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Cover picture

The complex hydrolysis reactions of the hexavaleahium ion hamper an accurate evaluation of speabpic
data due to coexisting species. State-of-the-amemical algorithms or quantum-chemical methods aktlee
spectral properties of single species or providsaaable predictions of their spectral propertiespectively.

In particular, a combination of spectroscopic antharical methods is promising for the identificatiof single
species and for the correlation with respectiveetaar structures (for more details see p. 35).

The cover figure shows a uranyl(VI) moiety coordathby water molecules and competing acetate;QCHD)
anions. The uranyl(VI) ion can form acetate comesewith different stoichiometries depending onghevail-

ing ligand concentration. Emission spectra of @ngbmplexes extracted with parallel factor analysis
(PARAFAC) from experimental data are shown in thekyround
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Preface

HE INSTITUTE OFRESOURCEECOLOGY (IRE)

is one of the eight institutes of the Helm-

holtz-Zentrum Dresden Rossendorf (HZDR).
The research activities are mainly integrated thto
program “Nuclear Waste Management, Safety and
Radiation Research (NUSAFE)” of the Helmholtz
Association (HGF) and focused on the topics “Safe-
ty of Nuclear Waste Disposal” and “Safety Research
for Nuclear Reactors”.

Additionally, various activities have been started
vestigating chemical and environmental aspects of
processing and recycling of strategic metals, ngmel
rare earth elements. These activities are located i
the HGF program “Energy Efficiency, Materials and
Resources (EMR)". Both programs, and therefore all
work which is done at IRE, belong to the research
sector “Energy” of the HGF.

The research objectives are the protection of heman
and the environment from hazards caused by pollu-
tants resulting from technical processes that medu
energy and raw materials. Treating technology and
ecology as a unity is the major scientific challeiiny
assuring the safety of technical processes and gain
ing their public acceptance. We investigate the eco
logical risks exerted by radioactive and non-
radioactive metals in the context of nuclear waste
disposal, the production of energy in nuclear power
plants, and in processes along the value chain of
metalliferous raw materials. A common goal is to

generate better understanding about the dominating.

processes essential for metal mobilization and im-
mobilization on the molecular level by using ad-

vanced spectroscopic methods. This in turn enables
us to assess the macroscopic phenomena, including

models, codes, and data for predictive calculations
which determine the transport and distribution of
contaminants in the environment.

ternational institutions with around 40 scientists
were involved.

Detailed numerical simulations of hypothetical acci
dents in nuclear power plants are the basis for the
development and assessment of accident manage-
ment measures and strategies, which in the case of
multiple failures of safety systems can prevent or
mitigate core damages. On the basis of simulations
for a station blackout scenario in a Russian-type
pressurized water reactor, it was shown that by ap-
plication of an optimized accident management
strategy the core heat-up can be delayed by several
hours. This additional time margin gives more time
and different possibilities for operator intervemnis,

e.g., to restore power supply for additional measur

to mitigate the accident.

The Reactive Transport division has broadened the
library of different radiolabeling techniques faarp
ticles - in close international cooperation withe th
JRC, Ispra ltaly. Tracing of nanoparticles in maut
concentrations in complex media became possible
with unprecedented experimental ease by either ra-
diochemical synthesis or proton irradiation methods
at the in-house cyclotron. Unique life-cycle stedie
of nanoparticles were thusly made feasible, includ-
ing the first ever imaging of carbon nanotube
transport in porous geological media via PET imag-
ing.

Cells of Sporomusa spdecrease the redox potential
in solutions containing plutonium in a higher ambun
than cells ofPaenibacillus spBoth cell types have
different strategies to handle the stress of piuton
Paenibacillus spshow a release of about 40% of the
primary bound plutonium. An amount of 330 mg/L
cells of Sporomusa spshow nearly the same influ-
ence to the redox chemistry of plutonium as 11 mg/L
sodium pyruvate. In presence of electron donors

The extraordinary broadness of research topics andboth strains of bacterial cells show an enrichnoént

activities are shown by some selected highlights in
2014:

One important event of the year 2014 was the organ-
ization and hosting of ATAS 2014, the "Second In-
ternational Workshop on Advanced Techniques in
Actinide Spectroscopy” in November, attracting 80
scientists. Beside several outstanding scientficst

the highlight was the discussion of the Round-Robin
test, initiated at the beginning of 2014, whereir20
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Pu(lll) (70%) in the biomass. Without electron do-
nors Pu(lV)-polymers are predominant. Cells of
Sporomusa sphave a higher binding capacity for
plutonium than cells of theaenibacillus spstrain.

The quantitative assessment of low dose radiotoxici
ty versus chemitoxicity has been demonstrated for
the first time in living organisms. The metabolial
dissipation of bacteria was measured as a funcfion
the alpha activity of uranium isotopes and revealed
non-lethal radiotoxic effects at low micromolar eon



centrations of*U that are equivalent to the chemi- would also like to thank our scientific collabonato
toxicity of natural uranium at 100 fold higher con- and the visiting scientists for coming to Dresden —
centrations. The microcalorimetric approach opens Rossendorf in 2014 to share their knowledge and
new approaches in correlating alpha energies at low experience with us. We will continue to strongly en
doses with metabolic impact and genetics. courage the collaborations and visits by scientists
the future. Special thanks are due to the executive
board of the HZDR, the Ministry of Science and
Arts of the Free State Saxony (SMWK), the Federal
Ministry of Education and Research (BMBF), the
Federal Ministry of Economics and Technology
(BMWi), the Deutsche Forschungsgemeinschaft
(DFG), the European Commission, and other organ-

izations for their support.
Beside these highlights, we obtained many other

new scientific results in the past year, which anes
sented in this annual report. Furthermore, 60 oaigi
papers were published in peer-reviewed internationa
scientific journals. In the year 2014, more thai® 12
scientists, technicians, and students working eir th
Ph.D., diploma, master, or bachelor thesis, were em
ployed at the Institute of Resource Ecology. More
than 30 Ph.D. students are working at the institute

Promotion of young scientists is an important re- ~— - -
quirement to ensure the competence and further sci- /4")i gi /

At the Institute of Resource Ecology the dominating
surface  species =FeO)NpO,(H,O); in the
Np(V)-hematite system was identified by a combi-
nation of in-situ ATR FT-IR and EXAFS. Further-
more, for the first time the belonging complex for-
mation constants could be described consistently
with all published sorption data bases.

At the end of January, the large HGF strategic pro-
gram evaluation for “NUSAFE” took place in Julich
and Disseldorf. | would like to address cordial
thanks to the high-ranked international review pane
of this evaluation for taking the time and of cayrs
for the given extraordinary good marks. As a result
we will be able to focus on our research with aapla
ning reliability until 2020.

entific excellence in future times.

Prof. Dr. Thorsten Stumpf
Director of the
Institute of Resource Ecology

| would like to thank the visitors, German and rnate
national ones, for their interest in our researad a
for their participation in the institute seminawe
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LONG-LIVED RADIONUCLIDES IN

BIOLOGICAL SYSTEMS






Isolated microorganisms from the flooding water of
Kdnigstein (Saxony, Germany) and their interactions

U. Gerber, E. Krawczyk-Béarsch, T. Arnold

In this work, we show that with a culture dependent
method and a selected medium it is possible to isté
nine different microorganisms from the flooding wa-
ter. The majority of these isolates were eukaryotes
The biosorption studies with uranium (U) showed tha
three isolates are able to immobilize high amountsf
U in relative short times.

The former uranium mine Kénigstein in Saxony (Germa
ny) is currently in the process of being floodedaicon-
trolled way. As a consequence of acid leaching nduri
uranium mining between 1976 and 1990, the floodiag
ter is acidic as well as highly contaminated witraty
metals, such as uranium which is found at conctots
up to 10 mg/L. Previous studies showed that migao+
isms may play an important role in this acid mimeirt
age (AMD) environments. Thus, we isolated differeit
croorganisms from the flooding water and studieeirth
sorption behavior towards uranium

EXPERIMENTAL. Flooding water (1 L) was vacuum
filtrated through a 0.2m cellulose acetate membrane,
and subsequently plotted on an agar plate contaBIDA
medium (sourbound dextrose agar). The agar plages w
incubated at room temperature or at 28 °C for sdver
days. For identification, the isolated microorgamswere
grown in liquid SD medium and the DNA was extracted
using the alkaline lysis method. [1]. Prokaryotesrav
identified by a part of the 16S rDNA gene which veas-

plified using the primers
27F (5'-AGAGTTTGATCCTGGCTCAG-3' [2]) and
1492R (5'-GGTTACCTTGTTACGACTT-3' [2]). For

identification of eukaryotes, a part of the 18S bene
was amplified using the primers

EukA (5"-AACCTGGTTGATCCTGCCAGT-3" [3]) and
EukBr (5-TGATCCTTCTGCAGGTTCACCTAC-3' [4].
The resulting amplicons were analyzed by agarode ge
electrophoresis, purified and sequenced by GATO-(Ge
many). For biosorption studies with U, the isolated
croorganisms were grown in liquid SD medium and-sub
sequently washed in the background medium usethéor
immobilization experiment. Afterwards, the cells rere
harvested by centrifugation and the uranium insiyeer-
natant was determined by ICP-MS/-OES.

1 2 8 4 5 v 8 9

- e =g

10 B/A Af - L
()

1000 bp
(e

Fig. 1: Gel electrophoresis of the PCR amplicons with pratteukA
and EukBr. The numbers display the different isalahicroor-
ganisms (KS1-KS10). B/A is the positive control afidhe neg-
ative control.
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Fig. 2: Uranium immobilization by nine isolated microorgems of the
flooding water from Kdénigstein. Initial uranium amentration:
24 mg/L. Background: tap water, pH 5.0.

RESULTS. Despite the high U concentration and the low
pH a high biodiversity in the flooding water of tfr@mer

U mine is found by culture independent meth¢eg.,
pyrosequencing) [5]. Nine different microorganiswere
isolated by culture dependent method with SD medium
To identify the microorganisms, the amplicons oé th
PCR (Fig. 1) were sequenced by Sanger sequencing
(GATC). The obtained sequence information was com-
pared with available sequences at NCBI BLAST. Tdwe r
sulting amplicons with a size of about 1,500 bprespnt
the part of the 18S rDNA gene specific for eukairyati-
croorganisms. The majority of the isolates wereaeyt-

ic organisms. Studies of the interaction with Uthg nine
isolated microorganisms showed three candidateshwhi
are able to immobilize high amounts within a shore.
Isolate KS7 is able to immobilize nearly 50% of thigial

U concentration within the first 5 minutes (Fig. &fter 5
days nearly 100% of the initially added U amountswa
immobilized by isolate KS5. Isolate KS10 also imfaob
lizes high concentration of uranium. In summaryesta
three isolates are good candidates for furtheropmsn
investigations.

The microscopic observations of the isolates KS&els

as the sequencing results identified yeast cells of
Rhodosporidium toruloidesThe isolate KS7 is a mixed
culture consisting of an Ascomycetes and the biacter
Acidocellaaromatica Also the microscopic pictures con-
firmed this. The sequencing results for the isola&10
displayed the sequence of the bacterBatillus sp.and
also the microscopic investigations showed bagillar
shaped cells.

ACKNOWLEDGEMENTS. This work was supported by the
Bundesministerium fir Bildung und Forschung (BMBPjoject
no. 02NUKO30F. The authors are grateful to S. Garld I. Kap-
pler for ICP-MS measurements and K. Heim for ICPSQfeas-
urements.
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[2] Bond, P. L. et al. (2000 ppl. Environ. Microbiol 66, 3842—3849.

[3] Aguilera, A. et al. (2010nt. Microbiol. 13, 21-32.

[4] Aguilera, A. et al. (2006pyst. Appl. Microbiol39, 596—605.

[5] Zirnstein, 1. (2014) personal communication.
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Biosorption studies of the halophilic archaea
with uranium

M. Bader, A. Cherkouk

Biosorption studies of the halophilic archaeadalobac-
terium noricense DSM 15987 with uranium were per-
formed at 3 M NaCl. This microorganism is indige-
nous in salt rock formations [1, 2] and demonstrate a
good sorption capability of uranium at the studied
conditions. Nearly 90% of the added uranium was
sorbed after 48 h independent from radionuclide con
centration and temperature. During biosorption, an
agglomeration of the cells occurs depending on time
uranium concentration and temperature.

In Germany, crystalline, clay, and salt rock forimas are
considered as potential host rock systems for ome-|
term storage of radioactive waste in a deep gecébge-
pository. In the latter two formations high salihcentra-
tions can occur. In salt rock, these concentratEmesup
to saturation and in the porewater of clay in tharthern
part of Germany they can also reach up to 4.2 M@}
spite this extreme environment halophilic micromigans
are adapted to these conditions. Currently, liglenown
about their interactions with radionuclides whi@ndn-
clude the change of the oxidation state, the spenjeand
hence, the mobility of the radionuclides [4]. Thidor-
mation is of interest to improve the safety assessrof
the repository.

In this study, the halophilic archaedalobacterium
noricenseDSM 15987 was chosen to investigate its inter-
actions with uranium due to its worldwide occurreria
salt rock formations [2]. Biosorption studies at fhvere
performed depending on time, the uranium conceatrat
and temperature in batch experiments at 3 M NacCl.

EXPERIMENTAL. Halobacterium noricense DSM
15987 cells were cultivated in DSM 372 media afG7
and harvested in the mid exponential state after diays.
The cells were washed three times with 3 M NaCl,6pH
A defined amount of cells (0.5 mg™). were resuspended
in a solution of 3 M NaCl containing different U(Mton-
centrations. During a certain incubation time, ¢e# sus-
pension was stored in the dark on a shaker at teom
perature and was subsequently centrifuged. Theinema
ing U(VI) in the supernatant was determined by @8-
and the cells were visualized with a light micrgseoAll
experiments were done in triplicates.

RESULTS. At pH 6, the biosorption of U(VI) showed a
typical time-dependent behavior with a fast bindinfy
U(VI) to the cells at the beginning (Fig. 1). Aftérh,
35% of the added U(VI) was bound to the cells. Heave
the maximal sorption was reached after 42 h wheegly
90% of the uranium was removed from the supernatant
(Fig. 1). The accumulation kinetics indicated thatwo-
step process is occurring with a fast step withie first
hours and a second slower step. In addition, werobd
that the halophilic archaea bound approximately 9%
the U(VI) after 48 h irrespective of the concentmat(10—
100 uM). At a uranium concentration of 100 puM,
37.5+0.7mg U(VI) were bound to 1g dry biomass.
These results were also obtained at higher tempesat
(30 °C and 50 °C).
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Halobacterium noricense DSM 15987

UVvI) (uM)
40
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Fig. 1: Biosorption of uranium oHalobacterium noricenscells at
pH 6, depending on time ([U(VI)] = 100 uM (full syrols, low-
er abscissa) and U(VI) concentration (t = 48 h fogpgnbols,
upper abscissa)).

100

50 pm

10CpuM U(VI)

. 20um |
0.1h . : :

10C uM U(VI1)
18 h

40 pM U(VI)
LTIRE &

20 pm

Fig. 2: Halobacterium noricen: agglomeration depes on time ant
uranium concentration. After 0.1 h of biosorptioithaAl 00 pM
U(VI) the cells began to agglomerate. After 18 hrheall cells
form agglomerates in contrast to biosorption withua U(VI),
where the cells were single cells.

Depending on incubation time, uranium concentration
and temperature, an agglomeration of the cells oas
served. As clarified in Fig. 2, the agglomeratisnniore
pronounced with increasing uranium concentratiod an
incubation time. Plating the cell suspension onraga
plates, it could be demonstrated that even if agglates
were formed the cells are still alive.

We assume that the cells secret EPS (extra polgraeb-
stances) represents an effective stress respottise oélls

to protect themselves from environmental challersyeh

as relatively high heavy metal concentrations dragiced
temperatures.

[1] Gruber, C. et al. (2008xtremophilesp. 431-439.

[2] Swanson, J. S. et al. (201=2fatus report Los Alamos National La-
boratory,p. 1.

[3] Larue, J. (2010Abschlussbericht VerSi Endlagerung im Tonstein,
p. 34.

[4] Francis, A. J. et al. (200DNUCAR02009p. 1
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Isotope-based calorimetric distinction of radio- an

model organism Caenorhabditis elegans
M. Obeid, S. Abu Sharkh, C. Erkut,* J. Oertel, K. Fahmy

d chemitoxicity of uranium in the

"Max-Planck-Institute for Cell Biology and Molecular Genetics, Dresden, Germany

The assessment of low dose radiotoxicity is a major
challenge in radioecology. Classical survival-based
methods can hardly be applied because lethality tgp-
ically not affected under such environmentally reak-
tic conditions. In contrast, metabolic responses tma-
dio- and chemitoxicity may provide an extremely sen
sitive real-time monitor of detrimental effects ofradi-
onuclides. Here, we have established a minimal food
chain model and used microcalorimetry to monitor tre
metabolic activity of the nematodeCaenorhabditis ele-
gans from hatching of the eggs up to the larval stage
feeding on non-metabolizing bacteria. Sinc€. elegans
is genetically fully characterized, such studies Wiul-
timately allow correlating radiotoxicity with genetic
traits. Already at 1 uM uranium, the increased
a-activity of “**U affects the metabolic activity of

C. elegans as compared to natural uranium.

Two key issues in radioecology research concern the

transit of radionuclides from the geosphere to fibed
chain and the distinction between the chemi- amtiora
toxicity of radionuclides incorporated by an orgamiat
low doses. To address both aspects, we have attadbla
minimal food chain model using a bacterial strain o
E. coli as a food source for the nematdgieenorhabditis
elegans C. eleganswas chosen, because it is genetically
fully characterized. The metabolic activity of thema-
tode was measured by its heat release during ntiatura
of eggs and growth of the larval stage feeding actdria.

These experiments were performed in the presence of

varying concentrations of natural uranium and e
isotope.

EXPERIMENTAL. The C. elegansstrain N2 was ob-
tained from the Caenorhabditis Genetics Center iigHn
apolis, MN) and grown in nematode medium (NGM).
Worms were bleached and 2000 eggs collected iru200

microcalorimeter ampoules supplemented with a non-

metabolizing culture oE. coli strain N22. Natural urani-
um or U was added from 10 mM uranyl nitrate stock
solutions at final concentrations of 1-13 pM raagltin

less than 0.01 Bg (at 4,27 MeV) and 17-261 Bq (at

4.91 MeV) per sample, respectively. Ampoules wiglge
and controls with bacteria or NGM only were insérie
duplicates in a TAM-IlIl microcalorimeter (TA-Instru
ments, Eschborn, Germany) and heat flow measured ov
five to six days.

RESULTS. Hatching of eggs is expected ~12 h after in-
sertion of the samples into the calorimeter. Tlitairrise
in heat flow can thus be assigned to growth of fits
larval state L1 ending with the L1/L2 molt which ae-
sign to the first peak in heat flow after ~27 hg(Fi dot-
ted line). The time course and the increase of fieat
during the L1 stage is little affected by the diéfiet ura-
nium isotopes. However, the thermogram that cotles
growth of the L2 larval stage after 36 h is cleaffected
by the radionuclides if their concentration excegdsM.
Natural uranium at 10 uM delays and decreasesdh& p
metabolic activity which is typically observed 438At the

50 4

U-nat

0pm
1.0 uyM
10,1 pM
13.0 pM

[ P
o (&)
1 1

heat flow / W
S

-
o
1

0 T T T
24 48 72 96 120

Time (h)

heat flow / W\

O T T T T 1
24 48 72 96 120

Time (h)

Fig. 1: Metabolic heat flow of developirC. elegan larvae in the pis-
ence of varying amounts of natural uranium (upperet) and
23y (lower panel). Dotted line: expected time for LA molt.

same concentratioA>U is formally twice as effective as
natural uranium with respect to both reduction dethy
of the peak metabolic activity. Remarkably, a pngled
heat production of the culture is obvious beyondhg0
(growth of the L3 stage) already at 1 |##J but not with
natural uranium. Since non-metabolizing conditidas
the bacteria were chosen (no carbon source), thenth
grams are attributable to the nematode metabolidme.
data show that microcalorimetry allows a highly stve
distinction of radio-and chemitoxic effects in altiuellu-
lar organism within a well controllable minimal fio
chain. SinceC. elegansresponds physiologically and
morphological to different stress situations, wdl war-
ticularly address the effect of radionuclides dgriior-
mation of draught-resistant dauer state, whereyhewt-
als may get further concentrated. We have shownutina
der these conditions lipid headgroups are altepeidter-
act preferentially with a cryo-protective disacdtiar
trehalose [1]. Molecular mechanisms of cellularnyta
uptake are expected to critically depend on theamet
coordinating properties of these membrane consitisue
which will be further studiedn vitro to complement the
in vivo data.

CONCLUSIONS. A minimal food chain has been estab-
lished that allows assessing low dose chemi- adib+a
toxicity by metabolic monitoring of genetically fulde-
scribed organisms.

[1] Abu Sharkh, Set al. (2014)Langmuir30, 12897-12906.
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Pu interaction with two bacterial isolates from Mon

H. Moll, L. LUtke,1 A. Cherkouk, G. Bernhard

t Terri Opalinus Clay at pH 6

YInstitut filr Radiodkologie und Strahlenschutz (IRS), Leibniz Universitat Hannover, Hannover, Germany

At pH 6, a moderate to strong impact ofSporomusa

sp. andPaenibacillus sp. cells on the Pu speciation was
observed. In contrast to the electron donor free ger-
iments, a clear enrichment of Pu(lll) in the biomas
(bioreduction) was observed in the presence of 10Mh
Na-pyruvate.

In this study, the unknown interaction between hagte-
rial isolates from Mont Terri Opalinus Clay [§poromu-
sasp. MT-2.99 andPaenibacillussp. MT-2.2, and pluto-
nium were explored in aqueous solution at pH 6 T2le
time-dependent Pu concentrations measured in {hersu
natants were successfully fitted with bi-expondrdiecay
functions. The time-dependent Pu oxidation stad&ridu-
tions were successfully fitted by using mono-expuiaé
decay or growth functions.

EXPERIMENTAL. Sporomusap. MT-2.99 andPaeni-
bacillus sp. MT-2.2 cells were cultured anaerobically in
R2A medium at 30 °C. Cells were harvested in thd-mi
exponential growth phase, washed and suspende@% O
NaCl solution containing I&6 M Na-pyruvate. The exper-
iments were performed anaerobically at dry bionwass
centration of 0.33g, weign/L and pH 6 at 25 °C in 0.1 M
NaClQ, solution with and without 10 mM Na-pyruvate as
an electron donor?{Pul.i Was varied between 0.2 and
110 mg/L. The**®Pu present in a) blank (no cells added),
b) supernatant, and c¢) washed biomass re-suspanded
1 M HCIO, were analyzed using UV-vis-NIR spectrosco-
py, solvent extraction, and liquid scintillation wding
(LSC) as described in [3].

RESULTS. If no electron donor was added, the biomass
interacted with a Pu solution containing mainly VAJ(
(60%), Pu(IV)-polymers (19%), and Pu(V) (12%). Dioe
the reducing properties of 10 mM Na-pyruvate, hibee
composition of the starting Pu solution was 35%Mu(
26% Pu(lV), 22% Pu(IV)-polymers, 10% Pu(lll), and-o

ly 4% Pu(VI).

1.0

0.006

Pu(V) Time /h

blank

> Sporomusa sp. S -2
& Paenibacillus sp. £ 0004 [SZWO"W;; sp)
g / § 24 —145
{ 48 217
g | g0
o | §
w
vvv 1 < 0.000 .
100 150 200 250 300 550 560 570 %0 00
Time/h Wavelength / nm

Fig. 1: A) Averaged tim-dependent Pu(V) distribution in (M
NaClQ, at pH 6. B) Absorption spectra of P& Puliia =
110 mg/L) at pH 6 after different contact timeshnix33 g/L of
Sporomusap. MT-2.99 after separating the cells by cengafu
tion.

The Pu sorption capacity ddporomusasp. is slightly
higher (118 mg Pulg weign) than that oPaenibacillussp.
cells (87 mg Pulgy weign)- In the electron donor contain-
ing system (data not shown) faster kinetics espgdiar
Sporomusasp. were found. It seems thBaenibacillus
has a slightly different strategy to avoid the séreaused
by Pu. After 2 h of contact time, the cells relehd46% of
this bound Pu. At contact times24 h, an exponential de-
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crease of the Pu concentration in solution wasctiete
This phase of the release of biosorbed Pu froncétis
was prolonged in the presence of 10 mM Na-pyruvate.

In the Sporomusasp. system, the redox potential meas-
urements indicated that the cells generated redumm-
ditions. In the blank sample a¢t312 h a redox potential
of 790 £ 73 mV was measured. In the cell suspession
immediately a constant value of 331 +25mV was
reached.Paenibacillus sp. cells were less effective in
minimizing the redox potential. The cell induceteef on
the redox potential is smaller in the presence ®MM
Na-pyruvate.

In the electron donor free experiments a very fhest
crease of Pu(VI) (data not shown) was observed twhic
was combined with an increase of Pu(V) (Fig. 1A}ha
biomass suspensionSporomusasp.: The formation of
Pu(V) in the supernatants is 75 times faster tmathée
blank samplesPaenibacillussp.: The formation of Pu(V)
in the supernatants is 10 times faster than inbihak
samples. The decrease of Pu(VI) and the increase of
Pu(V) (see Fig. 1B) was confirmed by absorptioncspe
troscopy.

1.0

Pu(ll) |
+0.01 M Na-pyruvate
S 0.8 o Sporomusa sp. A Paenibacillussp.
z v,
‘5 0.6+
S 04/ .
g ;
C 0.2
L + Pu(lll)
0.0 ' m 0.1 MNaClOy4
" 0 200 400 600 800 1000 1200

Time / h

Fig. 2: Averaged tim-dependent Pu(lll) distribution in the biom.

There was a clear enrichment of Pu(lll) in the basmin

the presence of 10 mM Na-pyruvate (Fig.?2). Pu(lV)-
polymers associated on biomass dominated in 0.1 M
NaClQ,. The formation of Pu(lll) was in thBporomusa
sp. system three times faster than inRaenibacillussp.
system.

OUTLOOK. For a better understanding of the interaction
processes further experiments for instance asdifumof
pH or varying the electron donor are planned.

ACKNOWLEDGEMENTS. The authors thank the BMWi for
financial support (contract no.: 02E10618 and 02E1) Velina
Bachvarova and Sonja Selenska-Pobell for isolagioth Monika
Dudek for cultivation of the bacteria, as welllas BGR for provid-
ing the clay samples.

[1] Bachvarova, V. (2009Report FZD-530 p. 18.

[2] Moll, H. et al. (2014) lecture given at the BInium Futures — The
Science 2014, September 07-12, 2014, Las VegasA.U.S

[3] Moll, H. et al. (2006 Radiochim. Act®4, 815-824.
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Speciation of europium and curium in human saliva

A. Barkleit, A. Heller

The speciation of E4* and Cm™ in saliva was investi-
gated with Time-Resolved Laser-Induced Fluores-
cence spectroscopy (TRLFS). Fresh human saliva
samples have been spiked in vitro with Ei or Cm*".

A comparison of the obtained spectral data with redr-
ence data indicates the formation of complexes con-
taining phosphate and carbonate as well as calcium
for charge compensation. Furthermore, the complexa-
tion with a-amylase is also suggested.

Understanding of the speciation of radionuclide®dunly
fluids is fundamental to assess their potentiahdpart
and metabolism in human organisms. As saliva idithe
contact medium in the mouth in case of oral ingestf
radioactively contaminated food or radioactive sabses
themselves, this study focuses on the speciatioBUST
and Cni* in human saliva.

EXPERIMENTAL. Ten human saliva samples were col-
lected from healthy adult volunteers and were aeal\by
ICP-MS and ion chromatography. TRLFS measurements
were performed at room temperature with human atird a
ficial saliva and reference solutions containingresenta-
tive electrolytes. All samples were spiked with B0 M

EU’* or 3x 10" M Cn*,

RESULTS. The composition of saliva is summarized in
Tab. 1. Here we consider sodium, potassium, ardural

as major inorganic cations, while the anions phatph
carbonate, and chloride as well as the total orgeaibon
are taken into account because of their strongdioar
tion ability to E4* and Cmi*. The composition of artifi-
cial saliva is based on the average data of théyzew
human saliva and literature values [1]. The enzyme
a-amylase (Amy) was chosen as a major protein ivesdl].

Tab 1: Composition of human and artificial sal.

Inorganic (mmol/L) Organic
. + + - Pho- Carbc-
Na~ K c& Cl phate  nate TOC (g/L)
Human saliva
3-9 321 1-2 10-12 4-6 3-8 0.5-1
Artificial saliva
10 4.5 1.0 4.0 4.0 4.5 1.0 (Amy)

As shown in Fig. 1, the shape of £and Cni" lumines-
cence spectra appears to be similar regardlesgeafam-
ples. Their luminescence decay was found to be bi-
exponential, indicating that at least two differ&/Cm
species are present in these saliva samples. For &u
major luminescence lifetime was determined to b2-37
815 us with a second shorter lifetime of 125-302 ps
while lifetimes of 484-563 us and 104-224 us were
found for Cni*,

In case of E¥f, mixtures with only the inorganic compo-
nents fit the luminescence spectra of Ho human saliva
(Fig. 2). The addition ofi-amylase in the mixture did not
change the spectra, which indicates that*Esi mainly
coordinated by inorganic ions. However, the lumines
cence lifetime of EXf in the inorganic mixture was found
to be mono-exponential, while it became bi-expoiaént
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Eu’'(aq) Eu* + saliva cm*(aq)

cm® + saliva

Luminescence intensity
Luminescence intensity

570 580 590 600 610 620 630
Wavelength / nm

Fig. 1: Luminescence spectra of ¥ (3x1C™° M, left) anc Cm**
(3x107 M, right) in human saliva (pH = 6.8—7.4). Excitati
wavelengths. = 394 nm (Eu) and = 396 nm (Cm).

640 570 580 590 600 610 620 630 640
Wavelength / nm

after the addition ofi-amylase comparable to the human
saliva. This is a strong hint that this proteirpatentially
coordinative to E¥f. Additional investigations with inor-
ganic references showed that the presence of catdoon
and phosphate in combination with calcium fits hibst
EU®* luminescence spectra in the human saliva. Similar
complexes with multiple ligands were also identfiear-

lier for urine with near-neutral pH values, where®Es
coordinated by phosphate and calcium as well as car
bonate and citrate as an organic component [2].

human saliva
—— inorganic artificial saliva
—— whole artificial saliva

human saliva
inorganic artificial saliva
—— whole artificial saliva

Luminescence intensity
Luminescence intensity

T
570 580 590 600 610 620 630 640 570 580 590 600 610 620 630 640
Wavelength / nm Wavelength /nm

Fig. 2: Luminescence spectra of ¥ (3x1C™° M, left) anc Cm**
(83x107 M, right) in human and artificial saliva (pH = J.Exci-
tation wavelengths = 394 nm (Eu) and = 396 nm (Cm).

In case of CHf, the luminescence spectra are more sensi-
tive to the primary coordination sphere. Here, haitthe
luminescence spectra nor the luminescence lifetiofes
Cm*" in the human saliva could be reproduced with the
reference spectra containing only inorganic ligavdeen
a-amylase is taken into account on the fitting, life-
times converge, but the luminescence spectra ate no
completely reproducible. This suggests that otladiva
components are involved in the complexation with®Cm

ACKNOWLEDGEMENT. This work was funded by the Federal
Ministry of Education and Research (BMBF, projettahsAqua”,
02NUKO30F).

[1] Edgar, W. M. (1992Br. Dent. J, 172, 305-312.
[2] Heller, A. et al. (2011Fhem. Res. Tog4, 193-203.



A spectroscopic screening of the complexation of eu

tract: mouth and stomach
C. Wilke, A. Barkleit

For the identification of the main binding partners
(i.e. counter ions and/or ligands) of An/Ln in thegas-
trointestinal tract, a spectroscopic screening wapger-
formed by Time-Resolved Laser-Induced Fluores-
cence Spectroscopy (TRLFS) using artificial digeste
juices containing Eu(lll). The results indicate tha
Eu(lll), a representative of Ln(l11)/An(lll), is co ordi-
nated to inorganic species in the saliva, whereas i
primarily exists as an aquo species in the gastrjaice.

In general, the lanthanide and actinide elemerdg pb
essential roles in biochemistry. However, througfed
ent processes such as nuclear accidents, thesg medv
als could be potentially released into the envirenim
where they could be incorporated into the food rclzaid
eventually into the human body through oral ingesti
Because of the chemical toxicity and radiotoxi@fyAn,

it is important to understand their chemical anoldgical
behaviorin viva. This study focuses particularly on the
biochemical behavior of An/Ln in the gastrointeatin
tract. As an initial step, the first spectroscopareening
was performed to find possible binding partners of
An(lIN/Ln(lll) in the gastrointestinal system (i.esaliva
and gastric juice).

EXPERIMENTAL. Thein vitro digestion model used in
this study was developed by Oometal. [1] and is the
basis of an international unified bioaccessibifitptocol
[2]. This gastrointestinal model simulates the rhout
stomach and small intestine and is based on theahum
physiology. The compositions of the investigatedegi
tive juices are shown in Tab. 1. Dissolved 1X10
EuCk:6H,0 was added to single constituents and differ-
ent mixtures of saliva and the gastric juice. TRUR&as-
urements of the prepared samples were carried but a
room- and body temperatures (37 °C).

RESULTS. Saliva The TRLFS spectra of Eu(lll) in the
saliva are shown in Fig. 1. The proteins (i.e. axsgland

Tab 1:Composition and concentration of the syntheticvaadind gastri

juice [1, 2].
Saliva Gastric Juice
24.CmM KCI 94.2mM NacCl
14.¢ mM NaH,PC4 22.1mM KCI
) 15.CmM KHCO;3 11.2mM NH.CI
'S’L%rgtzrr‘]'ge < 10.2mM NaCl 5.4mM CaC,
8.0 mV Na,SC4 3.mM NaH,PC,4
4.1mM KSCN
1.CmM CaC;
6.7mM uree 7.2mM glucost
0.1 mM uric acic 2.8 mM uree
Organic 3.1mM glucosamine
substances hydrochlorid
0.2mM glucuronic
acid
1 mg/mL amylast 3 mg/mL mucir
Proteins 0.5 mg/mL mucir 1 mg/mL pepsit
1 mg/mL BSA
pH 6.E+0.E 0.c-1.C
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ropium(lll) in gastrointestinal

——S0,%,C0.%, PO, Ca’ (A1)

—— organic + amylase
——whole inorganic (A2)

—— organic + mucin
—— inorganic + amylase
—— inorganic + mucin

luminescence itensity (a.u.)

luminescence itensity (a.u.)

T T
600 625

wavelength (nm)

T T
600 625 57
wavelength (nm)

Fig. 1: Luminescence spectra Eu(lll) (1x1C™° M) in artificial salivaat
37 °C and pH 6.5.

575

mucin) show a strong complexation with Eu(lll) inet
presence of organic substances. This is, howewgr, s
pressed in the presence of inorganic ions. Thetiaddbf
proteins in the samples “inorganic + amylase” groft
ganic + mucin” in Fig. 1 has no significant infleEnon
the luminescence spectra. However, there is chantpe
luminescence lifetimes calculated for the prot@imgles,
suggesting a minor contribution of proteins to twen-
plexation with Eu(lll). In contrast the organic cpounds
urea and uric acid have no effect on the luminaszen
spectra or lifetimes. So in the saliva the inorgapecies,
especially bicarbonate, phosphate and calciumwatida
minor effect also sulfate, are likely to change Ehglll)
speciation.

—NaCl
—— NaH,PO,
——KCl
—CaCl,
——NH_CI

—urea
——glucose

—— glucuronic acid
—— glucosamine

luminescence itensity (a.u.)
luminescence itensity (a.u.)

T 1
620 640

T
600
wavelength (nm)

580

580

600
wavelength (nm)
Fig. 2: Luminescence spectra Eu(lll) (5x10° M) in the presence ¢

organic (left) and inorganic species (right) intgaguice at
37 °C and pH 1.

620 640

Gastric Juice TRLFS results indicate that there is no sig-
nificant complex formation of Eu(lll) with any catitsi-
ents of the gastric juice. That is, Eu(lll) is presprimari-

ly as aquo species (see Fig. 2). This is probainytd the
acidic condition of the gastric juice (pH 0.9-1.0).

OUTLOOK. The speciation of Eu(lll) will be further in-
vestigated in the intestine and bile juice. Aftke tspec-
troscopic screening, the main binding partners (il
in the whole gastrointestinal tract will be ideiid and
characterized.

ACKNOWLEDGEMENT. This work was funded by the Federal
Ministry of Education and Research (02NUKO30F).
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Femtosecond-TRLFS study of the Eu(lll) interaction

mammalian cells
S. Sachs, G. Geipel

Femtosecond (fs)-TRLFS was applied to determine an
apparent complex stability constant for the interation
of Eu(lll) with serum proteins in a cell culture medi-
um for mammalian cells.

Previously, we studied the interaction of Eu(lll)tw
mammalian cells as a function of its speciatione Th
Eu(lll) speciation was investigated by solubilitudies,
ultrafiltration, ultracentrifugation, and time-rdéged la-
ser-induced fluorescence spectroscopy (TRLFS).hin t
presence of fetal bovine serum (FBS), Eu(lll) a&bdtzed

in solution and forms ternary complexes involvirggusn
proteins and carbonate [1]. In the present work stuel-
ied the interaction of Eu(lll) in a cell culture diam ap-
plying femtosecond laser pulse based TRLFS (fs-TRLF
which allows the analysis of the fluorescence bahanf
the organic nutrient constituents in the presente o
Eu(ll).

EXPERIMENTAL. Eu(lll) samples were prepared under
ambient conditions (.= 10%°atm) at room tempera-
ture by dilution of aqueous EuCstock solutions (0.05
and 0.1 M) with cell culture medium, consisting of
89.5 % v/v Dulbecco’s modified eagle medium (DMEM,;
Biochrom), 10 % v/v fetal bovine serum (FBS; Sigma)
and 0.5 % v/v penicillin/streptomycin (50 U/mL/5¢/mL;
Biochrom). The Eu(lll) concentration was variedvietn

0 and 2 x 10 M, whereas the nutrient concentration was
held constant. The pH values of the solutions vagijest-

ed to pH 7.40 + 0.02 using NaOH and HCI. A fs-TRLFS
system was applied with an excitation wavelength of

406 nm and pulse energies of about 0.2 puJ. fs-TRLFS

spectra were measured in the wavelength range betwe

in a cell culture medium for

3.0x10°

2.8x10°

2.6x10°

2.4x10°

2.2x10°

Integrated fluorescence
intensity, 1, {450-550 nm}

2.0x10°

0.0 3

1.0x10°  1.5x10°  2.0x10°

[Eu] / (mol/L)

T
5.0x10™

Fig. 1. Integrated fluorescence intensity between 450 &G nm as ¢
function of the Eu(lll) concentration (delay time D ns).

Based on TRLFS results [1], the formation of:d Tom-
plex of an Eu(lll) species with serum proteinssswamed.
However, due to the complexity of FBS, the compigxi
proteins are not known, which complicates the dmeei
tion of the total molar protein concentration. Qurer@age,
the total protein content of FBS amounts to 38 [8].
i.e., the protein concentration in the used medigsm
3.8 g/L. Bovine serum albumin (BSA; ~66 kDa) repre-
sents the main protein component in FBS (2.3 g/, [3
therefore, a mean molecular mass of 70 kDa is asgum
for calculation of the molar protein concentratiarsolu-
tion. Based on these assumptions we obtained aareqp
complex stability constant of ld§.,,=3.90+0.24,
which represents a mean value for the interactibn o
Eu(lll) with one or more serum proteins. Slope gsal
resulted in a slope of 1.1 + 0.2 verifying the assd 11
complexation. Comparing ldg,,, with literature data,

376 and 583 nm at delay times between 0 and 100 ns this value is close to those reported for the cexwtion

(1 ns time steps).

RESULTS. Time-resolved fluorescence spectra of the
organic constituents of the nutrient were measategr-
ying Eu(lll) concentrations. For data evaluatidre spec-
tra at t = 0 ns relative to the laser pulse wetegrated in
the wavelength range between 450 and 550 nm. Figure
shows the resulting data as a function of the Bu¢bn-
centration. Up to about 1.5 xFM Eu(lll), an increase
of the fluorescence intensity is observed with éasing
Eu(lll) concentration, indicating the complexaticf
Eu(lll) by nutrient constituents. With further imesing
Eu(lll) concentration, the fluorescence intensitp- a
proaches an almost constant value pointing to apt®m
tion of the Eu(lll) complexation. An enhancementiab-
rescence intensities due to complex formation was a
reported in the literature, for instance, for tlmmplexa-
tion of A" with fulvic acid [2].

Evaluating the obtained data according to Eq. (&g
concentration of the free ligan,(), the Eu(lll) complex
(Cc), and the non-complexed Eu(lll) species in sohutio
can be deduced,(: measured fluorescence intensity;
fluorescence intensity at [Eu]: 0 M normalized he total
ligand concentration G, 1% fluorescence intensity at
maximum complex concentration normalized {@)C

CoXIP+CoxI2 =1,

1)
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of Gd(lll) with BSA (logK = 3.89 [4]), however, differs
from those of Eu(lll) with apo-transferrin
(logK;=7.97 £0.02 [5]) or human serum
(logK =6.25 +£0.10 [6]).

TRLFS revealed the formation of ternary Eu(lll) com
plexes involving serum proteins and carbonate tgan
[1]. Under consideration of the Eu(lll) carbonatene
plexation, a higher complex stability can be expdct
However, in order to determine this, more informati
about the Eu(lll) speciation in the complex celltgre
medium as well as about the kind of the complexigg
ands are necessary.
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Metal sorption behavior of Slp1 from

protein polymers and proteinaceous monolayers using

M. Suhr,l J. Raff,l K. Pollmann*

Lysinibacillus sphaericus JG-B53 — A study of

QCM-D, ICP-MS, and AFM

'Helmholtz-Zentrum Dresden — Rossendorf, Helmholtz-Institute Freiberg for Resource Technology, Dresden, Germany

In this study, the adsorption of selected noble mats
and rare earth elements by surface layer (S-layepro-
teins were investigated. For this, the sorption betvior
of protein polymers was investigated by using induc
tively coupled plasma mass spectrometry (ICP-MS)
and on proteinaceous monolayers by using quartz mi-
crobalance with dissipation monitoring (QCM-D).
Subsequent atomic force microscopy (AFM) studies
enable the imaging of the nanostructures and allow
exact statements on structural properties.

S-layers are biological compounds which are parthef
cell envelope of many bacteria and nearly all agehid].
These compounds have remarkable properties like sel
assembling in highly ordered lattices, high meiatling
capacities and high stabilities. This makes thetarést-
ing for several bio-based technical applicationshsas
biosorptive materials for metal removal or recoviepm
the environment [1, 2]. In this work, the sorptiohAu,
Pd, Pt, and Eu by S-layer d&fysinibacillus sphaericus
JG-B53 (SlIpl) was investigated by QCM-D which ena-
bles the detection in real-time during in-situ enipents.
The suitability of this technique for the nanosdadietec-
tion of S-layers has been shown successfully invipus
studies [3-5]. The comparison between differenthods
allowed a deeper understanding of the metal sorptio
isolated S-layers either free in liquid, adsorbsdagro-
teinaceous monolayer or as present on the bactarnal
face.

EXPERIMENTAL. SlIpl ofJG-B53 was isolated as de-
scribed previously [5]. Purified and freeze-driethlS

(1 g/L) was diluted and used for sorption experitaeAll
sorption experiments were done in 0.9% NaCl satuéib

pH = 6.0 using 1 mM Atl, EU*, Pd* or PE*. Metal con-
tent in supernatant was determined by ICP-MS (SCIEX
ELAN 6100/9000, PerkinElmer, Germany). For QCM-D

measurements (Q-Sense E4, Q-Sense AB, Sweden)

0.2 g/L of solubilized Slpl were recrystallized paly-
electrolyte (PE) modified Sisensors in buffer (1.5 mM
TRIS, 10 MM CaCGl pH=28.0) and rinsed with 0.9%
NacCl solution before metal adsorption. Experimemtse
done in flow mode (125 pL/min, 25 °C) and Q-Tool 3
was used for data modeling [5]. AFM imaging (MFP-3D
Bio, Asylum Research, USA) was done using Olympus
OMCL AC40 cantilever in AC mode in liquid.

RESULTS. ICP-MS indicates high metal sorption rates
(dmay @and removal efficiencies (RE) of Pd, followed by
Au, Eu, and Pt to the Slpl polymers (Tab. 1) [ShisT
metal binding is believed to be mainly induced b t
chemical functional groups (NHind COOH) available in
the primary structure of Slpl sequence [6].

QCM-D experiments have shown that the metal adsorp-

Tab 1:Metal sorption rate may and removaefficiency (RE) of Sip.

Eu3+ Au 3+ Pd2+ Pt2+
Oo (Mg/g)  6.8C 7461 718  12.3]
RE (%) 10.3¢ 3791 6751  6.31
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Tab 2: Adsorption of metals i mM, pH = 6.0) on recrystallized Sl

Kelvin-Voigt Sauerbrey
MEtal Ammax mOn sensor Ammax mon sensor
cation  (ng/cnt) (ng) (ng/cnr) (ng)
AU 955 +2.73000.2 £8.5 932.6 +2.92929.9+9.1
Eu** N.D.* N.D.* N.D.* N.D.*
P 269.8 £0.6 847.7+1.3 269.9+0.6 847.9+2.2
pP£* N.D.** N.D.** N.D.** N.D.**

N.D.* = not detectable\.D.** = Sip1 layer detachment.

tion to Slpl monolayer was completed after 60 rAil.
most stable signals in frequency and dissipatiorewec-
orded and even intensive rinsing with NaCl solutitmes
not lead to a metal desorption from the Slp1 latiiccase

of Au®* and P@" studies. Adsorption of Etiwas below
the detection limit of the device. A detection b&tEJ*
binding is additionally impeded, as Eueplaces bound
c&*. Pt studies have shown destabilizing effects in the
recrystallized 2D protein lattice, preventing mesakp-
tion and explaining the low binding affinity alsetdcted

by ICP-MS. The calculated mass adsorption (Kelvin-
Voigt and Sauerbrey model) on the recrystallized1Sl
lattices are summarized in Tab. 2.

AFM-studies have proven an intact protein latti€Sipl

on PE-modified Si@sensor after the exemplarily incuba-
tion with a 1 mM gold metal salt solution (Fig. Tjhe
stability of Slpl monolayer against Auand the almost
complete desorption of protein lattice seen in QDM-
studies of Pfcould be visualized via AFM imaging.
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Fig. 1 AFM Sip1 lattice (p4-symmetry after incubation with A** solu-
tion and magnification of marked region.

CONCLUSION. By combination of ICP-MS, QCM-D,
and AFM methods a deeper knowledge of protein-metal
interaction on a nanometer scale could be readtiggh
Omax Of Slpl either free in liquid or as a recrystadtiz
monolayer for Ad* and P4" and lower capacities for Pt
and EG" were obtained at slightly acidic pH. Subsequent
AFM studies were successfully used to show the Imeta
influence to the SIp1 monolayer stability.
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Activity of immobilized atrazine-degrading
storage

M. Vogel, A. Pannier,' J. Raff, K. Pollmann®

Pseudomonas sp. ADP after long-term

'GMBU e. V., Dresden, Germany; 2 Helmholtz-Zentrum Dresden — Rossendorf, Helmholtz Institute Freiberg for Resource Technology,

Freiberg, Germany

The atrazine-degrading bacterial strainPseudomonas
sp. ADP was immobilized by the sol-gel process with
thin silica layers coated onto water-retaining carier
materials (expanded clay pellets and scoria). Theep-
formance of the obtained biohybrid material has bee
investigated concerning activity under non-growth
conditions after long-term storage. Even after 6 math
of storage without nutrition the immobilized cellswere
able to degrade atrazine.

This study focuses on the development of innovatice
hybrid materials for biotechnological applicatiores, g.
for the removal of harmful organic substances fieater.
For example the efficient removal of residues oé th
s-triazine herbicide atrazine in environmental soidl wa-
ter is of considerable interest. As an alternativeonven-
tional often expensive removal methods biologicagrd.-
dation of atrazine byseudomonasp. ADP P. ADP),
being one of the fastest atrazine degrading batteri
strains, is considered. To use the capability cdzie-
degradingP. ADP for remediation, the cells have to be
prevented from being washed out as well as pradecte
from physical and chemical damage. Cell immobilaat
could therefore be advantageous. Additionally, itable
immobilization matrix offers the possibility of Igrterm
storage of the biohybrid material by preservingbility
and degradation activity of the immobilized cellgep
several months.

EXPERIMENTAL. Cultivation of the bacterial strain
Pseudomonasp. ADP, synthesis of silica nanosols, im-
mobilization procedure of bacterial cells and tharac-
terization of the carrier material are describedannier
et al. [1]. Biohybrid materials were stored withightly
closed screw cap bottles under humid conditions 3.
After storage for differing time intervals, the atime-
degradation activity was investigated accordinth®ini-
tial atrazine degradation experiments conductedctiy
after immobilization. Onto clay (2 g) and scoria4(4)
immobilized P. ADP were cultivated in 30 mL of phos-
phate buffer (20 mM, pH 7.4) with 20 mg'Latrazine
(BPA) solution and samples for atrazine analysisewe
taken at specific periods of time. Atrazine degtiaa
was monitored by HPLC analysis [1].

RESULTS. As previous studies showed, sol-gel immobi-
lized P. ADP cells are actively degrading atrazine under
non-growth conditions over one year [1]. The bialgyb
materials were now tested regarding atrazine détgad
ability after long-term storage in humid atmospheXe
though, both carrier materials show high waterinatg
capabilities they differ to some extend in in psteicture
and open pore volume which might influence efficien
of cell immobilization and subsequent diffusionraftri-
ents. For example clay showed a 3 times highel opten
pore volume compared to scoria, further detailsnudite-
rial characteristics are described in [1].

As shown in Fig. 1, both materials show atrazingrdéa-
tion after storage at 4°C for up to six month. Witls
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Fig. 1: Atrazine removal b'P. ADP immobilized within thin silica y-
ers onto scoria and clay. Degradation capacitymasitored di-
rectly after immobilization as well as afterl ton@nths of stor-
age at 4 °C.

immobilized in clay, atrazine was always fully deded
within 72 h even after 6 month of storage. Withcéh-
mobilized in scoria, only 30% atrazine degradatieas
reached within the tested time frame. In contragirevi-
ous experiments [1], this poor scoria activity vedready
observed immediately after the immobilization prhoe
which makes a comparison of the results for botterma
als quite difficult. Nevertheless, these resulteviite a
promising basis for the application of sol-gel inro
lized bacteria on porous carrier materials for riéseoval
of atrazine from contaminated water even after {targ
storage of the biohybrid material before first wsag
Hence, both biohybrid materials should be furthmrsid-
ered for immobilization of microorganisms with peesa-
tion of viability and metabolic activity.
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A macroscopic and spectroscopic investigation of ne

montmorillonite and corundum

ptunium(V) adsorption on

O. Elo,* N. Huittinen, K. Muller, A. Ikeda-Ohno, A. C. Scheinost, P. Holtta,* J. Lehto*

!Laboratory of Radiochemistry, University of Helsinki, Helsinki, Finland

This work studied the adsorption of neptunium(V) on
montmorillonite and corundum. The macroscopic
sorption behavior was investigated in batch sorptio
experiments as a function of both pH and neptunium
concentration. The speciation of the actinide on #
solid surfaces was investigated bin situ ATR-FT IR

and EXAFS spectroscopic experiments. Np(V) adsorbs
on both mineral surfaces as an inner-sphere complex
presumably in a bidentate fashion.

EXPERIMENTAL. The Na-montmorillonite used in this
work has been extracted and purified from MX-80
Volclay bentonite.a-Al,O; powder (corundum) was ob-
tained from Taimei Chemicals, Tokyo, Japan
(TAIMICRON TM-DAR). All experiments were per-
formed under carbonate-free,-Btmosphere in 10 mM
NaClQ, (batch sorption experiments) or NaCl (spectro-
scopic investigations). The Np(\(/)g concentration was
ied between 5x I’ M and 5x 10° M in the batch sorp-
tion investigations, while a higher concentratidr20 uM
was required for the spectroscopic experiments. sotid
concentration used in the batch sorption experimesats
either 0.5 g/L (simulating the low solid/liquid m@tn our

in situ ATR FT-IR investigations) or 5 g/L (used in the
EXAFS experiments).

RESULTS. The uptake of 18 M Np(V) on montmoril-
lonite and corundum as a function of pH is preskrite
Fig. 1. At pH 8, i.e. the pH-value expected to ikin

the final disposal site for the Finnish SNF in @lkto,

Finland, corundum shows a very low uptake of thetgpe
valent actinide. A higher sorption percentage isinied
for montmorillonite, but only for the higher sol@bncen-
tration of 5 g/L. Montmorillonite also shows a simalit

constant uptake of neptunium in the acidic to reduysH

range that could speak for cation exchange on ¢heng-
nently charged planar sites.
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Fig. 1: Sorption of 17® M Np(V) on montmorillonite (left) and con-
dum (right) as a function of pH.

To further investigate the surface speciation of\Nmn
the solids, we performeth situ ATR-FT IR investiga-
tions in 10 mM NacCl at pD 9.6 (pH = 10). Upon Np(V)
sorption onto corundum and montmorillonite we otiser
a shift of the antisymmetric NpGstretching vibration
from 818 cm!, obtained for the free aquo ion, to

790 cm?, indicating a formation of an inner-sphere bound

neptunium complex on the mineral surfaces (Fidpl@ck
traces).

This complex is easily removed from the solid stefa
when the mineral film on the ATR crystal is flushedh
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Fig. 2: Sorptior of 20 uM Np(V) or montmorillonite (left) and coin-
dum (right) in 10 mM NacCl at pD 9.6, flow rate GriL/min.

the background electrolyte (Fig. 2, blue traceskirilar
desorption behavior is obtained in batch desorptixper-
iments upon exchange of the electrolyte only (dait
shown). To examine the reason for the fast desorii-
netics observed in the IR experiments we perforidpd
L,;-edge EXAFS investigations on corundum samples at
pH 9 and 10. Th&-weighted Np ,-edge EXAFS spec-
tra for both corundum samples and their correspandi
Fourier transforms (FTs) are presented in Fig. 3.
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Fig. 3: k>-weighted Np |;-edge E>AFS spectra for Np adsorbed
corundum (left) and their corresponding Fouriensfarms
(right). Solid lines; experimental data, dottedfintheoretical
fitting. Phase shiftsA) are not corrected on the FTs.

In contrast to a weakly bound monodentate surface-c
plex that could have explained the fast neptuniesodp-

tion behavior in the studied system, our EXAFStral

parameters obtained from theoretical curve fitiimdjcate

the formation of a bidentate inner-sphere complék an

average Np-O equatorial oxygen distance of 2.4hda
Np-Al distance of 3.36 A. Thus, no apparent coriolus
for the fast desorption behavior can be drawn ftbese
results.
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urements. Karsten Heim is thanked for his help ti¢hATR-FT IR
investigations.
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Complementary spectroscopic investigation of Np(V)

K. Mller, B. Simon,* A. Rossberg
"National Graduate School of Chemistry, Paris, France

The Np(V) sorption onto birnessite has been studied
in-situ by application of ATR FT-IR and EXAFS spec-
troscopy. The formation of a single bidentate inner
sphere complex has been derived.

Manganese oxides play a decisive role in regulatirey
mobility of contaminants even at tracer concerarai
due to their high sorption and redox capacity acavs
enging capability [1]. In this work, Np(V) sorptioon
amorphous birnessite (Bs) is investigated at miclam
Np concentrations using ATR FT-IR and EXAFS spec-
troscopy on a molecular level.

EXPERIMENTAL. Bs was synthesized and characte-
rized as described in [2]. The-BET specific surface ar-
ea was found to be 219mg™. The isoelectric point de-
termined by zeta potential is at pH 2.5. For irdthsorp-
tion experiments, Np(V) concentration was set tqsD

at an ionic strength of 0.1 M adjusted by NaCl Et&

All measurements were performed with@(Sigma Al-
drich, isotope purity > 99%). The ATR FT-IR accayso
and the procedure for the in-situ sorption measargm
were described in detail previously [3]. EXAFS vwas
plied to one batch sorption sample (10 pM Np, 0.1 M
NaCl, pH 8.0, 0.6 g T* Bs). Experimental details are giv-
enin [4].

RESULTS. The IR spectra obtained are shown in Fig. 1.
The absence of significant negative bands in tleetspm

of the conditioning stage confirms the stabilityté sta-
tionary Bs film on the ATR crystal [3].

Upon Np(V) sorption, one distinct band at 789 tin-
creases with time and is assigned to the antisynumet
stretching vibrational modev4) of the sorbed neptunyl
ion. The IR spectrum obtained from an aqueous isolut
at 50 UM Np(V), 0.1 M, pH 6 shows the absorption of
vs(Np'O,) at 818 crit. The red shift of; to 789 cm’ can

be assigned to an inner-sphere monomeric sorptam c
plex, as previously reported for hematite and othirer-

al oxides [3]. In the flushing stage, a less inéensgative
band at equal frequency is observed indicating plaats

of the bound Np(V) are released from the statiorBsy
phase. The very small band at 1025cis due to rear-
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Fig. 1: ATR FT-IR spectra of 5 uM Np(V) sorbed ont(Fh atpH 8,

0.1 M NaCl, DO, N.. Spectra are equally scaled. Indicated val-
ues are in cm.
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Fig. 2: NpLy-edge P-weighted EXAFS spectra from batch sorpt
sample (black, left) and corresponding Fouriemsfarm (FT)
(black, right). Shell fits (red), estimated levélexperimental
error (blue horizontal line) (10 uM Np, 0.1 M Na@H 8.0.
0.6 g L' Bs).

Tab.Z: EXAFS structural parameter® coordination numbe? atomic
distance; Debye-Waller factor).

Shell CN® R /A 6210%/ A%C
Np=C,, 2 1.87 2.2

NpP—Oec 5 2.4¢ 8.2

Np-Mn 1.4 3.41 6

rangement processes at the mineral oxide surfaoe up
sorption and is similarly observed for interactioos
amorphous iron oxides [3].

To obtain further structural information, Npytedge
EXAFS investigations were performed. The experimkent
spectrum (black) and the theoretical shell fit jresl
shown in Fig. 2 and the fitted structural paranstere
summarized in Tab. 1. Three FT peaks show magrstude
that are significant higher than the level of theei-
mental error (blue line): the scattering contribo§ of the
two axial oxygen atoms of NpO(O,,) at 1.87 A, the ox-
ygen atoms in the equatorial plane.{Cat 2.46 A and a
third scattering contribution at 3.41 A. The origif the
latter peak is likely due to the scattering conttibn of

Mn atoms stemming from binary edge-sharing sorption
complexes.

In summary, IR and EXAFS spectra evidence the for-
mation of a single Np surface species, most prgbabl
mononuclear bidentate edge-sharing complex.

ACKNOWLEDGEMENTS. The authors are grateful to
C. Eckardt, S. Weiss, K. Heim, A. Scholz and E.isthlie and the
ROBL staff at ESRF for support during the EXAFS suaments.
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Np(V) retention by magnetite
R. Steudtner, A. C. Scheinost

Anoxic corrosion of the technical barriers in nucler
waste repositories causes formation of secondary mi
erals like iron oxides and sulphides, which may retin
radionuclides by sorption or structural incorporation
(solid-solution formation). In this context, we inwesti-
gated the interaction of Np(V) in the presence of a
highly redox-reactive mineral, magnetite F&(Fe"" ),0,.

EXPERIMENTAL. The mineral magnetite was synthe-
sized as described in [1]. Sorption experimentsevesm-
ducted with an initial Np(V) concentration of
2x10°molL™* in solutions with an ionic strength of
0.1 M. The retention of Np was studied as functibhe
pH, the solid-to-liquid ratio and the reaction timespec-
tively. Mineral synthesis and sorption experimewese
performed under strictly anoxic conditions in awgdox

at < 2 ppm @. The distribution coefficient (Rn mL-g™)
was determined from the remaining Np concentration
the supernatant measured by liquid scintillatioorting.
ATR FT-IR and EXAFS measurements were applied for
identification and structural characterization eé formed
Np species in presence of the minerals.

RESULTS. The Np(V) retention in presence of magnetite
is depending on the pH and reaction time (Fig.The
log Ry generally increases to a maximum at pH 12 with
increasing the pH value. At pH 2 and 4 the lggvRlues
are independent from the reaction time, at highérthe

log Ry value increases with increasing reaction time.
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Fig. 1: Sorption edges of Np(V) onto magnetite=sllgL™, | = 0.1 M,
[Np(W)]initar = 2% 10° M, after 1 h, 1 d, 1 and 4 weeks,. N

The in situ ATR-FTIR spectrum of Np(V) reacted mag-
netite under inert gas shows in the antisymmetriteh-
ing vibration of the Npg ion, v5 , demonstrating sorption
of Np(V) to the magnetite surface (Fig. 2). In caripon
to v of the aquo ion at 818 ¢Mm that of the sorption
complex is shifted by 30 cthto lower wavenumbers,
suggesting formation of an inner-sphere sorptianpiex
of Np(V) [2]. A similar frequency of this vibratiah
mode was observed for NpOsorption complexes on
other iron(lll) minerals.

XAFS analysis, in contrast, showed a complete riaiuc
of Np(V) to Np(IV) already after the shortest reant
times of 1 h. This contradiction is resolved byussig a
rapid sorption of Np(V) observed by ATR-FTIR (note
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comparison with other iron(lll) minerals after 1&n.
[Np(W)]initiat = 2% 10° M, 0.1 M NaCl, RO, N,, pH 8.
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that Np(IV) is silent in this spectral region), ltaked by a
reduction to Np(IV) observed by XAFS. The localustr
ture of this Np(IV) sorption complex consists o6%ygen
atoms at a distance of 2.43 A and of 3 iron atonasdis-
tance of 3.45A, revealing formation of a trideatat
Np(1V) sorption complex, which dominates at pH @
the short reaction times. With increasing pH angbtson
time a Np-Np shell becomes visible, with a distan€e
3.83 A and a coordination number of 3.5, indicatofe
formation of NpQ nanoparticles or of poorly ordered
NpO, precipitates.

[J)
k)
= T
5 5
[ Np-O =
=
g Np—Fe A 6 80 110
7 k/A
§ pH 12, 3w
|_
3 Nee
5 pH 6, 1h
I.I? T T T T
0 2 4 6

R/A
Fig. 3: Fourier transform magnitude spectremagnetit-reactecNp as
function. s/l =1 d."% 1 = 0.1 M, [Np(V)}nisar = 2 X 10° M, Na.
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Np(V)-ferrihydrite sorption complexes at high pH:

A. Rossberg, K. Miiller

We used EXAFS Monte Carlo simulation (MC) to de-
termine the structure of two Np(V)-ferrihydrite (Fh)
sorption complexes prepared under inert gas atmos-
phere at high pH.

MC and EXAFS [1] can be used to solve the molecular
structure of surface complexes, even if this methay
become complicated in the case of higher-ordeneseat
ing. MC requires the structure of the interactiigghd or
surface besides the experimental data and FEFElaglc
ed theoretical phase and amplitude functions.

EXPERIMENTAL. Two batch sorption samples were
prepared with the same solid(Fh)-solution rationgie a)
0.12 g Fh in 200 mL water, 0.95 mg Np(V), pH = 9.4,
freshly prepared, specific surface area (BET): 20/9;
sample b): 0.30 g Fh in 500 mL water, 1.19 mg Np(V)
pH = 10.8, aged for 3 months at pH 5.5 in suspenaio
25°C and N, BET: 162 n/g. The resulting Np(V) sur-
face Ioadinr%s were 7.9 mg/g (0.038 m/mnd 3.9 mg/g
(0.024 mg/m). For each sample eight Np,ledge spectra
were measured at ROBL in fluorescence mode at low
temperature (15 K) and then averaged.

RESULTS. The MC consists of two steps: 1. Determina-
tion of the most probable location of the Np atonihe
substrate. 2. Refinement of the local structuréhefsur-
face complex to gain the radial pair distributiemdtion
(PDF) for measuring bond distances and Debye-Waller
factors (DW). For both samples, a simple shelbfithe
axial Q and equatorial € shell was performed to de-
termine the threshold enerdy,, which is needed for the
MC. In the case of sample a), during the first sieMC

the fitted signal of the Q shell and the half signal of the
Ocq shell were taken as a constant scattering cotitvityu
while guessed DW with a radial dependency were used
for the substrate atoms. The crystallographic aeit of

Fh was taken to simulate the substrate [2]. Aftebmg
randomly about four million Np-positions at the tucell,
four structurally equivalent Np-locations were fdun
which are in agreement with a double corner sharing
(DC,) sorption complex (Fig. 1a). The second step gield
the refined structure of the R€omplex (Fig. 1b) and the
PDF (Fig. 2c). In the case of sample b), the Feaaiis
twice in intensity when compared with sample a) (FT
peak at 3.5 A in Fig. 2b), yielding a four-fold @egracy
for the Np-Fe path, with the Np-Fe distance of 420@e-

ing identical to the one found for sample a). Thdyo
meaningful interpretation of this Np-Fe path is foe-
mation of a DG complex (Fig. 1 c¢), hence, the first MC
step would imply the probing of Np-positions at tedid-
ferent surfaces at the same time, which is notipless
Accordingly, for sample b) only the second MC stegs
performed. The starting structure of the @mplex was
constructed by using bond distances supplied bsltied

fit. The refined structure and the resulting PDEh®wn

in Fig. 1c and Fig. 2c, respectively. For both skmpthe
EXAFS spectrum and the MC-Fit is shown in Fig. a.
the case of sample a) the short, @, distance of
2.79 A-2.81 A is typical for two oxygen atoms coctee

via a hydrogen bond (Fig. 1b) [3,4]. The Npx@istance

of 1.86 A (Fig. 1b) is significantly higher than tine case

26

A

n EXAFS Monte Carlo approach

O Np

@ Fe
4xNp-Fe@4.02A
. 0 2xNp-0,,@1.83
Fig. 1: (a) Most probable positions of Np(V) at the surféiele unit

cell), (b) refined structure of the R€omplex (sample a)),
(c) refined structure of the D@omplex (sample b)).
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Fig. 2: (a) EXAFS spectra with MC Fit, (fcorresponding Fourie
transforms (FT), (c) Np—O and Np-Fe PDF.

of Np(V)-hydrate (Np-@ 1.83 A [5]). Such strong in-
crease would be in line with an,©hydrogen interaction
[6]. Further investigations will be accomplishedarder

to understand the dependency between the formed com
plex structures and the experimental parametee, tlile
influence of the different number of available sud sites
and/or the influence of the aging time.

[1] Rossberg, A. and Scheinost A. C. (2085gl. Bioanal. ChenB883,
56-66.
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[3] Krot, N. N. et al. (2010Radiochem52, 12-16.
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[6] Lucks, C. et al. (2013palton Trans42, 13584—-13589.

HZDR | Institute of Resource Ecology | Annugpétt 2014



U(VI) surface complexation on montmorillonite at hi

K. Fritsch, K. Schmeide

Surface complexation constants for U(VI) sorption o
montmorillonite were determined with sorption data
acquired at ionic strengths of 1 to 3 mol kg

The generation of thermodynamic data is necessabgt
able to describe and predict radionuclide retentign
minerals and rock. Surface complexation modeliredg

thermodynamic constants for the formation of sorpti
complexes on mineral surfaces. So far, studies hang-

ly focused on low ionic strength media.

EXPERIMENTAL. After purification according to
Poinssot and Bradbury and Baeyens [1, 2], montfoeril
nite was used as substrate. Cation exchange capeast
determined to have a value of 85 mg(d00 g)*. The
following conditions were used for the batch samptex-
periment: S/L = 4.00 +0.01 g1, cyaci= 1...3 mol kg*,

pH =4...10, room temperature, absence and presdnhce o

CO; (Peoz= 10%%atm), gy = 1x10°mol kg™, sorp-
tion time 5 to 7 days.

RESULTS. Surface complexation constants were deter-
mined according to the two site protolysis non-tec
static surface complexation and cation exchangeeinod
(2SPNE SC/CE) [3]. For agueous geochemistry model-
ing, PHREEQC v3.1.2 was used [4]. For parametér est
mation, PEST v13.0 was employed [5]. THEREDA re-
lease 9 [6] was used as thermodynamic databadegsur
site density and protolysis constants for the serfsites
were taken from [3]. Due to the high ionic stresgtte
Pitzer ion interaction approach was used [7].

U(VI) sorption on montmorillonite in absence of £@.f.
Fig. 1a) can be described by cation exchange avetae
uranyl hydroxide complexes. Bradbury and Baeyens [2
used four hydroxide complexes —=S°0OUQ,",
=S’0UO,0OH, =S°0UO,(OH),” and =S°0UO,(OH)s*™ —

on the strong surface sites as well as two uraygtdxide
complexes on weak binding sites. TA8°OUO,(OH),”
complex was not included in the present model, bsza
the modeling calculation proved to be more stahtbout

it. Furthermore, no surface complexes of U(VI) oeak
surface sites were used, as the respective contigiexa
constants had error margins several times thedizke
value itself and were therefore deemed unreliable.

In presence of CO(c.f. Fig. 1b), Marques Fernandez et
al. [8] proposed to use two complexes on strondasar
sites,=S°0UO,(COs)~ and =S°0UO,(CO,),>. However,

in this work, only the=S°OUO,(COs),> complex was
used to prevent overestimation of the system. $pect
scopic investigations to confirm this choice ofnykhy-
droxide and carbonate surface complexes are clyrent
performed.

Tab 1:Surface complexation constants for U(VI) sorptiompurified
montmorillonite at high ionic strengths (1 to 3 rigl?).

Surface comple: log k
CEC Cation exchanc 0.5C+ 0.0t
k1 =s°0U0," 1.70 + 0.15
k2 =S’0UO,0H -3.69+ 0.03
k3 =S°0UG,(OH);* -19.7+ 0.1
k4 =S°0U0,(CO,),>" 18.3+ 0.2
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Fig. 1: U(VI) sorption on montmorillonite at mol kg™ NaCl, in ab-
sence (Fig. 1a) and presence (Fig. 1b) 05.CO
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The sorption behavior of U(VI) onto orthoclase and

concentration and calcium ions
C. Richter, V. Brendler, K. GroBmann

Long term safety analysis requires thermodynamic
data based on sorption experiments. As for feldspar
and mica only a few data is available [1-5], sorpiin
experiments with U(VI) and orthoclase as a repre-
sentative for feldspars and muscovite as mica were
performed. The results showed that parameters like
the concentration of U(VI) and the presence of Casaa
competitive sorbing ion have a significant influene on
the sorption behavior.

EXPERIMENTAL. U(VI) batch sorption experiments
onto orthoclase and muscovite were performed, kgryi
the following parameters: concentration of U(VI)0
and 10° M), solid-to-liquid ratio (1/20 and 1/80 g/mL),
pH values (5 to 8), ionic strength (0.01 and 1 Whe

concentration of Ca as a competing cation was ®et t

1.5x10% M. All experiments were performed in tripli-
cate, under ambient air, at room temperature, aitid av
sample volume of 10 mL. Prior to the incubation of
U(Vl), the pH of each sample was adjusted untilvés
stable. After one week of sorption, the samplesveen-
trifuged and the supernatant was analyzed with MSP-
(ELAN 9000 from Perkin Elmer).

RESULTS. From the experiments of both minerals the
highest sorption capacity is found in the circuntraypH
range (solid-to-liquid ratio of 1/80) which decreasat
more acidic and basic pH values. In general, otdsec
shows a lower sorption capacity than muscovite.idn
creased solid-to-liquid ratio (1/20) results iniaoreased
amount of U(VI) sorbed onto the surfaces whichus tb
a higher amount of potential binding sites.

The influence of the concentration of U(VI) on tharp-
tion is exemplarily shown for orthoclase in Fig.At a
higher concentration of U(VI) less sorption is alvsel
because of increased competition for the availabiéace
binding sites. Experiments at a higher ionic sttersipow
a small shift of the sorption curve to lower pHued in-
dicating the predominance of outer-sphere compiexat
(data not shown).

In the presence of Ca, the sorption is decreas#ukipH
range above 8 (Fig. 2) which is mainly due to tihesp
ence of the GAUO,(COs)s) (aq) complex in solution as
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Fig. 1: Sorption of 17 M and 1(® M U(VI) onto orthoclase at a so-
to-liquid ratio of 1/20 in 0.01 M NaClO
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Fig. 2: Sorption of 17 M U(VI) onto orthoclase in presence arb-
sence of 1.5 x IOM Ca at a solid-to-liquid ratio of 1/20 and in
0.01 M NacClQ.

described in [6]. This neutral complex shows onlpwa
affinity to the mineral surfaces. At lower pH vadehis
complex does not occur in solution and, thus, trpton
behavior of U(VI) is not impacted. In addition, egyln af-
finity of Ca* ions to the surfaces might reduce the num-
ber of potential binding sites for U(VI).

The comprehensive evaluation of the impact of these
rameters on the U(VI) sorption processes onto ottise
and muscovite is in progress and will significantiyn-
tribute to future long term safety analysis. Thosnprises
the derivation of thermodynamic surface complexatio
parameters.

[1] Ames, L. L. et al. (1983Flays .Clay Min31, 343-351.

[2] Arnold, T. et al. (2006Environ. Sci. Technofl0, 4646—4652.
[3] Arnold, T. et al. (2001). Contam. Hydrol47, 219-231.

[4] Moyes, L. N. et al. (200Gnviron. Sci. TechnoB4, 1062—1068.
[5] Nebelung, C. et al. (201®adiochim. Act®8, 621-625.

[6] Bernhard, G. et al. (200Radiochim. Act89, 511-518.
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Uranium(VI) sorption onto gibbsite: Increasing conf
models by combining spectroscopy and batch sorption

F. Bok, K. Guckel*

idence in surface complexation
experiments

"Helmholtz Zentrum Miinchen Deutsches Forschungszentrum fiir Gesundheit und Umwelt (GmbH), Institut fur Strahlenschutz,

Neuherberg, Germany

Surface complexation data have been created for viar
ous combinations of ligands sorbing on mineral sur-
faces. In contrast to thermodynamic data, for the ge-
ciation in aqueous solution there is no unified andon-
sistent data collection for surface complexation sfar.
This work describes the benefit of combining spect-
scopic and batch sorption experimental data to creaa
a reliable and consistent surface complexation data
set.

Surface complexation models differ in their wayreépre-
sent the electric double layer and the surfaceopyrsis

steps. Moreover, aqueous and surface speciation and

thermodynamic data thereof affect the outcome chsu
models, rendering modeling results hardly comparabl
For uranium(VI) sorption onto gibbsite, e.g., vasosur-
face complexes and their formation constants ate pu
lished [1-4]. The proposed uranium-gibbsite surface
complexes vary from simple:1 complexes fAl-O—
UO,", [1-3]) up to highly hydrolyzed, trimeric surface
complexes £AI-0—(UO,)5(OH)s, [1, 2, 4]) and combina-
tions thereof. Depending on the specific speci¢sthe
published reaction constants (lg§) differ for identical
complexes up to 16 orders of magnitude.

In contrast to the published surface speciatiord]1re-
sults of spectroscopic investigations (EXAFS, ATR-F
IR) indicate only a monomeric, bidentate surfacegplex
with the generic formula HAI-0),UO,(OH)(H-0)3-",

x = 0-3) in the absence of carbonate [5].

CALCULATIONS. No batch sorption experiments have
been done in [5] to obtain a IpK value for the formation
reaction of the bidenate complex. Thus, three dats of
48 batch sorption experiments have been re-diditize
from [4, pp. 143-144] to fit the legK value. The number
of hydroxyl groups in this surface complex is netetta-
ble with spectroscopic methods, so;igvalue fits were
done for all possible degrees of hydrolysis (x 3)dand a
simultaneous fit of the two with the best singksfimean
residuals (x=0 & 1). To do so, the speciation ecod
PHREEQC [6] was coupled with the parameter estonati
software UCODEZ2005 [7], using the aqueous speciatio
based on the OECD/ NEA TDB [8].

RESULTS. The logK values for each hydrolyzed ver-
sion of the surface complex and their mean residoél
the calculated sorption data from the experimenasiliits
are given in Table 1. The best fit was obtainedgisi de-
gree of hydrolysis of x =0 or 1, the respectiveamee-

Tab 1:Fitted log oK values animean residualfor surface compledif-
fering in their degree of hydrolysis (x).

X Log;cK Mean residuals

0 -6.02¢ 7.10%

1 -13.8% 7.33%

2 -21.6¢ 9.70%

3 -29.41 1256%
0&1 -7.051& -13.7¢ 6.99%
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G * 55g/L; 9.1x10°M; | =0.001 M NaClO,
S 504 -
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Fig. 1. Fitted logoK values results the surface complex dependin
the degree of hydrolysis (x).

siduals are nearly identical (Tab. 1). Calculatihg sur-
face speciation with the simultaneously fitted,iggval-
ues for the degrees of hydrolysis x =0 and 1 eysare a
slightly better agreement with the experimentaliltssbut
the complex with x = 0 is a minor species with l&sasn
10%.

CONCLUSIONS. The sorption of U(VI) onto gibbsite
can be modelled using only one surface complexchwis
(=AI-0),UO,(OH)(H,0),). Although only a single sur-
face complex is used, the modeling results mattieb®
the experimental values than the results of caficuia
based on previously published surface complexagpian
rameters [1-4].

Batch sorption experiments of U(VI) onto gibbsitethe
presence of carbonate are necessary to obtain;gKlog
value for the trimeric bidentate surface complex
((EAI-0)»(U0O,),CO3(0H),(H,0)3-", x =0-3) also de-
tected in [5]. This would lead to a consistent aathplete
surface complex data set to describe the sorpfiai(\dl)
onto gibbsite.
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Effects of the background electrolyte on Th(IV) sor

ption behavior

M. Schmidt, S. Hellebrandt, K. E. Knope,' S. S. Lee,' R. E. Wilson," J. E. Stubbs,? P. J. Eng,’ L. Soderholm,*

P. Fenter"

Argonne National Laboratory, Argonne, IL, U.S.A.; *University of Chicago, Chicago, IL, U.S.A.

The adsorption of Th(IV) on the muscovite (001) bad
plane was studied by Resonant Anomalous X-ray Re-
flectivity (RAXR), Crystal Truncation Rods (CTR)

and a-spectrometry in the presence of LiCIQ and
NaClO, ([Th(IV)] =0.1 mM, 1 =0.1 M, pH = 3.3 £0.3).
RAXR data show strong influence of the background
electrolyte on the sorption behavior of the actinid.

We find no significant Th adsorption in 0.1 M NaCIQ,.
These results are in clear contrast to the behaviaof
Th in 0.1 M NaCl which showed a coverage of

0.4 Th/Ayc (area of the unit cell, Ac = 46.7A2)[1]. In
contrast, strong adsorption is found with 0.1 M LidO,
media (0(Th) = 4.9 Th/Ayc). These findings are con-
firmed independently by a-spectrometry, where no
measurable coverage of Th is observed from 0.1 M
NaClO, background, and a large coverage of

1.6 Th/Ayc for 0.1 M LiCIO 4, can be detected.
CTR/RAXR analyses of the Th distribution from

0.1 M LiCIO 4 suggests that this behavior is due to the
formation of Th nanoparticles.

We explore differences in the sorption behaviof loflV)
from NacCl [1] and LiCIQ, and NaClQ media. Sorption
was studied on the molecular level by surface Xy
fraction and was independently quantified by
a-spectrometry. For geochemical studies perchlwalts,
particularly sodium perchlorate NaClOare frequently
chosen, due to the perchlorate ion’s very weak diaar
tion strength with nearly all cations. However, aetre-
sults highlight that even minor changes in the bamind
electrolyte composition can drastically alter thaativity
of a mineral surface [2].

RESULTS. Solutions were prepared frofifTh stock so-
lutions by appropriate dilution with the respectivack-
ground electrolyte. Slight variations in pH valueside,
the background electrolyte cation {INa") is the only
difference between the samples.

Yet, the sorption behavior is vastly different.the case
of LiClO,4, strong RAXR modulations are observed which
can be fit with the structural model presented ig. E.
The structure consists of two peaks at ~4.1 A a2@l A,
respectively, indicating the coexistence of two Sdrp-
tion modes. The model is associated with a fairhals
uncertainty and reproduces the da@a<5.0, R = 4.1%).
The first peak is closer to the surface than thereed
outer sphere complex observed for Th-NaCl [1].okears
the range of adsorption heights typically occuplad
sorption complexes of hydrated and partly hydratet-
ons [3]. The second peak has a adsorption heighatge
to be explained by adsorption of hydrated cati&®ether,

it is similar to species observed after the intehafor-
mation of nanoparticles from a Pu solution [4].

In contrast, no discernible modulations are deb#etaf-
ter reaction in NaCIQ The background electrolyte com-
pletely suppresses the adsorption of thorium. Tdtel t
electron density obtained from CTR consists of layers
of adsorbed water and ions other than thorium,ymeas
bly mostly Nd. The electron density differs from that ob-

— Total electron density (CTR)
B Th" electron density (RAXR)
B Uncertainty in Th'Y ED
---Th-NaGl Th" ED [1]
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Fig. 1: Total electron density (ELprofile derived from CTR and TED
distribution derived from RAXR. ED is normalizedttwat of
bulk waterp(bulk water) = 0.33&A3, so that the normalized ED
of water is 1.00.

served in NaCl in the absence of Th(IV),[3] indingtan
effect of CIQ also on the adsorption of Na

The findings are supported bw-spectrometry. For
Th-NaClQ, no signal above background can be detected.
This result is constrained by the low specific étyi of
%32Th. In the case of Th-LiClQa-spectrometry finds a
thorium coverage di, = 1.6 Th/A,c. The lower coverage
compared to the RAXR result8ziaxr = 4.9 Th/A,c) must

be related to partial desorption of Th. Samples for
a-spectrometry were measurex sity after washing with
background electrolyte solution and deionized wakbe
same washing procedure was shown to partly remoe t
rium adsorbed from NaCl solution as well [1].

DISCUSSION. It is evident that the background electro-
lyte has a significant effect on the sorption bébtawof
thorium. Comparison of NaCl and NaGlGolutions
clearly shows the adverse effect of the perchloagien

in this reaction, which fully inhibits the sorptioaaction.

In LiCIO4, on the other hand, enhanced uptake is ob-
served relative to NaCl. Assuming the adverse wile
perchlorate persists in this system, the enhangtake
must be related to the presence of lithium, e.ga tgne-
ficial effect on the oligomerization of Th in salut, or
by increasing sorption of thorium, leading to théerfa-
cial formation of nanoparticles. The observed amitfact
cannot be explained by complexation, which is waak
NaCl and not existent in NaC}OFurther research will be
required to clarify whether the effects are inteefar so-
lution related.
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[2] Hofmann, S. et al. (20143eochim. Cosmochim. Actb25 528—
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Uptake of selenium by &-alumina

C. Franzen, N. Jordan

The sorption of Se(VI) and Se(IV) ontds-alumina
(Al,O3) was investigated at different temperatures and
ionic strengths. The sorption capacity of aluminad-
wards Se(VI) and Se(1V) is significantly lowered at
both higher temperatures and ionic strengths. How-
ever, the impact was more pronounced for Se(VI) at
higher ionic strength.

One major process controlling the mobility of s@lem, a
long-lived fission product found in nuclear waste the
adsorption onto minerals. In this context, it igortant to
understand to what extent this sorption is infleghpar-
ticularly by characteristic parameters as expettetdkep
underground. These parameters include inter ale th
presence of different background salts and temperat
For the investigation of the sorption processe#l,0s3
was chosen because it is omnipresent in the enveoh
and it represents a model oxide for more compleral
nosilicates.

EXPERIMENTAL. Batch experiments were conducted
at a solid-to-solution ratio of 0.5 gLand an initial Se
concentration of 1x I®mol L™ The suspensions were
equilibrated for 48 hours. All experiments were docted

in N, atmosphere. After centrifugation for two hours at
6,800xg, the remaining selenium concentration engh-
pernatant was determined by ICP-MS. For the baech e
periments, corrections for Hconcentrations due to the
high ionic strengths were done as already publi$hed

RESULTS. The effect of temperature and ionic strength
on the removal of selenium(lV) and selenium(VI) by
d—alumina is comparatively shown in Fig. 1. At eledh
temperature, the influence of the pH on the sonptid
Se(lV) and Se(VI) onté—alumina shows a similar gen-
eral tendency, that is, a decrease in the sorptitm in-
creasing pH. However, the sorption capacity of aham
towards Se(IV) and Se(VI) is significantly loweradth
increasing temperature. This is in agreement wité t
formerly observed decrease of Se(VI) and Se(IVpton
onto goethite [2] and alumina-Al,O3 andy-Al,05) [3],
respectively, with increasing temperature. Thesdiffigs
may significantly increase the mobility of these- Se
species and must be taken into account in futufetysa
assessments of nuclear waste repositories.

An increase of the ionic strength from 0.01 to INMCI
led to a significant decrease of Se(VI) sorptioar Ex-
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Fig. 1: Sorption edges of SIV) and Se(VI) ontd—aluminafor

ample, at pH 5 and at 0.01 M NaCl, 88% of Se(VIswa

sorbed, whereas at an ionic strength of 1 M, Se¢ditp-
tion completely vanished. The sorption of Se(IV)ton
alumina also showed an ionic strength dependenow-H
ever, the impact was not as high as for Se(VI).&@m-
ple at pH 5, 90% Se(IV) was sorbed at 0.01 M Nat@l a

42% Se(lV) was sorbed at 1 M NaCl. These results

demonstrate that the oxidation state of seleniussgen-
tial in terms of retention by minerals particulavijth re-

spect to ionic strengths which might become relevian
deep ground repository.
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T =298 Kand T = 333 K (upper panels; | = 0.1 My dor dif-
ferent ionic strengths in NaCl (lower panels; T98X);
[Selniiar = 1x10° mol L™, m/v = 0.5 g [*, 2 days of shaking.
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Effect of ionic strength on the adsorption of Th
fulvic acid

M. Poetsch, H. Lippold

The migration behavior of radionuclides in aquifer
systems is influenced by their interactions with roks
and colloid surfaces and by the solvent composi-
tion [1]. However, the influence of high ionic stragth
on reactions in this ternary system has not been aw-
ined so far. We investigated the adsorption of TH as
an analogue for trivalent actinides onto clay in an
agueous system with ionic strengths up to 4 M in #h
presence of fulvic acid.

EXPERIMENTAL. '°Tb (half-life 72.3d) was pro-
duced at the TRIGA Mark Il reactor at the Universif
Mainz, Germany. A stock solution of TM
[**°Tb]terbium in 0.1 M HCIQ was used for the experi-
ments. An Opalinus clay sample (BHE-241) from the
Mont Terri rock laboratory (Switzerland) preparesl &
suspension with a concentration of 4.879: [The fulvic
acid was obtained from the moBteiner Kranichseen
Carlsfeld (Germany) and purified by intermittenegipi-
tation and redissolution with HCI and NaOH.

For the adsorption experiments, variable amounts of
NaCl, CaC}, or MgCl, were added to the clay suspension.
The suspensions were adjusted to pH 5 using H®Is&u
quently, the *°Tb]terbium stock solution was added to
achieve a concentration of 0 Tb**. Fulvic acid was
dissolved in water (pH 5) and added to the claypsns
sion resulting in a concentration of 40 mg-L

After equilibrium was reached, the remainit?§Tb con-
centration in the supernatant was determined byngam
spectrometry.

RESULTS. First, the effect of high ionic strength on the
adsorption of TH onto clay was investigated (Fig. 1).
The data are presented as solid-liquid distributioeffi-
cient Ky [L-g]. With increasing ionic strength (up to
almost saturated solutions= 4 M for NaCl orl = 12 M
for CaCl and MgC}), Ky values strongly decrease from
about 0.75 L-¢ to 0.01 L-g* and O L-g" for MgCl, and
CacCl, respectively. Both bivalent cations show a strong
influence on the adsorption of Ybonto clay at higher
concentrations. Thé&; values for NaCl decrease from
0.75L-g" to 0.01 L-@". The percentage of adsorbed®Th
decreases from about 80% to 6%, 5% and 0% for NaCl,
CaCl and MgC}, respectively.

Figure 2 shows the impact of fulvic acid on theigon
strength-dependent adsorption of*Tlonto clay. In the
presence of fulvic acid, th€, values are higher compared
to the systems without fulvic acid. With increasiogic
strength, theKy values decrease from 1.49 [*gto
0.02 L-g* for CaC}, to 0.01L-g* for MgCl, and to
0.16 L-g* for NaCl. The percentage of adsorbed Tde-
creases from about 90% to 40% (NacCl), 8% (Ga&nhd
5% (MgClh).

CONCLUSIONS. In general, humic substances influence
the adsorption of radiometals onto clay minera]s &
high ionic strength, slightly increasd¢y values were
found in the presence of fulvic acid. We concludat ta
high ionic strength causes competition and shigldifr
fects and, thus, significantly suppresses adsartiorb*
onto clay.
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Fig. 1: Plot ofKq4 values as a function of ionic strength for differ
electrolytes & NaCl,m CaC}, e MgCl,).
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Fig. 2: Plot of K4 valuesin thepresence of fulvic ac (A NaCl,
m CaC}, e MgCl,).
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Speciation studies of uranyl(VI) using PARAFAC and luminescence spectroscopy
B. Drobot, R. Steudtner, J. Raff, G. Geipel, V. Brendler, S. Tsushima

This study of uranyl(VI) hydrolysis is an advanced 810 —Uuo,”
combination of theoretical and experimental methods S ——UO,0H"
Continuous wave luminescence spectroscopy data of 2 (UO.).(OH)"
. . c 05 2/3 5
uranyl(VI) hydrolysis were analyzed using parallel g \ \ (UO.).(OH)
factor analysis (PARAFAC). Distribution patterns of 3 oo QN L 2
five major species were thereby derived under a fed T . & s 1o 1p Uo:OH),

pH

uranyl concentration (10° M) over a wide pH range ] o ) ]
Fig. 1: Distribution of U(VI) hydrolysis species along the

from 2 to 11. UV (180 nm to 370 nm) excitation spec
tra were extracted for individual species. Thus eta-

tion in the UV region is extreme ligand sensitive rad 0.03 —uo,”
specific. —— UO,0H'

: . 8 (UO,),(OH);
EXPERIMENTAL. Sample preparation was carried out £ 0.024 f\ SO
in an inert gas glove box. Uranyl(VI) solutions (1M 2 o, (Uoz)a(oﬁ)v
U(VI) in 10°M NaClO,) were prepared directly before £ UO,(OH),
the experiment. Same solutions without uranyl(VBrev 3 0014
used as blank.
Continuous Wave Luminescence spectroscopy measure- / )
ments were performed on a fluorescence spectrafiner 000 T 5% =0 500

ter (QuantaMaster 40) equipped with a 75 W xenan ar
lamp. Wavelengths were chosen by motorized excitati

and emission monochromators with a bandwidth of 10
and 2 nm. Spectra were recorded by scanning emissio

Emissioin wavelength (nm)

Fig. 2: Emission spectra of 5 major spec

with 1 nm resolution at each excitation wavelengthis 0.08+ —uo,”
procedure was iterated for the entire excitatiorgeawith ——UO,0H"
5 nm resolution. An integration time of 1 s was s#m 0.06 f\ (UO,),(OH),
Sample temperature was fixed to 1 °C with a Peétler g ——(UO,),(OH),
ment. Data from CW spectroscopy were baseline cbrre 8 UO,(OH),
ed with the recorded blanks. $0.041
Data deconvolution was performed by PARAFAC as the  §
N-way [1] toolbox for Matlab software as previouslg- ~ 002
scribed [2].

/ N
RESULTS. PARAFAC was developed as a robust meth- 0.00="r8 %0 200 .
od to determine a unique set of explanatory factoas Excitation wavelength (nm)
describe the data. Fig. 3: Excitation spectra of 5 major spec

Data deconvolution with PARAFAC reveals five major
species of uranyl(VI) hydrolysis. The preliminarg-a Contrary to lifetime, the shape of excitation sped$ not
signment of the species is based on comparison with affected by those conditions. Furthermore, stradtin-

TRLFS experiments and literature (see [2] and ezfegs formation can be achieved from excitation usingrnjuan
therein). The species distribution (Fig. 1) is dstent chemistry [2].

with calculated speciation. Corresponding emisspec- Here, we demonstrate that strong overlapping bamds
tra are shown in Fig. 2. excitation spectra can be reliably deconvolutedgisnul-
Excitation wavelength was used as the third paranfet tiwvay methods like PARAFAC. The application of site

3D data deconvolution. Although differences in Ub-a sensitive excitation is thus very useful for urgwy) spe-
sorption between 380 and 450 nm are known, the com- ciation studies.

mon assumption is that the absorption below 380g1m
structureless and not specific. In this study weufoon [1] Anderson, C. A.. et al. (200@hemom. Intell. Lab. Sy&2, 1-4.
the UV range from 180 to 370 nm to verify this ikes [2] Drobot, B. et al. (2015¢hem. Scif, 964-972.

PARAFAC deconvolution provides individual excitatio

spectra of uranyl(VI) hydrolysis species. The eat@iin

maxima shift for more than 50 nm from 270 nm (aquo

ion) to 325 nm (37 complex). Site sensitive excitation is

thus demonstrated.

CONCLUSION. The luminescence of uranyl(VI) species
is influenced by experimental conditions. Paranseli&e
ionic strength and temperature not only affect gnan-
tum vyield but furthermore the lifetime. The samanyt
complex therefore shows different lifetimes undéfed
ent conditions.

HZDR | Institute of Resource Ecology | Annugpétt 2014 3E



How does uranium photochemically trigger DNA cleava

S. Tsushima, K. Fahmy

Uranyl(VI) binds to DNA through the phosphate
backbone and upon photoexcitation charge transfer
from DNA to uranium occurs. During this process
U(VI) gets reduced to U(V). The corresponding elec-
tron deficiency in the DNA is centred mainly on gua
nine but gets partly localized also on uranyl freghos-
phate which may represent a state that precedes DNA
strand breakage.

Photocleavage of DNA in the presence of uranium is
well-known phenomenon, yet the reaction mechangsm i
not fully elucidated. It is believed to occur thghuhydro-
gen atom abstraction from DNA by photoexcited ura-
nyl(V1). The “yI"—oxygen in the excited uranyl(Vi¥ in-
deed a strong hydrogen acceptor and it can oxlhzall
organic molecules such as methanol [1] and oxalid a
[2]. In the highest occupied molecular orbitals (#AOs)

of methanol and oxalic acid there is a large cbation
from the hydrogen 1s atomic orbitals (AOs) whicade

to the involvment of hydrogen atoms in HOMO-LUMO
transitions. On the other hand, the HOMOs of theugd
state DNA are mainly localized on phosphate groamus$
on the aromatic rings of the base pairs with lictatribu-
tion from hydrogen AOs. Thus, it is unlikely thatqio-
excited uranyl(Vl) can abstract hydrogen from DNA.
Consequently, we will focus here on the alternatige-
nario, i.e., direct charge transfer from DNA to ny#V1)

in the excited state of the uranyl(VI)-DNA adduct.

CALCULATIONS. DFT calculations were performed in
gas phase using Gaussian 09 program employing B3LYP
hybrid DFT method. The energy-consistent small-core
effective core potential and the corresponding dasit
were used for U. For H, C, N, O, and P, the 6-356id

set was used.

RESULTS. Three sets of base pairs (GC and two ATS)
linked by phosphate-deoxyribose di-ester backbores
used as a model of DNA (hereafter called “GC/AT/AT”
The structure of the uranyl(VI)-GC/AT/AT adduct whe
uranyl(VI) is bound through the phosphate groupleen
calculated at the B3LYP level. To be consistenhwpite-
vious findings uranyl-to-phosphate coordination vess
sumed to be unidentate. Figure 1 shows the Mullg@n
density o-p of the lowest-lying triplet state of the
U-GC/AT/AT adduct. In the lowest triplet state dfet
U-GC/ATI/AT, the electron deficiency is centered nigi
on guanine (G) and adenine (A). Surprisingly, etect
deficiency is observed partly also on two phosphate
groups sitting opposite of the uranyl binding pHue.
Upon photoexcitation there is electron transfenfidNA
to uranyl. It is known that oxidative DNA damagenasc-
cur through long-range electron transfer (up tdA373]).
Hence, the present result, in which long rangetedac
transfer is observed, is not surprising.

Half of the two unpaired electrons is localized wanyl
and the rest is distributed on guanine, adenind, feae
phosphate. The spin density of the J1@oiety is close to
1.00 and the unpaired electron on uranium is laedlion
the non-bonding U §for 5f, orbitals constituting a &f
electronic configuration. Therefore, one can reabbn
assume that the oxidation state of uranium is U\fe

36

ge?

Fig. 1: Structures and Mulliken spin denso—f of the lowes-lying
triplet states of U-GC/AT/AT adduct. Isovalue oé tburface is
0.0004 a.u.

GC/AT/AT part is oxidized with a loss of one elextr
The 