
Coordination Chemistry Reviews. 25 (1978) 133-171 133 
@ Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

AQUEOUS COORDINATION COMPLEXES OF NEPTUNIUM 

S.K. PATIL, V.V. RAMAKRISHNA and M.V. RAMANIAH 

Radiochemistry Division, Bhabha Atomic Research Centre, Bombay, Bombay 400085 (India) 

(First received 25 May 1977; in revised form 14 September 1977) 

CONTENTS 

A. Introduction . _ . . . . . ................ 133 
B. Hydroxide complexes . . . . ................ 136 
C. Fiuoride complexes _ . _ . . ................ 138 
D. Chloride complexes . . . . _ ................ 141 
E. Bromide complexes . . . . _ ................ 143 
F. Nitrate complexes . . . . _ ................ 144 
0. Thiocyanate complexes . . . ................ 148 
H. Sulphate complexes . . . . . ................ 149 
J. Miscellaneous inorganic complexes ................ 151 

(a) Iodide complexes. . . . _ ................ 151 

(b) Iodate complexes . . . . . . * . - * -. . * _ -. * * - 152 

(cl Sulphite complexes _ . . . ................ 153 
(d) Carbonate complexes . . . ................ 153 
(e) Phosphate complexes . . . ........ 5 ....... 154 
(f) Nitrite complexes . . . . . ................ 155 

K. Monocarboxylate complexes . . ................ 155 
(a) Acetate complexes . . . . ................ 155 
(b) Propionate complexes . . _ ................ 158 

(c) Glycolate complexes . . _ ................ 158 

(d) Salicylate complexes _ . _ ................ 158 
(e) Aminocarboxylate complexes ................ 159 
(f) Chlorocarboxylate complexes ................ 159 
(g) Pyridinacetate complexes . _ ................ 159 

L. Dicarboxylate complexes . _ . ................ 159 
M. Polycarboxylate complexes . . ................ 161 
N. Chelate complexes . . . . . ................. 161 
P. General remarks . _ . . . . ................ 164 
Appendix . . . . . . . . . ................ 165 
Note added in proof. . . . . . ................ 165 
References . . . . . . . . . ............. i.. 166 

A. INTRODUCTION 

Neptunium, the first of the transuranium elements, was discover&d by 
McMillan and Abelson [ 13. The aqueous chemistry of neptunium has not 
received much attention until recently as compared to its neighbours uranium 
and plutonium although it resembles them in many of its chemical properties. 
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The inception of the production programme for 238E+u from 237Np has boosted 
the efforts for the recovery of neptunium from the spent reactor fuels f2J _ 
This, coupled with the availability of larger quantities of neptunium, has prob- 
ably generated a fresh interest in the study of the chemical behaviour of nep- 
tunium. The chemistry of neptunium has been recently reviewed by Keller 
131 and by Burney and Harbour [43. In the present review a comprehensive 
discussion of neptunium complexes in aqueous solutions is attempted since a 
large bulk of the data has been accumulated recently. 

(i) Uxidu~io~ states 

Neptunium exhibits five oxidation states (III, IV, V, VI and VII) in aqueous 
solutions and all of them form complexes, of varying stability, with a number 
of ligands. The differences in the complex forming abilities of these ions are 
mainly due to differences in their charge and size. The strong complexing ten- 
dencies of Np(V), Np(V1) and Np(VI1) ions are revealed by the existence, in 
aqueous solutions, of oxycations NpO’,, NpU: + and NpOr or oxyanion NpO$-, 
respectively. These oxygenated ions have a lower charge and larger size com- 
pared to the bare ions which lower their complexing abilities relative to that of 
Np4’. It should be remembered, however, that the actual charges on the nep- 
tunium atoms in the oxygenated ions viz. NpO”,, NpOy and Np0,3’ are in fact 
much higher tban the formal ionic charges of +l, +2 and +3 respectively and 
therefore such ions have a relatively high tendency toward complex ion forma- 
tion [ 51. Thus the complexing abilities of neptunium ions follow the order 
NpfIV) > NpfVI) > NpfV). There is little work on the complex formation of 
Np(IfI) presumably because this ion is highly unstable towards oxidation (E” 
for the Np(III)/Np(IV) couple in 1 M HClO,, is -0.155 V [63). On the other 
hand Np(VI1) is a strong oxidising agent stable mainly in alkaline solutions:and 
is fairly rapidly reduced to NpfVI) in acid solutions f?--lOI _ This instability of 
Np(VII) is the main limitation in studying its complex formation behaviour. 
Even Np(V1) is a moderately strong oxidising agent (E* for the Np(V)/Np(VI) 
couple, in 1 M HCIO, is -1.14 V [S]) but it is possible to maintain it in the 
presence of stronger oxidising agents. Thus it has been possible to investigate 
the complexing bebaviour of Np(V1) with some ligands in the presence of 
oxidising agents such as K2Crz07 and KMnO+ The exceptional stability of 
Np(V) in aqueous solutions as compared to U(V) and I%(V) has enabled the 
study of its complex formation with several ligands. 

In general while studying the complex formation of any metal ion which 
has more than one stable oxidation state the results obtained may be erroneous 
unless care is taken to ensure that the oxidation state does not change during 
the course of the experiment. Peppard has very much emphasised this aspect 
while summarising the proceedings of a solvent e&raction conference [ 113. 
This is particularly true in the case of neptunium and plutonium where several 
oxidation states can be formed by the conversion from one oxidation state to 
another due to the shift in their redox equilibria under a wide variety of ex- 
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perimental conditions. While studying the complex formation of NpfVI) by 
solvent extraction and ion exchange methods, in the absence of any holding 
oxidant, one has to bear in mind the possible reduction of Np(V1). Tracer con- 
centrations of Np(V1) are reduced rapidly and quantitatively to Np(V) [ 121 
and to some extent to Np(IV) [13] by common organic ion exchangers. Sim- 
ilarly NpfIV), in the absence of a holding reductant, was reported to be oxi- 
dized to Np(V) in the presence of some solvent extractits [14]. Even when 
holding redox reagents are present the complexing ligand itself might induce 
the changes in the direction of the redox equilibria and bring about the changes 
in the oxidation state [ 15,161. However, when Np(V) is involved, it is difficult 
to use any redox reagent to maintain its oxidation state. Thus, maintaining 
the oxidation state of the ion whose complex formation studies are being 
investigated throughout the course of the experiments becomes a primary 
criterion for obtaining reliable results. 

(ii) Stability constants 

Several methods are available for studying the complex formation of metal 
ions in aqueous solutions and these methods along with their advantages and 
disadvantages have been described by several authors [ 17-191. It is known 
that the complexes formed in solution are broadly classified as inner-sphere 
and outer-sphere depending on whether the ligand is in close proximity to the 
metal ion or is separated from it by one or more solvent molecules. While most 
methods of determining stability constants do not distinguish between the two 
types of complexes, spectrophotometric methods are capable of making some 
distinction. While changes in the visible spectrum usually detect only inner- 
sphere complexes changes in the UV region may reflect outer-sphere complex- 
ing [Xl]. The determination of the enthalpy and entropy changes accompany- 
ing complex formation also enables one to distinguish between inner and outer 
sphere complexing. For inner-sphere complexing, the hydration spheres of 
both metal ion and ligand are sufficiently disrupted and net entropy and 
enthalpy changes would usually be positive. On the other hand in outer-sphere 
complexes, the hydration spheres appear to be only partially disrupted and 
hence the net enthalpy and entropy changes would be negative [ 21 J . 

(iii) Scope 

In this review the stability constant data for the complexes of neptunium 
ions in different oxidation states, obtained by different methods reported in 
the literature until the end of 1976, are critically discussed. Thermodynamic 
values associated with complex formation, wherever available, are also included. 

Additional evidence.for complex formation in aqueous solution was sought 
Esoin spectral as well as solvent extraction and ion exchange data. It should, 
however, be mentioned that although changes in the absorption spectra of the 
metal ions in the presence of complexing ligand do indicate complex forma- 
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tion, lack of appreciable spectral changes need not necessarily mean that com- 
plex formation is absent 1221. Extraction of the metal ion from an aqueous 
medium containing the ligand into neutral or anionic extractants and metal 
uptake from such media by organic anion exchangers also provides evidence 
for the existence of neutral or anionic metal complexes in solution. Here 
again the data should be carefully interpreted as even though extraction into 
the organic solvent may be taken as evidence for the complex, the lack of ex- 
traction need not mean that such a complex is absent in the solution. Such 
qualitative information is summarized in the Appendix. 

A comparison of the stability constant values of neptunium with those of 
the other actinide ions, in the same oxidation state and obtained under com- 
parable conditions, wherever available, is also made. The cation-cation com- 
plexes and mixed ligand complexes which are also formed in aqueous solutions 
are not included in the present review. Though many carboxylates and other 
organic ligands containing multifunctional groups are known to form chelates 
they are grouped separately for the sake of convenience. 

The nomenclature used by Sillen and Martell [23] is followed in the present 
review. Thus, for the reaction of a metal ion M with a ligand L, ML,_1 + L * 
ML,, the stepwise stability constant is written as K, = [ML,]/[ML,_i] [L], 
while the overall stability constant for the reaction, M + nL * ML,, is ex- 
pressed as fl, = [ML,] / [M] [L] n. The charges on the ions are omitted for con- 
venience. If the complex formation reaction involves a protonated ligand 
species with the resultant liberation of a proton the symbols "K,., and *fl, are 
used 

ML,_r + HL = ML, + H’ 

*K, = lMLlIH+lfEML-11 WLI 
M+nHL*ML,+nH+; *P, = WLI [H+l”/[Ml IHLl” 

B, HYDROXIDE COMPLEXES 

Knowledge of hydrolysis of neptunium ions in different oxidation states is 
very important for all complex formation studies as the hydroxocomplexes 
are the most obvious products in aqueous solutions depending on the experi- 
mental conditions viz., pH, metal ion concentration and temperature. Unfor- 
tunately sufficient attention has not been paid to thisproblem and few data 
are available (Table 1). From the existing literature data on the hydrolysis of 
lanthanide ions Pr(II1) and NdfIII) which are close in size and hence in proper- 
ties to Np(II1) the hydrolysis constant for Np(II1) has been estimated 1241 
and is included in Table 1. 

All the data included in Table 1 have been obtained using macroconcentra- 
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TABLE 1 

Hydrolysis constants of neptunium ions 

Ion Method Medium Temp. o C *K1 Ref. 

Np3* talc. - - 
Np4+ Spec. 

3.7 x lo-' 24 
2.0 M NaClOe 25 5.0 x 1o-3 25 

Spee. 2.0 M NaC104 25 3.2 x 1O-3 25a 
Spec. 1.0 M NaClO, 25 3.26 x lo-’ 

Spec. 1.0 M NaClO, 25 1.23 x lo-* 
NP& Pot. 

3tiC b 

Yo6 
- 1.26 x 1O-9 

x lo-" 
27,28 

Sol. 20 8.3 29 
NpO;+ Sol. 0 20 43 . x104d 29 

a I)20 medium. b 1.0 cm path cell. e 0.5 cm path cell. d *Kz = 3.6 x 10m6 and *K3 = 
2.0 x IU’O. 

Cons of neptunium, which usualIy leads to the formation of polynuclear 
species. Hence it is desirable to investigate the hydrolysis using solvent extrac- 
tion or ion exchange methods which permit the use of tracer concentrations 
of neptunium, thereby minimizing the formation of polynuclear species. It 
may be noted that in the case of Pu(IV) the hydrolysis constant values obtain- 
ed by potentiometric [ 301 and solvent extraction [ 313 methods differ appre- 
ciably. 

(i) Neptunium(IV) 

Sullivan and Hindman [25] as well as Paul [26] utilized the sharp absorp- 
tion band of Np(IV) around 960 nm to follow the course of hydrolysis. The 
differences in the ionic strengths alone probably cannot explain the differ- 
ences in the values of *K, obtained by these two groups. 

Literature data on the hydrolysis of tetravalent actinides, obtained under 
comparable conditions, reveal that the hydrolysis constants (*RI) follow the 
order 

Th(IV) [32-J < U(IV) 125,331 ) Np(IV) < Pu(IV) [30,31,33-351 

It can be seen from the data presented in Table 1 that the potentiometric 
value differs significantly from the value obtained by the solubility method. 
Though Np(V) was reported [36] to be hydrolyzed at pH = 6.5, hydrolysis 
constant data suggest that hydrolysis at this pH should be negligible. Prom 
the hydrolysis constant data for Np(V) and Pu(V) [27,28,37], Np(V) appears 
t6 be somewhat more acidic than Pu(V). Although this behaviour was not 
expected on the basis of their relative sizes [ 381, in fact this seems to be the 
order for inner-sphere complexes of both penta- and hexavalent actinide ions. 
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(iii) Neptunium(VI) 

The hydrolysis of Npf VI) has been investigated potentiometrically [ 2’7,281 
from which it was inferred that the average number of hydroxide ions (E) per 
Np(VI) ion was 0.4 in the pH region 4-4.5 when the Np(VI) concentration 
was 10-3-10-2 M. Apart from the hydrolysis constant values included in 
Table 1, Moskvin [ 291 has also determined the constank for the following 
equilibria 

Np02(OH)+ f Np02(OH)2 s (NpO&fUH);; K’ = 2.9 X Iff4 

NPO~(OH)~ f NpO,(OH); “G (NpO&(OH);; K” = 2.2 X 1O-4 

No spectrophotometric observations on the hydrolysis of Np(V1) have been 
reported_ The hydrolysis of hexavalent actinides follows the order [ 281, 
U(W) > Np(V1) > Pu(V1). 

(iv) Neptunium{ VII) 

No quantitative data on the hydrolysis of Np(VI1) have been reported in 
the literature although Np0,(OH)3 was found [ 391 to be precipitated in the 
pH range 5-9. 

C. FLUORIDE COMPLEXES 

The fluoride complexing of neptunium ions has been studied extensively 
and the stability constant values are given in Table 2. Thermodynamic values 
associated with complex formation are given in Table 3.. 

(i) Neptunium(W) 

The absorption spectra of Np(IV), in 1.0 M perchloric acid containing dif- 
ferent conceiltrations of hydrofluoric acid, have recently been obtained [49a] 
and are shown in Fig. 1, These spectra clearly show the effect of fluorideScorn- 
plexing on the absorption bands of NpfIV). These are similar to the changes 
observed in the case of fluoride complexing of Pu(IV) [49b]. 

The agreement between the various stability constant values of Np(IV) 
given in Table 2 is reasonably good. A comparison of the stability constants 
(*K1) for tetravalent actinides shows the order of complexing to be ThfIV) 
[42,50,51] < U(IV) 144,521 > Np(IV) = Pu(IV) [43,53]. From the thermo- 
dynamic values given in Table 3 it is seen that the fluoride complexing of 
Np(IV) is predominantly inner-sphere type. 

(ii) Neptunium(V) 

The absorption spectrum of Np(V) in fluoride medium f49a] shown in 
Fig. 2, clearly indicates fluoride complexing of Np(V). The failure to observe 
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TABLE2 

Constants for the stepwise association of NF and neptunium ions. Temp. = 25” C 

IOXI Method Medium *K1 *K2 Ref. 

NPW) Cix 
Pot. 
DNNS 
TTA, 

GG: 
DNNS 

NpW DNNS 
NPW) DBP 

Cix 
Cix 
Pot. 

Pat. 
Pot. 
Pot. 
Pot. 
P#tL 
Pot. 
DNNS 

4.0 M HCIO4 

48 M EzCiOi$ 
2.0 M Exc104 
2.0 M Hcl0* 
2.5 M Exc10ij 
2.5 M HCKI~ 
1.0 M xK?io, 
2.0 M N&X04 
1.0 M I3304 

I.04 M HClO, 
2.1 M HCiQ4 

2.0 M N&IO4 
([Es+ ] = 0.05-5.1 iv) 
5.2 M HCXO, 
0.2 M wctu, 
5.3 M HClc),, 
5.4 M HC104 
0.5 M HC104 
0 
2*0 M Em04 

4.2 x lo4 
5.2 x IO4 
4.0 x x5& 
5.0 x IO4 
4.0 X IO4 
$8 Wll 
8.6 

X57.0 
130.0 

3.33 

16.5 0.32 48 
14.6 1.06 45 
13.7 Xl.7 48 
13.2 1.20 Y8 
12.9 x.07 48 
25.6 1.1 48 
13.2 - 16 

42 
- 42 
7.75 x xoz 42 
4.8 x IO2 43 

44 
- 44a 
x.5 45c 

46 
- 46 
1.05 47 

a Temp. = 20°C. b *& = 2.2 x 10’ and *K4 = 20. c Temp. = 21°C. 

TABLE S 

Thermodynamic values associahd~ with tile complexing of neptunium ians with’ fluoride. 
Temp. = 25°C 

Equilibrium Method Medium --nG AM Ref. 
(KC& Z.) 
mole-’ ) 

(Kcal 
mole”’ ) 

.- 

Np4+ f F- * NpF3’ DNNS 1.0 M HC10~ 15.3 5”76 37.5 44 

Np@* + F - = Np&F* Pot. 2.0 M NaClO4 5.2 --I..5 7.7 47 

wn = 
cmF--p.t M) 

NpU$+ -+ F- =? Np&F* DNNS 2i5 M HClci~ 5s 4.0 27s 49 

NpO,F+ + F- + Np02Fz P&L 2.5 M Nac104 4.0 5.54 15.0 47 
([He] = 
0.05--U M) 
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Fig. 1. Absorption spectra of Np(IV) in 1.0 M HC104 containing no HF ( 
1.74 x 10-3 

-). ENP(IV)I~ 
M, 2.0 cm cells) and varying concentrations of HF ([ Np(IV)] s 8.7 x lo-' M, 

5.0 cm cells), 5.0 X lo4 M HF (----), 1.0 x 10m3 M HF (----), 5.0 x 10y3 M HF 
(-x-x-x-) and 1.0 X IO-* M HF (-----.) [49a]. 

06 - 

950 1000 1050 1100 
WAVELENGTH. nm 

Fig. 2. Absorption spectra of Np(V) obtained using 2.0 cm cells in 6.6 M NaCIO4 (- - - - -), 
0.05 M NaF (-X-x-X-x-X), 3.0 M Na2so4 f......... ) and using 1.0 cm cells in 8 M NaSCN 
( --f [49a]. 
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(iii) Neptunium(W) 

From Table 2 it is seen that the values obtained by the cation-exchange 
method f463 are very high. It was reported that both NpfVI) and Np(V) are 
slowly reduced by common organic ion exchangers fi2,13f. The reduction 
of Np(VI) to Np(IV) might probably be aided by the presence of fluoride ions 
which strongly complex Np(IV). In the cation exchange work [ 461 no holding 
oxidant for Np(V1) was used whereas in the subsequent work f16,45] either 
IQ&G9 or R&r& was used. The values for *E, reported by various authors 
seem to be in reasonable agreement with each &her considering the differences 
in ionic strengths and methods used_ A comparigon of the stability constants 
(*K,) for hexavalant actinides reveals 1161 their order of stabilities to be 
U(W) > Np(V1) 3 Pu(V1). The enthalpy values obtained for the formation of 
Np&F’ by the potentiome~i~ method f4’7] and DNNS extraction method 
[49] differ considerably and this may, at least p&tly, be attributed to the dif- 
ferent media employed. In any case the data given in Table 3 clearly indicate 
that the fluoride complexing of Np(VI) is predon+mtly inner-sphere type. 

D. CHLORIDE COMPLEXES 

Chloride complexing of neptunium ions has beep widely investigated and 
the data are summarised in Table 4. 

(i) Neptunium(IfI) 

The absorption spectrum of Np(II1) has revealed [ 551 a new intense band 
at 364 nm in > 7 M lithium chloride solutions which was used for thezomputa- 
tion of the stability constants for inner-sphere complexes (Table 4). . 

(ii) Neptunium(IV) 

The absorption spectra of Np(IV) f49a] in perchlorate, chloride, bromide 
and iodide media shown in Fig. 3 clearly indicate the effect of compfexing 
by these ligands on the Np(IV) absorption bands. 

In the calculation of K, from the measured potentials of the Np(III)/Np(IV) 
couple in 1 M perchloric and 1 M hydrochloric acids it was assumed 1561 that 
only the first complex was formed and that complexing of Np(II1) is negligijfe. 
Very high values obtained by spectrophotometry 1591 were attributed to the 
high ionic strength used. In general there is a good agreement between the 
values obtained by various authors using low ionic strength media. The values 
of PI reported for an ionic strength of 2.0 for Th(fV) [i&2,73], U(IV) 1523, 
Np(IV) and Pu(IV) [53] lie in the range 0.9-1.4 whicti indicates that all these 
ions apparently have similar orders of eomplexing tendency towards chloride 
ions. In concentrated hydrochloric acid media, however, such a situation may 
not exist as is revealed by the fact that Th(IV) is neither absorbed on ani_on 
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TABLE 4 
Constants for the overall association of chloride and neptunium ians. Temp. = 25°C 

Ion Method Medium Pl Pz Ref. 

NPW) 
NP(W 

Spec. 
Pot. 
TTA 
TTA 
TTA 
DNNS 
TFA 

NPW) 
Spec. 
Cix 
Pot. 

DNNS 
Np(VI) Kin. 

Pot. 
Pot. 
Pot. 
TTA 

>7.0 M LiCi 
1.0 M HCI 
0.5 M HClO4 
1.0 M HClO4 
2.0 M HCl04 
2.0 M HC104 
4.0 M ClO, 
([H’] =‘l.O M) 
9.0 M He104 
2.0 M HCI04 
4.0 M CIO; 
([H+] F 1.0 M) 
2.0 M NaC104 
3.0 M’HC104 
0.3 ti HC104 
0.4 M HC104 
0.5 M HCIO, 
4.0 M ClOi 
(fH:l= 0.1 M) 

t-z x *o-J 1.04 x 1o-3 
- 

1:4 - 

0.92 0.58 
1.1 0.7 
0.9 0.7 
0.8 0.8 

1.33 x lo* 1.46 x 10’ 
0.51 - 

0.003 0.03 

0.38 - 44a 
0.42 - 61 b 
0.48 0.8 61 
0.44 0.4 61 
0.45 61 
0.9 - 62 

55 
56 
57 = 
57 a*c 
57 c 
42 
58 

59 
60 
58 

a fl:, = 0.33. b CaIcuIated from.the data of Ref. 81. c Temp. = 20°C. 

exchangers f743 nor extracted by an&es 1751 whereas other tetravalent 
actinides are well absorbed on &ion exchangers 1661 as well as well extracted 
by amines 168 ] . 

(iii) Neptunium(V) 

Though Danesi et al. [581 reported the fil and p2 values for the chloride 
complexing of Np(V) given in Table 4 they subsequently recalculated their 
earlier data and concluded (621 that there is no chloride complexing of Np(V). 
However, our recent spectrophotometric 1801 as weU as solvent extraction 
work [44a] does establish the complexing, though weak, of NpfV) by chloride. 

(iv) Neptuniam(V1) 

The p1 value calculated [61] may be treated as an approximate estimate 
as the original data [Sl] were obtained in connection with a kinetics study. 
AI1 the values reported for p1 appear to be in reasonable agreement with each 
other. A comparison of & values for U(VI) [82], Np(VI) and. Pu(V1) 1831 
indicates that they are almost the same in magnitude. Unlike the case of chlo- 
ride complexing of U(WI) [82] and Pu(V1). 1831 for which the stability con- 
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Fig. 3. Absorption spectra of Np(IV) ([Np(IV)] G 1.74 X 10e3 M, 2.0 cm cells) in 8 M 
HCIOq ( -),8MHCl(-----),8MHBr(- ----) and 4.6 M ?YaI in 1.0 M 
HCIO,, ( . . . ...) [49a]. 

TABLE 5 

Thermodynamic values associated with the chloride complexing of Np(VI) [Sl]. Temp. = 
0°C 

Equilibrium 

NpO;+ + Cl- =+ Np02Ci+ 

Np02 Cl+ + Cl- * NpO,C& 

-AG AH 
(Kcal mole-’ ) (Real mole-’ ) 

0.25 or 0.12 -8.7 or -6.9 

-0.95 3.5 

c-1 

-32.2 or -21 .O 

16.0 

&ants increase with increasing temperature the values ~CW N&VI) (Table 5) 
decrease with increasing temperature. Thus these data need reinvestigation. 

E. BROMIDE COMPLEXES 

The absorption spectrum of Np(III) in bromide media shows a new intense 
band at 387 nm from which p1 = 4 X 10e4 and fi2 = 2.9 X lo-’ for the forma- 
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tion of the inner-sphere complexes NpBr*’ and NpBrG , respectively, at 25” C, 
were calculated [ 551. 

(ii) Nepiunium(IVJ 

The absorption spectrum of Np(IV) in HBr medium is shown in Fig. 3 
[49a]. The complexing of Np(IV) with bromide ions has been studied [85] 
by the HTTA extraction method which gave pi = 0.61 and f12 = 0.27 in 2 M 
perchloric acid medium at 25°C. From a comparison of the /3i values for the 
tetravalent actinides the order of compiexing is seen to be Th(IV) 1851 < 
U(IV) [86,87] > Np(IV) < Pu(IV) 1851. 

F. NITRATE COMPLEXES 

The nitrate complexing of neptunium ions has been studied extensively and 
the stability constant values are given in Table 6. 

(i) Neptunium(W) 

Absorption spectra of Np(IV) [97] are given in Fig. 4 which show the 
changes in the absorption maxima due to nitrate complexing. Changes in the 
absorption spectra of NpfIV) (Fig. 5) [99] were used to calculate the fraction 
of neptunium present as the hexanitrato complex at different nitric acid con- 
centrations (Fig. 6). 

While estimating pi fiom the potentials measured for the Np(III)/Np(IV) 
couple in 1 M perchloric and 1 M nitric acids it was assumed [ 561 that only 
NP(NO~)~’ is formed and that Np(III) is not complexed. The TBP extraction 
method [90] assumes that the tetranitrato complex of Np(IV) is the only ex- 
tracted species. However, the reported extraction of other Np(IV) [96] as 
well as U(W) [114] species into TBP makes the validity of the TBP extrac- 
tion method questionable. Besides, as the organic phase composition changes 
appreciably due to extraction of nitric acid the activity coefficients of the 
organic phase would vary considerably, Thus this method of determination of 
stability constants is not reliable 11151. 

Rossotti and Rossotti [116] have discussed the limitations of the use of 
anion exchangers for the determination of stability constants and the same 
limitations are applicable to amine extraction systems. It is known that per- 
chlorate ion is extracted [11X] far more favourably into amines than nitrate 
ion or the nitrate complex of the metal ion. The composition and hence the* 
activity coefficients of the amine phase would therefore change appreciably 
when the aqueous perchloric acid-nitric acid composition changes. With such 
limitations the TOA extraction method used [91] is not expected to yield 
reliable values of the stability constants. p-values obtained by spectrophoto- 
metry 193,941 are much higher and were attributed to the higher ionic 
strengths used. 
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TABLE 6 

Constants for the overall association of nitrate and neptunium ions. Temp. = 25’C 

Ion Method Medium Pl 62 Ref. 
-.- 

NP(W Pot. 
TTA 
TTA 
TTA 
TTA 
Spec. 
Kin. 

%A. 

NPWI 

NP~ VI) 

TBP 
TBP 
TOA 
DNNS 
Spec. 
Spec. 
cix 
TOA 
Pot. 

DNNS 
TTA 

Pot. 
Pot. 
Pot. 
Pot,. 
TOA 

1.0 M FIN03 
0.5 M HC104 
1.0 M HCIO4 
2.0 M HC104 
0 
2.0 M 
2.0 M 
2.0 M 
4.0 M CIO, 
([H’] = 1.0 M) 
2.0 M HC104 
4.0 M HC104 
8.0 M HC104 
2.0 M HC1O4 
9.0 M HC1O4 
7.0 M HC104 
2.0 M HC104 
8.0 M HC104 
4.0 M ClO: 
([II+] = 1.0 M) 
2.0 M N&lo4 
4.0 M CiO, 
([H’] = 0.1 M) 
0.4 M HC104 
0.5 M HC104 
0.6 M HClOe 
0.8 M HC104 
8.0 M HC104 

2.4 
2.8 
2.2 
2.0 

47.9 
1.3 
1.3 
2.2 
0.71 

6.8 
5.2 
0.03 
1.6 
8.0 
8.0 
0.56 
0.53 
0.025 

0.28 
0.87 

0.105 -0.1 61 
0.110 -0.1 61 
0.130 -0.1 61 
0.115 -0.1 61 
0.57 1.57 91 

- 
- 

1.2 
2.2 

- 
- 
- 

A::8 

20.3 
12.0 

0.68 
4.5 

115.0 
85.0 
- 
- 

0.04 

- 
- 

56 
57 a 
57 aqb 
57 a 
57 a 
88 
89 
89 
58 

90 = 
90 d 
91 a.= 
92 
93 
94 
60 
91 
58 

44a 
58 

a Temp. = 20°C. b 0~ = 0.55. c 03 = 35.1. d 03 = 16.8, p4 = 14.5. e 03 = O-15,/.& = 0.13. 

The values of PI reported for p = 2.0, for Th(IV) 1921, U(IV) [117], Np(IV) 
and Pu(IV) 1531 lie within the range l-5 and do not show any clear trend. 

(ii) Neptunium(V) 

The /I1 value obtained by cation exchange [SO] appears to be high which 
may perhaps due to the partial reduction of Np(V) to Np(IV). The fll value 
obtained by TOA extraction [91] is also doubtful because of the limitations 
of the amine extraction method as discussed earlier. Besides, in such a high 
concentration of acid (8 M), Np(V) would disproportionate [125] and this 
would be favokred by the addition of nitric aeid which complexes Np(IV) 
more strongly. 



0 
WaVELENGTH. nm 

Fig. 4, Absorption spectra of N&IV) in 1.5 and 10 M 
1.0 cm cells) f97 1. 

nitric acid ffNp(IV)j f 2.0 x lcr3 M 

0 
640 860 880 900 920 940 

~~vei~~gf~‘n~ 

Fig. 5. Absorption spectra of NpfIV) in nitrk acid in region of 877 nm peak; (1) 5,O M 
HN03, <2) 6.0 M HNQ,, (3) 7.0 M HN03, (4) 8.0 M HN03; {5f 9.0 M NNU& fS) 10.0 M 
HNOJ, (7) 11.0 M HN03, (8) 12.0 M HNOB, (9) 13.0 M HN&, (10) 14.0, l‘s;0 and 15.5 M 

HN03. Reprinted with permission from J. Phys. Chem., 64 (1969) 1375. Copyright by the 
American Chemical Society. 
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too , 

80 - 

fj SO- 

I 
0 
5 

3 40- 

\: . 

20- 

Fig. 6. Abundance of Np(IV) hexanitrato complex in HNOS. Reprinted with permission 
from J. Phys. Chem., 64 (1960) 1375. Copyright by the American Chemical Society. 

(iii) Neptunium( VI) 

Absorption spectra of Np(V1) [ 971, at varying nitric acid concentrations, 
are given in Fig. 7. The changes observed [94] in the molar extinction coeffi- 

Wavelength, nm 

Fig. 7:Absorption spectra of Np(VI) in 1, 5 and 10 M nitric acid ([Np(IV)] = 2.0 x 10S3 M, 
1.0 cm cells) 1971. 
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l x - 38Om)L 

CIa - 390 mp 

I2345678 9 IO 

c I 
HNO3 , M 

Fig. 8. Variation of molar extinction coefficient of Np(VI) with nitric acid concentration ’ 
[941. 

Gent values of Np(V1) as a function of nitric acid concentration, are given in 
Fig. 8. 

The TOA extraction method [91] is subject to the same limitations as. 
mentioned under Np(IV) -nitrate complexing. The @I values reported for an 
ionic strength of 2-4, for U(VI) [82], NpfVI) and Pu(V1) [127,128) appear 
to be less than unity and did not show any clear trend within themselves. 

G. THIOCYANATE COMPLEXES 

(i) Neptunium(lV) 

Stability constants of the thiocyanate complexes of Np(IV) using TTA and 
DNNS extraction at 25°C and in a perchlorate medium @ = 2.0, [H+] = 1.0 M) 
gave fl36,13Ua] the vatues of PI, & and & respectively as 31.3,115 and 341 
by the TTA method and 30.4,183 and 316 by the DNNS method. The thermo- 
dynamic data are given in ?able ‘7. These data suggest that, for the first com- 
plex, there is no predominance of the outer-sphere complex as was the case 
with U(IV) f 52]. From the availabk data on the tbiocyanate complexing of 
Th(IV) [132f, U(IV) [52] and Np(IV) t i is clearly seen that for the tetravalent 
actinides the order of thiocyanate compIexing is Th(IV) < U(W) 2 NpfIV). 

The effect of thiocyanate medium on the absorption spectrum of Np(V) 
can be seen from Fig. 2. It is clear that thiocyanate complexing causes con- 
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TABLE 7 

Thermodynamic values associated with the thiocyanate complexing of Np(IV) [130al. 
Temp. = 25”C;p = 2.0 M; fH*] = 1.0 M; Method-TTA 

Equilibrium -AG -AH 
-1 (Kcai mole ) (Kcal mole-’ ) 

Np4+ + SCN- + NP(SCN)~+ 2.0 1.7 1.14 
NP(SCN)~+ + SCN- = Np(SCN)Z+ 0.77 0.52 0.84 
Np(SCN)3+ + SCN- + Np(SCN); 0.65 0.9 -0.85 

siderable shift towards longer wavelength, of all the principal absorption bands 
of Np(V) with simultaneous increase in their intensity. 

Values of f3, = 2.1 and flz -?r. 0.4 in 2.0 M NaCI04 at 25°C have recently been 
obtained [44a] by the DNNS extraction method. 

The study of thiocyanate complexing of NpfVI) may be difficult as thio- 
cyanate ion is expected to reduce Np(VI) to Np(V). 

H. SULPHATE COMPLEXES 

The sulphate complexing of neptunium ions has been studied extensively 
(Table 8). 

fi) Nep tunium(IV) 

Absorption spectra of Np(IV) in perchloric and sulphuric acid solutions 
[49a] are shown in Fig. 9. 

In the earlier investigations by TTA extraction [14,134] correction due to 
the aqueous phase complexing of NpfIV) with TTA, though such a complexing 
was suggested [ 1341, was ignored. In our recent work [ 431, however, the nec- 
essary corrections have been applied. The spectrophotometric value [SS] 
appears to be high and this may probably be due to the assumption that only 
Dne complex was formed. 

A comparison of the values of *K1 obtained for the sulphate complexing of 
m(IV) [139f, U(IV) 1521, Np(IV) and Pu(IV) [53] shows the complexing 
trend to be Th(LV) < U(W) = Np(IV) < Pu(IV). 

The thermodynamic data associated with the sulphate complexing of 
Np(IV) are given in Table 9 from which it is seen that the complex Np(S04)*+ 
is predominantly an inner-sphere type with a positive enthalpy change op- 

posing complex formation and a large positive entropy change favouring com- 
plex formation as suggested by Ahrland [ 1401. 

(ii) Neptunium(V) 

Absorption spectra of Np(V) in perchlorate and sulphate media included 
in Fig, 2 clearly establish the sulphate complexing of Np(V). Spectral changes 
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TABLE 8 

Constants for the stepwise association of hiiulphate and neptunium ions. Temp. = 25” C 

Ion 

NPW) 

NPF) 
NPV) 

Method 

Spec. 
Pot. 

CiX 

TI‘A 
TTA 
TTA 
TTA 
DNNS 
DNNS 
Spec. 
DBP 
Pot. 
Pot. 
Rot. 
Pot. 
Pot. 
Pot. 

Pot, 
Pot. 
DNNS 

Medium 

2.0 M NaGlOG 
3.0 M cio;, 
([H*] = 1.0 M) 
4.0 M HC104 
2.0 M HClOa 
2.0 M HCI04 
2.0 M HCf04 
2.0 M HC]04 
2.0 M HC104 

2.0 M NaC104 
2.0 M NaC104 
1.0 M HC104 
1.0 M WC104 
0.1 M HC104 
0.2 M HC104 
6.3 M HCI04 
0.4 M HCI04 
0.5 M HC104 
0 
2.0 M NaClO4 
2.0 M HC104 

*KI *& Ref. 

594.0 - 88 
312.0 12.0 133 

501.0 36.3 41 a 
270.0 11.0 134 
306.0 37.7 14 
293.0 22.9 IL35 b 
340.0 32.4 43 
326.0 29.8 

2.a(Ktjd - ZB 
3.7 88 
6.2 0.6 136 c 

13.0 - 56 
7.6 <0.2 48 
6.5 co.2 48 
6.0 <0.2 48 
5.7 co.2 48 
5.6 <0.2 48 

18.9 - 48 
7.14 OS? 47 

11.7 0.34 16 

a Temp. = 20°C. b Recalculaterl using data from Ref. 134. c Temp. = 21°C. d Kr = 
[Np0~8O~]/CNpO;ffSOf]. 

could not be observed in the earlier study [63] as the acid medium employed 
limits the suIpbate ion concentration. 

(iii) Neptunium(W) 

The potentiometric value [ 561 may be taken as approximate as the forma- 
tion of only one complex was assumed even in 1 N H2S04 and Np(V) com- 

ptexing was ignored, The spec~ophotome~c v&e [SS] also suffers from the 
same disadvantage as the formation of only cme complex was assumed which. 
may not be true under the experimental conditions employed. 

A comparison of the valuesof *K, obtained for the hexavalent act&ides 
suggests 116 J the complexing order to be U( VI) < Np(VI) < Pu(VI). The ther 
modynamic data are given in Table 9 from which it is seen that the complex 
is predominantly inner-sphere. 

Using spectrophotometry at P = 1.0 ([H’] = 0.03 M and 0.1 M) and 6°C 

P431 K1 G 1.1 X lo4 was obtained. In view.of tbevery high instability of 
Np(VII) in acid solutions further work ia necessary to confirm this value. 
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Fig. 9. Absorption spectra of Np(IV) ([Np(IV)] % 1,74 x 10s3 M, 2.0 cm cells) in X-0 M 
HG104 (- )and LO M I-&S04 (----) f&h). 

TABLE 9 

Thermodynamic values associated with the sulphate complexing of neptunium ions. 
@= 2.0; [H’] = 2.0 M 

Equilibrium 

Ia 

II b 
III c 

Method 

TTA 
FE 

DNNS 
TTA 
Pot. 

-AC? AH 
(Kcal mole-’ ) (Kcal mole-” ) , 

4.79 4.00 
4.84 4.86 6.97 6.74 

4.90 6.33 
2.89 8.84 
2.62 1.52 

AS . Ref. 
(e.u.) * 

30.0 134 
39.6 38.9 135 135 d 

39.3 135 
39.0 134 
10.25 47 = 

a I. NpJ+ + SO$- * Np(SO&+. b II. Np(SO‘#+ + SOg- + NP(SO~)~. = III. NpOT * SOf * 
NpOz(SO4). d Recalculated using data from Ref. 134. * [H ] < 0.1 M. 

J. MISCELLANEOUS INORGANIC COMP&EXES 
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Fig. 3. The iodide complexing of Np(IV) was recently studied [144] in a per- 
chlorate-iodide medium (/J = 2.0; [H‘] = 1.0 M) at 25°C using the TTA ex- 
traction method and the DNNS extraction method. The value of fll = 0.8 was 
obtained by the former while fll = 1.3 was obtained by the latter method. 

(b) iodute complexes 

(i) Neptunium(W) 
The absorption spectrum of Np(IV) [49a], in iodic acid medium is 

shown in Fig. 10. The spectral changes suggest formation of strong iodate 
complexes of Np(IV). 

(ii) Neptunium(V) 
Using the DNNS extraction method, fil = 2.1 was obtained for the formation 

of Np02103 in 2 M NaC104 at 25” C [44a]. 

(iii) Neptunium(W) 
The addition of potassium iodate to a weakly acidic solution of Np(VI) 

results [ 1441 in a sharp increase in the absorption of Np(V1) in the range 
370-410 nm. Using these data the stability constant of the Fqmplex NpO,IOJ 
is calculated to be K, = 4.1 at P = 0.3 and 25°C. Higher complexes were also 
indicated. 

WAVELENGTH nm 

Fig. 10. Absorption spectra of Np(Iy) in 1.0 EIClO~~fNp(IV)] Z 1.74 X low3 M, 2.0 em 
cells) (------) and 2.0 M HI03 (INp( S 7.5 X 10 M, 2.0 cm cells) ( -----I [49a]. 
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(c) Sulphite complexes 

It, ~8s shown f 1461 by spectrophutomet~, that in neutraf solutions, Np(V) 
forms, two complexes Np0$30; and NpO,(SO&- with K, = 4.0 X lO* and 
PC, = 10 respectively at P = 1.0 and 25°C. By the cation exchange method 
[147] the values K1 = 1.41 X IO* and K2 = 7.1 were obtained for the forma- 
tion of the same complexes. 

(i) Neptunium(W) 
The absorption spectra of Np(IV) [149] in 1.0 M hydrochloric acid and 

1.0 M ammonium carbonate are shown in Fig. 11. The spectraI changes are 
presumabfy due to the carbonate complexing of Np(IV)_ The stability con- 
stant for the formation of the complex Np(QH)&02s3- was determined [150], 
using the data obtained on the solubiiity of NpfIV) hydroxide in ammonium 
carbonate solutions, to be fit = 1.2 X 10s3. This value is quite close to that ob- 
tained [151] for the corresponding Pu(IV) complex. However, no data Were 
available for the simple carbonate complexes of Np(IV). 

NP(IV) 
- F.OMWCL 

-----F.OM(NU& CO3 

WAVELENGTH ( nm ) 

Fig. 11, Absorption spectra of Np(IV) {CNp(iV) J = 7.0 x 10” M, 1.0 em cells). Reprinted 
with permission from J. Inorg. Nucl. C&em.. 39 (1977) 315. Copyright by Pergamon Press 
Iat& 
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(ii) Neptunium(V) 
Absorption spectra of Np(V) [152] in 2.0 M sodium carbonate solution and 

0.1 M hydrochloric acid shown in Fig. 12, indicate the carbonate complexing 
of Np(V). 

Using the cation exchange method the stability constant for the formation 
of Np02HC03 was determined [153] to be p, = 270 at p = 0. Prom the solu- 
bility studies of the salts, ammonium neptunyl carbonate and Np(V) hydrox- 
ide, in ammonium carbonate solutions the stability constants for the forma- 
tion of NpOz(OH)(C03)*- and NpOl(OH)(CO,)z’ were evaluated 11501 to be 
p, = 6.7 X 104 and & = 7.0 X lo4 respectively. 

(iii) Neptunium(VI) 
Carbonate complexing of Np(V1) was studied [150] by the solubility meth- 

od and stability constant values are given in Table 10. . 
(ef@2,i2.&fiafe complexes . .. 

..‘..J - ,:*;i :: 
..(i) Nep.tunium(III) 

I Using dataavailable on phosphate complexing of actinide(II1) ions stability 
constants (at p = 0) for the complexes NP(H~PO~)~+, Np(H,P04): and Np- 
(H,POJ), were estimated 11541 to be 2.5 X lo*, 5.4 X IO3 and 4.4 X lo5 
(13 values) respectively, 

(ii) Neptunium(V) 
Using the cation exchange method at 20°C and p = 0.2, the formation of 

0.6 - NpfVl in O.tM HCI 

---- Np(Vl in 2M Na2C03 

I 

Wovelength.nm 

Fig. 12. Absorption spectra of .&p(V) ([N&V)] = 2.2 :: IF* M, I.0 cm celis) [152]. 
Reprinted with permission from Akademiai Kaido. 
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TABLE 10 

Stability constants for the formation of carbonate complexes of Np(V1) [ 1501 

Equilibrium K 

Np02(0H)2 + CO’f- * NpO,(OH)$ZO$- 

NpOz(OH)$O$- + CO:- = NpOt(CO&- +- 2(0H)- 

WJ%)~NPWC~~~ + WH?)2C03 =@JH4)4N~0z(C03)3 

81.0 
1.5 x 1o-9 

1.2 x 1o-2 

the compIexes NpOHPO~ and Np02H2P09, in the pH region 4.8-6.7 was 
reported 11551 vvlth the stability constant vaiues 7.1 X lo2 and 6.4 respec- 
tively. Only one complex, Np02HP0& was found to exist when the (NH,),- 
HP04 concentration was in the range 5 X 1U3 to 5 X lo-* M. The thermo- 
dynamic stability constant value (p = 0) for the formation of NpO,HPOi was 
calculated to be 2.4 X lo3 using the Davies [ 1561 equation. 

(iii) Neptunium( VI) 
The stability constants for the formation of the complexes Np02(HP04) 

and Np02(H2P04)+ are [154] 1.5 X lo7 and 50 at p = 1.0 and 1.5 X lo8 and 
2.14 X lo2 at p = 0 respectively. 

(fl Nitrite complexes 

(i) Neptunium(V) 
Using the DNNS extraction method, 0, = 0.9 was obtained for the forma- 

tion of Np01N02 in 2.0 M NaClO, at 25°C [44a]. 

K. MONOCARBOXYLATE COMPLEXES 

Studies on the complexing of neptunium ions with monocarboxylate 
ligands have been limited and have often been obtained by one method only. 
Stability constant values obtained with several such ligands are given in Table 
11. 

(a) Acetate complexes 

(i) Neptunium(W) 

The j3 values given in Table 11 for the acetate complexing 11603 are much 
lower than expected when compared with the corresponding values for Pu(IV) 
11691 and Th(IV) [l?O] . In the low acid medium ([H’] = 0.1 M) employed 
[160] Np(IV) might have been, at least partly, oxidised to Np(V) thus giving 
the lower values. This necessitates a reexamination of acetate complexing of 
Np(IV). 



T
A

B
L

E
 1

1 

C
on

st
an

ts
 f

or
 o

ve
ra

ll 
as

so
ci

at
io

n 
of

 n
ep

tu
ni

um
 i

on
s 

w
ith

 d
if

fe
re

nt
 m

on
oc

ar
bo

xy
la

te
 

li
ga

nd
s,

 T
em

p.
 =

 2
5°

C
 

IO
Kl

 
L

ig
an

d 
M

et
ho

d 
M

ed
iu

m
 

01
 

62
 

83
 

z 

R
ef

. 
_-

 

N
P
W
)
 

N
PW

) 

A
ce

ta
te

 
C

al
c,

 
G

ly
co

la
te

 
C

al
c,

 
~-

O
H

-i
so

bu
ty

ra
te

 
C

ai
c,

 
Fo

rm
at

e 
? 

A
ce

ta
te

 
C

ix
 

N
P(

V
) 

N
P
W
)
 

cu
-p

ic
ol

in
at

e 
a-

pi
co

lin
ic

 a
ci

d.
 

N
-o

xi
de

 
A

ce
ta

te
 

A
ce

ta
te

 
A

ce
ta

te
 

A
ce

ta
te

 
A

ce
ta

te
 

B
en

zo
at

e 
G

ly
co

la
te

 
G

ly
co

la
te

 
G

ly
co

la
te

 
G

ly
,c

ol
at

e 
L

ac
ta

te
 

L
ac

ta
te

 
L

ac
ta

te
 

or
-O

H
*-

is
ob

ut
yr

at
e 

~-
O

H
--

is
ob

ut
yr

at
e 

Sa
lic

yi
at

e 
G

ly
ci

na
le

 
&

am
in

o 
pr

op
io

na
te

 
&

am
in

o 
b

u
ty

ra
te

 
A

ce
ta

te
 

A
ce

ta
te

 

Sp
ec

, 

Sp
@

C
* 

1.
0 

M
 C

lO
;l 

1 
1.

5 
Sp

ec
, 

14
5 M

 N
H

4Q
 

? 
1.

0 
Sp

ec
. 

2.
0 

D
N

N
S 

2.
0 

M
 N

aC
10

4 
Sp

ec
. 

1.
0 

M
 C

lC
&

 
C

ix
 

2.
0 

(p
H

” 
6.

5)
 

C
ix

 
0 

Sp
ec

. 
0.

1 
M

 C
lO

”,
 

Sp
ec

, 
1.

0 
M

 C
lO

; 
C

ix
 

0.
06

 (
p
H
 =
 4
,
5
-
6
.
5
)
 

? 
0
.
2
 

Sp
ec

, 
0
.
1
 

C
ix

 
0
.
0
6
(
p
H
1
=
 

6
)
 

C
ix

 
0
 

Sp
ec

. 
1
.
0
 M
 C
I
O
;
;
 

Sp
ec

, 
1
.
0
 M
 C
l
O
;
 

Sp
ec

, 
l
.
O
M
 C
I
O
;
 

Sp
ec

. 
L
O
M
C
1
0
1
;
 

Sp
cc

. 
0
.
7
 M
 H
C
I
O
B
 

Po
t, 

l
.
O
M
 C
I
O
;
 

0 0 0 0.
1-

6.
3 

M
 H

C
G

O
N

a 
0.

6 
M

 N
H

&
l 

([
H

+]
 =

i 0
,l 

M
) 

1.
0 

M
 C

lO
; 

6.
9 

x 
10

2 
4.

0 
x 
1
0
"
 

4
.
0
 x
 x
0
"
 

5
.
0
 x
 l
o
2
 

4
,
a
 x
 1
0
2
 

3
.
2
 x
 l
o
6
 

2
.
6
 x
 1
0
"
 

1
2
.
0
 

1
1
.
0
 

6
.
4
 

7
,
7
 

9
.
3
 

6
.
3
6
 

4
0
.
0
 

8
0
.
0
 

3
2
.
4
 

2
4
8
8
 

5
1
.
0
 

3
6
.
0
 

5
6
.
2
 

9
8
.
0
 

1
4
&
o
-
 

l
o
1
2
 x
 l
o
7
 

1
.
8
4
 x
 1
0
"
 

1
.
0
9
 x
 1
0
"
 

1
.
0
6
 x
 l
o
"
 

2
0
4
.
0
 

1
.
1
 x
 1
0
"
 

1
.
4
 x
 2
0
6
 

1
.
3
 x
 l

ot
 

5
‘
8
 x
 1
0
4
 

3
6
.
0
 

3
5
.
0
 

1
6
.
8
 

-
 1
.
4
8
 

4
7
.
8
 

3
b
o
.
o
 

1
6
0
.
0
 

7
9
0
.
0
 

1
1
7
5
.
0
 

4
.
1
9
 x
 1
0
"
 

2
.
0
 x
 1
0
"
 

8
.
6
4
 x
 I
O
'
 

3
.
3
9
 x
 1
0
:
 

6
.
7
 x
 1
0
'
 

1
.
7
 x
 l
o
4
 

3,
8 

x 
10

‘ 

2.
0 

x 
lo

7 

3.
1 

x 
lo

7 

0
.
6
5
(
X
3
)
 

8
.
3
7
 x
 l
o
7
 

1
.
0
 x
 1
0
"
 

1
6
4
 

1
6
4
 

1
6
4
 

1
5
9
 

1
6
0
b
 

2
6
 

2
6
 

1
6
3
 

1
6
1
 

1
6
2
 

1
6
3
 

8
0
 

1
6
3
 

1
4
7
 

1
4
7
 

1
6
4
 

1
6
3
 

1
4
7
 

1
4
7
 

1
6
4
 

1
6
5
 

1
6
5
 

1
6
3
 

1
6
3
 

1
6
3
.
 

1
6
3
 

1
6
1
 

1
6
6
8
 



T
A

B
L

E
 1

1 
[c

on
ti

n
u

ed
) 

Io
n

 

N
P

W
) 

L
ig

an
d 

A
ce

ta
te

 
P

ro
pi

on
at

e 
G

ly
co

la
te

 
M

on
oc

h
la

ra
ce

ta
te

 
~

.C
i-

-p
ro

pi
on

at
e 

M
et

h
od

 
te

di
u

m
 

. 
P

l 
02

 
P

J 
R

ef
. 

_f
- 

P
ot

, 
1.

0 
24

0.
0 

4.
0 

x 
10

” 
2.

5.
x 

lo
6 

16
0 

P
ot

. 
1.

0 
M

 C
lO

; 
2.

8 
x 

lo
? 

2,
9 

x 
lo

4 
3.

2 
x 

10
” 

16
7 

a 
P

ot
. 

1.
0 

M
 C

lO
; 

23
5,

0 
9.

0 
x 

lo
3 

1.
0 

x 
lo

5 
16

B
a 

P
ot

, 
1.

0 
M

 C
IO

;, 
21

.4
 

12
6.

0 
60

5.
0 

16
7 

a 
P

ot
. 

1.
0 

M
 C

IO
; 

75
,o

 
2.

0 
X

 I
O

3 
4.

0 
X

 l
o3

 
16

7 
a 

B
 T

em
p.

 =
 2

0°
C

. b
 &

 
=

 4
.7

 x
 
lO

",
ps

 = 
1.

0 
X 
10

'2
,p

6 =
 5
.0

 X 
10

14
,@

7 
=

 2
.5

 X
 
IO

",
& 

= 
1.

6 
X

 1
02

’. 



158 

(ii) ~~p~~~iu~(v~ 
Absorption spectra 8 Np(V), as ti fkmcticm of acetate ion concentration, 

are shown in Fig. 13. 

(iii) ~~p~~~u~( VI) 
com~~son of the Sties of the acetate camplexes of N 

with those of U(W) [173,174 and ~~~~I~ [f75] reveals that t 
follow the order U(VI) > Np(V1) > Pu(V1). 

When the p values of Np(VI) (Table $1) are co pared with those of UWI) 
[I771 it is observed that tr(VI) is more strongly complexed than Np(VI) by 
propionate. 

(i) Neptunium( Vf} 
Comparing data for Np(VI), U(W) [ 1781 and Pu(VI) [ 1791 reveals that 

the glycolate stability constants follow the order U(VI) > Np(VI) > Pu(VI)+ 

The high fl values obtained reveal a strong complexing tendency of the 

0.8 

980 990 

Wavelangfh. nm 

Fig. 13. Absorption spectra of Np(V) ([Np(lV)] = 2.5 x ICY3 M, 1.0 cm C&T) [163]. 
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due to the 2’ charge on th 
e saiicylate complexing cf 

The high p values obtained far the arni~~ c~boxy~at~ 
might be due to the formation of a 5-membered chelate 
nation of Np(V) through both the nitrogen zznd the carbo oxygen as was 

sted in the case of glycinate complexing of Pu(V) [Ml]. 

Comparison of data for Np(VI), U(V1) [144J82] and Pu(VI) [179,X33] 
indicates that stability constants of monochlsroacetate anal. fi-chloropropionate 
com~I~xes follow the order U(W) > Np(V1) > Pu(Vf)- 

(i) Neptunium(lV) 
Comparison of data for Np(IV), Th(IV) and U(IV) suggests that their com- 

plexing with ar-picolinate follows the order, T~(IV)I < U(W) > Np(IV), How- 
ever, with QI nit acid- ~rd~~w~~ Th(IV)< I< N~(rV~= 
This sort of al in the order between U(IV Np(IV), bow- 
ever, is not uncommon. 

L. DICARBOXYLATE COMPLEXES 

e complex fo~at~on studies on ~~~~~~~rn ions with d~c~boxy~a 
cigars were mossy confined to oxalate and the stab~ity ~~~st~t values are 
given in Table 12. 

(a) Oxaiute complexes 

t values from s~~~b~ity 
d HNO, [185,186] media, chloride or nitrate complexing of 
ot t&en into consideration. F’rom the temperature dependence 

of stability consknts obtained by the TTA extraction method thermodynamic 
parameters were evaluated to be = -12.6 Kcal mole-‘, AH = -4.6 Kcal 
mole-” and 4s e.u., ~d~~~~ hereby that the corn~~~ing is esse 
inner-sphere f 1 

Comparison H fll -values for the oxala complexing obtained at the 
same ionic strength [MS] reveals that complexing follows the order Th(IV) < 
Np(lV) < Pu(fV). 
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(ii) Neptunium(V) 
The enthalpy of formation of Np02(C204)’ was found to be 0.0 rt: 0.3 kcal 

mole-’ [190] thus suggesting that the complex is predo inantly entropy sta- 
bilized and hence of inner-sphere type. 

As oxalic acid is known to reduce Np(VI) in acid solutions [ 194,195] the 
Np(VI)-oxalate p values (Table 12) may need further confirmation. 

There are not many data on the completing of neptuni6m with polycar- 
boxylate ligands and wherever data are available the agr ement within the data 
is not very satisfactory. It can be said that a systematic investigation of the 
complex formation equilibria involving neptunium ions golycarboxylate 
lipids has just b n with s~e~~ophot~ ,f63f. Tfie s~bility 
corset values a63 given in Ta e 13. In addition to the values given in Table 
13 values for DTPA complex of Np(IV), /J’ = 3.2 X 102’ for the formation 
of NpHY and /3” = the formation of NpHIYt were obt;sined 

‘I’PA complexing of tetravalent actinides revealed [ 199,200] 
ing order is Th(IV) < U(W) < Np(IV) C Pu(IV). 

N. CHELATE COMPLEXES 

this ion ~~~ty~~~etu~e ~~rnp~~x~~ has been s [207] l For a 
1. sodium lorate medium (r_r = 1.0) at 25°C the 6 = 3.8 X 108, 
K? = 4.5 X l@, K3 = 5.1 x lo6 and K4 = 1,9 X IO6 were reported. In this work 
it was found that Np(IV) was partially oxidised which necessitated applying 
corrections for the distribution da ugh such corrections have been 
applied it is, Hanover, desirable to is system under ~u~dit~o~~ which 

Ther dynamic data for the formation of 
the third and fourth compl s are given in Table 14. 

The value *‘pl = 45 for T complexing of Np(IV) ws obtained 33 at 
25°C for a 2.0 M perchlori d medium (F - 2.0). Comparison of values 
for Th(IV) [50,X33, Np(IV) and Pu(IV) [43p obtained at p = 2.0 shows the 

er of ~orn~~~x~g to be T~~~V~ < Np(ZV) < PuffV). 

(ii) Neptunium(V) 

The /3 values sbtained for several chelate complexes of Np(V) are given in 
fe 15, The tb~rmodynami~ data are given in Table I 
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TABLE 14 

Thermodynamic values for the Np(IV)-acetylacetone compkxes [207 ]_ p = 1.0; Temp. 5 
25” C 

-AC; -AH 
(Kcal mok-I) (Kcal rnutCa ) 

L&and a 61 P2 Ref, 

1.u x lo7 
1.2 x lo7 
c.5 x 10’ 
3-3 x 10’ 
3.5 x HP 
3.16 x 16”” 
2.63 x 1cP 
2,5x x lo9 
7.1 x lo9 
2.6 x ‘la7 
1.2 x lo* 

f - 

4-4 x rcr" 
3.0 x xo5 
7.2 x lo7 
- 

1.2 x IO' 

_ 
~~$~2~~ 
209,210 b 
2lfe 
212 
212 
213 
213 
213 
209,210 
209,2f0 
209,210 
209,210 
289,210 
2~~,2~~ 
209,210 
209,210 
209,210 

a The actual ligand is the anion of the acids listed, b Ionic strength i= 1.0. C Ionic strength = 
1.0, tiemp, = 20” C, methd = p~t@~~i~~~~~~~ 

~e~mody~~rni~ values for the Np(V)-c:helate camplexes 
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P, GENERAL REMARKS 

From the data cm complex f~rmatiun of nep~~i~rn ions that 
cussed in this review some general flashes and trends observed 
here. As mentioned in the introduction the problem of maintaMing the okkIa~ 
tion state of the neptunium ions, whose complexing properties were being 
studied~ has caused SQ ncer~nty in the values of the s~b~~~ constants. 

There are practicall studies on the complex formation of up with 
many ~~~~~c li as ~~~y~~~~xyl~t~~ ad chelates. The same is the 
case with the chelate complexes of l??p(IV), Wherever data are ailable com- 
plex formation trends have always been observed ta be Np(IV) > Np(Vf) > . 
Np(V) as expected. 

ic data on compl formation equilibria have been very lim- 
r studied they have been t~rn~e~~~ 
. As such there is a need 

data, preferably by t into the com~lexing 
behaviaur, The spectrophotometr hod has not been fully utilized even 
for calculating stability constants mind establishing th ature of the 
complex species, As a tie, abso en found to 
accompany complex ~u~rnat~~~ in mmy casees, AIs0 relatively recent tech- 
niques fkx elucidating the nature of the complex species, stxch a23 ~t~~on~~ 
absorption studies, are yet to find their way to studies of this element. 

Stabilities of the complexes of tetravalent actinides, in general, gave the 
trend Th(IV) < U(W) 3 Np(fV) < Pu(IV) whereas for hexavalent actinides 
the observed trend has always b ~(~) > up > Pu(Vl) except in the 
case of s~~~at~ where a reverse end is seen, 

In conclusion it can be said that the chemi&l properties of this pioneering 
transuranium element are as interesting, if not more, as those of uranium and 
plutonium. The chemic~ investigations on the later two have been carried 
out quite extensively probably as they have im t applications in nuclear 
~ch~~~~~~ ~ep~~iurn has receives relatively ntion, R~c~ntly~ how- 
ever, considerably effort has been devoted to the study of nept~~inm and it 
is hoped that much zxxx~ work in the field of neptunium complexes will be 
fo~hc~m~g which is hfghly desirable, 

e ~~th~~~ are ~~~~rn~~y 
S University, USA, for his pati 
offering invaluable comments. 

~hoppin of &he 
e draft of this r-e 
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APPENDIX 

Literature on ~~a~i~~~~e data on complex ~u~~at~~~~ A~~s~~p~~~~ spectra, B-saluent 
extraction, C-ion exchange, D-potentiometry, ~~~ctr~~i~ati~~ etc. 

L&and Method Reference nos. for 

NPW) NPW NP( W 

Hydroxide A 
Fluoride A 

B 
Chloride A 

l3 
c 

Bromide A 
c 

Nitrate 

c 
~~~~~~a~~ A 

fi 
Sulphate A 

I3 
c 
D 

Iodide A 
Iodate A 
~~~~~te A 
Persxide A 

D 
Nitrite A 

B 
Rmnate A 
AC&ate A 

B 
Pmpionate 
Salicylate : 
Ox&ate A 

B 
Ph~h~at~ A 

- 
- 
- 
63 
68-72 
64-67 
- 

84 
95-99 
70-72, f00-113 

99, X18---120 
129,lSOa 
7130,131 
63 
49a, 71,122 
- 
137,138 
- 
- 
148,149 
49a 
157 
- 
158a 
129 
129 
- 
- 
- 
129,187 
- 
- 

36 
47 
48,54 
63,80 
70-72,79 

79,72,79,100, 
102-104, 
121-l 24 
- 
- 
- 

63 
$9a, 79 
48 
- 

4% 
49a, 145 
152 
49a, 63 
s 

49a 
II. 
- 

36 . 
- 
- 

36 
194 
79 
36 . 

- 
- 
- 
63 
68,70-72,79 
- 
- 
- 

63 
70-72,79,100-11 
113,121,123,124 

126 
- 
- 

63 
79 
- 

137,141,142 
- 
- 

149 
158 
- 

- 
- 
- 
- 

171,172 
176 
- 
- 

79 
- 

NOTE ADDED IN PROOF 

0, 
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m&n&e (5-6 X 102); succinate (52 ; maleak (1.59 X II@); phthalake (I,66 
X 102). Using proton magnetic rel OII methods ( experimAqntal conditions 
not specified) the fallowing values for the complexes of Np(V) are 
reported [215f: F f&B); acetate ( 0); SO, (433.2); Cl- (<O,2); NOi (CO.2). 

~p(V~ in 9 M NaGfOB at 25°C was 
tidied [216] by ~Qte~ti~~e~ takes and the v 
reported are: potentismetry (PI = 10.7; /3* = 36.4; p3 = 40.0; /I? = 36.0); spec- 
trophr>tometry (PI = 17.0; & = SLO: j-T3 = 109.Q; p4 = 52.8; ps = 2.9). 
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