic complex agrees rather well with the presence of two extractant 

species of average composition per metal nitrato-ion. At higher extractant 

concentrations, however, the average aggregation of the extractant species 

in the complex is much lower than the value of ñ  in the solution, suggesting 

that the higher oligomers contribute very little, if anything, to the 

formation of the metallo-complex.

In the case of TLMAN03 a similar equation for mixed complex formation 

by monomer and oligomers could be applied as was used in the above for the 

explanation of the extraction characteristics of the tertiary amine salts.

On this basis it was attempted to evaluate the influence of the various 

oligomers in the extraction of americium by TLMAN03 solutions of various 

concentrations. The assumptions made in this treatment were the following.



-68-

Chapter V

(a) All organometal complexes contain two ligands Q , with n = 1,2,3,5.
n

If all extraction conditions except the extractant concentration are 

constant the formation of metal complexes containing only one species 

Q , is described by the equation: D , (M) = К , , [(j ,]
n ,n ■- n J o

(b) If two of these species Q^, and Qn „ form metallo-complexes there is 

a statistical probability for the formation of the mixed complex which 

contains one group Qn , and one group Qn „ . In this statistical case 

the apparent formation constant of the mixed complex is given by

К , „ = 2 /К , , К „ „ [18,19].
n ,n n ,n n ,n u J

A similar treatment as was used to obtain equation (V.8 ) gives in this 

case:

3,3 3

Q i
+ К 2 ß

5, 5  5
(V.10)

For all 32 extractant concentrations for which americium distribution data 

were available, monomer concentrations were calculated by means of the 

programme HALTAFALL (of. chapter IV). The values for ß2 , ß^ and ß 5 at 25 °C 

were used. By application of a linear least-square computer programme to 

formula (V.10) it turned out that a very good curve fit was obtained with 

the monomer, dimer and trimer terms (figure V.6 ). The parameter of the

higher oligomer

(the last term) 

was zero.

Figure V.6.

Square root of D(Am) plotted against monomer ooncentration 

in mol.kg~l . Solid line after equation (V .10). The dis

tribution coefficients used are again the same as those 

plotted in figure V.4 and V.5.
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Section V. Z. Z.

i
The following values were obtained for К and К 5

3,3

К 2 = 250 (о = 12.5 %)
1 » 19

К 5 = 5 0 8  (а = 8 %)
2 , 2

КД = 317 (о = 5 % )
9

Hence К : К ^ 4.1 and К. , : К, , 1.6. From these ratios between the
2,2 1,1 3,3 1,1

extraction constants it is concluded that the TLMANO equivalents which are 

contained in dimeric species have all the same statistical probability as 

the monomers to be present at ligand positions in the metallo-complex

obeyed for the TLMANO^ equivalents which are contained in the trimers. It 

follows that the latter have a much lower probability than the monomeric

than 9. In this respect there seems to be a difference in properties between

trimers of TLA HC1 and those of TLMANO
3

V.3.4. Remarks_on_the_com£osition_of_the_metallo;organic_comglexes

The extraction behaviour of TLMANO^ in o-xylene diluent indicates a 

very distinct influence of aggregation. This is due to the fact that monomers,

dimers and trimers, but not the higher oligomers, are present in the extracted

trivalent actinide complexes. The presence of these various oligomers implies 

that no exact chemical formula for the metal complex can be given. The ratio 

metal-to-TLMANO^ in the overall formula of the complex appears to depend on 

the fractional concentrations of the monomers, dimers and trimers in the 

solution. The gross formula of the complex must be written as:

species (К : К = 4 ) .  This equal statistical probability rule is not2,2 1,1

molecules to be present in ligand positions in metallo-organic complexes. 

This is reflected in a value for the ratio К : К which is much lower
О « -J 1 j 1

(TLMANO ) . M . ( N O )
3 n 2 3 3

or (TLMANO ) . TLMA
3 n~i 2

.M3+ . (NO )
3 5J

in which n = 1, 2 or 3.
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Only one diluent has been used in the experiments. However, it is 

presumed that the general extraction behaviour will be very much the same 

in other aromatic hydrocarbon diluents, though differences in extent and 

degree of aggregation can be expected. The oligomers which do not contri

bute to metal extraction may have a structure which is different from the 

dimers and trimers. This might be a cluster-type structure with all dipoles 

directed inward, or a ring-type structure. The fact that all quaternary 

ammonium ion pairs are equally available for complex formation with nitric 

acid, as was concluded in chapter III, might be due to a steric factor 

combined with a different extraction mechanism. One should consider that 

nitric acid is able to dissolve into the organic phase, or even into the 

pure diluent [20,2Q ,  while the metal-organic complex can only be formed at 

the interface. The kinetic investigations concerning the interfacial complex 

reactions between actinide ions and tributylphosphate [22] should be mentioned 

in this respect. A similar mechanism might govern long-chain ammonium ex

tractant systems.

Chapter V
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The application of trilaurylmethylammonium nitrate in 

extraction-chromatographic separations

The experimental technique named extraction chromatography is charac

terized by the use of an organic extractant (pure or in the form of a so

lution) sorbed on a solid, inert support so that these two form a stable, 

stationary phase. The support can be either a sheet of paper, or a finely 

divided substance made up as a column bed or a thin layer on a plate. The 

mobile phase is an aqueous solution. In order to form a stable system the 

support material should be organophilic. Inorganic column material which is 

normally hydrophilic can be used after a treatment with, for example, di- 

methyldichlorosilane to make it hydrophobic. Hydrophobic Kieselguhr (puri

fied diatomaceous earth) is one of the most commonly used column materials.

The effect of the chromatographic extraction system is determined by 

the relative distribution ratios of the species to be separated. By a proper 

choice of the type of extractant, the type of diluent and the organic and 

aqueous concentrations there is a wide variety of separating conditions.

Bibliographies and review articles on the application of extraction 

chromatography have been published [j, 2, з]. The theoretical plate theory 

[4] can be applied to extraction chromatographic as well as to ion exchange 

columns as this theory does not presuppose a certain type of sorption mech

anism. Without going into details on the theoretical plate theory we will 

quote some simple formula which have been frequently used in the course of 

the work.

(a) Determination of the number of theoretical plates from the elution 

peak shape:

N' = 8 ( - y - ) 2

(b) The distribution ratio of a species from the peak position:

Chapter VI

V I . 1. Introduction
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(с) The separation factor between two species indicated by suffix (1) and 

(2) :
D2 V 2 ” a^'

S.F. = --  = ---------

° 1  ^ 1 “ “X '

In these formula the following symbols are used:

a = void fraction of the column or FCV (free column volume)

ß = width of elution band at concentration С = С /е
max

D = distribution coefficient of solute between stationary phase and mobile 

phase

e = volume fraction of the column occupied by stationary liquid phase

N = number of theoretical plates of the unloaded column

N' = N - I N
о

Nq = number of theoretical plates over the width of the original load band

V = peak elution volume

X = total column volume

X I = X - i x
¿ о

x q = column volume occupied by original load band.

VI.2. Discussion

The separation factors found in the extraction system TLMANO3/acidified 

metal nitrate solution are promising for certain separations. Relative ex

traction data normalized to D(Am) are shown in figure V I . 1 (note 1).

Useful applications in the field of radiochemistry are the following. Cerium 

and lanthanum can be separated from europium and the trivalent actinides. 

This includes separation of Bk (III) from Ce (III) with a separation factor 

of 15 or higher. The americium-curium separation factor of around 3 makes 

the system very suitable for separation of these elements from each other. 

Table V I . 1 shows the values for D(Am)/D(Cm) derived from batch extraction 

experiments at various LÍNO3 concentrations.

Note (1): The lanthanide data quoted were obtained in our laboratory in 1967 
by Sumantono M.Kasan from Reactor Centre Bandung, at that time 
stipendiate of the Netherlands Government.
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Section VI.2.

Z actinides

Z lanthanides

Figure V I .1. Distribution of trivalent actinides (I) and

lanthanides (II )  as a function of atomic number 

Z. The distribution coefficients are normalized 

to D(Am) - 1.

Organic phase: 0.1 M  TLMANO3 in o-xylenej 

aqueous phase: 5M_ LiNO3 adjusted with HNO$ to

p „  = 2 . 0 .

Table V I . 1

Separation factors for americium and curium Vs. lithium nitrate molarity.

LiN03 M 3 4 5 6 7

D(Am)/D(Cm) 3. 1 3. 1 3.2 3.2 3.2

The data on californium-einsteinium extraction indicate a separation 

factor D(Es)/D(Cf) of 1.38. This value is marginal for the possibility of a 

separation. Horwitz et al. £5] obtained by extraction chromatography with 

Aliquat 336 a separation factor for Es/Cf of 1.46. Other methods for sepa

ration of these elements yielded separation factors less than this value [6,7].
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Remarkable are the larger separation factors for the actinides from each 

other in comparison with those for the lanthanides as shown by the sequences 

Am - Cm - Bk and Eu - Gd - Tb.

VI.3. Experimental

Materials and equipment Trilaurylmethylammonium nitrate (TLMANO3) was 

prepared as described in chapter II. For some experiments Aliquat 336 was 

used. Celite 535 (Kieselguhr) manufactured by Johns-Manville (Lompoc, Cali

fornia) w§s sieved using a mechanical vibrator to obtain a 280-200 mesh (50- 

70 micron) fraction. The fraction was treated in a desiccator with vapours 

of dimethyldichlorosilane (BDH) for at least 24 hours. After that, the 

Celite was heated in an oven at 150-200 °C for one hour. Two different 

preparations were made, indicated as A and B. Another column material used 

was Kel-F 300 LD (polytrifluoromonochloroethylene), 110-120 mesh, obtained 

from Analabs Inc. (Hamden, Conn.) and applied without further treatment.

The tracer elements as well as all other chemicals used were as described 

in chapter IV.

The glass columns used were 2.8 - 3.2 mm ID and were designed for a

bed length of 120 or 200 mm. They were provided with water, jackets for

temperature control. The tips of the columns were drawn out as to give drops 

of around 25 yl. The columns were constructed so that the dead space under 

the column bed was kept small. Usually this was not more than 2 drop volumes.

A fraction collector with drop counter was used (Hako Fraktomat Y~3). The

radioactivity counting equipment was described in chapter IV.

Preparation of the columns . A very small plug of glass wool was placed at 

the bottom of the glass column. The column was filled by gradually adding 

small portions of the hydrophobic, dry column material and, after each 

addition, tamping the material in the column with a glass rod which tightly 

fitted into the column tube.

As an aid in reaching a homogeneous filling of the column the following 

system was often used. The column was previously provided with a taped-on 

centimeter division. Weighed portions of the column material were introduced, 

each portion sufficient to fill one cm of the column when the material had

Chapter VI
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reached the desired packing density. The added material was then compressed 

till the mark by tamping as described above. After completion of the filling 

procedure a very small glass wool plug was placed on top of the column bed.

For Kieselguhr the packing density was usually around 20 vol. % or 0.45 g/cm3. 

The bed density of a Kel~F column was made close to 30 vol. % or 0.65 g/cm3 .

Next, 2-3 ml of the stationary liquid phase was applied on top of the

column bed and pressed down by applying air pressure to the top of the column. 

The stationary phase was in most cases 0.2 M  TLMANO3 or sometimes 10% Aliquat 

336 in xylene. The excess of the extractant solution was removed by flushing 

the column with circa 15 ml 0.01 N HN0 3 which had been boiled out and cooled 

before use; this treatment removed any air still remaining in the column 

after the previous treatment. The percolation rate was here around 2 drops/ 

min.

Finally the column was flushed with 120-150 ml of the mobile phase to

be used - usually 4 M LiN03 + HN0 3 aï p = 2.0 - at the same rate as before.

All eluting agents were saturated before use with the stationary phase com

position by contacting and separation. This was done to prevent loss of 

diluent from the column during prolonged use. It was found that the pro

longed percolation with the mobile phase tended to increase the theoretical 

plate number and the stability of the columns.

Separation procedure. A sample aliquot of 10~20 pi containing the tracer 

metals dissolved in 0.01 N HNO 3 or in the eluting solution is applied onto 

the column. The sample is flushed down three times with one drop of the 

eluting solution. After that the eluting solution is applied and the column 

is eluted at a constant rate of 1 - 2  drops per minute with the aid of a con

stant air pressure device. Fractions of 10 drops are collected and counted 

in a well-type Nal(Tl) scintillation crystal.

The count rate of the low-energy gamma's of the curium tracer was 

often too low and in that case 25 pi of the fraction was evaporated on a 

stainless steel counting dish and counted in an alpha scintillation counter. 

The californium and einsteinium tracers, however, were extracted with TTA 

and plated as described in chapter V. These samples were analysed by means
137

of a grid-type ionisation chamber. Cs tracer was often added to an actin

ide sample applied onto the column to indicate the elution of the first FCV.

Section VI. 3.
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The main object of investigation was the americium-curium separation. 

Columns were made with Kieselguhr or polytrifluorochloroethylene as support 

material and Aliquat 336 or TLMANO3 in various diluents as the stationary 

liquid phase. As diluents o-xylene, t~butylbenzene and 1,3,5 trimethylbenzene 

were tested, of which only o-xylene gave satisfactory results. It was shown 

that good results for americium-curium separation could be obtained with 

either extractant. The separation factor with TLMANO3 was found somewhat 

larger than with Aliquat 336, viz. 2.9 against 2.5 at 22-23 °C. Horwitz et at. 

[8] have separated Am and Cm by extraction chromatography on columns con

taining undiluted Aliquat 336, and reported a separation factor of 2.6 - 2.7.

Elution with lithium nitrate solution proved to be better than with 

aluminium nitrate solution. The latter resulted in lower plate numbers and 

excessive tailing. Moreover, the higher viscosity of 6~7 N A 1 (N0 3 ) 3 solutions 

caused a very high pressure drop over the column. The theoretical plate 

.numbers obtained with the columns were found to depend on the packing den

sity of the bed for a given column material. It did not seem possible to 

recommend distinct values for column packing density as even the two lots 

of Celite (A and B) used yielded different values. Columns with Kel-F were 

packed to a higher bed density in correspondence with the higher material 

density. Typical plate numbers obtained with the Celite columns were around 

220 for a column of 12 cm length and 300 for a column of 20 cm. For Kel~F 

columns these values were 150 and 230 respectively. The fact that the plate 

numbers are somewhat less for Kel-F is a natural consequence of the fact that 

the particle size of the Kel-F is somewhat larger than that of the Celite 

fraction used. An advantage of the Kel-F is the more symmetrical peak shape 

obtained. A summary of data of the columns used is given in table VI.2.

It was noted that the plate number of a freshly prepared column was 

often quite low and increased when the column was in use, till it finally 

became constant. From that stage onward the columns were very stable and 

could be used for many separations, provided that loss of diluent was avoided 

by previously saturating the eluting solution with the stationary phase 

composition. The prolonged elution with lithium nitrate solution as des

cribed in section VI.3. was therefore incorporated in the column preparation 

procedure in order to ensure optimum column performance.

Chapter VI

V I . 4.  Results and conclusions
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Seetion VI. 4.

Table VI .2 

Experimental data of the columns used.

Column

no.

Bed length 

cm

Total 

vo 1 ume 
ml

Support 

Type Density 

g /cm3

Stationary

Composition

(1)

phase

Amount

FCV, % of 

total vol.

Typical no. of 

theor. plates 

(for Am)

1 12.0 1.000 Celite A 0.563 Aliquat 10% 0.207 64 288

2 12.0 1.053 Celite A 0.624 Aliquat 30% 0. 148 60 122

3a 12.0 1.064 Celite A 0.550 Aliquat 30% 0.240 54 200

3b 12.0 1.064 Celite A 0.550 TLMA 0.25 M 0.259 50 178

3c 12.0 1.064 Celite A 0.550 TLMA 0.1 M - 50 372

4 12.0 0.794 Kel-F 0.70 TLMA 0.2 M - 44 152

5 12.0 0. 719 Celite В 0.33 TLMA 0.2 M - 64 157

6 12.0 0.750 Kel-F 0.642 TLMA 0.2 M - 53 163

7 20.0 1.334 Kel-F 0.635 TLMA 0.2 M - 44 230

8 20.0 1.217 Celite В 0.440 TLMA 0.2 M - 63 300

Note (1) : In all cases diluted with o-xylene.

The separation factor of americium and curium could be increased by 

lowering the temperature of the column. When this has been found, a number 

of experiments were conducted at 10 °C resulting in a S.F. of 3.5. A similar 

effect was not found in californium-einsteinium separation. The almost ab

normally large influence of temperature on the americium-curium separation 

factor points to different temperature dependence of the americium and 

curium distribution coefficients. It is, however, difficult to offer an 

explanation for this effect, as the metal distribution coefficients may be 

influenced by aqueous phase as well as organic phase processes.

Some specimen of americium-curium separation curves are shown in the 

attached figures. Figure VI.2 gives an elution diagram using a Kel~F column 

at room temperature. Figure VI.3 gives the diagram of a similar experiment 

at JO °C. Finally, figure VI.4 gives a separation obtained on a Celite 

column at 10 °C.

The degree of separation obtained on the californium-einsteinium samples 

is illustrated by figure VI.5.
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F ra c t io n  n u m b e r

Chapter VI

Figure V I .2.

Separation of Am and Cm at room 

temperature. Column N o .7; support 

material Kel-F. One fraction is 

ten drops of 27 y.1.

Figure VI. 3.

Separation of Am and Cm at 10 °C. 

Column No. 6 ; support material Kel-F. 

Ten drops of 25 \il per fraction.

Figure VI. 4.

Separation of Am and Cm at 10 °C. 

Column No. 8; support material 

Celite 535 B. Ten drops of 28 yZ- 
per fraction.
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Section VI. 4.

Frac tio n  n um b er

Figure VI. 5.

Elution of Cf and Es at room temperature. 

Column No. 7; ten drops of 27 ]il per fraction.
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The properties and the use of a long-chain quaternary ammonium compound 

for the extraction of trivalent actinides were investigated. The application 

of tertiary amine salts for this purpose has already been known for a number 

of years, as was discussed in chapter II. High salt concentrations in the 

aqueous phase were always required in order to obtain distribution coeffi

cients suitable for practicle separations. It was found that the application 

of the quaternary ammonium compound trilaurylmethylammonium nitrate (TLMANOg) 

gave a fifty- to hundredfold increase in extractability over the tertiary 

equivalent trilaurylamine nitrate (TLA HN03).In addition, the separation of 

several actinides from neighbouring members of the series was also better 

with the quaternary ammonium extractant.

In order to gain a better understanding of the properties of this ex

traction system and of the various parameters influencing the extraction be

haviour a detailed study was made of the acid extraction properties, the 

state of aggregation of the extractant molecules in solution and the relative 

extractabilities of the various actinide elements in tracer concentrations.

Of the various metal nitrates that can be added to the aqueous phase to pro

mote extraction, only lithium nitrate was used in the present study.

The compound trilaurylmethylammonium nitrate was prepared in pure form on la

boratory scale from trilaurylamine. It was used in the extraction experiments 

with o-xylene as a diluent. The preparation of the compound is described in 

chapter II and a method for the determination of tertiary amine impurities 

is given in Appendix II. Most of the conclusions obtained in the course of 

the work are not only valid for this specially prepared compound but can also 

be applied to commercial products of a similar structure if these are suffi

ciently free from admixtures, e.g. Aliquat 336S.

All trivalent actinide elements from atomic number 89 (actinium) up to 

number 99 (einsteinium) were included in the investigations. 253Es was pre

pared for this purpose by irradiation of a californium sample in the High 

Flux Reactor (HFR) at Petten, as reported in Appendix I. One of the elements 

viz. americium was most suitable for the determination of the influence of 

extraction system variables and therefore was used for most of the experiments.

Chapter V II

Summary and Conclusions
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It was found that the presence of a complex formed by the extracting 

agent and nitric acid impaired the extracting capability for trivalent metals. 

This complex was formed already with very low concentrations of acid present 

in the aqueous phase, as was established by following the reaction by two- 

phase potentiometric titration. The TLMANO3 - H N 0 3 complex had a 1:1 compo

sition and an apparent formation constant for the range 0.01 - 0.1 M  TLMAN03 

was determined. This part of the work is described in chapter III.

From the displacement equilibrium between nitric acid and tracer con

centrations of americium in the organic phase it was concluded that the tri

valent metal complex contained two organic ligands. The optimum p^ for ex

traction was around two. The lanthanides followed the same pattern as the 

actinides.

The very strong tendency to form aggregates was investigated for TLMAN03

in o-xylene by the thermoelectric differential vapour pressure method. The

method and the results obtained are the subject of chapter IV. In order to

make the results applicable to extraction conditions, the measurements were

made on samples which had been brought to equilibrium with 5 M lithium

nitrate solution at constant p . Special precautions were taken for main- 
* H

taining the constant water activity during the measurements which were made 

at 25 and 40 °C in the concentration range of 4.10-1+ to 1.10—1 M.

The evaluation of these measurements is possible by assuming a complex 

formation mechanism which follows the mass action law with the activities 

of all species equal to their concentrations. The tendency of the dissolved 

compound to aggregate can alternatively be expressed in stoichiometric molal 

activity coefficients. Comparison of the results of both treatments revealed 

that no substantial errors are introduced by the assumption of adherance to 

the mass action law, if the total solute concentrations are under 0 . 1  M.

In terms of aggregates (or oligomers) the results of the measurements

could best be described by the formation of species (TLMANO,) with n = 2,3,5,
■3 n

although the formation of oligomers with n = 4 and 6 could not be excluded.

The oligomer formation constants for n = 2,3,and 5 were, however, sufficient 

to give an accurate description of the system in the concentration range 

investigated. At 25 °C the measurements were less accurate than at 40 °C, 

which was apparently due to the lower vapour pressure of o-xylene.
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The activity coefficients and oligomer formation data determined were used 

to obtain information on the composition of the metallo-organic complex and 

the extractant species found in this complex. It was concluded that monomers, 

dimers and trimers, but not the higher oligomers were present. Because of 

the presence of various species no definite gross chemical formula for the 

complex can be given. The best description is:

(R CH N+ .NCT) . R CH N+ M 3+ (NO-)

Chapter VII

3 3 3 n-l 3 3 2 3 5

with R = C 1 2H 25 and n = 1, 2 or 3.

Assuming that all species present in the metallo-complexes form a 

statistical distribution over the available positions (two per metal ion), 

thus forming mixed and unmixed complexes, the following formula was obtained:

D(M ) 2 = к 2 FqI + k 2 b [q 72 + к  ̂ ß Гд П ̂  + к  ̂ e TqI
1,1 1 O 2,2 2 L lJ o 3,3 3 L 1J 0 5,5 5 L 1J

in which D(M) is the distribution coefficient of the metal M, £q ] q is the 

concentration of the monomeric form of the extractant molecules in the organic 

phase, and are the overall formation constants of the oligomeric

species and К , К , К and К are equilibrium constants for extraction
1 » 1 2 9 2 3 у 3 5 9 5

of the metal by the monomer and the oligomers. A close fit for all extraction 

data over the concentration range 10-1+ to 4.1СГ1 M TLMANO^ was obtained. In 

the above formula 5 was found zero, corroborating that the pentamer does 

not take part in the metallo-organic complex.

In the quaternary ammonium extraction system the separation factor 

between americium and curium was found high in comparison with other sepa

ration methods. This was the incentive to develop a separation procedure 

based on column extraction chromatography'with TLMANOg. These investigations 

form the subject of chapter VI. This method, which at the same time has been 

realized in a slightly different version in other laboratories, was improved 

by using a column temperature below ambient temperature. At 10 °C the Am - Cm 

separation factor (ratio between the distribution coefficients on the column) 

was 3.5. In various laboratories the method has successfully been applied 

for the separation of milligram quantities of these elements.
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Preparation of 253Es by irradiation of a californium sample 

in the High Flux Reactor

Although for the discovery and initial preparation of the heavy elements 

the method of positive-ion bombardment was used, the preferred method for 

the production of weighable quantities of these elements is multiple neutron 

capture. Due to competing reactions, such as short-lived decay and spon

taneous fission, it is in most cases important that the irradiation of the 

target material takes place in an intense neutron flux. This can be shown in 

the case of 253Es production from 2 5 2 Cf, although this very simple reaction 

scheme contains no very short half lives:

2 5 2 c f  (n »ï) > 253Cf ( ß  decay) > 2 5 3 E s

(T, = 2.65 y) (T, = 17.6 d) (T, = 20.5 d)
2 2. 2

For the capture cross-section of 252Cf various values are given in 

literature, ranging from 8.5 to 30 barns, so that a relatively high flux 

will be necessary in order to reach a sufficiently high 253Cf concentration 

which will after a certain decay time yield a maximum value in the alpha 

activity ratio 253Es : 2 5 2 Cf. This is illustrated by the approximate values 

in table 1.4.

Table 1.4.

Appendix I

Introduction

Approximate maximum yields of 2 5 3 >25tfEs isotopes after irradiation of 252Cf 

target in various neutron flux densities.

Neutron flux 

n.cm-2.sec-1

Irrad. time for max. 
253E s production in 
months (30 days)

Atom fraction of isotope formed 

253Es 251+E s (276 d)

COО

4 (note 1)

CO1О

2 .1 0 ' 6

3.101Ц 4.5 (note 1 ) 6 .1 0“ 3 1 0 ~ 5

5 . 1015 2.3 (note 2 ) 2 .1 0 " 2 O' 0
1 СЛ

1 0 16 1 . 8  (note 2 ) 2 . 1 0 " 2

LO10

Note (1): Estimated from the graphs of J. Milsted et al. [lj . 

Note (2): As above, [2].
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These data show that several months of irradiation in a high flux posi

tion of the HFR will be required to yield a 253Es atom fraction of 2.10 - 3  

which will be equivalent to an alpha activity fraction of around 10- 1 . The 

californium sample available for this experiment consisted of the isotopes 

249-252.

It was attempted to calculate the result on the EL-X8 digital computer. 

Provisional calculations showed that by irradiating the sample for two reac

tor periods followed by a decay period of around 15 days, the desired result 

could be obtained.

Experimental

The californium sample used for this irradiation contained 5.10^ f.p.m.

2 5 2Cf. The isotopic composition was derived from mass spectrometric analysis 

(note 3):

Isotope 249Cf 250Cf 251Cf 252Cf

At. % 39.0 18.3 6.3 36.4

The californium sample was mounted on one of two identical quartz slides 

(36x9 mm) which were then placed face to face in a quartz ampoule. The out

side diameter of the ampoule was 13 mm. The distance of the inner surfaces 

of the quartz slides was 2 mm. The slides were kept in place at both ends by 

a 7 mm high solid quartz cylinder in which slots had been machined at 2 mm 

distance. In addition to the quartz slides, a nickel and a cobalt wire of 

each 0.1 mm diameter and 4 mm length sealed in an alumina tube were placed 

in the ampoule for flux measurement. The ampoule was filled with helium at

0.5 ata and sealed. A titanium irradiation capsule was chosen as the container 

for the ampoule. The titanium capsule was welded and leak-tested.

The sample was irradiated in the so-called reflector isotope production 

facility of the HFR, during the 5th and the 6 th reactor cycle in 1967. The 

irradiation time normalized at 30 MW power production was 36.3 days (16.5

Note (3): Results from the Central Bureau for Nuclear Measurements, Euratom, 
Geel, Belgium, obtained by personal communication from the late 
Dr. J. Kooi, who also supplied the sample.

Appendix I
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days on power, 1.2 day reactor stop, 19.8 days on power). After a week cooling 

time the titanium capsule was dismantled and the quartz ampoule was opened in 

a small lead cell. The quartz slides and flux monitors were removed. The re

sults of the flux measurements were: thermal flux density 1.83.10 1^n.cm- 2 .sec- 1 ; 

fast flux density 6.67.10 13n.cm- 2 .sec- 1 .

Contrary to what was expected it was found that only less than one per

cent of the alpha activity of the sample had migrated towards the second 

glass slide. Practically all of the activity could be dissolved in dilute 

hydrochloric acid. Californium and einsteinium were separated from the fission 

products and from curium by extraction chromatography using a di-(2-ethylhexyl) 

phosphoric acid (HDEHP) column. This method has first been used for the se

paration of californium and berkelium from americium-curium [з] and later 

the use has been extended to the separation of these elements from fission 

products [4] . A control experiment was planned in order to check whether the 

californium-einsteinium fraction could be separated from the majority of the 

fission products. For this purpose short-cooled fission products were ob

tained by irradiating 5 micrograms of plutonium. The plutonium and fission 

products were dissolved in nitric acid and separated from each other on an 

anion exchange column. The fission products were converted to chlorides 

taken up in 0.2 M hydrochloric acid and transferred onto the HDEHP column.

Figure I.1 shows the elution of the fission products (only beta activity was 

registered).

Fig. 1 .1 .

Separation of short-cooled fission  

products from transplutonium elements 

by extraction chromatography using 

a HDEHP-column. Einsteinium elutes 

together with californium.
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The dotted curve indicates where the actinides were found in a separate 

elution experiment. It is known that einsteinium will elute with californium 

and it was concluded from figure 1 . 1  that only a very small fraction of 

fission products will be left with the californium-einsteinium.

The fractions obtained from the HDEHP column containing californium and 

einsteinium alpha activity were combined and used for solvent extraction ex

periments. An aliquot of the californium-einsteinium sample solution was 

mounted on a quartz slide and the alpha spectrum was determined with a 

silicon surface barrier detector and a 400-channel analyzer. Figure 1.2 shows 

a spectrum taken 16 days after the end of the irradiation. Here, the 253Es

О
a

Fig. 1 .2 .

Alpha spectrum of

100

Channel number

200

californium-einsteinium 

sample 16 days after the 

end of a 36-days irradi

ation period in the High 

Flux Reactor.

content is approximately maximum, about 13% of the total alpha activity in 

the sample. As is shown in the spectrum the nuclides 21+9Cf, 2 5 0Cf, 2 5 2 Cf, 

2 5 3 E s  and probably 251+Es were detected.
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It has been shown that the HFR can successfully be used for the prepa

ration of einsteinium. A programme for the isotope yield by neutron irradi

ation on the EL-X8 digital computer was used. In view of the wide variations 

found in the literature for fission and capture cross-sections for various 

californium and einsteinium isotopes [5] it is near to impossible to set up 

a quantitative calculation scheme for isotope yield. Also, the influence of 

the resonance integrals has not been determined (note 4). The best possible 

approach is attempting to reach a certain system of cross-section values which 

will give approximate results for a certain type of reactor using the measured 

thermal flux values. For the calculations the following reaction chain was 

taken into consideration (fissions not shown):

Discussion of results

253E s

^  25i+mEs (39.3 h)

251tEs (276 d) --- »

249cf --- * 250cf --- * 251cf --- * 252cf --- * 253cf

• \Explanation: --- > n,y reaction; ' beta decay.

The cross-section values which were found to give the best fit are 

shown in table 1.5. The results of the calculations were expressed in terms 

of fractions of the total alpha activity and listed in comparison with the 

composition of the measured alpha spectrum in table 1 .6 .

Note (4): A. Prince ]lfj gives "recommended values" for resonance integrals
as well as for thermal neutron cross-sections of a number of trans
uranium isotopes. His values are calculated from correlations be
tween these properties, neutron binding energy and fission tres- 
hold energy. Compare also f5~| , Volume III, p.57.
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Thermal neutron cross-sections used in the 

yield calculations.

Table 1.5

Nuclide T i Oj (barns) о (barns) 
n,Y

249 cf 360 y 1600 270

250C f 13.2 y 335 2000

251Cf 890 y 3000 3000

2 52Cf 2.65 y 0 15

253C f 17.6 d 0 2

253E s 20.5 d 0 7 (to 251*Es )

250 (to 25ltmEs)

“ “Es 276 d 2000 40

T able 1.6

C o m p o s i t i o n  of a l p h a  s p e c t r u m  of  c a l i f o r n i u m - e i n s t e i n i u m  

s a m p l e  c o m p a r e d  w i t h  c a l c u l a t e d  results.

N u c l i d e P e r c e n t  F r a c t i o n  of T otal A l p h a  A c t i v i t y  (note 1) 

O b s e r v e d  in S p e c t r u m  C a l c u l a t e d

2 ^ c f 0 .30 0.20
2 5 0 C f 2.07 2.61

2 5 1 C f - 0.02

2 ̂ 2 Cf 84.5 85.2

2 5 3 E s 13- 1 11.9

2 5 4 s 0.02 (note 2) 0 .008

..ote (1): E l a p s e d  time a f t e r  end of i r r a d i a t i o n  16J days.

N ote (2): Due to the low 251|Es c o n t e n t  obse r v e d ,  no im

p o r t a n c e  s h o u l d  be  a t t a c h e d  to the d i f f e r e n c e  b e 

t ween the c a l c u l a t e d  and o b s e r v e d  25L,Es content.
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Appendix I I

The determination of long-chain tertiary amines in water-insoluble

quaternary ammonium salts

A number of methods are available for the determination of quaternary 

ammonium salts. In most cases these methods apply to water-soluble salts like 

the colorimetric method of Colichman [l] using bromophenolblue and the po

tassium ferricyanide method [2]. A method based on titration with sodium 

tetraphenylboron [3] can be applied to samples with a limited solubility in 

water. Amines will interfere, however, and must be determined by a separate 

titration. The isolation of quaternary ammonium salts on a column containing 

partially carboxymethylated (CMS) cellulose and colorimetric determination 

of the eluted compounds with bromophenolblue has also been described for water- 

insoluble quaternary ammonium compounds [4] .

For the determination of long-chain tertiary amines in quaternary ammonium 

compounds prepared by méthylation of these amines no method was found. We 

have developed a method by which tertiary amines and quaternary ammonium com

pounds are separated on an aluminium oxide column by elution. Both fractions 

are then titrated with perchloric acid in acetic acid or, if required, can be 

analyzed by a more sensitive, colorimetric method.

Experimental

Equipment and reagents. A glass column of 20 mm ID and 200 mm length was used. 

The column was provided with a fine porosity fritted glass filter disc and a 

one-mm bore stopcock at the lower end. On top it had a reservoir of 50 ml. 

Further equipment and reagents included a 10 ml plunger-type burette (Metrohm); 

aluminium oxide for chromatography after Brockmann (Merck); perchloric acid,

0.1 N in 100% acetic acid (BDH); mercuric acetate (Merck), 5% solution in 

acetic acid; Oracet Blue В color indicator, 0.5% in acetic acid (BDH); and, 

for standardizing the perchloric acid solution, potassium biphthalate,

KHCgH^O^ (NBS). For testing the method trilaurylamine (Rhone-Poulenc, special 

high-purity grade) and trilaurylmethylammonium chloride (Rhone-Poulenc, ex

perimental batch). The other reagents used were A.R. grade (Baker).

Introduction
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Procedure. The column is filled with a layer of 170 mm (50-55 g) aluminium 

oxide and washed with several column volumes of benzene. A sample aliquot of 

around 500 mg is dissolved in a small quantity of benzene and brought upon 

the column. The column is eluted with two column volumes (100 ml) of benzene 

and after that with an equal volume of 100% ethanol. The ethanol fraction 

contains the quaternary ammonium salt, the benzene fraction contains the amine. 

If the amine was present in the sample as a salt, it is found in the eluate 

as the free base.

From both fractions the solvent is evaporated with the aid of a stream 

of dry nitrogen gas, without the application of any external heat source. The 

benzene fraction is evaporated down to a final volume of around 10 ml. The 

resulting solution is diluted with at least an equal volume of 1 0 0% acetic 

acid and titrated by color indicator method [5] . The evaporation of the 

ethanol fraction is continued to complete removal of the diluent. The resi

due is dissolved in 25 ml of 100% acetic acid and titrated. For the titration 

of substituted ammonium halides, 5 ml of the mercuric acetate solution has to 

be added to the solution to be titrated. When only nitrates are present, 

this addition can be omitted. A blank determination on the reagents must be 

carried out and the blank value subtracted from the titration result. The 

column is ready for re-use after washing with 200 ml of benzene.

Discussion and results

During preliminary experiments it appeared that the TLA from the benzene 

fraction could be satisfactorily recovered only when the solution was evapo

rated without heating it. When heated on a steam bath, for example, losses up 

to 50% of the TLA occurred. Evaporation of the solvent by blowing a stream of 

dry nitrogen over the sample resulted in almost negligible losses. Around 

99.5% of the TLA was recovered. An investigation on the quantitative recovery 

of TLMANOj or TLMAC1 revealed that, although small quantities of the quater

nary compound seemed to be strongly adsorbed on the column and still present 

there after the ethanol elution, more than 99% of the quaternary compound 

was recovered in all cases.

However, the tertiary amine used was not completely eluted with benzene 

and around 1.5% of the TLA added was found present on the column after the 

benzene elution and was eluted in the ethanol fraction. Probably, this effect
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was partly due to the presence of small amounts of primary and secondary ami

nes, which would be more basic and therefore more difficult to elute than 

TLA. The TLA was guaranteed for more than 98.5% purity. As the method was 

intended for determination of long-chain tertiary amine impurities in quater

nary ammonium preparations, this effect was of little importance.

A  few different preparations of TLMANC>3 and some products from other 

origine were analyzed by the described procedure with results as shown in 

the table below.

Appendix II

Product M P , °C % Tert. Amine

TLMANO (A) 
3

59 - 72 7.4

TLMANO (B) 75 - 82 0 . 6

TLMANO (C) 
3

82.5 - 84.5 0.13

TLMAC1
(Rhone-Poulenc)

68 - 73.5 0 . 0 1

Aliquat 336S 
(General Mills)

liq. 0.7
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Note on the activity of n itric  acid in lithium nitrate solution

Y. Marcus and M. Givon (Chapter III, reference 1) have determined acti

vity coefficients of low concentrations of nitric acid in 1 - 8 m lithium 

nitrate by potentiometrie measurements with a quinhydrone electrode and a 

glass electrode. From measurements (in mv) with the quinhydrone electrode, 

p values (pH ) were determined and mean molal activity coefficients of 

nitric acid in lithium nitrate solution (y+) were calculated from the pH^ 

values. Measurements with the glass electrode (pH^,^) showed a difference
(JLj

with pH.. If pH “ pH = ApH, then ApH was a linear function of the total 
Q ht, Q

nitrate concentration: ApH = 0.048 This difference was ascribed to the

lithium ion effect on the glass electrode.

The data of Marcus and Givon were shown graphically and in part in a 

table. Certain inconsistencies in the tabulated data led us to recalculate 

these data. The results of these recalculations, which are shown in table

III.2, yielded a y+ value of 24.4 instead of 17.7 given by the authors for 

8 m  lithium nitrate. Surprisingly, the new value fitted quite well in the 

original graph of the authors and resulted in a better fit than the authors' 

value (figure III.4). An error in the calculation was therefore assumed.

Consequently, the activity coefficient 

у at 5.93 m lithium nitrate obtained1 + —

JUNO,“—

Figure I I I .  4.

Mean molal activity coefficients of 

nitric acid in lithium nitrate so

lutions. Aj data after Marcus and 

Givon; A, recalculated value.

by interpolation of the data shown in 

figure III.4, changed from the earlier 

used value of 8.9 to 10.3.

It should be added that the use of

a different value for the nitric acid

activity coefficient, even if this is

an incorrect one, has only a limited

influence on the conclusions drawn in

the present work. It would not change

the slope of any of the curves in,

for example, figure III.2, figure V.2,

or the conclusions drawn from these

relations. The numerical value of

certain constants, like К in
app
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Calculation of the activity coefficient of HNO^ in LiNO^.

Table III.2

mLiN03 “h n O j PHQ y ± HNO 3 
ref. О )

y * HN03 
recalculated

1.00 0.00112 2.73 1.66 1 .66
0.00223 2.50 1.41 1.42

0.00446 2.23 1.33 1.32

0.00835 1.95 1.34 1.34

0.0167 1.68 1.24 1.25

0.0334 1.38 1.24 1 .25

0.0557 1. 18 1. 19 1. 19

0. 112 0.90 1. 13 

Av. 1.33

1.12 

Av. 1.32

3.98 0.00122 2.34 3.68 3.75

0.00242 2. 14 2.99 2.99

0.00484 1.81 3.20 3.20

0.00967 1.51 3.20 3.20

0.0182 1.21 3.40 3.39

0.0362 0.90 3.47 3.48

0.0604 0.68 3.47 3.46

0. 122 0.40 3.29 

Av. 3.31

3.26 

Av. 3.33

8.00 0.00132 1.53 15.4 22.4

0.00246 1. 15 18.4 26.8

0.00528 0.87 17.7 25.6

0.0099 0.60 17.5 25.4

0.0199 0.29 17.8 25.8

0.0396 0.00 17.3 25.3

0.066 -0. 18 15.8 22.9

0. 132 -0.44 14.4 

Av. 17.7

20.9 

Av. 24.4

section III.3.1, table III.l, 

and section V.3.1, equation 

(V.2), would, however, change 

with the numerical value of 

the activity coefficient used.

Appendix III
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±Li

aTLMANO
3

a
w

ata

Alamine 336

Aliquat 336 )

)
Aliquat 336S ) 

b

barn

TLMANO

d 25/4 

D or D(M)

D (M) 
n

f .p.m.

F
о

HDEHP

i (subscript)

mean ionic activity of an electrolyte indicated by subscript, 

mean ionic activity of LiNO^. 

stoichiometric molal activity of TLMANO^. 

activity of water.

gas pressure in atmospheres absolute, 

commercial trialkylamine; compare page 64, note (5). 

commercial quaternary ammonium chloride*, compare page

18, note (2 ).

concentration of monomeric TLMANO^; equation (IV.8).

unit of nuclear cross-section for neutron reactions;

1 x 1 0_21+ cm2 .

stoichiometric concentration of indicated compound in 

M (moles/ 1 0 0 0 cm3).

density of solution at 25 °C.

distribution coefficient of metal M, defined as total 

metal concentration in organic phase, divided by total 

metal concentration in aqueous phase.

the hypothetical "partial" distribution coefficient of 

M, in which is included only the organic metal com

plex which contains two identical monomeric or oligomeric 

groups with specified value of n.

fissions per minute (Appendix I).

"rejection factor" in LETAGROP VRID computer programme 

(section IV.2.3 ) .

di-(2-ethylhexyl)phosphoric acid, extracting agent.

sequence number of a single set of observations (x^,y^) 

in an array of experimental data (x^y^), (Х2 »У2) » etc.

coefficient in reaction equation (V.4).

List of Symbols

Symbols which are exclusively used in chapter VI and explained in section
V I . 1, page 74, are not included in the List of Symbols.
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k approximate constant in empirical equation (V.6 );

calibration constant for differential vapour pressure 

apparatus; equation (IV.1).

k lSk 2 calibration constants for differential vapour pressure

apparatus; equation (IV.2).

К extraction constant, identified by subscript or superscript

as indicated in text.

& app apparent constant for complex formation reaction (III.2).

К extraction constant for extraction of a metal M by one
n,n

specific monomeric or oligomeric extractant species 

with value of n specified, in the hypothetical case that 

all extraction conditions are kept constant, except the 

concentration of the species .

I coefficient in reaction equation (V.4).

M (in chemical formula) general symbol for actinide or

lanthanide element.

M  abbreviation for "molar"; unit of concentration of a

solute in moles / 1000 cm3 of solution.

m abbreviation for "molal"; unit of concentration of a

solute in moles / 1000 g of solvent.

m concentration of a compound indicated by subscript in

moles / 1 0 0 0 g of solvent.

MP melting point.

MW megawatt, power production of nuclear reactor (Appendix I) .

N abbreviation for "normal".

n positive integer, indicating aggregation number of specified

oligomeric species.

ñ  average degree of aggregation of extractant molecules in

solution.

n abbreviation for "neutron" (Appendix I ) .
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— 2 - 1n.cm .sec

p»q

Q i

R

S

T,
2

TLA

TLA HC1

TLA HNO,

TLMAC1

TLMANO3

TTA

U

X

X
n

unit of neutron flux density.

positive integers indicating coefficients in reaction 

equation (III.4).

abbreviation for the compound TLMANO3 (chapter V). Only 

with respect to equations (V.8 ) and (V.9) the symbol "Q" 

is also used for the compound TLA H C 1 .

abbreviation for the monomeric formof TLMANO^ or TLA H C 1 .

abbreviation for long~chain alkyl group (e .g . 8— 12 С atoms),

apparent total concentration of all species in solution 

of an oligomeric solute. In other words, sum of the con

centrations (molalities) of all oligomers plus the monomer.

radioactive half life.

$
trilaurylamine (identical with tri-n-dodecylamine) 

trilaurylamine hydrochloride, 

trilaurylamine nitrate, 

trilaurylmethylammonium chloride, 

trilaurylmethylammonium nitrate.

thenoyltrifluoroacetone, extracting agent (section V.2).

error-square sum function of LETAGROP computer programme; 

equation (IV.12).

general symbol for a monovalent anion.

mole fraction of oligomer (TLMANOo) (section IV.4.2),•3 "П

(TLMANO,) ß bn
defined by : X = 

n
n

The use of the trivial name "trilaurylamine" and similar names for the 

salts, is preferred above the name "tri-n-dodecylamine" etc. because the 

first nomenclature is already in current use, while, in the second place, 

the common abbreviations like TLA, TLA HC1, or TLMANO cannot cause con

fusion as might be the case with, for example, codes for tridecyl- and 

tridodecylammonium salts which are both commonly used as extractants.
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i 1
x ratio K 3 2 3 : in equation (V.8 ).

y+ mean molar ionic activity coefficient of HNOg.

stoichiometric molar activity coefficient of indicated 
1TLMANO 1

compound in organic phase.

Z the following ratio in equation (III.l):

HNO 3 in organic phase complexed or associated with extractant 
stoichiometric extractant concentration in organic phase

Z atomic number of actinide or lanthanide element (figure V I . 1).

% Xngström unit of length; 1 x 1 0- 8  cm.

ßn overall stability constant of the oligomer (TLMANO )^ in

which n is a positive integer; equation (IV.8 ), (IV.9) 

and (V.10). In equation (V.8) and (V.9) denotes the

overall stability constant of the oligomer (TLA HCl)^.

All these stability constants are on molal scale.

у stoichiometric activity coefficiént of TLMANOg in

organic phase.

Y+ mean molal ionic activity coefficient of HNO^ or of

species indicated by subscript, like the following:

Y+^£ mean ionic activity coefficient of LiNO^;

Y+^ mean ionic activity coefficient of MiNO^)^.

Дг difference in ionic radius between two neighbouring

actinide or lanthanide elements (section 1.4).

AR difference in resistance measured over two thermistors

in thermoelectric differential vapour pressure apparatus 

(chapter IV).

e dielectric constant (section III.3.1).

о standard deviation.

0-, fission cross-section of nucleus in barns (Appendix I) .
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n,Y

Ф

M

M o

a neutron capture cross-section of nucleus in barns (Appendix I), 

molal osmotic coefficient; equation (IV.3)•

square brackets denote concentration of species indicated 

in an aqueous phase.

square brackets with suffix "o" denote concentration in 

an organic phase.

I
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