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Abstract

Organic ligands affect the sorption and mobility of radionuclides in soils. Batch desorption experiments on goethite particles reveal the
extent of uranyl desorption and hence bioavailability with different organic acids. The desorptive strength increases in the following
order: background electrolyte < Na-alginate < desferrioxamine B (DFO-B) < oxalate. The sequence is consistent with decreasing molec-
ular size and mass from alginate via DFO-B to oxalate. The concomitant Fe release in the desorption experiments indicates that desorp-
tion from goethite and not dissolution of goethite governs the mobility of adsorbed U(VI). A compilation of DFO-B surface excesses on
goethite from our experiments together with literature values indicate that DFO-B adsorbs at a constant �3% to the goethite surface. It is
surprising that such a small fraction suffices to account for the considerable uranyl desorption and thus remobilization of a radionuclide
into solution. Oxalate displays higher surface concentrations but still lower than the determined uranyl surface excess. It follows that
based on the high U(VI) stability constants, both organic ligands induce the desorption of uranyl species by increasing the chemical affin-
ity of the aqueous phase. In the case of alginate, desorption of uranyl is weak and adsorbed alginate hampers any considerable detach-
ment of U(VI) in the presence of the more potent ligands, DFO-B and oxalate. This inhibition is based on biosorption and in this respect
polysaccharides in soils may retard and even halt the advance of actinides through the soil column. This hypothesis calls for further stud-
ies into the interaction of siderophores and polysaccharides with soil adsorbents and their role in the mobilization of contaminant metals.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Uranium is the principal element in the processing and
disposal of materials during nuclear energy and nuclear
weapons production. It is also the major contaminant in
soils and groundwater at sites associated with the afore-
mentioned processes. According to MacDonald (1999),
the remediation of contamination caused by the manufac-
turing of nuclear weapons (e.g. uranium mining) in the
United States is the most monumental environmental res-
toration task in history. To achieve this objective a compre-
hensive understanding of the thermodynamics and kinetics
of the physicochemical reactions occurring in the various
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affected environmental compartments is crucial. Especially
the removal and immobilization of radionuclide contami-
nants in soils by microbial transformations, sorption and
mineralization show the purging potential some natural
and engineered microbes may have (Barkay and Schaefer,
2001). Recent studies have focused on the interaction of
actinides with siderophores, a group of iron chelators
which are produced by bacteria and other microbes to
overcome low iron availability. Their principal function is
to acquire ferric iron by dissolving poorly soluble iron min-
erals and oxides and mediate iron transport and deposition
inside the cell (Boukhalfa and Crumbliss, 2002). Although
originally synthesized as a means of sequestering ferric
iron, siderophores have been shown to complex other
metals and radionuclides such as Pu(IV) (Birch and Bach-
hofen, 1990; John et al., 2001). In the case of Pu, its com-
plexation and subsequent uptake into the bacterial cell
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reduces significantly the mobility of the metal and might
present a future bioremediation tool in the clean-up of acti-
nide contaminated soils (John et al., 2001). However, the
same study demonstrated the lack of U(VI) uptake and
hence not all actinides are sequestered or even absorbed
in the same magnitude. Despite these findings, the principal
biogeochemical reactions that govern the concentration,
chemical speciation, and distribution of radionuclide-sider-
ophore complexes are not fully understood and quantified
and the objective of this study is to contribute to the under-
standing of the environmental fate of the mobile oxidized
uranium in soils under the influence of the biosphere.
Towards that goal U(VI) desorption experiments on
goethite surfaces were performed in the presence and
absence of an aliphatic siderophore, oxalic acid and the
polysaccharide Na-alginate. Goethite was chosen as model
soil constituent because Fe(III)oxyhydroxides are among
the most reactive surfaces found in soils and goethite is the
most stable Fe-oxyhydroxide. From the pool of multitudi-
nous siderophores, desferrioxamine (DFO-B) was selected.
DFO-B has three metal binding hydroxamate functional
groups which act as bidentate ligands each. Hence, it forms
a 1:1 hexadentate complex with aqueous Fe(III). Its effect on
the dissolution of diverse oxides/silicates has been extensive-
ly investigated including goethite (Watteau and Berthelin,
1994; Kraemer et al., 1999; Cocozza et al., 2002; Cervini-Sil-
va and Sposito, 2002; Cheah et al., 2003; Borer et al., 2005),
hematite (Hersman et al., 1995), hornblende (Liermann
et al., 2000; Kalinowski et al., 2000), biotite (Watteau and
Berthelin, 1994), clay minerals (Neubauer et al., 2002;
Rosenberg and Maurice, 2003) and Pu-oxide/hydroxide
(Brainard et al., 1992; Ruggiero et al., 2002). Additional
studies show that DFO-B not only affects the dissolution
but also the sorption of metals from/to soil constituents
(Kraemer et al., 1999, 2002; Neubauer and Furrer, 1999;
Neubauer et al., 2000; Dubbin and Ander, 2003; Mustafa
et al., 2004; Hepinstall and Maurice, 2004).

Alginate (C6H8O6)n, a natural polysaccharide found in
brown algae, is a linear copolymer of b-D-mannuronic
(M) and a-L-guluronic (G) acid residues (Haug et al.,
1974). These monomers arrange themselves as polymeric
M and G blocks intercalated with regions of alternating
structure (MG blocks, Fig. 1). Only limited studies exist
on the influence of the biofilm forming alginate-type poly-
saccharides on dissolution and sorption processes in the
Fig. 1. The structure of alginate varies depending on the source of its formation
acid residues. These monomers (C6H8O6) form homopolymeric MMM. . . and
presented here with vertically (G) and horizontally arranged (M) molecules. No
sodium alginate was the starting material of our alginate experiments.
geosphere (Scharer and Byerley, 1989; Welch et al., 1999;
Raize et al., 2004).

At present, there does not exist any investigation on the
mobilization of U(VI) from goethite surfaces under the
influence of the above-mentioned organic acids and the
present study aims at filling this gap.

2. Materials and methods

Uranium-nitrate [UO2(NO3)2] was obtained from Law-
rence Berkeley National Laboratory and the three organic
acids used in this study were purchased from Sigma–Al-
drich (USA). No purification grade of the desferrioxamine
B mesylate salt [C25H46N5O8NH3

+(CH3SO3
�)] was provid-

ed by the manufacturer while oxalic acid was purified grade
(99.999%). The source for the alginic acid sodium salt (low
viscosity) was brown algae. No further information was
available on its species origin. Goethite (a-FeOOH) was
synthesized using a method described by Schwertmann
and Cornell (1991). In brief, 100 mL of a 1 M Fe(NO3)3

solution was mixed with 180 mL of a 5 M KOH solution.
The resulting suspension of ferrihydrite was diluted to
2 L and kept at 70 �C for 60 h to produce yellow brown
goethite. Powder X-ray diffraction (XRD) confirmed that
the synthesized solid was pure goethite. The XRD data
were collected from 10 to 70� 2h using a Philips XRD dif-
fractometer equipped with a graphite-monochromatized
Cu Ka X-ray source (35 kV, 20 mA). Specific surface area
measurements after Brunauer et al. (1938) yielded
34.4 m2/g and were performed using a triple point N2 con-
centration adsorption isotherm on a Micromeritics Flow-
sorb II 2300 device.

All sorption and dissolution experiments were conducted
at 25 �C, pH 6 and an ionic strength of 10 mM. The adsor-
bent concentration was set at 0.5 g/kg. The background
electrolyte constituting every experimental solution was
prepared with 18 MX/cm Millipore� water and consisted
of 8 mM NaNO3 and a 2 mM buffer of 2-(N-morpholi-
no)ethanesulfonic acid (MES, from Sigma). The pH was
adjusted with NaOH. MES was chosen as a pH buffer be-
cause of its low metal binding constants which has been
demonstrated for Mg, Ca, Mn, Cu (Good et al., 1966)
and Cd, Pb (Soares et al., 1999). All sorption experiments
were carried out in batch mode in acid washed 35 ml poly-
propylene copolymer (PPCO) high-speed centrifuging tubes
. The principal compounds are b-D-mannuronic (M) and a-L-guluronic (G)
GGG. . . blocks and strictly alternating GMGM sequences. The latter is

te that the main ligand (the carboxyl group) is shown saturated with Na as
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Fig. 2. Saturation state of schoepite ((UO2)8O2(OH)12 Æ 12H2O) and
uranium-hydroxide (b-UO2(OH)2) as a function of the initial uranium
concentration at pH6.
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Fig. 3. Adsorption of U(VI) on goethite at pH 6 and 25 �C. The legend
represents the initial U(VI) concentrations and the lines stand for a
Freundlich (dashed line) and a Langmuir (solid line) fit. For the
Freundlich isotherm, the parameters are: KF = 49.0; n = 0.56. The
Langmuir approach yields KL = 0.8 l M�1; Cmax = 115 lmol/g.
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from Nalgene�. The tubes were agitated for 48 h on an
orbital shaker installed in an incubator at 200 rpm and
25 �C. After this contact time, samples were centrifuged at
15,000 rpm for 60 min and the supernatant quantitatively
removed and filtered through a 0.2 lM nylon filter (What-
man�). Although this filter size would have allowed Fe
nanoparticles to enter the solution no conspicuous Fe peaks
were observed in the analyses by inductively coupled plas-
ma mass spectrometry (ICP-MS). Since all iron—solute or
suspended solid—enters the plasma the absence of such
aberrantly high Fe concentrations indicates that no submi-
cron Fe particles were present. Subsequent desorption and
dissolution experiments were run immediately following
the adsorption experiments. To maintain the initial solid
concentration, the same mass of fresh solution was added
as the mass removed after centrifugation. The new solution
was then treated in the same way as the initial adsorption
solution and at specific time intervals (1, 5, 15, 30 min
etc.) aliquots of <3 ml were extracted and immediately
filtered. The collected samples were stored in the refrigera-
tor at 6 �C and subsequently analyzed for 238U and 56Fe
with an Agilent 7500cs ICP-MS using internal standards.

The experimental series dedicated to the adsorption of
DFO-B on uranyl treated goethite was based on total organ-
ic carbon (TOC) analysis and mass balance calculations.
The TOC of a DFO-B solution was compared with the
TOC of a solution of DFO-B after equilibration with uranyl
adsorbed goethite and with the TOC of a solution after ura-
nyl desorption without DFO-B as baseline. The difference in
TOC was ascribed to the adsorption of DFO-B on the goe-
thite surface and varied between 3 and 6 ppm. Analyses were
performed with the high sensitivity model TOC-VCSH from
Shimadzu whose sensitivity reaches lower ppb level and
could therefore readily quantify these differences.

Speciation and saturation calculations were performed
with PHREEQC 2.8 (Parkhurst and Appelo, 1999) under
the experimental conditions laid out in this paragraph.
Equilibrium constants for these calculations were gathered
from the literature and where needed recalculated to zero
ionic strength using the software ‘Ionic strength corrections
using specific interaction theory’, V2.0, IUPAC 2004�.

3. Results and discussion

3.1. Precipitation, speciation, and adsorption

All experiments were conducted at pH 6 because >95%
of uranyl adsorbed on goethite (Hsi and Langmuir, 1985;
Redden et al., 1998). At circum-neutral pH solubilities of
U(VI) phases reach minima in the order of lM. Thus,
adsorption experiments at such U(VI) concentrations have
to take potential precipitation into account. Fig. 2 exhibits
the change of saturation state of the least soluble U(VI)
phases schoepite ((UO2)8O2(OH)12 Æ 12 H2O) and urani-
um-hydroxide (b-UO2(OH)2) as a function of the initial
aqueous U(VI) concentration. Since all experiments were
air-saturated it is assumed that no reduction of uranyl to
U(V) or U(IV) takes place and henceforth the terms uranyl,
U(VI), and uranium are used synonymously. Supersatura-
tion with respect to the less soluble of both phases starts at
23 lM (Fig. 2) but even at 50 lM the saturation index of
schoepite does not exceed 0.15. Speciation calculations
and the determination of saturation indices for the two
phases in question (at 50 lM initial uranyl concentration)
yielded slightly positive values despite the formation of
water-soluble uranyl-carbonates. However, adsorption
reduces the amount of aqueous uranyl and therefore the
potential for precipitation per se. Moreover, Giammar
and Hering (2001) found that precipitation of schoepite
from a U(VI)-goethite suspension at pH 6 was kinetically
hindered at low degrees of supersaturation and hence in
this study the highest initial employed U(VI) concentration
was capped at 50 lM. The adsorption of U(VI) on goethite
underlying the subsequent desorption experiments is exem-
plified in Fig. 3. Adsorption could be equally modeled with
a Freundlich and a Langmuir isotherm as duplicate exper-
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Fig. 4. (a) Desorption kinetics of uranyl (initial aqueous uranium
concentration = 50 lM) from goethite as a function of the DFO-B
concentration. Cw is the percent ratio between initial U concentration
and recovered U concentration after desorption. (b) The constant plateau
values from Fig. 4a plotted against the corresponding DFO-B concentra-
tions. The line represents a Langmuir isotherm with Cw,max = 55%,
KL = 0.037 lM�1.
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iments at the highest initial uranyl concentration (49 lM)
yielded somewhat varying solid concentration values. Par-
tition coefficients for both fits, the maximum adsorption
density (Cmax) and the Freundlich exponent n are provided
in the figure caption. Cmax was found to be 115 lmol/g for
the Langmuir fit, in excellent agreement with a maximum
adsorption density of 114 lmol/g determined under very
similar experimental conditions by Giammar and Hering
(2001). This value corresponds to a BET surface area nor-
malized surface excess of uranyl of 3.3 lmol/m2.

The limitation in the uranium concentration and the
solid–solution ratio used in the present study inhibited
any meaningful attempt to elucidate the surface speciation
of uranium on the goethite surface in the presence/absence
of the targeted ligands with either FT-IR or EXAFS. Nev-
ertheless, potential surface species can be inferred from the
work of other investigators. According to Hsi and Lang-
muir (1985), inner-sphere mono- and bidentate uranyl-hy-
droxides are the major surface species in a carbonate-free
uranyl-goethite solution at neutral to alkaline pH. Under
similar conditions but with CO2 saturation Duff and
Amrhein (1996) added uranyl-carbonato ternary complex-
es to the panoply of adsorbed species. Both studies were
based exclusively on best fits of surface complexation mod-
els (SCM) and did not use surface analytical techniques to
support their assumptions. Waite et al. (1994) in contrast
supplemented their SCM with Extended X-ray Absorption
Fine Structure (EXAFS) spectroscopy inferring an inner-
sphere bidentate uranyl surface species as the sole surface
complex under sub-neutral atmospheric conditions. While
this was a study on ferrihydrite their conclusion was con-
firmed for goethite in more recent EXAFS studies (Moyes
et al., 2000; Redden et al., 2001). Interestingly, Waite et al.
(1994) also mentioned the appearance of a second major
surface species under alkaline pH conditions. This inner-
sphere bidentate uranyl-carbonato ternary surface complex
was subsequently confirmed in EXAFS studies of Bargar
et al. (2000) and Bostick et al. (2002). The first reference
investigated uranyl-hematite adsorption while in the latter
case the adsorbent was an unspecified phase of subsurface
iron (hydroxides). However, the uranyl-carbonato ternary
surface complex was not confined to the alkaline pH range
but predominant even down to pH 4.5. Crystal truncation
rod diffraction, grazing incidence EXAFS, and bond-va-
lance calculations have also identified the presence of a
binuclear, bidentate uranyl-carbonate ternary complex on
hematite (Catalano et al., 2005). In contrast, in situ attenu-
ated total reflection-infrared spectroscopy detected a bina-
ry, inner-sphere, multidentate surface complex of uranyl on
hematite (Lefèvre et al., 2006). Remarkably, this was the
only surface species detected across the pH range of 5–8.
No effort was made to exclude CO2 from the headspace
or the solutions in the present study. Thus, it is assumed
that the innersphere, bidentate uranyl surface complexes
previously observed for hematite and ferrihydrite and indi-
rectly assumed for goethite (Duff and Amrhein, 1996) were
also present in our system.
3.2. Concentration-dependent desorption

Desorption as a function of the initial ligand concentra-
tion is presented in Fig. 4a for DFO-B. The percent ratio
between the initial aqueous uranium concentration before
adsorption and the recovered aqueous uranium concentra-
tion after desorption (% Cw) was introduced to account for
the desorptive strength of the investigated ligands. Desorp-
tion is fast and maintains a plateau value for the duration
of the reaction time. From the plateau values it is possible
to infer the relationship between the DFO-B concentration
and the desorptive strength (Fig. 4b). A Langmuir isotherm
fits the data well suggesting a sorption model where
adsorption of DFO-B on the goethite surface governs
desorption of uranyl from goethite. This agrees with find-
ings from Cheah et al. (2003) who report a Langmuir iso-
therm for the adsorption of DFO-B on goethite. At the
same time, the Fe concentration in solution steadily
increases over time (Fig. 5) indicating that dissolution of
goethite takes place at uranyl-free sites. A very similar
observation was made by Kraemer et al. (1999) in their
study on the effect of DFO-B on Fe release and Pb(II)
adsorption by goethite. Ligand-promoted dissolution was



0

5

10

15

20

0 2000 4000 6000 8000
time (min)

( eF
μ

)
M

9 13
43 45
114 118
249 254

Fig. 5. Dissolution kinetics of uranyl-treated goethite at different DFO-B
concentrations in lM.

4360 D. Wolff-Boenisch, S.J. Traina 70 (2006) 4356–4366
unaffected by the presence of adsorbed Pb while the pres-
ence of DFO-B had a depleting effect on Pb(II) adsorption.
But how do we reconcile the apparent contradiction that
DFO-B promoted dissolution happens at uranyl-free sites
while simultaneously DFO-B promotes desorption at
U(VI) covered sites? One way is to assume different sorp-
tion and dissolution kinetics, respectively. Adsorption of
cations is known to be many orders of magnitude faster
than dissolution (cf. Sposito, 2004). As such, desorption
of uranyl via adsorption of DFO-B can have reached equi-
librium before Fe release becomes rate-controlled by a
mechanism involving the (re)adsorption of excess and
uncomplexed aqueous DFO-B. An alternative explanation
involves the concept of indirect desorption through ther-
modynamic effects. The presence of aqueous DFO-B which
is in excess of total uranyl and dissolved Fe leads to the
quantitative complexation of these cations in solution. As
a consequence, the ensuing disequilibrium between ad-
sorbed and free aqueous U(VI) results in desorption from
the surface and aqueous complexation of uranium with
DFO-B until the system reaches equilibrium. As long as
there is weakly bound uranium desorbing readily from
goethite the successive addition of DFO-B to solution will re-
sult in further desorption. However, with increasing DFO-B
concentrations, the residue of weakly bound uranium
decreases and with it the fraction that desorbs from surface
into solution. Finally, the more strongly complexed surface
uranyl does not desorb anymore even if further ligand is add-
ed. Summarizing, increasing the chemical affinity of the sys-
tem by shifting the solution position away from equilibrium
also leads eventually to the Langmuir-type isotherm of
Fig. 4b. In order to investigate the contribution of direct
and indirect ligand-promoted desorption of uranium the
desorption pattern of DFO-B is further compared to that
of oxalate and alginate in the following chapter. Note that
for indirect desorption to exert a considerable influence
aqueous complexation of the adsorbate with the ligand must
be large. To estimate indirect desorption contribution the
major aqueous species under experimental conditions were
modeled based on the equilibrium constants compiled in
Table 1. Results of the speciation calculations are shown in
Table 2. In the presence of DFO-B and oxalate, respectively,
all uranium is complexed. Even prolonged goethite dissolu-
tion does not change this picture because of the excess of
both ligands with respect to U and Fe. This speciation
calculation indicates that all adsorbed uranium species
would desorb into the DFO-B and oxalate solution if the
surface bonding were not sufficiently strong to counteract
this thermodynamic effect.

3.3. Ligand-dependent desorption

Desorption as a function of different ligands and initial
U(VI) concentrations is presented in Fig. 6a. Two similar
DFO-B concentrations (237 and 241 lM) and an equimo-
lar amount of oxalate (242 lM) were employed. The algi-
nate solution contained 0.5 wt% Na-alginate. Each line of
each ligand in this graph represents desorption over time
from a different initial uranium concentration, and the
higher the initial adsorptive concentration, the higher the
final recovery. The only exception is alginate where the
multiple lines stand for replicates at only one initial
U(VI) concentration. Consistent with Fig. 4a, desorption
with DFO-B is fast and maintains comparable desorption
plateau values for the duration of the reaction time. Urani-
um remobilization increases in the order: background elec-
trolyte < alginate < DFO-B < oxalate. The latter reached
110% in one case reflecting analytical uncertainty in the
determination of the uranium solution concentration after
adsorption and desorption. Thus, the error associated with
all Cw (%) values in this study is considered to be ±10%.
While desorption is a very fast process for the background
electrolyte and DFO-B, exhibiting both a sheave of parallel
flat lines shortly after the experimental onset, oxalate and
alginate display slower desorption kinetics. Desorption
becomes equilibrated after 1500 min for oxalate but due
to the few data points it is unclear whether or not alginate
has reached a plateau after that reaction time. To illustrate
how the degree of desorption varies with the initial amount
of uranyl in solution, the constant Cw plateau values
extracted from Fig. 6a were plotted against the initial ura-
nium concentrations in Fig. 6b. All organic acids display a
smooth enhancement in the uranyl recovery with increasing
initial adsorbate concentration as more initial uranium
leads to a higher surface coverage and hence more U(VI)
can be subsequently desorbed.

A possible explanation for the different desorption pat-
terns in the light of (in)direct desorption is given as follows:
the organic ligand-free background electrolyte is able to
‘wash off’ only the loosely bound uranium (in outer-sphere
or the diffuse-ion swarm), likely to be a very fast process.
The lack of organic ligands advocates that the driving force
for desorption is a re-equilibration of the system. Due to its
large size the copolymer alginate, although equipped with
numerous carboxylic functional groups, has per se difficul-
ties accessing the goethite surface. The kinetics in Fig. 6a
indicate that, despite this steric hindrance, alginate keeps
on mobilizing uranium and this observation is consistent



Table 1
The logarithm of stability constants at zero ionic strength (log K0) for potential aqueous reactions occurring in this study

Reactants Product (s) Log K0 (25 �C) Reference

H+, HOx� H2Ox 1.25 Martell et al. (2004)
H+, Ox�2 HOx� 4.27 Martell et al. (2004)
Fe+3, Ox�2 FeOx+ 9.74a Martell et al. (2004)
Fe+3, 2Ox�2 FeOx2

� 16.76a Martell et al. (2004)
Fe+3, 3Ox�2 FeOx3

�3 20.54a Martell et al. (2004)
Na+, Ox�2 NaOx� 0.90 Martell et al. (2004)
UO2

þ2;HOx� UO2HOx+ 3.88a Martell et al. (2004)
UO2

þ2; 2HOx� UO2(HOx)2 9.53a Martell et al. (2004)
UO2

þ2;Ox�2 UO2Ox 7.41 Havel et al. (2002)
UO2

þ2; 2Ox�2 UO2Ox2
�2 11.80 Havel et al. (2002)

UO2
þ2; 3Ox�2 UO2Ox3

�4 13.96 Havel et al. (2002)
UO2

þ2;OH�;Hþ UO2
þ2;H2O 5.20 Guillaumont et al. (2003)

UO2
þ2; 2Hþ UO2

þ2; 2H2O 12.15 Guillaumont et al. (2003)
UO2ðOHÞ3�, 3H+ UO2

þ2; 3H2O 20.25 Guillaumont et al. (2003)
ðOHÞ4�2; 4Hþ UO2

þ2; 4H2O 32.40 Guillaumont et al. (2003)
(UO2)2OH+3, H+ 2UO2

þ2;H2O 2.70 Guillaumont et al. (2003)
ðUO2Þ2ðOHÞ2þ2; 2Hþ 2UO2

þ2; 2H2O 5.60 Guillaumont et al. (2003)
ðUO2ÞðOHÞ4þ2; 4Hþ 3UO2

þ2; 4H2O 11.90 Guillaumont et al. (2003)
ðUO2Þ3ðOHÞ5þ; 5Hþ 3UO2

þ2; 5H2O 15.50 Guillaumont et al. (2003)
ðUO2Þ3ðOHÞ7�; 7Hþ 3UO2

þ2; 7H2O 32.20 Guillaumont et al. (2003)
ðUO2Þ4ðOHÞ7þ; 7Hþ 4UO2

þ2; 7H2O 21.90 Guillaumont et al. (2003)
UO2

þ2;Cl� UO2Cl+ 0.17 Guillaumont et al. (2003)
UO2

þ2; 2Cl� UO2Cl2 �1.10 Guillaumont et al. (2003)
UO2

þ2, NO3
� UO2NO3

+ 0.30 Guillaumont et al. (2003)
UO2

þ2, CO3
�2 UO2CO3 9.94 Guillaumont et al. (2003)

UO2
þ2, 2CO3

�2 UO2ðCO3Þ2�2 16.61 Guillaumont et al. (2003)
UO2

þ2, 3CO3
�2 UO2ðCO3Þ3�4 21.84 Guillaumont et al. (2003)

3UO2
þ2, 6CO3

�2 ðUO2Þ3ðCO3Þ6�6 54.00 Guillaumont et al. (2003)
2UO2

þ2;CO2; 4H2O ðUO2Þ2CO3ðOHÞ3�; 5Hþ �19.01 Guillaumont et al. (2003)
3UO2

þ2;CO2; 4H2O (UO2)3O(OH)2(HCO3)+, 5H+ �17.50 Guillaumont et al. (2003)
11UO2

þ2; 6CO2; 18H2O ðUO2Þ11ðCO3Þ6ðOHÞ12
�2; 24Hþ �72.00 Guillaumont et al. (2003)

Dfob�3, H+ DfobH�2 11.48a Martell et al. (2004)
DfobH�2, H+ DfobH2

� 9.98a Martell et al. (2004)
DfobH2

�;Hþ DfobH3 9.20a Martell et al. (2004)
DfobH3, H+ DfobH4

+ 8.30a Martell et al. (2004)
DfobH�2, Fe+3 DfobHFe+ 31.90a Martell et al. (2004)
DfobFe, H+ DfobHFe+ 10.38a Martell et al. (2004)
DfobHFe+, H+ DfobH2Fe+2 1.00 Martell et al. (2004)
UO2

þ2;DfobH�2 UO2DfobH 23.78a Czerwinski et al. (1997)
UO2OH+, DfobH�2 UO2Dfob�, H2O 18.40a Czerwinski et al. (1997)
UO2(OH)2, DfobH�2 UO2DfobOH�2, H2O 23.43a Czerwinski et al. (1997)
Mes�2, H+ MesH� 6.27 Roy et al. (1997)
Mes�2, Fe+3 MesFe+ 4.70a,b Anwar and Azab (2001)
Mes�2, Fe+3, OH� MesFeOH �3.80a,b Anwar and Azab (2001)

Reactants and products are presented consistent with the convention encountered in PHREEQC of describing charges and exponents. Ox�2 and Dfob�3

stand for the deprotonated forms of oxalate and DFO-B, respectively.
a Constant was recalculated to zero ionic strength.
b Constant was determined for La+3 and adopted for Fe+3.
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with a rearrangement of the polymeric chains over time to
better access the surface. Since there is no data on aqueous
U-alginate stability constants it is not clear whether indi-
rect desorption contributes to the increase of Cw. However,
the observed slow desorption favors rather surface ex-
change reactions involving the organic ligand than a
detachment induced by an aqueous disequilibrium. At such
low recovery rates, likely still involving outer-sphere and/
or less stable inner-sphere species, indirect desorption
should be considerably faster.

Desorption plateaus between 40 and 60% Cw demon-
strate that DFO-B mobilizes roughly half of the adsorbed
U fraction. Since the relative amounts of the potentially
prevalent surface complexes Fe-U(VI) and Fe-U(VI)-car-
bonate are unknown it cannot be determined if the 40–
60% represent partial or preferential removal of one of
these species. In the case of oxalate, however, all uranium
is re-mobilized meaning that the inner-sphere bidentate
species cannot have been desorbed quantitatively by virtue
of an increase in chemical affinity. Oxalate must have re-
placed at least some fraction of uranyl on the goethite
surface.

The higher desorptive strength of oxalate in comparison
to DFO-B is supported by looking at the charges of the
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Table 2
Major aqueous uranium species in % present in the background electrolyte
(be) only, and with DFO-B or oxalate added to it

U(VI) (20lM) be-U only be-U + DFO-B be-U + Oxalate

ðUO2Þ3ðOHÞ5þ 55.6 — —
UO2OH+ 25.1 — —
ðUO2Þ4ðOHÞ7þ 5.3 — —
UO2CO3 4.7 — —
UO2

+2 4.2 — —
ðUO2Þ2ðOHÞ2þ2 2.5 — —
UO2(OH)2 1.9 — —
ðUO2Þ2CO3ðOHÞ3� 0.7 — —
UO2DfobH — 67.5 —
UO2DfobOH�2 — 32.5 —
UO2Oxalate — — 17.9
UO2Oxalate2

�2 — — 77.4
UO2Oxalate3

�4 — — 4.6
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principal DFO-B and oxalate species in the suspension
before desorption (cf. Table 1). At pH 6, oxalic acid is
stripped of its two protons and as doubly negatively
charged C2O4

2� it will readily adsorb on the positive goe-
thite surface displacing the uranyl complexes. In contrast,
the major species of DFO-B is DfobH4

+, which has a posi-
tive charge like uranyl, but which is bulkier and therefore
more prone to steric hindrance. As such, DFO-B should
only succeed in detaching relatively weaker bonds. This
assumption is consistent with results presented in Fig. 7.
After uranyl desorption experiments with alginate the sus-
pensions were phase-separated and the supernatants ex-
changed with 240 lM solutions of DFO-B and oxalate, in
duplicate. Results of this second U(VI) desorption demon-
strate that DFO-B and oxalate desorb in the same way as
in Fig. 6a, i.e. rapid equilibration in the case of DFO-B
and a constant increase of aqueous uranium concentration
over time in the case of oxalate. DFO-B recovers only an
additional 2% of the initial uranium concentration in con-
trast to Fig. 6a where the gap between the DFO-B and algi-
nate desorption lines is greater. This observation hints to
the presence of alginate on the goethite surface that accord-
ing to Scharer and Byerley (1989) and Raize et al. (2004)
sorbs and retains uranium. This potential sorption would
also explain why the desorption kinetics of oxalate is slow-
er than that in Fig. 6a as it does not reach an equilibration
plateau. The fact that combined indirect and direct desorp-
tion in the presence of DFO-B yielded only another con-
stant 2% of the initial aqueous uranium concentration
indicates that all remaining uranium is strongly bound to
surface iron or alginate.

Redden et al. (2001) described a citric acid promoted
adsorption of uranyl on goethite—at pH 6 5. Fig. 6a dem-
onstrates just the opposite, namely the ligand-promoted
desorption of uranyl from goethite for a variety of organic
ligands (including oxalate) at pH 6. To hold the pH change
from 5 to 6 responsible for this dramatic change in the
sorption behavior of uranyl is questionable because (a)
the goethite surface is still far from the point of zero char-
ge, i.e. it is still nearly as positive at pH 6 as at pH 5, and
(b) citrate has the same negative charge at pH 5 as has oxa-
late at pH 6, thus both ligands should exhibit a similar spe-
ciating effect on uranyl. Moreover, the studies of Holmen
et al. (1997) about the complexation of hydroxamate func-
tional groups on the goethite surface indicate that identical
surface complexes form at pH 3 and 6 suggesting that the



U (μM) 

0.0 0.1 0.2 0.3 0.4

D
FO

-B
 (

μ m
ol

/g
)

0

2

4

6

8

10

12

14

Fig. 8. DFO-B surface concentrations (open circles) as a function of the
initial aqueous uranium concentrations based on triplicate TOC determi-
nations. The solid line represents a linear fit through all the data and the
dashed lines stand for the 95% confidence interval. The mean is
7.8 ± 2.6 lmol/g adsorbed DFO-B.

Ligand-promoted desorption of U(VI) from goethite 4363
type of aHA surface complex formed does not vary signif-
icantly with pH. Redden et al. (2001) observed this ligand-
promoted adsorption only at high citrate:uranyl ratios but
Fig. 6b shows a smooth increase from high to low(er)
ligand:uranyl ratios. It seems that the fundamental differ-
ence of both studies lies in the fact that Redden et al.
(2001) let the goethite surface equilibrate with a mixed cit-
rate-uranyl solution while in this study only uranyl was
equilibrated with the goethite surface and the ligand added
at a later stage. Still, the different procedures do not lend
themselves to explain such opposing results as in this study
the subsequent addition of the ligands could have led to a
re-adsorption of a ligand-uranyl complex after desorption
which was not the case. Thus it remains unclear why citrate
promotes uranyl adsorption on goethite at pH 65 while at
pH 6 oxalate (and other ligands) promote desorption of
uranyl from goethite. Neubauer et al. (2002) found similar
pH dependent phenomena where the percentage of dis-
solved Cu, Zn, and Cd in DFO-B-goethite suspensions
enhanced above pH 5, 7, and 8, respectively, while below
these pH values DFO-B increased the adsorption of these
metals to the goethite surface. The DFO-B promoted
desorption of cations from goethite at circum-neutral pH
is also corroborated by other studies. Kraemer et al.
(1999, 2002) postulated an adsorption inhibitory effect of
DFO-B on Pb(II) and Eu3+ at pH P 6 and Dubbin and
Ander (2003) reported an increased desorption of Pb2+

with DFO-B at pH 6.5. A similar effect was described by
Mustafa et al. (2004) with higher Cd desorption from goe-
thite in the presence of DFO-B at pH 5.5–6. Since the pH
range discussed here is at least two orders of magnitude
lower than the zero point of charge of goethite (�9) or
the first pKa of DFO-B (8.3) the reason for the enhanced
desorption in the presence of DFO-B cannot be found in
the quasi-unaltered surface or ligand charge. This again
advocates for a thermodynamic sink in solution as driving
force behind desorption.

3.4. Surface excess and ligand-promoted dissolution

The finding that oxalate is a better uranyl desorbent rel-
ative to DFO-B under the experimental conditions of this
study is also corroborated by Langmuir binding constants
(KL). Cheah et al. (2003) determined a KL (at pH 5) for
oxalate and DFO-B of 0.12 lM�1 and 0.27 lM�1, respec-
tively, compared to a KL for uranyl of 0.8 lM�1 (Fig. 3).
Based on these binding constants, oxalate should displace
double as much uranyl from the goethite surface as
DFO-B. Although this supposition is close to actual obser-
vations KL present sorption ‘affinities’. Since they do not
provide any indication of the actual sorption/desorption
mechanism caution should be applied in their utility. More
compelling than qualitative KL are measurable surface
excesses. Djafer et al. (1991) reported 500 nmol/m2 for oxa-
late adsorbed on goethite at pH 6 and an oxalate concen-
tration of 300 lM while Cocozza et al. (2002) found a
surface excess six times lower for DFO-B. Their value of
85 nmol/m2 was again determined at a DFO-B concentra-
tion of 300 lM but at a slightly higher pH of 6.5. Own at-
tempts to determine the DFO-B surface excess on uranyl-
covered goethite were based on mass balance calculations
of total organic carbon measurements as described above.
Fig. 8 illustrates triplicate TOC measurements at four dif-
ferent initial uranium concentrations that were recalculated
to the amount of DFO-B attached to the surface. As
expected with this kind of experimental approach there is
certain overall scatter but the triplicate determinations
are reasonably good. The confidence interval for the linear
regression clearly indicates that no trend between aqueous
uranium and adsorbed DFO-B concentration can be
inferred from this graph. Whether this lack of trend is a
consequence of the very low goethite and initial U(VI) con-
centrations or because DFO-B adsorption takes place at
uranyl-free sites anyway can not be answered conclusively.
In comparison to the value provided by Cocozza et al.
(2002), this TOC experiment yields an average of
226 nmol/m2, 2.7 times higher. Curiously, the initial
DFO-B concentration in this case was 109 lM, 2.7 times
lower. Based on this observation, DFO-B and oxalate sur-
face excess literature values on goethite at sub-neutral pH
were collected and Fig. 9 prepared. Data points of this
comparative study and parameters required for its calcula-
tion are presented in Table 3. To avoid any potential solid
concentration effect on the ligand adsorption which may
occur at such diverse solid concentrations ranging from
0.5 to 20 g/kg the aqueous ligand concentration was nor-
malized to the goethite concentration of the respective
study. This measure is backed by the disappearance of
the relationship in Fig. 9 when plotting the ligand surface
concentration against the aqueous ligand concentration
(not shown). The open symbols represent oxalate data
while all other symbols stand for DFO-B surface excesses.
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The ligand surface excess of the black triangle was not
determined experimentally as in the case of all the other
data points. It was derived assuming that the surface excess
percentage determined from the TOC experiment (3.6%)
together with its associated error is applicable to the
desorption experiments that were executed under the same
experimental set-up but at higher initial DFO-B concentra-
tions of 249 lM (cf. Table 3). The error bars reflect the
scatter in Fig. 8. Still, the linear relationship between the
maximum theoretically adsorbable DFO-B solid concen-
tration and the real adsorbed concentration is evident. To
this relationship were added the ligand-promoted goethite
dissolution rates, where available. Except for one value
these rates follow the trend of increasing DFO-B promoted
dissolution rates with increasing DFO-B surface excess.
This observation matches the findings of Cervini-Silva
and Sposito (2002) and Cheah et al. (2003) reporting pro-
portionality between the goethite dissolution rate and the
Table 3
Compilation of experimental parameters and results referring to Fig. 9

References pH BET (m2/g) Goethite (g/L lM) DFO-B

Cheah et al. (2003) 5 35 10 80
Cocozza et al. (2002) 6.5 35 20 300
Kraemer et al. (1999) 6.6 35 13 150
Neubauer et al. (2002) 6 21 1 88
This study, toc 6 34.4 0.5 109
This study, desorption 6 34.4 0.5 249

Oxalate

Zinder et al. (1986) 6 19 3 1000
Eick et al. (1999) 6 55.5 10 5000
Cheah et al. (2003) 5 35 10 1250
Djafer et al. (1991) 6 34 2.5 300
DFO-B surface excess. Such an observation does not nec-
essarily favor direct over indirect desorption as the abso-
lute adsorbate surface concentration and the aqueous
chemical affinity increase in both cases. In the case of
oxalate, three of the four available data points have very
similar adsorbed ligand concentrations. Since these values
correspond to high oxalate concentrations P1000 lM (cf.
Table 3) they indicate saturation of the surface sites with
this ligand. The fourth point in contrast corresponds to
an aqueous oxalate concentration of 300 lM and has not
reached solid saturation yet. Two of the three available
oxalate-promoted dissolution rates are similar and thus
consistent with the explanation above.

4. Conclusions

The desorptive strength of the three ligands enhances in
the following order: alginate < DFO-B < oxalate. The con-
comitant Fe release in the desorption experiments demon-
strates that (in)direct desorption from goethite and not
dissolution of goethite governs the mobility of adsorbed
U(VI) at pH 6 for all three ligands (data only shown for
DFO-B). The sequence is consistent with decreasing molec-
ular size and mass from alginate via DFO-B to oxalate and
therefore suggests the contribution of steric hindrance or
stereochemical effects to the desorption process. This prop-
osition is corroborated by a comparison of DFO-B surface
excesses of our experimental data with literature values.
Normalized to the adsorbent concentration the compila-
tion reveals that DFO-B adsorbs only 3.2 ± 1.2% to the
goethite surface. This intriguingly small fraction corre-
sponds to a surface excess of 8 lmol/g (Table 3) in contrast
to a uranyl surface excess of 115 lmol/g (Fig. 3). There-
fore, the mobilization of roughly half of adsorbed uranium
(cf. Fig. 4b) indicates the contribution from indirect
desorption, i.e. uranyl desorption mediated by disequilibri-
um in solution. For oxalate, desorption of U(VI) is quan-
titative and therefore requires active and direct
detachment of the energetically most stable uranium sur-
face species. Persson and Axe (2005) determined the ratio
between outer-sphere and inner-sphere oxalate species on
pure goethite as a function of pH and total oxalate concen-
Total ligand (lmol/g) Surf. excess (lmol/g) Surf. excess (lmol/m2)

8 1.2 0.034
15 2.99 0.085
11.5 1.5 0.043
88 5 0.238

218 7.8 0.226
498 17.8 0.516

333 48 2.51
500 46 0.83
125 40 1.14
120 17 0.50
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tration. Extrapolating their findings to our experimental
conditions at ten times higher oxalate concentration yields
a value of at least 0.5, i.e. half as many outer-sphere than
inner-sphere complexes. The question arises whether the in-
ner-sphere portion of oxalate is sufficient to remove all
(principally bidentate bonded) adsorbed U(VI) or whether
the outer-sphere fraction contributes to this detachment. In
the lower part of Table 3 the surface excesses of oxalate on
goethite at different initial oxalate concentrations from the
literature are compiled. The value of 17 lmol/g from
Djafer et al. (1991) comes closest to our experimental
conditions. As in the case of DFO-B, this surface concen-
tration is considerably lower than the determined uranium
surface concentration. To account for the quantitative
desorption some surface-complexed uranium must have
been detached through indirect desorption. The ratio be-
tween direct and indirect desorption cannot be quantified.
Qualitatively, it appears as if both mechanisms were com-
parable in magnitude. In the case of DFO-B the contribu-
tion from direct desorption based on the discrepancy of
surface excesses seems negligible. Assuming then that
55% of desorbed uranium is probably due to indirect
desorption (Fig. 4b) it leaves 45% (52 lmol/g) of surface-
complexed U(VI). This hypothetical value is still three
times higher than the oxalate surface excess of 17 lmol/g
from Djafer et al. (1991) but it comes close to the oxalate
surface saturation values given by the other references
(cf. Table 3). Ruling out the contribution of outer-sphere
oxalate-goethite species in the displacement of inner-sphere
bidentate U(VI) complexes would only exacerbate the ob-
served discrepancy by another 1/3. It should be emphasized
that these conclusions are based on the comparison of sur-
face excesses determined in separate systems. Whether sur-
face excesses of different ligands in general or discrepancies
between them are indeed indicative of the portion of (in)di-
rect desorption has not been established in the scientific lit-
erature and the discussion presented here is meant as a
starting point for future studies on this issue.

Oxalate provokes a nearly quantitative mobilization of
uranium but its subsequent aqueous complexation
(cf. Table 2) yields mainly UO2Oxalate2

2�, a doubly
negatively charged species more likely to re-adsorb on
positively charged adsorbents than the original singly
positively charged U(VI) species themselves. In contrast,
DFO-B desorbs ‘only’ �55% from the original uranium
concentration but the complexation results principally
in a stable neutral species not probable to re-adsorb in
great quantities. Hence, the ligand-effect on the bioavail-
ability of U(VI) is not only restricted to its desorptive
strength but also encompasses the aqueous speciation
that follows desorption. Concerning alginate, it appears
to actively desorb weakly bonded uranium. Its more
important role in the bioavailability of uranium however
lies it its ability to form surface species with uranium
that inhibit further desorption with more potent ligands.
In this respect polysaccharides in soils may retard consid-
erably and even arrest the advance of actinides through
the soil column and may therefore be an efficient tool
in natural attenuation.
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