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Speciation of uranium in environmental relevant compartments* 

Gert Bernhard1 

Abstract 

In the past, the chemistry of uranium was focused on its 
mining and milling for production of high pure uranium 
compounds as initial matter of reactor fuel elements for 
energy production and breeding of plutonium for weapons 
production. In this sense, the recovery of uranium and plu
tonium from the used reactor fuel elements was also tech
nical realized. The increasing input into bio-sphere by ura
nium mining and milling and industrial processes like pro
duction of cement, fossil fuels, and fertilizers has led to 
the realization of the importance of environmental che
mistry of uranium. Starting from uranium content in geo
and bio-systems, about the chemical behavior - the speci
ation of uranium - is reported in selected environmental 
compartments like seepage water, bacteria, and plants. 
The results obtained by various spectroscopic methods 
show that the speciation of uranium is dominated in sur
face waters by uranyl carbonate complex in opposite to 
the speciation in bacteria and plants. In these compart
ments the speciation is dominated by binding of uranium 
on carboxylic and phosphorous containing functional 
groups. 

Key words: uranium, speciation, environment, water, bac
teria, plant 
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Zusammenfassung 

Speziation des Urans in umweltrelevanten Komparti-

menten 

In der Vergangenheit war die Chemie des Urans ausge
richtet auf die bergbauliche Gewinnung und auf die Her
stellung von hochreinen Uranverbindungen als Ausgangs
material zum Einsatz in Reaktoren zur Energieproduktion 
oder zur Erbrütung des waffenfähigen Plutoniums. Damit 
war auch die technische Realisierung der Rückgewinnung 
des Urans und Plutoniums aus den abgebrannten Brenn
elementen nach dem Einsatz im Reaktor innerhalb des 
Kernbrennstoffzyklus verbunden. Durch den  resultieren
den erhöhten Eintrag des Urans in die Biosphäre infolge 
der Förderung und Aufarbeitung des Urans, der Produk
tion von Baustoffen, Brennstoffen und Düngemitteln hat 
die Umweltchemie des Urans deutlich an Bedeutung ge
wonnen. Ausgehend von den Gehalten des Urans in aus
gewählten Geo- und Biosystemen wird über Forschungen 
berichtet, den chemischen Zustand - die Speziation des 
Urans - in umweltrelevanten Kompartimenten zu bestim
men. 
Die mittels verschiedener spektroskopischer Methoden 

erhaltenen Ergebnisse zeigen, dass die Speziation des 
Urans in Oberflächenwässern Uranylcarbonatkomplexe 
bestimmen, während in Biosystemen die Bindung an car
boxylische und phosphorenthaltende funktionelle Grup
pen dominiert. 

Schlüsselwörter: Uran, Speziation, Umwelt, Wasser, Bak
terien, Pflanzen 
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1 Introduction 

The intensive mining and milling of uranium have 
brought the uranium from the geo- to the bio-sphere and 
therefore to the living organisms in a higher amount as 
before. The reason of the increasing input of uranium in 
the environment was the use of uranium as fuel for nuclear 
power production, as basic material for nuclear weapon 
production including covering of missiles. But we have 
also to take into account the input of uranium by the huge 
production rate of industrial products like fertilizers, 
cement, drinking water, and the use of fossil fuels e.g. The 
content of uranium in one environmental compartment is 
in a relative wide range depending from the local condi
tions. As an example, the uranium concentration varied in 
phosphate fertilizer in a range from 50 to 200 mg/kg. The 
mean concentration of uranium in coal is relatively low. 
The high production rate and use of this material is the 
reason, why a coal based power station emits in summary 
more uranium than a nuclear power station under compa
rable energy output. Therefore the input of uranium into 
environment, coming from industrial products cannot be 
neglected. 
In summary, worldwide about 1,000,000 tons of urani

um were produced by mining in the past. The current out
put is about 35,000 tons uranium per year. In the past the 
research efforts in uranium chemistry were focused on the 
effective production of very pure uranium compounds in a 
technical large scale as reactor fuel material. In the last 
two, three decades more research potential was focused on 
the environmental chemistry of uranium. The dominating 
pathway of uranium migration is the aqueous phase. Ura
nium can be transported in solved or colloidal form. The 
direct transport of uranium in the gas phase is negligible 
but some of its radioactive natural decay products were 
transported gaseous or as aerosols. Consequences of the 
enrichment of uranium in the bio-sphere are an increasing 
probability of influencing the health of organisms by 
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Fig. 1:

Uranium speciation and food chain


heavy metal toxicity and internal exposure through inhala
tion, ingestion, or subcutaneous penetration. The main 
pathway is the uptake of uranium via the food chain. For 
a better assessment of uranium transfer from geo-to bio
system and accumulation and distribution in the bio-sys-
tems knowledge about the chemical behavior of uranium 
is needed in the different compartments (Figure 1). Up to 
now unspecific transfer factors are used for assessment of 
these transport processes. For describing the transfer 
process we have to take into account the transformation of 
chemical speciation along this pathway. Examples of 
strong efforts to meet the goal of determination of urani
um speciation will be given. The presented results are 
focused on research work done at the Institute of Radio
chemistry (IRC), Forschungszentrum Rossendorf/Dres-
den (FZR). 

2 Content of uranium in environmental compartments 

Many data are available about the content of uranium in 
various environmental relevant compartments. In most 
cases the uranium content was determined by ICP-MS or 
measurement of radioactivity. The exact knowledge of 
uranium quantity is a prerequisite for calculation and 
spectroscopic determination of chemical speciation. To 
assess the high demands on spectroscopic methods for 
determination of uranium speciation, information are 
needed about uranium background values in the environ
ment. 
Uranium is present in the earth’s crust in a concentration 

of about 2.7 mg/kg (Enghag, 2004). The most abundant 
mineral is uraninite UO2+x. Uranium contents in soils, 
rocks, waters, air and bio-systems are quite different in 
dependence on local conditions. The contents of uranium 
in some relevant compartments, found in the literature, are 
summarized in Table 1. The selection of data is not so easy 
because in some cases no information were available 
about the detailed analytical procedure starting with sam
pling, conditions of storage, and informative description 
of the analytical method, inclusively statistics and error 
bars of results. It is remarkable, that normally in geo-sys-
tems the content is higher than in bio-systems. We found 
a lowering of specific uranium content during the transfer 
to organisms. Nevertheless, uranium can be accumulated 
in living organisms and with time it could be possible that 
the continuous increasing intake of uranium in the envi
ronment will lead to an increase of mean uranium content 
in organisms. It is well-known that uranium can deposit in 
the skeleton and kidney of human. Like in other cases (see 
other actinides) the relevance and ratio of chemo-toxicity 
and radiotoxicity is not well understood on a molecular 
level at present. For a better understanding and prediction 
of uranium transfer from geo- to bio-system and the trans
port in the different systems knowledge about chemical 
speciation is essential. 
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Table 1: 

Uranium content in environmental samples


Compartment Uranium content 

Range of data Selected value 
compiled from 

Earth`s crust 2.2 mg/kg - 4.0 mg/kg 2.7 mg/kg Enghag, 2004 
Granitic rocks 3.0 mg/kg - 4.02 mg/kg 3.0 mg/kg Evans et al., 1941 
Clay 2.7 mg/kg - 5.0 mg/kg 3.1 mg/kg Evans et al., 1941 
Soils 0.5 mg/kg - 5.0 mg/kg 1.8 mg/kg Evans et al., 1941 
Phosphate fertilizer 50 mg/kg - 200 mg/kg 150 mg/kg Spallding et al., 1972 
Coal 1.0 mg/kg - 1,000 mg/kg 7.6 mg/kg 
Ocean water 2.5 µg/L 
Mineral waters 1.92 µg/L Sparovek et al., 2001 
Drinking waters 2.55 µg/L 
Air 0.02 ng/m3- 0.1 ng/m3 0.076 ng/m3 Fisenne et al., 1987 
Fresh milk 0.15 ng/g Galleti et al., 2003 
Bread 2.44 ng/g Galleti et al., 2003 
Meat 1.23 ng/g Galetti et al., 2003 
Fruit 0.21 ng/g Galleti et al., 2003 
Human body (total) 20 µg - 90 µg 40 µg Igarashi et al., 1987 
Daily dietary intake 0.1 - 15.3 µg/d 1.3 µg/d Fisenne et al., 1987 

different publications  

Hoffmann, 1945 
1.15 µg/L - 3.5 µg/L Stewart et al., 1954 
<2 ng/L - 188.8 µg/L 
<1 ng/L - 73 µg/L U.S., E. P. Agency, 1991 

3 Chemical speciation and methods 

The speciation describes the chemical state of elements 
in solutions, solids (colloids), and gases (aerosols). The 
distribution, mobility and biological availability of che
mical elements depend not simply on their concentration 
or content. It is necessary to know and to characterize the 
chemical behavior of complexes of the relevant element 
formed under the identical chemical-physical conditions. 
Changes in the conditions can strongly influence the 
chemical speciation. Important controlling factors of spe
ciation are the pH value, redox potential, ionic strength, 
availability of inorganic and organic ligands, solubility 
product, formation of colloids, presence of microorgan
isms, kinds of interfaces during the interaction process of 
solved and sorbed complexes. 

(Grenthe et al., 1992). The accuracy of the calculations is 
determined by the proofed quality of the used data base. 
There is a great lack of data, especially considering the 
complexation of uranium with biological relevant ligands 
and many of the proposed species are derived as a result 
of data fitting with no other independent experimental 
verification such as spectroscopy. 
As an example in Figure 2 the calculated uranium spe

ciation is shown in dependence on pH under inert gas 
atmosphere. At low pH-values the free uranyl cation 
dominates, at high pH various hydroxyl complexes affects 
the speciation. 
Sutton (Sutton et al., 2004) calculated the uranium spe

ciation in different simulated human biological fluids. 
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There are indirect and direct speciation methods. Indi
rect methods observe a chemical reaction and deduce 
from the behavior the oxidation state. Solvent extraction,

ion-exchange methods, co-precipitation and adsorption

reactions are examples for this method. Direct methods

like UV-vis-spectroscopy, different laser spectroscopic

techniques, nuclear resonance spectroscopy, X-ray

absorption spectroscopy with synchrotron radiation e.g.

are non-intrusive and therefore do not change the chemi-
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A chemical thermo-dynamical speciation code, connect
ed with an extensive data base can be helpful to model and 
understand the chemistry of uranium in different environ
mental relevant compartments. Uranium speciation in 

0 

2 4 6 8 10 12 

pH 

Fig. 2:
aquatic environment can be calculated with the speciation Uranium speciation in dependence on pH (inert gas atmosphere, 0.1 M 
software EQ3/6 (Wolery, 1992) using the NEA data base in NaClO4, Uconc. 1.0x10

-4 mol/L) 
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The results show uranium binding on carbonato or 
hydroxo complexes in most of the fluids at relevant pH. In 
simulated intracellular fluid, the major uranium species is 
UO2(HPO4)2

2-. But the calculated results were not vali
dated by spectroscopic measurements so far. To complete 
the data base with environmental relevant complexation 
data of uranium further efforts are needed. In the presen
ted study direct speciation methods, like time-resolved 
laser-induced fluorescence spectroscopy (TRLFS) and X
ray absorption spectroscopy (XAS) were used for urani
um speciation determination. In addition, inductively cou
pled plasma-mass spectrometry (ICP-MS) and atom 
absorption spectroscopy (AAS) were used to determine 
the elemental content of solid and liquid samples. Anion 
concentration in solutions was determined by ion-chro-
matography.    

3.1 Laser spectroscopic measurement 

The speciation in complicated natural systems has to be 
proofed by non-invasive spectroscopic techniques. The 
time-resolved laser-induced fluorescence spectroscopy 
(TRLFS) is a powerful tool for uranium speciation deter
mination. Therefore the presented results will methodical
ly focused on this technique. We can use this technique for 
both aqueous and solid samples. Lowest uranium concen
tration for direct speciation detection by this method is 
about 10-6 mol U/L. Features of the fluorescence spectra 
and the fluorescence lifetime give us information about 
complexation of uranium and number of species. A pulsed 
Nd-YAG laser system (Spectron Laser Systems, SL 400 
Series, Rugby, England) was used as a light source. The 
fluorescence of the uranyl complexes was excited with a 
266 nm beam of 0.2 - 0.5 mJ pulse energy. The TRLFS 
spectra were measured from 408.3 nm to 634.5 nm. The 
emitted fluorescence light from the sample was focused 
by fiber optics into a spectrograph. The fluorescence sig
nal was measured with a gated intensified diode array 
(M1492, EG&G, Princeton, NJ, USA). The gate width 
was set to 2 µs and the fluorescence was recorded with 
delay times ranging from 10 ns up to 80 µs after applica
tion of the laser pulse. Each sample was measured three 
times on every delay time. One hundred laser pulses were 
collected for each spectrum. All functions of the laser 
spectrometer are computer controlled. A detailed descrip
tion of the equipment and data analysis is given elsewhere 
(Geipel et al., 1996). 

3.2 X-ray absorption spectroscopy 

Extended X-ray absorption fine structure (EXAFS) is an 
available method for the determination of molecular-level 
structural information of chemical species formed by me-
tals in various chemical environments. For liquids or 
solids the radial distances, coordination numbers and the 

type of the atoms, which surround the central atom in the 
near neighbourhood, can be determined. Lowest concen
tration needed for direct determination of uranium coordi
nation is about 10-4 mol U/L. Presented data were record
ed at the Rossendorf Beam Line (ROBL) at the European 
Synchrotron Radiation Facility (ESRF) in Grenoble, 
France. The U LIII-edge or ULII-edge X-ray fluorescence 
spectra of the samples were measured with a 4-pixel-ger-
manium solid-state detector using a water-cooled Si(111) 
double-crystal monochromator (Reich et al., 2000). Two 
Pt coated mirrors were used to reject higher harmonics. 
The maximum electron beam current was 200 mA. The 
energy scale of the spectra was calibrated using the maxi
mum of the first derivative of the absorption spectra of the 
samples. The first inflection point of the spectrum was set 
to the tabulated energy of the U LIII-edge (17 166 eV). The 
threshold energy for the U LIII-edge was arbitrarily 
defined as 17 185 eV. The EXAFS spectra were analysed 
according to standard procedures including statistical 
weighting of the four fluorescence channels and their 
dead-time correction using the suite of programs EXAFS
PAK (George et al., 1995). The theoretical scattering 
phases and amplitudes were calculated with the scattering 
code FEFF8 (Ankudinov et al., 1998). 

4 Determination of uranium speciation in environmen-

tal compartments 

It was the goal of this study to experimentally determine 
uranium speciation in different compartments to detect 
possible differences and limitations of spectroscopic tech
nique. 

4.1 Speciation in mining related water 

Between 1945 and 1990, WISMUT, the former East-
German-Soviet mining company, mined about 230,000 
tons of uranium metal in eastern Germany. This intensive 
mining and milling has created numerous mine tailing 
piles, mine shafts, and mill tailings. Seepage waters of 
mine and mill tailing piles are contaminated by uranium 
and its decay products. Weathering of the rock materials 
(metamorphic rocks like phyllites, fruit schists, silicis 
schists, granites) is the reason for the release of radionu
clides. Knowledge of uranium speciation in these waters 
is essential for predicting migration and installing effec
tive water purification technology. The concentration of 
major ions of the investigated seepage water, coming from 
the rockpile No. 66 in Schlema (Saxony), is summarized 
in Table 2. The uranium content of this seepage water is 
2.6 mg U/L at a relatively high pH of 8.1. Regarding its 
mineral content, this rockpile is representative for the 
other piles in this region. The high contents of sulfate, car
bonate, and alkaline earth ions indicate an ongoing weath
ering process. After filtration of the samples through a 
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1 nm cellulose acetate filter more than 98 weight percent
of the initial uranium remained in the filtrate. Because the
filtered samples solutions were clear and appeared homo-
geneous and did not show any precipitate, we assumed
that they are not supersaturated with minerals. According
to the quantitative composition of this seepage water, the
distribution of U(VI) species was calculated  with the spe-
ciation modeling software EQ 3/6 (Wolery, 1992) using

NEA database (Grenthe et al., 1992). We included in the
speciation calculations the determined calcium uranyl car-
bonate complex Ca2UO2(CO3)3 (aq.) (Bernhard et al.,
1996, 2001). The uranium speciation was computed
assuming that the supersaturation would not lead to pre-
cipitation of any mineral. The modeling results are shown
in Figure 3. In the natural pH range, the calcium uranyl
carbonate complex is the main species in the mine water
of the Schlema region. To validate the thermodynamic
calculations, this seepage water was measured by TRLFS.
Uranium speciation can be detected by the characteristic
lifetimes and the fluorescence wavelength of the formed
complex. The TRLFS spectrum is depicted in Figure 4. A
very short lifetime component is present in this water
which indicates the possible presence of organic material.
By comparing the fluorescence bands and the lifetimes of
seepage water from Schlema with the data for the aqueous
calcium uranyl carbonate complex and the solid natural
mineral liebigite Ca2UO2(CO3)3 x10 H2O, all listed in
Table 3, we conclude that this is also the main species in
these waters. The differences of the lifetime in the mine
water, compared to the model solution, is possibly due to
the different  fluorescence quenching of additional ions in
original solution. In general the fluorescence lifetimes of
solid compound are higher as in solution. Under ambient
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TRLFS spectra of original seepage water 
(rockpile No. 66, Schlema, Saxony)

Component Concentration 
in mmol/L

Mg 16.46
Si 0.064
Ca 11.45
U 0.011
Na 0.572
K 0.465
As 0.012
CO3

2- 1.933
Cl- 0.121
NO3

- 0.026
SO4

2- 25.5
pH 8.14

Table 2:
Characterization of the seepage water (rock pile No. 66, Schlema, 
Saxony)

Sample Main fluorescence bands (nm) Lifetime (ns) ± 3σ

Seepage water 464, 484, 503, 524 64±17
Ca2UO2(CO3)3 dissolved 465, 484, 504, 526 43±12
Ca2UO2(CO3)3x10 H2O 466, 483, 503, 524 270,000±3000
(natural mineral, solid)
UO2(CO3)3

4- no uranium fluorescence under ambient conditions

Table 3:
Fluorescence spectroscopic data of solutions and solid samples of calcium uranyl carbonate
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temperature the uranyl carbonate complex shows no fluo
rescence. This complex dominates the uranium speciation 
in similar waters in absence of calcium ions. The compar
ison of structural data recorded by XAS measurements of 
original solutions, model seepage water and solid mineral 
liebigite (Bernhard et al., 2001) supports the formation of 
this calcium uranyl carbonate complex in the original 
samples. 

4.2 Speciation in plants (Lupine) 

Detailed knowledge about the nature of uranium com
plexes formed after uptake by plants is an essential pre
requisite to describe the migration behavior in the envi
ronment. However, there are little data available on how 
different uranium species are taken up by plants. The 
overall process of uptake of heavy elements into plant tis
sues from contaminated soils is quantified using the soil-
to-plant transfer factor. Depending on the kind of plants 
and the conditions, uranium transfer factors range from 
1.0x10-3 to 7.2x10-5 (Frindik, 1986). 
Before (Günther et al., 2003), no data are published so 

cence intensity than free uranyl(VI) ion. Figure 6 shows 
the fluorescence emission spectra of U(VI) complexes in 
fresh lupine samples from the root, shoot axis and leaf. 
This is the evidence that uranium remained in oxidation 
state (VI) after uptake. In respect to the low uranium con
centration, only the main emission lines of the uranyl 
species in the plant samples are detectable. The lines 
showed strong bathochrome shift when compared to the 
spectral lines of the uranyl in the initial hydroponic solu
tion. That means the uranium speciation in the initial solu
tion and inside the plant is different. The lifetimes of the 
detected uranium species cannot be directly compared due 
to the different solvation (number of water molecules)  in 
solid and liquid samples. The difference in the main emis
sion bands of root, shoot, and leaf is no significant. It 
seems that the uranium speciation is independent of plant 
compartment. A difference between roots and shoot/leaf is 
detectable if uranium is offered to plant in higher concen
trations. The main fluorescence emission bands of the 
lupine samples are almost identical to the wavelength 
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far on uranium speciation in plants as determined by fluo
rescence and X-ray spectroscopy measurements. The 
uptake and translocation of uranium into plants depends 
on chemical species available to plant. However, knowing 
of the available species does not allow conclusions on the 
speciation inside the plant. The goal was to determine by 
spectroscopic methods whether or not the uranium speci

ation changes after uptake into plant in comparison with 
the initial speciation in pore water or hydroponic solution. 
Lupine plants (Lupinus angustifolius) were grown for 
about three month in an agricultural test field or in labo
ratory in naturally or artificially uranium-contaminated 
soils (0.1-1g/kg soil). The resulting concentration in the 
pore water was 1.8x10-4 M at 1 g U/kg. The lupine plants 
grown in uncontaminated soil were transferred to hydro
ponic (initial) solutions of different composition and pH 
value. The plants were contacted for up to 14 days with 
the adjusted solutions. After harvesting, the samples were 
intensively washed, separated into roots, shoot axis and 
leaves, and cut into small pieces. The samples were meas
ured fresh or dried at 30 oC. As an example the results will 
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be presented with an initial hydroponic solution of a ura

nium concentration of 2.5x10-2 M at pH 3.0. The back
ground composition of the hydroponic solution was simi

lar to that of drinking water. The uranium speciation is
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2.6 % UO2SO4 aq.). The TRLFS spectra belonging to this 
solution is depicted in Figure 5. The measured main emis
sion bands are at 483, 496, 518, 542, and 565 nm (see 
Table 4). These emission lines are characteristic for uranyl 
hydrolysis species. These emission lines are superimposed 
to the lines of free uranyl ions and have higher fluores
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Table 4:

Uranium fluorescence spectroscopic data of initial solution, lupine samples and model complexes


Sample Main fluorescence bands (nm) 

initial solution 483, 496, 518, 542, 565 
(Uconc. 2.5x10

-2 M, pH 3.0) 
root 502, 522, 544, 572 
shoot axis 502, 524, 547, 572 
leaf 502, 530, 547 
UO2(C3H7O3PO3) 497, 518, 543, 569, 599 Koban et al., 2004 
Ca(UO2)2(PO4)2x10H2O 489, 504, 524, 548, 574, 602 Geipel et al., 2000 
(UO2)x(PO4)y 488, 503, 524, 547, 572, 601 Brendler et al., 1996 

Fig. 7: 
ULIII-edge k3-weighted EXAFS spectra (left) and their corresponding 
Fourier transforms (FT) (right) of one shoot sample 
(initial Uconc. 2.5 x10

-2) 

obtained for liquid or solid uranyl phosphate complexes 
(see Table 4). The difference between the fluorescence 
maxima of the relevant model compounds and the urani
um complexes in lupine plants is most likely due to the 
fact that the binding in the biological system occurs 
through organophosphate groups. At this time, in depen
dence on the offered uranium concentration a mixture of 
organic and inorganic phosphates cannot be precluded. 
To get more information about the structure of the 

formed complexes EXAFS spectra were recorded. As one 
example the raw ULIII-edge k3-weighted EXAFS spectra 
and their corresponding Fourier transforms (FT) are 
shown in Figure 7. Four peaks are visible in the FT. The 
first and the second peak correspond to the scattering con
tribution of the two axial oxygen atoms(Oax(1,2)) of the 
uranium (VI) ion and the scattering contribution of the 
equatorial oxygen atoms (Oeq(1)), respectively. The scat
tering contributions of Oax and Oeq(1) can be considered as 
the major component of the EXAFS amplitude. The con
tribution of the third and fourth peak can be considered as 
minor component. Therefore the EXAFS spectra were 
analyzed using the difference technique (Günther et al., 
2003). Table 5 summarizes the structural parameters of 
uranium coordination in lupines at an initial concentration 

Table 5:

EXAFS structural parameters of uranium coordination in lupines 

(selected sample: Hydroponics, Uconc. 2.5 x10

-2 M, pH 3.0)


Sample U-Oax U-Oeq(1) U-Oeq(2) U-P 

root 1.78 2.37 2.86 -
shoot axis 1.78 2.32 2.86 3.60 
leaf 1.78 2.31 2.87 3.64 

of 2.5 x10-2 M U. For all samples the bond distance 
between uranium and the two Oax atoms is 1.76-1.79 
±0.002 Å. This confirms the conclusion from the TRLFS 
measurements that the uranium in the plant samples is a 
uranyl species. The distance between uranium and the 
equatorial oxygen atoms is sensitive to the chemical struc
ture of the coordinating ligand. Except for root sample (at 
relatively high initial uranium concentration), all other 
samples show relatively short radial U-Oeq(1) distances. 
Radial distances of about 2.30 Å indicate that the domi
nating uranyl species in the plant has a four- and/or five
fold Oeq(1) coordination. Four monodentate phosphate 
groups coordinate each U(VI) ion. Except for this root 
sample (high initial uranium concentration), all other 
investigated samples (not shown here) show interaction 
between U (VI) and phosphorus. For this root sample, 
monodentate coordination of U(VI) with carboxylate 
groups is dominating. A typical radial U-Oeq(1) distance 
between U(VI) and a monodentate carboxylate oxygen is 
2.39±0.005. The structural parameters of the uranium 
complex formed in the lupine plants are relatively inde
pendent of the uranium speciation in the initial hydropo
nic solution or soil pore water. 

4.3 Speciation in bacteria (Bacillus sphaericus)

Bacteria in soil, sediment, and water have a significant 
influence on the transport of heavy metals in nature, there
fore knowledge is needed about the interaction processes 
between bacteria and metals. Bacteria can interact in a dif
ferent way, like sorption, accumulation, precipitation, or 
bio-reduction. These fundamental processes can also used 
for bio-remediation of contaminated sites by bacteria. The 
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TRLFS spectra of initial solution and samples of B. sphaericus 
(initial Uconc. 1.0x10

-4 M, pH 4.8) 

determination of bacterial diversity is an essential predic
tion to assess the influence of bacteria on heavy metal 
migration and distribution in a contaminated environmen
tal compartment. Certain bacterial strains can bio-accu-
mulate relatively large amounts of uranium which can be 
transported and released elsewhere in the environment. 
Depending on the structure of the cell wall (Gram-posi-
tive, Gram-negative) and the definitive living mechanism 
in dependence on the surrounding physical, chemical, and 
biological conditions, bacteria can produce a wide variety 
of complexing agents which contain a numerous function
al groups, like carboxyl, phosphoryl, and amino groups. In 
respect to the complex stability under the given condi
tions, metals can bind to these groups. As an example, on 
the basis of the work, done in IRC (Panak et al., 1999; 
Hennig et al., 2001), the results concerning the determina
tion of uranium speciation will be summarized. The genus 
Bacillus consists of more than 70 species of Gram-posi-
tive, aerobic or facultatively anaerobic spore-forming rod
shaped bacteria (Slepecky et al., 1991). Bacilli were found 
in a large variety of environmental habitats. Various Bacil
lus strains (B. cereus, B. sphaericus and B. megaterium) 
were isolated from a former uranium mining waste pile 
(Haberlandhalde, near Johanngeorgenstadt in Saxony, 
Germany) (Selenska-Pobell et al., 1999). The selected 
results are related to the interaction of vegetative cells of 
Bacillus sphaericus with uranium. The bacterial strain 
was grown under vigorous aeration in 300 mL nutrient 
medium (8g/L nutrient broth, Difco Laboratories, Augs-
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burg, Germany) at 30 oC. The vegetative cells were har
vested after 48 h. The biomass was separated from the 
growth medium by centrifugation and washed with phy
siological NaCl-solution. For biosorption studies, the cells 
(0.97±0.28 g dry weight/L) were contacted with 1.5 mL 
NaCl-solution containing U(VI) in a range of 11 to 214 
mg/L for two days. Before spectroscopic measurements, 
the biomass was washed with 0.15 M NaClO4-solution to 
remove Cl-ions which strongly quenches the uranyl fluo
rescence. The sorption experiments have shown that 
Bacilli can accumulate large amounts of uranium. The 
uranium was taken up in the examined concentration 
range (11 to 214 mg U/L) almost linearly with increasing 
initial uranium concentration. Vegetative cells of Bacillus 
sphaericus, coming from the Haberlandhalde, accumulate 
about 150 mg U/g dry weight at an initial concentration of 
200 mg U(VI)/L. To obtain information about the binding 
strength of the bacterial U(VI)-complexes, the uranium 
containing biomass was extracted with 0.01 M EDTA/ 
TRIS solution. About 70 % of the sorbed uranium on the 
biomass was released. The extraction studies have shown 
that the uranium is only partly released by multiple wash
ing with NaClO4 solution and almost quantitatively 
released by multiple extractions by EDTA. These results 
indicate that uranium forms surface complexes with func
tional groups of the bacterial cell wall. Under experimen
tal conditions uranium is not transported into the cells. 
TRLFS and EXAFS were used to characterize the uranyl 
complexes formed with the biomass. In combination of 
the methods important information can be obtained about 
the coordination sphere of the uranium complexes. Figure 
8 shows the emission spectra of the bacterial U(VI)- com
plexes of the B. sphaericus. In comparison to the spectra 
of the uranyl reference solution at pH 4.8 a strong 

Table 6: 
Uranium fluorescence spectroscopic data of initial solution, and vegeta
tive cells of Bacillus sphaericus 
(initial solution, Uconc. 1.0 x10

-4 M, pH 4.8) 

Sample Main fluorescence 
bands (nm) 

initial solution 488, 510, 533, 560 
B. sphaericus 501, 524, 545, 569 
(isolate Haberlandhalde) 
B. sphaericus, 9602 502, 524, 546, 571 

EXAFS structural parameters of uranium coordination in vegetative cells of Bacillus sphaericus (initial solution, Uconc. 

Sample U-Oax U-Oeq(1) U-Oeq(2) U-P 

B. sphaericus 1.76 2.26 2.41 3.59 Merroun et al., 2005 
(isolate Haberlandhalde) 1.79 2.28 - 3.63 Hennig et al., 2001 

B. sphaericus, 9602 1.79 2.28 - 3.61 Hennig et al., 2001 

1.0 x10-4 M, pH 5.0) 
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The secondary polymers often include teichoic and 
teichuronic acids which contain phosphate and carboxy
late residues, respectively. In all experiments it has to pay 
attention on the changing of living mechanism, like 
expression of phosphate as a shelter from heavy metals 
intake, ratio of living and death cells, formation of spores 
e.g. in dependence on the used physical-chemical para
meters. 

5 Conclusion 

Knowledge of the chemical speciation of heavy ele
ments, like uranium in the different compartments along 
the pathway soil/water/plant/animal to human is essential 

ULII-edge k3-weighted EXAFS spectra (left) and their corresponding 
Fourier transforms (FT) (right) of B. sphaericus samples 
(initial Uconc. 1.0x10

-4 M, pH 5.0) 
a: B. sphaericus isolate Haberlandhalde (JG-A 12) 
b: B. sphaericus 9602 

bathochrome shift of the fluorescence bands is detectable. 
The shape of the spectra and the resolution of the vibra
tional levels are different from those of the reference solu
tion (monohydroxo-U(VI)-complex dominating). The 
spectroscopic data are given in Table 6. The occurrence of 
fluorescence light gives evidence that uranium remains in 
oxidation state +6 after interactions. XANES studies 
(Hennig et al., 2001) confirmed this result. Uranium LII
edges EXAFS spectra of the species formed in the Bacil
lus sphaericus strains and their corresponding Fourier 
transforms (FT) are shown in Figure 9. The FTs represent 
radial distribution functions of the atoms surrounding the 
uranium atom. The results are listed in Table 7. In the 
vegetative cells the uranium is coordinated by Oax at a dis
tance of 1.79. The distance between uranium and the 
equatorial oxygen atoms Oeq is 2.28. Merroun (Merroun 
et al., 2003) differentiates two equatorial oxygen shells 
Oeq1 with a distance of 2.26 Å and a further shell Oeq2
with a distance of 2.41 Å. The found distance of 2.41 Å 
implicates additional uranium binding to carboxyl groups. 
Both authors show that a further peak in the EXAFS spec
tra, which is weaker in intensity, is a scattering contribu
tion from phosphorus at a distance of 3.61-3.63 Å. Bond 
length values were compared to those of uranium (VI) 
reference compounds. Good agreement (see Table 5) was 
found with structure parameters of inorganic uranyl phos
phates. For a better comparison further EXAFS measure
ments of model uranium complexes are needed. 
In summary TRLFS-studies in conjunction with 

EXAFS-measurements have shown that the formed 
dominating uranium complexes have inner sphere coordi
nation with the phosphate groups of the cell wall. A minor 
binding on carboxyl groups can not be excluded. The cell 
walls of Bacilli consist of secondary polymers in addition 
to the predominant cell wall component peptidoglycan. 

for a realistic assessment of the risk to humans by these 
environmental pollutants. Data about speciation of heavy 
elements, especially actinides in bio-systems are very 
poor. Modern spectroscopic techniques can be helpful to 
overcome the problem. Coming from speciation determi
nation in geo-system (here: polluted surface water) first 
spectroscopic results were presented for spectroscopic 
determination of uranium speciation in bio-systems 
(lupine, Bacilli). Concerning to the different used initial 
uranium concentration for spectroscopy, it has to pay high 
attention to the change of living mechanism of the bio
systems (stress situation or normal living process). Pre
sented spectroscopic results showed that uranium is 
dominating bound to either inorganic and/or organic phos
phate groups inside the investigated biological systems. In 
the performed bio-systems the uranium remains in oxida
tion state +6 after uptakes. It is well-known that uranium 
can reduced by reducing bacteria, like Desulfovibrio 
strains. Further studies are in progress to identify uranium 
complexes in bio-systems. The results of these studies 
also provide new information for a better understanding of 
the phytoremediation and bacterial remediation processes 
as possible techniques for restoration of uranium contam
inated sites coming from former uranium mining and 
milling. 
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