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The complexation of NpO2
+ with acetate is studied in aqueous solution by absorption spectroscopy as a

function of the total ligand concentration (NaAc), ionic strength (Im = 0.5–4.0 mol kg�1 Na+(Cl�/ClO4
�))

and temperature (T = 20–85 1C). Three distinct Np(V) species (NpO2(Ac)n
1�n; n = 0, 1, 2) are identified, and their

molar fractions determined by peak deconvolution of the absorption spectra. With increasing temperature the

molar fractions of the higher complex species increase. The conditional stability constants logbj
0(T) are

calculated for each temperature and extrapolated to IUPAC reference state conditions (Im = 0) using the specific

ion interaction theory (SIT). The logb0
n(T) values increase by approximately 0.4–0.5 logarithmic unit for NpO2(Ac)

and by about 0.5–0.6 for NpO2(Ac)2
�. Furthermore, the thermodynamic stability constants are linearly correlated

with the reciprocal temperature. Thus, fitting the data according to the integrated Van’t Hoff equation yields the

standard reaction enthalpy DrH
0 and entropy DrS

0 for the complexation reactions. Both complexation reactions

are endothermic and driven by the entropy. In addition, the SIT specific binary ion–ion interaction coefficients of

the complex species with Na+/ClO4
� and Na+/Cl� (eT(i,k)) are determined as a function of temperature.

the migration behaviour of the actinides requires a detailed
description of all relevant reactions based on thermodynamic
data like standard-state stability constants (log b0

n), standard
reaction enthalpies (DrH

0) and entropies (DrS
0).

For the long-term disposal of high-level nuclear waste geological
formations of clay rocks, salt rocks or crystalline formations are
in discussion. Natural clay rock formations are investigated in
several European countries, i.e. Belgium,3 France,5 Germany6 and
Switzerland.8 In the pore waters of different clay rock formations
dissolved organic compounds (DOC) are present, consisting of large
fractions of low molecular weight organic compounds (LMWOC)
(i.e. Callovo-Oxfordian (COX): 88% LMWOC, Opalinus Clay (OPA):
36% LMWOC).9 12 Among the different LMWOC acetate is the most
abundant compound, with concentrations up to 203 mM in OPA and
1865 mM in COX.

The early actinides U – Am are redox active metals and exist
in aqueous solution as An(III) to An(VI) within the thermodynamic
stability field of water. The highest mobility in geochemical
systems is usually attributed to the pentavalent oxidation state
An(V) due to its weak sorption behaviour and high solubility.14 16

The pentavalent Np(V) is the thermodynamically most stable
within the An(V) series.17 19 It is stable over a wide range of Eh

and pH conditions, including certain conditions in the near- and
far-field of a nuclear waste repository.20 25 Nonetheless, Np(V) is
not only a key actinide oxidation state in suboxic and oxic
repository considerations but also in near-surface contamination
where actinides and organics are often co-disposed.

Only a limited number of studies on the complexation of
Np(V) with acetate are available in the literature.1,2,4,7,26,27 A

Introduction

The safe disposal of highly active nuclear waste,  which accumulates  
by the use of nuclear fission for electrical power generation, is still a 
pressing problem. Worldwide it is considered to be disposed in 
deep geological formations. A well-founded understanding of the 
geochemical behaviour of the radionuclides is of high importance 
to model their migration behaviour in the near- and far-field of a 
repository over long time scales. Besides uranium and fission 
products the transuranium element plutonium and the minor 
actinides (Np, Am, Cm) are present in the high-level nuclear waste. 
Due to their long half-lives they will determine the long-term 
radiotoxicity of the radioactive waste. Therefore, the actinides are 
of particular interest in the context of a long-term safety assessment 
of a nuclear waste repository. One of the most important incident 
scenarios which have be considered hereby is the intrusion of water 
into the repository and the subsequent dissolution of the 
nuclear waste. Besides reactions at the liquid–solid interfaces 
(e.g. dissolution of the waste matrix, sorption processes, etc.), 
complexation reactions in the aqueous phase with available 
organic and inorganic ligands may alter the geochemical beha-
viour of the actinides considerably. A comprehensive modelling of
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inside the spectrophotometer was controlled using a Lauda
Eco E100 thermostatic system (temp. accuracy: �0.5 1C) operated
with water as bath liquid. The cuvettes (quartz glass with air
tight screw caps, 1 cm path length, Hellma Analytics) were
pre-equilibrated at the different temperatures in an external
custom-made copper sample holder placed on a heating plate
with thermostatic control (VWR Collection VMS-C4 Advanced
with IKA (JANKE & KUNKEL) PT 1000 temperature sensor; temp.
accuracy: �0.5 1C). Both thermostatic setups are calibrated with a
precision laboratory thermometer filled with mercury (Amrell
GmbH & Co. KG, DIN 12775; temp. accuracy: �0.5 1C) to confirm
the correct temperature of the aqueous solution in the cuvettes
during measurement. Each sample was equilibrated 15 min at the
respective temperature to ensure chemical equilibrium before
measurement. Spectra were recorded with data intervals of
0.1 nm, a scan rate of 60 nm min 1 (ave. time: 0.1 s) and a slit
width of 0.7 nm in double beam mode. Separate baselines are
recorded for each temperature, ionic strength condition and
ligand concentration.

Results and discussion
Absorption spectra

The absorption spectra of Np(V) at T = 20 and 85 1C, and Im =
4.0 mol kg 1 NaClO4 are displayed in Fig. 1 as a function of the
total ligand concentration. At 20 1C the Np(V) aquo ion shows
an absorption band at 979.5 nm which is in excellent agree-
ment with the literature.29 The absorption is hypsochromically
shifted by 0.7 nm compared to Im o 0.5 mol kg 1.30,31 The shift
of the absorption band with the ionic strength is already
described in the literature.29,32 With increasing acetate concen-
tration the absorption band shifts to higher wavelengths and
two isosbestic points are visible at 983.7 and 986.0 nm, indicating
the formation of two different Np(V) acetate complexes. Further-
more, the Full Width at Half Maximum (FWHM) of the absorption
bands increases from 7.3 to 12.3 nm with increasing [Ac ]tot. At
elevated temperature (T = 85 1C, Fig. 1 (bottom)) the absorption
spectrum of the Np(V) aquo ion is hypsochromically shifted by
1.7 nm to 977.8 nm. The FWHM is unaffected by the temperature
and remains at 7.3 nm. With increasing ligand concentration the
Np(V) absorption band also shifts bathochromically to higher
wavelengths. However, only one isosbestic point is observed, which
is located at 981.6 nm at 85 1C. The position of the isosbestic point
is shifted by 1.6 nm towards lower wavelengths compared to 20 1C,
reflecting the general hypsochromic shift of the Np(V) band with
increasing temperature. The increase in the FWHM from 7.3 to
12.8 nm is slightly more pronounced at elevated temperature. At
each temperature the bathochromic shift of the absorption band
clearly indicates the formation of NpO2(Ac)n

1 n complexes, which
is fostered at increased temperature indicating an endothermic
complexation behaviour. The temperature induced hypsochromic
shift of the absorption band of Np(V) is contrary to the bath-
ochromic shift of the spectra resulting from the complexation
of Np(V). It is known that temperature and ionic strength
significantly affect the absorption of Np(V) in aqueous solution.29,32

comparison of these studies shows controversial results regarding 
the speciation of the Np(V)-acetate complexes. Depending on the 
used experimental approach (spectrophotometry or solvent 
extraction) a different number of species (NpO2(Ac)n

1 n, n = 1–3)  is 
observed at comparable experimental conditions. Furthermore, the 
reported stability constants differ considerably and thermo-
dynamic functions at IUPAC reference state conditions are not 
available.

Thus, the present work focuses on the complexation of 
NpO2

+ with acetate to clarify the speciation and to determine 
thermodynamic functions of the complexation reactions. The 
complexation is studied in NaClO4 and NaCl solutions by 
absorption spectroscopy in the near-IR region as a function of 
temperature (T = 20–85 1C). Application of the specific ion 
interaction theory (SIT) and the integrated Van’t Hoff equation 
yields the temperature dependent standard-state stability constants 
(log b0

n(T)) and thermodynamic functions DrH
0 and DrS

0 of the 
different complexation reactions. Also the binary ion–ion interaction 
parameters eT(i,k) of the different Np(V) species  with  Na+ and Cl /
ClO4 are determined.

Experimental section
Sample preparation

All solutions were prepared on the molar concentration scale 
(mol kg 1 H2O; ‘‘m’’) to avoid changes of the concentrations 
due to changes in temperature and/or ionic strength. All chemicals 
were analytical grade or higher and purchased from Merck Millipore 
or Alfa Aesar. The samples were prepared using ultrapure water 
(Milli-Q academic, Millipore). A 4.18 � 10 2 mol kg 1 237Np(V) stock 
solution in 7.0 � 10 2 mol kg 1 HClO4 was used to set the total 
initial Np(V) concentration of the samples to 2.5 � 10 4 mol kg 1 in 
H2O.28 The oxidation state and concentration of the Np(V) stock 
solution was determined by absorption spectroscopy. The total 
proton concentration of the samples was adjusted to [H]total

+ = 
1.2 � 10 5 mol kg 1 with HClO4. One series of samples was 
prepared using a fixed ionic strength (Im = 4.0 mol kg 1 NaClO4) 
at increasing acetate concentrations. The acetate concentration 
of the samples was increased by successive titration with a 
solution of [NaAc]tot = 1.0 mol kg 1 at Im = 4.0 mol kg 1

Na(ClO4 /Ac ) and [NaAc]tot = 4.0 mol kg 1. Therefore, the 
appropriate amount of solid NaAc and NaClO4 was dissolved in 
water. Furthermore, two additional series of samples were prepared at 
fixed ligand concentrations and increasing concentrations of 
NaClO4 or NaCl, respectively. The acetate concentrations were set 
to [Ac ]tot = 0.05; 0.11 mol kg 1 by dissolving solid NaAc. The 
concentration of NaClO4 was adjusted by addition of aliquots of an 
aqueous 13.9 mol kg 1 NaClO4 solution. The NaCl ionic strength 
was increased by addition of solid NaCl into the samples. A detailed 
summary of the sample compositions is given in the ESI.†

Spectrophotometry

Spectrophotometric titrations in the near-IR region were con-
ducted between 20 to 85 1C using a Varian Cary-5G UV/Vis/NIR 
spectrophotometer. The temperature of the sample holder



The hypsochromic shift is explained by solvatochromic effects.33 37

The temperature and ionic strength influence the physical
properties of water like the dielectric constant, refractive index
and polarity.38,39 This results in changes in the electronic
absorption of Np(V). Furthermore, they also affect the solvation
of Np(V) in the second hydration sphere which results in
additional changes of the spectroscopic properties.32 Due to
the temperature- and ionic strength dependence of the absorption
bands, each series of spectra has to be treated separately and
single component spectra have to be determined for all studied
experimental temperature and ionic strength conditions.

Peak deconvolution and speciation

The pure component spectra of the complexed species NpO2(Ac)
and NpO2(Ac)2 are derived via subtractive peak deconvolution
at each temperature condition using the absorption spectrum of
the Np(V) aquo ion obtained from NaClO4 solution at the
respective temperature. Hereby, identical spectra for NpO2(Ac)
and NpO2(Ac)2 are determined in NaCl and NaClO4 media at
equal ionic strength and temperature. Thus, a complexation of
Cl at high NaCl ionic strengths can be excluded. The results for
20 and 85 1C are presented in Fig. 2. Additionally, all single
component spectra are given in the ESI.† At 20 1C the absorption
band of NpO2(Ac) is located at lmax = 984.2 nm (e = 192 �
9 L mol 1 cm 1, lFWHM = 8.9 � 0.4 nm) and is bathochromically
shifted by 4.7 nm compared to the Np(V) aquo ion. The absorption

maximum of NpO2(Ac)2 is observed at lmax = 989.6 nm (e =
80� 4 L mol 1 cm 1, lFWHM = 8.6� 0.4 nm), corresponding to a
bathochromic shift of 10.1 nm. With increasing temperature all
absorption bands of the different Np(V) complex species are
hypsochromically shifted by 1.6 nm. Nonetheless, the tempera-
ture does not influence the integrated absorption coefficients of
the absorption bands and changes of the molar attenuation
coefficient and FWHM are within in the error range of the
deconvolution. This shows that the T and Im induced blue shift
is independent of the chemical speciation and results from
changes in the absorption properties of the Np(V) ion. The
position of the absorption band of NpO2(Ac) at room tempera-
ture determined in the present work is in excellent agree-
ment with literature data.1 However, the extinction coefficient
(e = 191� 7 L mol 1 cm 1) is lower compared to the value in the
literature (e E 320 L mol 1 cm 1). A comparison of the absorp-
tion spectrum of NpO2(Ac) with that of the analogous 1 : 1 Np(V)–
propionate complex (lmax = 984 nm, e = 180 � 10 L mol 1 cm 1)
shows that the spectroscopic properties are in excellent
agreement.13 This is due to the similar chemical and electronic
structure of both ligands. The deconvolution of the experi-
mental absorption spectra is performed by principle component
analysis using the pure component spectra.40,41

The speciation of the Np(V) acetate system (symbols) is
displayed in Fig. 3 as a function of the equilibrium acetate
concentration at T = 20 and 85 1C and Im = 4.0 mol kg 1 NaClO4.
Also, the calculated speciations (lines) using the derived log
bn
0(T) values (see next section) are given. The species distributions

for all studied experimental conditions are given in the ESI.† With
increasing ligand concentration the chemical equilibrium is
shifted towards the complexed species. At 20 1C and [Ac ]eq 4
5 � 10 2 mol kg 1 NpO2(Ac) dominates the species distribution.
For [Ac ]eq 4 3.6 � 10 1 mol kg 1 the NpO2(Ac)2 complex
becomes the dominant species. The comparison of the species
distributions at 20 and 85 1C clearly shows that at equal ligand
concentrations the mole fractions of the complex species are
increased at higher temperature. At 85 1C the NpO2(Ac) complex
is the dominant species at [Ac ]eq 4 2 � 10 2 mol kg 1 and
NpO2(Ac)2 prevails at [Ac ] 4 3.2 � 10 1 mol kg 1.

Fig. 1 Absorption spectra of Np(V) as a function of the total acetate [Ac]tot

concentration at T = 20 1C (top), and T = 85 1C (bottom) and Im (NaClO4) =
4.0 mol kg�1.

Fig. 2 Absorption spectra of the Np(V) aquo ion and the NpO2(Ac)n
1�n

(n = 1, 2) complexes at 20 1C (solid lines) and 85 1C (dashed lines)
(Im(NaClO4) = 4.0 mol kg�1).



The single component spectra and the experimentally deter-
mined speciation are verified by slope analysis at each studied
temperature. The slope analyses are performed according to
eqn (1):

log bn
0 ¼ log

NpO2ðAcÞn
� �1 n

NpO2½ �þ
� n log Ac½ �eq (1)

with [Ac ]eq being the free, deprotonated acetate concentration
in solution at a given temperature. [Ac ]eq is calculated for each
temperature according to literature procedure using the Henderson–
Hasselbalch equation, SIT and temperature dependent pK0

a

values.42 44 In Fig. 4 the slope analyses at Im = 4.0 mol kg 1

are displayed for 20 and 85 1C. The results show that the
logarithm of the mole fractions log(NpO2(Ac)n

1 n/NpO2(Ac)n 1
2 n)

correlate linearly with log([Ac ]eq). The exclusive formation of the
two Np(V)-acetate complex species with stoichiometries of
NpO2(Ac)n

1 n (n = 1, 2) are confirmed at all experimental conditions
(see ESI,† for the results of all slope analyses). This differs from the
results obtained by Takao et al. using absorption spectroscopy and
EXAFS.26 The authors report the formation of NpO2(Ac)n

1 n (n = 1–3)
in a concentration range of [Ac ]eq E 0–1 mol L 1, which is almost
identical to that of the present work. On the contrary, in a further
spectroscopic study performed by Rao et al. the formation of only
NpO2(Ac) up to [Ac ]total r 0.3 mol L 1 is reported.1 This is
supported by various solvent extraction studies also providing only
the formation of NpO2(Ac) up to [Ac ]total r 0.2 mol L 1. Further-
more, the results of the present work are compared to that of Np(V)
with propionate (Prop).13 In a concentration range up to [Prop ]total

r 0.1 mol kg 1 the formation of NpO2(Prop) is confirmed in the
temperature range of 20–85 1C. This is in very good agreement with
the observations in the present work with mole fractions of
NpO2(Ac)2 being negligible for [Ac ]eq r 0.1 mol kg 1. Due to
the limited [Prop ]eq concentration the formation of NpO2(Prop)2

was not observed.

Thermodynamic data

The log bn
0(T) values for the formation of NpO2(Ac) and

NpO2(Ac)2 are calculated according to the law of mass action
(eqn (1)) using the determined speciation and the equilibrium
acetate concentrations. The conditional stability constants are
extrapolated to Im = 0 with the specific ion interaction theory
(SIT) as recommended by the NEA-TDB (see ESI,† for more
information).17,18 The log b0

n(T) values are summarized in
Table 1. The thermodynamic stability constants log b0

n(T)
obtained in NaCl and NaClO4 media are in good agreement
within the error range. Hence, averaged values for log b0

n(T) are
calculated, yielding log b0

1(20 1C) = 1.31 � 0.18 for NpO2Ac and
log b0

2(20 1C) = 1.35 � 0.17 for NpO2(Ac)2 . With increasing
temperature the first stability constant increases by approxi-
mately 0.5 logarithmic units to log b0

1(85 1C) = 1.80 � 0.16 and
the second increases by 0.6 to log b0

2(85 1C) = 1.96 � 0.21.
To determine the standard reaction enthalpy DrH

0
0n,m and

entropy DrS
0
0n,m the averaged logb0

n(T) are plotted versus the
reciprocal temperature T 1 (see Fig. 5). The data correlate
linearly with T 1 and the temperature dependence is thus well
described by the integrated van’t Hoff equation (eqn (2)).

logK0
n ðTÞ ¼ logK0

n ðT0Þ þ
DrH

0
mðT0Þ

R lnð10Þ
1

T0
� 1

T

� �
(2)

R is the universal gas constant and T the absolute temperature.
T0 = 298.15 K and is the temperature of the IUPAC reference state.
The equation is valid in the studied temperature range of 20–85 1C,
assuming DrC

0
m,p = 0 and DrH

0
m = const. The DrH

0
0n,m and DrS

0
0n,m

values determined in the present work are summarized in Table 2.
The reaction enthalpies and entropies are positive. Averaged values
of DrH

0
01,m (NpO2(Ac))= 14.8 � 1.6 kJ mol 1 and DrH

0
02,m

(NpO2(Ac)2 )= 19.0 � 2.1 kJ mol 1 are obtained. The standard
reaction entropies are DrS

0
01,m(NpO2(Ac)) = 74� 10 J mol 1 K 1 and

DrS
0
02,m(NpO2(Ac)2 ) = 89� 16 J mol 1 K 1. Thus, the formation of

NpO2(Ac) and NpO2(Ac)2 is driven by the high gain of entropy.
For comparison with literature data logb0

1(25 1C) is calculated
using the integrated Van’t Hoff equation (eqn (2)). A comparison
of logb0

1(25 1C) with literature data is given in Table 3.

Fig. 3 Experimental (symbols) and calculated (lines) species distribution
of NpO2(Ac)n

1�n (n = 0, 1, 2) complexes as a function of the equilibrium
ligand concentration in aqueous solution. Im(NaClO4) = 4.0 mol kg�1;
T = 20 1C (solid lines) and 85 1C (dashed lines). Calculations with
log b1(20 1C) = 1.43 � 0.09, log b2(20 1C) = 1.88 � 0.12, log b1(85 1C) =
1.97 � 0.15, log b2(85 1C) = 2.45 � 0.16.

Fig. 4 Plots of log ([NpO2(Ac)n]1�n/[NpO2(Ac)n�1]
2�n) vs. log([Ac�]eq) and

linear regression analyses at 20 and 85 1C (Im(NaClO4) = 4.0 mol kg�1). Due
to minimization of the error, data points with at least one Np(V) species
below 5% are omitted in the slope analyses.



Spectrophotometric studies on the Np(V) complexation with
acetate by Rao et al. provide logb0

1(25 1C) = 1.05 � 0.04.1 This
value is by 0.24 logarithmic units lower compared to the stability
constants of the present work. Moore et al., Novak et al. and
Pokrovsky et al. obtained logb0

1(25 1C) values in the range of
1.30–1.46, determined by solvent extraction.2,4,7 The reported
thermodynamic stability constants are in excellent agreement
with that of the present work. The formation of higher complex
species is not observed in these studies.

Furthermore, the stability constant of the NpO2(Ac) complex
in the present work is in excellent agreement with the value of
the analogue NpO2(Prop) complex (log K0

251C(NpO2(Prop)) =
1.26 � 0.03).13 This is due to the similar chemical properties
of acetic and propionic acid. Both carboxylic acids have similar
pK0

a values and the coordinating functional group is identical.
The effect of the alkyl backbone on the complex stability is
negligible as it has only a minor impact on the electron density
at the carboxylic group.

The comparison of the standard reaction enthalpies and
entropies for the complexation of Np(V) with acetate with
literature data is not possible due to the lack of literature values
at IUPAC reference state. Nonetheless, they can be compared to
data of the Np(V) propionate system. The formation of NpO2(Prop)
is also endothermic with DrH

0
m = 10.9� 1.2 kJ mol 1 and driven by

the entropy (DrS
0
m = 62 � 4 J mol 1 K 1). The thermodynamic

functions are in good agreement with those of the present work.
Rao et al. determined the conditional reaction enthalpy and

entropy for the formation of NpO2(Ac) at Im = 1.05 mol kg 1

Na(ClO4/Ac) using calorimetric titrations.1 The results show
DrHm

0 = 18.1 � 1.8 kJ mol 1 and DrSm
0 = 75 � 6 J mol 1 K 1.

Both values are in excellent agreement with the conditional
values determined in the present work at the same ionic
strength (DrHm

0 = 16.5� 1.5 kJ mol 1, DrSm
0 = 73� 8 J mol 1 K 1).

Application of the SIT yields the stoichiometric sum of the
binary ion interaction coefficients of the complexation reactions
(De01 and De02). The De01 and De02 values for the formation of
NpO2(Ac)n

1 n (n = 1, 2) in NaClO4 and NaCl media are displayed in
Fig. 6 as a function of the temperature. In NaClO4 medium the Den

values show no temperature dependence whereas De01 decreases

Table 1 Thermodynamic stability constants log b0
n(T) for the formation of [NpO2(Ac)n]1�n (n = 1, 2) obtained in NaClO4 and NaCl media as a function of

the temperature. Errors correspond to the uncertainty of �3s (99.7% level of confidence)

T [1C] 20 30 40 50 60 70 80 85

[NpO2(Ac)] NaClO4 1.29 � 0.12 1.38 � 0.12 1.43 � 0.11 1.48 � 0.11 1.60 � 0.12 1.72 � 0.12 1.74 � 0.12 1.82 � 0.11
NaCl 1.33 � 0.13 1.38 � 0.13 1.43 � 0.12 1.51 � 0.12 1.61 � 0.12 1.66 � 0.12 1.67 � 0.12 1.77 � 0.12
+ 1.31 � 0.18 1.38 � 0.18 1.43 � 0.16 1.50 � 0.16 1.61 � 0.17 1.69 � 0.17 1.71 � 0.17 1.80 � 0.16

[NpO2(Ac)2]� NaClO4 1.36 � 0.12 1.49 � 0.13 1.56 � 0.13 1.61 � 0.12 1.75 � 0.14 1.89 � 0.12 1.91 � 0.12 2.01 � 0.13
NaCl 1.34 � 0.13 1.34 � 0.16 1.44 � 0.16 1.54 � 0.16 1.68 � 0.19 1.75 � 0.19 1.79 � 0.17 1.91 � 0.17
+ 1.35 � 0.17 1.42 � 0.21 1.50 � 0.21 1.58 � 0.20 1.72 � 0.24 1.82 � 0.22 1.85 � 0.21 1.96 � 0.21

Fig. 5 Plot of logb0
n(T) (n = 1, 2) as a function of the reciprocal temperature

and fitting according to the integrated Van’t Hoff equation. The error bars
equal the uncertainty of �3s (99.7% level of confidence).

Table 2 Thermodynamic data for the formation of NpO2(Ac)n
1�n (n = 1, 2) according to eqn (1) and (2). Errors correspond to the uncertainty of �3s

(99.7% level of confidence)

Electrolyte NpO2(Ac)n
1�n log b0

n(25 1C) DrH
0
0n,m [kJ mol�1] DrS

0
0n,m [J mol�1 K�1] De

NaClO4 n = 1 1.29 � 0.14 15.9 � 1.3 77 � 8 0.18 � 0.06
n = 2 1.34 � 0.14 19.4 � 1.6 90 � 12 0.08 � 0.03

NaCl n = 1 1.34 � 0.26 13.6 � 1.0 71 � 6 0.15 � 0.06
n = 2 1.32 � 0.29 18.6 � 1.4 87 � 10 0.11 � 0.06

+ n = 1 1.31 � 0.27 14.8 � 1.6 74 � 10 —
n = 2 1.33 � 0.29 19.0 � 2.1 89 � 16 —

Table 3 Thermodynamic stability constants for the complexation of Np(V)
with acetate and propionate at 25 1C, p.w. = present work, sp = spectro-
photometry, sx = solvent extraction, cal = microcalorimetry

Method Electrolyte logb0
251C Ref.

[NpO2(Ac)] sp NaClO4 1.31 � 0.14 p.w.
sp NaCl 1.34 � 0.14 p.w.
sp, cal NaClO4 1.05 � 0.04 RAO101

sx NaClO4 1.35 POK972

sx NaCl 1.46 � 0.22 NOV964

sx NaCl 1.30 � 0.06a MOO787

[NpO2(Ac)2]� sp NaClO4 1.38 � 0.26 p.w.
sp NaCl 1.32 � 0.29 p.w.

[NpO2(Prop)] sp NaCl 1.26 � 0.03 VAS1513

a Calculated from literature data.



and De02 increases slightly in NaCl. However, the temperature
dependence is within the error range of the data. Various studies
on the ionic strength dependence of the complexation reactions of
trivalent lanthanides and actinides as well as recent studies on the
Np(V)-sulfate complexation showed, that the effect of temperature
on Dej,k is rather small and thus negligible in the temperature
range of 20 to 90 1C.13,29,42,45 This applies also to the temperature
dependence of Dej,k in the present work. Thus, averaged
temperature-independent Dej,k values are determined for NaCl
and NaClO4 as background electrolytes (Table 2). The averaged
values are De01 = �0.18 � 0.06 (NaClO4), De01 = �0.15 � 0.06
(NaCl), De02 = �0.08 � 0.03 (NaClO4) and De02 = �0.11 � 0.06
(NaCl). In order to derive the binary ion–ion interaction coefficients
ej,k of the different Np(V) acetate complexes with Na+ and Cl /ClO4

the following parameters given by the NEA-TDB: e(Na+, Ac ) =
0.08 � 0.01, e(NpO2

+, ClO4 ) = 0.25 � 0.05, and e(NpO2
+, Cl ) =

0.09 � 0.05 are used.17 e(Na+ + Cl /ClO4 , NpO2(Ac)) and e(Na+,
NpO2(Ac)2 ) are calculated according to eqn (3) and (4).

log K0 � Dz2D = log K0 + DeIm (3)

De =
P

eproducts �
P

eeduct (4)

The obtained vales are e(Na+ + Cl , NpO2(Ac)) = 0.02 � 0.06,
e(Na+ + ClO4 , NpO2(Ac)) = 0.15 � 0.06 and e(Na+, NpO2(Ac)2 ) =
�0.01 � 0.06. In case of an uncharged species ei,k is assumed to
be zero according to the SIT. In NaCl medium e(Na+ + Cl ,
NpO2(Ac),) is in good agreement with this assumption, but
deviates slightly from zero in NaClO4.

Nonetheless, the obtained log b0
1(T) values and thermo-

dynamic functions for both electrolytes are in excellent agreement.
This confirms that the ionic strength dependence of the complex
formation is accurately described using the determined ej,k values.
The comparison with literature data is not possible as no SIT
specific binary ion–ion interaction coefficients are available.

Summary and conclusion

In this work the complexation of Np(V) with acetate is studied
systematically as a function of the ligand concentration (Ac ),
ionic strength (NaCl and NaClO4) and temperature (20–85 1C)

using absorption spectroscopy. The results show the formation
of two different complex species which are identified as
NpO2(Ac) and NpO2(Ac)2 complexes by slope analyses. The
formation of higher complexes is not observed under the experi-
mental conditions of [Ac ]total = 0–1.0 mol kg 1 and Tmax = 85 1C.
At elevated temperatures the complexation is more pronounced
which is reflected by an increase of the thermodynamic stability
constants of both species by 0.5–0.6 orders of magnitude.
Correlation of logb0

n(T) with the reciprocal temperature and
fitting according to the integrated Van’t Hoff equation yield the
standard reaction enthalpies (DrH

0
0n,m) and entropies (DrS

0
0n,m).

DrH
0
0n,m and DrS

0
0n,m are positive confirming that the complexation

reactions are endothermic and solely driven by a high gain of
entropy. Furthermore, the De01 and De02 values are determined
as a function of temperature for the two different ionic media
(NaCl and NaClO4). No significant temperature dependence of
De01 and De02 is observed and thus temperature independent mean
values for e(Na+ + Cl /ClO4 , NpO2(Ac)) and e(Na+, NpO2(Ac)2 )
are calculated.

The present work is a detailed spectroscopic study on the
complexation of pentavalent Np(V) with acetate in NaCl and
NaClO4 media, giving the respective standard state thermodynamic
functions DrH

0
0n,m, DrS

0
0n,m and logb0

n(T). A detailed knowledge of
the thermodynamics of relevant geochemical processes, like
complexation reactions with organic and inorganic ligands in
the aqueous phase, is essential to access a model to describe the
migration behaviour of actinides under natural conditions over
very long time scales. As temperatures highly above 25 1C will be
present in the near-field of a repository, thermodynamic data at
ambient and at increased temperatures is required for an
in-depth understanding of the aqueous geochemistry of actinide
elements at conditions relevant for nuclear waste disposal. Thus,
the data determined herein are a valuable contribution to the
thermodynamic database of actinides improving the scientific
basis for accessing nuclear waste disposal scenarios at elevated
temperature conditions.
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Fig. 6 De0n values for the formation of [NpO2(Ac)n]1�n (n = 1, 2) in NaClO4 (left) and NaCl (right) as a function of the temperature. The error bars (dashed
lines) equal the 2s error of the mean values (solid lines) (95.4% level of confidence).
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43 A. Skerencak, S. Höhne, S. Hofmann, C. M. Marquardt and
P. J. Panak, J. Solution Chem., 2013, 42, 1–17.

44 R. Smith, A. Martell and R. Motekaitis, NIST Critically Selected
Stability Constants of Metal Complexes Database, 2004.

45 A. Skerencak-Frech, M. Maiwald, M. Trumm, D. R. Froehlich
and P. J. Panak, Inorg. Chem., 2015, 54, 1860–1868.

Acknowledgements

All spectroscopic measurements were carried out at the Institute 
for Nuclear Waste Disposal (INE) at Karlsruhe Institute of 
Technology (KIT). Dr D. Fellhauer and Dr M. Altmaier are 
acknowledged for providing the 237Np and their experimental 
support. This work is supported by the German Federal Ministry 
of Education and Research (BMBF) under Contract 02NUK039C.

References

1 L. Rao, G. Tian, T. G. Srinivasan, P. Zanonato and P. Di




