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Summary. Pu speciation is investigated by X-ray absorption
fine structure (XAFS) at the Pu L;-edge in Gorleben (GoHy)
groundwater for Pu added to the groundwater in three different
oxidation states (Ill, 1V, VI). The GoHy groundwater stems
from an anaerobic aquifer rich in humic substances (HS)
(GoHy-532 with ~ 60-70 mg/L DOC) and has a neutral pH.
Analysis of XANES spectra shows that the samples contain
Pu(1V), regardless if Pu(lll), Pu(IV) or Pu(VI) is added to
the groundwater. The GoHy-532 sample with Pu(VI) added
has some Pu(V) and in addition Pu(lV). EXAFS analysis
shows Pu—O bond distances to be split into a short and
a longer distance. The short Pu—O distance is from bound
hydroxy ligands resulting from Pu hydrolysis and/or from
bonding to HS phenol groups. A Pu—Pu distance is also
found at 3.82-3.85 A, indicative of hydrolysis and polymeric
species formation. Pu(lV) species formed in GoHy-532 are
compared to Pu(lV) complexed with fulvic acid (FA) isolated
from GoHy-532 at pH. 1.0 and 1.8. Results indicate that
the hydrolysis is less pronounced in the natural groundwater
samples than in the Pu(lV)-fulvates prepared from a colloid
containing Pu(lV) solution. We observe the Gorleben GoHy
and FA apparently stabilize small Pu(lV) hydrolysis species
and inhibits precipitation of polynuclear hydrolysis products.

1. Introduction

One important mobilization mechanism of radionuclides re-
leased from, e.g., a nuclear waste repository, is colloid me-
diated transport. Radionuclides can form “eigencolloids” [1]
or sorb onto inorganic or organic colloids, thereby remain-
ing mobile under conditions where precipitation or sorption
onto minerals would otherwise be expected. The focus of
this study is humic colloid mediated actinide transport in
groundwater. Humic substance (HS) colloids are ubiquitous
in groundwater. Plutonium speciation (i.e., its chemical and
physical form) in groundwater samples rich in HS is in-
vestigated. The Gorleben (GoHy) groundwater used stems
from an anaerobic aquifer rich in HS (GoHy-532 with ~
60-70 mg/L DOC, E, = —30 mV) and has a neutral pH [2].
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Speciation of Pu added to GoHy groundwater in three
different oxidation states (lll, IV, VI) is investigated by
X-ray absorption fine structure (XAFS) at the Pu L; edge,
UV-Vis-NIR absorption spectroscopy and capillary elec-
trophoresis [2]. The Pu oxidation state in the GoHy ground-
water after addition is determined from the energy position
of their X-ray absorption near edge structure (XANES)
spectra. Extended X-ray absorption fine structure (EXAFS)
analysis is used to characterize Pu-HS complexes formed
and to identify any formation of mixed hydroxo-Pu(IV)-
humate species or Pu(lV) polynuclear species. Results are
compared to Pu(lV) complexed with purified fulvic acid
(FA) isolated from GoHy-532 groundwater [3-5]. The
Pu(1V) aqueous species and a precipitated amorphous Pu hy-
droxide (Pu(OH),(am)) sample are used as Pu(IV) reference
compounds. As Pu(lll) reference, we use an organic Pu(lll)
complex.

2. Experimental
2.1 Preparation of the samples

A purified Pu stock solution (20 mM Pu in 1 M HCIO,, con-
taining 99.4 wt. % Pu-242 beside small amounts of Pu-238,
239, 240 and 241) is used to prepare the various Pu oxidation
states. Pu(I11), Pu(lV) and Pu(VI) solutions (ca. 102 mol /L)
are produced electrolytically according to the method de-
scribed by Cohen [6]. The concentration of the stock solu-
tion for each oxidation state is determined by both liquid
scintillation counting (LSC) and UV-Vis-NIR absorption
spectroscopy. The latter is also used to verify their oxida-
tion state purity. Samples designated Pu-HS-3, Pu-HS-4, Pu-
HS-6 are prepared by adding aliquot of the Pu(lll), Pu(lV)
and Pu(VI) stock solutions to GoHy-532 groundwater (pH
value 6.8) under Ar/1% CO, atmosphere. The pH value
is readjusted to ~ 7 using 4M and 1 M NaOH. The final
concentrations and pH values are given in Table 1. The Pu
concentration in the samples is determined using LSC. An
aliquot of each solution is transferred into 400 L polyethy-
lene tubes for EXAFS measurements. The Pu-HS-6 sample
shows some precipitate formation. This is surprising as we
observed no precipitate to form in other, previous experi-
ments under comparable conditions with purified HS. This
sample is therefore continuously stirred with a magnetic bar
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Tablel. Characteristics and sample ID of the samples and references
investigated.

Sample Initial pH. value [Pu] Sample
Ox. state 103 mol L™ form
Pu(lIN)-BTP 11 - ~1 solution
Pu(lV) (aq) v 0 1.0 solution
Pu-HS-3 11 6.6-7.0 0.14 solution
Pu-HS-4 \Y 6.6-7.0 0.14 solution
Pu-HS-6 Vi 6.6-7.0 0.14 solution
Pu-FA-1.0 v 1.0 1.02 solid
Pu-FA-1.8 v 1.8 1.02 solid
Pu(OH),(am) \Y >2 10.02 solid

a: Concentration in the reaction solution.

during data acquisition. An aqueous Pu(lll) solution refer-
ence and a mixed 35 : 65 Pu(lll)/Pu(lV) reference sample
with a Pu concentration of ~ 1 mM in 1 M HCIO, are pre-
pared. Unfortunately, both solutions oxidized to Pu(IV) in
the time elapsed between preparation and measurement, fol-
lowing transportation to the ESRF. The XANES spectra of
these reference samples are identical to the Pu(lV) aquo
reference described below. Further details on sample prepar-
ation are given in [2].

A 1mM Pu solution in 1M HCIO, containing Pu(lV)
aquo ions and an amorphous Pu hydroxide (Pu(OH),(am))
are also investigated. Pu(OH),(am) is precipitated from
a 10 mM Pu(1V) solution in HCI by raising the pH to 2.0
to 2.3. The Pu(OH),(am) solid sample is separated from the
aqueous solution by ultrafiltration on a cellulose triacetate
filter (Amicron, pore size ~ 1.5 nm). The filter with the solid
sample is encased in a thin latex bag for measurement.

A 55.5mM Pu(1V)-242 stock solution used to prepare
FA samples is prepared by bubbling NO through a Pu(V1)
mother solution (in 1 M HCIO,4). The concentration of the
mother Pu(VI) stock solution is determined prior to reduc-
tion from its UV-Vis absorption spectrum. Utmost care was
taken to avoid oxygen in the samples; all of the aqueous
reagents are prepared from oxygen free water. The UV-Vis
spectrum of the stock solution shows it to contain Pu(lV)
eigencolloids. Pu(lV) solution in HCIO, without added FA
turns out not to be stable under the applied conditions; the
solutions turn from green to brown, which is an indication
that a mixture of Pu oxidation states forms when the solution
is left to stand overnight. 75 pL of the Pu(lV) stock solu-
tions are added to two solutions containing approximately
35 mg of isolated FA material in a total volume of ~2mL,
adjusted to pH 1.0 and 1.5, and then allowed to react for one
day. Following pH readjustment to 1.0 and 1.8, the samples
are centrifuged and the separated aqueous phase is pipet-
ted off. The samples are measured in the form of wet solids
in their 400 pL centrifuged vials. EXAFS measurements are
recorded on these wet, solid samples five to six days after
preparation. These samples are designated Pu-FA-1.0 and
Pu-FA-1.8, according to the final pH of the reaction solution.

As Pu(lll) reference for comparison of Pu L;-edge en-
ergy position as a function of valence, we use Pu(lll)
complexed with i-CsH;-2,6-di(1,2,4-triazin-3-yl)pyridine
(Pu(l)-BTP). For sample preparation, first Pu(lll) solution
is made by addition of Rongalite (0.06 M) to an aqueous
2mM Pu(VI1)-242 solution in 2M NH;NO;/HNO;. The

BTP complex is prepared by extracting this freshly made
2 mM Pu(l11)-242 solution with a kerosene/octanol solution
containing 0.04 M BTP by shaking for 10 min. The organic
phase is separated, transferred to a 400 uL vial and these
are mounted inside of an inert gas (argon) sample holder
for transport and measurement. The Pu concentration in this
sample is estimated to be around 1 mM. The sample’s Pu L ;-
edge XANES is recorded within hours of its preparation
to avoid oxidation. The direct proximity of the Institute for
Nuclear Waste Disposal (INE) controlled area laboratories,
where the sample is prepared, and the INE-Beamline at the
ANKA synchrotron reduces drastically the delay between
preparation and measurement. In this case, we are able to
successfully obtain a XANES spectrum for the redox sensi-
tive Pu(ll1)-BTP sample.

2.2 Spectroscopic investigation

Plutonium L;-edge EXAFS spectra for the Pu(lIV) aquo ion
and the Pu-HS samples are recorded at the ROBL beam-
line [7], at the European Synchrotron Radiation Facility
(ESRF) storage ring, operating at 6 GeV with a maximal
current of 200 mA. Si(111) crystals are used in the double-
crystal monochromator (DCM). Higher harmonic rejection
is done with two Pt coated mirrors. Pu-HS data are col-
lected at room temperature using a four-element Ge detector
manufactured at Lawrence Berkeley National Laboratory in
fluorescence mode and an ionization chamber filled with ar-
gon gas for transmission.

The EXAFS spectra for the Pu-FA-1.0 and Pu-FA-1.8,
the Pu(1V) aquo ion and the Pu(OH),(am) reference sam-
ples are recorded at the BM12 of the BESSRC CAT at the
Advanced Photon Source (APS) in Argonne National Lab-
oratory (ANL). The storage ring is operated at 102 mA,
7 GeV, in top-up mode. Si(111) crystals are used in the DCM
equipped with a piezo-driven feedback to stabilize the in-
tensity of the incident X-ray beam [8]. Data are collected
in fluorescence mode using a nine-element Ge CANBERRA
detector. Argon filled ionization chambers are used here, too.

The Pu L;-edge XANES spectrum for the Pu(lll)-BTP
complex is recorded at the INE-Beamline for actinide
research [9], at the Angstromquelle Karlsruhe (ANKA),
Forschungszentrum Karlsruhe, Germany. The storage ring
operates at 2.5GeV with a maximal current of 200 mA.
Ge(422) crystals are used in the Lemonnier-type DCM
equipped with a piezo-driven feedback to stabilize the in-
tensity of the incident X-ray beam. The data are collected at
room temperature in fluorescence mode using a five-element
LE-Ge Canberra detector and an argon-filled ionization
chamber for transmission.

All spectra are energy calibrated using the first inflection
point in the K-edge spectrum of a zirconium metal foil, de-
fined as 17998 eV [10]. Data reduction is performed using
the code WIinXAS 3.0 [11]. XANES spectra are isolated
from XAFS scans following subtraction of the pre-edge
background absorption, approximated as a linear function,
and normalization of the edge jump to unity. While isolating
the EXAFS function, x(K), the atomic background function
uo(E) is optimized with respect to spurious contributions
below ~ 1 A in the k?-weighted Fourier transform (FT) of
the data. The ionization energy E, is defined as the max-
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imum of the most intense absorption feature — the white line
(WL) — in the individual spectra at ~ 18 067.5 eV. Neighbor-
ing atomic distances R;, mean square radial displacements
or EXAFS Debye-Waller factors 2, and coordination num-
bers N; for the different coordination shells i are determined
using conventional least square fit techniques [12] and the
feffit code of the UWXAFS package [13]. Fits are carried
out in R space. The overall goodness of the fit evaluated
by feffit, given as the “R factor”, is the sum of squares of
the differences between data and model (chi), scaled by the
magnitude of data [14]. Theoretical back-scattering ampli-
tude and phase functions for fits to the experimental data are
calculated with the multiple scattering code FEFF8.0 [15]
using 6-9 atom clusters calculated from structural data for
PuO, reported in [16].

In order to quantify the WL intensity in XANES spec-
tra, these spectra are modeled with the WINXAS 3.0 soft-
ware. XANES fits to the experimental data are performed
using a pseudo-Voigt (for the WL), a Gaussian (feature near
18105 ¢V), and an arctan (edge-step) function. The arctan
width is set to the natural Pu L3 line-width, 8 eV [17].

3. Resultsand discussion

Fig. 1 compares Pu L;-edge XANES spectra for all samples.
Comparing the energies of XANES features observed for
pure valence Pu samples [18] with those of the GoHy sam-
ples spectra, we conclude Pu is mainly present as Pu(lV) in
Pu-HS-3, Pu-HS-4 and Pu-HS-6, irrespective of which plu-
tonium oxidation state is added to the GoHy groundwater,
tri- tetra- or hexavalent. The Pu L;-edge energy for all HS
samples is shifted to higher energy relative to the Pu(lll)
reference spectrum energy and is comparable to the energy
position for the Pu(lV) reference sample spectra. The Pu-
HS-6 XANES exhibits a multiple scattering feature around
18079 eV marked by an arrow in Fig. 1 and, although noisy,
visible in the first derivative plot. This feature is character-
istic for multiple scattering along the axial oxygen atoms
(O4) comprising the actinyl cation [19], which indicates the
presence of plutonyl in sample Pu-HS-6. In addition, the
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edge position for Pu-HS-6 is shifted ~ 0.3 eV towards lower
energy in comparison to the other HS samples, which also
indicates the presence of a most likely Pu(V) “yI” unit, as
Pu(V) exhibits edge energies shifted to lower energy rela-
tive to their (IV) counterparts [18]. This edge energy trend
between tetravalent and pentavalent actinide cations is op-
posite to what is normally observed: an increase in E, with
increasing valence state of the absorbing atom is observed.
The WL height decrease observed for this sample compared
to Pu-HS-3 and Pu-HS-4 is another indicator of the presence
of plutonyl [19]. Corroboration of the presence of plutonyl
in the Pu-HS-6 sample is provided by EXAFS analysis de-
scribed below.

The Pu L;-edge XANES energy position for the FA sam-
ples show that the Pu in the FA complexes remains Pu(lV).
The WL peak height for these samples is significantly de-
creased compared to the Pu(lV) aquo ion species and is
comparable to the WL height of the Pu(OH),(am) precip-
itate. This is in contrast to what we observed for the HS
samples. The intensities of the WL are for all GoHy-532
samples smaller than the WL intensity for the Pu(lV) aquo
ion, but much larger than that observed for the amorphous
Pu(OH), precipitate. The peak height and peak area vari-
ation of the WL is quantified by modeling the Pu L;-edge
XANES with a XANES fit. The results are given in Table 2.
The WL area remains constant within 0.9 units at a mean
value of 23.8. However, the WL height is found to vary
with sample. A decrease in WL height, without change of
the peak area, is ascribed to a change in electronic density
of the photoelectron final state without change in valence.
In an EXAFS study of Pu(lV) hydrolysis, a WL decrease
with constant area is observed during formation of Pu(lV)
oxy/hydroxide colloids (polynuclear species) in aqueous so-
lution as a function of pH [1]. The decrease of the WL height
is correlated with a colloid size increase, associated with
a 6d electron density decrease due to band-width increase
with increasing colloid size. Applied to our results, we con-
clude that the Pu-FA samples, exhibiting low WL heights,
contain eigencolloids. We note that the reaction solution for
these samples has a 10-fold higher Pu concentration than the
Pu-HS samples. In addition, UV-Vis spectra of the Pu(IV)
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Fig.1. Left: Comparison of PuLj;-edge XANES for the different samples. Pu-HS-3 and Pu-HS-4 have identical spectra, so only Pu-HS-3 is
presented. Likewise both Pu-FA samples have identical XANES, so only one is presented. Right: First derivatives of the XANES spectra indicated.
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Table2. Results for the pseudo-Voigt (PV) function in fits to the Pu L,-
edge XANES in the range of 18000-18125¢eV.

Sample Area WL WL energy
height (eV)
Pu(lll)-BTP 24.3 1.50 18064.4
Pu(1V) (aq) 246 1.53 18067.7
Pu-HS-3 25.1 1.47 18067.5
Pu-HS-4 24.7 1.48 18067.7
Pu-HS-6 23.6 1.39 18067.3
Pu-FA-1.0 234 1.00 18067.7
Pu-FA-1.8 241 1.01 18067.7
Pu(OH),(am) 24.5 1.03 18067.7

stock solution used to prepare the FA samples showed it to
contain eigencolloids. Obviously the eigencolloids did not
dissolve upon dilution and addition of FA, even following
the several days spanning sample preparation to EXAFS
measurement.

The feature around 18105 ¢V lies at higher energy for
all samples including Pu(OH),(am), compared to that for
the Pu(lV) aqueous species. As this feature can be con-
sidered the first EXAFS oscillation maximum, its rela-

; Pu(OH),(am)

tive energy position AE is a function of bond length,
AE a 1/R? [20].This means that the average Pu—O bond
length in all these samples is shorter than in the Pu(IV) aquo
species. EXAFS analysis shows this interpretation to be true.

The PuLs;-edge EXAFS for the two Pu(lV) reference
samples and three Pu-HS samples are shown in Fig. 2.
Table 3 lists results of the fits to the experimental data. The
metric parameters obtained for the Pu(IV) aquo species solu-
tion at — log[H*] = 0 are in good agreement with the results
obtained in previous EXAFS studies [1, 21]; between 8 and
9 oxygen atoms at a mean distance of 2.39+0.02 A are
found.

The Pu—0 contribution for the precipitated Pu(OH),(am)
can be modeled with 4-5 oxygen atoms at a Pu-O distance
of 2.324+0.02 A, but with a large value of ¢% 0.011 A2,
This large o2 is the source of the broadening of the oxy-
gen FT peak for Pu(OH),(am) compared to Pu(lV) aquo.
This 2.32 A Pu—O distance is similar to that expected for
PuO,(cr), but the coordination number is ~ 40% smaller
than the theoretical value of eight expected for PuO,(cr).
This intensity suppression is indicative of strong disorder.
Approximately two plutonium atoms are found at a Pu—Pu
distance of 3.8540.02 A, with a o2 value of 0.006 A2 in

Pu(lV) (aq)

FTIK>.X(K)|

Pu-HS-4

k>.x(Kk)

23456.78 91011
k(A’)

Fig.2. Puls-edge k*-weighted
% x(K)-functions of the Pu-HS sam-
ples and the Pu(lV)(aq) and
Pu(OH),(am) reference listed in
Table 1 (right) and correspond-
ing Fourier transform magnitudes
A (left). Lines are used for experi-

mental data and symbols for fit
results.
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Pu(OH),(am). The Pu—Pu distance agrees with that for
Pu(1V) eigencolloids reported in [1], but is 0.04 A longer
than Pu—Pu in PuO,(cr) [16, 21].

In contrast to the Pu(IV) aquo ion, the Pu-HS samples
show a highly asymmetric oxygen FT peak. It is even more
asymmetric than the Pu(OH),(am) oxygen FT peak (Fig. 2).
This indicates that more than one distinct Pu—O distance is
present. The Pu—O coordination cannot be modeled using
a single Pu—O shell, a model with two or three shells must
be applied. The results of the fit for both samples Pu-HS-
3 and Pu-HS-4 are similar showing 6 to 7 oxygen atoms
equally distributed over two Pu—O distances, 2.22 +0.02 A
and 2.3840.02 A. The shorter distance 2.22 A is assigned to
hydroxyl (Ooy) groups in agreement with results in [1] and
similar to results for Np(1V) experiments in [22]. These two
samples have an higher coordination number of hydroxyl
groups than that reported for the Pu colloid samples [1].
This might be attributed to the higher pH value (> 6 in
this investigation compared to pH values below 2 in [1])
or may indicate OH coordination through HS phenol group
binding.

The presence of a Pu—Pu distance at R— A around
3.75A in the FT indicates the formation of polynuclear
species, although HS is present. The FT peak can be well
modeled using a single Pu shell with approximately four
plutonium atoms at a distance of 3.82 +0.02 A. The Pu—Pu
distance of ~ 3.82 A is in good agreement with that in the
(Pu—0O—Pu) network in Pu(OH),(am) and PuO,(cr) [1, 16].
The formation of polynuclear species is not inhibited by
the presence of HS in these groundwater samples. However,
without HS we would expect a Pu(OH),(am) precipitate to
form at these neutral pH values (6.6—7.0) for samples Pu-
HS-3 and Pu-HS-4. This is here obviously not the case, as
the WL height remains high, an indication that the polynu-
clear species formed remain small in size, and no precipitate

is observed in these two samples. The HS apparently stabi-
lizes small Pu hydrolysis species in the groundwater, thereby
inhibiting their precipitation.

In accordance with the XANES results, our EXAFS an-
alysis shows that the Pu-HS-6 sample has a mixture of dif-
ferent oxidation states, Pu(IV) and plutonyl, likely as Pu(V).
To fit the data well, a Pu-O shell at a ~ 1.80 A distance has
to be added to the model, in order to take into account the
presence of a small amount of plutonyl cations. The contri-
bution of O,. of the “yI” species is small, 0.4 oxygen atom
at a Pu—0 distance of 1.8040.02 A. This distance lies be-
tween the distance for the Pu(V) aquo ion (1.84 A) and that
for Pu(VI) aquo ion (1.74 A) [16]. The longest Pu—O dis-
tance found at 2.51+0.02 A is associated to the equatorial
atoms (O,) of the plutonyl species. This observed distance
is slightly longer than that for the plutonyl Pu(V) or Pu(V1)
aquo ion (2.45 A) [16]. The Pu(IV) species in Pu-HS-6 has
a mean Pu—O distance of 2.29 +0.02 A with a coordination
number of ~ 3. Again we assume this relatively short Pu—O
distance is associated with the presence of hydroxyl bond-
ing to Pu(1V). However, this actual 2.29 A Pu—O distance
is longer than those in the Pu-HS-3 and Pu-HS-4 samples.
This is due to the fact that this is an averaged Pu—O dis-
tance, accounting for the short ~ 2.20 A distance attributed
to hydroxyl and a ~ 2.38 A distance of the remaining Pu—O
bonds. The EXAFS k range available did not allow us to
distinguish between the two shells.

The Puls;-edge EXAFS for the two Pu-FA samples
are depicted in Fig. 3. Both Pu-FA samples show reduced
EXAFS and FT intensities compared to the reference sam-
ples and to the Pu-HS samples. The oxygen FT peak is
split into two Pu—O distances. The structural parameters ob-
tained are very similar to the Pu(IV) oxy/hydroxide colloids
at comparable pH values, but without FA [1]. The fit re-
sults for both Pu-FA-1.0 and Pu-FA-1.8 samples (Table 3)

Pu-FA-1.0 ]

FTIK>X(K)|

k%X (K)
5
l 1
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LN L L L L L LB L}

0o 1 2 3 4 5 2
R -A (A)

Fig.3. Puls;-edge k?-weighted
x(K-functions for the Pu(IV)-FA
samples listed in Table 1 (right)
and corresponding Fourier trans-
form magnitudes (left). Lines are
used for experimental data and
symbols for fit results.

4 5 6 7 8 91011
k (A
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Table3. Results of the fits to the EXAFS data.

Shells N 2 AE, Rfactor

Samples R o
(Al [10°A] [ev]  [%]

Pu(1V) (aq) o 78 239 72 -02 03

Pu-HA-3 Oon 3.0 2.23 1.0 0.092 2.4
o} 34 2.38 1.0
Pu 4.2 3.82 6.7 1.70°

PuU-HA-4 O 31 222 1.0  0.09° 16
o} 34 239 14
Pu 45 382 67  1.70°

Pu-HA-6 O, 04 180 10 359 22
0O 31 229 1.0
0, 29 251 17

Pu 1.2 3.85 10.8 6.15

Pu-FA-1.0 Oov 10 219 10 101° 0.3
o) 32 237 6.2
Pu 26 384 70 12.0¢

Pu-FA-1.8 Oon 0.8 2.18 1.0 10.1¢ 0.7
o} 4.1 2.36 9.2
Pu 2.8 3.84 103  12.0¢

PU(OH),(am) O 46 232 113 03 15
Pu 22 385 61 09

a—d: constrained to the same value for both samples.

are similar; 4 to 5 oxygen atoms are found distributed over
two Pu—O distances, 2.1940.02 A and 2.374+0.02 A. The
shorter 2.19 A distance is again assigned to hydroxyl groups.
The apparent total oxygen coordination number obtained for
the Pu-FA-1.0 samples of ~ 4 appears low, it is smaller than
for Pu-FA-1.8 and for Pu(OH),(am).

The Pu—Pu distance at R— A around 3.80 A in the FT
for the Pu-FA samples indicates the existence of polynu-
clear species, even though FA is present. The FT peak
can be well modeled using a single Pu shell with ap-
proximately 2-3 plutonium atoms at a distance of 3.84 +
0.02 A. As for the Pu-HS samples, this is in good agreement
with the Pu—Pu distance of the (Pu—O—Pu) network in
Pu(OH),(am) and PuO,(cr) [1, 16]. Again we interpret that
the presence of this Pu—Pu distance implies that polynu-
clear species are stabilized by FA. This is in accord with the
XANES interpretation discussed above that these samples
contain eigencolloids.

4. Conclusion

Plutonium speciation in Gorleben groundwater with Pu
added in three different oxidation states (111, IV, VI) using
Pu L;-edge XAFS shows that the Pu is present mostly as
Pu(lV) regardless which Pu valence (Pu(lll), Pu(lV) or
Pu(VI)) is added. The GoHy-532 sample with Pu(VI) added
exhibits the presence of a minor portion of plutonyl cations,
as revealed by the Pu—O distance ascribed to axial “yI” oxy-
gen atoms. Most likely plutonyl is present as Pu(V).
Comparison of the results for Pu in groundwater with
those from Pu(lV)-FA samples prepared at pH 1.0 and 1.8

shows that the polymerization of Pu hydrolysis species is
less pronounced in the natural groundwater samples than
in the Pu(IV)-fulvates. This, however, is likely due to the
higher overall Pu concentration used in the FA experiments
compared to the groundwater experiments and the fact that
the stock solution used in the preparation of the Pu-FA
samples contained Pu(lV) eigencolloids. Obviously these
eigencolloids did not dissolve after dilution and following
nearly week storage in the presence of FA. The Pu-HS sam-
ples have a higher coordination number of hydroxyl groups,
compared to polynuclear species formed in absence of HS.
This can be attributed to the higher pH value of the ground-
water and/or to contribution of phenol groups to the Pu(IV)
bonding. This study shows that humic and fulvic acid appear
to stabilize small Pu(IV) polynuclear hydrolysis species and
inhibit precipitation of hydrolysis products. The notable ex-
ception in this investigation is the sample with Pu(V1) added,
which contained persistent plutonyl cations, in addition to
Pu(IV). The reason why this particular sample formed a pre-
cipitate remains to be resolved.

Acknowledgment. We gratefully acknowledge beamtime allotment by
ESRF/ROBL and experimental assistance by the beamline staff. We
thank ANKA for providing the beam. Beamtime allotment is grate-
fully acknowledged by the BESSRC CAT at APS. Use of the APS was
supported by the US Department of Energy, Office of Science, Office
of Basic Energy, under contract No. W-31-109-ENG-38. We thank the
Actinide Facility for use of their infrastructures. We thank P. J. Panak
and P. Lindqvist-Reis for their help during EXAFS measurements and
A. Geist and N. Banik for preparation of the Pu(I11)-BTP complex.

References

1. Rothe, J., Walther, C., Denecke, M. A., Fanghénel, T.: XAFS and
LIBD investigation of the formation and structure of colloidal
Pu(1V) hydrolysis products. Inorg. Chem. 43, 4708 (2004).

2. Marquardt, C. M., Seibert, A., Artinger, R., Denecke, M. A., Ku-
czewski, B., Schild, D., Fanghénel, T.: The redox behaviour of
plutonium in humic rich groundwater. Radiochim. Acta 92, 617
(2004).

3. Kim, J. I, Buckau, G.: Characterisation of Reference and Site
Specific Humic Acids. Report RCM 02188, Garching (1988).

4. Artinger, R., Kienzler, B., Schiler, W., Kim, J. |.: Effects of hu-
mics substances on the ! Am migration in a sandy aquifer: col-
umn experiments with Gorleben groundwater/sediment systems.
J. Contam. Hydrol. 35, 261 (1998).

5. Artinger, R., SchiRler, W., Schafer, T., Kim, J. I.: A Kinetic study
of Am(I11)/humic colloid interactions. Environ. Sci. Technol. 36,
4358 (2002).

6. Cohen, D.: Electrochemical studies of plutonium ions in perchlo-
ric acid solution. J. Inorg. Nucl. Chem. 18, 207 (1961).

7. Matz, W. et al.: ROBL — a CRG beamline for radiochemistry
and materials research at the ESRF. J. Synchrotron Rad. 6, 1076
(1999).

8. Krolzig, A., Materlik, G., Swars, M., Zegenhagen, J.: A feedback
control system for synchrotron radiation double crystal instru-
ments. Nucl. Instrum. Methods 219, 430 (1984).

9. Denecke, M. A., Rothe, J., Dardenne, K., Blank, H., Hormes, J.:
The INE-Beamline for actinide research at ANKA. Phys. Scr.
T115, 1001 (2005).

10. McMaster, W. H., Kerr Del Grande, N., Mallett, J. H., Hubbell,
J. H.: Compilation of X-ray cross sections. Report UCRL-50174
Section Il Revision I, Lawrence Livermore National Laboratory
(1969).

11. Ressler, T.: WinXAS: A new software package not only for the
analysis of energy-dispersive XAS data. J. Phys. IV 7, 269 (1997).

12. Koningsberger, D. E., Prins, R.: X-ray Absorption: Principles, Ap-
plications, Techniques for EXAFS, SEXAFS and XANES. Wiley
Interscience, New York (1988).



Plutonium(I11,1V,VI) speciation in Gorleben groundwater using XAFS

97

13.

14.

15.

16.

17.

Newville, M., Livins, P., Yacoby, Y., Rehr, J. J., Stern, E. A.: Near-
edge X-ray absorption fine structure of Pb: A comparison of
theory and experiment. Phys. Rev. B 47, 14126 (1993).
Newville, M.: FEFFIT — Using FEFF to model XAFS data. PhD
Thesis. Department of Physics, FM-15, University of Washington,
Seattle (1995).

Ankudinov, A. L., Ravel, B., Rehr, J.J., Conradson, S. D.: Real-
space multiple scattering calculation and interpretation of
X-ray-absorption near-edge structure. Phys. Rev. B 58, 7565
(1998).

Conradson, S. D. et al.: Higher order speciation effects on pluto-
nium L; X-ray absorption near edge spectra. Inorg. Chem. 43, 116
(2004).

Krause, M. O.: Atomic radiative and radiationless yields for K
and L shells. J. Chem. Phys. Ref. Data 8, 307 (1979).

18.

19.

20.

21.

22.

Denecke, M. A.: Actinide speciation using X-ray spectroscopic
methods. Coord. Chem. Rev. 250, 730 (2006).

Den Auwer, C., Simoni, E., Conradson, S. D., Madic, C.: Investi-
gating actinyl oxo cations by X-ray absorption spectroscopy. Eur.
J. Inorg. Chem. 3843 (2003).

Denecke, M. A.: Metal-oxygen bond distance determination from
XANES spectra. In: Proceedings to the Workshop on Speciation,
Techniques and Facilities for Radioactive Materials at Synchrotron
Light Source, Grenoble, France, 4-6 October 1998 (1999), p. 135.
Ankudinov, A. L., Conradson, S. D., Mustre de Leon,J., Rehr,
J. J.: Relativistic XANES calculations of Pu hydrates. Phys. Rev.
B 57, 7518 (1998).

Denecke, M. A., Marquardt, C. M., Rothe, J., Dardenne, K., Jen-
sen, M. P.: XAFS studies of actinide coordination structure in
Np(IV)-fulvates. J. Nucl. Sci. Technol. 3(Suppl.), 410 (2002).



	1 Introduction
	2 Experimental
	2.1 Preparation of the samples
	2.2 Spectroscopic investigation

	3 Results and discussion
	4 Conclusion

