
DOI 10.1515/ract-2013-2151 | Radiochim. Acta 2014; 102(5): 385–400

Jan Tits*, Xavier Gaona, Andreas Laube, and Erich Wieland

Influence of the redox state on the neptunium
sorption under alkaline conditions: Batch
sorption studies on titanium dioxide and calcium
silicate hydrates

Abstract: Wet chemistry experiments were carried out to

investigate the e�ect of the redox state and aqueous spe-

ciation on the uptake of neptunium by titanium dioxide

(TiO2) and by calcium silicate hydrates (C-S-H) under alka-

line conditions. TiO2 was chosen as a reference sorbent to

determine the surface complexation behaviour of neptu-

nium under alkaline conditions. C-S-H phases are impor-

tant constituents of cement and concrete. They may con-

tribute signi�cantly to radionuclide retention due to their

high recrystallization ratesmaking incorporation thedom-

inating sorption mechanism for many radionuclides (e.g.

the actinides) on these materials. The sorption of neptu-

nium on both solids was found to depend strongly on the

degree of hydrolysis. On TiO2 �d values for Np(IV), Np(V)

and Np(VI) are identical at pH = 10 and decrease with pro-

gressing hydrolysis in case of Np(V) and Np(VI). On C-S-H

phases, �d values for the three redox states are also iden-

tical at pH = 10. While the �d values for Np(VI) sorption

on C-S-H phases decrease with progressing hydrolysis, the

�d values for Np(IV) andNp(V) sorption are not a�ected by

the pH. In addition to the e�ect of hydrolysis, the presence

of Ca is found to promote Np(V) and Np(VI) sorption on

TiO2 whereas on C-S-H phases, the present wet chemistry

data do not give unambiguous evidence. Thus, the aque-

ous speciation appears to have a similar in�uence on the

sorption of the actinides onboth types of solids despite the

di�erent sorption mechanism.

The similar �d values for Np(IV,V,VI) sorption at pH = 10

can be explained qualitatively by invoking inter-ligand

electrostatic repulsion between OH groups in the coor-

dination sphere of Np(V) and Np(VI). This mechanism

was proposed earlier in the literature for the prediction

of actinide complexation constants with inorganic lig-

ands. A limiting coordination number for each Np redox

state, resulting from the inter-ligand electrostatic repul-

sion, allows the weaker sorption of the highest hydrolysed

Np(V,VI) species to be explained.
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1 Introduction

Cementitiousmaterials are an important component in the

multi-barrier concepts developed in many countries for

the safe storage of low and intermediate level (L/ILW) ra-

dioactive waste in deep geological repositories (e.g., [1]).

Reliable thermodynamic models able to predict the in-

teraction between radionuclides and cementitious mate-

rials in the long term are important for the performance

assessment of future cement-based repositories. The de-

velopment of such models requires a su�ciently detailed

macroscopic andmolecular-level understandingof theup-

take processes involved. Studies on the retention of ra-

dionuclides by cementitious materials have focused pre-

dominantly on adsorption as the relevant uptake process

(e.g., [2] and references therein). However, other poten-

tially important immobilization processes, such as incor-

poration in the solid matrix, may take place and, thus, ex-

ert a bene�cial e�ect on radionuclide retardation. Calcium

silicate hydrates (C-S-H), the major cement constituent,

are characterized by high recrystallization rates (e.g., [3])

thus making them an ideal system for the incorporation

of radionuclides. Titanium dioxide (TiO2) is a solid phase
known to be stable under alkaline conditions and ambi-

ent temperature with low solubility and slow recrystal-

lization [4]. Therefore, radionuclide incorporation into the
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Fig. 1: Np predominance diagram (a) and Np(IV,V,VI) speciation (b, c, d) calculated using the NEA thermodynamic database [9] completed
with stability constants for the hexavalent NpO2(OH)2(aq) [5], NpO2(OH)3

− and NpO2(OH)
2−
4 species [10]. � =0, [Np]tot = 10−10M. The

gray-coloured �elds in the predominance diagram represent the redox potential ranges expected in the cementitious near-�eld of a L/ILW
repository [11, 12].

structure of this mineral is unlikely, thus making it an ad-

equate solid to study the surface complexation behaviour

of radionuclides under alkaline conditions.

The chemical behaviour of neptunium in nuclear

waste repositories is of particular concern because of its

long half life (�1/2 = 2.14× 106 years) and its radiotoxic-

ity. Neptunium is commonly believed to exist in the oxida-

tion states +IV and +V in a cementitious environment un-

der reducing and oxidizing conditions, respectively. How-

ever, the possible formation of anionic Np(VI) species

(NpO2(OH)3
−
and NpO2(OH)4

2−
) under oxidizing alkaline

conditions, in analogy to U(VI), may signi�cantly limit the

stability �eld of Np(V) in favour of Np(VI) species. Re-

cently, Np redox speciation studies have con�rmed the

analogy between the uranium and neptunium specia-

tion under alkaline, oxidizing conditions [5]. A predom-

inance diagramme for Np in the pH range 10<pH< 14

including the anionic Np(VI) species (NpO2(OH)3
− and

NpO2(OH)4
2−
), shows that all three redox states may occur

under the redox conditions expected in a L/ILW repository

(gray-coloured regions in Figure 1a).

Experimental sorption data with Np(V) on cementi-

tious materials are scarce while sorption data for Np(IV)

and Np(VI) are non-existing in the literature due to the ex-

perimental di�culties associated with the stabilization of

the +IV and +VI redox states (e.g., [6]). Actinides are clas-
si�ed as hard Lewis acids and thus, they exhibit a strong

a�nity for oxygen-containing hard bases such as the sur-

face hydroxyl groups of metal oxides and C-S-H phases

(e.g., [7]). These surface hydroxyl groups have oxygen

atoms with lone electron pairs, which can act as electron

donors in coordination reactions resulting in ionic bond-

ing. The bond strength in ionic bonds correlates roughly

with the e�ective charge of the metal cation [7, 8].
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Actinide surface complexation onC-S-Hphases is thus

expected to decrease with decreasing e�ective charge of

the actinides in the order:

An4+(4) > AnO22+(3.3) > An3+(3) > AnO2+(2.2) (1)

Numbers in brackets represent the e�ective charge of the

respective actinides [7, 8]. Studies with Th(IV) [13–18] re-

port strong uptake behaviour with sorption distribution

ratios (�d values) typically ≥ 105 L kg−1. Th(IV) uptake by
cementitious materials was interpreted in terms of inner-

sphere complexation at the surface of the C-S-H phases in

cement [16, 18]. Recently, an EXAFS study showed that C-S-

H phases are responsible for Np(IV) retention by hardened

cement paste (HCP) and that Np(IV) is predominantly in-

corporated in the interlayer of C-S-H phases [19].

A limited number of sorption data with Np(V) on HCP

are available from the literature ( [14, 20] and references

herein) indicating strong sorption (�d values ranging be-

tween 300 L kg−1 and 3 × 104 L kg−1). This �nding cannot
be explained on the basis of the e�ective charge of NpO2

+

and the ionic nature of the actinide surface complexes. EX-

AFS investigations carried out by Sylwester et al. [21] sug-

gested that Np(V) is adsorbed on the cement surface in its

pentavalent state in a �rst step, followed by reduction to

the tetravalent state. The idea of a surface-catalysed reduc-

tion process is, however, not supported by a more recent

XANES / EXAFS study [22]. The latter study shows the pres-

ence of pentavalent Np sorbed species on C-S-H phases

and HCP after a reaction time of 2 months.

The same EXAFS study [22] also provided indications

for incorporation of Np(VI) in the C-S-H interlayers based

upon the presence of a neighbouring Si shell at short dis-

tance. Further information on the uptake of hexavalent

actinides in C-S-H phases resulted from sorption studies

with U(VI) on cementitious materials (e.g., [22–28]). Mea-

sured �d values were found to range between 103 L kg−1
and 106 L kg−1 and to depend on pH, aqueous speciation

and the composition of C-S-H phases. The latter phases

are considered to be responsible for U(VI) immobilization

in cementitiousmaterials. EXAFS investigations and lumi-

nescence spectroscopy studies further indicate that U(VI)

is incorporated in the interlayer of the C-S-H phases [24,

27, 28]. Gaona et al. [29] �nally showed that batch sorp-

tion data could be modelled with the help of a sublattice

ideal solid solution model with three C-S-H end-members

and three U(VI)-bearing end-members, in agreement with

spectroscopic results.

The present study was carried out to determine a con-

sistent set of sorption data for Np(IV), Np(V) and Np(VI)

on C-S-H phases and on TiO2 under alkaline conditions

(10<pH< 14) with the aim of 1) investigating the e�ect of

the redox state of Np on the uptake by cementitious mate-

rials and 2) con�rming the possibility of actinide incorpo-

ration in the C-S-H structure. Batch sorption experiments

were carried out on C-S-H phases with varying composi-

tion and on TiO2. The CaO:SiO2 (C:S) mole ratios of C-S-

H phases can vary between ∼ 0.67 and ∼ 2.0 (e.g., [30]).

With increasing C:S ratios, H
+
ions in the interlayer and

bridging tetrahedra of the silica chains are progressively

replaced by Ca
2+

cations [31, 32]. The C:S ratio is known

to correlate with both the pH and the aqueous Ca concen-

tration (e.g., [30, 33–35]). Hence, varying the C:S ratio in

a sorption experiment coincideswith a variationof pHand

the aqueous Ca concentration. Sorption onTiO2was inves-

tigated to determine Np(IV,V,VI) surface complexation on

oxide surfaces under alkaline conditions. Sorption experi-

ments were carried out as a function of pH and aqueous

Ca concentration to allow comparison with the sorption

behaviour onto C-S-H phases to be made. Di�erences be-

tween the sorption behaviour on TiO2 and on C-S-Hphases

were expected to provide evidence for incorporation into

the C-S-H structure.

Control of the redox conditions during the batch sorp-

tion experiments was a critical aspect in this study. Reduc-

ing conditionsweremaintained by the addition of a reduc-

ing agent (Na-dithionite (�0(2SO32−/S2O42−) = − 1.13 V),
whereas oxidizing conditions were controlled by the ad-

dition of Na-hypochlorite (�0 (Cl−/ClO−) = +0.8 V) as an
oxidizing agent. The use of reducing or oxidizing agents,

respectively, allowed redox conditions to be controlled at

any time in the entire volume of the homogenized suspen-

sion.

To the best of our knowledge this paper reports the

�rstmeasured�d values forNp(IV) andNp(VI) on cementi-

tious materials. These data will �ll a major gap in sorption

databases used in performance assessment studies for nu-

clear waste repositories.

2 Experimental

2.1 Materials

Throughout this study, Merck “Pro analysis” chemicals

and deionized, decarbonated water (Milli-Q water) gener-

ated by a Milli-Q Gradient A10 System (Millipore, Bedford,

USA) were used. The Milli-Q water was deaerated by purg-

ing thoroughly with N2 for at least 2 h followed by equili-

bration with the inert N2 glove box atmosphere for at least

one week before use. The centrifuge tubes used for the wet

chemistry experimentswerewashed, left overnight in a so-

lutionof0.1 MHCl, and thoroughly rinsedwithMilli-Qwa-
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ter. All experiments were carried out in glove boxes under

N2 atmosphere (pO2, pCO2 < 2 ppm).

Titanium dioxide (AEROXIDE P25) was obtained from

Evonik Industries AG, Germany. This material is a mix-

ture of 86% anatase and 14% rutile and has a speci�c sur-

face area of 56±1m2 g−1 [4, 36]. TiO2 suspensions were
prepared by mixing the appropriate amounts of Aeroxide

P25 with 0.1M NaCl solutions to obtain the solid to liquid

(S:L) ratios required for the batch sorption tests. The pH of

the suspensionswas adjusted withNaOHsolutions having

concentrations of 0.01M, 0.3M and 1.0M. The pH of the

suspensions had to be adjusted several times over a pe-

riod of 3 d to compensate for deprotonation reactions on

theTiO2 surface. TiO2 suspensionswithpHvalues above 13

were prepared in pure NaOH without 0.1M NaCl as back-

ground electrolyte.

C-S-H phaseswith varying C:S ratios (0.65<C:S< 1.65)

were synthesised in Milli-Q water (alkali-free C-S-H

phases) and in an arti�cial cement pore water (ACW) fol-

lowing a procedure adapted from [37]. Brie�y, AEROSIL

300 (SiO2) (Evonik Industries, AG, Germany) was mixed

with CaO in polyethylene bottles to give target C:S ratios

between 0.65 and 1.65. To this, ACW or Milli-Q water was

added to achieveS:L ratios of5 × 10−3 kg L−1. After anage-
ing period of at least 2 weeks, the C-S-H suspensions were

ready for further use in sorption experiments. A detailed

characterization of these C-S-H phases is provided in [38].

The composition of ACW is based on an estimate of the

pore water composition in HCP before any degradation of

the material had occurred. The ACW contains 0.18M KOH

and 0.114MNaOHandhas a pHof 13.3. The Ca and Si con-

centrations of the pore water are �xed by the solubilities

of the respective C-S-H phase. Part of the resulting suspen-

sions (S : L = 5 × 10−3 kg L−1) was centrifuged and the su-
pernatant used to dilute the remaining suspension to the

S:L ratio required for the batch sorption experiments.
239Np tracer solutions were prepared according to

a procedure described earlier by Sill [39]. The separation

of this short-lived actinide isotope from its parent 243Am
(Eckert & Ziegler Isotope Products, USA) was achieved by

extraction into long-chain amines (tri-iso-octylamine in

xylene) followed by back-extraction with 0.01M HCl.
45Ca was used to determine Ca sorption and the aque-

ous Ca concentrations in TiO2 suspensions. The
45Ca stock

solution was obtained from Imatom GmbH, Switzerland.

2.2 Methods

239Np and
45Ca activities in suspension and in solution

were determined by liquid scintillation counting (LSC) us-

ing a Perkin Elmer Tri-Carb
TM

A2750 CA liquid scintillation

analyser with energy windows set between 4 and 330 keV
and 4 and 125 keV, respectively. Prior to liquid scintilla-

tion analysis, 5ml sample aliquots containing 239Np or
45Ca were mixed with 15ml Ultima Gold XR scintilla-

tor (Perkin Elmer Inc., USA). Measured backgrounds were

typically 50±30 cpm/5ml and 25±10 cpm/5ml, respec-
tively, for the two tracers. Note that the C-S-H andTiO2 con-

centrations in the suspensions were too low to cause sig-

ni�cant quenching e�ects by the solid particles.

Solution compositions were determined using an Ap-

plied Research Laboratory ARL 3410D inductively coupled

plasma optical emission spectrometer (ICP-OES). A com-

bination glass pH electrode (Metrohm, Switzerland) cali-

brated against dilute standard pH bu�ers (pH = 7.0–11.0,

Metrohm, Switzerland) was used to determine molar H
+

concentrations, [H+] (with pHc = − log[H+]). In salt solu-

tions of ionic strength � ≥ 0.1 mol kg−1, the measured pH

value (pHexp) is an operational apparent value related to

[H
+
] bypHc =pHexp+�c, where�c is givenas a functionof

NaCl and CaCl2 concentrations [40]. In those systems with

[OH
−
]> 0.1M, the H

+
concentration was calculated from

the givenOH− concentration and the conditional ion prod-

uct of water (pK
�
w). Note that the actual [H

+
] can slightly

deviate from calculated [H+] because a small amount of

the added base is consumed in deprotonation reactions on

the TiO2 and C-S-H surfaces.

2.3 Experimental set-up

The uptake of the actinides by C-S-H phases and TiO2 was

studied by determining their partitioning between solid

and liquid phase. The uptake was expressed in terms of

a distribution ratio, �d (L kg−1), which is the ratio of the

amount of radionuclide sorbed, {	sorb} (mol kg
−1
) and the

radionuclide concentration in solution, [M]eq (M). The �d

value was obtained from activity measurements in sus-

pensions and in supernatant solutions using the following

equation:

�d = {	}sorb
[	]eq = [	]sorb

[	]eq ⋅ �
� = (�susp − �eq)

�eq

⋅ �
�

L kg−1 (2)

where [M]sorb is the concentration of radionuclide sorbed

on the solid (M). Asusp is the activity determined in suspen-

sion (Bq L
−1
), �eq is the activity determined in the super-

natant solution (Bq L−1), � is the sample volume (L) and

� is the mass of C-S-H phase and TiO2 in suspension (kg).
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Table 1: List of sorption experiments and experimental conditions

Sorbent Rn Experiment Np Redox state Eq. time (d) pHc Initial [Ca]

TiO2
45Ca Isotherm 3 12.2 1.3 × 10−6–2.5 × 10−3M

13.23 1.3 × 10−6–1.0 × 10−3M
13.77 1.3 × 10−6–4.0 × 10−4M

239Np pH dependence IV, V, VI 3 10.0–14.2 0
Dependence on [Ca] IV, V, VI 3 12.0 0–2.5 × 10−3M

3 13.3 0–1.6 × 10−3M
C-S-H 239Np Kinetics V 1–120 10.1 4.8 × 10−4Ma)

phases 12.0 5.8 × 10−3Ma)

12.4 2.0 × 10−2Ma)

Dependence on C-S-H IV, V, VI 3 10.1–12.5 (alkali-free) 4 × 10−4–2.0 × 10−2Ma)

composition 13.3 (ACW) 4.0 × 10−5–1.6 × 10−3Ma)

a) Equilibrium [Ca].

Batch-type sorption tests with 239Np were carried out

as a function of the equilibration time (sorption kinetic

tests) and as a function of the solid composition (C:S ra-

tio) in systems with C-S-H phases, and as a function of pH

and aqueous Ca concentration in systems with TiO2. An

overview of all the experiments performed in the frame of

this investigation is given in Table 1. Note that sorption ki-

netic tests were actually only carried out with Np(V) on

C-S-H phases. The sorption kinetics of Np(IV,V,VI) on TiO2
were not measured because there is ample evidence in the

literature for the fast sorption of tetravalent, pentavalent

andhexavalent actinides onto TiO2 and othermetal oxides

(see section 3.1. for further details). TiO2 suspensions with

a S:L ratio of 2.0 × 10−4 kgL−1 andC-S-H suspensionswith

a S:L ratio of 5.0 × 10−4 kg L−1 were prepared in 40mL
centrifuge tubes as described above. To these suspensions,

aliquots of 239Np radionuclide solutions were added. The

total concentration of
239Np in the sorption tests was

1.5 × 10−10M. The redox state of neptunium was con-

trolled by addition of 5 × 10−3M Na-dithionite (Na2S2O4)
or 10−2M Na-hypochlorite (NaClO), respectively. Gaona

et al. [19, 22] and Rojo et al. [41] showed that Na-dithionite

and Na-hypochlorite have no in�uence on the sorption be-

haviour of tetravalent and hexavalent actinides. XANES

spectra of C-S-Hpastes containingmuchhigher
237Np con-

centrations (>10−5M) in the pH range, 9<pH< 13.5 con-

�rmed that these reducing/oxidizing agents were able to

keep Np in the tetravalent and the hexavalent states, re-

spectively [19, 22]. In addition, the sorption behaviour of

Np(IV) andNp(VI) onC-S-Hphases observed in the present

experiments (see section 3.3) is similar to the sorption be-

haviour of Th(IV) and U(VI) onto C-S-H phases reported

in the literature [27, 41]. i.e., the �d values for Np(IV) and

Th(IV) sorption on C-S-H phases are both independent of

the C:S ratio whereas �d values for Np(VI) and the U(VI)

sorption both decrease with increasing C:S ratio. The ab-

solute�d values for both actinides are not identical but the

trends are similar. Thus, it may be safely assumed that Na-

dithionite and Na-hypochlorite are capable of controlling

the redox state of 239Np at the much lower concentrations

used in the present experiments.

Ca sorption isotherms on TiO2 were determined as fol-

lows: Increasing volumes of a 5 × 10−3M CaCl2 solution
labelled with 45Ca were added to TiO2 suspensions (S:L

= 10−3 kg L−1) prepared in NaOH solutions at three di�er-

ent concentrations: 0.02 M, 0.3M and 1.0M to achieve to-

tal Ca concentrations varying between 2.5 × 10−3M and

1.3 × 10−6M.

The centrifuge tubes containing the
45Ca or 239Np la-

belledTiO2 andC-S-H suspensionswere equilibratedonan

end-over-end shaker. After regular time intervals (kinetic

tests) or after three days (other experiments), the suspen-

sions were sampled, and the samples were stored for fur-

ther analysis.

Phase separation of the remaining suspensions was

carried out by centrifugation (1 h at 90 000 g (max)) fol-

lowed by sampling of the supernatant solutions. Samples

before centrifugation were taken in duplicate, samples af-

ter centrifugation in triplicate. 239Np activities in the sus-

pensions and in the supernatantwere determined together

with standards and blanks by LSC as described above.

The sorption sampleswith
239Np were equilibrated for

only three days, because the short 239Np half-life (2.355 d)
and the low activities remaining in the supernatant after

sorption in many experiments did not enable longer equi-

libration times. Sorption kinetics tests (section 3.1) showed

that such short equilibration times may result in an un-

derestimation of the �d value of 30% at maximum. In or-

der to account for possible underestimations and for other

uncertainties on the sorption measurements, the relative
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uncertainties on all the �d values presented in this study

were set to 60%.

3 Results

3.1 Kinetic test experiments

The sorption kinetic was determined for Np(V) on C-S-H

phases under alkali-free conditions (Figure 2). For all C-S-

H phases, equilibrium was found to be attained within 8

days. Uptake by C-S-H phases with lower C:S ratio appears

to be slightly slower (equilibriumafter 8 days) than uptake

byC-S-Hphaseswith aC:S ratio of 1.65 (1–2 d). Fast uptake
could indicate a surface complexationprocesswhereas the

slower uptake observed in the C-S-H systems with low C:S

ratios suggest that other processes with slower kinetics,

suchas di�usion into the C-S-H interlayers or recrystalliza-

tion, could be important.

Sorption kinetics with Np(IV) and Np(VI) on C-S-H

phases were not determined. Previous kinetic studies with

Th(IV) and U(VI), however, showed that uptake of tetrava-

lent and hexavalent actinides by C-S-H phases occurs

within time scales similar to those of Np(V). In the case

of Th(IV), maximum �d values were determined after less

than 1 day, whereas in the case of U(VI) maximum sorp-

tion was observed after approximately 10 d [27, 42].

The sorption of Np(IV), Np(V) and Np(VI) on TiO2 was

assumed to be fast based upon previous investigations

with Th(IV), Np(V) and U(VI). Guo et al. [43, 44] showed

that the kinetics of U(VI) and Th(IV) on TiO2 are very

fast over a wide pH range, with maximum sorption being

reachedwithin 1 day. Furthermore, studies on iron oxides

and clays indicate fast Np(V) sorption kinetics (e.g., [45–

48]) supporting the assumption that the sorption kinetics

of Np(V) on TiO2 is fast.

In conclusion, the present sorption kinetic tests along

with literature data indicate that Np(IV,V,VI) uptake is very

fast, reaching maximum sorption within 1–2 d if surface

compexation dominates (e.g. on TiO2). The slightly slower
sorption kinetics on C-S-H phases (sorption equilibrium

within 8 d) suggest, however, that additional uptake pro-
cesses such as di�usion into the C-S-H interlayers or re-

crystallization, might occur.

3.2 Sorption studies on TiO2

The results from batch sorption tests with Np(IV,V,VI) onto

TiO2 are shown as function of pH (Figure 3) and as func-

tion of the aqueous Ca concentration (Figure 4). Note that

Fig. 2: Kinetics of the Np(V) sorption onto C–S–H phases with
di�erent C:S ratios under alkali-free conditions.

due to the extremely low
239Np concentrations used in the

present experiments ([239Np]tot = 1.6 × 10−10M), the for-

mation of aqueous polynuclear species or solid phases can

be excluded.

3.2.1 Sorption of Np(IV,V,VI) species at high pH

At pH = 10.1, Np(IV,V,VI) were found to sorb strongly

on TiO2 (�d values ranging from 5 × 105 L kg−1 to

3 × 106 L kg−1). Such high �d values are expected for

Np(IV) and Np(VI) due to their e�ective charge of 4.0 and

3.3, respectively, and the claimed correlation between

ionic bond strength and e�ective charge (1). Furthermore,

high �d values are in agreement with the sorption values

determined for Th(IV) and U(VI) on various solids under

alkaline conditions in the absence of CO2 (e.g., [49–51]).

The strong sorption of Np(V) was not anticipated as the

low e�ective charge (2.2, NpO2
+) rather suggests weak

to moderate sorption. Np(V) sorption data reported for

various types of solids at pH = 10 are controversial. Mea-

sured �d values were found to vary from 1.0–400 L kg−1
on quartz [45, 46, 52], 4 × 102–3 × 104 L kg−1 on clay

minerals [45, 47, 53, 54] and 8 × 103–105 L kg−1 on

Fe-oxides [52, 55]. This variation in �d values could be

explained partially by sorbent properties such as the

e�ect of surface loading (non-linear sorption) and sorp-

tion capacity of the di�erent solids [45]. Furthermore, the

type of Np(V) surface complexes formed (monodentate–

multidentate) could in�uencemeasured�d values aswell.

With a view to the other high �d values determined with

Np(V) on oxides at pH = 10 [52, 55], the high �d values de-

termined for Np(V) sorption on TiO2 are not exceptional.
Taking into account the correlation between ionic bond
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Fig. 3: Sorption of Np(IV,V,VI) on TiO2 under alkaline conditions. a) E�ect of pH. b) Comparison of Np(VI) sorption under alkaline conditions
with U(VI) sorption at low and neutral pH (Comarmond et al. [36] and Comarmond, pers. comm.). The solid lines are shown to guide the eye.

Fig. 4: E�ect of the Ca concentration on Np(IV,V,VI) sorption on TiO2. a) Ca sorption isotherms at three di�erent NaOH concentrations. b)
Np(IV,V,VI) sorption as function of the equilibrium Ca concentration in ACW (pH = 13.3). The solid lines are shown to guide the eye.

strength and e�ective charge (1), the �d values for Np(IV)

and Np(VI) should then be much higher compared to the

�d values for Np(V), which is not the case.

3.2.2 E�ect of the pH

In the case of Np(IV), the pH had no in�uence on its

sorption behaviour (Figure 3a). Aqueous speciation under

alkaline conditions shows that the neutral Np(OH)4(aq)
species is the only species present above pH= 10 (Fig-

ure 1b.), and therefore Np(IV) sorption onto TiO2 does not
depend on pH.

Figure 3a further reveals that Np(V,VI) uptake by TiO2
decreaseswith increasing pH. In the case ofNp(V), this be-

haviour is attributed to variations in the aqueous specia-

tion over the pH range under investigation. Indeed, speci-

ation calculations for Np(V) in the range 10<pH< 14 (Fig-

ure 1c) reveal that the observed drop of the�d value above

pH = 12 corresponds very well with the increasing domi-

nance of the anionic NpO2(OH)2
−
species in solution. This

indicates that the a�nity of this anionic species for the

negatively charged TiO2 surface is very low.

Combination of theNp(VI) sorption data and theU(VI)

sorption data determined by Comarmond et al. [36] on the

same Aeroxide P25 TiO2 suggests that the �d value for the

sorption of hexavalent actinyl ions reaches a maximum

(∼ 106 L kg−1) in the pH range 7<pH< 10 (Figure 3b). This

maximum �d value coincides with the predominance of

the anionic NpO2(OH)3
−
or UO2(OH)3

−
species, respec-

tively (see Figure 1d). The observed drop of the �d value

above pH= 10 corresponds very well with the increasing

predominance of the anionic NpO2(OH)4
2− species in so-

lution. These observations indicate that, notwithstanding
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its negative charge, the anionic species, NpO2(OH)3
−
, is

strongly sorbing on the TiO2 surface. Hence, electrostatic

repulsion does not prevent anionic Np-hydroxy species

from sorbing on negatively charged TiO2 surface sites.

3.2.3 E�ect of Ca

Sorption experiments with Ca on TiO2 at di�erent NaOH

concentrations (0.02M, 0.3M and 1.0M) showed very

strong sorption under alkaline conditions. At the low-

est loading the �d value was determined to be ∼
5 × 106 L kg−1. Note that the high �d value observed for

Ca (e�ective charge = 2), is in agreement with the high �d

values determined for Np(V) (e�ective charge = 2.2). The

Ca isotherms measured at di�erent NaOH concentrations

are identical and exhibit a non-linear shape (Figure 4a).

The Ca loading reaches a maximum of ∼ 0.3 mol kg−1 at
an aqueous Ca concentration of∼ 10−5M. Assuming a site

density in the range between 2 to 12 sites per nm2 [56, 57]

and a speci�c surface area of 56.9 m2 g−1 [36], this means

that virtually all TiO2 sorption sites are occupied by Ca

at maximum loading. Strong Ca sorption onto TiO2 is in
agreement with earlier studies on Ca sorption on TiO2 un-

der neutral to slightly alkaline conditions (see e.g., [58–

61]).

The e�ect of the aqueous Ca concentration on the

Np(IV,V,VI) uptake by TiO2 in ACW at pH = 13.3 is shown

in Figure 4b. The sorption data reveal that �d values for

Np(IV) are independent of the Ca concentration up to a Ca

concentration of 10−4M. Above this concentration, how-

ever, �d values appear to decrease. A similar experiment

carried out at pH = 12 however, did not con�rm this de-

crease of the �d values (data not shown). At present, we

have no conclusive explanation for this behaviour.

Np(V,VI) sorption onto TiO2 in ACW (pH = 13.3) was

found to increase with increasing aqueous Ca concentra-

tion up to an equilibrium Ca concentration of ∼ 10−5M.

The latter Ca concentration corresponds to maximum site

saturation on TiO2. Above this concentration, the sorb-

ing Np thus binds to a “Ca-OH” like surface rather than

to a “Ti-OH” like surface. Similar trends were observed

at pH= 12 and at pH= 14. (data not shown): At pH= 12,

an increase in equilibrium Ca concentration from 0 to ∼
10−4M did not a�ect neither the Np(IV) sorption nor the

Np(V) sorption, but increased the�d value for Np(VI) sorp-

tion from ∼ 2 × 104 L kg−1 to ∼ 2 × 106 L kg−1. At pH =
14, an increase in the equilibrium Ca concentration from

0 to ∼ 10−5M had no e�ect on the Np(IV) sorption but

increased the �d value for Np(V) from ∼ 104 L kg−1 to ∼

106 L kg−1 and the �d value for Np(VI) from ∼ 102 L kg−1
to ∼ 106 L kg−1.

The e�ect of Ca sorption on Np(V,VI) sorption can

be explained either by neutralisation of the negative sur-

face charge, or by the formation of a very strong surface-

stabilized Ca-neptunate complex or Ca–neptunate ion

pair. A thorough understanding of the Np(V,VI) sorption

processes on TiO2 under alkaline conditions in the pres-

ence of Ca would require a more in-depth wet-chemistry

and spectroscopic investigation exceeding the scope of the

present study.

Thus, we only conclude that Ca sorption signi�cantly

increases Np(V) and Np(VI) uptake by TiO2.

3.3 Sorption studies on C-S-H phases

The uptake of Np(IV,V,VI) by C-S-H phases was determined

as function of the C:S ratio under alkali-free conditions

(Figure 5a) and in the presence of alkalis, i.e. ACW at pH

= 13.3 (Figure 5b, c). The C:S ratio of C-S-H phases corre-

lates with both the pH and the Ca concentration in solu-

tion (e.g., [30, 33–35, 38]). An increase in the C:S ratio from

0.67 to 1.65 results in a pH increase from 10.1 to 12.5 and

an increase in the Ca concentration from ∼5 × 10−4M to

2 × 10−2M. In ACW, at a constant pH of 13.3, the Ca con-

centration increases from ∼ 10−5M to 1.6 × 10−3M at in-

creasing C:S ratios between 0.67 and 1.29 [38]. The change

in the C:S ratio further induces changes in the structure of

the C-S-Hphases. To test howmuchof theNp(IV,V,VI) sorp-

tion behaviour can be explained by their speciation in so-

lution, the Np(IV,V,VI) sorption behaviour on C-S-H phases

was interpreted in terms of pH and aqueous Ca concentra-

tion in agreement with the sorption behaviour on TiO2.
�d values determined for Np(IV) on C-S-H phases

under alkali-free conditions were found to be very high

((6± 3)×105 L kg−1) and appear to be independent of the
C-S-H composition. In ACW, within the uncertainty range

of the measurements, similar �d values were determined.

The apparent positive e�ect onNp(IV) sorption in the pres-

ence of alkalis is considered to be not signi�cant (com-

pare Figures 5a with 5b and c). The constant �d values ob-

served for Np(IV) sorption, which is independent of the

C-S-H composition, indicates that neither pH nor the Ca

concentration have an in�uence on the uptake, suggesting

that theNp(OH)4(aq) species sorbs onto the C-S-Hphase as

a fourfold hydrolyzed species like in the TiO2 system. Note

that recent EXAFS investigations provided clear evidence

for the incorporation of Np(IV) in the interlayer of C-S-H

phases independent of pH and C:S ratio [19]. This process

is not controlled by a simple ion-exchange process, sub-
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Fig. 5: Uptake of Np(IV,V,VI) by C-S-H phases. a) E�ect of the C:S ratio under alkali-free conditions. b) E�ect of C:S ratio in the presence of
alkalis (ACW at pH = 13.3). c) E�ect of the variation of the aqueous Ca concentration in the presence of alkalis (ACW at pH = 13.3). The Ca
concentration range used as X axes in c) corresponds to equilibrium Ca concentrations with C-S-H phases at varying C:S ratios.

stituting a Np(IV) species for Ca in the interlayer, as a vari-

ation in the equilibrium Ca concentration over more than

two orders of magnitude had no measurable e�ect on the

�d value (Figure 5c). This indicates that the Np(IV) species

and Ca
2+
occupy di�erent crystallographic sites in the in-

terlayer.

Theuptake behaviour of Np(V) onC-S-Hphases is very

similar to that of Np(IV), i.e., very high �d values were ob-

served independent of the C:S ratio. Identical�d values for

Np(IV) and Np(V) were also observed on TiO2 at pH= 10.

This sorption behaviour was unexpected as the lower ef-

fective charge of Np(V) (2.2) compared to Np(IV) (4.0) im-

plies much weaker sorption of the pentavalent redox state

compared to the tetravalent redox state.

Np(VI) exhibits a di�erent sorption behaviour on C-S-

Hphases: In the absence of alkalis,�d values at lowC:S ra-

tios are similar to those determined for Np(IV) and Np(V).

With increasing C:S ratio, however, a steady decrease of

the �d values was observed.

In the case of Np(V) and Np(VI), a reversible adsorp-

tion process on C-S-H phases, similar to that on TiO2
would imply that with increasing C:S ratio, the �d val-

ues are a�ected simultaneously by two counteracting pa-

rameters: 1) a decrease in �d value with increasing pH

due to increasing concentrations of the non-sorbing an-

ionic NpVO2(OH)2
− or NpVIO2(OH)4

2− complexes in solu-

tion, and 2) an increase in �d value with increasing aque-

ous Ca concentration. Both e�ects may partially compen-

sate each other, which complicates a direct comparison

of the sorption behaviour on both solids. The sole e�ect

of the aqueous Ca concentration on Np uptake by C-S-H

phases is apparent from the sorption tests in the presence

of alkalis (ACW, pH = 13.3) (Figures 5b, c). An increasing

C:S ratio (i.e. increasing aqueous Ca concentration) ap-

pears to promote the sorption of anionic Np
VI
O2(OH)4

2−
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hydrolysis species onto C-S-H phases. The �d value for

Np(VI) rises from 6 × 102 L kg−1 at a C:S ratio of 0.67 and
a corresponding aqueous Ca concentration of 2 × 10−5M
to 2.5 × 103 L kg−1 at a C:S ratio of 1.25 and a correspond-
ing aqueous Ca concentration of 1.6 × 10−3M. This in-

dicates that an increase in the aqueous Ca concentra-

tion of about two orders of magnitude gives rise to an in-

crease in the �d value by a factor 4. In the case of Np(V)

no e�ect of an increase in the aqueous Ca concentration

from 10−5M to 10−3Mwas observed (Figures 5b, c). Com-

parison of the Np sorption data on C-S-H phases (Fig-

ure 5c) with those on TiO2 (Figure 4b) shows that the ef-
fect of the aqueous Ca concentration on the �d values in

the region 10−5M< [Ca]<10−3M, is, at least qualitatively,

rather similar in both cases. This suggests that the same

processes might be involved.

4 Discussion

4.1 E�ect of the Np redox state on sorption

At acidic pH, i.e. under conditions where the free metal

cationdominates the speciation,�d values for the sorption

of pentavalent actinides on metal oxides and clays were

found to be much lower than �d values for the tetrava-

lent and hexavalent actinides, for which hydrolysis is ex-

pected to take place already under very acidic conditions

(e.g., [62–64]). This sorption behaviour is generally under-

stood as a result of the di�erences in e�ective charge of the

respective redox states. At pH = 10, however, the present

study shows that �d values for Np(IV,V,VI) on TiO2 and C-
S-Hphases are very similar in value. This unexpected sorp-

tion behaviour of the three Np redox states (i.e., no e�ect

of the e�ective charge) must originate from their di�erent

hydrolysis state at this pH.

A possible explanation might be found by consider-

ing the increasing electrostatic repulsion between the OH

groups coordinated to actinide cations [65, 66] and the

chemical similarity betweenhydrolysis reactions and com-

plexation reactions with surface hydroxyl groups (e.g., [51,

64, 67, 68]).

4.1.1 Electrostatic inter-ligand repulsion between

coordinated OH groups

Neck and Kim [65, 66] showed that with increasing hydrol-

ysis of an actinide, it becomes more di�cult to add an ad-

ditional OH group to its coordination sphere due to the in-

creasing inter-ligand electrostatic repulsion. This results

in a progressive decrease of the stepwise hydrolysis con-

stants of an actinidewith increasing number of OH groups

in the coordination sphere. Stepwise hydrolysis reactions

are usually written as:

M(OH)�−(�−1)�−1 + H2O ⇔ M(OH)�−�� + H+ (3a)

The corresponding conditional stepwise hydrolysis con-

stants
∗��n are de�ned by:

∗��� =
[M(OH)�−�� ] [H+]
[M(OH)�−(�−1)�−1 ] (3b)

“�” is an integer equal or greater than unity and “z” is the
charge of the actinide cation.

In theapproachofNeckandKim [65, 66], the following

basic relation occurs:

log ∗��� = log ∗��1 −
rep��

�� ln 10 (4)

With rep�L being the electrostatic inter-ligand energy re-

pulsion term and
∗��1 the stability constant of the �rst hy-

drolyzed species, MOH�−1.

Eq. (4) implies that the stepwise stability constant for

the �th hydrolysis species equals the stability constant of
the �rst hydrolyzed species reduced with a term represent-

ing the electrostatic inter-ligand repulsion energy. Note

that e�ects of electron-donating properties of coordinated

OH groups to the e�ective charge of the hydrolysed Np

species are not required in this approach which allows

the decrease in stepwise hydrolysis constants to be quan-

ti�ed. The stability of a hydrolysed Np species is thus in-

�uenced by two factors: 1) the e�ective charge de�ning the

bond strengthbetween thehardLewis acid (e.g. the freeNp

cation) and the hard base (e.g. the OH group), 2) the elec-

trostatic inter-ligand repulsion. Inspection of the specia-

tion of Np (Figure 1) reveals that, at pH = 10, the dominat-

ing species are NpIV(OH)4, Np
VO+2 , Np

VIO2(OH)3
−. Based

solely on the e�ective charge of the metal cations, the

binding of an additional OH group to NpVO+2 is expected

to be much weaker (lower stepwise stability constant)

at this pH than the binding of an additional OH group

to Np
IV
(OH)4 and Np

VI
O2(OH)3

−
(higher stepwise stabil-

ity constants). However, a closer inspection of the ther-

modynamic databases reveals that the stepwise hydroly-

sis constants (at � = 0) for NpVO2OH and NpVIO2(OH)4
2−

are very similar (see Table 2): i.e., Np
V
O2OH: log∗�01 =−11.3; NpVIO2(OH)42−: log∗�04 = −10.8 [10]. This observa-

tion indicates that, despite the higher e�ective charge of

Np(VI), the binding of an additional OH group to NpVO+2
andNp

VI
O2(OH)3

−
is equally strong at this pH. The electro-

static inter-ligand repulsion weakens the additional bind-

ing of a fourth OH group to Np
VI
O2(OH)3

−
in such a way
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that its stepwise hydrolysis constant is equal in value to

the stepwise hydrolysis constant of NpVO2OH. (Note that

no thermodynamic data are available for the formation of

the species NpIV(OH)−5 and thus this species cannot be in-

cluded in this comparison.)

4.1.2 Chemical similarity between hydrolysis reactions

and complexation reactions with surface hydroxyl

groups

The formation of a surface complex involves the replace-

ment of a water molecule in the actinide coordination

sphere by a surface OH group (Eq. 5a) in a way similar

to that in hydrolysis reactions (Eq. 3a). (Note that H2O
molecules in the actinide coordination sphere are omitted

in Eqs. (3a) and (5a).) Indeed, a stepwise surface complex-

ation reaction can be written as follows

≡SOH + M(OH)�−(�−1)�−1 ⇔ ≡SO−M(OH)�−��−1 + H+ (5a)

with the corresponding conditional stepwise surface com-

plexation constant,
S��n-1:

����−1 =
[≡SO−M(OH)�−��−1] [H+]
[M(OH)�−(�−1)�−1 ] [≡SOH] (5b)

Thus, hydrolysis and surface complexation can be treated

as related processes (e.g., [51, 64, 67, 68]). It follows that

the same factors; i.e., the e�ective charge of the metal

cation and the electrostatic inter-ligand repulsion, might

a�ect the stepwise surface complexation constants of Np

in the di�erent redox states. Quantitatively, this means

that values of the relevant stepwise surface complexation

constants for actinides with di�erent redox states will be

similar at pH= 10, in the sameway as their hydrolysis con-

stants (see section 4.2.1.). In this context, similar �d val-

ues for Np(IV), Np(V) and Np(VI) appear to be reasonable

as a direct correlation exists between �d values and step-

wise surface complexation constants on the assumption

that trace actinide concentrations are used ([≡SOH] ≈
([≡SOHtot] = constant) and that chemical conditions (pH,

aqueous composition, S/L) are constant. Under these con-

ditions Eqs. (2) and (5b) can be combined as follows:

	���−1[≡SOH]
[H+] = constant = �d × (�

�) (6)

4.2 E�ect of hydrolysis on the Np(IV,V,VI)
sorption

The concept of electrostatic inter-ligand repulsion pro-

posed by Neck et al. [65, 66] predicts a limiting hydrolysis

number, �limit, for each oxidation state of a given actinide.
This is clearly demonstrated in Figure 1b in a paper pub-

lished by Fanghänel et al. [69]: The �gure shows that, in

the case of the tetravalent actinides, measured values for

the overall hydrolysis constant, logOH �n, continue to in-

crease up to � = 4. The concept predicts that the addition
of a 5

th
OH ligand to the coordination sphere could still

improve the stability of the complex suggesting a value for

�limit > 4. In the case of the hexavalent actinides, �limit is
predicted to be 4 as the addition of a 5th OH group would

result in a decrease in the stability of the complex. In the

case of the pentavalent actinides, Figure 1b in [69] indi-

cates that �limit is 2. Applied to the sorption data of the

di�erent redox states of Np, the concept implies that the

formation of a surface complex adds an additional OH

group to the coordination sphere of themetal center. Thus,

the NpIV(OH)4 complex, which is still capable of accept-

ing an additional oxygen-containing ligand in its coordi-

nation sphere (�limit > 4), sorbs strongly on TiO2 and C-S-H
phases. In case ofNp(VI), with�limit = 4, theNpVIO2(OH)3−
complex is predicted to sorb, whereas the NpVIO2(OH)4

2−

complex cannot extend its coordination sphere by an ad-

ditional OH group, and therefore the species cannot form

a surface bond. In the case of Np(V) with �limit = 2, the
NpVO2OH complex can sorb, whereas the NpVO2(OH)2

−

complex cannot form a surface bond. The above concept

thus provides a qualitative understanding of the pH de-

pendence of the Np(IV,V,VI) sorption on TiO2.
To further assess whether or not the formation of non-

sorbing Np
V
O2(OH)2

−
and Np

VI
O2(OH)4

2−
species can ex-

plain the reduction in�d values for Np(V) andNp(VI) sorp-

tion on TiO2, a reduction factor, �red, was de�ned cor-

responding to the ratio of the �d value in the absence

(�0d) and in the presence (�d) of the non-sorbing hydroxy

species. In the following, the equation for �red is deduced.
The stepwise hydrolysis reactions for Np(V) and

Np(VI) can be written in the following general form:

NpO2(OH)�−4−(�−1)�−1 + H2O ⇔ NpO2(OH)�−4−�� + H+
(7a)

with the corresponding conditional stepwise hydrolysis

constant, ∗��n:

∗��� =
[NpO2 (OH)�−4−�� ] [H+]
[NpO2 (OH)�−4−(�−1)�−1 ] (7b)
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Eqs. (7a) and (7b) correspond to Eqs. (3a) and (3b)with “M”

=NpO�−42 , “z” is either+5 or+6depending on theNp redox
state and “�” = 2 (Np(V)) or 4 (Np(VI)).

Above pH = 10, the de�nition of �d in Eq. (2) can be

rewritten as:

�d = {NpO�−42 }
sorb

([NpO2 (OH)�−4−(�−1)�−1 ] + [NpO2(OH)�−4−�� ]) (8)

Combining Eqs. (7b) and (8) gives:

�d = {NpO�−42 }
sorb

([NpO2 (OH)�−4−(�−1)�−1 ] ⋅ (1+∗���/ [H+])) (9)

Assuming linear sorption,
{NpO�−42 }sorb[NpO2(OH)�−4−(�−1)�−1 ] = �0d, Eq. (9)

can be written as:

�d = �0d
(1 + ∗
��

[�+])
(10)

Eq. (10) can then be reorganized to give the following def-

inition of �red:

�red = �0d
�d

= 1 +
∗���
[H+] (11)

�red is valid for all solids provided the hydrolysed species

NpO2(OH)
z-4-n
n does not sorb, the sorption of the species

NpO2(OH)
z-4-(n-1)
n-1 is linear and reversible and the sorbent

remains stable throughout the sorption experiment. The

non-sorbing species areNpVO2(OH)2
− andNpVIO2(OH)4

2−.
The�d values in the pH range 10<pH<14 can then be cal-
culated as �d = �0d/�red.

It was assumed that the �d values determined at pH =
10 correspond to�0d. log∗ �0n values at I=0 are listed in Ta-

ble 2. Ionic strength corrections for the calculation of the

Fig. 6: pH dependence of the sorption of Np(V) (a) and Np(VI) (b) on TiO2. Experimental data (symbols) and modeling (lines) (see text).

Table 2: Overall (log∗ �0n) and stepwise (log
∗ 
0n) formation constants

for relevant Np(V) and Np(VI) hydrolysis complexes used in the
model calculations.

NpO2�−4 + �H2O ⇐⇒ NpO2(OH)�−4−�� + �H+ log ∗�0�
NpO2(OH)�−4−(�−1)�−1 + H2O ⇔ NpO2(OH)�−4−�� + H+ log ∗
0

log∗ �0n log∗ �0n
NpVO2OH(aq) −11.3a) −11.3
NpVO2(OH)2

− −23.6a) −12.3
NpVIO2(OH)

+ −5.1a) −5.1
NpVIO2(OH)2(aq) −12.21b) −7.11
NpVIO2(OH)3

− −21.2c) −8.99
NpVIO2(OH)4

2− −32.0c) −10.8

a) Guillaumont et al. [9];
b) Estimated by correlation with Ze� [5];
c) Gaona et al. [10].

conditional stability constants, log∗ ��n, were carried out

using the SIT approach and ion interaction coe�cients

(#) taken from [9]: (#(H+,Cl−) = 0.12±0.01 kgmol−1,
#(Na+,NpO2(OH)2−) = −0.01±0.07 kgmol−1), and

from [10]: #(Na+,NpO2(OH)3−) = − 0.20 kgmol−1,
#(Na+,NpO2(OH)42−) = − 0.12 kgmol−1). For #(H+,OH−),
the same value as for #(H+,Cl−) was selected. The pH

dependence of the �d values for Np(V) and Np(VI) sorp-

tion on TiO2 could successfully be described with this

model (Figure 6). This �nding supports the idea that

Np
V
O2(OH)2

−
and Np

VI
O2(OH)4

2−
species are limiting

hydroxy complexes which cannot form surface bonds on

TiO2.
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Fig. 7: pH dependence of the sorption of Np(V) (a) and Np(VI) (b) on C-S-H phases under alkali-free conditions and in the presence of alkalis
(ACW; pH = 13.3). Experimental data (symbols) and modeling (lines) (see text).

4.3 Implications for Np(IV,V,VI) sorption on
C-S-H phases

In Figures 7a and 7b, the same concept has been applied

to model the sorption data of Np(V) and Np(VI) on C-

S-H phases with di�erent C:S ratios. Note that the well-

known changes in C-S-H structures with varying pH and

various aqueous Ca concentrations (e.g., [31, 32]) are not

taken into account. This model only quanti�es the con-

tribution of the aqueous Np(IV,V,VI) speciation to their

sorption behaviour on C-S-H phases assuming that the

aqueous speciation has the same in�uence on the sorp-

tion on C-S-H phases and on TiO2; i.e. strong sorption of

NpIV(OH)4(aq), Np
VO2OH(aq), Np

VIO2(OH)3
− and no sorp-

tion of Np
V
O2(OH)2

−
and Np

VI
O2(OH)4

2−
.

The �gures show that in the case of Np(VI), the pro-

posed model approach enables us to explain the pH de-

pendence of the experimental data. The e�ect of the C:S

ratio on the sorption of Np(VI) by C-S-H phases can be at-

tributed to the formation of the non-sorbing NpO2(OH)4
2−

complex. There could be a small e�ect of the Ca concen-

tration on sorption as shown in Figures 5a, b, but this ef-

fect appears to be negligible compared to the hydrolysis

e�ect. In the case of Np(V), the proposed approach allows

the sorption data on C-S-H phases in the absence of alka-

lis to be modeled up to a pH of 12.5. The high �d values in

the presence of alkalis (in ACW) at pH = 13.3 are however

not explained by the model (Figure 7a). Furthermore, Fig-

ure 5c shows that these high�d values are independent of

the Ca concentration. Hence, the high �d values observed

for Np(V) sorbed on C-S-H phases at pH = 13.3 result from

an additional stabilization of the local coordination envi-

ronment of the sorbed Np(V) species.

It should be noted that the presentmacroscopic obser-

vations are not necessarily incompatiblewith the previous

EXAFS studies which indicated Np(IV,V,VI) incorporation

into the C-S-H interlayers [19, 22, 24, 27, 28]. The electro-

static ligand repulsion in the coordination sphere of the

actinides is also expected to be e�ective in case of actinide

sorption via the formation of an inner-sphere complex in

the C-S-H interlayers.

5 Conclusions

Sorption studieswithNp(IV,V,VI) onTiO2 andC-S-Hphases

under alkaline conditions reveal strong sorption and the

same �d values for all three redox states at pH∼ 10. In-

creasing pH values give rise to a signi�cant decrease of the

�d values for Np(V) and Np(VI) sorption on TiO2 whereas

increasing aqueous Ca concentrations give rise to higher

�d values for the two redox states. An in�uence of pH and

aqueous Ca concentration on the �d value of Np(IV) was

not observed. The identical, high�d values at pH∼ 10 and

the e�ect of pH on sorption is interpreted in terms of an in-

creasing inter-ligand electrostatic repulsion in the Np co-

ordination sphere with progressing hydrolysis. A mecha-

nistic explanation for the observed e�ect of Ca on Np(V,VI)

sorption is still lacking.

Based on the wet chemistry data determined in the

present work, the sorption behaviour Np(IV) and Np(VI)

onto C-S-H phases can be described almost entirely by in-

voking a predominant e�ect of hydrolysis as in the case of

sorption onto TiO2. The high �d values for Np(V) uptake

by C-S-H phases in ACW (pH = 13.3), however, are incon-

sistent with the formation of a non-sorbing Np
v
O2(OH)2

−
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complex. Uptake of the latter complex by C-S-Hphases can

only be explained on the assumption that additional ener-

getic stabilization occurs in the coordination environment

of this Np(V) species, which is presumably taken up into

the C-S-H interlayer.
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