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SUMMARY
The extracting ability of B-diphosphoramides of the type R-N[P(O)(NMe2)2]2

with R=-CH3 (NIPA), -C12H25 (ODIPA), or -C^H^ (OHDIPA) for metal ions
such as lanthanides, uranyl, and the transuranium elements Am(III) and Pu(IV) has
been studied. Extraction yields depend on the nature of the ligand, the organic
diluent (nitroinethane, kerosene, tert-butylbenzene), the concentration of nitric acid
in the aqueous phase, and the ligand-to-metal ratio, Q.

The results show that the bidentate phosphoramides are very efficient
extradants for all of the metals studied, even at low ratios Q. The presence of
nitric acid generally enhances the extraction yields. On the other hand, selectivity
is rather poor with these ligands.

A particular effort has been made to determine the nature of extracted species
by NMR spectroscopy.

1. INTRODUCTION
Organophosphorus compounds have attracted considerable interest as extracting agents

for a large variety of metal ions from their aqueous solutions and have proved to be especially
efficient in the separation and purification of actinides, lanthanides, and other polyvalent ions1.
Amongst these, neutral ligands including the phosphoryl group P=O are of special importance
for industrial processes, the most widely used extractants of this type being tri-n-butylphosphate
(TBP) and tri-n-octyl phosphine oxide (TOPO).

The very polar character of the phosphoryl group enables these ligands to compete
favourably with water and to replace the latter in the primary solvation sphere of the metal
ions to be extracted, forming thereby hydrophobia species readily soluble in the organic solvents
used as diluents for the extradant. These monodentate ligands, however, suffer often from
the drawback of not being able to extract metals from highly acidic media. This is due either
to protonation of the ligand which leads to a reduced coordinating ability, or to an insufficient
solvating power in the presence of a large excess of coordinating anions, or to complex formation
between the extradant and the mineral acid in the organic phase diminishing thereby the
quantity of ligand available for metal complexation2.

In some of these cases, the use of bidentate or polydentate Organophosphorus ligands has
proved to be advantageous, because of their increased coordinating power, when compared to
their monodentate analogues, due to chelate formation. The influence of the structure of the
unit linking the P=O groups together and of the substituents on the phosphorus atoms on the
results of metal extraction has been emphasized in several publications5»-.

In our experiments we have used ligands of the general formula R-N[P(O)(NMe2)2]2, R
representing an alkyl chain of variable length. Longer chains diminish the solubility of the
ligands in water and therefore facilitate the recovery of the comoounds after stripping. The
ligand NIPA (R= -CHS) serves as a model compound.

In this paper, we report the results of extraction studies of lanthanide ions, the uranyl
ion, and some transuranium actinides with the ligands nonamethylimidodiphosphoramide
(NIPA), octamethyldodecylimidodiphosphoramide (ODIPA, R= -C12H2S), octamethyl-
hexadecylimidodiphosphoramide (OHDIPA, R= -C16HM) dissolved in nitromethane, kerosene,
or tert-butylbenzene as diluent, in the presence of NO3* ions. The analysis of the organic
phases by proton and S1P NMR and comparison with spectra obtained from complexes prepared
in the solid state allowed us to ascertain the structures of the extracted species.



2. EXPERIMENTAL
Synthesis of the ligands. NIPA has been synthesized following a method described in

the literature,4-5-6 The synthesis of ODIPA follows essentially the same procedure, with original
modifications developped in our laboratory.7

Synthesis of the complexes. The solid complexes of the metal cations studied have been
prepared starting from the hydrated metal salts (perchlorates, nitrates), dissolved in an alcoholic
solution of tîimethyl- or triethylorthoformate as dehydrating agent, by addition of a slight
excess of the ligand NIPA.8-9-10

Extractions. Lanthanide extractions have been carried out at 20°C by shaking 10 ml of
the aqueous metal salt solution (2.10'2 M) for 5 min with an equal volume of a solution
containing the ligand dissolved in the organic diluent. The aqueous phases have been analyzed
by complexometry with EDTA before and after extraction.

In a similar manner, 20 ml of the 3.10'2 M uranyl salt solution have been contacted with
10 ml of the ligand solution. The uranyl concentrations before and after extraction have been
determined by fluorimetry or ICP emission spectrography.

The extractions of 239Pu(IV), 241Am(III), 144Ce(IH), 148Pm(III), and i5*Eu(III) at tracer
scale levels have been carried out using very small volumes of organic solutions, in order to
reduce the consumption of the ligand ODIPA. Typically this volume was comprised between
0.15 and 0.8 ml. For each experiment Vo^V^. The phases were mechanically mixed during
1 hour and then separated by centrifugation. Aliquots of the organic or aqueous solutions were
withdrawn for counting in duplicate. Nuclear measurements were made using either a Nal well
counter (COMPUGAMMA, LKB) for 239Pu and 241Am or a Ge(Li) crystal detector connected
to a 4K analyzer for gamma spectroscopy. The following gamma rays (in keV) were used for
the determination of E: 59(241Am), 123(1MEu), 133(144Ce) and 551(148Pm). Experiments
involving the mixture of 241Am and Ln(III) nuclides were carried out with all the nuclides
present in the same test tubes.

The results of the extraction experiments will be discussed in terms of the distribution
coefficient, E, and the yield of extraction, R, defined as follows:

E = (mrmf)/mf.Vaq/Vorg 0)
R = (mrmf)/nii. 100 (2)
where the variables have the following meaning:
mj : initial mass of Mn+ in the aqueous phase
mf : mass of Mn+ in the aqueous phase after extraction
Vorg : volume of the organic phase
Y», : volume of the aqueous phase
The two parameters are related by eq 3.
E = R/100 . (mi/mf) . (V^/V^) (3)
E becomes equal to the thermodynamic distribution coefficient P for very dilute solutions

of metal and ligand, for whicn the concentrations approach the activities of the solutes.
The variable Q is the ratio of the number of moles of ligand in the organic phase and

the number of moles of metal in the aqueous phase before extraction, Q=nligBnd/nmetal.
NMR measurements. 31P{1H} spectra have been taken either on a BRUKER WP 80 or

an AM 400 apparatus, working at 32.442 and 161.98 MHz respectively, both equipped with
temperature control units. All proton spectra have been recorded on the WP 80 spectrometer
at 80.13 MHz. Chemical shifts are reported with respect to external H3PO4 (85% in D2O) for
31P spectra or internal TMS for proton measurements.

3. RESULTS
1. Extraction of lanthanide(III) ions.
1. Extraction of lanthanide(III) perchlorates by NIPA/nitromethane

The results stemming from measurements of the extraction yields R as a function of Q
lead to the following conclusions:
i) extraction yields increase strongly as Q is raised; ii) for Q=I and Q=2, extraction yields are
close to the maximum theoretical values if we consider that the extracted species include three



ligand molecules, [M(NIPA)8]
3+. The analysis of extraction solutions by NMR spectroscopy

confirmed this assumption; Hi) R increases along the lanthanide series, a discontinuity ocurring
at the level of gadolinium (half-filled f-shell). The approximately continuous variation of R
along the series agrees with the observation that electrostatic interactions between ligand and
cation are dominating and that the ionic radius decreases regularly from Laz+ to Lus+; iv)
NIPA is a powerful extracting agent in nitromethane solution.

o
')

La
Ce
Pr
Nd
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

Q=l

32.1
32.9
30.1
34.0
32.8
32.1
32.2
26.0
29.0
28.2
27.0
27.5
33.3

Q=2

52.5
54.9
58.0
60.1
61.2
60.5
64.7
61.5
64.0
64.5
67.2
66.0
67.5

Q=3

68.5
71.0
72.0
79.1
79.9
79.2
85.1
83.0
84.0
85.0
86.8
88.0
94.0

Q=4

80.5
82.8
87.1
90.2
90.0
88.5
96.0
93.6
94.0
95.2
96.4
97.2
>99.7

Table 1. Extraction yields, R, of lanthanide(III) perchlorates by NIPA dissolved in
nitromethane for different ratios Q.
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From the study of the extraction yield as
function of Q and the concentration of added
nitric acid, several conclusions can be drawn:

i) for a given HNO3 concentration, an
increase in Q leads to an increase in R;

ii) R increases strongly when the extraction
is performed in the presence of nitric acid.
Very good yields are obtained for relatively
low HNO3 concentrations (-0.75 M). Yields
are optimal for Q=4 and 3 M<c(HNOs)<3.5
M as shown on fig 1.

Figure 1. Extraction yields of La(III) by
NIPA/nitromethane as a function of HNOS con-
centration for different ligand-to-metal ratios Q.
3. Extraction of lanthanide (III) perchlorates by ODIPA/nitromethane

Extraction yields are better in this case than those observed with NIPA as extractant.
4. Extraction of lanthantde(HI) nitrates by ODIPA/nitromethane

The extraction yields for Nd(III), Gd(III), Ho(III), and Yb(III) nitrates are lower with
ODIPA in nitromethane (Q=3) than those found for the perchlorate salts; moreover, the yields
are nearly constant along the lanthanide series. The addition of nitric acid to the aqueous phase
improves the extraction yields significantly.



5. Extraction of lanthanide(III) nitrates by ODIPA/kerosene
The lanthanides are not extracted in the absence of nitric acid in the aqueous phase. A

study of the Nd(III) nitrate system shows that the extraction yield reaches 97% as soon as the
HNO3 concentration is equal to 0.5 M. The yields level off along the series but increase with
Q. For instance, E is greater than 300 for Q=4 and c(HNO3)=2 M in the case of the Nd(III)
ion. For higher HNO3 concentrations (>3 M), however, a third phase appears consisting of a
solvate between ODIPA and HNO3, insoluble in kerosene.
6. Conclusion

The B-diphosphorylated compounds NIPA and ODIPA are very efficient extradants for
trivalent lanthanides, particularly from solutions containing moderate concentrations of nitric
acid. The selectivity is rather poor when the extractions are performed in the presence of
HNO3.
2. Extraction of uranvl nitrate

1. by NIPA/nitromethane

The results for the extraction of
the uranyl ion from 3.10"2 molar
aqueous solutions containing different
amounts of nitric acid as a function of
the ligand-to-cation ratio Q are shown
in fig 2.

Higher concentrations of HNO3 in
the aqueous phase enhance the extrac-
tion yield significantly, but a practically
quantitave extraction is obtained for
rather low values of c(HNO3) (3 mol/1)
and Q (> 2).

Thw 31P{*H} NMR spectra taken
of the organic phases after extraction
show patterns indicating the presence of
more than one solvation complex. For
Q=3, signals at 28.05 and 27.7 ppm
downfield from the reference (85 %
H3PO4 in D2O) are observed.
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Figure 2. Yields of the extraction of uranyl nitrate
by NIPA/CH3NO2 from aqueous solutions differing
in HNO3 concentration as a function of the
NIPA-to-uranyl ratio Q. c(UO2

2+)i=3.lO-2 mol/1;
t=25°C

At lower temperature these signals split into AB patterns whereas the peak at 27.7 ppm
remains unchanged (fig 3). By comparison with the spectra of pure compounds synthesized as
solid salts11, these signals can be attributed to the complexes [UO2(NIPA)(NO3)2] (I) (singlet),
[UO2(NIPA)2(NO3)]

+, NO3- (II) (AB patterns at 27.8 and 26.7 ppm), and [UO2(NIPA)3]
2-«-, 2

NCV(III) (two overlapping AB patterns at 28.2/25.9 and 27.3/18.9 ppm).



28 22 2O ppm

Figure 3. S1P{1H} spectra of the organic layer after extraction, diluted with CH2C12
(b) and a mixture of complexes I, II, and III in the same solvent (a),
at -75°C.

2. by ODIPA/te/7-butylbenzene and OHDIPA/tert-butylbenzene
In both systems, the uranyl ion is efficiently extracted into the organic phase. For Q>2

and c(HNO3)>1.5 M, the extraction yield is superior to 90%. The ligand ODIPA gives slightly
better results, at low values of Q and c(HNO3), than OHDIPA. The latter is somewhat less
efficient at 3 M HNO3 than at 1.5 M, for ratios of 0.5<Q<2.5, a fact which may be explained
by competetive extraction of HNO3 in this region. As in the case of the lanthanides, these
results confirm the conservation of extracting ability when longer alkyl chains are present in
the diphosphoramide molecules. Ligand-to-metal ratios higher than 4 should be avoided,
however, since third phase formation is observed in this case, probably for the same reasons
as in the case of the Ln(III)/ODIPA/kerosene system.

3. Extraction of transuranium element nitrates by ODIPA/fgrt-butvlbenzene
Because of third phase formation when ODIPA in kerosene or dodecane is contacted

with aqueous solutions of HNO3 (>3 M), all the experiments involving the extraction of Am(III),
Pu(IV), or mixtures of Am(III) and Ln(III) nitrates were performed using ODIPA in
terl-butulbenzene, a solvent which prevents this drawback.
1. Extraction of Am(III) nitrate

As described in the experimental part, the extraction of M1Am was studied at tracer
scale levels. This means that the quantity of ODIPA engaged in the extraction solvates with
Am(NO3)s is negligible with respect to the total amount of ODIPA. The influence of c(HNO3)
on Exnj/mj was studied for a large range of acidities (0.01 to 10 M). Three ODIPA concentrations
in tert-outylbenzene were used: 0.01, 0.05, and 0.1 M. the values of EA,,,̂ ) as a function of
c(HNO3) are presented, as a log/log plot, on fig 4.

The increase in HNO3 concentration induces first an increase in Ej^m) which then
tends to a maximum, followed by a decrease in £̂ (111)- The intensities of the variations and
thus the sharpness of the maximum depend on the concentration of ODIPA. This behaviour
is characteristic for the high affinity of ODIPA for Am(III) nitrate on one hand and for HNO3
on the other; two solutes compete for the ligand ODIPA leading to the shape of the curves
with pronounced maximum.

The high affinity of ODIPA for Am(III) nitrate is evident if we consider that E^m)
reaches 340 for c(ODIPA)=0.1 M and c(HNO3)=2 M. In order to estimate the number of ligand
molecules involved in the extraction of Am(III), the influence of c(ODIPA) on Ej^ni), at
constant HNO3 concentration (5 M) has been studied. The values of E^ni vs c(ODIPA) are



presented as log/log plot on fig 5. The experimental points give a straight line with a slope
equal to 3.4, a value close to 3, indicating that the molar ratio ODIPA:Am(III) in the extracted
solvate is 3.
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Figure 4. Am(III) and Pu(IV) extraction by Figure 5. Extraction coefficient E for
ODIPA/terf-butylbenzene. Extraction coeffi- Am(III) and Pu(IV) nitrates as function of
cient E as function of HNO3 concentration. the total ODIPA concentration in fm-butyl-

benzene.
2. Extraction of Am(III) + Ln(III) nitrates

In order to compare the affinity of ODIPA for Am(III) and the tervalent lanthanides,
experiments have been realized under the following conditions: c(ODIPA)=0.05 M in
tert-butylbenzene; 0.1 M<c(HNO3)<10 M; Am(III), Ce(III), Eu(III), Pm(III) used at tracer levels.
The values of the distribution coefficient EM(ni) are reported in table 2.

C(HNO3) EAm(lll] EPm(III)
(M)

Ce(III) EEu(III)

0.10
0.15
0.55
1.05
2.05
5.00
6.00
8.00
9.95

0.233
0.225
1.140
1.250
0.404
0.012
0.013
0.003
0.013

0.215
0.205
1.060
1.150
0.314
0.022
0.008

0.020

0.145
0.210
1.110
1.170
0.346
0.009
0.007
0.010
0.005

0.228
0.219
0.920
0.940
0.360
0.029
0.014
0.026
0.033

Table 2. Influence of c(HNO8) on the extraction of Am(III) and Ln(III) nitrates by
ODIPA//<?r/-butylbenzene. c(ODIPA)=0.05 M; Vorg=Vaq=0.8 ml; T=25CC.

A similar affinity of ODIPA for all the M(III) nitrates is observed, Am(III) being slightly
more extracted than Ln(III). Distribution coefficients vary for all M(III) nitrates with c(HNO3)
and show a maximum for c(HNO3)=1.05 M. The lack of selectivity in the separation of Am(III)
from Ln(III) was expected for a molecule like ODIPA containing two phosphoryl oxygen donor
atoms.
3. Extraction of Pu(IV) nitrate

The influence of c(HNOs) on the extraction of 2S9Pu(IV) nitrate has been studied using
an ODIPA solution in rert-butylbenzene of low concentration (0.01 M). This value was chosen
in order to obtain a measurable EPu(iv), as the affinity of ODIPA for Pu(IV) is fairly high.
Experimental data are reported on fig 4, together with Am(III) data. For the whole acidity



range investigated (0.5 to 10 M), the affinity of ODIPA for Pu(IV) is high. It increases from
0.5<c(HNO3)<6 M, then decreases slightly for higher acidities. The difference between Pu(IV)
and Am(III) for their extraction by ODIPA is obvious. For example at c(HNO3)=5 M, Epu(iv)
differs from EAm(m) by more than four decades. Moreover, it can be seen on fig 4 that the
abscissa of the maximum of the curve is different for Pu(IV) and Am(III) (6 and 0.3 M
respectively). This can be the sign of some difference in the mechanisms of the extractions of
these ions.

At constant c(HNO3) of 5 M, the influence of c(ODIPA) on EPu(iV) has been studied.
The results are presented on fig 5 together, with the data for Am(III). The experimental data
fit a straight line with a slope equal to 1.03, indicating an ODIPA:Pu(IV) molar ratio of 1 in
the extracted complex. Such a stoichiometry is unusual in the field of Pu(IV) nitrate extractions
by neutral organophosphorus reagents. More data would be necessary to assess such a result.
Nevertheless, this observation seems consistent with the difference in the position of the maxima
of the Pu(IV) and Am(III) curves of fig 4. Fig 5 focuses on the tremendous difference in the
affinity of ODIPA for Pu(IV) and Am(III).
4. CONCLUSION

The results of our study show the remarkable extracting ability of the 8- diphospho-
ramides, combined with a feeble selectivity. The latter drawback is partially overcome in the
presence of sulphate ions. Preliminary results show that NIPA is an efficient extradant for
UC»22+ in sulphate media whereas other cations are completely masked.

The presence of a long alkyl chain on the central nitrogen atom of this type of compounds
enhances the solubility of their complexes in organic diluents such as kerosene or cert-bu-
tylbenzene and facilitates their recovery after stripping. In spite of an increased hydrophoby
with respect to NIPA, the ligands ODIPA and OHDIPA are still quite soluble in water. Therefore
future studies will implicate the use of ligands substituted by longer central or side chains.
The latter type of structural modification might also induce a change in the selectivity of these
compounds.
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