This article was downloaded by:

On: 17 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

|| Grisial Reviewsin... | Critical Reviews in Analytical Chemistry
Publication details, including instructions for authors and subscription information:

Anal Ytical http://www.informaworld.com/smpp/title~content=t713400837
Chemistry

Separation and Determination of Transplutonium Elements
Boris F. Myasoedov; Igor A. Lebedev; Gregory R. Choppin

C.H. Lechmiller
Editar-in-Ghisf

Valwme 35 1 fowe 2/ 2005 () T hineen

To cite this Article Myasoedov, Boris F. , Lebedev, Igor A. and Choppin, Gregory R.(1985) 'Separation and Determination
of Transplutonium Elements', Critical Reviews in Analytical Chemistry, 15: 4, 347 — 394

To link to this Article: DOI: 10.1080/104083408542782
URL: http://dx.doi.org/10.1080/104083408542782

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713400837
http://dx.doi.org/10.1080/104083408542782
http://www.informaworld.com/terms-and-conditions-of-access.pdf

15:35 17 January 2011

Downl oaded At:

Volume 15, Issue 4 347

SEPARATION AND DETERMINATION'OF TRANSPLUTONIUM

II1.

III.

ELEMENTS

Authors: Boris F. Myasoedov

Igor A. Lebedev

Vernadsky Institute of Geochemistry and
Analytical Chemistry

U.S.S.R. Academy of Sciences

Moscow, U.S.S.R.

Referee: Gregory R. Choppin

Department of Chemistry
Florida State University
Tallahassee, Florida

TABLE OF CONTENTS

Introduction

Methods of Transplutonium Elements (TPE) Separation
Extraction Methods

A.

C.
D.
E

1.
2.
3.

Bidentate Organophosphorus Extractants
Extraction from Alkaline Solutions
Extraction of Am (V,VI) and Bk (IV)

Sorption Methods

1.
2.
3.

Ion-Exchange Chromatography
Inorganic Sorbents
Separation on Chelate Sorbents and TVEX

Methods of Extraction Chromatography
Separation in the Gaseous Phase
Methods of Precipitation and Coprecipitation

Methods of TPE Determination

A.
B.

o

G
R

1.
2.
3.

eneral

adiometric Methods

Measuring of Alpha-Activity

Measuring of Beta-Activity

Determination of TPE by Gamma- and Neutron Radiation
Measurements

Other Physical Methods

WU RN

X-Ray Fluorescence
Mass Spectrometry
Neutron Activation
Emission Spectroscopy
Luminescence

hemical Methods
Coulometry
Spectrophotometry
Titrimetry



15:35 17 January 2011

Downl oaded At:

348 CRC Critical Reviews in Analytical Chemistry

IV. Determination of TPE in Selected Samples
A. Environmental Samples
B. Nuclear Fuel

References

I. INTRODUCTION

The transplutonium elements (TPE) apportionment in a separate group of actinide
series is conditioned by several reasons. In chemical relation TPE strongly differ from
light actinides by the stability of +3 oxidation state in aqueous solutions'* and dem-
onstrate a considerable likeness with the elements of the first half of lanthanide series.?
The half-lives of the most available TPE isotopes are considerably smaller than those
of light actinides and the great radioactivity of TPE solutions arouses specific troubles
at chemical processes. At last, from the point of practicality, using scale TPE for the
present is inferior to light actinides and consequently (and also because of their smaller
availability) their chemical properties are studied much less, than, e.g., those of ura-
nium and plutonium.

TPE likeness with lanthanides, brilliantly proved by Seaborg in his ‘‘actinide hy-
pothesis’’, was the basis of the classic methods of TPE isolation. In the first works
concerning the synthesis of these elements carried out from 1944 to 1955, the coprecip-
itation of trivalent jons with lanthanum fluoride and their ion-exchange separation on
cationite with the use of solutions of ammonium citrate or hydroxy-i-butyrate were .
used for TPE isolation.*s Later on a number of effective methods, mainly extraction
and ion exchange, for the group isolation and separation of TPE in 3+ oxidation state,
were elaborated.

However, the separation of TPE in trivalent state and their isolation from lanthan-
ides of the similar properties are connected with great troubles due to the closeness of
properties of M?** ions of f-elements. Separation and determination methods, based on
different oxidation states of separated elements, possess greater selectivity. As is seen
from Table 1, almost all of the TPE (except Lr) can exist in solution, except in the
“‘usual’”’ +3 oxidation state, and in the ‘‘unusual’’ oxidation states (+1, +2, +4, +5,
+6, +7). The possibility of oxidation or reduction of M?** jon to higher or to lower
oxidation state and its stability in solution are known to be determined by the value of
oxidation potential of corresponding redox couple. The values of standard oxidation
potential E®*3¢ given in Table 1 show that in diluted solutions of mineral acids it is
quite easy to obtain such ions, as Am(V) and Am(VI), Bk(IV), Md(Il), No(II). In other
cases the values of potentials of M(IV)/M(I1I) couples are too great and those of
M(III/M(II) are too small, and the oxidation and reduction are impossible. But in
presence of strongly complexing reagents which form the more stable complexes with
M** jons, the oxidation potential of the M(IV)/M(III) redox couple decreases to such
an extent that the oxidation becomes possible. Thus, Am(III) can be oxidized to
Am(IV) in aqueous and acetonitrile phosphoric acid solutions,”® potassium phospho-
tungstate K,,P,W,,0¢: solutions,*® and alkaline metals carbonate solutions.!'!* De-
creasing of oxidation potentials depending on media composition is illustrated by the
values of formal potentials, given in Table 2. M(III) reduction to M(II) in a number of
cases is reached at the use of nonaqueous media-acetonitrile or alcoholic-aqueous so-
lutions, and chloride melts.?

_ The possibility of the practical use of TPE in ‘‘unusual’’ oxidation states for the
isolation and determination is mainly dependent on the stability of these oxidation
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Table 1
OXIDATION STATES AND STANDARD REDOX POTENTIALS OF
TPE
Oxidation
state Am Cm Bk Cf Es Fm Md No Lr
+7
+6 +
+1.7
+5 +
+1.1
+4 + + + + E2
+2.45 +3.1 +1.67 +3.1 +4.5
+3 33 ® 2] <] 3] 2] 3] + [:2]
-2.6 -3.8 -2.8 -1.7 -1.2 -0.65 —0.15 +1.45
+2 E3 + + + E + + (2]
+1 *

Note: O — The most stable oxidation state in aqueous solutions. + — Relatively stable oxi-
dation state. + — Unstable oxidation state. Redox potentials are in volts (vs. normal
hydrogen electrode) and belong to neighboring (in vertical) couple of ions.

states in solutions. Thermodynamic stability of M?* ions in aqueous solutions is deter-
mined in the first place by the direction and intensity of these ions and solution com-
ponents (H,O, H*, OH") redox reactions proceeding. Such reactions can be attributed
the following:

Reduction with water:

M%" + 0.5 H,0 = M% " 4+ H* + 0.25 O, n
Oxidation by water:

M%" + H,0 = M“*"" + OH- + 0.5 H, (2)
Oxidation by H* ions:

M# + H* = M%*"” + 0.5 H, 3)
The disproportionation:

M?%" + M% = M@+ 4 M@ (4)

The general method of such reaction equilibrium estimation is based on the application
of fundamental thermodynamic parameters of ions in aqueous solutions — standard
Gibbs energy of formation AGY; standard enthalpy of formation (AH9), and standard
entropy (S°) — or connected with these values of oxidation potentials. Such an ap-
proach permits not only the evaluation of the stability of known ions, but also those
which are not found or investigated. A number of mutually correlated values of AGS,
AH,, and S° for aqueous TPE ions in oxidation states from +2 to +5 (and partially
+1), which we evaluated, going from several experimental data, obtained by other

authors, and found by us regularities existed for 5f-elements, are presented in Table
3.6.34-36
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Table 4
KINDS OF INSTABILITY OF TPE IONS IN ACIDIC
AQUEOUS SOLUTION
(u=0, 298 K)

Ion Am Cm Bk Cf Es Fm Md No
M2 ox; d ox; d ox; d ox ox ox ox
M3 red
M+ red;d red;d red;d red;d red red red red
MO3* ? ? ? ? ? ?
MO red red ? ? ? ? ? ?

Note: ox, oxidation by water; red, reduction by water; d, disproportion-
ation (in case of M** ions with formation of M** and M°); ?, esti-
mation of stability is impossible because of deficiency of data.

Based on these data, we evaluated thermodynamic stability of TPE ions, such as
M2, M3, M*, MO?*, and MO3* in aqueous solution (Table 4). It has been admitted that
ions are considered stable if at equilibrium, and the admixture of other ions does not
exceed 10%. At such a condition in acid aqueous solution, those M?* jons will be
stable, M#*/MZ*, and couple the oxidation potential which does not exceed +1.11 V
(is not reduced by water), and those ions M#""*, the potential of which is greater than
0.16 V (is not oxidized by water). Stable to disproportionation are those that the high-
est valency couple oxidation potential of which is greater than those of the lowest ones.
From Table 4 it is seen that in diluted acidic aqueous solutions, MO3, M** jons (except
No*) and No?* are stable. In solution, containing anions, which form strong com-
plexes, the stability of M** and MO3%* ions considerably increases, as the values of oxi-
dation potentials M**/M3* and MO%*/MO?*, couples decrease. At the same time consid-
erable complex formation and acidity increasingly decrease MO*; ions stability, which
began appreciably disproportionate, and those of M?*. In order to increase the stability
of the latters it is necessary to use specific complex-forming compounds, which would
give with these ions more stable complexes than with M** jons. Knowledge of all these
regularities permits one to choose conditions in which the usage of ‘‘unusual” oxida-
tion states of TPE for their separation and determination become possible.

In the present work, the authors do not attempt to give an exhaustive analysis of the
whole literature concerning the methods of TPE isolation and determination. The
works of the last 50 to 70 years are quite fully elucidated in the reviews and mono-
graphs.*!-4¢ On the other hand, in the last 5 to 7 years, a number of new and efficient
methods for isolation and determination and new extractants and eluants are elabo-
rated and widely adopted in practice. In analytical chemistry of TPE, the ‘‘unusual”
oxidation states begin to be used, which considerably expands the possibilities of meth-
ods. The instrumental methods of analysis, the efficiency of which considerably in-
creases due to the usage of modern automatic devices and new methods (e.g., laser
spectrophotometry), have developed intensively in recent years. So the works of recent
years, especially concerning the usage of ‘‘unusual’’ oxidation states are mainly eluci-
dated in this review. Most attention is paid to the works of Soviet authors which are
not as well known to foreign readers due to the language barrier. As the main direction
of the review is the analytical chemistry of TPE, there is no consideration of separation
methods having only a technological application.
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II. METHODS OF TRANSPLUTONIUM ELEMENTS (TPE)
SEPARATION

It is known that TPE production is connected with the treatment of high radioactive
materials, containing the mixture of several elements, and formed at plutonium or
more heavy elements irradiation in special reactors. The modern methods of TPE re-
covery and separation are based usually on a small difference in properties of these
elements in the most stable +3 oxidation state. They more often use both in technology
and in analytical chemistry the extraction and ion exchange methods. The methods of
precipitation, coprecipitation, electrochemical, and the methods of sublimation are
used mainly as analytical ones. Extraction chromatography, combining advantages,
and most importantly the selectivity, of extraction methods with convenience execution
on the column, is widely used not only for its analytical purposes, but for purification
and recovery of milligram quantities of transplutonium elements.

The choice of the method of TPE isolation and separation is conditioned by the
chemical content of the analyzed solution and by the aim of the work. The methods of
precipitation and extraction are used more often for TPE isolation from different ma-
terials, including their preconcentration, and the methods of ion exchange, solvent
extraction, and extraction chromatography are used for TPE separation. It is necessary
to take into account the great specific radioactivity of many TPE isotopes. Thus, the
used extractants and sorbents must be resistant to radiation, and the methods used are
both effective and expressive enough.

The high degree of purification not only from radioactive isotopes but from inert
admixtures is necessary, as a rule at TPE isolation from different natural materials and
high radioactive samples, including technological solutions for the purposes of their
following determination. They use repeated separation, as well as combining of differ-
ent methods of purification in order to reach this aim. Elaborated for these purposes
the methods are summarized in monographs.?#!-** However, the separation methods,
based on different TPE oxidation states, are the most effective. The new data obtained
recently concerning TPE separation and concentrating on tetravalent oxidation state
with the use of new extractants, sorbents, complex-forming media, as well as the meth-
ods based on the use of penta- and hexavalent americium, tetravalent berkelium, and
divalent mendelevium, are discussed below.

A. Extraction Methods

Extraction methods of TPE isolation and separation are widely adopted both in the
analytical chemistry of these elements, and in the technology of their production. Their
main advantage is the rapidity and efficiency of separation. The selectivity of extrac-
tion is conditioned by the choice of reagent and its concentration and diluent, by the
introduction of complex-forming reagents in the aqueous phase, and by the adjustment
of its acidity. In order to increase the efficiency of elements separation, repeated ex-
traction or extraction chromatography is used.

The extractants of different classes are applied for TPE extraction isolation and
separation: organophosphorus compounds, amines, chelate-forming reagents, etc.,
and also their mixtures (synergetic extraction). Recently, Shoun and McDowell*® have
given an excellent review of extractants used in TPE separation methods. The appli-
cation of bidentate organophosphorus reagents and alkaline solutions, as well as the
use of penta- and hexavalent americium and tetravalent berkelium, open up new pos-
sibilities for extraction isolation and concentration and separation of these elements.

1. Bidentate Organophosphorus Extractants
It is known** that monofunctional organophosphorus reagents, such as tributyl-
phosphate (TBP), di-2-ethylhexylphosphoric acid (HDEHP), and phosphine oxides
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(trioctylphosphine-oxide-TOPO), do not permit isolation of trivalent TPE from acids
solutions, as the acids themselves are well extracted by these reagents. Bidentate neutral
organophosphorus reagents, containing either two =P=0 groups, or one =P=0 group
and one =C=0 group, possessed much greater extractability towards these elements,
as was shown for the first time by Siddall.*¢-+7

The properties of these reagents:

O (@)

R | I R
Sty P
R R

() O

R [
Np_ N
. ) P=(CH,)-C-N{

R

R

for the extraction of different metals were considered in reviews**4° and recently in
detail by Schulz and Navratil.*® TPE extraction by reagents of the first group, named
diphosphine dioxides,**-° is widely investigated in the works of the Soviet authors. The
influence of dioxide structure, nature of substituents at phosphorus atoms, nature and
structure of the bridge between phosphorus atoms on extraction capacity, and selectiv-
ity towards TPE have been studied (Table 5). It has been determined®*** that the aug-
mentation of a number of methylene groups between P=0 groups from 1 to 3 (reagents
MPhDPO, EPhDPO, PPhDPO — Table 5) leads to a considerable increase (about:
four orders) of distribution coefficients of Am, Cm, Bk, and Cf. Substitution of the
ethylene bridge by the vinylene bridge arrests the P=0O group in the cis-position
(VPhDPO-cis, VTDPO-cis) and brings about a thousand-fold increase in the distribu-
tion coefficient of trivalent TPE in comparison with dioxides with the ethylene bridge
(EPhDPO).%%-%7 There is a decreased extraction of TPE, if the hydrogen atom in the
methylene bridge MPhDPO is replaced for Cl-, allyl, n-dodecyl, or vinylidene, the
other conditions being equal.®?” The nature of substituents at phosphorus atoms
strongly influences the capacity of dioxides extraction. The basicity of dioxides de-
creases and extraction capacity towards trivalent TPE and the stability of forming
complexes increase if alkyl radicals (MBDPO, MOCDPO — electronegativity X = 2)
are replaced for more negative phenyl ones (MPhDPO — electronegativity X =
2.27).5355%9-¢1 The same effect exists at the extraction from perchloric acid solu-
tions.%*%* Tetraphenylmethylenediphosphine dioxide (MPhDPQO) has the most extrac-
tion capacity towards TPE among the studied reagents of the first group (Table 5).
This reagent is dissolved badly in nitric acid solution; dissolved enough in chloroform
(0.4 M) it has a good radiation resistance®® and allows quantitative isolation and con-
centration of TPE from nitric acid solutions of various concentrations in the presence
of great amounts of salting-out agents. Thus, during one extraction cycle americium
isolates practically quantitatively by 0.1 M solution of MPhDPO at aqueous and or-
ganic phase ratios equal to 100:1, and from 3 M HNOQ; and I MHNO; solutions in the
presence of 1.8 M Al (NO;);. As the reagent is badly dissolved in aqueous phase, so its
solutions can be used for the repeated extraction. Thus, e.g., after threefold use of 0.1
M MPhDPO chloroform solution for americium extraction from 3 M HNO;, alter-
nated with reextraction by 10% (NH,),CO; solution, americium extracts by these so-
Iutions at 99.6%.%% ) '

The selectivity of all studied reagents (Table 5) towards TPE depends on HNO,;
concentration: during the extraction from 0.5 to 4 M HNO; separation factors are very
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small and reach maximum value in 15.7 M HNO,. Reagent selectivity and the degree
of TPE separation by them are mainly determined by the structure of bridge, binding
P=0 groups.***” Thus, the reagents with alkylene bridge (MPhDPO, EPhDPO) pro-
vide great enough separation factor of Am and Cf (to 25), and with vinylene one
(VPhDPO-cis) of Cm and Bk (~10).%% There is a considerable increase of TPE sepa-
ration factors during the extraction from ammonium thiocyanate solutions in the pres-
ence of complex-forming reagents in aqueous phase.®’

A new group of organophosphorus reagents — poly (diphenylphosphinylmethyl)

arenes®®-*? — has recently been studied as extractants for TPE isolation.

Poor solubility of diphosphine dioxides in aromatic hydrocarbons is one main obsta-
cle for their practical application for TPE isolation and preconcentration from differ-
ent materials. Dioxide solutions of 0.01 to 0.1 M in such diluents as CCl,, CHCl;, and
dichlorobenzene are employed in most of cases. It has been also found that 0.05 M
MPHDPO solutions in the mixture of chloroform and xylene in the ratio of 1:10 extract
americium with the same distribution coefficients as in the case of chloroform appli-
cation as diluent.**

The second group of reagents, containing phosphorus and nitrogen atoms, is inves-
tigated for the purpose of TPE isolation from strong acid solutions, including solutions
after treatment of fuels. Depending on the nature of the substituents at phosphorus
atoms — (RO),(0O)P-CH,-C(0O)-N(R); or (R):(0)P-CH,-C(0)- MR); they are called —
dialkyl- N, N-dialkylcarbamoylmethylphosphonates (CMP) or dialkyl- N, N-dialkylcar-
bamoylmethyl phosphine oxides (CMPQ), respectively. These reagents are inferior to
alkylene (vinylene) diphosphine dioxides in extraction capacity, but they possess sev-
eral advantages, in particular, a more simple method of synthesis and a better solubility
in organic diluents. The data about trivalent TPE extraction by some of these extrac-
tants has been summarized in the literature.*®-%° Lately Myasoedov and Chmutova’®-7?
in the U.S.S.R. and Schulz and Mclsaac?*-7* and Horwitz et al.,”®-®! in the U.S. syn-
thesized great groups of this class of reagents and studied their extraction capacity
towards TPE and some fission elements (Table 6). It has been found that the extraction
capacity of these reagents is mainly determined by the nature of radicals at phosphorus
atoms. The replacement of alkoxy substituents for alkyl or aryl ones considerably in-
creases reagent extraction capacity. Thus, the replacement of butoxy substituents at
phosphorus atoms (DBDECMP) for butyl (DBDECMPO) or phenyl (DPhDECMPO)
ones leads to an americium distribution coefficient increase at its extraction from 3 M
HNO, with 0.1 M 1,2-dichloroethane solution of these reagents by factors of 4-10" and
103, correspondingly. The replacement of one of the phenyl radicals in reagent
DPhDECMPO for the ethyl one (EPhDECMPO), on the contrary, leads to the de- -
crease of K47 almost on two orders.”? Thus, the extraction capacity of the extractant
with one phosphoryl group increases on two orders’ if at the replacement of alkyl
substituents at phosphorus atom for more electronegative phenyl ones, as in the case
of diphosphines dioxides.33-3%-59-6! Basicity increase of substituent at phosphorus atom
in the range: (CsH,:0); phosphate-(DHDECMP); (CsH,;0), (CsH,s)-phosphinate-
(HHDECMP); (C¢H,;)., phosphine oxide-(DHDECMPO) leads to considerable in-
creasing of Kd4™ at its extraction from 0.1 to 1 M HNO, too. However, the selectivity
of TPE isolation deteriorates. Thus, separation factor of americium from iron (K*7%/
Kd**) decreases from 5.1-10° for DHDECMP to 2.6-10% and 6.1 for HHDECMP and
DHDECMPO, respectively, during the extraction from 0.5 M HNO,; with 0.5 M p-
diisopropylbenzene solutions of these reagents.”” Introducing as substituents at phos-
phorus atoms parallel with phenyl: hexyl-(HPhDECMPO), octyl-[OPhD(IB)CMPO],
and 6-methyl heptyl-[6eMHPhD(IB)CMPO], i.e., substituents, decreasing P=0 group
basicity permits to synthesize reagents possessing high extraction properties towards
TPE during extraction from 1 to 6 M HNO; and at the same time does satisfactory
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selectivity.” Branching of substituents at phosphorus atoms [reagents DHDECMPO
and D(EB)DECMPO] leads to a significant decrease of reagent extraction capacity,
but its selectivity keeps on the same level.”” The nature of substituents at nitrogen atom
does not affect extraction properties of reagent, but tells on its solubility. Thus, re-
agents DPhDECMPO and DPhDBCMPO,’” as well as DHD(SB)CMPO,
DHDBCMPO, and DHD(IB)YCMPO,?” having the same substituents at P, but different
at N(ethyl, butyl, and sec-butyl, butyl, isobutyl, respectively), differ negligibly by their
extraction properties towards TPE, but differ considerably by solubility in organic
diluents. Reagent DPhDBCMPO is well dissolved in CHCI,, dichloroethane, 1,2,4-
trichlorbenzene (TCB), o-dichlorbenzene (O-DCB), benzene, CCl,, perchloroethylene,
diethylbenzene, o-xylene, and methylisobutylketone, and reagent DPhDECMPO in
only CHCI, and dichloroethane. Chmutova et al.”? have shown, that for quantitative
americium isolation from 3 M HNOQO;, it is necessary to use DPhDBCMPO solutions in
organic diluents of the following concentrations: 0.3 M, O-DCB; 0.4 M, CCl,; 0.5 M,
TCB; 0.6 M, CHCI; and o-xylene. DBDECMP and DHDECMP are the most often
used extractants for practical purposes among those presented in Table 6, mainly for
trivalent TPE isolation from acidic high active waste of fuel elements treatment.”3-75-83-
87 However, these reagents have some disadvantages: the former is well dissolved in
diluted acids, which leads to its substantial waste; on the contrary, the latter is badly
dissolved in acids, but its purification from acid admixiures, keeping TPE in organic
phase during the reextraction, is quite complicated. So, lately, the possibility of using
for group isolation of U, Np, Pu, Am, and Cm from high radioactive liquid solution
after Purex process of 0.4 M OPhD(IB)CMPO diethylbenzene solution is being stud-
ied. It is important to note that in this case there is no necessity to stabilize plutonium
in +4 oxidation state, since tri- and hexavalent actinides are extracted with enough
great distribution coefficients t0o.%° Yamada et al.®® have elaborated on the method of
americium isolation and purification from the waste, forming in the process of pluton-
ium recovery. They use the extraction chromatography, when extractant was sorbed
on inert support Amberlite-XAD-4. The method arranges Am separation from Al, Ca,
Cu, Fe, Pb, Mg, Pu, K, Na, Zn, and C|,F ions.

Bidentate organophosphorus compounds have been studied as donor-active admix-
tures in a number of works. Thus, Myasoedov et al.**-*° have investigated synergetic
extraction of Am from 0.1 = 1 M HNO;, using the chelate-forming reagent 1-phenyl-
3-methyl-4- benzoylpyrazolene-5 (PMBP) and some diphosphine dioxides as donor-
active additives. A considerable synergetic effect equal to 10* has been found for
VPhDPO-cis and to 10° for MPhDPO. The usage of the mixture of PMBP with
VPhDPO-cis or MPhDPO in chloroform permits the carrying out of quantitative Am
isolation from 0.1 to I M HNO,. Navratil et al.’*-** have studied a synergetic ameri-
cium extraction from 0.35 and 7 M HNO; by the mixture of reagents: tri-n-butyl phos-
phate (TBP), trioctylphosphine oxide (TOPO), dibutyl-butylphosphinate (DBBP), and
dibutylphosphonate (DBP) in the presence of some carbamoylphosphonates
(DHDECMP, DBDECMP) and carbamoylphosphine oxide [OPh(IB)CMPO}. Though
the synergetic effect found in this system has not been very high, the application of
extractant mixture permits carry out of TPE extraction using smaller concentrations
of expensive bidentate organophosphorus reagents, and above all, to use as solvents
kerosene and n-dodecane as diluents. They have proposed to use the mixture of re-
agents DPhD(IBYCMPO and TBP in decalin for the group isolation of U, Np, Pu,"
Am, and fission products from high acidic solutions (5 M HNQ,) after Purex process
in the variant of extraction chromatography. Americium isolation is equal to 99.8%.%!
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2. Extraction from Alkaline Solutions

Alkaline solutions are widely adopted in the process of metal isolation from various
materials and in a number of cases provide more complete, in comparison with acid
decomposition, transport of them in solution. So, the task of isolation, separation,
and concentration of elements, including actinides, from alkaline media is very impor-
tant.

Extraction from basic media is complicated by formation of slightly soluble precip-

-itates. On the other hand, many elements can exist in alkaline solutions in the fotm of

stable soluble complexes, which under appropriate conditions may be transferred into
an organic phase. Myasoedov and Karalova®*?*-*®* have found that it is possible to
extract many metals from very alkaline media using quaternary ammonium bases and
4(a,a-dioctylethyl)pyrocatechol (DOP). It has been found that the chemism of extrac-
tion strongly depends on the nature of the extractant. Aliquat 336 extracts metals into
organic phase in the form of an ion associate, the anionic part of which is the hy-
droxocomplex of the metals or metal compound with complex-forming ligand, and the
cationic part is the extractant. a-Hydroxycarboxylic or aminopolyacetic acids as com-
plex-forming agents are used to keep the hydrolyzable elements in aqueous phase in
soluble form in alkaline solutions. Alkylpyrocatechol extracts actinides and lanthan-
ides from alkaline solutions in the form of chelates.®’

Since TPE in a trivalent state form hydroxocomplexes of various composition in
solution depends on OH-ions concentration, and hydrolyzed forms demonstrate less
reaction capacity, their extraction by Aliquat 336 with alkaline concentration increas-
ing usually decreases.’® At the same time DOP isolates quite completely microquanti-
ties of noticed elements even in the absence of complex-forming reagents in aqueous
phase, but only from just prepared alkaline solutions.®® In order to suppress hydrolysis
and to increase the selectivity of elements extractive isolation, different complex-form-
ing reagents, presented in Table 7, are employed. In this table the conditions of amer-
icium and europium maximum extraction by different extractants are also re-
ported.®”-%?

It is seen from these data that the nature of complex-forming ligands considerably
influences americium and europium extraction from alkaline solutions. Undoubtedly,
DOP is a more effective extractant than Aliquat 336, since it permits not only displace-
ment of the extraction in the high basic area, but increases considerably the selectivity
of the isolation of these elements, especially the usage of DTPA®*® and DTPMP?®® as
complex-forming ligands. TPE and REE with most noticed reagents form quite stable
compounds, which do not change under prolonged storage of alkaline solutions.

Extraction from alkaline solution solves some practical problems. With the use of
Aliquat 336, it is possible to perform group concentration of actinides and lanthanides
in a trivalent state, as well as the separation of these elements in different oxidation
states. During Ac, Th, Pa, U, Np, Pu, Am, and Cm extraction with Aliquat 336 from
alkaline solution in the presence of tartaric acid, as well as other complex-forming
reagents, the following order of elements extraction is established: Me(11I) > Me(IV) >
Me(V) > Me(VI1).% Since hexa-, penta-, and tetravalent elements are extracted less than
trivalent ones, it is possible to obtain in these systems significant separation factors of
pairs Am(III)-U(VI) (=100), Ac(1II)-U(VI) (100), and Am(I1I)-Pu(1V) (75).

As far as trivalent TPE and REE separation are concerned, alkylpyrocatechol has
an advantage,'® since in the system of Aliquat 336, the separation factor of europium
and americium does not exceed 4.95-19" Increase of alkaline concentration in the solu-
tion does not adequately affect trivalent TPE and REE extraction by alkylpyroca-
techol. Distribution coefficients of americium and curium increase slowly with alkaline
concentration increases, when those of REE increase very sharply.'°® Maximum sepa-
ration factor of the Eu-Am pair, equal to 70, is obtained in the system NaOH-DOP-
DTPP.* ' '
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Table 7
COMPLEX-FORMING REAGENTS USED IN EXTRACTION
OF THE ELEMENTS FROM ALKALINE SOLUTION??-#?

Concentration
of NaOH, M,
for max. extrac-
tion of Am and

Reagents Eu Extractants
Glyceric acid <0.25 Aliquat 336
Gluconic acid <0.25 Aliquat 336
Tartaric acid 0.1—0.5 Aliquat 336
1.0—8.0 DOP
Trioxyglutaric acid 0.05—0.6 Aliquat 336
Hydroxyethyliminodiacetic acid (OEIDA) 0.1 Aliquat 336
Hydroxyethylethylendiaminotriacetic acid 0.05 Aliquat 336
(OEDTA)
Hydroxyethyldiethylenetriaminetetraacetic acid 0.05 Aliquat 336
(OEDTTA)
Hydroxydiaminepropanetetraacetic acid 0.05—0.8 Aliquat 336
(ODPTA)
Dihydroxydiaminebuthanetetraacetic acid 0.05—1.0 Aliquat 336
(DOBTA)
Hydroxyphenyliminodiacetic acid (OPIDA) 0.05—1.0 Aliquat 336
Diethylenetriaminepentaacetic acid (DTPA) Eu: <0.2 Aliquat 336
Am: 4.0—8.0 DOP
Eu: 2.0—8.0 DOP
Ethylenediaminetetramethylphosphonic acid 0.05—0.6 Aliquat 336
(EDTMPA) Eu: 2.0 DOP
Am: 4.0 DOP
Ethylenediaminetetraacetic acid (EDTA) <0.5 Aliquat 336
>2.0 DOP
Diethylenetriaminepentamethylphosphonic acid 0.05—0.6 Aliquat 336
(DTPMP) Am: >4.0 DOP
Eu: <2.0 DOP

The investigation of TPE behavior during extraction from DTPA alkaline solutions
shows that distribution coefficients decrease in the row of Bk > Cf > Am > Cm,
americium and curium being extracted worse from NaOH solution of concentration
>2 M than REE, and berkelium, on the contrary, better. It is worth mentioning that
distribution coefficients of berkelium, like those of cerium, are very close to distribu-
tion coefficients of tetravalent plutonium.

Besides TPE, Fe(IIl), Ru(Ill), Zr(I1V), Th(1V), Pu(lV), Pa(V), Nb(V), U(VI), and
Cs(1) extraction with DOP from alkaline solutions are also studied. In contrast to TPE
and REE, iron (III) both as indicator, and in macroquantities, extracts with very high
distribution coefficients in the whole range of studied NaOH concentration. Tetrava-
lent elements in the concentration interval from 0.5 to 3 M have much higher distri-
bution coefficients than trivalent Am and Cm. Penta- and hexavalent elements are
extracted with smaller distribution coefficients than tetravalent ones, and the extent of
its isolation is not practically dependent upon alkaline concentration. The difference
in Pa(V), Nb(V), U(VI), and Am(IIl) extraction becomes significant at alkaline con-
centrations more than 4 M, i.e., in conditions of maximum TPE isolation. Cesium
which in the whole studied interval of alkaline concentration is negligibly extracted
with DOP solution, behaves analogously. The data obtained permit a conclusion to be
drawn, that actinides are extracted with DOP solution in the following consequence:
Me(1V) > Me(1II) > Me(V) > Me(VI).1%°
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Extraction from alkaline solutions with DOP is very perspective for the separation
of many elements. In particular, there is a satisfactory separation of TPE from rare-
earth elements — fission products: separation factor of the most extractable of REE-
cerium and the less extractable of TPE-curium are equal to ~ 300. It is also possible
to obtain in this system a good separation of Am-Cm and transcurium elements. For
example, separation factor of berkelium and curium exceeds 400. Further increase of
TPE purification from admixtures is expected to take place during repeated separation
operations. DOP permits the separation of other elements, in particular zirconium and
niobium. Extraction with DOP is used successfully for americium and plutonium iso-
lation from salt solutions, as well as on the stage of deep purification of americium
from iron (separation factor of Fe-Am is equal to n (-) 10%). It is worth adding that
during americium isolation from alkaline salt solution by DOP, there is not only its
separation from accompanying elements, but absolute concentration also takes
place.'°?

3. Extraction of Am(V,VI) and Bk(IV)

The greatest effect of extraction methods of TPE separation takes place at the use
of unusual oxidation states of some of these elements, in particular americium and
berkelium. Several methods of preparing Am(V) in solutions are known and are de-
scribed in the literature.?*? A convenient method of electrochemical production of
Am(V) by reduction of Am(VI) in 1 to 10 M NaOH at an anode potential of 0.2 V,*°
in 1 M K,CQ; at a potential of 0.54 V,?® and in diluted HCIO, + H;PO, solutions'®*
has been worked out. Americium (V) is stable in diluted H;PO, solutions and reduced
slowly to americium (III) by radiolysis products with a rate of about 0.2%/hr. In weak
acid solutions, Am(V) is generally more stable than Am (VI)!°¢-11° but with increasing
acidity, the stability of Am(V) falls due to the increasing disproportionation rate (the
same effect is observed with increasing PO?* ion concentration.!!! Trace amounts of
Am(V) are reduced quickly in the presence of CH,COO-, SO3%*, Cl-, BrO3, I, SO*s ions
and H,0,.'"°

A number of extraction methods of americium separation from other TPE and fis-
sion products, based on the utilization of the Am(V) chemical properties, have been
developed. Such methods are especially promising for the separation of americium (V)
tracers for further determination.!'*'** Am(V) can be recovered from aqueous solu-
tions by the extraction with thenoyltrifluoroacetone (TTA),'** 1-phenyl-3-methyl-4-
benzoylpyrazolone-5 (PMBP),!*s HDEHP,''¢ and with pyrrolidinethiocarbaminate.**’
Am(V) extraction with HDEHP (both trace and marco Am quantities) is carried out
from the acetate solutions with pH = § to 6 (K*%**? ~30). The separation factor of
Am(V) and Cm(III) during the extraction with PMBP or HDEHP is about
2.5-10%. 11618 Am(V) can be separated from actinide and lanthanide elements by ex-
tractions with mixtures of picrolonic acid and sulfoxides from nitric acid solutions, as
Am(V) extraction is negligible in such conditions.**?

Recently, the following new methods producing Am(VI) have been worked out: in
HNO,; solutions by oxidation with sodium bismuthate;'?° in phosphoric acid media by
the electrochemical method?®*'** and oxidation with the mixture of Ag,PO, +
(NH.),S:05,;122-12% in HCIO, solutions with a small addition of H,PO, by electrochem-
ical oxidation;'°® in HNOQ; solutions with an addition of K,,P,W,,0,, — by the mixture
of AgNO, + (NH,),S.0,'* or by Na,S,0; at heating;'?” in 5 M NaOH solutions;*° and
in acetic solutions?® by electrochemical oxidation.

The oxidation of americium to Am(VI) is used in the methods of its separation from
other elements and determination. When concentration of the hexavalent americium is
=2 mg/m/{, it can be extracted by solutions of HDEHP,!**-*2 TOPO,'*? di-(2,6-di-
methyl-4-heptyl) phosphoric acid,!*? and by mixture of HDEHP and TBP*'* or TOPO
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in cyclohexane.!®s-¥ Using mixtures of PMBP and TOPO'*? and TTA and TOPO!*
in cyclohexane as extractants, Am and Cm can be efficiently separated. Americium is
previously oxidized up to the hexavalent state: during extraction it reduces to the unex-
tracted pentavalent state, and curium and other trivalent elements with a high distri-
bution coefficient transfer into organic phase. The method provides quantitative ex-
traction’ of americium and a high degree of its purification from curium (>10%) and
fission products.?'? Using electrochemical oxidation of americium instead of oxidation
by persulfate ions, the radiometric determination of americium becomes more exact.***

Recently, some new methods of Bk(III) oxidation have been suggested, many of
which have been tested on large quantities of Bk. Berkelium can be oxidized by ozone
in HNQ,,"37-13° K,CO0,,'*® and H,S50,'*° media; by KBrQ; on heating or without heating
in HNO,, H,S0,, and HCI solutions (not completely);37-141.142 by AgO or the mixture
of AgNQ; + (NH,),S,0s in solutions of HNO;'4*-1¢ and H,S0,;'*’ by (NH,):S;0s on
heating; by K,Cr,0,, NaBiO; and PbO; in HNQ; solutions;'4>-*** by the electrochemi-
cal method in HNO; solutions,?!-139-148.15¢ ¥.CQ;,?' H,S0,," and K,,P.W,;0¢.% In
acidic solutions in the presence of such oxidizers as KBrO;, (NH,),S:0,, 0zone, Bk(1V)
is stable during several days*?*-4*.*4* and in pure solutions of HNO; and H,SO, it re-
duces as a result of its interaction with radiolysis products and water at the rate of 15
to 20% /hr.t6-139 '

Lately, for the selective isolation of berkelium, a number of effective methods based
on the extraction of berkelium in the tetravalent state have been elaborated. The con-
ditions of tetravalent berkelium extraction by HDEHP137.144.145.153.154.157.158 a4 jtg reex-
traction from the organic phase have been studied in detail.*®” Trioctylphosphine oxide
and triphenylphosphine oxide (TPPO) solutions extract BK(IV) quantitatively from 1
to 12 M HNO,,'s81%° a5 well as TBP solutions from 2 to 16 M HNOQO,.'¢°-1%1 The extrac-
tion of Bk(IV) by TOPO from sulfuric acid solutions is less efficient, and TBP solu-
tions practically do not extract Bk(IV) at all. '

The high molecular amines are also used for Bk(IV) extraction. Milyukova et al.
have studied the influence of the concentration of acids and the nature of the oxidizer
and the diluent on the completeness of Bk(IV) extraction by trioctylamine (TOA)!*7-162
and by Aliquat 336.1%* Potassium bromate and bichromate as well as the mixture of
silver nitrate and ammonium persulfate'** have been used as oxidizers in those works.
The quantitative extraction of berkelium after its oxidation by bichromate ions of 0.4
MTOA in CCl, takes place in 10 M HNO;. The use of the mixture of silver nitrate and
persulfate ions for the extraction by TOA makes it possible to separate berkelium from
cerium, as in these conditions berkelium reduces to the trivalent state and remains in
the aqueous phase. During the extraction of berkelium by 30% Aliquat in CCl, from
10 to 12 M HNO;, after its oxidation by bichromate ions, a separation from TPE and
lanthanides is achieved.!s?

In the presence of heteropolianions, Bk(IV) is quantitatively extracted from nitric
acid solutions by the primary, secondary, and tertiary amines and the quaternary am-
monium bases. Heteropolianions not only stabilize the tetravalent berkelium, but also
enter the composition of the extracted compounds.

Various reducing agents are used to reduce Bk(IV) to Bk(11I) for Bk(IV) reextraction
from HDEHP solutions: hydrogen peroxide,’*’-**? hydroxylamine, ascorbic acid!*’ in
HNO; solutions, and hydrazine-nitrate.s”

B. Sorption Methods

Sorption methods are widely employed for TPE isolation, recovery from irradiated
materials, and their separation from fission products and miscellaneous impurity in
order to obtain highly pure samples of these elements reserved for medical purposes
and physics investigations, as well as to separate TPE from different natural objects
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with the purpose of their quantitative determination. These methods possess a number

-of advantages. It is worth noting first of all their effectiveness of TPE separation, the

simplicity of the carrying out of the process at a distance with high radioactive samples
in shielded hot boxes and cells.

TPE behavior on organic ion exchangers, both anion and cation exchange resin, is
most carefully studied. Inorganic sorbents attract researchers’ attention first of all by
their high radiation and thermal stability. Paper and thin-layer chromatography, as
well as chelate sorbents and solid extractants (TVEX), are less employed for the pur-
poses of TPE separation and concentration.

The data, available in literature, are concerned in general with the sorption and
separation of TPE in the trivalent state. The behavior of these elements in unusual
oxidation states has not been studied enough at present.

1. Ion-Exchange Chromatography

The method of ion-exchange chromatography is known to have played an important
role in TPE discovery, since their isolation and identification have been carried out by
beforehand-predicted positions on elution curves. Great amounts of data, concerning
TPE behavior on cation and anion exchangers in inorganic acids solutions in the pres-
ence of different complex-forming substances, as well as the application of these sys-
tems for the resolution of many practical problems, have been summarized before in
known monographs.>*? Recently, the interesting data concerning chromatography
usage for isolation, concentration, and separation of great quantities of TPE in con-
ditions of high radioactivity, have been published.?s-921%3-17t The application of mixed
organic-aqueous solutions as eluents and high pressure effective chromatography open
up new possibilities in employment of these methods.

The replacement of part water for organic diluents has a strong influence on ion
state in solutions and the state of ion-exchanger, which permits the separation and
isolation of elements in more optimum conditions. Besides, alcohol application as or-
ganic additives leads to suppression of solution radiolysis which has a great importance
at TPE isolation, since they are a-emitters with a great specific activity. Behavior of
Am, Cm, Bk, Cf, and some other elements on cation and anion exchangers in aqueous-
alcohol solutions of inorganic acids, as well in solutions of salts and complex-forming
reagents, is systematically studied.!??-**® The most effective results have been obtained
in the system anionite-alcohol solutions of nitric acid.

Transplutonium elements are known to not be practically sorbed by anion exchang-
ers from aqueous solutions of acids. A significant sorption is observed only in concen-
trated solutions of hydrochloric acid (>11 M), lithium chloride, and nitrate salts.*?
TPE distribution coefficients reach the values of 102 to 10® in solutions containing 80
to 90% alcohol at acid concentrations of 0.1 to 1 M. Effectiveness of TPE sorption
from diluted solutions of nitric acid increases with the growth of alcohol content in the
solution, as well as with the augmentation of alcohol hydrocarbon chains. Am, Cm,
Bk, and Cf sorption at constant alcohol content increases with the growth of concen-
tration of nitric acid and nitrate salts, as well as divinylbenzene (DVB) content in
resin.'®? In the row of TPE, the sorption decreases with the increase of ordinal number
of elements. Macroquantities of sorbed elements affect suppressively the sorption;
however, the effectiveness of separation does not decrease, if the amount of macro-
component does not exceed 2% of the total capacity of anion exchanger.'®”-'%® It is
better to carry out Am and Cm separation on the anionites with a small content of
DVB (~v4%) by 0.5 to 0.75 M HNO, solutions in the presence of 80% CH,OH, and
their preconcentration on the resins, containing 8% of DVB from HNO, solution =0.5
M, with alcohol content =90%.'%2

During the sorption on anion exchangers from 0.5 to 1 M HNO; solutions in 90%
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alcohol TPE easily separate from elements, which are badly sorbed in these conditions
(the elements with Z < 56, as well as Hf, Ta, Re, U, Np(V)). TPE separation from
fission rare-earth elements can be carried out at column washing by 0.5 M NH,SCN
solution in 80% alcohol,??® %118 and the separation of TPE remaining on the resin is
performed by 0.5 M HNO; solution in the presence of 85% alcohol. The system of
anion exchanger-alcohol solutions of nitric acid is successfully employed for the isola-
tion of separate TPE in a highly pure state,'®3-'*s as well as for their isolation from
different natural objects with the aim of the following radiometric determination. 83184

The combination of several methods is used in a number of works in order to isolate
TPE in a chemically and radiochemically pure state enough for alpha spectrometric
analysis. Thus, Yamato,®® after transferring analyzed samples in solution, carried out
the precipitation of TPE on calcium oxalate, then on Fe(OH); precipitate, and finished
the isolation of Am and Cm on anionite with the use of water-alcohol solutions. Fukai
et al.'*s-1*7 from the Monaco oceanographic museum suggested the method of Am and
Cm determination in environment objects. In this method they used two columns with
anion and cation exchangers with water-alcohol eluents and preliminary extraction of
Am and Cm with HDEHP and dibutyl- N, N-diethylcarbamoylphosphonate. The
method of Am determination in natural objects of small weight samples (~2 g), based
on Am isolation on cation exchanger in HCI solution and then on anion exchanger in
water-alcohol solution of nitric acid with the following electrodeposition of isolated
Am and spectrometric analysis, provides 80% recovery of analyzed americium.'*®

They obtain high separation factors of Am-Cm and Cm-Cf, equal to 6 and 4, re-
spectively, by a-hydroxyisobutyric acid introduction in water-alcohol solutions of ni-
tric acid.'®-**! High extent of berkelium purification from cerium can be achieved on
anion exchanger with the use as eluent of 0.25 to 0.75 M HNO; solution, containing
80% of methyl or ethyl alcohol.®*

TPE preconcentration from 2 to 6 M HCI solutions in the presence of more than
40% of alcohol can be performed on cation exchangers with high content of DVB.
Group separation of TPE from REE on cation exchanger is carried out in 8 to 10 M
HCI solutions, containing 60 or 40% of alcohol, respectively.'s®

The use of high pressure effective chromatography is the essence of the other direc-
tion of the augmentation of effectiveness of ion-exchange elements separation. This
method, originally suggested for the separation of very close properties in biological
substances, beginning since 1967, is successfully employed for TPE separation. Re-
cently, Campbell has summarized the achievements in this branch.?*® The advantage
of this method is the following: due to very small dimensions of resin fraction (20 to
40 um), the separation is carried out under the pressure at very high rates of eluents (5
to 25 m{ cm™min~!) on the columns with a diameter of ~2.5 cm and of 1.2-m long.
The time necessary for TPE separation from Am to Fm reduces by 10 to 100 times in
comparison with ordinal chromatography. This permits the successful use of high pres-
sure effective chromatography for the separation of great quantities of high radioactive
isotopes Am, Cm, Bk, Cf, Es, and Fm,?°*-?°¢ jncluding short-life isotopes ***Cm and
31Cf, possessing high specific radioactivity. The influence of different factors on the
effectiveness of TPE separation by high pressure effective chromatography is discussed
in References 206 and 207.

2. Inorganic Sorbents

There are a few number of works concerning the application of different inorganic
sorbents for TPE sorption and separation from inorganic acid and salts solutions.
These works are summarized in reviews of Barsukova and Myasoedov?°® and Schulz et
al.?®® The use of unusual oxidation states of these elements proves to be the best per-
spective for TPE separation on inorganic sorbents.
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Moore?' has used zirconium phosphate for the elaboration of a new method of
americium separation from curium and accompanying elements in nitric acid solutions.
The method is based on negligible Am(V) sorption on zirconium phosphate from di-
luted nitric acid solutions, while curium and other actinides and lanthanides, as well as
cesium, are quantitatively sorbed in these conditions. The author has obtained the
following coefficients of purification of Am from: Cs > 5.5-10% Eu > 2-10%, U ~
3-10% Pu~ 8.5; Cm ~ 2.5-10% Bk — 2.1:10%; Cf > 4.5-10°.

Shafiev et al.?*! have applied zirconium phosphate for the separation of Am(V,VI)
and Cm(III)-Pm(III) in nitric acid solutions with pH = 1.5 to 2.5. In these conditions -
Am passes through the column, and Cm(III)-Pm(III) are sorbed by zirconium phos-
phate. Cm(I1)-Pm(lII) are eluated by 1 M nitric acid solution. The application of
zirconium phosphate for the separation of milligram quantities of americium and cur-
ium is described in the literature.?'? Shafiev et al. have oxidized Am(I1I) to Am(VI) in
0.1 M nitric acid solution by 0.2 to 0.4 M ammonium persulfate at 90 + 1°C. Am(VI)
has been completely reduced to Am(V) during solution cooling until reaching room
temperature after which solution acidity has been adjusted to pH = 2.5 by acetate
buffer. This solution has passed through the column, with zirconium phosphate Am(V)
overtraveling through the column, and then Cm being desorbed by 1 M HNO; solu-
tion. Curium content in americium fraction has consisted from 0.01 to 0.5 wt %;
americium content in curium fraction has been somewhat higher — from 0.2 to 1.0 wt
% — and this has been conditioned to the authors’ opinion by autoreduction of Am(V)
to Am(III). Radiochemical purity of isolated americium has reached more than 99%;
curium has been polluted by americium in a higher degree. The simple and effective
method of berkelium isolation from a complex mixture of other TPE and fission ele-
ments,?!* and of continuous isolation of isotopical pure *°Cf, a product of **°Bk de-
cay,*'* with the use of zirconium phosphate, has been suggested.

The possibility of Am(III) separation from Am(V) by sorption on zirconium hydrox-
ide from weak acid solutions has been demonstrated in the literature.?'® The same
authors have performed the separation of the pairs U-Pu, U-Am and Np-Pu, Np-Am
on iron hydroxide from 1 M ammonium nitrate solutions in 0.2 M hydrogen peroxide
at pH > 12.5 and 13.0, respectively. Separation of americium and curium is possible at
Cm(IIT) and Am(V,VI) sorption on zirconium hydroxide from 1 M ammonium nitrate
solution in pH intervals equal to 5.3 = 5.8. Purification factors of the elements staying
in the solution are equal to 10% to 10°, and those of the elements taken by precipitate
are equal to 20 to 30.

Shulz et al.?°® have used calcium hydroxyapatite and sodium titanate for the purifi-
cation of waste solution from radioactive impurities. The possibility of Am and Cm
separation from lanthanides on sodium titanate, niobate, and zirconate has been stud-
ied in the same work.

3. Separation on Chelate Sorbents and TVEX

They introduce different chelate groups in order to increase sorbents selectivity. My-
asoedov and Molochnikova?!® have investigated the possibility of the application of
chelate resin, obtained on the base of aminopolystyrene and arsenazo-I, for Am and
Cm isolation from HCI, HNO,, and H,SO, solutions. Practically complete sorption of
studied elements (Kd > 10°) takes place at acid concentration <1 M, which permits
TPE concentration from large volumes. The separation of TPE from Fe, Cs, and Ru
takes place during their sorption on chelate resin from HNO; solutions; other elements
— Zr, Nb, and Pu — are sorbed with TPE. TPE separation from Zr, Nb, and Pu is
carried out during resin washing by 0.5 M H,C,0, solution. Other types of chelate
resins, including phosphorus-containing resins, have been investigated for TPE isola-
tion.?'? Separation of Am(V) and Cm(liI) on DOWEX-A1x8 has been studied in the
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literature.™¢ It has been proved that Am and Cm separation coefficients strongly in-
crease with pH augmentation from 2.5 to 3.2, with temperature decreasing and the
increasing of resin weight.

The new type of sorbent, obtained by extractant introducing in polymer matrix dur-
ing the synthesis, has recently been suggested in the U.S.S.R.?*' The sorbents have been
named solid extractants (TVEX) and have been employed for isolation from solutions
of some elements, including actinides.??? The possibility of TVEX application for iso-
lation and separation of transuranium elements from the solution with high salt back-
ground has been investigated. These TVEX have contained the following organophos-
phorus compounds: TBP, HDEHP, TBP + HDEHP (1:1), and others. The conditions
of group separation of TPE and REE in ammonium thiocyanate solution (8 M) in the
presence of complexones on TVEX-HDEHP have been found.??* Bk separation from
Cf and Am and Cm and REE is possible in 1 Maluminum nitrate solution on TVEX.?**

C. Mecthods of Extraction Chromatography

Distribution (extraction) chromatography is one of the perspective and simple
method of separation of close in properties elements. This method is widely adopted
for TPE isolation, especially for their separation. This method successfully combines
the advantages of extraction and chromatography. The separation is based on the dif-
ference in ion distribution between two immiscible liquids, one of which is mobile, and
the other fixed on carrier. TBP, alkylphosphoric acids, in particular HDEHP, tertiary
and quaternary ammonium salts, and a mixture of extractants are used as organic
phase during TPE isolation and separation. Siliconized silica gel, fine dispers Teflon®,
kieselguhr, diatomite, and glass are used as carriers. Inorganic acids and their salt
solutions are used as eluents during TPE separation, and ammonium thiocyanate so-
lutions are used during group separation from rare-earth elements. The data on TPE
separation are summarized in the monographs.*3-2?*

HDEHP is the most often used extractant. With this extractant usage, applied on
different carriers, different methods of americium and curium separation have been
elaborated,?35-23¢ as well as of berkelium (IV)-selective isolation.?*’-?*® Separation factor
of Am(VI) from Cm has formed 2.102, and those of Cm from Am 10*. With pentava-
lent americium usage, the purification from Cm has been equal to ~5.10%; Cm purifi-
cation from Am being worse, has made up ~60.2*¢ The column with HDEHP sorbed
on a granular porous glass support (BiO-Class 500) has been used for #*Cm and **Cf
separation, purification factor of curium being >10¢.2*° Erin et al.>*® have investigated
the effect of some cations (Fe, Co, Cr, Ni, Ti, Zr) on the effectiveness of Cm and Cf
separation in the same system and on the extent of their purification.

The mixture of extractants has been used in a number of works in order to increase
the effectiveness of TPE separation by the method of extraction chromatography.
Thus, the mixture of TTA and dibutyldiethylcarbamoylphosphonate has been used for
Cm and Cf separation in the works.?*!-242 Gusev et al.?** have studied the behavior of
Am, Cm, Bk, and Cf on the column with silica gel, the mixtures of TBP with TOA or
TBP with quaternary ammonium base being applied on it. The mixture of TTA and
TBP, as a fixed phase sorbed on a porous Teflon®,245-24¢ has been used for the sepa-
ration of a complex mixture of elements, including Am, Cm, Cf, U, Th, and others,
as well as for express (5 min) separation of Am and Eu.***

D. Separation in the Gaseous Phase

The obtaining of TPE volatile compounds and their application are some of the
interesting and important directions in TPE chemistry. Separation and recovery of
elements (especially in trace quantities) for preparatory and analytical purposes, devel-
opment of gaseous radiochromatographic and mass spectrometric methods of their
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determination, separation of isotopes, and obtaining metal and oxide films and covers
for creation of neutron and other radioactive sources are some of the radiochemical
tasks which can be solved on the basis of the application of the volatile TPE com-
pounds. Common TPE compounds such as chlorides and fluorides are not convenient,
since they are not very volatile. Perspective is the usage of f-diketonate and metalor-
ganic TPE compounds which are distinguished by their high volatility, i.e., by the
essential values of the pressure of the saturated vapor (0.1 to 1 kPa) at moderate tem-
peratures (150 to 250°C). Besides, the -diketonate complexes are relatively easily syn-
thesized with a quantitative yield, and are less subjected to alterations under the action
of oxygen and moisture than the volatile halides, hydrids, carbonyles, metalorganic,
and other compounds.

In the recent decade, papers have been published (mainly by Soviet and Japanese
authors) in which the obtaining and study of the properties of the volatile -diketonate
TPE complexes are described.?*7-2%7

In the 3+ oxidation state, transplutonium elements as well as lanthanides form com-
plexes with three bidentate f-diketonate ligands, filling the remained vacancies in the
coordination sphere by the molecules of water and compounds with the properties of
the Lewis bases.

Though the synthesis of g-diketonates seems to be easy, it presents a rather delicate
preparatory task. Therefore, the complications connected with hydrolysis and other
complex-forming processes should be considered when the optimal synthesis condi-
tions are being chosen (especially concerning the microamounts of radionuclide com-
pounds).

One of the most widely used methods of synthesis of metal -diketonates is based on
the interaction of salts of metals (acetates, nitrates, chlorides, oxalates) with f-diketon-
ates or their ammonium salts in aqueous or aqua-ethanol solutions. According to the
well-known methods of Eisentraut and Sievers,?*® milligram quantities of americium
dipivaloylmethanate (4 mg ?**Am) were synthesized. After separation of the oily prod-
uct from the 50% ethanole solution and separation of the excess of dipivaloylmethane
(HDPM) by sublimation in vacuum at room temperature, red crystals of Am (DPM),
were obtained. The analogous compounds of **'Am and 2*2Cf (the tracer quantities)
were obtained with the use of lanthanum and praseodimum as carriers.?*®

Most f3-diketonates of TPE and lanthanides are hardly extracted by the nonpolar
organic solvents due to the formation of hydrates. Therefore the extraction method,
which is especially perspective for the obtaining of microamounts of radionuclide com-
pounds, can be recommended only for synthesis of the adducts of f-diketonates of
TPE and lanthanides with donor-active compounds, which are extracted into the most
organic solvents with high distribution coefficients.

Adducts of americium (III) hexafluoroacetylacetonates (HFA), TTA, and pivaloyl-
trifluoroacetonates (PTFA) with TBP, TBPO, TOPO, and dipropylsulfoxides
(DPSO), and adducts of curium (III) and berkelium (III) hexafluoroacetylacetonates
with TBP have been synthesized with the help of the extraction method.24?-25!

Recently, a new method of synthesis of volatile agqualess metal f-diketonates has
been suggested, based on the interaction of different metal compounds (such as the
nonvolatile acetylacetonates and tenoyltrifluoroacetonates of TPE and lanthanides
chlorides, oxychlorides, nitrates, and hydroxides in the hydrated and the aqualess
forms) with f-diketonate vapors.?$*-?* This reaction, carried out at high temperatures,
allows the synthesis of the volatile compounds and the transfer of them (in most cases
quantitatively) into the gaseous phase. Table 8 contains the data on synthesis of volatile
pB-diketonates, including those for the tracer and microgram quantities of such elements
as americium, berkelium, néptunium, and europium. The presence of the ligand vapors
in the gaseous phase disturbs the thermic disintegration of metal f-diketonates and
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allows to quantitatively keep and transport the tracer amounts of radionuclide f-dike-
tonate, which is practically impossible in usual conditions.

TPE f-diketonates, formed by extraction in the hydrated form, have a low thermic
stability. Thus, for instance, americium hexafluoroacetylacetonates and pivaloyltri-
fluoroacetonates transferred into the volatile form in the absence of the donor active
admixture, though they undergo considerable disintegration with the formation of the
nonvolatile products.?4®

The thermodiagrams of the adducts of americium (III), curium (IIT), berkelium (III)
hexafluoroacetylacetonates indicate the high thermic stability of those compounds.
The degree of disintegration of the adducts of americium (III) -diketonates with TBP
increases in the row: Am (HFA),;-2TBP < Am (TFA), 2TBP < Am (PTFA), -2 TBP.
Among the studied adducts of americium (III) f-diketonates with TOPO, only Am
(HFA),;-2 TOPO is characterized by a outstanding thermic stability at the temperatures
of intensive vaporizing.

The dependence of Am (HFA);-2TBP stability on americium concentration and the
period of time during which the solution was kept in cyclohexane has been studied in
the process of its transfer-into the volatile phase. It has been established that when
241 Am concentration is equal to 0.5 g/, solutions of the compound are stable for 16
days (the dose of the a-radiation being equal to ~5-10%¢V), and the radiolytic disin-
tegration is not essential.?s°

Data on the dependence of the pressure of the americium f-diketonate complexes
saturated vapor (Psat) upon temperature, taken from the literature, are given in Table
9. The Knudsen effusion method is used for determination of the values of americium
dipivaloylmethanates Psat?*? and the flow method with temperature programming was
used for the adducts of the americium fluorine-containing f-diketonates with the do-
nor-active compounds.2%*

The sublimation temperature of some actinides, including Am, Cm, and Cf with
2,2,6,6-tetramethyl-3,5-heptahedione, was determined in the literature.?*® The influ-
ence of the amount of sample (in trace or in milligram scale) on its sublimation tem-
perature was examined. The sublimation zone temperatures of the actinide chelates
were found to be in the following sequence: UO3%* > Am(III) Cm (I1I1I) > Th(IV), Np(I1V),
Pu(IV) > Cf(III).

In the row of americium f-diketonate adducts with TBP, the volatility is decreased
in the following sequence: Am (HFA);-2TBP > Am (PTFA);-2 TBP >
Am(TFA);-2TBP, although the compound with hexafluoroacetylacetone is not very
volatile. Pivaloyltrifluoroacetone, which contains the tret-butyl and the CF; groups,
forms a less volatile compound in comparison with hexafluoroacetylacetone and a
more volatile compound in comparison with trifluoroacetylacetone.?**

It was observed on the example of the adduct of americium hexafluoroacetylaceton-
ate with phosphorusorganic compounds that the volatility and the thermic stability of
the compounds are decreased with the increase in the electronic-donor ability of the
neutral ligands in the row: Am (HFA);-2TBP > Am (HFA);-2TBPO Am
(HFA);-2TOPO. Among the studied compounds, Am (HFA),-2DPSO is the most vol-
atile one.

As a result of the study of the behavior of the actinide (and rare-earth) elements f3-
diketonates in the process of thermogas-adsorption chromatography, the method of
*3Am and #**Np separation was suggested, based on the different behavior of ameri-
cium (III) and neptunium (IV) hexafluoroacetylacetonates, formed by the interaction
of tenoyltrifluoroacetonates of those elements with HHFA vapors. ]

Americium (IIT) and neptunium (IV) hexafluoroacetylacetonates are precipitated in
the column at temperature ranges of 125 to 95 and 90 to 70°C, respectively. Mutual
pollution of fractions makes less than 0.1%. The developed method can be recom-
mended for determination of neptunium in americium.
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Table 9
THERMODYNAMIC CHARACTERISTICS OF THE PROCESS OF
EVAPORATION OF ADDUCTS OF AMERICIUM B-DIKETONATES?*7:254.255

1 gPp.=B-
Temperature
Compound B A range (°C) AH (kJ/mol) AS (J/mol.K)
Am (DPM), 19.884 : 0.036  8.407 = 0.494 90—130  160.84 £ 9.44

Am (HFA),-2TBP 16.06 + 0.28 6.99 +0.10 140—240 133.97 + 16.74  288.88 + 4.18
Am (HFA),; 2TBPO  19.00 + 1.66 8.80 = 0.78 160—220 168.72 + 15.07  364.25 + 32.23
Am (HFA),2TOPO 14,20 = 0.79 7.72 £ 0.43 240—290 147.79 £ 7.95 274.23 £ 15.07

Am (HFA),-2 14.61 = 1.32 6.22 + 0.53 105—160 119.32 + 10.04  293.49 = 24.70
DPSO
Am (PTFA), 13.25 + 0.37 5.81 +£0.15 130—175 116.36 = 2.93 261.67 = 6.28

Am (PTFA);-2TBP 14.00 £ 2.32 6.27+1.22 165—220 120.16 £ 2.34 257.90 = 49.82
Am (TFA); 2TBP 21.99 + 3.25 11.62+1.72 235—282 222,73 £29.30 420.35 + 55.26

Reference 248 contains the data on '#°La, ?**Am, and ?5*Cf separation by sublima-
tion of their dipivaloylmethanates in vacuum (~10~* kPa) at 180°C with the subsequent
precipitation in the column with temperature gradient. The indicated elements are pre-
cipitated in different temperature zones, thus being separated. '**Eu and **'Am dipi-
valoylmethanates, as well as the adducts of their hexafluoroacetylacetonates with
TBP,*° are precipitated in the neighboring zones and are not separated by the given
method. ]

Practical application of the method of gas-liquid chromatography for separation of
microamounts of actinide and lanthanide -diketonate complexes is limited by a num-
ber of difficulties related to the thermic disintegration and the essential sorption of the
chromatographed compounds in column. The sorption degree of compounds in col-
umn considerably depends on the amount of the injected compound, its concentration
in the injected solution, the nature and content of the liquid phase, the nature of the
solid support and the temperature. It is shown that the sorption of the compounds
partially has a reversible character. When the nonpolar liquid phases are used, the
chelate sorption is lower than that in the case of the polar phases, though it still remains
quite essentia] 253.257.288

The lowering of the sorption of f-diketonates of metals and their adducts with do-
nor-active compounds in chromatographic column is achieved by the insertion of the
isotopic and nonisotopic carriers in it in the form of the corresponding compounds.
The application of the gas-carried containing HHFA vapors?¢°-2%! has proved to be
more efficient, since it provides for the eluation of microamounts (hundredth parts of
a microgram) of compounds from the column. In the conditions of gas-liquid radi-
ochromatography in the helium flow, which contains HHFA vapors, the reproduced
chromatograms of the right form of the adducts of americium and curium hexafluo-
roacetylacetonates with TBP have been obtained for the first time.2$5-2%7 Full separation
of 2*Am and ?**Cm from ’*Lu is achieved by chromatographic processing of ?**Am,
243Cm, and Y*Lu mixtures in the form of M(HFA);:2TBP in HHFA vapors. Such
separations as '*?Eu-*’Lu and '*°Tb-""Lu are also conducted in the same condi-
tions.2$5.257

One more important aspect of fi-diketonate complexes application should be men-
tioned, i.e., their termic nonstability. Thermodestruction of metal 3-diketonates lies in
the basis of one of the perspective methods of obtaining metal and oxide films. This
method can probably be used for plotting of radionuclide layers as well, e.g., *32Cf in
the technology of preparation of radioactive sources for different purposes.
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Among metalorganic TPE compounds, cyclopentadienyl compounds are character-
ized by the greatest chemical and termic stability as well as volatility.?¢?-2%* Microam-
ounts of TPE triscyclopentadienyles were obtained by the reaction of the melted ber-
illium biscyclopentadienyle with aqualess metal chlorides: 2MCl, + 3Be(CsH,).% £
2M(CsH,), + 3BeCl, where M = Pu, Am, Cm, Bk, Cf.

TPE and lanthanide triscyclopentadienyle compounds are rather sensitive to the ox-
ygen in air and to moisture, and they are destroyed by water, alcohols, and chlorine-
containing solvents. The compounds are dissolved in such polar solvents as tetrahydro-
furan (THF), benzene and melted berillium and magnium cyclopentadienyles. One of
the characteristic properties of cyclopentadienyl compounds of f-elements is in the
formation of adducts with Lewis bases (THF, NH,, P(C:H;);,CsH,,NC, etc.).

The metal-carbon bond in f-element cyclopentadienyles being highly ionic is distin-
guished unlike the corresponding d-element compounds and the covalent character
reveals in actinide compounds to a greater degree than it does in lanthanide complexes.
It has been fixed in the row of TPE and lanthanides that the increase in covalency of
the metal-carbon bond (and chemical stability) is connected with the increase in the
degree of oxidation of the central atom. Thus, ytterbium and europium biscyclopen-
tadienyles are immediately destroyed by water, while americium tricyclopentadienyle
is slowly destroyed, and cerium tetracyclopentadienyle is stable to hydrolysis.

E. Methods of Precipitation and Coprecipitation

Those methods were widely used during the first stages of TPE research, when their
properties were studied for their separation and preconcentration from different ma-
terials and for separation of the impurities.** ‘

Nowadays precipitation and coprecipitation methods are applied usually for TPE
separation in different oxidation states. The study of Am (II1,V,VI) coprecipitation on
sediments of lanthanum, thorium and cerium fluorides, and on bismuth and zirconium
phosphates,?”® has proved that all the sediments studied, except as zirconium phos-
phate, fully capture Am(III), and Am(VI) remains in the solution. Am(V) is partially
captured by the sediments of lanthanum and thorium fluorides. Another method of
americium separation in different oxidation states has been used to study its stability
in the presence of oxidizers.'°® The pentavalent americium can be separated from
Am(III) and Am(VI) in acetate solutions by coprecipitation with the sediment of pyr-
rolidinedithiocarbaminate,?”*> and Am(V) can be separated from Am(III) with the sed-
iment of zirconium hydroxide.?'%2'” Americium(IH) coprecipitation with metal cupfer-
rates was studied.?’”* It was found that Am coprecipitates quantitatively with
cupferrates of the rare-earth elements and scandium, whereas it does only partially
with cupferrates of the further studied elements [Fe(IlI), Cu(ll), Al, In(III), Pb(ll),
Bi(IIT)]. Raghuraman, K. et al.?’* discusses the possibility of using nickel for ameri-
cium (IH) coprecipitation in the form of hydroxide from large volumes of the diluted
acidic solutions containing **Pu and oxalate ions. Am separation from Ni is carried
out by precipitation of americium hydroxide by ammonia. The coefficients of purifi-
cation of nickel from americium are higher than 1000.

To separate large quantities of americium from strongly radioactive waste, its pre-
cipitation is used in the form of oxalate.?:2752’¢ Consequent plutonium and americium
precipitation in the form of their oxalates and their coprecipitation with lead oxalate
are used for purification of aqueous solutions from radioactivity. The final Pu and
Am separation was carried out by the ion-exchange method.?7:2"2 ‘

The conditions of precipitation of americium (V) oxalate and its properties have
been studied in the literature.?”®
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For the separation of fermium from Cf, Es, and lanthanide, an efficient method has
been suggested, which is based on the cocrystallization of Fm, reduced in the presence
of Yb(II), with sodium chloride from aqueous ethanolic solutions. When a practically
quantitative extraction of Fm is going on, the degree of purification from most attend-
ant elements achieves 10 to 10%.22° In the presence of divalent europium Md(I) is fully
recovered, with sediments of chlorides K or Na; the purification from the other actin-
ides and lanthanides reaches ~5-10%.2%!

111. METHODS OF TPE DETERMINATION

A. General

Methods of TPE determination are being developed in two directions. The first di-
rection is connected with the determination of trace amounts of TPE and uses, exclu-
sively, almost radiometrical methods of analysis. As is known, all the TPE isotopes are
radioactive and disintegrate with the emission of e- (mainly) and #-particles, in a num-
ber of cases -neutrons. Disintegration is always followed by the emission of specific X-
rays and almost always y-quanta. The registration of those types of radiation lies in
the basis of the methods of TPE determination, which are selective and have extremely
low limits of detection. Usually, radiometric methods are considered to make relatively
high errors. However, recent works on half-life revision, perfection of measuring tech-
nique, and automatizing of the results processing have drawn the radiometric methods
to precision methods level. Values of half-life of several commonly used TPE isotopes
and the specific activities are given in Table 10. Those data are partially taken from
the review, ' and partially obtained from statistic processing of the data from original
papers of recent years. As is shown in Table 10, the error (average-quadratic deviation)
of half-life values for some nuclides do not exceed 1%. The specific activities of TPE
isotopes (10% to 10'* Bq/mg) correspond to the limits of detection 10°** to 107**g. More
detailed considerations on nuclear-physical properties of TPE isotopes are given in our
review.'®?

The other direction, the development of which is mainly stimulated by the increasing
practical application of TPE, is determination of TPE macroquantities by the methods
used in the analytical chemistry of common (nonactive) elements, i.e., coulometry,
spectrophotometry and titrimetry, mass spectrometry and X-ray fluorescence analysis,
neutron activation, etc. Such a variety is caused by the different possibilities of the
methods and by a variety of the analyzed objects. Thus, coulometry, which is less
sensitive than other methods, can guarantee a high precision of determination. Spec-
trophotometric methods allow identification and the ability to determine separate oxi-
dation states of TPE. Mass spectrometric and emission spectroscopy methods are often
used to determine admixtures in TPE, since they allow determination of a large number
of elements simultaneously with a high sensitivity. In special cases it is worthwhile to
use X-ray fluorescence or neutron activation methods which allow conducting of non-
destructive analysis or that determine such elements as berkelium. During recent years,
the development of methods of TPE macroamounts analysis is directed to the height-
ening of selectivity, express analyzing, and lowering of limits of detection.

B. Radiometric Methods
1. Measuring of Alpha-Activity

The greatest majority of TPE isotopes disintegrate with the emission of a-particles
with the energy lying in the range of 4.9 to 7.2 MeV. The total yield of a-particles is
near to 100% per decay in most cases, therefore measuring total a-activity is a conven-
ient and a sensitive method of quantitative determination of many TPE. Since most
samples contain a mixture of radionuclides, it is preferable to use a-spectrometer for
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HALF-LIVES AND SPECIFIC ACTIVITIES OF SOME TPE ISOTOPES

Specific activity

Neutron activity

Nuclide Half-life (Bq/mg) [n/(sec-mg)] Ref.

HMAm 432.6 = 0.4 years (1.268 = 0.0012 103
0.001)-10*

WAmM 7369 = 11 years (7.38 = 0.01)- 10 0.0043 104, 121, 128

#Cm 162.8 + 0.3 days (1.226 = 2.1-10* 149, 151, 152, 155, 156
0.003)-10"

44Cm 18.11 = 0.02 years (2.992 = 1.1-10* 103
0.003)-10°

245Cm 3.32-10°% years (1.61 = 0.03)-10% 4.1-10* 164, 177, 215

249Bk 323 + 8 days (6.00 = 94.6 226—228
0.15)-10*

Cf 357 £ 7 years (1.49 = 0.03)-10°* 2.68 164, 229—231

s2Cf 2.633 = 0.01 years (1.993 = 2.3-10° 103, 237
0.008)-10%°

IEg 20.4 £ 0.3 days (9.36 3.2-10% 232235
0.14)- 10"

24Es 276 days 6.89-10" — 103

236Fm 2,63 hr 1.72 + 10 5.9-10" 103

7Fm 100.5 days 1.87-10% 1.5-10° 103

37Md 5.0hr 9.02-10* — 103

3:Md 56 days 3.34-10" —_ 103

35No 3.1 min 8.8-10'¢ — 103

3SLr 27 sec 6.0-10' — 103

375

measurements. The modern a-spectrometer with semiconductor detector (SCD) of 1 to
3 ¢m? area reveals 50% efficiency and the limit of detection equal to ~10~* Bq.'%3?"!
The efficiency of the a-spectrometry was heightened up to 85% with the use of two
detectors.?8?

The error of a-spectrometric measurements depends on the resolution of the spec-
trometer, i.e., on the possibility to distinguish a-particles with similar energy. Modern
silicon SCD have resolution of 20 to 30 keV, which allows analysis of mixtures con-
taining almost any TPE isotopes. [Mixtures: ?*Cm(E., = 6.089 MeV) + *2Cf(E, = 6.111
MeV), 2#*Cm(E, = 5.80 MeV) + **C{(E, = 5.82 MeV) make an exclusion.] However,
the spectrometer resolution depends also on the quality of the electronic technique and
the presence of macroadmixtures in samples. To prepare a sample (‘‘a target’’) for
measuring a-spectrum of macroadmixture, a layer of substance is created which leads
to an essential widening of spectral peaks. Therefore, a-spectrometric targets are usu-
ally prepared by the method of electrodeposition, which makes TPE selectively precip-
itate on the target-cathode macroadmixtures remaining in the solution. Quite a number
of methods of electrodeposition of TPE from aqueous solutions?®*-2%¢ or organic
solutions?®2:287-29¢ haye been developed; they secure a thin uniform coating on target
and a high resolution of a-spectral lines, the substance being practically completely
separated from the solution. The choice of method depends on the composition of the
solution and the chemical properties of admixtures, from which elements should be
separated. Precipitation from nonaqueous solutions (mainly alcoholic ones) can be
rather selective, though it needs high voltage (600 V or higher). Aqueous solutions need
less voltage, but the current strength appearing at electrolysis needs an intensive cool-
ing of the solution.

There are some other methods of target preparation for a-spectrometry, which are
still more simple. It has been suggested®®* to coprecipitate TPE with a small amount of
Ce(OH); with the subsequent separation of the sediment on a fine membrane filter
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with the size of the pores of 0.1 um, the filter then being dried and used as target. Disks
of sulfurated polystyrole, which sorb TPE from diluted nitric acid solution, can be
used as targets.?*? In both cases more than 95% of TPE is separated.

If a sample contains only one e-active nuclide or one a-active element with a certain
isotopic composition, or if the task is to determine the total a-activity, the methods of
integral a-counting are used. The most sensitive methods are those in which the active
sample is placed into the detector: for dry targets, a flow proportional counter with
the geometry of 2n or 4n is used, for solutions, a liquid-scintillation counter (LS) is
used. The proportional counters usually have a count efficiency of 50% and a very low
background (~~ 1072 ¢/sec), are able to carry out measurements of the absolute a-activ-
ity with the error to 0.3%.2** LS counters have a much higher background, however,
they are also widely used for measuring a-activity of TPE isotopes. The advantages of
the LS method are in the high efficiency of counting (~100%) as well as the possibility
of avoiding the complex stage of preparation of the dry sample for measuring. There
are two methods of samples preparation for LS measuring: directly adding the aqueous
or organic solution of sample to LS, and extraction of the radionuclide under deter-
mination from the sample by LS. In the latter case an extractant is added to the LS
solution. To determine TPE, mixtures are suggested containing 5 g/f p-terphenyl and
0.05 g/1 POPOP as scintillating substances, and 20%-di-2-ethylhexylphosphoric acid
(HDEHP)*** or 43.5%-nonylphosphate?®® (diluent-toluene) as extractants. Such LS
with the added extractant makes it possible to concentrate the element under determi-
nation and to separate it from impurities. This LS extracts Am, Cm, and Cf from
solutions with low acidity separating them from anions.?®* LS with nonylphosphate
can completely extract Am and Cm from HNO; solutions up to 2 M; the methods of
the analysis of americium and curium content in biological samples with the help of
this LS are characterized by the limit of detection to 3.107* Bq/m/.***

Historically, one of the first devices used for measuring intensity of a-radiation was
a counter with solid inorganic scintillation detector ZnS:?**' Nowadays, the application
of such counters in a-radiometry is limited, since they have characteristics worse than
SCD, LS, and proportional counters. In addition, the application of solid scintillators
for determination of absolute intensity of a-radiation is not convenient, as its counting
coefficient-depends on the energy of a-particles. However, in some cases the usage of
solid scintillators is expedient and can give a positive effect, e.g., for determination of
small amounts of americium and curium in aqueous solutions. It was suggested to
coprecipitate those elements with lanthanum hydroxide in the presence of a solid scin-
tillator (ZnS, activated Ag).?®” The glass with a thin layer of sediment on the bottom
in which the radionuclides are fully mixed with the scintillator put on the photocathode
of the photomultiplier and the rate of counting is measured. The efficiency of counting
reaches 80%, the limit of detection 4.10°* Bq/m/{ (the volume of the sample being equal
to 14£).

The methods of a-counting described above are distinguished by extremely low limits
of detection. They are used mainly for measuring a-activity in samples with small TPE
content. However, the error of measuring samples with low activity is sufficiently high
even at the low level of the background. (As is known, due to the statistical character
of the decay, the error of the radiation intensity measurements depends on both the
signal-to-noise ratio and the absolute value of the signal.) When highly active samples

-are measured, the error of radiometric determination can be lowered to shares of a

percent. To measure a-activity of samples with a large content of TPE, it is expedient
to use the methods of a-counting, which are not highly sensitive, but have other prior-
ities, i.e., they are simple, express, and highly precise. For example, it is possible to use
a counting device with a small solid angle, which lowers the counting coefficient, thus
excluding the necessity to dilute the solution before determination. One such device,
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FIGURE 1. Alpha-spectrum of Am + Cm mixture, being measured by *‘immersed’’ detector.

described in the literature,?**® with the SCD sensor, allows determination of ?*'Am,
when its content in solution is ~10™* mg/m/{, the precision being equal to ~0.3%.
Recently, it has been suggested to use the “‘immersive’” SCD for determination of a-
activity of highly active solutions.???-3°* A silicon semiconductor detector in a stainless-
steel cover®® or in a glass tube®® is inserted directly into a solution containing TPE.
The detector registers a-particles contained in the thin layer of the solution adjoined to
its surface, the thickness of the layer being determined by a range of a-particles. For a
certain solution the volume, from which a-particles are registered, is constant, there-
fore the value of counting is proportional to the concentration of the substance with
a-radiation. Thus, the possibility of an error in measuring the volume of a sample is
excluded and the measurements become much simpler. The counting efficiency of such
a detector does not exceed 1%. Such an efficiency combined with modern electronic
apparatus allows measurements to be carried out directly in technological solutions
containing macroamounts of americium, curium, and other TPE. If the signal of the
detector is given to the multichannel analyzer, a specific a-spectrum of the solution can
be obtained (Figure 1), on which the value of each step is proportional to the intensity
of a-particles with a certain energy. The energy resolution of such an a-spectrometer
can reach 20 keV,*°! j.¢e., not worse than that of a common a-spectrometer with a SCD.
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FIGURE 2. Alpha-spectrum of the Am + Cm mixture, being measured by ordinary alpha-spectrometer (a)
and by alpha-gamma-concidence spectrometer (b). The Am to Cm ratio is equal to 1 - 104,

The presence of nonvolatile macroadmixtures in a solution practically does not effect
the measurements with the immersed detector: thus, it is possible to determine ameri-
cium and curium if they are both present in solutions containing NaNO; up to 7 M.?%

In the case of highly radioactive solutions, the usage of the method of a-y-coinci-
dences, which allows neutralization of the disturbing influence of the nuclide with a
great activity or with a close energy of a-particles, is possible. The spectrometer of a-
y-coincidences has an additional detector of y-radiation, which “‘allows’’ registration
of those a-particles, which are emitted simultaneously with y-quanta of a certain en-
ergy. As a result, the counting of the a-radiation of the disturbing nuclide is essentially
suppressed (e.g., when the content of 2*Am is measured, the counting of a-radiation
of #*4Cm is suppressed) (Figure 2).3°* If this method is used to measure the absolute a-
activ\ity of a pure TPE isotope, the error can reach 0.1 to 0.2% 293298

\

2. Measuring of Beta-Activity

Among the usual TPE isotopes, only °Bk disintegrates with the emission of mainly
B-particles (the branch of a-decay of ***Bk makes only 1.45-107%). Measuring of soft
B-radiation of berkelium (E, = 124 keV) presents a serious problem, especially in the
presence of admixtures. To measure pure **°Bk preparations, a proportional flow
counter or an LS meter is often used, the limit of detection being equal to several Bq
in a sample. However, the use of an LS counter is complicated by the fact that most
substances quench relatively weak scintillations induced by g-particles of **Bk. That is
why it is necessary to make a preliminary determination of the dependence of the count
coefficient on the composition of a solution.**®* When the berkelium concentration is
high, the ““‘immersed’’ silicon detector can be used, which allows to count the total j3-
activity and to measure the f-spectrum. The limit of detection of 2*°Bk in solution by
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the immersed SCD is equal to ~2.10* Bq/m{.*** Due to the difficulties in 2*°Bk deter-
mination through f-activity, the a-spectrometry is often used for that purpose (by
measuring the berkelium e-activity or the a-activity of daughter 24°Cf), as well as other
methods (see below).

3. Determination of TPE by Gamma- and Neutron Radiation Measurements

Gamma-spectrometric analysis of radioactive substances has become widespread due
to the creation of semiconductor detectors of high resolution and multichannel analyz-
ers with the automatic processing of the spectrum. The efficiency of this method de-
pends on several conditions. y-Spectrometry is worthwhile for determination of nu-
clides with a high yield of y-quanta such as ?**Am, 2*Am, **°Cf, 2*’Fm, etc. However,
in technological solutions, determination of those nuclides through y-radiation is often
complicated by the presence of a great amount of y-active fission products. The possi-
bility of the nondestructive analysis of different objects is an important priority of y-
spectrometry. It is necessary to take into consideration the fact that the efficiency of
registration of y-quanta by semiconductor detector depends (nonlinearity) on the en-
ergy of radiation; therefore, thorough calibration is necessary for determination of
absolute activity. On the whole, the y-spectrometric method is convenient for express
analyses in standard conditions, if precise determination is not necessary.

X-ray spectral TPE determination is a variant of y-spectrometric analysis. A specific
peculiarity of TPE, as well as that of other radioactive elements, is the presence in their
y-spectrum of the X-ray radiation, emitted by the excited atoms of the daughter ele-
ments (products of decay). The energy of such radiation lies in the range of 97 to 140
keV (K-line) and 14-27 keV (L-line);'®* for its registration the planar SCD with the
resolution of 0.2 to 0.3 keV is used. Due to the complexity of X-ray spectra and the
proximity of spectral lines, this method is not widespread, however, in some cases it
can be efficient. For instance, X-ray determination of berkelium in californium ac-
cording to the L, -line (~+15.5 keV) allows determination of up to 0.01 ug of 2Bk in 1
ug of californium.3°¢

Many TPE isotopes emit another type of the penetrating radiation, i.e., neutrons.
Neutrons appear at spontaneous fission of heavy nuclei (especially the even-even ones).
Thus, neutron radiation is a specific peculiarity of the elements in the end of the Peri-
odic Chart, while strong neutron activity is a property of TPE isotopes (curium, cali-
fornium, and more heavy elements). Unfortunately, efficiency of registration of simple
neutron counters is not high,?*¢ therefore TPE determination of the neutron activity is
not characterized by a high sensitivity. Besides, to analyze the TPE mixture it is nec-
essary to take into consideration the influence of other a-active nuclides, which create
an additional flow of neutrons by reactions of the (a, n) type on light nuclei. It was
suggested to use counters of neutron-neutron coincidences.?°’-*°® They neutralize the
background of (a, n) reactions and allow identification of separate neutron-active nu-
clides through their specific characteristic — the average number of neutrons per fis-
sion. In such a way, **Cm can be determined with the error of 1 to 2% and the limit
of detection of 3.1073 ug.3°*

C. Other Physical Methods
1.X-Ray Fluorescence

The fluorescence yields of K-level for TPE (Am-Es) are about 97.2%.°* This radia-
tion in the range of 100 to 140 keV can be used for TPE determination with the help
of spectrometer with semiconductor detector, however, the y-radiation of TPE and
radioactive admixtures presents a serious hindrance. When the diffraction X-ray spec-
trometer is used, TPE are usually determined through the L-series (14 to 25 keV), but
in this case the limits of detection are also high due to the background evoked by the
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source of spectrum excitement (the X-ray tube). Therefore, it was suggested®'® to use
M-series for X-ray fluorescence determination of americium (from 3.4 to 3.6 keV),
where the background from the X-ray tube is essentially lower. (The peak to back-
ground ratio of M,-line is 30 times greater than that of L.-line). Limit of detection of
americium reaches 0.046 ug, if they use M-lines, while it is equal to 0.93 pg in the
determination of L-lines.?!° The relative yields of X-rays of M-series for Am have been
determined in the literature.!!

Special spectrometers have been developed for X-ray fluorescence determination of
heavy elements, including TPE, directly in solutions with a high content of radioactive
substances (up to 4.10'2 Bq/1). Two types of spectrometers are described: the crystal-
diffraction spectrometer (LiF)*'*3'* and the spectrometer with a semiconductor silicon
detector.?'* Characteristic radiation of the determined elements is exited by the braking
spectrum of the X-ray tube with a tungsten or a palladium anode. A special protection
of the detector from both the diffused radiation of the source and the y-radiation of
the sample is used. The error of concentration determination does not exceed 1%, and
the ratio between concentrations of the neighboring elements may reach 10.

2. Mass Spectrometry

The mass spectrometry method is used for determination of isotopic composition of
TPE, and for the determination of the content of those elements in the analyzed ma-
terials. That is one of the most sensitive and selective methods, which demands, how-
ever, complex and expensive technique. The content of some other elements (actinides,
lanthanides, etc.) is determined simultaneously with TPE, however, the quantitative
interpretation of the results demands the knowledge of the ionization coefficients of
the determined elements in certain concrete conditions.

Methods of TPE and other elements determination in samples of uranium, pluto-
nium, americium, curium, berkelium, and californium have been developed.®!s-3!®
When the MI-1311 mass spectrometer with a three-ribboned ion source is used, the
mass of the analyzed sample makes 0.1 to 10 pg. The limits of detection of americium
in curium, americium, and curium in berkelium and californium are equal to ~1 ng;
the error of determination makes 10 to 20%. Simultaneously, lanthanide impurities
(on the level of 0.1 ng) and their isotopic composition can be determined.

Mass spectrometric analysis of nanogram amounts of americium and curium can be
carried out with the help of a special system of mass spectrum registration, based on
counting of separate ions and multiple scanning.**® This method is used for determi-
nation of isotopic composition of americium and curium in the irradiated nuclear fuel,
where the content of those elements makes 107 to 1073%. However, it is necessary to
preliminarily separate americium and curium from other actinides, since the presence
of even relatively small quantities of heavy plutonium isotopes can strongly distort the
result. The relative error of isotopic content determination makes 5 to 10%, the sample
mass being equal to 0.01 to 0.1 ng, and 1 to 2%, the sample mass being equal to 1 to
10 ng.

3. Neutron Activation

The neutron activation analysis is known to be one of the most sensitive methods of
the analysis. It is usually used to determine microimpurities of the nonactive elements
through the y-activity of the short-living isotopes, formed by (n,y)-reactions during the
irradiation of natural isotopes by a high flow of neutrons. However, it can be useful
for determination of radioactive elements as well, if the neutron irradiation of the
initial nuclides leads to the formation of short-living isotopes, characterized by an
intensive y-radiation. Thus, for instance, neutron activation methods of #**U determi-
nation through daughter ?**U and ***Np?** or 2*’Np determination through the daughter
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338N p321-322 gre well known. Due to the fact that neutron irradiation of heavy elements
causes the formation of fission products, one of the main problems is the choice of the’
analytical y-spectral line which is not affected by the disturbing lines of the fission
product nuclides.

Among TPE, the neutron activation method was used for 2*°Bk determination.?** As
it was indicated above, **°Bk decay gives the emission of f-particles with a low energy,
therefore it is impossible to radiometrically determine small quantities of berkelium in
the mixture with other TPE, due to the disturbing influence of a-radiation. It is known,
however, that neutron irradiation of ?*°Bk forms 2*°Bk, an isotope with the half-life of
3.32 hr and an intensive y-radiation. The cross-section of the thermal neutrons cap-
ture of the 2**Bk isotope is quite great (1400—1700 barns), so this method is considered
to be highly sensitive for berkelium. For ***Bk determination in a mixture of
curium, berkelium and californium, the measurements are carried out along the *°Bk
y-line 989 keV, since in that area the disturbing influence of the fission products activ-
ity is the smallest. If the sample irradiation is carried out by the neutron flow of 1.10%
n/cm?/sec for 3 hr, the limit of detection of *°Bk is equal to 4 ng; the sample can
contain hundreds multiple quantities of californium and curium.

4. Emission Spectroscopy

The method of emission spectroscopy is an express one, its sensitivity is similar to
that of the mass spectroscopy method. In TPE analysis this method is used mainly for
determination of the nonactive impurities. The direct spectrographic analysis (with the
usage of the alternating current arc) allows determination of 16 contaminant elements
(Al, Si, Cd, B, Na, Ca, Mg, Ni, Cr, Fe, Ce, Pr, Nd, Sm, Eu, Id) in americium, curium,
berkelium, and californium samples on the level of 107 to 107%, the sample mass
being equal to 0.2 mg.*** If the impurities are separated from TPE before determina-
tion, the limits of detection are 6 to 5 times lowered and it becomes possible to deter-
mine Li, K, Rb, Cs, Sr, Ba, Be, Y, La, Mn, and Co as well. The error of spectrographic
determination makes 4 to 20%.

The method of emission spectroscopy is seldom used for determination of TPE
themselves, though the emission spectra of americium, curium, and other TPE in ma-
croamounts have been thoroughly studied in recent years.??*-3?® In most cases other
methods of analysis (radiometrical) are considered more sensitive and precise, there-
fore the development of the emission spectral methods does not seem advantageous.
However, in some cases, for instance, for determination of microamounts of ameri-
cium in curium, the application of the emission spectral method is expedient. The
direct radiometrical determination of americium in curium is complicated by the essen-
tially greater specific activity of curium isotopes (see Table 10), and it is necessary to
either separate curium, or to use other method. One of such methods is spectrographic
determination of americium with the help of a hot hollow cathode.?** A nitric acid
solution, containing to 100 ug of curium, is inserted into a carbonic hollow electrode
and after drying the emission spectrum is taken in a helium atmosphere. Americium is
determined according to the spectral line of 351. 013 nm. The limit of detection of
americium is equal to 0.1 ug; the error does not exceed 25%. The shortcoming of the
method is the dependence of the intensity of the americium line upon the curium con-
tent.

5. Luminescence

Methods of transuranium elements (neptunium, plutonium) determination with the
help of luminescence in solid crystallophosphorus are distinguished by extremely low
limits of detection (several nanograms) and by a high selectivity.**°-3*2 It was shown?*?
that the luminescence of Cm?>* ions can be observed directly in solution, if laser serves
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an exciting source. The peak of Cm?** luminescence is located in the visible part of the
spectrum (593 nm); the quantum yield is equal to ~0.5 in D,0O and 0.03 in H,0.?*** The
authors have theoretically calculated that the minimum curium concentration detected
in aqueous solution can reach 0.1 ng/m/{, if luminescence is exited by a nanosecond
laser and registration is carried out by counting the photons. A device of that type is
described in the literature.®** It is necessary to mention that this method is not useful
for determination of the other TPE, since their luminescent radiation is located in the
infrared part, and the sensitivity of determination is much lower.

D. Chemical Methods
1. Coulometry

Coulometry is one of the most perspective methods of TPE determination. It is
characterized by high selectivity, sensitivity, and precision. Coulometric methods are
easily automatized and measurements can be carried out from a distance. Coulometry
is one of the few absolute methods of analysis which do not demand standards for
calculation of the quantity of the determined substance. One of the directions of this
method, i.e., coulometry with a controlled potential, has been most successfully devel-
oped in the analytical chemistry of TPE. If the most perfect technique is used, the
error in TPE determination can reach several hundredths of a percent.3?s-3%

The coulometric determination demands the presence of reversible couples consist-
ing of the ions of the given element in two different oxidation states. Nowadays such
couples as Am(VI)/Am(V), Am(IV)/Am(III), and Bk(IV)/Bk(III) are used for coulo-
metric determination of TPE. There are other couples which can also be used, i.e.,
Cm(IV)/Cm(111), Cf(IV)/Cf(1I), Md(III)/Md(1I), and No(I1I)/No(II). In addition,
methods of indirect coulometry are being developed, where an electrochemical couple
of ions of the element, which is not determined, is used, but which is equivalently
substituted from the complex coupound by the ions of the element under determina-
tion. The indirect coulometry secures the high precision of determination, but it has
no selectivity, since the substituting ability of any TPE ions of the same valency is
similar. .

The recently developed well-known methods of coulometric TPE determination are
given in Table 11. If the direct coulometric determination is used, the error in the
analysis considerably depends on the stability of the ion of the determined element in
the highest oxidation state. In the case of TPE determination an additional error ap-
pears due to the formation of the products of solution radiolysis, which reduces a part
of ions during electrochemical processes. To eliminate this error in the methods of
berkelium?®® and americium?®*’ determination, special corrections were made, however,
the general error in determination was rather high. Due to the same reason, americium
determination using the Am(VI1)/Am(V) couple in sulfuric acid solutions in the pres-
ence of curium is complicated.??*?-3*® This difficulty is eliminated when the determina-
tion is carried out in phosphoric acid solutions,?*® since the formation of the reducing
products of the a-radiolysis in them is negligible.?*$ Neither the hundreds-fold quan-
tities of most of the stable elements, including lanthanides (except cerium), nor the
commensurable quantities of other TPE and plutonium, interfere to determine ameri-
cium in the phosphoric acid aqueous solution. -

The coulometric methods of americium determination with the use of the Am(IV)/
Am(III) couple are extremely selective.?-*4!-342 This determination can be carried out in
aqueous solutions of potassium phosphotungstate K,,P.W,,0¢, (PW), sodium carbon-
ate, and in phosphoric acid acetonitrile solution, where Am(III) is easily electrochem-
ically oxidized to Am(IV). Am(IV) is especially stable in PW solutions, therefore, in
this case even the tenfold excess of curium does not interfere to determine americium.
Other elements (including Pu, Ce) oxidized in those conditions also do not interfere
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since they are not reduced when Am(IV) is reduced at the anode potential 1.17 V. A
shortcoming of this method is the necessary limitation of the amount of the determined
americium (not more than 70 to 100 ug), connected with the limited solubility of the
PW reagent. Therefore, other methods of americium determination with the use of the
Am(1V)/Am(III) couple, given in Table 11, which are not yet thoroughly developed,
seem to be rather perspective.

The indirect coulometric method of americium determination®#-3** is based on the
substitution reaction of Hg?* by americium from its complex with EDTA: Am** + Hg
EDTA — Am EDTA + Hg?*. Then the mercury ions are being reduced on the mercury
cathode up to the state of metal, the spent amount of electricity being proportional to
the amount of americium. However, the high precision of this method (0.1 to 0.2%)
was obtained when relatively large amounts of americium were determined (300 to 800
ug). Many impurities interfere in the determination of americium, i.e., the ions of
metals, which substitute mercury from its complex with EDTA (3- and 4-valent cat-
ions, several 2-valent cations, which form stable complexes with EDTA), and anions,
which form stable complexes with Am?* (citrate, fluoride, etc.). On the other hand,
this method is universal and can be used for determination of any TPE, including those
which do not have reversal electrochemical couples convenient for the direct coulome-
tric determination. This method (with some variations) has been used for precise deter-
mination of the quantity of 2*Cm during the measuring of its half-life.?**

2. Spectrophotometry

Spectrophotometric methods are traditionally used in analytical chemistry for deter-
mination of the content of elements in solutions. The determination methods, based
on the measurement of the absorption spectra of the aqueous solution of mineral acids
are more selective, especially in the case of TPE, with their characteristic narrow bands
of the f-f transition. Another group of methods is based on the measuring of light
absorption of the colored complex compounds, formed in the presence of the organic
reagents. Those methods are usually characterized by very low limits of detection, but
they are less selective, since the analytical absorption bands belong to the organic part
of the complex.

The detailed data on the absorption spectra of TPE ions in various oxidation states
in aqueous solutions are given in monograph.*? The Am?®* ion absorption band, which
lies in the area of 503 nm, is usually used for Am determination in solutions in the
presence of curium and other TPE. The minimum concentration of americium detected
by this method is equal to ~2.10"% M (when the usual laboratory spectrophotometers
are used). The characteristic absorption bands of americium ions in other oxidation
states are used for the study of the kinetics and the equilibrium of the redox reactions
in solutions. The Am?®* and Cm?* ions with the arsenazo III reagent form colored com-
plexes with very high coefficients of extinction ~10% M! cm™ in aqueous and alcoholic
solutions, which correspond to the limit of detection equal to 107 M.,34¢

Recently, new data has been obtained on the 3- and 4-valent TPE ion absorption
spectra in H;PO,, PW solutions,%-122:127.347 an in solutions of other inorganic acids.'?’
which can be used for their quantitative determination. The use of phosphoric acid
solutions for Am determination according to the absorption band of 503 nm of Am**
is essentially more convenient than the use of HNO,, H,SO,, or HCIO, solution, since
the extinction coefficient of Am** in H,PO, solutions is considerably higher than that
of solutions of other mineral acids (it is equal to 505 M cm™') and does not depend
on H;PO, concentration in the range of 3 to 13 M.**? The limit of detection of Am is
considerably lowered, if the intensive Am**-ion absorption is used for its determination
in the blue part of the spectrum.® Reference 349 gives the description of americium
oxidation to Am(IV) in 1 M HNO; solution containing 0.004 M PW, with the help of
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the mixture of ammonium persulfate and silver nitrate, as well as the measurement of
the optical density of the solution at 500 nm. The limit of americium detection is equal
to 8.10% M (2 ug/mf); the error of determination of 220 ug/mf Am does not exceed
2% in the presence of the equal quantities of curium and the tenfold quantities of La,
Ce, Eu, Zr, etc.

It should be mentioned that in recent years one more way of lowering the limits of
detection of elements by spectrophotometric methods has been successfully developed.
It is based on the improvement of the measuring technique. It is shown?®*° that the use
of a spectrophotometer with a low noise level and a high-quality detector permits meas-
urement of jon concentrations with extinction coefficients of 50 to 300 M 'cm™* on the
level of 107 to 1077 M. In this case the limit of americium detection according to the
absorption band of 503 nm of Am?®* in 3 to 13 M H,PO, is equal to ~1.107 M, and
the limit of berkelium detection according to Bk(IV) absorption at 393 nm in HNQ,**®
is equal to 8.10"* M. When the laser spectrophotometer combined with *‘thermal len-
ses’’ method is used, the limit of Am?**-Cf** ions detection can be lowered to 2.107° to
1077 M, according to Reference 333.

Colored reaction of Am?®* with arsenazo III is used for extraction-photometric amer-
icium determination.?** Americium (III) is extracted by diisoamylsulfoxide from nitric
acid solution and is determined directly in the organic phase adding arsenazo III. This
method allows elimination of the interfering influence of some ions, including lanthan-
ides (except europium). Americium to 0.1 ug can be determined with the error <2%.

3. Titrimetry

Usually two main types of titrimetric methods are used for TPE determination, i.e.,
the complexometric titration (the 3-valent ions) and the redox titration (the ions in the
highest oxidation states). It has already been mentioned above that EDTA are used in
indirect coulometric methods of americium and curium determination.?!5-34334¢ Up to
1 mg of americium and curium can be determined by the direct complexometric titra-
tion of Am?** and Cm?** with the EDTA solution, the error being equal to ~1.4 ug.?*?

Methods of determination of microgram amounts of Am and Cm by titration with
a solution of DTPA have been developed.3*33%* By potentiometric indication of end
point, the determination error is ~2%; by spectrophotometric indication it is 0.5% .2s3
In another version of this method, an electrochemically generated complex of Fe(II)
with DTPA serves as a titrant, permitting analysis with the help of an automatic cou-
lometric titrator.?s® The determination error of 20 to 200 ug of americium is about 3 to
50 354

The method of complexometric titration of 3-valent TPE is not selective, and in the
case of a mixture of curium and americium, it gives a total content of both elements,
and in the presence of lanthanides it helps determine the total quantity of TPE and
RE. If TPE content is determined by any other method (e.g., radiometrically), the
content of the nonactive impurities in the analyzed sample can be calculated from the
difference. For instance, this method was used to determine the neodymium impurity
in the solution of americium and curium with the error of 0.4% .33

Spectrophotometric titration is used for the quaitative determination of americium
(VL V,III) when they are jointly presented.?*¢ Titration is executed in nitric acid solu-
tion. First, Am(VI) is titrated with standard solution of NaNO., and the end of titra-
tion is detected by the change of optical density under 996 nm [Am(VI)] or 717 nm
[Am(V)]. In this case:Am(VI) is reduced to Am(V), which is stable in these conditions.
The total amount of Am(V) is titrated by the solution of U(IV), which reduces Am(V)
to Am(III), and from this content of Am(V) in the original sample is calculated. The

americium (III) content at the end of titration is found from the optical density of 813 -

nm. The determination error is 2 to 3% if the americium concentration in the solutions
is ~6.107* M (1.5 mg/mf).
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IV. DETERMINATION OF TPE IN SELECTED SAMPLES

A. Environmental Samples

Due to the nuclear weapons testing and the development of nuclear energetics, ra-
dioactive elements penetrate into environmental objects (natural waters, air, various
living organisms, etc.). Among them are TPE isotopes, the most active ones being
241Am, 22Cm, and >**Cm. However, the most dangerous are the long-living nuclides of
#3Am and the heavy curium isotopes, the relative activity of which is increased with
the decay of the short-living nuclides.

The TPE content determination in the objects of the environment is a difficult task
due to their low content and the interference of the other a-active nuclides (mainly
plutonium isotopes). Recently, a number of schemes of americium and curium sepa-
ration and determination have been developed, with the use of different methods of
separation and concentration, such as ion exchange, extraction, and coprecipita-
tion,193.196.197.271.295.357.358 The final determination is carried out by the radiometric
methods, mainly a-spectrometrically, though the liquid counting is also used.** The
limits of detection of americium and curium with the use of those schemes usually
make ~10™* Bq/£ (or 1 g of the sample). The accuracy of determination of such meth-
ods does not exceed 10 to 15%, which is sufficient in the framework of the task. Three
main tasks should be solved in TPE determination: (1) TPE preconcentration, (2) TPE
separation from the interfering a-active nuclides, and (3) TPE separation from the
nonactive impurities, which make the quality of a-spectrometric targets worse. Precon-
centration is usually carried out with the help of the coprecipitating methods using
precipitates of hydroxide,?*3-1?6-*97-27t bismuth phosphate,**® barium sulfate,’s’ and cal-
cium oxalate.'®’ The ion-exchange methods,?3-4%7:271.358 55 wel] as the extraction meth-
ods,1%7-295.357 gre used for separation from radioactive impurities. HDEHP and TOPO
are often used as extractants, and recently dibutyl- N, N-diethylcarbamoylphosphonate
(DDCP) has been suggested for this purpose.'*’ The efficient method of separation
from the nonactive impurities, based on the selective elution of americium and curium
from anionite by alcoholic HNO,; or HCI solutions, has been used in a number of
methods-l93.l96.l97

Methods in which the lowest limits of detection are achieved include several stages
of preconcentration and purification. For example, a method!*” combines coprecipi-
tation with Fe(OH), and CaC,O,, purification on cationite and anionite, extraction by
DDCP, and final purification on anionite by HNO; solution in methanol. Total yield
of americium and curium makes 70 to 100%, and the limit of detection for samples
with the mass to 100 g or volume to 200 £ reaches ~107¢ Bq/1.

If the TPE activity measurement is carried out not alpha-spectrometrically, but with
the help of the liquid scintillator, the methods can be made considerably easier. Thus,
it was suggested to use extraction LS containing nonylphosphate?*® for determination
of total americium and curium content in biological samples. After the sample is de-
composed and TPE are concentrated, plutonium is separated by HDEHP extraction,
and then Am + Cm is extracted by LS and their activity is measured. The limit of
detection in this method is ~107* Bq/g. '

B. Nuclear Fuel

Americium and curium are formed in the nuclear fuel in very little quantities (about
0.1 mg/g) when atomic power stations work.??* When the reprocessing of nuclear fuel
is going on, americium and curium usually remain in the waste solutions, and the
question of the expediency of the separation from those solutions is solved according
to several factors, including their content. Besides, it is important to take into consid-
eration the isotopic composition of americium and curium as well, since the danger of



15:35 17 January 2011

Downl oaded At:

Volume 15, Issue 4 387

radioactive wastes at long storage depends on the content of the long-living nuclides
(**Am, ***Cm, **¢Cm, etc.).

Usually, the a-spectrometric method is used for the analysis of nuclear fuel, which
allows determination of **!Am, ?*Am, >*Cm, and 2**Cm. According to methods,?*?
uranium and plutonium are separated by the double extraction of HDEHP from nitric
acid solution, then TPE are sorbed on the disks of sulfurized polystyrole from the
remaining aqueous phase, and the a-spectrum is measured. The error of determination
makes ~30%, the 2**Cm content in solution being equal to ~0.6 ng/m{ (~2-10°
Bq/1).

238py influence on americium determination is most interfering. It emits a-particles
with the same energy as **'Am does. Reference 359 gives the comparison of four meth-
ods of 2*'Am determination in the presence of plutonium: e-spectrometry, y-spectrom-
etry, isotopic dilution with a-spectrometric ending, and isotopic dilution with mass
spectrometric ending. It is shown that the simple a-spectrometric method based on the
comparison of the a-spectra of the initial solution and the purified plutonium gives the
results which coincide with the results of other methods. The error of 2**Am a-spectro-
metric determination in the presence of plutonium makes ~1%.

Mass spectrometric methods give the most complete information on the content of
TPE isotopes in nuclear fuel, and the method of isotopic dilution with mass spectro-
metric ending is often used for the exact determination of the absolute content of
elements (sometimes a-spectrometric data are involved). It is important that mass spec-
trometric analysis helps determine the content of heavy curium isotopes, which are not
discovered by the a-spectrometric methods. One of the most sensitive methods®'® uses
the systermn of mass spectrum registration, based on counting separate ions and multiple
scanning. TPE are preliminarily separated from uranium, plutonium, and other ele-
ments present in nuclear fuel. The limit of detection of americium and curium isotopes
is 0.01 mg, and the error of determination (on the level of the limit of detection) is
equal to ~10%. Such limit of detection for **3Cm and 2*Cm isotopes corresponds to
the activity of 0.05 to 0.1 Bq, which is comparable with the sensitivity of radiometrical
methods.
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