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bstract

The effect of humic acids (HA) on neptunium redox behavior and sorption onto hematite, �-Fe2O3, and goethite, �-FeOOH, colloids was
stablished in batch sorption experiments that were carried out in broad pH interval. The sorption isotherms were provided for two samples of
A: commercial sample of leonardite humic acid and its hydroquinone-enriched derivative obtained using formaldehyde copolycondensation. The

istribution of Np fitted the distribution of hydroquinone-enriched HA at low pH values in case of both solids while the influence of parent HA
n Np sorption was negligible. This is due to Np(V) reduction upon interaction with hydroquinone-enriched derivative having higher reducing
apacity compared to the parent HA. The order of components addition was found to be significant for Np retention.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Molecular level description of actinide sorption to mineral
urfaces is important for modeling of their behavior in the
ar-field conditions of nuclear waste repository sites. Humic sub-
tances (HS) are natural polyelectolytes that are ubiquitous in
he environment and exhibit high structural heterogeneity that
efine their complexation with cation, sorption and adhesion
nto different surfaces and also redox properties. The presence
f HS may influence actinides speciation as was shown in sev-
ral previous studies [1–4]. Due to their colloidal nature, HS
ay increase actinide subsurface migration as it was observed

n work of Artinger et al. for Np [2]. Humics are known to
orm surface coatings on mineral surfaces that modify their
roperties and effect metal sorption onto them [5,6]. Moreover,
ron oxides, in particular, goethite and hematite, may commonly
ound in potential geological repository for radioactive wastes

oth as component of host rocks and container corrosion prod-
cts. Previously published papers [7–10] described enhanced
etal sorption onto iron oxides at acidic pH values in the pres-
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nce of organic ligands. The influence of components molar
atio was shown to be significant for actinide sorption in ternary
ystems [4,8]. The effect of the order of component addition
as reported in the recent paper published by Reiller et al. [4].
horium retention by hematite was hindered when humics and
ematite were pre-equilibrated and this effect depended upon
he ratio of hematite surface sites and humics. When HS were
dded after hematite-Th(IV) equilibration, the decrease of tho-
ium retention was established at pH < 7 and slight influence of
ecrease of hematite surface sites/humics ratio was observed to
h(IV) retention at pH > 6.4. In contrast to tetravalent thorium,
p(V) could be reduced to Np(IV) upon the interaction with
umics that may affect its sorption onto mineral surface [2,11].
his work deals with the effect of different HS on neptunium

etention by goethite and hematite colloids through the reduction
f Np(V) at low pH values.

. Experimental

.1. Materials
Hematite and goethite colloids were synthesized according to Penners and
oopal [12] and Atkinson et al. [13], correspondingly. The absence of any crystal
dmixtures was proved by X-ray diffraction (XRD) using diffractometer FR-552
Enraf Nonius). The samples were characterized by scanning and transmission
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Table 1
Characteristics of synthesized iron oxides

Characteristic �-FeOOH �-Fe2O3

Total specific surface area (m2/g) 41.7 6.4
Specific micropore surface area (m2/g) 7.23 3.02
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were confirmed by X-ray photoelectron spectroscopy (XPS) for
Np(V) taken at about 1 × 10−5 M. The XPS-experiment was
discussed in details in paper by Teterin et al. [18].
ite concentration (�mol/g) 205 45
H (PZC) 8.8 9.2

lectron microscopy, potentiometric titration and BET surface analysis as pre-
ented in Table 1. The goethite consisted of acicular particles with lengths of
bout 300–400 nm while the particles of hematite were of spherical morphology
ith average diameter of 300 nm.

The hydroquinone-enriched derivative of humic acids (HA) was synthesized
ccording to Perminova et al. [14] using the reaction of formaldehyde copolycon-
ensation between parent leonardite humic acid (CHP, Powhumus, Humintech
td., Düsseldorf) and hydroquinone. The derivative was obtained for monomer:
HP ratio of 100 mg/1 g and designated as HQ-100. The total acidity was deter-
ined by titration methods using Ca(OAc)2 and Ba(OH)2 [14] while redox

apacity was obtained by reaction with K3Fe(CN)6 as oxidizing agent [15] as
resented in Table 2. HA samples were characterized by elemental analyses (C,
, N) and 13C NMR (Bruker Aspect 3000) [14]. Concentration of HA in the

olution was monitored by spectrophotometry using the previously prepared dif-
erent standards of HA (CARY 50, Varian, USA). According to Gu et al. [16] the
nteraction of different fragments of HA (hydrophobic versus hydrophilic) with
e-oxides may cause HA fractionation. Therefore, spectrophotometry gives only
n estimation of HA concentration in solution after sorption. For concentration
etermination, the absorbance at 465 nm was traced.

The working solution of 237Np was prepared by separation of daughter 233Pa
rom stock neptunium nitrate solution by solvent extraction technique using
.5 M 2-thenoyltrifluoroacetone (TTA, “Lancaster”, UK) in cyclohexane. The
bsence of other �-emitting isotopes was controlled by �-spectrometry (Model
401, Canberra Ind., USA). The initial Np redox speciation was checked spec-
rophotometrically (Shimadzu UV-3100) and its concentration was determined
y liquid scintillation spectrometry (TriCarb 2700TR, Canberra Ind., USA).

All chemicals were of analytical grade and all solutions were prepared using

2(g) purged deionized water (Milli-Q).

.2. Sorption experiment

Batch sorption and kinetic experiments were carried out under N2-
tmosphere in a glove-box in the darkness at 25 ± 1 ◦C. In order to avoid
eptunium sorption onto walls the polypropylene tubes were used and tested
efore use.

Experiments were conducted in binary (e.g. Np(V)/mineral colloids or min-
ral colloids/HA) and ternary (Np(V)/mineral colloids/HA) component systems
sing different order of component addition. The aliquots of goethite or hematite
uspensions were added to 45 mL of 0.1 M NaClO4 solution in 50 mL polypropy-
ene tubes and left overnight at vigorous shaking. Depending on the order of
eagent addition, HA or Np(V) aliquots were added to these suspensions. Neptu-
ium was added to hematite or goethite suspensions to make total concentration

−7
f (6.4 ± 0.6)10 M. The desired pH values were adjusted using HClO4 and
aOH–CO2 free solutions. The pH measurements were done using combined

lectrode “METTLER TOLEDO In Lab. 409”.
After the sorption equilibrium was achieved an aliquot of Np(V) or HA

as added as a third component and the suspension was shaken. The pHs of

able 2
ome properties of humic acids

ample Carboxyl group
concentration
(mmol/g)

Phenolic group
concentration
(mmol/g)

Redox
capacity
(mmol/g)

HP 3.8 1.0 0.6
Q-100 3.5 3.3 1.3 F

I
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he samples were adjusted at the desired value. The centrifugation at 4000 rpm
nd microfiltration (170 nm) were used for solid/liquid separation. The sepa-
ate experiments at different pH values were done to examine Np(V) sorption
nto filter material and were found to be negligible. Neptunium sorption in the
resence of solid phases was determined as the difference between total initial
oncentration in solution and current solution concentration at each time.

For redox speciation of Np sorbed onto solid phases the solutions were
cidified to pH 1.5 by HClO4 and Np was completely desorbed within 5 min. The
peciation of Np(V) was determined by parallel solvent extraction techniques
sing 0.5 M 2-thenoyltrifluoroacetone (TTA, “Lancaster”, UK) in cyclohexane
nd 0.5 M bis-(ethylhexyl)-phosphoric acid (HDEHP, “MERCK-Schuchardt”,
ermany) in heptane [17] and X-ray photoelectron spectroscopy (MK II VG
ientific using Al K� radiation at 14,866 eV) [18].

. Result and discussion

.1. Np(V) sorption onto goethite/hematite

Fig. 1 shows the results of neptunium sorption onto both
olid phases. The batch kinetic experiments indicated that the
teady state equilibrium of Np(V) sorption in binary goethite/Np
nd hematite/Np systems was achieved within 3 days. It was
stablished that Np(V) sorption by �-Fe2O3 and �-FeOOH
s described by two-steps process: rapid sorption on external
urface of the colloids and the slow diffusion to internal microp-
res. These results are consistent with previously reported data
19,20].

Preliminary experiments have shown a negligibly small effect
f ionic strength on Np(V) sorption at pH 2–9 for both solids
hat is an indication of inner-sphere complex formation with
urface hydroxyl groups of solid phases. It was established that
p(V) sorption depends on solid/solution ratio as shown for
p–hematite system in Fig. 1.The solvent extraction technique
as used to separate Np(IV)/Np(V) and indicated no redox reac-

ion occur in binary Np(V)-solid phase systems. These results
ig. 1. The pH dependence of Np(V) sorption onto �-FeOOH and �-Fe2O3;
= 0.1 M, Ctot(Np) = 6 × 10−7 M.
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ig. 2. The pH dependences of Np sorption onto �-FeOOH (C = 0.22 g/L) in
he presence of HQ-100 (44 ppm); Ctot(Np) = 5.8 × 10−7 M.

.2. Neptunium behavior in ternary Np/mineral
olloids/HA suspension

.2.1. HA addition to the pre-equilibrated Np-solid phase
uspension

The evolution of Np sorption onto goethite in the presence
f HQ-100 is presented in Fig. 2. It was established that sorp-
ion equilibrium after the addition of HA is not reached in 3
ays as in case of binary Np-goethite system. The difference in
p retention after more than 7 days of equilibration is possibly
ithin the uncertainty.
The influence of different HA samples on Np retention onto

oethite is presented in Fig. 3. The equilibrium distribution of
p in ternary systems containing either parent HA (CHP) or its

ydroquinone-enriched derivative (HQ-100) at the total humics
oncentration of 45 ppm are presented for the comparison. The
ddition of HQ-100 sample to binary pre-equilibrated system
nhanced Np(V) sorption at pH < 6 with small effect in case of

ig. 3. The pH dependences of Np sorption onto �-FeOOH in the
resence of HQ-100 (44 ppm) or CHP (43 ppm); C(�-FeOOH) = 0.22 g/L,

tot(Np) = 5.8 × 10−7 M.
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HP sample. The distribution of Np at low pH agreed with HA
orption onto goethite (not shown in Fig. 3). It was also estab-
ished that enhanced Np sorption at low pH values occurred at
A total concentration higher than 20 ppm. Lenhart and Honey-
an [8] found similar effects for U(VI) sorption onto hematite in

he presence of Suwannee river HA. They established that addi-
ion of HA enhances U(VI) sorption at low pH values compared
o the HA-free system whereas sorption is slightly decreased
t alkaline pH values. This can be explained by actinide com-
lexation by HA sorbed onto hematite at low pH. The stability
onstants of hexa-, tetra- and trivalent actinides humates are sev-
ral orders of magnitude higher than corresponding values for
entavalent actinides. According to the values reported by dif-
erent authors [21–23], the logarithms of stability constants for
etravalent actinide humates vary between 6.6 and 12.9 for log β1
nd between 11.5 and 18.0 for log β2 (for dissociation degree
= 0.5). The values of log β for Np(V) humates for CHP was

ound to be 2.26 ± 0.16 at pH 4.5 [24]. At low pH values, both
umics form surface coatings on the goethite surface, however,
nly for HQ-100 the reduction of Np(V) to Np(IV) occurred.
he difference in Np retention onto solid phases for two studied
A samples is explained by the difference in their reduction

apacities. The hydroquinone-enriched HA sample, HQ-100,
ad redox capacity twofold higher than the parent HA, CHP
Table 2). The slow reduction of Np(V) in solution at low pH
alues by different hydroquinone-enriched HA was reported in
ur previous studies [24]. The retention of Np(V) onto goethite
n ternary system at neutral and alkaline pH is systematically
ower than in case of binary system. At these pH values both
A samples did not form surface coatings on goethite surface,

s their sorption was very low. The effect of depletion of Np
orption at pH > 6 in ternary system is due to Np(V) complexa-
ion in solution with either CHP or HQ-100. It is known Np(V)
umate complex is significant only at pH > 6 and did not exceed
5% at pH 10.5 [11].

The same types of effects were established for ternary
p–CHP–hematite and Np–HQ-100–hematite suspensions.
he presence of 45 ppm of HQ-100 significantly increased

etention of Np at low pH values with small effect of CHP
s demonstrated in Fig. 4. It was also found that increase in
p retention at low pH is observed only for total HQ-100

oncentration not less than 20 ppm.

.2.2. Np addition to pre-equilibrated HA–goethite
uspension

The pH isotherms of Np retention to the pre-equilibrated
A–goethite phases are presented in Fig. 5. Significantly smaller

ffect of HQ-100 on Np retention at low pH values was observed
n case if Np was added to pre-equilibrated HA-goethite sus-
ension. The sorption of Np was only about 18% in case if it
as added to HA-goethite suspension compared to more than
0% in case of reverse reagent addition at pH range from 4.5 to
. The same difference in Np retention was found for ternary

ystems with CHP. This could be explained by competition
etween HA sites and goethite surface sites for Np complexa-
ion. Reiller et al. [4] postulated that this competition for Th(IV)
s strongly in favor of HA in the acidic and neutral pH range,
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Fig. 4. The pH dependence of Np sorption by �-Fe2O3 in the presence
of CHP (43 ppm) and HQ-100 (44 ppm); C(�-Fe2O3) = 0.44 g/L; I = 0.1 M;
Ctot(Np) = 7.05 × 10−7 M.
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ig. 5. The pH dependence of Np sorption onto �-FeOOH in the presence
f CHP (43 ppm) or HQ-100 (44 ppm); C(�-FeOOH) = 0.22 g/L; I = 0.1 M;

tot(Np) = 5.8 × 10−7 M.

hereas at pH > 8, the complexation by hematite surface sites
ncreases.

. Conclusions

The neptunium sorption onto goethite and hematite sur-
aces was strongly affected by the addition of humic acids. The

ncrease of Np retention onto these minerals at low pH values in
ase of hydroquinone-enriched HA due to reduction of Np(V) to
p(IV). Significantly smaller effect of HA on Np retention at low
H values in case when Np was added to pre-equilibrated HA-

[

[
[
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oethite suspension that is explained by competition between
A sorption onto goethite and neptunium–humate complexa-

ion.
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