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We have made further progress in achieving the Institute's goal of contributing to an improved understanding of 
radionuclide transport in the environment through basic and applied research. We are describing the radionuclide 
interactions in ground and surface waters on a molecular level by closely combining laboratory and field experi- 
ments with modeling. Our interests focus on the interactions of radionuclides on interfaces between the aqueous 
phase and geological materials such as rocks, soil, and minerals, and on the effect of these interactions on 
radionuclide transport. We are studying in particular speciation in solution, Sorption on geological material, 
microbial interaction, and the formation and distribution of colloids. 

We are very happy and proud to report two major achievements of the Institute. First, the Rossendorf Beam Line 
(ROBL) at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France, was officially opened in June 
1998 and is now fully operational. ROBL EXAFS measurements with uranium, neptunium and technetium 
confirmed the beamline's superb performance. A collaboration at ROBL was successfully initiated with the Paul 
Scherrer lnstitute (PSI), Switzerland. And second, the Radiochemical Laboratory Building at Rossendorf was 
commissioined. Major parts of the lnstitute have moved to the new laboratories where neptunium was already 
successfully handled in the glove boxes. 

We accomplished many new scientific results including the synthesis of C-14-labeled humic acid with a specific 
radioactivity that is high enough to enable radiometric studies of these substances at environmentally relevant 
concentration levels. Two different kinds of colloidal humic acid particles were identified by atomic force micros- 
copy arid photocorrelation spectroscopy that are in accordance with the random coil model. The influence of 
phenolic h~ydroxyl groups in humic acids on the complexation of Uwl) was studied for the first time by using 
designed humic acids with chemically blocked phenolic hydroxyl groups. The laser-induced photoacoustic 
spectrosco,py is now fully established and was successfully used to show that a reduction of U(VI) to U(IV) occurs 
in the environment under certain conditions. 

The Institute organized three large conferences in the past year. The Vortragstagung der Fachgruppe Nuklear- 
chemie in der Gesellschaft Deutscher Chemiker (GDCh) (conference of the Nuclear Chemistry Section of the 
German Chemical Society) was held at the Technische Universität Dresden in September, followed by the 
Euroconference and NEA Workshop on Speciation, Technliques, and Facilities for Radioactive Materials at 
Synchrotron Light Sources at Grenoble, France, in October and the Euroconference on Bacterial-MetalIRadio- 
nuclide Interaction: Basic Research and Bioremediation in December in Rossendorf. The conference of the 
German Chemical Society is held every four years and both Euroconferences will be organized again by the 
lnstitute in Wo years. 

This past year has also brought some changes to the lnstitute. Professor Nitsche has pursued a call from the 
Univemity of Califomia at Berkeley and the Lawrence Berkeley National Laboratory. Beginning November 1, 1998, 
Dr. Bemhard has assumed the role of Acting Director of the Institute. Professor Nitsche would like to take this 
opportunity to express his gratitude to all members of the lnstitute for their excellent work and dedication that made 
it possible, in just five years, to establish the Institute as an international player in the field of nuclear and environ- 
mental chemistry. He also would like to wish Dr. Bernhard and the members of the Institute the very best of luck 
for the future and he hopes to maintain close ties in form of many future collaborations. 

Dr. Bemhard would like to take the opportunity to thank Professor Nitsche on behalf of all members of the Institute 
for his excellent and successful scieniific work here in Rossendorf. Under his leadership the lnstitute has made 
significant progress in achieving ccientific results in the field of Radioecology and getting an international reputa- 
tion. All members of the Institute would like to wish him all the best for his further scientific work. We also would 
like to continue our close collaboration in future. 

We would like to thank the visitors, German and international, for their interest in our research and for their 
participation in the Institute's Seminars. We would also like to thank our scientific collaborators and the visiting 
scientists for coming to Rossendorf in 1998 to share their knowledge and experience with us. We continue to 
strongly encourage the collaborations and visits by scientists in the future. 

Rossendorf, January 1999 

Prof. Dr. t-leino Nitsche PD Dr. Gert Bernhard 



Foreword II 

This report describes the work performed and the progress achieved from January , 1998 to June, 1999. 
Therefore, this report also contains the contributions of our Annual Report 1998 [Annual Report 1998, Institute of 
Radiochemistry, FZR-247 (1 999)l. 

In the last six month, remarkable progress was also achieved with regard to the Institute's goal to contribute 
through basic and applied research to a better understanding of radionuclide migration in the environment. 
We have succeeded in elucidating several molecular processes such as the speciation of uranium [U(IV), UO/l)] 
and neptunium in solution and the binding of uranium to organic materials, rocks, minerals and microorganisms. 

I,n the field of uranium speciation, the uranium (1V)-phosphate complexation was studied for the first time by laser- 
induced photoacoustic spectroscopy. Furthermore, we have investigated the complexation behavior of uranium 
(VI) with various organic ligands. These organic compounds are the final products of wood degradation. 
We have continued our study of neptunium complex formation in dependence on the oxidation state by X-ray 
absorption spectroscopy and laser-induced photoacoustic spectroscopy. 

Remarkable progress was achieved in the investigation of uranium sorption onto the rock phyllite. The surface 
complexation constants of its main mineralogical constituents were determined by using the "Diffuse Double 
Layer (DDL) Model" and the computer code FITEQL. Using the obtained data, the uranium sorption onto phyllite 
can be better described. 

Microbiological and genetic studies on soil and water samples from uranium mine an$ mill tailing piles showed that 
various Bacillus isolates have a high accumulation rate for uranium and other heavy metals. For the first time we 
were able to demonstrate a microdiversity between the strains of Thiobacillus ferrooxidans. 
EXAFS investigations have been performed to analyze the coordination of uranium on the surface of various 
Bacillus strains. The bond length values were compared with a multitude of uranyl reference compounds. As a first 
result, a good agreement was found with the bond lengths of uranyl phosphates. 

The Institute would like to thank all friends and organizations who have supported its progress. 
Specific projects were financially supported by the Federal Ministry for Education and Research (BMBi-F), the 
Saxon State Ministry for Science and Art (SMWK), the German Research Community (DFG) and the Commission 
of the European Communities. 

We would like to thank all visitors arrd scientific collaborators for their interest in and suppori of our research, 

Dresden, July 1999 PD Dr. Gert Bernhard 
Acting Director 
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I. SCIENTIFIC CONTRIBUTIONS 



Speciation and Migration of Radionuclides 



A NEW RADIOCHEMICAL BUILDING FOR THE INSTITUTE OF RADIOCHEMISTRY 
- CONSTRUCTIONAL AND RADIATION PROPECTION ASPECTS - 

H. Friedrich, G. Bemhard, H. Nitsche 

A new building devoted to radiochemical work was commissioned in 1998. It is home to 24 radiochemical laboratories and 
additional 10 rooms for technical service rooms. In accordance to the German Radiation Protection Ordinance ($3) we are 
licensed to handle 135 different radionuclides, including transuranium elements. The alpha-laboratories are equipped with glove 
boxes allowing experiments with gram amounts sf the actinide elements under ambient or inert gas atmosphere. 

This new radiochemical building is designed for studying 
the behavior of radionuclides such as uranium, thorium, 
neptunium, americium, curium, radium, technetium, 
carbon-14 and tritium, which are important for the envi- 
ronment and for the life sciences. 
The Cover picture of this report shows a view on the 
radiochemistry building (background) and the office 
building complex (front). The laboratory building has 24 
radischemical laboratories and 10 service rooms 
(rooms for short-term storage of solid and liquid radioac- 
tive waste, and waste water, a room for safely storing 
radioactive samples in special safes, a control room with 
devices for measuring and signalization of safety and 

treatment. The ventilation system guarantees an in- 
creasing negative pressure gradient from the hall-ways 
to the laboratories and from the laboratories to the glove 
boxes and hoods. The laboratories (Fig. 2) are equipped 
witlh 22 alpha-boxes, laminar-boxes, hoods, dish wach- 
ers for cleaning glasc-ware, refrigerators, and drying 
cupboards. Glove box Systems (Fig. 3) are installed for 
handling gram amounts of various actinide elements 
under air or inert gas conditions. Several boxes are fore- 
Seen for experiments under special gas atmosphere 
(humidity, CO, content). Modem analytic methods are 
established in the laboratories. These are nuclear mag- 
netic resonance spectroscopy, different methods of 

Fig. 1: Frame structure of the building 
radiation protection relevant data, a separate top floor 
which houses all equipment for air conditioning, ventila- 
tion and filtering). The building is constructed from pre- 
fabricated standard room containers. The dimension of 
such a container is 3.3 X 6.6 X 8.3 m (height X width X 

Fig. 2: Inside a standard laboratory 
length). Fig. 1 shows a photograph of this frame con- 
struction during the building phase. Laboratories and 
service rooms were installed in the first and second 
floor, in the third floor all technique is located ior air 

Fig. 3: View on alpha-glove boxes 
laser spectroscopy, UV-vis1FTIR-spectroscopy, photon 
correlation spectroscopy, field flow fractionation, equip- 
ment for electrochemical measurements, and ultra cen- 
trifugation. Modem equipment for a-, ß- and, y-spec- 
trolmetry is also available. 
All laboratories are connected to a central gas supply 
station located outside the building. Up to four different 
gases can be used in each laboratory at the Same time. 
All rooms are located in one controlled area. Radioactiv- 
ity and the dose rate of the air are constantly monitored. 
The exhaust air is automatically surveyed for tritium, 
carbon-14, radioactive iodine, a-, ß- and, y-activity in 
aerosols. AI1 safety related data are monitored by an 
automated survey system. 
The entrance system to the building is controlled by an 
au~tomated dosimetty system. This ensures a permanent 
overview and radiation exposure record for the person- 
nel. According to the licence given by the Saxon Ministry 
of Environment in March 1998, we are licensed to han- 
dle 135 nuclides with a maximum of activity for each 
nuclide of 1 07' Bq. Concerning the kind and number of 
radionuclides, the permission for handling radioacüvity 
vairies for each laboratory. 



THE DEPARTMENT OF ANALYTICAL CHEMISTRY 

W. Wiesener, D. Birnstein, K.Krogner 

The quantitative determination of elements and components is an essential part of many research projects. The methods 
available in the Department of Analytcal Chemisfry are used in close cooperation with the scientists. 

Since 1998 the former Central Department of Analytical 
Chemistry oft the Research Center Rossendorf is part 
of the Institute of Radiochemistry and is involved in the 
chemical and physico-chemical characterization of 
rnany different types of samples coming frorn the lnsti- 
tutes's scientific group. 

Elemental analyses, especially at trace level, are con- 
ducted out by ICP-MS (inductively coupled plasma mass 
spectrornetry), various techniques of AAS (atomic ab- 
sorption spectroscopy) and for some light elements by 
combustion followed by ion chromatography (IC), which 
is also used for the determination of anions. The sum 
Parameters for adsorbable organic halogens (AOX) and 
total organic carbon (TOC) are rnostly the focus of in- 
vestigation in environmental sarnples. Various rnethods 
of thermal analysis and surface determination are also 
used. 

The sarnples Cover a wide field, e. g. natural waters, 
soils, biological and geological materials, substances 
and solutions frorn basic research programs of the Insti- 
tute. Various methods of sarnple digestion and sarnple 
preparation are therefore applied. Besides the major 
work for the Institute of Radiochernistry other institutes of 
the Forschungszentrum Rossendorf are also assisted 
with the analytical methods. Sarnples from the 
Rossendorf territory are investigated if they rneet the 
requirements of environrnental and radiation protection. 
The AAS and AOX methods are used for cornmercial 
samples of the Nuclear Engineering and Analytics 
Rossendorf (VKTA). 

Close interactions exists between the analysts and the 
Users of the analytical facilities. The requirernents for the 
specific samples, e. g., the purity of the vessels and the 
chemicals used for preparation and often also the re- 
sults of the analyses, are discussed. These discussions 
result in a better understanding of the problerns con- 
cerning the scientific tasks and the specific requirernents 
for the analytical methods. 

The variety of samples poses a permanent challenge to 
the analysts. The matrices and rnain components often 
interfere in various ways with the determination of minor 
cornponents or traces. ICP-MS rneasurernents for ex- 
arnple, can be impeded by high acid andlor salt causing 
not only an overload of the rnass detector, but also inter- 
ference with the plasma itself and rnay form rnoiecule 
ions having the Same rnass as the elements to be deter- 
mined. This leads to wrong results by pile up effects. 
The influence of the rnatrix must therefore be corrected, 
for example, by the standard addition method. Quality 
control and quality assurance is carried out by measure- 
ments of certified standard rnaterials and participation in 
inter-laboratory companson studies. 

In 1998 the following elemental analysis methods were 
rnainly perforrned for research projects of the Institute: 

- element determination of isolated humic acids; 

- determination of heavy metals in humates; 

- determination of heavy metals in geological materials 
to investigate their exchange capacity; 

- comparison of various humic acids for their complex 
forming behavior with uranyl ions and arsenates; 

- determination of element composition of calcium 
uranyl carbonate related to their different syntheses 
and characterization; 

- determination of 36 elements in mining related water 
samples as a basis for species calculations; 

- deterrnination of 16 elements in waters and sepa- 
rated colloids from former mines in Saxony; 

- determination of uranium and other rnetals to investi- 
gate their interaction with rnicroorganisrns. 

Other elemental analyses were carried out for the Insti- 
tute of Bioinorganic and Radiopharmaceutical Chernis- 
try, the Institute of Safety Research, the Institute of lon- 
Beam Physics and Material Research, the Nuclear Engi- 
neering and Analytics Rossendorf and the Institute of 
Analytical Chemistry at Dresden Technical University. 

More than 1,600 sarnples frorn the Institute of Radio- 
chemistry were analyzed for anions (C) andlor DOCI 
TOC, often in close cornbination with the above-men- 
tioned sarnples for elernental analyses. The analyses 
were conducted for the following research projects: 
- Colloid organic particles in mining related waters 

(SMWK project); 
- Characterization of colloid particles in water systerns 

of former mines in Saxony (DFG project); 
- lnteraction of radionuclides with anthropogenic and 

natural organics; 

- Colloid research. 

These methods are also used for sarnples from the 
Rossendorf territory (environrnental protection). 

The analytical results are integrated into scientific publi- 
cations, e. g. Radiochimica Acta, J. Phys., Journal of 
Applied Bacteriology. 



THE NATURAL a-ACTIVITY OF CONCRETE CAUSED BY NATURAL URANIUM AND THORIUM 

C. Nebelung, H. Nitsche 

The measuremenf of low confaminations of a-acfive nuclides in concrete are of inferest during the dismantling of nuclear 
insfallations. The contamination levels are close to the level of the concrete's natural radioactivity. Therefore the defennination 
of natural radioactivity levels in uncontaminated concrete are measured. 

Experimental 
Alpha-active nuclides in concrete can be measured by 
a-spectrometry after mechanical preparation /1,2/. The 
concrete is crushed in Wo steps. It is first crushed with 
a jaw breaker to 0.1 mm particles and then second wet 
milled to 0.1 pm particles. The suspension is sprayed or 
poured to thicknesses between 0.5 pm to 2 pm onto 
steel plates with 200 mm diameter. The samples are 
measured in a grid ionization chamber (GIC). 

Results 
Fig. 1, 2, 3 show the GIC spectra of three uncontami- 
nated concretes (columns) and the peakfitting functions 
(lines). The measuring time was 20 h and the spectra 
are corrected for background. The measured alpha- 
activity is due to natural uranium and thorium and their 
decay products. The Table shows the activity of differ- 
ent nuclides that were detected in three different sam- 
ples coming from construction concrete of the radio- 
chemistry laboratory in Rossendotf (RCNS), the zero 
energy research reactor in Rossendorf (RRR) and the 
nuclear power plant in Greifswald (BGI). 

The overall activity of thece three concrete samples 
varies by a factor of two. The activity of the "a'Th- and 
thenatU-decay products are neariy equal in the B61 and 
RCNS concrete. For the RRR-concrete most of the 
activity is caused by and its decay products. We 
have shown to 20 hours measunng time are sufficient to 
determine the a-activity of all nuclides in the concrete by 

I Nuclide 

peak fitting the spectra with a Gaussian function and an 
exponential tailing /2/. 

specific a-activity Bqlg 

RCNS I RRR I BGI 

energy f keV 
Fig. 1: a - cpectrurn of 50 rng RCNS-concrete 

energy / keV 

Fig. 2: a - spectrurn of 50 rng RRR-conerete 

energy I keV 
Figl. 3: a - spectrurn of 50 rng BGI-concrete 

Acknowledgments 
This work was supported by the Bundesministerium für 
Bildung, Wissenschaft, Forschung und Technologie of 
the Federal Republic of Gerrnany under the contract 
number 02 S 7655A8. 

References 
I11 Nebelung, C., Hübener, S., Bernhard, G.: Metho- 

deneniwicklung zur Freimessung von Bauschutt auf 
alpha-aktive Nuklide (Th, U, Np, Pu, Am). Schluß- 
bencht zum Fördervorhaben BMBF 02 S 7442 2, 
1995 

121 Nebelung, C., Nitcche, H., Bernhard, G.: V. Stille- 
gungskolloqulum Hannover und W. Statusbericht 
Stillegung und Rückbau kemtechnischer Anlagen. 
24.-25.6.1997 Hannover Tagungsband S. 293-301 



SEPARATION OF CONTAMINATED CONCRETE INTO FINE CEMENT AND ADDED PARTICLES 

C. Nebelung, H. Nitsche 

We separated contaminated concrete in fine-grained cement particles and coarse arained additive ~articles and found that 
uraniuh and americium is mostly associated wifh the fine-grained particles of the cokrete. 

Experimental 20 
In order to determine to which fraction of concrete radio- 
activity binds the most, we treated the surface of con- 15 
crete pieces with radioactive solutions. Two peaces 
were treated with 233U (sample No. 1: 0.02 Bq g', Sam- 
ple No. 2: 2 Bq g") and two pieces ~ i t h * ~ '  Am (sample 5 l0 
No. 3: 0.225 Bq g-' and sample No. 4: 0.222 Bq g-I) two 8 
untreateted concrete pieces (sample no. 5 and 6) were 5 
also used for comparison. The samples were decom- 
posed into a fine cement fraction and into coarse 0 
grained particles by two different methods except Sam- 3000 4000 5000 6000 7000 8000 9( 
ple No. 6 which was not separated. Samples 1,2 and 3 energy / keV 
were decOmpOsed by heating to 7000C arid then imme- Fig. 1: a-spectrum of the coarse grained fraction of a concrete 
diately cooled in liquid nitrogen. Samples 4 and 5 were with 0.2 Bg g-' 241Am 
decomposed by pulsed electrical discharge 111. The 
fine and coarse fraction were separated and prepared 70 

for a-counting. The processing involved grinding to 0.1 60 
mm and wet milling to 0.1 vm-sized particles which 50 
were sprayed thin and evenly onto counting plates of 
200 mm diameter. The U-spectra of the samples were 2 40 
measured with a grid ionization chamberl21. 0 30 

U 

Results 20 

The table shows the measured specific activity of sam- 10 
ples 1 to 6. The total activity of the other samples is the 
sum of the activities of fine and coarse grained fractions 0 

3 
considering the percentages of the masses. The main energy l keV 
activity of the added actinides was found in the fine frac- 
tion of the concrete. The total activity represents the Fig. 2: a-spectrum of the fine fraction of a concrete with 

0.2 Bg g" 24'Am 
expected specific activity (added activity + concrete ac- 
tivity without contamination). 

energy 1 keV 
Fig. 3: a-spectrum of the concrete without contamination 
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ANALYSIS OF a - SPECTRA OF THlN CONCRETE SAMPLES 

C. Nebelung, J. Hennigerl, G. Mann1 
' TU Dresden, Institute of Physics of Radiation Protection 

The direct alpha-spectrornetry of thin and large-area concrete samples is a fast and accurate rnethod for deterrnining acfinides 
in concrete during the decornmissioning of nuclear installations / I / .  The calculation of the a- spectra depends on the structure 
of the sample layers and the self-absorption of the a-radiation in these sources. Using the calculated peak shape, it is 
possible to fit and deconvolute spectra of an unknown nurnber and amount of actinides up to 0.02 Bq g" for each nuclide. 

The a-spectra of concrete samples of thicknesses be- 
tween 0.62 and 5.0 pm differ from "massless" samples 
after electrodeposition. 
We used two methods to analyze the a-spectra: 
1, Peak fitting with self-defined functions 
This method is based on measurement of standard 
concretes with added actinides. The peak shape, the 
self-absorption and the effectivity of the a-spectrometer 
(the grid ionization chamber) are determined depending 
on the thickness of the layer. The peak shape is a 
combined Gaussian (at the high energy side of the 
peak) and exponential curve (towards low energies) 111. 
2. WINKRUM - a program using the calcolation of the 

radiation transporf 
These calculations consider a geometrical model of the 
layers in agreement with the particle size distribution, 
the packing density in the dried layer, the specific den- 
sity, the thickness of the layer, the spectrometer param- 
eter and the actinide energy. The calculations are per- 
formed with the multi-purpose radiation transport model 
121. 
Results 
The figures show measured (Fig. 1) and calculated a- 
spectra (Fig. 2) of a 50 mg standard concrete. The 
samples of a diameter of 20 cm and various masses 
were measured for 20 h in the grid ionization chamber. 

energy 1 keV 

Fig. 1 : Measured a-spectrum 

Calculation of the thin-layer spectra by the peak-fitting 
method shows good agreement with the doted activities 
or the results by chemical analysis (Tab. 1). 

Tab. 1: Specific a-activity in Bq g-' 

The calculation with WINKRUM (Fig. 3) yields a higher 
activity for the peak at lower energies caused by a rela- 
tively high zero effect in this range. Peak shapes calcu- 
lated by WINKRUM agree better with the measured a- 
peaks than the calculaion using the self-defined peak 
fitting cunres. Further developments of the program 
WINKRUM are planned to consider the zero effect and 
the actual calibration of the spectra. 

Fig. 3: a-spectrum calculated by the program WINKRUM 
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TAlLlNG WATER HELMSDORF: pH TITRATION AND DETERMIHATION OF SOLUTION SPECIES 

G.Geipel, M. Rutsch, G. Bernhard, H. Nitsche 

The tailing water Helmsdorf was studied by Time-Resolved Laser-lnduced Fluorescience Spectroscopy (TRLFS) to validate the 
different uranium species at severalpH values. In fhe pH range below 6.0, an increase of the fluorescence intensity was found. 
Deconvolution of these spectra showed that the predominant species are in agreement with newer speciation calculations 
including the uranyl arsenate species. 

Uranium mill tailings play an important role in the as- 
sessment of environmental contaminations from ura- 
nium mining and ore processing activities. The tailing 
water has a pH of about 9.6. A substantial change of the 
pH due to dilution by rain water will not occur because of 
the large volume of tailing water. However the relatively 
small amounts of seepage water can easily undergo pH 
changes due to changing of environment. Thus, 
changes in speciation will occur when the pH of the tail- 
ing water decreases. This speciation change is subject 
of our studies. 
We used the tailing water and added perchloric acid to 
adjust the pH to the desired value. The solution was 
always adjusted to a constant volume. The pH was 
measured with a glass electrode (Ingold) and a pH me- 
ter (WCW Weinheim). 

1,4x10e 
- .-.---- "_"" _ -  " X l  i . . .  - =i 

1,2X1 o0 4 

400 450 500 550 600 650 
Emission wavelength I n m  

Fig. 1 : Fluorescence Spectra of tailing water as function of pH 

We studied the pH range frorn 1.5 to 9.6. Fig 1 shows 
the fluorescence spectra obtained with the TRLFS 
setup, that was described earlier /I/. The fluorescence 
intensity increases with decreasing pH and shows a 
structure which is significant for most uranyl species. 
We were able to deconvolute the measured spectra by 

.-u0,S.o. u n d  ~0,(~0),' 

.-.UO,HPO,X a q  

Fig. 2: Deconvolution of the fluoresc&ce cpectrum of the tail- 
ing water at pH 4.43 

using the data from model solutions containing only one 
anion /1,2,3/. Fig. 2 shows the deconvolution at pH 4.43. 
We determine two rnain species U02HP04taq,) and 
U02HAs042q,), a~nd two minor species U02S04(„,, and 
u02(s04)2 . 
When we lower the pH to 1.5, the measured spectrum 
changes only very little and the intensity decreases 
slightly. The deconvolution of this spectrum shows an 
important change in the composition of the different 
uranyl species. The main fluorescence intensity is now 

-UO,(H,AsQJ 

-.-. U02H,AsQ - -. UOHAsO, 

-- -UO:SO- 

- - - Sum 

........ Residue 

-Measured 

480 500 520 540 560 
Wavelength I nm 

Fig. 3: Deconvolution of the fluorescence spectrurn of the tail- 
ing water at pH 1.5 

caused by the two sulfate species U0,S04(aq,, and 
UO,(S0,),2' which cannot be deconvoluted by their 
spectral properties /2/. A deconvolution is only possible 
if one can include the fluorescence lifetimes of the ura- 
nyl species. This was impossible because substances 
are present in the tailing water, that quench the fluores- 
cence of the different uranyl species. The other deter- 
mined uranyl species at pH 1.5 are U02[H&0J and 
U02[H&04]2(q,. Because these two species show very 
intensive fluorescence properties, it is possible to detect 
them even in such srnall amounts as predicted by the 
speciation calculation. In Summary we find very good 
qualitative agreement between the measured fluores- 
cence spectra at different pH values and speciation 
calculations including the uranyl arsenate complex for- 
rnation. 
A quantitative analysis of the uranyl species is at this 
time still impossible due to quenching. Further studies 
are planned to estimate the influence of quenchers on 
the fluorescence of uranyl species. 
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TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY 
OF URANIUM MINERALS - PART I: EARTH ALKALINE URANYL PHOSPHATES 

G.Geipel, G.Bernhard, H. Nitsche 

The fluorescence properties of the minerals saleeite, autunite and uranocircite were studied by TRLFS. The fluorescence 
lifetimes increase in this series. Changes in the main fluorescence emicsion bands between saleeite and the other two minerals 
were also observed. This can possibly explained with the differente crystal lattice parameters of these minerals. 

The rninerals saleeite [Mg(UO,PO,), - 10 H,O], autunite 8x1 oB 

[Ca(UO,POJ,. 10 H,O] and uranocircite [ Ba(UO,PO,), 8 7x1 06 

H,O] are alkaline earth uranyl phosphates 111. These 
rninerals differ only in the alkaline earth cation and in the OE 

number of crystal waters. Saleeite (the mineral contain- 4  XI o6 
ing Mg) carne frorn Capeterra, Italy, autunite (the Ca 

:4xl 
rnineral) and uranocircite (the Ba rnineral) were frorn E 

Saxony, Gerrnany. All these rninerals were on loan frorn $ 3x1 Oe 

the Mineral Collection of the Mining Acaderny Freiberg, r zxl  0. 
Germany. 

1x1 oB 
The fluorescence lifetirnes increase frorn saleeite (2.2 o 
10.2 us) to autunite (5.1 10.3 WS) and to uranocircite 
(30.5.il.0 PS). This increase of the iifetirne rnay have 450 580 550 680 

two causes. First, the fluorescence lifetime is strongly Wavelength I nm 

influenced by the structure and quality of the crystal FluOrescence Wectrum of saleeite 
lattice. Monocrystalline rninerals such as liebigite show 
very long fluorescence lifetirnes of rnore than 300 PS. 

Second, the crystal water in the rninerals acts as a 
quencher of the fluorescence. The nurnber of crystal 
water molecules per unit decreases frorn ten in autunite I ,oxlo7 
to eight in uranocircite. A less quenching can therefore 
be expected. We assurne that the sixfold lifetirne in- .$ 
crease between autunite and uranocircite is due to this 2 5,oxq0e 
decrease in water. - C 
The main fluorescence ernission bands are listed in 
Tab. 1. 

We found a wavelength shift of about 2.2 nrn between 
saleeite and autunite. The differences between autunite 
and uranocircite are very srnall. This spectra look very 
sirnilar. Only the relative intensity of the first fluores- 
cence ernission is rnuch rnore intensive in saleeite than 
in autunite. 

Mineral 

saleeite 

autunite 

uranocircite 

We calculated the wave numbers of the vibration in the 
ground state frorn the band spacing of these three rnin- 
erals. 

450 500 550 600 
Wavelength I nm 

Fig. 2: Fluorescence spectrum of autunite 

Tab. 1 : Fluorescence emission bands of alkaline earth uranyl 
phosphate minerals 

Fluorescence ernission bands / nrn 

Wavelength f nm 

Fig. 3: Fluorescence spectrum of uranocircite 

500.9 

504.1 

503.1 

The data for saleeite, autunite and uranocircite are References 
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crease in the atornic radius of the alkaline earth metal 131 C. Frondel: Mineralogy of uranium and thonurn. 
bound in the minerals. Geol. Sunrey Bull. 1064, 1958 

522.1 

524.2 

524.1 

545.8 

547.9 

548.0 

571.6 

574.1 

574.0 

600.5 

604.7 

604.8 



TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY 
OF URANIUM MINERALS - PART II: URANYL ARSENATES 

G.Geipel, M. Rutsch, GBernhard, H. Nitsche 

The Helmsdorf tailing water forms various uranyl arsenate complexes at pH 5. Such arsenates can also be found as minerals. 
Fluorescence measurements of troegente, novacekite and abernathyite showed a good agreement between the main 
fluorescence emission bands. 

We used the sarne equiprnent as in the other fluores- 
cence studies of rninerals. We applied only low laser 
energies to the solid sarnples (< 300 pJ per pulse) to 
avoid any darnage to the minerals structure. Thus all the 
laser energy was absorbed by the sarnple and the ac- 
tual laser power could only be measured before appli- 
cation to the sample using a simple quartz beam splitter. 
This bearn splitter divides the laser beam power into one 
10% bearn which is directed to the power rneter, and 
one 90% bearn which is applied to the mineral. No visi- 
ble change was observed in all rninerals during the 
measuring time. 
Fluorescence spectroscopic studies of a pH titration 
between about 3.0 and 5.5 of the Helrnsdorf tailing wa- 
ter identified uranyl arsenate /1,2/. The fluorescence 
properties of several uranyl arsenate rninerals were 
used as rnajor species in this pH range to characterize 
the uncharged uranyl species. 
Frorn the Mineral Collection of the Mining Academy 
Freiberg obtained several minerals containing the uranyl 
arsenate group. These minerals were: troegerite 
(H$JOJAsO&. 8H20), novacekite (Mg[UO.JAsO,J, . 10 
H,O), abernathyite (KJUOJAsO J, - 8H,O). The fluores- 
cence properties of a fourth rnineral of this group, 
zeunerite (Cu[UO.JAsOJ, -1 OH,O), were studied and the 
results are described together with other copper-con- 
taining rninerals 131. The troegerite was frorn Schnee- 
berg, Gerrnany, the novacekite frorn Brurnado, Brasilia, 
and the abernathyite frorn Riveral Lodere, France. 
Fig. 1 to Fig. 3 show the fluorescence spectra of these 
minerals. The rnain fluorescence emission bands are 
listed in Tab. 1. Slight differences were found between 
the main fluorescence ernission bands. These differ- 
ences are caused by the different second cation, hydro- 
gen, rnagnesiurn and potassiurn. The differences are 
less than three nanorneters for the three most intensive 
ernission bands. The agreement between the troegerite 
and the uranyl arsenate is very gwd. 

I Mineral I Fluorescence emission bands 1 nm 1 
troegerite 501.6 524.4 548.1 572.4 
novacekite 502.8 523.1 546.3 571.7 

abernathvite 503.1 526.3 549.2 576.0 

Tab. 1: Main fluorescence emission bands of uranyl arsenate 
minerals 

The fitted fluorescence lifetirne for the mineral troege- 
rite was 126 I 12 ns. Values in this range were also 
found for the chemical analogue UO,(HAsO,)(aq.) 111. 
For novacekite, we calculated a fiuorescence lifetirne of 
5.2 I 0.4 ps. This rnineral shows also a second shorter 
Sfetirne of 560 I 50 ns, mich we have not yet assigned. 
The fluorescence intensity of abernathyite is not very 
high. Also, the spectra show rnore noise than the other 
fluorescence spectra. The lifetirne of this mineral is very 

short, in the range of a few nanoseconds. For this rea- 
son the error for the fitted fluorescence lifetirne is rela- 
tively high. A value for this lifetirne is therefore omitted. 

450 475 500 525 550 575 600 625 

Wavelength I nrn 

Fig. 1 : Fluorescence spectrum of troegerite 

Wavelength I nm 

Fig. 2: Fluorescence spectrum of novacekite 

Wavelength I nm 
Fig. 3: Fluorescence spectrum of abernathyite 
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TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY 
OF URANIUM MINERALS - PART 111: COPPER IN URANYL MINERALS 

G.Geipel, M. Rutsch, G.Bernhard, H. Nitsche 

Additional cations such as copper, lead and iron in uranium minerals have an important influence on their fluorescence 
propetties. The fluorescence propetties of three wpper-containing minerals are discussed as examples for fluorescence 
measurements of about 100 uranium minerals. 

In a series of studies of various uraniurn rninerals, we 
rneasured the fluorescence properties of several 
copper-containing rninerals. These rninerals are rnern- 
bers of various groups accordancing to their chernical 
cornposition. 

We cornpared voglite (Ca2Cu[U0,(C0,)], . 6 H20) frorn 
Jachymov, Czech Republic with a series of other uranyl 
carbonate rninerals such as liebigite (Ca,[UO,(CO,)], . 
10 H20), and we found very intensive fluorescence prop 
erlies with sharp ernission bands connected with long 
fluorescence lifetirnes of several hundreds of rnicrosec- 
onds. Voglite did not show such fluorescence properties. 
As shown in Fig.1, a broad ernission was measured: a 
simple peak fit resulted in rnaxirna at 520 nrn and 542 
nrn. The fitted fluorescence lifetirne is 360 + 20 ns. This 
lifetirne is about 1000 tirnes shorter than for liebigite. 

We conclude that cepper quenches the fluorescence 
properties of uranyl rninerals. 

Also rnetazeunerite (Cu[UOJAsOJ, .8H20) frorn Majuba 
Hill, USA, did not show any fluorescence properties. 
This confirrned our assurnption on the quenching influ- 
ence of copper because other uranyl arsenates such as 
troegerite and novaceckite I11 show fluorescence prop- 
erties. 

It was therefore surprising that the copper uranyl phos- 
phates show relatively good fluorescence spectra. Fig. 2 
and Fig. 3 show the fluorescence spectra of torbernite 
and rnetatorbernite. The chernical cornposition of these 
rninerals is Cu[UOJPO,], . 8H20, which is sirnilar to 
zeunerite and rnetazeunerite where phosphonis has 
been replaced by arsenic. The torbernite carne frorn 
Johanngeorgenstadt, Germany, and the rnetator-bemite 
was found in St. Syrnphorien, France. The rnain fluores- 
cence ernission bands for torbernite are 502.4 nrn, 
524.5 nrn, 548.0 nrn and 573.7 nrn. For rnetatorbernite 
the peak fitting algorithrn resulted in ernission rnaxirna at 
502.4 nrn, 524.6 nrn, 547.7 nrn and 573.9 nrn. The fitted 
lifetirnes are 0.7 ps and 8.5 PS, respectively. Cornparing 
these data with data frorn alkaline earth uranyl phos- 
phates, good agreernent with the fluorescence maxirna 
of autunite and urano-circite can be ascertained. Only 
the first ernission band at about 502 nrn is blue shiited 
by about 1 nrn. 

The rneasurernents are still continuing and a rnore de- 
tailed description of the fluorescence properties of ura- 
nyl rninerals will be given upon cornpletion of the study. 
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Wavelength I nm 
Fig. 1: Fluorescence spectrum of vogiite 

Wavelength I nm 
Fig. 2: Fluorescence spectrum of torbernite 

Fig. 3: Fluorescence spectrum of metatorbernite 
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CRYSTAL STRUCTURE OF COPPER URANYL ARSENATE: 1. METAZEUNERITE 

C. Hennig, G. Reck', J. Sielet2 
'BundesanstaL für Materialforschung und Materialprüfung, D-12489 Berlin 
* Universität Leipzig, Institut für Anorganische Chemie, D-64103 Lefpzig 

The crystal strucWe of meta-zeunerite has been re-determined* The uranyl arsenate layers ans lrnked by an inner-layer and 
an outer-layer axial uranyl oxygen atom and are bridged by Square planar coordinafed copper atoms 

X-ray diffraction measurements showed that a crystal, 
which was considered as meta-zeunerite in a previouc 
EXAFS investigation 111, is an intergrown mineraf of 
zeunerite and meta-zeunerite. 
Zeunerite is the fully hydrated phase, meta-zeunerite(1) 
is the next lower hydration state, and meta-zeunerite(ll) 
is in the lowest hydration state (not found occurring 
naturally). The EXAFS measurements have shawn 
strong differences in the average bond lengths in com- 
parison to literature data I21 (Tab. 1). 
h . 

band length I 1 bO%%h 1 EXAFSIII I 

I Cu-0 I 2.14 A 1 1.95 A, Cu K-EXAFS I 
P- - 

Tab. 1 : Bond iength comparicon for zeuneritelmetazeunefite 

To clarify this structural problem, single-crystal analy- 
Ses were carried out. In the result of these measure- 
ments it was found that the natural material is very 
complex which may be one of the reasons for the inac- 
curate structural data of meta-zeunerite given in the 
literature. The unit cell data measured by H a n i ~  121 are 
a=7.10(5) A and c=17.70(4) A and the proposed space 
group is P 4Jnmc. Later, Ross et al. I31 repeated the 
lattice-constant analysis and found a=7.12(5) A and 
c=17.45(4) A. They found a refiexion condition of 
hkO:h+k=2n, which is evident for a 4lm Laue symmetry 
and the proposed space group is P4/n, the Same as in 
meta-torbernite, what makes it possible, that meta- 
zeunerite and meta-torbernite are isostructural. We 
determined the lattice constants of a=7.058 A and 
c=8.666 A and the space group P4lnmm (Tab. 2). X-ray 
Weißenberg photographs of a very small crystal shows 
two types of intensiv reflections. One type consists of 
very sharp reflections whereas the reflections of the 
second type are strongly broadened. The sharp reflec- 
tions belong to zeunerite, the broad ones origin from 
meta-zeunerite. Meta-zeunerite and zeunerite crystal- 
lize in two structurally related groups. 
From the chemical point of view the main difference of 
both minerals is the water content. The significant 
structural feaiures in both crystal structures are 
two-dimensional layers of distorted UO, octahedra, 
which are connected monodentately by ASO, tetrahe- 
dra. Perpendicular to the layers, Wo symmetry inde- 
pendent axial uranyl oxygen atoms ( 0 a  are arranged 
having different bond lengths. The distance between 
two [UOfisO,] layers amounts to 8.666 A. They are 
linked together by (Cu(H20)J2' cations. 

I Space group f P4lnrnrn [I291 1 141rnmm (1391 

Tab. 2: Crystal and expxperirnent@iI data 

Fig. 1: Projection of a cegment from the meta-teunerite 
structure near at the [I 101 direction. 
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CRYSTAL STRUCTURE OF COPPER URANYL ARSENATE: II. ZEUNERUE 

G. Reck', C. Hennig, W. Kraus' 
'Bundesanstalt für Materialforschung und Materialprüfung, 0-12489 Berlin 

The crysfal structure of zeunerite was determined for the first time. The uranyl arsenate sheets are linked by iwo inner-layer 
and iwo outer-layer axial uranyl oxygen atoms and are bndged by square planar end iivefoYd coorriinated copper atoms. 

The ctystal structure of zeunerite hitherto has not been 
determined. Merely the unit cell data were detemined 
until now to a=7.18 A and c=21.06 A /I/. The present 
study indicates unit cell data, which are in good agree- 
ment with these values (see previous contribution). 

In contrast to meta-zeunerite adjacent [UOSi\sOJ layers 
are related by a translation vector [I12 112 l/2j, whereby 
Wo uranyl arsenate layers are bridged with (Cu(H20)J2+ 
units via two inner-layer oxygen atoms giving a long 
distance of 8.94 A and about Wo outer-layer oxygen 
atoms giving a short distance of 4.93 A (Fig.1). This 
arrangement of the uranyl arsenate layers leads to an 
increase of the uranyl arsenate layer distance tu 
10.426 A and tu a doubling of the C lattice constant in 
comparison to meta-zeunerite. 

Fig. 1: Projection of a Segment from the zeunerite structure 
near at the [I 101 direction. 

The interlayer is built up by two different copper polyhe- 
dra: in the first one the copper is square planar coordi- 
nated by water molecules, in the second one four water 
moleculec and an inner-layer oxygen atorn form a tet- 
ragonal pyramid. 

copper positions is different. The distance between the 
copper atom and each of the square coordinated water 
molecule represented by Cul-04 is 1.92 A, sirnilar to 
the bond length of the interlayer copper coordination 
Center in rneta-zeunerite. In comparison, the bond 
length of the fivefold coordinated copper atoms is lon- 
ger (Cu2-05: 2.08 A and Cu2-01: 1.99 A). Meta-tor- 
bernite, the copper uranyl phosphate analogous min- 
eral, shows a Cu-0 bond length of 1.91 A 121. Because 
of the low eopper occupation only few water molecules 
belonging to the tetragonal pyramid are connected with 
copper at a distance of 2.075 A. The average of this 
occupation factor weighted distances is in good agree- 
ment with the bond length of 1.95 A of the EXAFS rnea- 
surements on the Cu K edge (previous contribution, 
Tab. 1). The arsenic-oxygen distance (As-03) within 
the arsenate tetrahedra is with 1.649 A equivalent to the 
data measured by EXAFS. 
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The long distance between the inner-layer oxygen at- 
oms is bridged by two groups of the fivefold coordinated 
copper atoms, whereas the outer-layer oxygen atoms 
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DETERMINATION OF THE SPEClATlON OF URANIUM IN PLANT SAMPLES BY 
TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY (TRLFS) 

The influence of fhe chemical speciation of radionuclides on the transfer factors in the soifplant systems are important 
Parameters for tisk assessment for the rehabilifafion and remediation of confaminated soils. Time-resolved laser-induced 
fluorescence spectroscopy (TRLFS) can be used to experimentally determine the chemical speciation of uranium in plant 
samples 

Experiments and Results 
Various plants (e.g. blue and yellow lupins, dandelion, 
lamb's lettuce, buckwheat) were grown in an agricul- 
tural test field (TharandtIHartha) and in the laboratory 
on naturally and artificially contaminated soils to obtain 
samples for speciation measurements. 
To increase the uptake of uranium compounds by the 
plant root and to determine the uranium speciation, soil 
cultures (dandelion, lamb's lettuce, lupin) were con- 
verted to hydroponics. The plant roots were exposed to 
either 10"M uranium solution or 1 P M  uraniumlnutrient 
solutions. Additionally, uranium solution was injected 
into selected roots. These experimental conditions do 
not represent the natural living conditions of the plants. 
The most important results are demonstrated with a 
selected example where a hydroponics plant (lamb's 
lettuce) was grown in 10"M UO,(NO,), solution and in 
addition injected into the roots of the plant. 
Thermodynamic calculations of the uranium speciation 
in the initial solutions were performed with EQ 316 111, 
using the NEA data bank 121. Various uranium species 
were offered to the plants. In a I P M  U02(N03), solu- 
tion at pH 3.55, 72% of the uranium occurs as U 0 p  
species, 16% as (UOJ,(OH)F species and 9% as 
(UO,),(OH)s species. The maxima of the main emis- 
sion bands in the fluorescence spectrum lie therefore at 
495, 51 6 and 541 nm (Tab 1). However, our measure- 
ments showed peaks of the uranyl hydroxides. These 
peaks superimpose the bands of the free uranyl ion 
because of their higher fluorescence intensity. 
The fresh plant samples were thoroughly washed with 
water and cut into small pieces and subjected to laser 
fluorescence measurements. Good fluorescence spec- 
tra of the root and shoot axis samples were recorded. 
Furthermore, uranium species were also identified in 
leaf samples. 

< .... . .... <i..-..- .................... : : .................... t 60000 , , 

450 500 550 600 

Emission wavelength (nm) 
Fig. 1 : Time-resolved laser-induced fluorescence spectrum 

of an uranium containing, fresh base of leaf-sarnple 

As shown in Fig. 1 and Tab.1 of the selected example, 
the maxima of the three main bands in the fluorescence 
spectra of the fresh plant samples are near 499 to 502 
nm, 521 to 528 nm and 543 to 549 nm. After drying and 
pulverizing of the fresh samples, the positions of the 
bands in the fluorescence spectra change only insignifi- 
cantly. In some cases, however, a decrease of the 
starting fluorescence intensity was obcerved. During 
drying process, the solvating envelope of the individual 
uranium species changes and can be connected with 
the change of the fluorescence characteristics and a 
decrease of the fluorescence intensity. The visible 
emission bands in the fluorescence spectra of fresh 
plant samples are generally shifted to higher wave- 
lengths in comparison with those of the initial solution. 
A change of the uranium speciation is therefore very 
probable. 
As the quenching influences of the plants' compounds 
on the uranium species cannot be quantified, an analy- 
sis of the experimentally determined fluorescence life- 
times is not yet possible. 
The position of the fluorescence bands in the spectrum 
is similar to the spectra of fluorescent uranyl carbo- 
nates. At the moment, however, it is not possible to 
assign these fluorescence bands to known species. 
Considering the chemical build-up and metabolism of 
the plants 131, the forrnation of uranyl carbonate species 
and of cornplexes with organic compounds is imagin- 
able in the pH range from 6 to 8. 

Initial SI 

plant - 
not injected 

plant - 
injected with 
initial solution 

Tab.1: Wavelength (nm) of main peaks in the TRLFS-spec- 
trum of uranium-containing hydroponics plant sam- 
ples 

llution 

root 

shoot axis 

root 

shoot axis 

base of leaf 
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COMPLEX FORMATION IN THE SYSTEM URANIUM(IV) - PHOSPHATE 
STUDIED BY UV-Vis SPECTROSCOPY 

G. Geipel, G. Bemhard, 

A study of the complex formation of uranium (/V) in the phosphate system at uranium concentrations of 5.1@M in strongly 
acid solution was earried out. The absorption spectra show iwo isosbestic points at 661.4 nm and 669.4 nm. The first 
formation constant at an ionic strength of 0.5 M was calculated to be log k,= 5.18. 

In the literature /I/ only few data are reported about the 
complex formation of uranium(lV) in the phosphate 
system. 
The first studies in this system were carried out by con- 
ventional UV-Vis spectroscopy to gain experience con- 
cerning the spectroscopic properties of uranium(lV). 
Fig. 1 shows the UV-Vis spectra of uranium (W) as 
functions of the total phosphate concentration in the 
solution. The solutions contain 0.5 M HCIO,. Precipita- 
tion occurs at total phosphate concentrations exceeding 
1.5.1 o9 M. 

0,009 1 Phosphate concentration 

Wavelength I nm 

Fig. 1: UV-Vis Spectra of Uraniurn(1V) in phosphate rnedia 

The spectra shown in Fig. 1 are corrected to zero in the 
wavelength range below 610 nm and above 690 nm. 
Two isosbestic points were clearly detected at 
661.4 nm and 669.4 nm. Using a Gaussian fitting algo- 
rithm, absorption maxima at 629.9 nm, 649.9 nm and 
671.9 nm were calculated for uranium(lV). 
Absorption maxima of the uranium phosphate com- 
plex(es) were found to be at 626.0 nm, 640.1 nm, 655.9 
nm and 667.8 nm. 

At the isosbestic points the absorption coefficients are 
the Same for all species involved in the complex forma- 
tion. Using this condition as a starting point, we can 
derive a system of equations describing the measured 
absorption at various wavelengths as a function of the 
species concentrations in the solution. It was impossi- 
ble to arrive at a satisfactory solution to the equations 
with a Wo species mechanism (uranium(lV) and a ura- 
nium phosphate complex). A better solution was ob- 
tained when we introduced a third species. The result of 
the resolved system of equations is shown in Fig. 2. 
The species distribution is depicted as a function of the 
total phosphate concentration in the solution. At low 
phosphate concentrations uranium(lV) is the main spe- 
cies in the solution. At about 4.104 M phosphate a first 
uranium(lV)-phosphate complex reaches its maximum 
in the species distribution. With increasing phosphate 
concentration in the solution a second uranium phos- 

phate complex becomes the dominant species in the 
solution. 

0.0 4,0x10-~ 8,0x104 1 ,ZXIO-~ 1,6x10-~ 

Phosphate concentration / M 

Fig. 2: Calculated species distribution of Uraniurn(lV) in 
phosphate rnedia 

Under strongly acid conditions such as 0.5 M HCIO, 
the phosphoric acid only dissociates according to 

H,PO, ++ H,PO, + H+ log K, = - 2.1 4 (1) 
and we assume the first complex formation reaction is 

U4++ H2P0, * UH2P0,s (2) 

With the calculated concentrations for the individual 
species we derive a formation constant for reaction (2) 
of log K, = 5.1 8 I 0.45 at an ionic strength of 0.5 M. 
The second complex formation reaction is assumed to 
be 

U4+ + 2H2P0, * U(H2P0,)> (3) 

For this complex formation reaction we derive a forma- 
tion constant of log = l 1.6 I 2.2, using the existing 
measurements. 
To validate the calculated formation constants and the 
mechanism of complex formation reactions we mea- 
Sure the absorption sgectra in the system uranium(iV) - 
phosphate at various concentrations of perchloric acid 
at a constant ionic strength. For these studies the ionic 
strength was assumed to be 1 M. Calculations are in 
progress. 
Due to precipitation the experimental conditions are 
very limited. Studies of this system using LlPAS are in 
progress to reach lower uranium concentrations and 
also a decreased the acid concentration. 
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INCREASE IN THE IONlC STRENGTH OF URANYL CONTAlNlNG SOLUTIONS 

G.Geipel, M. Rutsch, G. Bernhard, H. Nitsche 

The influence of high concentrations of perchloric and sulfuric acid on the fluorescence properfies of the uranyl ions was 
studied. Due to the decreasing water concentration of the solutions, an increase in the fluorescence lifetime was found for both 
media. Deconvolution and peak fitting of the perchloric medium showed no evidence for complex formation between uranyl - 
and perchlorate ions. 

It was recently discussed I11 that time-resolved fluores- 
cence spectroscopy of uranyl and uranylspecies in 
aqueous solution may be hampered by the quenching 
properties of the water molecule. Because sodium per- 
chlorate is frequently used as an ionic strength adjuster 
it was also important to study the influence of the per- 
chlorate ion on the uranyl fluorescence. 
Fig. 1 shows the increase in fluorescence lifetime as a 
function of increasing perchloric acid concentration. A 
linear dependence was found. At very high concentra- 
tions of perchloric acid no further decrease of the fluo- 
rescence lifetime occurred within the error limits. The 
Same studies were repeated with sulfuric ions, because 
nearly water-free conditions can be reached in this me- 
dium. The measurements were begun with a 2 M solu- 
tion of H,SO, because only the trisulfato complex exists 
as the major species in solution 121. The fluorescence 
lifetime increased with increasing concentration of sul- 
furic acid. 

CHC~O. I M 

Fig. 1: Fluorescence lifetime of uranyl as function of concen- 
tration of perchloric acid 

To compare the two measurements, we calculated the 
resulting water concentration each solution from the 
concentration of the acid and the density of the solution. 
The fluorescence lifetimes of both series nearly linearly 
dependent on the water concentration. The results of 
both series were fitied with the Same equation parame- 
ters ( Fig. 2 ). Showing that the fluorescence lifetime of 
these uranyl systems is mainly influenced by the 
quenching of the water molecule. Taking the Stern- 
Vollmer mechanism as a basis for this effect, we calcu- 
late a qoenching constant for the water molecule I31 
accordingly to the following equation. 

The quenching constant was in: 
sulfuric acid k, = 6.3 X 1 d mol-'s-' 
perchloric acid hM= 7.2 X ld mal-'s-'. 

Fig. 2: Fluorescence lifetirne of uranyl as function of calcu- 
lated water concentration in perchloric and sulfuric 
acid 

To investigate a possible complex formation between 
the uranyl and perchlorate ions, we studied the emis- 
sion properties of the main fluorescence emission 
bands. All fluorescence lifetimes were found to follow a 
monoexponential decay mechanism and deconvolution 
of the spectra did not show any evidence of the forma- 
tion of new emission bands. Fig. 3 shows the fitted 
wavelength of the third emission band as a function of 
the concentration of perchloric acid. The wavelength 
shift is smaller than 1 nm. This is significant evidence 
that no complex forrnation between uranyl and perchlor- 
ate ions occurs up to 11 M HCIO,. 

512r0 o 

Fig. 3: Wavelength of the third ernission band of uranyl ion 
as function of perchloric acid concentration 
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VALIDATION OF THE COMPLEX FORMATION BETWEEN Ca2*, U 0 F  AND C 0 3  USING EDTA T 0  
ADJUST THE Ca2+ CONCENTRATION 

G. Geipel, G. Bernhard, H. Nitsche 

The complex formation constant between calcium, uranyl and carbonafe ions was reported in the last annual report /l / .  To 
validate this formation constanf againsf ofher complex formation reactions we used EDTA to adjust the concentration of free 
calcium ions in the solution. We included the complex formation between C@ and EDTA in the calculation of fhe complex 
formation constant for Ca$J02(COJ.&q,~ we obtained log P, = 26.5 I 0.3. The slope was found to be 1.661 0.35. 

The validation of the formation constant of the species 
Ca2[U02(C03)J„, is important to exactly calculate the 
speciation in the mining related waters. We studied the 
complex behavior at pH 8.0 and 9.0 and at a uranium 
concentration of 5x10" M. The concentration of added 
Ca2+ was kept constant at I XI 0" M and I XI OS M. To 
form the uranyl-tris-carbonato complex, the concentra- 
tion of HCOJCO," was kept constant at I XI 0" M. The 
ionic strength in the solutions was constant at 0.1 M. 
Under these conditions more than 95% of the uranyl 
ions in the solution were bound in the CaJU02(C03).J„, 
complex. To vary the concentration of uncomplexed 
Ca2+ and in consequence the concentration of the 
Cq[U02(COJJ(aq, complex, we added NqEDTA, which 
forms strong complexes with Ca2+. 

Ca2+ + NqEDTA = CaEDTA + 2 Na+ (1) 
The formation constant for reaction (1) is given in the 
literature /I/ as log ß, = 10.59. 
We also considered the formation of CaCO,. 
The formation constant for reaction (2) is given in 121 as 
log ß, = 3.1. 

Ca2+ + CO: = CaCO, (2) 
To calculate the overall formation constant of the cal- 
cium uranyl-tris-carbonato complex we included the 
formation constant of the uranyl-tris-carbonato complex 
(reaction (3)), which is given in I31 as log ß, = 21.6. 

uoZ2+ !++ 3 ~ 0 , ~  = UO,(CO)~ - (3) 
Fig 1. shows the fluorescence spectra of a series with 
initial I X I O - ~  M Ca2[U02(C03)&,,, with an increasing 
amount of Na2EDTA. The fluorescence intensities de- 
crease with increasing N+EDTA concentration. This is 

450 500 550 600 

Wavelength I nm 

Fig. 1 : Fluorsccence spectm of 5xIW% CaJJ02(C03),(aq) at 
pH 9.0 as function of added NqEDTA concentration 

a result of the increasing CaEDTA formation, which 
reduces the concentration of free Ca2* ions in the solu- 
tion. The complex equilibrium of Ca2[U02(C03)Jw is 
äius infiuenced, resulting in decreasing concentrations 
of the fluorescent Ca2[U02(C03&l complex. Under 

these conditions, we calculate the free Ca2+ concentra- 
tion from the equilibria (1) and (2) and from the mea- 
sured fluorescence intensiv. The sum of the concentra- 
tions of CaJJ02(C03),'4-a)- and UQ(CQh4- is the total 
uranium concentration of 1x10" M (4). 

[uo2(co3)3"] + [ c ~ u o 2 ( c o 3 ) ~ ~ ~ ]  = U, (4) 
To calculate the formation constant for reaction (5): 

X Ca2+ + U02(C03),"- = CaJ02(C03)~")- (5) 
we arrange the mass action law in the following expres- 
sion: 

Fig. 2, for instance, shows the slope analysis of this 
equation for pH 8 and a total calcium concentration of 
1*109 M. Using all measured series, the slope was 

' 4 . 0  

log[~a~ ' ]  I M 
Fig. 2: Slope analysis for the validation of complex formation 

of CqU02(C0,),(aqf as function of the Ca2+ concen- 
tration. 

found to be 1.66 I 0.35. The agreement with the theo- 
retical value of 2 for the Ca2+ ions involved in equation 
(5) is relatively good under the given experimental con- 
ditions. The value for log K in equation (6) was found to 
be 7.55 I 0.23 at an ionic strength of 0.1 M. Recalcula- 
tion for the complete complex formation reaction 

2 Ca2+ + UOB + 3C09 = Ca2U02(COJi4-'h" (7) 
using data for the U02(C0)3 ' I31 gives log ß2,, = 29.1 5 
I 0.3, the correction to Zero ionic strength gives log 
ßo2,, = 26.5 I 0.3. Within the error limits given by the 
varying experimental conditions, this value is in good 
agresment with the value of log ßZl3 = 25.7 I 0.7 that 
we reported earlier 11 I .  
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S. Amayri, G. Bernhard, H. Nitsche 

The solubility of calcium uranyl carbonate CaJUO,(CO,h] .10H,O was studied at 25 'C and pH 8.0 from underssrturation in 
aqueous solution Open to the afmosphere. The solubility of Iiebigite at pH 8.0 was detemined to be 9.9 I 0.5 g/L. 

Experimental 

Solubility experiments were carried out according to the 
guidelines given by Nitsche 111. Liebigite was synthe- 
sized according to 121. Five grams of calcium uranyl 
carbonate was transferred to a teflon cell containing 
100 mL of 0.1 M NaCIO, (p.A., Merck). The pH-value 
was adjusted with HCIO, (Suprapur, Merck). The cells 
were thermostated at 25 1 1 "C and shaken at 100 rpm 
with an automatic agitator. The dependence of solubility 
on the time was determined by periodically analyzing 
the calcium and uranium content in solution. The sam- 
ples were ultrafiltered through Minisart cellulose nitrate 
membrane filters of 25 nm Pore size (Schleicher & 
Schuell, Dassel, Germany) and then analyzed by ICP- 
MS and AAS. The X-ray diffraction diagrams of the 
solid residues at steady-state were recorded in the 20 
range from 8" to 60" (URD 6, Freiberger Präzisions- 
mechanik, Freiberg, Germany). The soluble uranium 
NI) species at steady-state were characterized by time- 
resolved laser-induced fluorescence spectroscopy 
(TRLFS). TRLFS measurements were performed with 
a Nd-YAG-laser system (Spectra Physics, Mountain 
View, CA, USA). The excitation wavelength was 
266 nm 131. For speciation calculations the sofiware 
EQ316 141 was used. The calculation were carried out 
with the NEA data base I51 including the species 
ca2[u02(c03~&„ 131- 

Results and Discussion 

In this report we will discuss only the solubility experi- 
ments at pH 8.0. This is the pH-value of natural seep- 
age waters coming from an uranium mining area 131. 
In these waters, the species CaJUO,(CO,)&„ was 
identified. Fig. 1 depicts the uranium solubility at pH 8.0 

D Y  
Fig. 1 : Concentration of uranium in 0.1 NaCIO, at 25 "C un- 

der air as function of time. (Starting solid phase: 
C~[UO,(COJ~~IOH,O; undersaturation, error is 
within the size of the syrnbols) 

as a function of time. The experimental results indicate 
that the steady-state is reached after about 30 days. 

The obsewed decrease followed by an increase in uran 
concentration may be due to changes of the calcium 
uranyl carbonate surface. XRD measurement of the 
initial solid phase and under steady-state conditions 
showed no change of the crystal structure. 
CaJU02(C03)J - I OH,O was the solubility-controlling 
solid phase at pH 8.0. No phase change occurred and 
no secondary phase was formed. It was shown by 
TRLFS measurements that Ca2[UO2(CO3)& dom- 
inates the uranium speciation in the aqueous phase at 
steady-state. Speciation calculation showed the Same 
result (Fig. 2). The solubility of liebigite (0.1 M NaCIO, , 

Fig. 2: Calculated species distribution of uranium as a func- 
tion of pH (calculated with EQ3/6). 
([U0,2.]=1.26E-2 M, [Ca2+]=2.52E-2 M, 
[CO5]=3.78~-2 M) 

under air atmosphere, 25 "C , pH 8.0) was determined 
to be 9.9 i 0.5 gR. The U, Ca concentrations at steady- 
state are (3.33 I 0.05) g1L and (1 -202 i 0.003) g1L re- 
spectively. 
First results of solubility experiments at pH 6.0 and 1 1.0 
show a change of the solid phase and also different 
uranium speciation in the aqueous phase. 
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CHARACTERIZATION OF AMMONIUM URANYL CARBONATE (N H,),[UO,(CO,)J 
S. Amayri, G. Geipel, G. Bernhard, W. Matz' , G. Schuster 

'Institute of Ion Beam Physics and Materials Research 
Chemical analysis, X-ray powder diffraction (XßD), thermoanalysis, and time-resolved laser-induced fluorescence spectros- 
copy (TRLFS) were used to characterize the synthesized (NH,h[U02(C03)3]. It is an initial substance for the synthesis of other 
uranyl carbonate complexes. 

Our goal was to synthesize and characterize 
(NH4)4[U02(C03)3] (AUC) in order to use it as a starting 
material for the preparation of other alkali and alkaline 
earth metal uranyl carbonates. Another aspect was the 
study of the complexation behavior of the uranyl ions 
with ammonium and carbonate species by TRLFS. 
Chemical analysis 
AUC was prepared according to /I/. Concerning the 
formula (NH4),[U02(C03)J, the determined chemical 
composition was in good agreement with the calculated 
values TTab.11. 

Tab.1: Chemical analysis of AUC 
X-ray powder diff raction 
The diffraction pattern was obtained, using a universal 
X-ray diffractometer (URD-6, Freiberger Präzisions- 
mechanik, Gennany) in Bragg-Brentano geometry with 
CuK, radiation. The diffractograms were recorded in 
the range from 8" to 60" (Fig. 1). The peaks were iden- 
tified using a diffraction data pool and taking into ac- 
count the monoclinic structure. The results (Tab.2) are 
in good agreement with published data 12,3/. 

I This work I Malcic 121 1 Bachmannl31 

U 
N 
C 

- - .  

V (A3) ) 12.705 I 0.001 1 12.725 1 12.70 I 0.3 
Tab. 2: Lattice constants of (NHJ4[U02(C03)] 

2.theti P] 
Fig. 1: X-ray powder diagrams of (NH4),[U02(C03)J 

Thennoanalysis 
Thennoanalysis was cartied out, using the thermoana- 
lyser STA-92 (Setaram, France) in the range from 20 to 
800 "C with a heating rate of 10 "Clmin under oxygen. 
Ac reported by Jinder and Skramovsky 141, the thermal 
decomposition of AUC occurs in a single step and can 
be deccribed by the foifowing equation: 

(NH,),[UO,(COJJ = 4NH3+ 3c02+ U 0 3  + 2 4 0  
Diagrams (Fig. 2) showed a single endothermic effect 

Found (%) 
45.52 I 0.5 
10.75 i 0.02 
6.89 I 0.02 

between 165 and 185 "C. At this temperature AUC 
disintegrates. Uranium oxide is formed by generating 
ammonia, carbon dioxide and water vapor. A weight 
loss of 47.53 % (calc. 45.22%) is measured by 
thermogravimetry. 

0 - J 1 °  

Calculated (%) 
45.58 
10.73 
6.90 0 100 200 300 400 500 600 700 RDO 

Temperamra -C 

Fig. 2: TG and DTA diagrams of (NH4),[U02(C03)J 
Fluorescence spectroscopy 
The fluorescence lifetime of solid AUC was detennined 
to be 10.45 PS and the main emission wavelengths 
were at 451.6 nm, 465.8 nm, 483.6 nrn, 503.3 nm, 
524.4 nm, 547.6 nm, 572.9 nm and 596.6 nrn. The 
charactenstic fluorescence was induced by exciting the 
solid sample with a 266 nm laser beam (Nd-YAG-laser 
System: Spectra Physics, Mountain View, CA, USA). 

Ern lssion Waveiength I ntn 

Fig. 3: TRLFS spectrum of (NH4),IU02(C0,)J 

Solid AUC (see Fig.3) shows a fluorescence pattern 
different from that of solid uranyl carbonate 
(nitherfordine). The results of the various characteriza- 
tion methods shows that pure ammonium uranyl car- 
bonate was synthesized. 1% can be used as a starting 
material for the preparation of other uranyl carbonate 
complexes. 
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INITIAL LASER-INDUCED PHOTOACOUSTIC SPECTROSCOPIC STUDIES OF URANIUM(IV) 

G. Geipel, A. Abraham, G. Bernhard, H. Nitsche 

Laser-lnduced Photoacoustic Spectroscopy (LIPAS) is a powerful tool to study spectroscopic properties at very low concentra- 
tions / I / .  We are currently studying the influence of organic cornpounds on the U(VI)/OlV) potential. We use LIPAS as one of 
tools to investigate this phenornenon, and investigate the wavelength range between 510 nm to 590 nrn. In addition to this 
ranae, the absorption band above 650 nrn can be accessed by single bearn LIPAS. These however, the light absorption of the 
so ie i t  water studies at very low concentrations. 

Uranium(1V) does not display any fluorescence proper- 
ties, thus only UV-vis or laser-induced photoacoustic 
spectroscopy can be used as non-invasive methods to 
study solution species and their complex formation. 

The used laser-lnduced photoacoustic spectroscopy 
(LIPAS) is already described elsewhere 111. 

2z2x1 O4  = Single beam i . . .  

0% 
2'0x104 o without water absorption (x2) a 0 

1 .8~10 '  
I 

n o t  ali points plotted 

. , 1,2x104 

oO 0 

0 

0 

Wavelength I nm 

Fig. 1: Absorption spectrurn of Uraniurn(lV) 

The absorption spectnim of uranium(lV) shows several 
absorption bands over a wide wavelength range. Be- 
tween 350 nm and 750 nm, we find four main absorp- 
tion bands. The band near 650 nm should be the most 
useful absorption feature for analytical purposes, be- 
cause it has the highest molar extinction coefficient in 
this wavelength region (Fig.1). 

Unfortunately, in this range a concurrent absorption due 
to the solvent water occurs. We avoid this problem by 
using a two-cuvette LIPAS, which enables us to 
substract the absorption of the solvent. This system is 
currently being built. 

of the water increases nearly linearly with increasing 
wavelength. We therefore can correct for the back- 
ground using the software package GRAMS'386. 

Fig 1. shows that the absorption around 650 nm also 
consist of more than one absorption band. This behavior 
was also found between 450 nm and 500 nm. The ab- 
sorption below 450 nm can be influenced by ura- 
nium(Vl) when present in the solution. This limits the 
useful spectral range from 520 to 690 nm for studying in 
the uranium(1V) system. 

Fig. 2 shows the photoacoustic spectra of two ura- 
nium(lV) solutions. Peak fitting shows us that the ab- 
sorption consists of two absorption lines at 53611 nm 
and 55011 nm. 

Fig.3 shows the dependence of the photoacoustic signal 
on the uranium(lV) concentration. The detection limit for 
uranium(1V) for our photo-acoustic setup is 5x10"M at 
550 nm. 

This clearly shows the necessity for a two-cell design in 
order to detect lower concentrations of uranium(lV). 

0,0 2 . 0 ~ 1 0 ' ~  4,0x104 6,0x10-* 8,0x10-' 1,0x10' 

Uraniurn(lV) concentration I M 

Fig. 3: Dependence of the photoacoustic signal on the ura- 
niurn(lV) concentration 
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Fig. 2: LlPA Spectra of Uraniurn(iV) behveen 520 nm and 580 
nm 

Until then, we used the 548 nm absorption line of ura- 
niumOV) for first studies. Also here, we find a slight sol- 
vent absorption, in this wavelength range the absorption 



COMPLEX FORMATION OF URANIUM (IV) STUDIED BY LASER-INDUCED PHOTOACOUSTIC 
SPECTROSCOPY (LIPAS) 

G.Geipel, G. Bernhard 
In wntinuation of the studies of the wmplex formation of uranium(l\/) in the phosphate system we used the LIPAS technique 
for studies at lower uranium and acid concentrafions. kiosbesfic poinfs were found af fhe same wavelength as in the UV-Vis 
measurements. The compfex formation constant at an ionic strength of 0.1 M was calculated to be log k,= 4.83 I 0.12. 

We studied the complex formation between ura- 
nium(lV) and phosphate in the concentration range 
from 2.10~ to 5.104 M using conventional UV-Vis spec- 
troscopy 111. A relatively high acid concentration was 
necessary in this system to avoid precipitation of ura- 
nium phosphates. The ionic strength of the solution was 
therefore 0.5 M and higher. Lower concentrations of 
uranium(lV) cannot be studied by this technique be- 
cause the spectra already show background noise. 
To get the complex formation reaction and the forma- 
tion constant at infinite solution it is necessary to study 
the complex formation in this system depending on the 
pH and on the ionic strength. Studies at lower uranium 
concentrations had to be carried out. Some first results 
will be given. 
The design of LIPAS is described in 121. In addition, we 
measured the fluorescence spectra of all prepared so- 
lutions to determine the amount of reoxidized ura- 
nium(V1). For our calculations we used only spectra 
where the amount of reoxidized uraniurn(V1) was less 
than 5% of the total uranium. The concentration of ura- 
nium(lV) was corrected by the data obtained for ura- 
nium(V1). 
We measured the LIPAS spectra of uranium((lV) in 
0.1 M HCIO, depending on the uranium concentration. 

500 = I*IV~M U(IV 

8-los M U(IV) 

Waveiength I nrn 

Fig. 1: Spectra of U& in 0.1 M HC10, 

These spectra are shown in Fig. 1. We find the typical 
absorption spectrum in the wavelength range from 
580 nm to 690 nm. 

phosphoric acid added. We find Wo isosbestic points at 
the Same wavelengths as in our study using UV-Ws 
spectroscopy. The isosbestic points are found at 660 
and 669 nm. Compared with the measunng conditions 
applied (step width 0.1 nm for UV-Vis and 1 nm for 
LIPAS) the agreement between the iwo methods is very 
good 111. 
The absorbance data of the isosbestic points and of the 
spectroscopic points at 649 nm, 664 nm and 671 nm 
were used to calculate the complex formation constant. 
We assume that the phosphoric acid dissociates ac- 
cording to 

H,PO, ++ H,POi+ H+ log K, = -2.14 (1) 
and that the complex formation follows the reaction 

U& + X H,PO~ t+ u(H,Po,).~)+ (21 
The reaction (1) was used to calculate the concentra- 
tion of the dihydrogen phosphate in the solution. The 
result of the calculation is a formation constant of 
log K, = 4.83 I 0.12 when we assume that one 
dihydrogen phosphate (X = 1) takes part in reaction (2). 
For a 1 :2 complex we calculate the formation constant 
at an ionic strength of I = 0.1 M to be log K, = 10.20 I 
0.1 3. When we compare these data with the results of 
the study at an ionic strength of I = 0.5 M, the forma- 
tion constants are smaller. This is in agreement with the 
predicted dependence of the formation constants on 
the ionic strength. 
To validate the formation reaction we periormed a 
slope analysis. We rearranged the law of mass action 
to fit 

log ([U(H,PO,)~+]I[U'+]) = log[H2P0A + log K2 (3) 

1 -4 
-6.7 -& -b,6 b,a -6.3 6.2 T 

1oa BI,PO.l 

Fig. 3: Slope anaiysis for reaction (2) 

This stope analysis is shown in Fig. 3. The slope X was 
found to be 1.48 1 0.1 1. This result does not allow any 
decision about the complex formation reaction, using 
the actual available data, Further studiec are in prog- 
ress. 
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LASER-INDUCED PHOTOACOUSTIC SPECTROSCOPIC STUDIES OF NEPTUNIUM 

G. Geipel, G. Bemhard, G. Grambole 

We installed the LIPAS equiprnent for studies in a glove box. Sorne first photoacoustic spectra of neptunium were cornpared 
with normal UV-Vis Spectra. 

In the new radiochemistry building /I/ a laboratory for 
laser induced spectroscopy was set up. From this labo- 
ratory we can transmit laser pulses with fibre optics into 
the other laboratories where glove boxes are installed. 
in this way we can apply laser-induced spectroscopic 
methods to transuranium elements. 
As a first step of operation of the Nd:YAG pumped 
OPO System in the new laboratory we measured the 
wavelength of the signal output of the OPO. The result 
for the spectral range from 580 nm to 590 nm is shown 
in Fig.1. As expected, a straight dependence exists 

Wavelength (MOPO) 1 nrn 

Fig. 1: Dependence of wavelength output of the OPO-Sys- 
tem on ihe sei wavelength 

between the OPO output and the measured wave- 
length. The linearity is 0.999 I 0.002. The correlation 
factor R2 was calculated as 0.9998,. The difference 
between the set OPO output and the measured wave- 
length was smaller than the error of the spectrographic 
arrangernent (0.2 nm). 
The power of the OPO output was lowered by an at- 
tenuator (Newpori Model 850) to an average pulse 
power of about 5 mJ and was then coupled to a fibre 
optic. The length of this fiber optic was about 50 m 
transmitting the laser pulse into laboratories with glove 
boxes for Np experiments. The measured power in the 
glove box was about 2 mJ (-40% of the input into the 
fiber). In the glove box we have the same equipment for 
LIPAS as described in /2/. The electrical signals of the 
power rneter head and of the piecoceramic detector 
were conveyed out of the glove box, using BNC-cables. 
The preamplifier was Set direcüy on the BNC connector 
of the glove box. The signal was measured, using an 
oscilkscope in the laser laboratory. The signal of the 
power detector was conveyed to the power rneter in the 
laser laboratory. All settings and data Storage were 
Computer controfled in the laser laboratory. 
Fig. 2 shows the UV-Vis cpectrum of a 5.1 0" M solution 
of Np02 in 0.1 M HNO, in the spectral range from 
580 nm to 650 nm. By cuwe fitting we dculate three 
absorption maxima in the range at 592.0 nm, 61 6.4 nm 
and 625.9 nm. The main absorption in this range was 
found at 816.4 nm. The molar extinction coefficient for 
NpO,' at this wavelength was calculated as 

13.2 Lmol-km-'. Assuming the lowest detectable ab- 
sorption to be 10" units, we calculated a detection limit 
of 7-104 moVL for UV-Vis spectroscopy with 1 cm 
cuvettes . 

1 " " " " " " ' l  

Wavelength I nm 

Fig. 2: UV-Vis spectrum of NpO,' in 0.1 M HNO, 

Adding 0.1 M HNO, we diluted this Np02+ solution to a 
5.1 O4 M NpO,' solution. This solution was measured in 
the same wavelength range by the described LIPAS 
technique. 

1.4~10~~ , L . . . . . . I 

580 590 600 610 620 630 640 650 

Wavelength I nrn 

Fig. 3: LIPAS spectrum of NpO,' in 0.1 M HNO, 

The spectrum is shown in Fig. 3. The absorption max- 
irna were calculated as 592.2 nm, 616.7 nm and 625.5 
nm by fitting the measured absorption with a Gaussian 
peak fit algorithm. These absorption maxima are in 
excellent agreement with the maxima found by UV-Vis 
spectroscopy. Using the threefold noise of the spectrum 
as the detection limit we calculated the lowest detect- 
able Np02 concentration to be 5.104 M. This is more 
#an two orders of magnitude smaller than the results of 
conventionat UV-Vis spectroscopy. 
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TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY 
WlTH ULTRASHORT PULSES - PART I: SETUP OF THE LASER SYSTEM 

M. Rutsch, G. Geipel, G. Bemhard, H. Nitsche 

A new pico- and ferntosecond laser sysfem was builf up for time-resolved laser-fluorescence spectrvscopy of rnetal-organic 
cornplexes by the fluorescence properfies of the organic ligands. 

Many environmentally harmful metals and radionuclids, 
such as arsenic and neptunium, do not show fluores- 
cence properties under ambient conditions. These ele- 
ments form complexes with organic compounds, that 
are important for the migration in the environment. The 
use of ultra-short laser pulses, pulses of pico- or femto- 
second duration for TRLF spectroscopy has opened up 
a new path for investigating of such meta1 complexes 
by studying the fluorescence properties of the organic 
ligands. The very short fluorescence lifetirnes of the 
organic ligands require an excitation with ultra-short 
pulses, that are rnuch shorter than the lifetimes of the 
organic ligands. We describe here briefly our new pico- 
and femtosecond laser system that will be used for 
such studies. Fig. 1 shows a scheme of the experimen- 
tal setup. 

Fig. 1 : Experimental Setup of the laser systern for time-re- 
sohred laser-induced fluorescence spectroswpy with 
ultra-short pulses. 

Time-recolved fluorescence rneasurements are carried 
out by using an amplified, frequency-doubled excitation 
pulse frorn a mode-locked pico- or femtosecond Ti: 
sapphire oscillator (Tsunami, Spectra Physics). The Ti: 
sapphire oscillator is pumped by the second harmonic 
of a diode pumped cw Nd:YV04 laser (Millenia, Spectra 
Physics) and delivers pulses of a duration smaller than 
2 ps or than 130 fs and with sorne nJ output energy per 
pulse at 800 nm and a repetition rate of 80 MHz. The 
pulse is stretched by a grating and then used as seed- 
ing for the regenerative Rsapphire amplifier (Spitfire, 
Spectra Physicc). The Tisapphire ampiifier is pumped 
by the second harmonic of a Nd:YLF laser operating at 
a repetiüon rate of I kHz, with a pulse duration of 
250 ns and an energy per pulse af 10 ml (Merlin, Spec- 
tra Physics). TSie ampiiied pulse is ihen compresced to 

obtain an output of pico- or femtosecond pulses with an 
energy of 5 1 mJ at 800 nm (Spitfire, Spectra Physics). 

The pulse duration and the pulse shape is controlled by 
autocorrelation before amplification (Autocorellator 409, 
Positive Light) and after amplification (Single Shot 
Autocorrelator SSA, Positive Light). The amplified pulse 
is frequency-doubled in a beta barium-borate (BBO) 
crystal to generate the second harmonic. A Pellin Broca 
prism separates the residual of the wavelength at 
800 nm from the generated 400 nm. The frequency- 
doubled pulse is directed with mirrors to the Center of a 
sample chamber, which is mounted directly on the en- 
trance slit of the spectrograph (M270, Spex). The flulo- 
rescence emission is focused on the slit spectrograph 
vertical to the excitation pulse without using an optical 
fiber cable. 

The spectrograph has a turret with Wo gratings, 
300 Ilmm and 100 Ilmm. Spectral resolutions of 
0.46 nm or 1.4 nm and a spectral range of 178 nm and 
534 nm are possible, respectively. The entrance slit is 
variable from 100 to 2,000 Pm. 

The fluorescence signal is detected by a picosecond 
CCD camera system operating at 1 kHz {PicoStar, 
LaVision). The CCD camera system consists of a cam- 
era head with cooling water connectors, a water cooler, 
CCD control unit, irnage intensiiier unit and ps delay. 
The CCD chip is cooled to +lO°C for a low dark signal. 
The camera head is directly connected to the spectre- 
graph over a multi-channel detector adapter. The CCD 
camera system has fixed gate times 07 0.08,0.12,0.25, 
0.5, 1, 2,4 or 6 ns, the delay time can be varied be- 
tween 0 and 25 ns. fhe CCD camera system and the 
spectrograph are connected with a cornputer for con- 
trolling and for recording the spectra (program 
WinSc4.5, LaVision). The CCD camera is triggered by 
the regenerative amplifier system (Spitfire). In order to 
statt the recording of the spectra exactly at the same 
time when the laser pulse reaches the sample, a delay- 
generator (DG535, Standford Reseatch System) cam- 
pensates the opticai and electrical path oi the pulse 
between the regenerative amplifier and the sampie 
chamber. The signals from the camera, the regenera- 
tive amplifier and of the pulse at the sampfe measured 
with an ultrafast photodiode (UPD-300SP, Soliton) are 
sent to an oscilloscope (LC574A, t&roy) to adjust the 
deiay-generator. 

By a photodiode aZ the regenerative amplifier on-iine 
measurements of the wavelength of the pulses are also 
possible with an addiional spectrogtaph (1235, EG&G) 
diode array (MI 455, EG&G) System. The energy of the 
pu le  can be measured by an analogue energy power 
meter (407A, Spectra Physics). F~usrescence spectra 
are obtained by ac~umulatlon of severa! numbers of 
laser shots. 



TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY 
WlTH ULTRA-SHORT PULSES - PART 11: TESTING OF THE NEW LASER SYSTEM 

M. Rutsch, G. Geipel, S. Pompe, K. Schmeide, G. Bernhard, H. Nitsche 

The floorescence properties of humic substances were investigated by time-resolved laser-induced fluorescence spectroscopy 
with ultra-short excitation pulses to fest the new pico/femtosecond laser system. 

Experimental 
The influence of different laser system parameters and 
some environmental factors on the fluorescence behav- 
ior of humic substances was studied. 
Varied system parameters were: the number of the la- 
ser shots per spectrum (from 25 to 30000), the gate 
time of the CCD camera (from 0.120 to 6 ns) and the 
excitation energy (from 2 pJ to 80 pJ). The following 
system parameters were held constant: the excitation 
wavelength of 396 I 0.5 nm, the excitation pulse dura- 
tion of smaller than 10 ps and the slit of the spectro- 
graph of 100 pm. The time-resolved spectra were re- 
corded between 0 and 15 ns after laser pulse excitation 
in the wavelength range between 41 0 and 588 nm with 
different delay steps. 
Varied environmental factors were: the origin and the 
pur@ (purified or not purified) of the humic substances, 
the pH (from 1.5 to 12.0) and the concentration (from 
0.25 to 25 mgIL) of the sample solutions. All sample 
solutions were prepared at an ionic strength of 0.1 M 
NaCIO,. The following samples were investigated: (a) 
commercial humic acid (Aldrich, purified I11 and not 
purified), (b) synthetic humic acid (Maillard reaction type 
M42, /I/), (C) natural humic and (d) fulvic acid extracted 
from the Bog "Kleiner Kranichsee" in Saxony 121. 

Results and Discussion 
The fluorescence intensity increases exponentially with 
increasing gate time. For each measurement the ex- 
pected linearity between fluorescence intensity and the 
number of laser shots and the excitation energy as well 
is observed. 
At low concentrations, up to 8 mg/L, the fluorescence 
intensity increases linearly, with higher concentrations 
the fluorescence intensity reaches a maximum and then 
decreases. (Fig. 1). The fluorescence intensity shows a 
rnaximum around pH 7, corresponding to 131. The life- 
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Fig. 1: Fluorescence intensiiy as function of humic acid con- 
centration (Aldrich, purified, delay time 0 ps) 

time is not affected by pH, concentration and system 
Parameter. A typical time resohred spectrum is shown in 

Fig. 2. All samples show a mono-exponential decay of 
the integrated fluorescence signal between 450 and 550 
nm at the chosen experimental conditions. The deter- 
mined lifetimes range from 3.5 to 5.0 ns. Differences 
between the lifetimes of the five samples are small but 
significant (Tab. 1). 

I sarnpie Fluorescence lntegrated fluorescence I lifetirne / los, 1 sianal / kU.1 xi o3 
(b) 331.O*6.lp (a) purified 4612 i 283 

(a) not purified 4336 I 265 134.1 I 4.8 
4137 I 203 58.5 I 2.9 

(C) 3935 I 209 51.3 I 2.0 
fd) 3843 I 91 53.4 I 2.6 

Tab. 1:  Fluorescence lifetime and integrated fluorescence 
signal of the different sarnples 

The fluorescence intensity of the Aldrich humic acid is 
higher than that of the other samples, as shown in 
Tab. 1 as an example for a concentration of 7 mg/L. The 
differences can be explained by the diversity of cumula- 
tive structural effects 131. Comparing the fluorescence 
intensity of unpurified Aldrich humic acid with purified 
Aldrich humic acid show that the presence of metal ions 
impunties decreases the fluorescence intensity by fluo- 
rescence quenching. At all experimental conditions, the 
spectra of the different samples are rather similar, 
showing a broad band between 410 and 588 nm 
(Fig. 2). This behavior can be explained by the large 

Wavelength [nm] 

Fig. 2: TRLFS spectrum oi purified Aldrich humic acid 

number of identical chemical structural units and func- 
tional groups, such phenolic and carboxylic groups, re- 
sulting in a uniform wavelength shift for all samples. 

We demonstrated that our new pico I femtosecond laser 
system is very suitable for investigating the fluorescence 
behavior of organic substances. 
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TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY 
WlTH ULTRA-SHORT PULSES - PART III: THE FLUORESCENCE LlFETlME OF A HUMlC ACID 

M. Rutsch, G. Geipel, G. Bernhard 
The fluorescence decay kinetics of a purified commercial humic acid (Aldrich) was studied by time-resolved laser-induced 
fluorescence spectroscopy with femfosecond excitation pulses (C 130 fs). 

Experimental 
Our pico- and femtosecond laser system for TRLFS, 
described in 111, was extended by an optical parametri- 
cal oscillator system (OPA, Spectra Physics, USA) to 
generate a tunable wavelength range between 290 nm 
and 10 pm. The OPA is pumped by femtosecond laser 
pulses (430 fs, 800 nm, Ti:sapphire oscillator). These 
pulses are amplified to 1 mJ in the regenerative Ti : 
sapphire amplifier. The amplifier system consists of two 
Pockels cells which select a train of a number of indi- 
vidual pulses. For an output energy higher than 1 mJ, 
the selected pulse train is injected into a newly installed 
multipass Ti : sapphire amplifier (with four mirrors, Sup- 
erspitfire, Spectra Physics) so that an output energy of 
3 mJ for pumping the OPA can be achieved. The output 
energy of the OPA is nominally 30 pJ at 320 nm. 
The following experimental conditions were chosen for 
the present studies: 
Excitation wavelength - 400 and 320 nm with an energy 
of 30 and 10 pJ, gate time of the CCD camera - 2 ns 
and slit of the spectrograph - 100 pm. 1,000 laser 
shots were collected and averaged per spectrum. The 
spectra were recorded from 409 to 590 nm in steps of 
0.473 nm and from 0 to 17 ns after laser pulse excita- 
tion in delay time steps of 25, 50 and 100 ps. The start- 
ing point of the measurement was Set approximately 
500 ps before excitation. The concentration of the puri- 
fied Aldrich HA was 5 mg/l and the pH was 11.2. 
To prevent degradation of the humic acid, a flow cu- 
vette with a flow rate sufficient for sample solution was 
used. Due to the high pulse power of the femtosecond 
pulses a degradation of humic acids was observed, 
which caused a strong decay of fluorescence intensity 
and thus errors in the decay time analysis. 
The TRLFS data were analysed by rneans of the fluo- 
rescence decay function: 

A(t)=CAi.ei*) with i=1,2,3and4 (1) 

To obtain the amplitudes A, and lifetimes T, an iterative 
deconvolution was applied, using nonlinear least 
Squares regression by solver implementation of the 
program Exce197 (Microsoft Inc., USA). From the TRLF 
spectra 100 wavelength points between 430 and 570 
nm and 240 delay time points frorn 0 to 17 ns were 
processed in the spreadsheat. In a first step the TRLF 
spectra were corrected by the excitation pulse and by 
the water Raman band at 465 nm. In the second step 
the TRLF spectra were scanned for the number of fluo- 
rescence lifetimes according to eq. 1 ,  and the lifetirnes 
were determined. 

Results 
As shown in Fig. 1, three separated lifetirne ranges 
were found for the Aldrich hurnic acid: Wo shap 
ranges from 300 to 550 ps and from 950 to 1,350 ps 

Fluorescence Lifetime [ps] 
Fig. 1 : Fluorescence lifetime distribution over the ernissions 

wavelengths from 430 to 570 nm (A, = 400 nm) 
The two sharp lifetime ranges do not depend on wave- 
length, but the lifetime of the third range increases 
strongly with the wavelength to values of about 4,400 
ps (Fig. 2). For each lifetime range a single fluores- 
cence spectrum can be obtained (Fig. 2). In their surn 
these spectra represent the measured spectrum. The 
third broad lifetime range is thus a property of this in- 
vestigated humic acid. The change in excitation wave- 
length from 400 nm to 320 nm shows only slight differ- 
ences in the results. 

~ a v e l e n ~ t h  [nm] Wavelength [nm] 
Fig. 2: Fluorescence intensity and lifetime as a function of 

the ernissions wavelengths (A, = 400 nm) 

In Summary, the fluorescence lifetimes of a humic acid 
were determined for the first time over a broad emis- 
sion wavelength range with a high density of measure- 
ment points, resulting in a higher reliability and accu- 
racy of the lifetimes. Furthermore, for each wavelength 
the fluorescence intensities 4 were obtained and the 
single spectra for each determined lifetime T, were 
calculated. 
As another project, other humic acids, such as natural 
(Kranichsee HA) or synthetic humic acid should be 
exarnined at different excitation wavelength in the Same 
way. and a broad range from 2,800 to 4,400 ps, with a rela- 

tive f l ~ ~ r e ~ C f ? n ~ e  iniensity 4 0f 19 2 4 %, 34 I 3 % and References 
47 2 2 %, respectively. M I  M. Rutsch, et. al.; this report p. 21,22 



CHARACTERIZATION OF FERRIHYDRITE WlTH AFM AND TEM 

T. Arnold, G. Hüttig, A. Mücklich', H. Zänker 
' Institute of Ion Beam Physics and Materials Research 

AFM and TEM measurements On ferrihydrite showed that ferrihydrite consists of nano-size particles with a disc-like morphology. 
The small~articles have a diameter of 2 to 5 nm. Ferrihvdrite particles are usually made of agglomerates consisting of many of 
such nano-size particles. 

Experimental 
A ferrihydrite suspension (1 mM) was prepared by slowly 
raising the pH of a (Fe(NO,), - 9 H,O solution to 7.3. The 
suspension was aged for 45 minutes before the pH was 
reduced to 5 in order to minimize the diffusion of CO, 
into the suspension. NaNO, was added to adjust an 
ionic strength to 0.1 M, and the pH was readjusted. The 
suspension was then aged for 65 hours. Prior to Atomic 
Force Microscopy (AFM) measurements, the ferrihydrite 
suspension was centrifuged and the centrifugate was 
washed with deionized water to remove NaNO,. Atomic 
Force Microscopy (AFM) specimens were prepared by 
pipetting a drop of the suspension on a glass slide and 
evaporating the suspension to dryness under an IR- 
lamp. The sample was analyzed with a Nanoscope III 
AFM (Digital Instruments, Inc) working in tapping mode. 
Transmission electron micrographs (TEM) were taken in 
the magnification range from 110 K to 550 K using a 
Philips CM 300. From the I 50 nm filtrate Carbon Ultra- 
thin Support Films (PLANO, W. Plannet GmbH) were 
prepared. 

Results 
Ferrihydrite is an intermediate solid that can form in 
aqueous solutions, and can be placed in the series from 
ferric aquo ions to hematite or goethite. It has P&, val- 
ues ranging from 37 to 39 and is therefore metastable 
when compared to the thermodynamically more stable 
iron minerals goethite and hematite, which have pKP 
values in the rancle from 41 to 43 111. 

Fig. 1 : AFM picture of ferrihydrite agglornerates. 
Fig. 1 shows the AFM image of a ferrihydrite surface. 
The surface appears very rough and indicates the very 
high specific surface area of this mineral. Values of 100 
to 700 d l g  were reported in the literature 111. BET mea- 
surements of freeze dried ferrihydrite samples gave 
specific surface areas of 31 6.6 r f i g  I 10 %. Because of 
this very high specific surface area ferrihydrite is a well- 
known sorbent for many toxic heavy metalc/2/. 
We further examined the ferrihydrite particles by TEM 

measurements. Consistent with the literature 131, we 
found that ferrihydrite consists of 2 to 5 nm particles. 

Fig. 2: TEM irnage of ferrihydrite particles. 
The particles show a disc-like appearance (Fig. 2). Their 
size was determined on the base of TEM images of high 
magnification. 
Transformation of ferrihydrite to goethite proceeds by 
crystallization within the aggregated ferrihydrite in the 
presence of free or surface-bound water 131. However, 
when impurities, such as Si02 andlor anion groups 
from organic acids are present, which are very common 
in nature, they sorb preferentially to the surface, and 
block phase transformation I41 from ferrihydrite to he- 
matite. When the ionic strength of a ferrihydrite suspen- 
sion is low, the nano-sized particles can remain in solu- 
tion, giving a colloidal dispersion or sol. However, when 
the ionic strength is increased, the electric double layer 
of the particles shrinks. Thus, the particles can ap- 
proach each other more closely and van der Waals 
forces may lead to attraction of these nano-sized parti- 
cles so that coagulation may occur. For a 5 nm particle, 
about one third of the atoms are at the surface. When 
ferrihydrite particles Start to agglomerate or flocculate, 
cations and anions sorbed to these nano-sized particles 
are incorporated into the agglomerates and are re- 
moved from the solution by coprecipitation. The AFM 
image shown in Fig. 1 represents therefore an image of 
a heavily aggregated mass of many of these nano-sized 
ferrihydrite particles. 
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DETERMINATION OF THE AClDlTY CONSTANT AND THE NUMBER OF SURFACE SlTES OF 
SCHWERTMANNITE 

T. Arnold, G. Bernhard, H. Nitsche 

The surface site density on the schwertmannite surface was determined by potentiometric titrations, A value of 7.22 sitednnf 
was calculated. In addition, the acidity constant, log k, of the reaction SOH,' = SOH + K was determined to be 4.71. 

lntroduction 

Schwertrnannite is an oxidation product of pyrite and 
forms only in the pH range from 2.5 to 4.5 111. It forms in 
nature by bacterial oxidation of Fe(ll) in acid mine 
effluents or acid sulphate soils. Its general sirnplified 
formula is Fel60„(OH),(SO,), X nH20 where 16 - y = 22 
and 2.0 < z c 3.5 121. The rnineral has a characteristic 
"pincushion" rnorphology and a high specific surface 
area of 125 -225 m2/g for natural samples and 240 - 
300 rn2/g for synthetic samples. 

Experimental 

Synthetic schwertrnannite was prepared by dissolving 
7.26 g of KSO, in three liters of MlLLlQ water. Then the 
solution was heated in a water bath to 60 "C. While 
constantly stirring the solution, 16.16 g of Fe(NO,), X 

9H20 was added to the solution and the solution was left 
standing for an additional 12 minutes. Then the suspen- 
sion was transferred into dialysis tubes and dialyzed until 
the salt content in the surrounding water showed no 
conductivity. 
Potentiometric titrations were performed with a 
METROHM titrator and the software prograrn TiNet 2.2. 
Fifty rnilligrarns of schwertmannite were added to 40 mL 
of MlLLlQ water and titrated with acid and base. Blank 
titrations were also carried out. Twenty-five pL of 0.1 N 
HCI or NaOH were added in two rninute intervals to the 
schwertrnannite suspension and the blank solutions and 
the pH was recorded. 

Results 

From the results of the acid-base titrations the proton 
surface charge of schwertmannite was determined, and 
frorn that the concentration of ionizable hydroxyl groups 
was estirnated. Hydrous rnetal oxides exhibit arnphoteric 
behavior , which rneans that hydroxyl groups on oxide 
surfaces can bind and release protons. As a result of 
these proton transfer reactions, oxides acquire a surface 
charge. The proton surface charge on the 
schwertmannite surface in the pH range frorn 2.5 to 4.5 
was deterrnined by subtracting the titration curve of the 
background electrolyte in the absence of oxide from that 
of the oxide suspension 131 in the following manner: 

(CA - C,)„. = (H') - (OH') + (SOH2) - (SO') + Y 

(CA - C,)-, = (H+) - (OHJ + (SOH;) - (SO? + Y 

(CA - C,) = (SOH;) - (SO-) 

CA is the molar concentration of added acid and C, is 
the molar concentration of added base. The molar con- 
centrations of H+ and OH-are calculated from the pH 
measurements. Y represents an unknown constituent 
that can react wW Hf and ON. This method accounts 
for the effects of impunties and reactions with the vessel 
wall. 

The results are graphically displayed in Fig. 1. 

t 1 I I 
25 3~ 35 4 .U 4.5 

PH 
Fig. 1: Titration data of schwertmannite 

SOH2+ and SO are the charged ionizable surface spe- 
cies. It is assumed that at pH 2.5 all surface species are 
positively charged (SOH,"). The surface charge density 
in C/rn2 is then given by : 

CS = F/(A X S) [SOH,"] 

where F is the Faraday constant; A the specific surface 
area; and S the solid concentration. The total nurnber of 
surface sites was calculated as 7.22 sites/nrn2 frorn the 
calculated surface charge density and the known spe- 
cific surface area of 300 m2/g. Furtherrnore, the acidity 
constant of schwertrnannite was determined by applying 
the Diffuse Double Layer Model. In the acidic region 
where schwertmannite is stable, the SOH,+ is the domi- 
nating surface species. Therefore, the following reaction 
was used to determine the acidity constant: 

SOH; = SOH + H+; K = {§OH)[H+] / {SOH,") 

The formation constant of the above-listed reaction was 
detemined as log k = 4.71 using the cornputer program 
FITEQL Version 3.2 141. 
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SORPTION OF URANIUMO(1) ONTO SCHWERTMANNITE 

T. Amold, G. Bernhard, H. Nitsche 

Sorption batch experiments with uranium(V1) and schwertmannite were conducted. The formation constant log k for the sorbed 
U(VI) surface complex was determined using the computer code FITEQL and a value of 6.30 was obtained, 

Experimental 

Schwertmannite was prepared as described in 111. Two 
series of batch experiments were carried out by adding 
50 mg of synthetically prepared schwertmannite to 
40 mL of 0.1 and 0.01 M NaCIO, solutions, respectively. 
Then, the suspension was aged for 24 hours. After this 
period the pH was adjusted to the desired value using 
appropriate amounts of HNO, or NaOH. The next day 
the pH was checked and if necessary readjusted. About 
80 pL uranyl perchlorate [U0,(C104)J solution, prepared 
in 5 X 1 0-3 M HCIO,, was added to the pH-adjusted sam- 
ples to set the final U(VI) concentration in the suspen- 
sion to the 1 X 1U6 M. Immediately, after the uranium 
addition, the pH was readjusted. Then, the samples 
were rotated end-over-end at 1 to 5 rpm for about 50 
hours to keep the solid material in suspension. At the 
end of a 50 hours period, the final pH values were 
taken. The aqueous and solid phase were separated by 
centrifugation at 3000 rpm for 7 minutes. Subsequently, 
the supematant was filtered using Centnsart C 30 mem- 
branes (from Sartonus) with a molecular weight cut-off 
of 100,000 Dalton, which is approximately equivalent to 
5 nm Pore size. The filtrates were acidified to a pH of 
approximately 1.4 and the samples were analyzed for 
uraniurn and iron by ICP-MS. Uranium concentration in 
the filtrate was determined within an analytical error of 
5-1 0 %. This was determined by two blanks accompany- 
ing each batch series. The difference between the con- 
centration in the supematant solution and the total ura- 
nium concentration was attributed to sorption onto 
schwertrnannite. 

Results 

The results of the batch experiments are shown in 
Fig. 1. No sorption of uranyl onto schwertmannite was 
m 

n 0.01 M NaCIO, 
T 80 

................................ + 0.1 M NaCIO, 

I -I I I 
2.5 33 35 4P 4.5 

PH 
Fig. 1 : Sorption of 1 X 106 uraniurn(Vl) onto schwertrnannite in 

0.1 M and 0.01 M NaClO,solution, respectively 

detected below pH 3. However, with increasing pH the 
uranyl sorption increased. At pH 4.4,80 % of the initially 
added uranium sorbed onto schwertmannite, indicating 

that this secondarily formed iron mineral acts as strong 
sorbent for uranium(V1). Mineral dissolution above pH 
2.6 was insignificant, clearly showing that the uptake of 
aqueous uranium was related to sorption. The two 
curves shown in Fig. 1 further indicate that the sorption 
of uranyl onto schwertmannite seems to occur by 
chemisorption rather than by physiosorption, because 
variations in ionic strength have no influence on the ura- 
nium sorption behavior. 
The DDLM (Diffuse Double Layer Model) was used to- 
gether with the computer code FITEQL Version 3.2 I31 to 
model the sorption results and to calculate forrnation 
constants for uranium surface cornplexes on the 
schwertmannite surface. The formation constants for 
aqueous uranium (VI) complexes 141, the acidity con- 
stant determined in /I/, and the following reaction: 

SOH + U 0 2  = (SOUOB)' + H+ 

were included in the calculation. Based on the experi- 
mental results, the surface complex formation constant 
log k was optimized with FITEQL and a value of 6.30 
was obtained. The distribution of surface and aqueous 
uranium species in a System of 1.25 gIL schwertman- 
nite, 1 XI o6 M U(VI), and 0.1 N NaCIO, solution is shown 
in Fig. 2. 

1E-9 . I I I , 1E9 

3.0 3.5 4.0 

PH 
Fig. 2: Distribution of uranium species in a System containg 

schwertrnannite (50 rng / 40 mL) and a solution con- 
taining 1 X 10-'M U(W) and an ionic strength of 
0.1 M (NaCIO,) 
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DISTRIBUTION OF URANIUM(V1) ON BlOTlTE SURFACES 

G. Mainka, T. Zorn, T. Arnold, G. Bernhard, H. Nitsche 

Uraniurn(V1) is not uniformly adsorbed on the biotite surface. Sorption of uranyl occurs preferentially on edge positions. The 
elernental cornposition of the surface changes when the rnineral is pre-treated with sodium perchlorate solution. 

Experimental 
Biotite specimen (mica, 2*3*0,5 cm pieces) [ K (Mg, Fe, 
Ti, AI), (AISi,Ol0) (OH, F), ] were immersed for 48 hours 
in 0.1 M sodium perchlorate solution containing 25 ppm 
uranyl perchlorate at pH 6.5. To distinguish the differ- 
ence between uranyl sorption and the perchlorate-al- 
tered surface, reference pieces were treated only with 
0.1 M perchlorate solution. The samples were rinsed 
with deionized water and dried at 80" C for 1 hour. 
SEM (Scanning-Electron-Microscopy) pictures were 
taken from the surface and the edge of the biotite of 
non-treated, the reference and the uranyl treated sam- 
ples. EDX (Energy-Dispersive-X-ray-fluorescence-anal- 
ysis) measurements were carried out at different points 
of the surface and at the edge of the samples. 

Results 
Fig.1 shows an SEM image of a biotite surface. The 
surface shows edges, damages and particles that are 

Fig. 1 : SEM picture of a biotite surface 100xD 

distributed over the whole surface. With the detection of 
recoil electrons a distinction is possible between differ- 
ent elements and their distnbution on surfaces. The 
lighter elements are depicted in lighter grey colors than 
the heavier ones. 
The EDX detection on the surface in fig. 2 shows dif- 
ferent elemental distribution for tvvo selected surface 
areas (Fig. 1 box A and B). The EDX measurements of 

100 reference 

D uranyl lrcat*d ?box f i)  

1 0  
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I 
ü 
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e.01 

Fig. 2: EDX measurement of the biotite surface 

I 

- 

the uranyl treated sample shows a slightly lower potas- 
sium and magnesium and much higher sodium and 
chloride concentrations on the surface than the non- 
treated sample. Uranium sorption could only be found 
with EDX measurements in the area of box B where the 
biotite surface is damaged. 
Fig. 3 shows the elemental composition of the edge 
and their change by immersion into sodium perchlorate 
or uranyl solution. The sodium and the chloride concen- 
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100 

10 

a 

4 1 
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Fig. 3: EDX measurement of the biotite edge 

trations of the edge samples are much higher for the 
reference and the contaminated sample than for the 
non-treated sample. The concentration of the other 
elements seems to be lower for the uranyl treated and 
the reference sample than for the non-treated sample. 

Discussion 
The comparison between EDX measurements at differ- 
ent points of the surface shows that uranium is prefera- 
bly adsorbed either at the edge or at points where the 
curface is damaged. At this points the surface is more 
reactive. 
The immersion of biotite in solution leads to a loss of 
interlayer potassium at the edge which is replaced by 
hydrated cations. This immediately leads to a modifica- 
tion of the octahedral sheet with loss of iron. This iron 
not necessarily remains in solution. It also can precipi- 
tate as amorphous or crystallized oxyhydroxide at the 
surface I1 I. 
Iron-oxyhydroxide compounds are preferred adsorption 
sites for uranium(Vl) 121. 
The adsorption of a sodium perchlorate layer may be 
the reason for the lower detection of the other elements 
on the edge. 
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ADSORPTION ISOTHERM AND POTENTIOMETRIC TITRATIONS OF QUART2 

T. Zorn, T. Amold, G. Bernhard, H. Nitsche 

The adsorption isotherm af pH 6.5 indicates that the qua& surface possesses only one type of binding site. Basedon 
potentiometric titrations, the total nurnber of the surface sites was calculated and values of 3.44 and 3.55 sitedndwere 
defermined for I =O. I M  and I = 0.05M, respectively. 

Experimental 

Potentiometric titrations of quartz were performed with 
a Schott-titrator under N2 atmosphere. One gram of 
quartz (63-200pm) was titrated with acid and base in 
80mL 0.1 M NaCI0,-solution. Sixty micro liter of I OSM 
NaOH or 10"M HCI were added to the quartz suspen- 
sion in intenrals of two minutes. The adsorption iso- 
therm of quartz was determined at pH 6.5 under the 
followings experimental conditions: Half a gram of 
quartz of the 63-200 pm fraction was added to 20 mL of 
0.1 M NaCIO, solution in 50 mL polypropylene centri- 
fuge tubes. The mineral samples were conditioned for 
24 hours with this solution. Then 20 mL of 0.1 M 
NaCIO, solution were added to reach a final volume of 
40 mL. The pH was adjusted to 6.5. The pH was 
checked after 24 hours and if necessary readjusted. 
This was repeated until the pH was stable. Then the 
uranyl perchlorate solution was added to Set the final 
U(VI) concentration between 1x1 O4 M to 5x104M . Im- 
mediately after the addition of the uranium, the pH was 
readjusted to 6.5. Then the samples were rotated end- 
over-end at 1 - 5 rpm for about 60 hours to minimize 
abrasion and to keep the geomaterial in suspension. 
After 60 hours the final pH values were measured and 
the aqueous solid phases were separated by centrifu- 
gation at 3000 rpm for 7 minutes. Subsequently, the 
supernatant was filtered using Centrisart C 30 mem- 
branes with a Pore size of 5 nm . The filtrate was acidi- 
fied to a pH of about 1.5, and the sample was analysed 
for uranium by ICP-MS (lnductive Coupled Plasma- 
Mass Spectrometry). 

Results and Discussion 

The Proton surface charge on quartz was determine 
from acid-base titrations and the concentration of ioniz- 
able hydroxyl groups was estimated. The surface site 
density was estimated using the following equation /I/: 

C, is the molar concentration of added acid and C, is 
the molar concentration of added base. The molar con- 
centration of H' and O H  is calculated from the pH 
measurements. F is the Faraday constants, A is the 
specific surface area of quartz (0.2m2/g) and S is the 
solid concentration (g/L). SOH,' and SO- are the 
charged ionizable surface species of quartz.The results 
are graphically displayed in Fig. 1. At pH 9.5 it is as- 
sumed that alt surface species are negatively SO- sur- 
face species. For this assumption the total number of 
surface sites was determined as 3.44 and 3.35 
sites/nm2 for I=0.1 M and I=0.05M, respectively. 
The adsorption isotherm are shown in Fig. 2. The lin- 
ear behavior in the concentration range between 
1~10% and 1x104M of initially added uranium indi- 
cates that the ground qua& has a homogeneous sur- 
face with only one type of binding site. 

3 4 5 6 7 8 9 1 0  

PH 
Fig. 1 : Potentiornetric titrations data of quartz 
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Fig. 2: Adsorption isotherm of quartz at pH 6.5 

At an initial uranium concentration of 5x1 04M a yellow 
precipitate was observed, which can be attributed to the 
formation of a solid uranium hydroxide phase, thus 
causing the upslope of the adsorption isotherm. 

The DDLM (Diffuse Double Layer Model) will be applied 
to model the sorption results and the optimisation pro- 
gram FITEQL will be used to deterrnine surface com- 
plex formation constants. 
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APPLYING THE DDLM T 0  MODEL THE SORPTION OF URANIUM(V1) ONTO QUARTZ AND 
MUSCOVITE 

T. Arnold, T. Zom, G. Bernhard, H. Nitsche 

The DDLM Model was used with sorpfion data was used fo calculafe surface complexafion consfanfs for uranyl sorbed onto 
quartz and muscovite, respecfively. Furthermore, one deprofonation reaction for fhe quartz surface and fwo profonafion 
reacfions for muscovite were calculated. 

Experimental 
Batch sorption experiments with uranyl and the miner- 
als quartz and muscovite, respectively, were carried out 
under ambient temperature and pressure in the pH 
range from 3.5 to 9.5 in 0.1 M NaCIO, solution. An U(VI) 
concentration of 1 .10-6 M, a size fraction of 63-200 Fm, 
and a solid solution ratio of 0.5 9/40 mL was used. Acid 
base titrations with muscovite and quartz were carried 
out under N2 atmosphere and the above specified ex- 
perimental conditions. The titrations were performed 
with CO2-free NaOH and CO2-free deionized water. The 
specific surface area of both mineral surfaces (63-200 
pm) was determined with the BET method. For quartz 
0.2 m2/g and for muscovite 1.4 m2/g was found. 

Results and discussion 
The point of Zero charge (pH,) of quartz is reported to 
range between pH 2.0 /I/ and pH 2.9 /W. Conclusively, 
the quartz surface in our sorption experiments is nega- 
tively charged and XO- species should predominate. 
Therefore, only one acidity constant for the reaction 
XOH = XO- + H+ was determined. By using the titration 
data and FITEQL I31 the acidity constant for qua& was 
determined to be log KxG = -5.62 at an ionic strength of 
I = 0.1 M. The value for weighted Square of Sums di- 
vided by degree of freedom (WSOSDF), an indicator of 
the goodness of fit, was equal to 19.32. In contrast to 
quartz, the pH, of muscovite is at 6.6 141. This indi- 
cates that both positively and negatively charged sur- 
face species occur and thus, two acidity constants were 
determined. Again, titration data and FITEQL were 
used to calculate these constants. The resulting log K 
values for muscovite are listed below. 
XOH = XO- + H+ log Kxo- = -7.81 (1 = 0.1 M) 
XOH2 = XOH + H+ log K xow+ = 6.06 (1 = 0.1 M) 

The WSOSIDF value was 12.01. Using these acidiiy 
constants together with the sorption data obtained in 
batch experiments and the computer code FITEQL, 
surface complex formation constants for uranyl sorbing 
onto quartz and muscovite, respectively, were calcu- 
lated. The surface complex which best modeled the 
sorption results with the Diffuse Double Layer Model in 
the quartz System was a bidentate mononuclear sur- 
face complex shown in the following equation: 
X(OH), + U0,2" = (XO;-U0,2") + 2 H+ log K wa„2j 

EXAFS analysis I51 indicated the fomation of such a 
bidentate mononuclear surface species. The formation 
constant log K of this species was calculated 
to be -5.72 (WSOSIDF = 2.66) at an ionic strength of 
I = 0.1 M. Using this calculated uranyl-quartz surface 
complex to model the sorption of uranyl onto quartz, it 
was found that there was a good agreement with the 
expenmentally denved sorption data, as shown h Fig.1. 
In the case of muccovite, however, the modeling favors 
the formation of two uranyl surface complexes. Both 
surface complex were simultaneously calculated with 
FITEQL. The first one is the monodentate mononuclear 
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Fig. 1 : Exp. and calc. data of U(VI) sorbed onto quartz. 

surface complex: 
XOH + U0,2“ = (XOU0,2")+ + H+ log K „u02)+ 

The second surface complex is a bidentate mononu- 
clear surface complex: 

X(OH), + UOF = (XO;-U0,2") + 2 H+ log K (xo2u02) 

For the first uranyl muscovite surface species the for- 
mation constant log K „-„„+ was calculated to be 
- 0.86 (1 = 0.1 M). The second one was determined to 
be -5.97 (I = 0.1 M). The WSOSIDF value was 5.73. 
The fitted data together with the experimental sorption 
results are shown in Fig.2. 

I i A axp. data 

Fig. 2: Exp. and calc. data of U(VI) sorbed onto muscovite. 
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MODELING THE SORPTION OF URANIUM(V1) ONTO ALBITE FELDSPAR 
T. Amold, T. Zom, G. Bernhard, H. Nitsche 

A surface complexation constant for uranyl sohing onto albite and two protonation reactions on the albite sutface were 
determined by applying the Diffuse Double Layer Model together with the compufer code FITEQL 

Experimental 
Acid base titration of albite feldspar were performed 
under nitrogen atmosphere. One gram of albite (grain 
size 63 - 200 pm) was titrated with acid and base in 80 
mL 0.1 M NaCIO, - solution. Sixty pL of 1.1 0" M NaOH 
or HCI were added to the albite suspension in intervals 
of two minutes. Batch sorption experiments in the pH 
range of 3.5 to 9.5 were carried out in equilibrium with 
atmospheric P, a solid to solution ratio of 0.5 9/40 mL 
and an uranium concentration of 1.10-6 M uranium(V1). 

Results and discussion 
The specific surface area, the surface site density and 
the protolysis constants of the albite feldspar was deter- 
mined prior to applying the Diffuse Double Layer Model 
(DDLM) to the sorption data. The specific surface area 
of the albite powder (grain size 63-200 prn) was deter- 
mined with the BET method as 0.2 m21g. The surface 
site density of albite and the respective protolysis con- 
stants were determined with data derived from acid- 
base titration. The point of zero charge (pH& is known 
to be at pH 2.0 111. From this the surface site density 
was determined at pH 9.47, a pH at which almost all 
surface species should exist as deprotonated XO- spe- 
cies. The surface site density is then calculated from: 

o = FIAxS [C,-C, - (H+) + (OH]] 
C, is the molar concentration of added acid, C, the mo- 
lar concentration of added base, (H") and (OH3 are the 
molar concentration of HI+ and OH',calculated from the 
pH measurement, F is the Faraday constant, A is the 
specific surface area and S the solid solution ratio. At 
pH 9.47 a surface site density of 3.10 sites/nm2 was 
determined. It was expected that at pH values higher 
than the pH, the predominant surface species on al- 
bite is the negatively charged X 0  species. However, 
using only one surface reaction, XOH = XO- + H", to 
model the titration data was unsuccessful. In contrast, 
it was found that there is already an excess of protons. 
This clearly indicates that an additional Proton consum- 
ing reaction should occur. In various mineral dissolution 
experiments with albite Hellmann et al. 121 and Wollast 
and Chou I31 found out that a hydrogen enriched sur- 
face layer forms during the early Stages of chemical 
weathering. They both related this behavior to a cation 
exchange reaction in which Na" from the albite surface 
is replaced by H+ from solution. Despite the presence of 
0.1 M NaCIO, which should suppress the ion exchange 
between Na" and H" at the albiie surface, this additional 
cation exchange reaction seems to occur and was 
therefore included in the modeling. The titration data 
was modeled with the following two reactions: 

XOH = X 0  + H+ log K m  
NaXOH + H+ = XOH; + Na+ log K„, 

Both formation constants were optimized simulta- 
neously with FITEQL 141 and the foilowing constants 
were determined at an ionic strength of 1 = 0.1 M: log 
K, = -7.87 and log Km+ = 6.34 with WSOSIDF = 

9.89. WSOSIDF stands for "'weighted Square of Sums 
divided by degree of freedom" and is an indicator of the 
goodness of fit 141. However, the WSOSIDF value is 
highly dependent on the error assigned to the experi- 
mental data and therefore should not be over inter- 
preted. 
With these two constants the sorption results of the 
uranium(V1) albite System were modeled with the DDLM 
by using a partial pressure of P„ of 1 0-3,5 and including 
all known aqueous uranium species. The experimental 
data was best fitted with the monodentate mononuclear 
surface complex: 
XOH + U 0 F  = (XOUO,)' -E H+ log bouo2b 

Despite showing a high WSOSIDF value of 23.30 this 
species with log = 1.22 (1 = 0.1 M) was chosen, 
because it represents the best description of the experi- 
mental data. However, both modeled adsorption edges, 
as shown in Fig. 1, are too wide. 

m , exp. data 1 
'e * X  , 

PH 
Fig. 1 : Exp. and calc. data of U(VI) sorption onto albie 

Ac this species is purely postulated, spectroscopic evi- 
dence is urgently required to identify the local environ- 
ment of sorbed uranium on the surface. Furthermore, 
additional reactions, e.g. cation exchange andlor chem- 
ical weathering may alter the albite surface and thus 
influence the sorption of uranyl onto albite. 
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SORPTION OF TETRAVALENT URANIUM ON METAMORPHIC ROCKS AND SEDIMENTS 

A. Abraham, L. Baraniak, H. Neubert, G. Bernhard, H. Nitsche 

The uranium(1V) sorption studies under anoxic conditions showed that (1) in the transitional range the sorption is comparable 
with uranium(V1) and (2) under reducing conditions uranium is sorbed as U(OH), with high distribution ratios. 

lntroduction 

In continuation of the uranium sorption studies on rocks 
from the Engebirge and sediments from the Elbe Valley 
in Saxony, Germany, we investigated tetravalent ura- 
nium sorption under transitional and reducing conditions 
in the presence of organic rnaterials such as wood deg- 
radation products (WDP), lignin (PWL) and humic acids 
(H UA). 
The process of wood degradation in the flooded rnines 
consumes oxygen which creates anoxic conditions. The 
organic compounds contribute to the decrease of the 
redox potential in deeper mine water layers. Potentials 
from 25 to 150 mV are found in the flooded Schlema 
rnine at a depths below 20 m 111. 
Reducing conditions were simulated in sorption experi- 
rnents in two steps: first under transitional conditions with 
an Eh between 200 and 400 mV, and then under reduc- 
ing conditions with an Eh between 0 and 200 mV. After 
reaching steady state (4-6 weeks) and separating the 
liquid and solid phases the distribution ratios (R, [mUg]) 
were determined using 234U tracer and LSC rneasure- 
ments. 

Results 

The F& values for the rocks under transitional conditions 
are between 2 and 8 rnUg at pH 8 to 9 (Fig. 1). 

Fig. 1: Uraniurn sorption on rnetarnorphic rocks under transi- 
tional conditions 

We found the following gradation: diabase has the high- 
est values followed by phyllitR/calcite, gneiss and gran- 
ite. We found no change in R, for diabase, gneiss and 
granite in the presence of the organic substances. Only 
phyllite and calcite showed a slightly decreased sorp- 
tion. 
Under reducing conditions, the sorption on the rocks 
increases by two orders of magnitude (Fig. 2). 
The R, values range from 1'4x1 d to 2.1~1 O3 mUg. The 
highest sorption is found on phyilite with R, above 103. 
The sorption on the other rocks is not as strong 
(R,: 130-920 mUg). Generally the organic compounds 
do not influence the sorption. In the case of phyiiite, 
PWL increases the distribution ratio by about 22%, WDP 
and HUA decrease it by 24%. 

Fig. 2: Uranium sorption on rnetamorphic rocks under reduc- 
ing conditions 

The U(IV) sorption from the DOC-free mine water onto 
the sediments under reducing conditions is character- 
ized by strong binding to sandstone, lime marl and clay- 
stone with the highest R, values and the lowest sorption 
on turonian sandstone (B). The influence of DOC de- 
creases the sorption, with the exception of lime marl A 
and sandstone B (Fig. 3). 

Fig. 3: Uraniurn sorption on Sediments under reducing condi- 
tions 

Under weakly reducing conditions (around 400 mV), the 
R, values are between 2 and 20 mUg and the influence 
of DOC on the sorption is negligible. 

Conclusions 
The sorption on the rocks and sediments increases 
strongly with decreasing redox potential. Uranium exists 
in neutral solution and Eh values below 100 rnV in the 
tetravalent state 18. U(IV) is oxidized to U(VI) at higher 
potentials. This results in relatively weak sorption (transi- 
tional potential range). Under strongly reducing condi- 
tions, tetravalent uranium precipitates as U(OH), caus- 
ing high distribution ratios. 
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I INFLUENCE OF HYDROTHERMAL WOOD DEGRADATION PRODUCTS ON THE 
URANIUM SORPTION ON ROCKS AND SEDIMENTS UNDER ANAEROBIC CONDlTlONS 

L. Baraniak, A. Abraham, G. Bernhard, H. Nitsche 

Uranium adsorptbn on rocks and sedirnents fhat are typical of the Saxon mining areas was studied in the presence of wood 
degradation products, pine wood lignin and hurnic acid under anaerobic mnditfons by batchexpenments using 234U tracer and 

lntroduction 
Hydrothermal wood degradation introduces organic 
substances (DOC) into the water. This DOC complexes 
radionuclides and heavy metals 111. That influences 
their adsorption on rocks and sediments. Under aerobic 
conditions an increase in U(V1) adsorption was found 
on rocks and minerals typical for the Erzgebirge in the 
presence of the wood degradation products. U(V1) ad- 
sorption on the Königstein sediments is less influenced 
by this organic matter 12l. Oxygen-consuming pro- 
cesses result in anaerobic conditions in deeper water 
layers, for example in flooded mines, that may influence 
the uranium adsorption on the geomaterials. 

Experimental 
One gram of geomaterial was equilibrated in batch ex- 
periments with 5 mL water (corresponding to the water 
composition of the Schlema and Königstein mines) 
containing UOF (10-5 to 104 mol1L) and DOC (20 mgl 
L). After 4-6 weeks gentle agitation under inert gas, the 
distribution ratios were determined by measuring the 
added =U tracer (60 Bqlsample) in a liquid scintillation 
Counter. The pH and Eh were determined in each sam- 
ple at the end of the equilibration. 

Results 
The anaerobic U(V1) adsorption on the rocks in the pH 
range 7.8-8.3 and at Eh 410-470 mV is generally char- 
acterized by a small decrease in DOC presence 
(Fig. I), e.g., for pyrite, R, diminishes from 10.4 to 
about 8 mUg by pine-wood lignin (PWL) and humic 
acid (HUA), and to 4.8 mUg by the wood degradation 
products (WDP). Adsorption on gneiss (PWL: 4.0, 
HUA: 3.4-3.9, WDP: 3.0 mUg) and granite (R,: 3.012.1- 
2.212.0 mUg) shows the Same tendency, but on a lower 
level. A comparably high adsorption is found on dia- 
base. The WDP reduce the adsorption from 13 to 8.2 
mUg, where-as PWL and HUA have no influence. Ad- 
sorption on calcite is nearly unchanged by the organic 
matter (R,: 8.011.5 mUg). 

Fig. 1: influence of wood degradation products on the U(W) 
adsorption on rnetarnorphic rmks under anaerobic 
conditions 

There are only small differences in adsorption Mtween 
the various rocks. We found the following gradation 

under the influence of WDP: 

diabase (R,: 8.2 mUg) > calcite (6.8) > phyllife (4.8) > 
gneiss (3.9) > granite (2.0). 

The anaerobic U(V1) adsorption on the sediments in 
acidic solution (pH 3.0-3.8) and at decreased Eh (400- 
580 mV) shows no significant change in the presence 
of DOC (Fig. 2). But there is an evident gradation be- 
tween the various sediments; adsorption decreases in 
the following order: 
Iime marl /A/ (Rs: 14.9 mUg) > turonian sandstone /B/ 
(4.6) > cenomanian sandstone /Al= claystone (1.8). 

Fig. 2: lnfluence of wood degradation products on the U(V1) 
adsorption on sediments under anaerobic conditions 

Discussion 
The exclusion of oxygen from the experiments caused 
a decrease in the redox potential: in rock samples by 
300 mV and in sediments by about 500 mV. By reiating 
these conditions to the Eh-pH dependency of the 
U(Vi)N(IV) System in the presence sf carbonate 131, we 
find that the reduction of [UO,(CO3)J2- at pH 8 and of 
U 0 2  at pH 3.4 takes piace at Eh below 100 and 220 
mV, respectively. That means, that no U(W) was re- 
duced and the determined Rs are uninfluenced by pre- 
cipitated U(OH),. 
Comparing the anaerobic with the aerobic adsorption 
121, we find a stronger adsorption on phyllite (4.8 in- 
stead of ~0 .1  mUg) that will contribute to the uranium 
retardation in subsurface waters near the mines. From 
the dominant influence of pH for the sandstone (4.8 
mUg at pH 3.8 and 150 at pH 629, we conclude that 
U(VI) is more and more immobilited at increasing pH in 
the mine flooding process. 
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COMPUTATION OF DISTRIBUTION COEFFICIENTS (K,,) FOR RISK ASSESSMENT STUDIES 

V. Brendler, Y. Stiglund', S. Nordlinderl 
'Studsvik Eco & Safety AB, Nyköping, Sweden 

Geochemical speciation software (MINTEQALI) is integrated into a risk assessment code (PRISM / BIOPATH), unfolding the 
simplistic K, concept into complex formation, heterogeneous phase equilibria and surface complexation. This allows the 
computation of a more realistic &, using an iterative approach to account for a changing chemical environment. Furthermore, 
those Parameters are clearly identified that contnbute most to the overall uncertainty. 

Methodology 
World-wide activities focus on rernediation of radioac- 
tively contarninated sites. An EU project (RESTRAT /I/) 
develops a generic methodology for ranking of restora- 
tion techniques. The risk assessrnent rnodel used for 
RESTRAT is based on two programs: 
a) PRISM 12.1 as outer shell performs uncertainty analy- 

sis, using the Latin Hypercube Sarnpling for input 
pararneters, allowing arbitrary pararneter distribu- 
tions and correlations; 

b) BIOPATH 131 cornputes the contaminant transport in 
geo- and biosphere based on cornpartment theory. 
It applies first order differential equations for kinetics. 

Up to now chernistry is included (like in other risk as- 
sessrnent codes) only through distribution coefficients 
(K, values), the ratio of the sorbed (fixed, imrnobilized) 
and the unsorbed (free, truly dissolved) fraction of a 
given cornponent under equilibriurn conditions. This 
widely used concept is, however, too sirnplistic because 
rnany very different basic physico-chernical phenornena 
(hydrolysis and complexations, redox reactions, mineral 
precipitation and dissolution, adsorption and ion ex- 
change, colloid forrnation) are subsurned into just one 
empirical pararneter. Any K,, used in prognostic studies 
is just a snapshot for a specific cornbination of Eh, pH, 
concentrations, and mineral cornposition, and its value is 
sensitive to even slight changes in sorne pararneters. 
This in turn assigns very large uncertainties to thern. 
A better strategy is to unfold the single K, value into a 
pararneter vector, i.e., the decornposition of the K, into 
its underlying basic processes, knowing the functional 
relationships between thern and how they contribute to 
the K,,. Then a K, can be calculated, even for sirnulated 
hypothetical scenarios with long-term drifts in the cherni- 
cal environrnent. Moreover, those pararneterc affecting 
the K, strongest can be identified, and consequently, 
extra rneasurernents can be designed specifically to 
reduce their uncertainty. A realization of this concept 
requires the integration of a geochernical speciation 
prograrn, such as MINTEQA2 141, into the risk assess- 
rnent code PRISM / BIOPATH. 

Results 
Leaving the original codes for both risk assessment and 
chernical speciation rnainly unchanged, an interface was 
created to connect thern, together with software to han- 
dle the input setup. MINTEQA2 coverc all chemical re- 
actions in hornogeneous aqueous solutions, including 
redox reactions, handles precipitation and dissolution 
equilibria, and incorporates surface cornplexation rnod- 
els (SCM). MINTEQA2 delivers a cornputed K, when- 
ever required, See Fig. 1 for internal flow of information 
and relationships between the various software rnod- 
ules. An application of this new approach is precented in 

the article following this one. 

Fig. 1: Data flow and rnodule interaction in the coupled 
PRISM I BIOPATH I MINTEQA2 sofhvare package 

The chernical rnodel is defined in a separate file that 
must be written by the User. It creates the input file for 
PRlSM and a ternplate for the speciation code, assuring 
a model description consistent for both parts of the rnod- 
eling. The input file has a well defined, line-oriented 
structure. Aiter sorne general cornrnents (docurnenta- 
tion inforrnation), detailed chernical data for each com- 
partrnent follows. This includes the selected SCM with 
its intrinsic surface pararneter, also pH, Eh and the con- 
centrations for all cornponents. Then reaction constants 
(for cornplexation, precipitation I dissolution, sorption) 
are listed that should be rnodified, also certain reactions 
can be suppressed totally. 
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DISTRIBUTION COEFFICIENTS FOR URANIUM: MODELING OF THE RANSTAD TAlLlNG SlTE 

V. Brendler, Y. Stiglund', T. Arnold 
'Studsvik Eco & Safety AB, Nyköping, Sweden 

Distribution coefficients (KJ for uraniurn with hydrous ferric oxides were computed based on the MINTEQAZ geochernical 
speciation software and a newly developed interface to the risk assessrnent package PßlSM/ BIOPATH. The data were taken 
fmrn fhe Ranstad Tailing Site in Sweden. The results are cornpared to Iiferature data. 

Modeling 

A newly developed approach to incorporate physico- 
chemical phenomena into risk assessment modeling 
(see previous article) is applied to the Ranstad Tailing 
site in Sweden, a former uranium milling facility. Fig. 1 
and 2 illustrate the derivation of a compartmental struc- 

Fig. 1 : Section through the Ranstad Tailing 

ture for this site. The tailing layer (T) is situated above a 
moraine layer (M) and a limestone layer (L). It is sur- 
rounded by a collecting ditch that drains into a storage 
pond (P) and then into a river. Additionally, both mo- 
raine and limestone layers are aquifers. 

: Cover 

Fig. 2: Cornpartrnent scherne for the Ranstad Tailing site 

The main contaminant is uranium. Samples from the 
site contained considerable amounts of freshly precipi- 
tated iron hydroxides. Their transformation into thermo- 
dynamically more stable minerais such as goethite or 
hematite has a very slow kinetics, thus ferrihydrite was 
chosen as the major adsorbing surface. The Diffuse 
Double Layer model I11 is selected to describe surface 
complexation. The respective intrinsic surface parame- 
ters and the reaction constants for the ions competing 
with uranium for sorption sites were taken from 
DzombakJMorel 111, the uranium sorption parameters 
are those determined by DickeISmith 13. 

bution coefficients (K, values) for uranium fall well into 
the range used so far for modeling of this site 131, but 
exhibit much smaller uncertainties. Moreover, those 
parameters were identified contributing most to the 
uncertainty of the various computed K, values: pH and 
solid concentration C„, (and to a less amount the car- 
bonate content for the storage pond). This reflects the 
uncertainty of the rock porosity. Also the portion of rock 
which is not accessible to sorption processes inside the 
various layerc is not well known. The pH determines the 
uranium speciation in solution, controlling the amount of 
hydrolysis species and carbonate complexes that re- 
duce the sorbed portion of uranium. 

I Box I Kd I o ( Ist Factor I 2"d Factor I 
I T 1 (2.0+0.8)*10-2 1 pH: 76.4 % I C,: 11.8 % I 

Tab. 1: Cornputed K, values for the Ranstad Tailing site 
cornpartrnents (for abbreviations See above) with the 
rnajor uncertainty factors and how they contribute to 
the overall uncertainty. 

L 

P 

These first results for the Ranstad Tailing site 1 Sweden 
prove the applicability of the concept and its software 
implementation. It will be expanded to several instead 
of just one mineral surface per compartment. Further- 
more, the variation of the K, due to the time-depend- 
ence of its determining parameters will be included. 
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pH: 13.2 % 

Results 

The results presented in Table 1 are based on a tun 
with 1000 varied Parameter sets. The calculated distri- 



DISTRIBUTION COEFFICIENTS FOR RISK ASSESSMENT OF THE DRlGG SlTE 

V. Brendler, A.Bousheri, T. Arnold 
'Westlakes Scientific Consulting, Moor Row, Cumbria, GB 

Distribution coefficients (KJ for uranium, plutonium and americium with hydrous ferric oxides were computed for the British 
Low Level Waste Dis~osal Site at Drigg / Cumbria. The Diffuse Double Layer Surface Complexation Model (SCM) is used to - - 

describe the sorpfion behavior. 

Modeling 

A newly developed approach to incorporate physico- 
chemical phenomena into risk assessment modeling /I/ 
is applied to the Drigg Site in Cumbria / Great Britain, a 
low level radioactive waste disposal operated by BNFL. 

Fig. 1 : Schematic view on the Drigg Site 

A schematic overview is shown in Fig. I, whereas 
Fig. 2 indicates the compartments used for the contam- 
inant transport modeling, together with the major expo- 
Sure pathways. 

Drigg Site 

T - ". 
- -- T i -  I 

Fig. 2: Compartrnent scherne for the Drigg Sie 

The present rnodel assumes two compartrnents with 
solid-water equilibria, the Drain (Box D) and the Drigg 
Stream (Box S). 

The rnain contaminants are uranium, plotoniurn, arnen- 
cium and caesiurn. Based on sample analysis frorn the 
site, femhydnte was chosen as the rnajor adsorbing 
surface. The Diffuse Double Layer model12/ is selected 
to describe surface compfexation. The recpecfve intrin- 
sic surface parameters and the reactibn constants for 
the ions cornpeting with the contaminants for sbrption 
sites were taken from a database descnbed earlier in 
this report, at page 2$. The caesium sorption could not 
be descnitPed by arr SCM, here ion exchange processes 
seem to be rnore appropriate. 

Results 

Tab. 1 is based on runs with 1000 varied Parameter 
Sets. The computed K, values for all contarninants ex- 
hibit a clear lognormal distribution. They fall well into the 

I Box 1 log K, f o I I* Factor 1 2nd Factor 1 

D 

- -  

Uranium 

-0.4210.38 1 C„„: 71.7 % I pH: 8.9 % 

D 

S 1 2.38+O.19 1 C,: 67.0 % I C,,m3: 8.8 % 

Tab. 1: Computed log K,, values for the Dngg Site cornpart- 
ments (for box labels See above) with those parame- 
ters contributing most to the overall uncertainty. 

P- -- 

Americium 

1.8110.66 1 pH: 66.9 % ( C„,: 11.9 % 

S 

D 

range used so far for modeling of this site 131, but ex- 
hibit much smaller uncertainties. Moreover, applying 
ranked regression analysis those parameters were 
identified contributing most to the uncertainty of the 
various computed K, values: pH, the carbonate content 
C„, and the solid concentration C- The first two 
parameters determine the contaminant speciation in 
solution, controlling the amount of hydrolysis species 
and carbonate complexes that reduce the respective 
sorbed portion. The uncertainty in the solid concentra- 
tion is mainly assigned to the sediment composition 
(ferrihydnte content). 
These results for the Dngg Site / Great Britain prove the 
applicability of the concept of unfolding the K, and its 
software implementation. 

1.59+0.48 1 C,: 21 -5 % 1 C„: 14.1 % 

Plutonium 

1.9410.12 ( C„„: 63.6 O/O I Cd,: 10.9 % 
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SYNTHESIS OF ISOTOPICALLY LABELED SYNTHETIC HUMlC ACIDS 

M. Bubner, S. Pompe, M. Meyer, K.H. Heise, H. Nitsche 

Isotopically labeled synthetic humic acids are synthesized from reducing Sugars and '4C-labeled a-amino acids. These labeled 
compounds have functional properties that are comparable to those of natural humic acids and can be used as humic acid 
models. 

lntroduction 
Icotopically labeled humic acids are very useful for in- 
vestigating the migration behavior of metal-humic acid- 
complexes in column experiments, and for ligand ex- 
change and complexation studies with metal ions. 

Experiments and results 
We synthesized '4C-labeled humic acids (HA) via the 
Maillard reaction according to Pompe et al. /1,2/ from 
xylose and '4C-labeled U-amino acids, e. g., glycine and 
phenylalanine in a molar ratio of 1 :I, or glutamic acid, 
~espectively. The alkali-soluble and acid-insoluble com- 
ponents of the resulting [I4C]melanoidines were isolated, 
dialyzed and lyophilized. These synthetic HA's were 
characterized by elemental analysis and by determina- 
tion of functional carboxylic groups and phenolic hy- 
droxyl groups. The results shown in Tab. 1 agree with 
the data obtained with non labeled HA. 

1 starting material 1 synthesis product I 

I amino acid I HA 1 Yield I COOH I phen. OH ( 
type [%I4C] [meqlg] [meqlgl 

I [2-14c1glycine' I M1 1 30 ( 1.0 ( 2.3 / phenylalanine 

[U-I4C]phenylalanine, 
glycine 

Tab. 1 : I4C-labeled synthetic humic acids from Maillard reac- 
tion 

12 

[ I  -14C]glutamic acid 

[U-'4C]glutarnic acid 

14C-labeled HA's were produced starting from 11.3 
mmol xylose and 6.35 mmol labeled amino acid. The 
specific radioactivity obtained for the synthesized HA's 
are shown in Tab. 2. 

I startina material I svnthesis ~roduct 1 

1 .O 

M42 

M42 

I arnino acid 

2.3 

0 

5 

I [2-I4C]glycine, 
phenylalanine 1 40 1 M1 1 1 0 4 1  

[U-I4C]phenylalanine, 
glycine 

4.1 

4.1 

The products and by-products of the Maillard reaction 
were quantitatively isolated. [I4C]Carbon dioxide is the 
only radioactive, volatile by-product of the melanoidine 
synthesis. Our experiments with [14C]amino acids with 
different labeled positions show that carbon dioxide is 
eliminated from the 1 -position (carboxylic group) of the 
amino acids. The radioactivity of carbon dioxide elim~i- 
nated during the reaction with uniformly labeled amino 
acids corresponds to the total amount of radioactivity 
introduced in the melanoidine. Labeled melanoidine can 
not be produced with amino acids labeled in the no.1 
position. The nitrogen content of the melanoidine corre- 
sponds to the radioactivity introduced by the amino acid 
carbon atoms. The best results for I4C-labeled synthetic 
HA were obtained from Maillard reaction with [2- 
I4C]glycine. 

2.3 

2.3 

. 40 

[I -I4C]glutamic acid 

[U-14C]glutarnic acid 

Conclusions 
We synthesized I4C-labeled humic acids by the Maillard 
reaction with a specific radioactivity up to 100 MBqlg. 
Starting from [2-'4C]glycine with a specific radioactivity d 
1,8 GBqImmol it should be possible to obtain synthetic 
HA with a specific radioactivity of more than 4 GBqlg. 
Thus, we will be able to quantify less than 100 ng HA in 
a geological material or in a solution. 
This synthesis procedure for I4C-labeling can also be 
applied for '3C-labeling of melanoidines and synthetic 
HA's. 
The advantage of our labeling method for HA compared 
to other methods is the real isotopic labeling in the sta- 
ble molecule skeleton without any damages in the func- 
tionality of the humic acid. 
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Tab. 2: Specific radioactivity of I%-labeled synthetic HA'S start- 
ing irorn labeled amino acids 
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COMPLEXATION OF URANYL(V1) WITH KRANICHSEE HUMlC SUBSTANCES 

K. Schmeide, G. Geipel, K.H. Heise, H. Nitsche 

The complexation of Kranichsee humic and fulvic acid with uranyl(V1) was studied by laser-induced fluorescence spectroscopy 
at pH 4 and an ionic strength of 0.1 M. The results were cornpared to the complexation behavior of other natural humic acids 
(Aldrich HA, GoHy-573 HA). 

lntroduction 

The deterrnination of the effect of humic substances on 
the actinide migration in natural aquifer Systems is of 
great interest and allows to assess their impact on the 
long-term safety of abandoned uranium mines. The 
solubility of actinides can be increased by complexation 
with humic substances and, thus, their mobility in the 
geosphere can be enhanced. Complexation constants 
can be used to quantify the interaction between radionu- 
clides and humic substances. 

The humic material, used for this study, was isolated 
from suriace water of the mountain bog 'Kleiner 
Kranichsee' that is located in the vicinity of uranium min- 
ing sites at Johanngeorgenstadt (Saxony, Germany). 
The humic material was separated into humic and fulvic 
acid 111. 

Experimental 

The complexation of uranyl(V1) with Kranichsee humic 
acid (HA) and fulvic acid (FA) was studied by laser-in- 
duced fluorescence spectroscopy. The measurements 
were carried out in air at 20 "C in 0.1 M NaCIO, at pH 
3.96 I 0.02. The fluorescence of uranyl(V1) ions was 
measured as a function of the total uranyl concentration 
at constant HA concentrations (5 mgIL). The uranyl 
concentration was varied frorn 0.5 to 5.1 pmoVL. 

Further experimental conditions were: excitation wave- 
length - 266 nm, laser energy - about 500 pJ, delay time 
- 200 ns, and gate time - 1000 ns. Always 10 spectra 
were collected, each with 100 laser pulses, per sample. 
The experimental data were evaluated by means of the 
meta1 ion charge neutralization model/2/ assuming the 
following complexation equation: 

HA(I1) = HA ligand UO,HA(II) = uranyl humate 

Results 

The loading capacity (defined as the maximum fraction 
of proton exchanging sites of the HA that can be occu- 
pied by uranyl ions under the given experimental condi- 
tions) was determined graphically as shown in Fig. 1. 
The results, given in Tab. 1, indicate that there is only 
little difference between the complexation of U0,2' with 
humic and fulvic acid of the Kranichsee site. 

The cornplexation constants of the complexation of 
Kranichsee humic and fulvic acid and of Aldrich HA 
(cornmercial product) I31 and GoHy-573 HA (isolated 
frorn Gorleben, Germany) /4/ with uranyl(V1) ions 
(Tab. 1) indicate a comparable complexation behavior 
with U(VI). The loading capacity of the Kranichsee hu- 
mic substances is Iower than €hat of Aldrich HA and 
GoHy-573 HA. That rneans, fewer proton exchanging 

sites of the Kranichsee humic substances can be occu- 
pied by uranyl(V1) ions under the given experimental 
conditions. 

Tab. 1 : Cornplexation constants (log ß) and loading capaci- 
ties (LC) of the uranyl(V1) cornplexation of Kranich- 
See HA and FA cornpared to Aldrich HA 131 and 

Kranichsee HA 

Kranichsee FA 

AIdri~hHA(A2)~/3/ 

GoHy-573 HA C I41 

Fig. 1: Graphically deterrnination of the loading capacity (LC) 
for the cornplexation of U 0 2  with Kranichsee hurnic 
substances 
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EFFECT OF HUMlC SUBSTANCES ON THE SORPTION OF URANIUM(V1) ONTO 
SITE-SPECIFIC ROCK MATERIAL 

K. Schmeide, S. Pompe, R. Jander, K.H. Heise, H. Nitsche 

The effect of humic material (Kranichsee humic acid) on fhe sorpfion of uranium(V1) onto phyllite and ifs individual main 
rnineralogical components muscovite, albite and quartz was studied in air-equilibrated batch experiments as a funcfion of pH. 

Introduction 

Organic material, such as humic and fulvic acids, that 
are commonly present in natural aquifers can complex 
inorganic contaminants and change their sorption be- 
havior on geological materials. Batch experiments were 
carried out in order to determine the effect of humic acid 
on the sorption behavior of uranium(V1) onto phyllite and 
its main mineralogical components muscovite, albite 
and quartz. The humic acid (HA), used for the experi- 
ments, was isolated from the bog 'Kleiner Kranichsee' 
F1 I. 

Experimental 

The experimental conditions were: [UO?] = 1 FM, [HA] 
= 5 mglL, I = 0.1 M (NaCIO,), mN = 500 mg minerall40 
mL, pH 3.5-9.5, aerobic conditions, 60 h reaction pe- 
riod. The uranium sorption results were corrected for 
sorption on the walls of the experimental vials. 

Results 

We compare the results of these experiments to results 
from previously conducted experiments where the sorp- 
tion of U(VI) onto phyllite and its constituents was stud- 
ied in the absence of humic material /2/. 

Fig. 1 shows the pH-dependent U(VI) and HA uptake 
onto phyllite. The uranium adsorption curve in the pres- 
ence of HA is similar to the adsorption curve obtained 
for the experiments in the absence of HA. The strong 
uranyl sorption on phyllite (95 - 97 % in the absence of 
HA) is not changed by HA in the pH range from 6.2 to 
7.8. However, in the pH range from 3.6 to 6, the uranium 
uptake on phyllite is higher when HA is present. Above 
pH 8, the HA reduces the uranyl sorption on phyllite. 
Furthemiore, HA is strongly taken up from pH 3.6 to 7.7: 
78 to 88 % of the HA is adsorbed. The HA sorption de- 
creases above pH 8.4 (to 59 % at pH 9.5). 

......................................................... 
I a 1 . I . 1 ' , . , .  

3 4 5 6 7 8 9 1 0  
PH 

Fig. 1: Uranium and humic acid uptake on phylliie 

The results for muscovite are depicted in Fig. 2. At pH 

from 7.5 to 9.5, the uranium sorption on muscovite is 
unchanged by HA. At pH 7.5 to 6, the uranium sorption 
becomes smaller in the presence of HA. However, the 
uranium sorption is much stronger in the presence of 
HA below pH 6. That means, the maximum of the uranyl 
sorption (70 %) is shifted from pH 6.3 (without HA) to pH 
5.5 (with HA). The sorption of HA on muscovite strongly 
depends on the pH of the solution: at pH 8 to 9.5 the HA 
is not sorbed; below pH 8, the HA sorption increases 
with decreasing pH and has a maximum at pH 4.5 to 5 
(= 83 %). 

100 14- U with HA .................................. I 

PH 
Fig. 2: Uranium and humic acid uptake on muscovite 

The uranyl sorption on albite and quartz (further constit- 
uents of phyllite) in the presence of HA is similar to mus- 
covite and can be summarized as follows: 

i) The uranium uptake increases in the presence of HA 
at acidic pH. This can be attributed to the fact that ithe 
HA is sorbed on the mineral surface thereby providing 
additional sorption sites through their complexing ability. 

ii) In the neutral pH range, the HA sorption decreases 
with increasing pH, thereby forrning aqueous uranyi 
humate complexes and decreasing the uranyl uptake. 

iii) At aikaline pH values, the formation of weakly sor- 
bing uranyl carbonate compfexes predominate the influ- 
ence of HA. I31 

We conclude that the uranium sorption is affected by 
both the pH and the presence of organic material. 
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KlNETlC STUDIES OF THE URANIUM(V1) AND HUMiC ACID SORPTION ONTO FERRIHYDRITE 

K. Schmeide, S. Pompe, M. Bubner, S. Wallner, R. Jander, K.H. Heise, G. Bernhard 

The kinetics of uranium(V1) and humic acidadsorption by femhydnte was studied af pH 6.5 under aerobic conditions. For the 
sorption experiments various experimental modes were applied to obtain information on the sorption mechanisms. 

lntroduction 
Ferrihydrite (FH) is formed as a secondary mineral 
phase due to the weathering of rock materials, such as 
phyllite /I/, forming coatings on the surface of other 
minerals. It has a high sorption potential for contami- 
nants and organic materials. In previous batch experi- 
ments it was-found that both the uranium and humic 
acid (HA) sorption onto FH has its maximum in the 
neutral pH range. 

Experimental 
The experimental conditions were: [U0,2"] = I gM, 
[HA] = 5 mg/L, [FH] = 3.104 M Fe, I = 0.1 M (NaCIO,), 
V = 400 mL, pH 6.5, aerobic conditions. A ',C-labelled 
synthetic HA type M1 was used 121. The HA and uranyl 
sorption onto-the mineral was followed by measuring 
the corresponding concentrations in solution (450 nm 
filtrate) over time by Liquid Scintillation Counting after 
combustion of the samples and ICP-MS, respectively. 
Five experimental modes were applied: 
1. addition of U without HA; 
2. addition of HA without U; 
3. preequilibration of the mineral with HA, then addition 

of U; 
4. simultaneous addition of U and HA; 
5. addition of U and HA afier preequilibration for 48h. 

Results 
The kinetics of uranium sorption onto FH as a function 
of the various experimental~modes is shown in Fig. 1. 

100 

90 - 
80 - -0- FH preequilibrated witfi HA, then U 

60- 
E 

10- 

0 - Gm--@ 
m.., . . . .  ...., . . .  .....I . . .  ""., . . . . . . . .  ( . .  
0.1 1 10 100 1000 

time (min) 
Fig. 1 : Kinetics of uraniurn sorpiion onto ferrihydrite ai pH 6.5 

It is obvious that uranium sorption is very fast. This can 
be attributed to the high specific surface area of FH, 
which is 600 m2/g 131. The differentes in the sorption 
kinetics depending on various experimental modes are 
small. in the absence of HA uranium has the highest 
sorption rate. When FH is first coated with HA due to its 
preequilibration with HA, the uranium sorption is slightly 
slower. Some strong sorption sites of FH are probably 
biocked by the sorbed HA and are no longer accessible 
to uranium. The complexation and/or sorption sites that 
are additionally provided by the sorbed HA bind ura- 

nium more slowly than the strong sorption sites of FH. 
When uranium and HA are added simultaneously, the 
uranium sorption is again slightly retarded as FH and 
HA compete for uranium. Thus, uranyl humate com- 
plexes are formed that probably have to dissociate 
again before the uranium can sorb onto FH. This con- 
clusion is further supported by the result of the experi- 
ment in which aliquots of preformed uranyl humate 
complexes were added to start the experiment. Under 
these conditions uranium sorption takes place at the 
slowest rate compared with other experimental modes. 
Again, the rate of uranium sorption onto FH is deter- 
mined by the dissociation rate of the preformed uranyl 
humate complex. 

time (min) 
Fig. 2: Kinetics of HA sorption onto fernhydrite at pH 6.5 

The rate of HA sorption, shown in Fig. 2, was also ob- 
served to be very fast but in contrast to the uranium 
sorption almost unaffected by the various experimental 
modes. About 7 % of the initially added HA remain in 
solution whereas the initially added uranium is com- 
pletely sorbed. Furthermore, after the rapid HA sorption 
onto FH a slight increase in the HA concentration in 
solution was observed in all experiments although the 
pH was constant (cf. Fig. 2). This release of sorbed HA 
might be caused by a slight dissolution of the FH min- 
eral caused by formation of dissolved iron humate com- 
plexes. 

It can be concluded that FH strongly adsorbs both ura- 
nium and HA due to its high specific surface area. The 
kinetics of uranium sorption onto FH is slightly influ- 
enced by HA. 
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SORPTION OF HUMlC ACID AND URANIUM ONTO THE CRYSTAL FACES OF THE SHEET 
SILICATE MUSCOVITE STUDIED BY SCANNING ELECTRON MICROSCOPY (SEM) 

E. Krawczyk-Bärsch, T. Arnold, G. Bemhard 

After sheets of muscovite had been brought into contact with a HA solution for I hour at a pH of 4.4, SEM investigations 
showed individual spherical particles of HA as weil as agglomerates sorbed on the crystal faces of muscovite. Afier 18 hours 
of contact, the sheets were completely covered with HA. 

lntroduction 
In previous batch experiments / I /  the effects of humic 
acid (HA) on the sorption of Uv l )  were examined on 
the sheet Silicate muscovite (63pm -200pm grain size) 
in the pH range of 3.5 to 9.5. The results show a sorp- 
tion of HA which strongly depends on the pH value. The 
rnaximum (- 83%) of the HA sorption onto muscovite 
occurs in the pH range of 4.5 to 5. At higher pH values 
tlhe HA sorption decreases. These results were the 
basis for investigations by scanning electron micros- 
copy (SEM) on the muscovite crystals, which were 
aimed at a better understanding of the sorption behav- 
ior of HA on the various crystal faces, especially the 
4001 1 and Ih kO1 faces. 

Experimental 
Individual sheets of muscovite were brought into con- 
tact with a 40 mg/L HA solution for 1 and 18 hours. 
Before the HA solution was filtered through a 50 nm 
nuclepore filter to remove bacteria from the solution so 
as to avoid a misinterpretation of the SEM pictures. HA 
by contrast passes through the micropores because of 
its typical size of 1-10 nm in diameter /2/. The total or- 
ganic carbon (TOC) of the unfiltered solution and the 
filtrate were analyzed in order to determine the final HA 
concentration to be used in the subsequent experi- 
ments. In previous batch experiments the ionic strength 
was kept constant at 0.1 M, adjusted with NaCIO, solu- 
tion. However, by forming a precipitated sodium sah, 
NaCIO, covered the mineral surface and with it the 
sorbed HA. Hence, the addition of MaCIO, solution was 
discontinued. On the basis of the results of the batch 
experiments with pulverized muscovite, pH 4.4 was 
chosen for high adsorption and pH 7.5 for low adsorp- 
tion of HA. The samples were intensively washed with 
deionized H,O and dried before being prepared for 
SEM investigation by Au sputtering. 

Results and discussion 
Muscovite samples which had been in contact with HA 
for 18 hours were completely covered with spherical 
particles of HA regardless of whether the pH value was 
4.4 or 7.5. As shown in Fig. 1, the particles of HA are 
predominantly agglomerates of 100-1 50 nm in diame 
ter. This observation made us conclude that in the pres- 
ence of additional uranyl(V1) the sorption of U(VI) takes 
place in the HA layer rather than on the mineral sur- 
face. 
l3y contrast, rnuscovite samples, which were in contact 
with the HA Solution for 1 hour are not covered with HA. 
Individual spherical particles of HA as well as agglomer- 
ates (depicted in Fig. 2) are sorbed onto muscovite 
which was in contact with HA solution at a pH of 4.4. 
Differentes in the reactivity of the (001 f and IhkOl faces 
were detected, but they have to be confirmed by fur- 
ther investigations. in contrast to the HA covered mus- 

covite, the sorption of U(V1) takes place on the mineral 
surface as well as on the HA particles. Samples which 
were in contact with HA solution at pH 7.5 for 1 hour 
sorb less HA particles. The I0011 face of muscovite did 
not show any sorbed particles. 

" HA. '-  SE^ picture-" 

erates sorbed onto muscovite. - SEM picture- 
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THE INFLUENCE OF PHENOLIC HYDROXYL GROUPS ON THE COMPLEXATION BEHAVlOR OF 
HUMlC ACIDS WlTH URANYL(V1) IONS STUDlED WITH MODlFlED SYNTHETIC HUMlC ACIDS 

S. Pompe, M. Bubner, G. Geipel, K.H. Heise, H. Nitsche 

We invectigated the influence of phenolic hydroxyl gmups on the wmplexation behavior of humic acids at pH 4 using a modified 
synthetic humic acid with blockedphenolic hydroxyl groups. The modifed humic acid, type MI-B with blocked phenolic hydroxyl 
groups, has a lower loading capacity with UO,Z" at pH 4 than the non-modified synthetic humic acid. 

Due to the heterogenous nature of humic acids (HA) the loading capacity of both HA with U0,2" ions which 
there are numerous uncertainties in the description of represents the mole fraction of maximal available 
their complexation behavior with metal ions. Therefore, complexing sites of the HA under the applied conditions. 
it is necessary to investigate the complexation process 
with well-defined HA model substances. In this work, we TypeM1-V TypeMl-B 

investigated for the first time the influence of phenolic LC I 20 / (%) 
OH groups on the complexation behavior of HA with log ß I 20 6.1 1 I 0.33 6.38 I 0.72 U0,2" ions. 

Experimental and Results 

Starting from synthetic HA, type M1 111, we synthesized 
a HA with blocked phenolic OH groups (type M1 -B) /2/. 
The modification process comprised two steps: a) the 
permethylation of carboxylic and phenolic OH groups 
with diazomethane resulting in methyl ester and methyl 
ether groups and b) the hydrolysis of the ester groups in 
alkaline solution. The deterrnination of functional groups 
confirmed that a part of the primary phenolic OH groups 
were blocked by etherification. As a result of the alkaline 
saponification of the ester groups, the number of HA 
carboxylic groups was increased. Thus, the original HA 
of type M1 was additionally alkaline-saponified to pro- 
vide a HA with non-modified phenolic OH groups having 
a cornparable number of carboxylic groups (type MI-V) 
121. With these synthetic HA model substances, we in- 
vestigated the influence of phenolic OH groups on the 
complexation behavior of HA with U0,2" ions at pH 4 by 
laser-induced fluorescence spectroscopy. 

Tab. 1 shows the composition of the investigated uranyl 
hurnate solutions. The experimental conditions of the 
spectroscopic measurements are described in 131. The 
experimental data were evaluated applying the charge 
neutralization model by Kim and Czerwinski 141. 

UO; + HA(II) * UO,HA(II) (1 

Tab. 2: LC and log ß for the complexation of HA type Mt-V 
and MI-B with U 0 2  (pH 4; 1: 0.1 M NaC10.J 

The complexation constants of HA MI-B and MI-V are 
comparable within their experimental errors. Neverthe- 
less, HA MI-B shows a significant lower LC at pH 4 than 
HA MI-V. This indicates that the blocking of the phenolic 
OH groups changes the complexation behavior of the 
HA. Therefore, one can conclude that phenolic OH 
groups are involved in the complexation process with 
U0,2' ions under the applied conditions. At pH 4, the HA 
phenolic OH groups are likely protonated due to their 
high pKa values. We assume that intramolecular hydro- 
gen bonds between the hydrogen atoms of the non- 
modified phenolic OH groups and the oxygen atoms of 
the UOF ions are formed. 

____--.-- _ _ _ _ _ _ _ _ _ _ _ > - _ < -  

,*- * .<-- A 
*"A -*-L- 
* -.-*-A A 

.' _.- MI-B 
&', * 

*: 

$" 
LC = 0.18 f 0.02 

where HA(II) represents the humic acid ligand and ~ ~ , s , 4 , L , ~ ,  

UO,HA(II) stands for uranyl humate. 0.0 0.2 0.4 0.6 0.8 1 .O 
- 

Type M1-V Type MI-B [ u ~ I „  1 [HA(w40t 

1.1 - 10.3 1.1 - 10.3 
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Tab. 1: Composiiion of the investigated uranyl humate s0lt.i- References 
tions (I: 0.1 M NaCIO,; T: 20 I 1 "C) 111 Pompe, S., et al.; Radiochirn. Acta 74, 135 (1 996) 

Tab. 2 summarizes the spectroscopically-determined 121 Pompe, C., et al.; Report FZR 21 8 (1 998) p.30 
loading capacities &C) and complexation constants 131 Pompe, S., et al.; Radiochim. Acta 82, 89 (1998) 
(log ß) far synthetic HA Mt-B and MI-V. Fig. 1 illustrates 141 Kirn, JA., et al.; Radiochim. Acta 65, 11 1 (1 994) 

Fig. 1 : Loading capacities for HA type M1 -B and M1 -V 
phenolic OHl(meqlg)B 

confirm this result. 

2.12 i 0.06 

2.03 I 0.02 

1.70 I 0.10 1.06 I 0.3 9 

1.94 I 0.13 

1.91 I 0.07 
- We are currently investigating other modified synthetic 

and natural HA with blocked phenolic OH groups to 



THE INFLUENCE OF PHENOLIC HYDROXYL GROUPS ON THE COMPLEXATION BEHAVIOR OF 
HUMlC SUBSTANCES WITH URANYL(V1) IONS: I. SYNTHESE AND CHARACTERIZATION OF 
NATURAL AND SYNTHETIC HUMlC ACIDS WITH BLOCKED PHENOLIC HYDROXYL GROUPS 

S. Pompe, M. Bubner, K. Schmeide, M. Meyer, K.H. Heise, G. Bernhard 

Various modified natural and synthetic humic acids with blocked phenoiic hydroxyl groups were synthesized and characterized 
as regards their functional group content. 

In continuation of our investigations described in /1,21 nents, leaching of smaller HA molecules with a higher 
we synthesized modified humic acids (HA) with blocked carboxylic group content from the HA mixture andlor 
phenolic OH groups, starting from the synthetic HA type decarboxylation reactions during the derivatization pro- 
M1 and M42 and from the purified natural HA Aldrich cess. 
(A2197) and the HA ~ranichsee (KHA) 131. These sub- 
stances will be used to investigate the influence of phe- 
nolic OH groups on the metal ion complexation behav- 
ior of HA. 

Synthesis and Characterization 
The modification process comprised two steps: a) 
permethylation of carboxylic and phenolic OH groups 
with diazomethane, resulting in methyl ester and methyl 
ether groups and b) hydrolysis of the ester groups in 
alkaline solution. 
For permethylation a suspension of the original HA in 
methanol was first reacted with diazomethane while 
stirring for three hours at -5 to 5 "C. Then the solvent 
was distilled. The permethylation procedure was re- 
peated several times until no further diazomethane was 
i~ncorporated into the HA. Then the HA was lyophilized. 
For hydrolysis of the ester groups the permethylated HA 
was stirred for 8 hours with 2 M NaOH in a nitrogen 
atmosphere at room temperature. After that the alkali 
insoluble residue was separated by centrifugation and 
the modified HA with blocked phenolic OH groups was 
precipitated by addition of 2 M HCI. The HA precipitate 
was centrifuged, washed, dialyzed using dialysis tubes 
and then lyophilized. 
The permethylated HA and the HA with blocked pheno- 
lic OH groups were charactenzed as regards their func- 
tional group content, using various methods. Tab. 1 
shows the phenolic OH and the carboxylic group con- 
tents of the original HA and of the modification prod- 
ucts. 
From the results in Tab. 1 it can be concluded that the 
phenolic OH groups of the HA are partially modified 
during the derivatization process. The HA with blocked 
phenolic OH groups show 59 - 74 % less phenolic OH 
groups than the original HA. 
After the permethylation procedure funciional groups 
that are capable of methylation but are not hydrolyz- 
able, i.e. that are not carboxylic groups, were sGll deter- 
mined by the radiometric method. However, it has not 
yet been confirmed whether these functional groups are 
unmodified phenolic OH groups or functional groups 
produced during the derivatization process. In some 
cases the number of functional aroum which are cma- 

A2/97 1 original 1 3.41 0.5 1 4.4 10.1 
A m 7 B  I ~errnethvlated 1 0.6it0.3 1 c0.Ia 

COOH ' 
(~ecr /d '  
1.3 I 0.1 
cO.la 

MlPB 

M42 
M42B 

M42PB 

Phenolic OH 
(mecr/sl" 
2.4 I 0.1 
0.3 

Humic acid 

M I  
MIB 

Modification 

original 
~errnethvlated 

OH 
blocked 
original 

perrnethylated 
phenol. OH 

blocked 

Am7PB 

KHA 

exchange 

Tab. 1 : Functional group content of the original HA and the 
rnodified HA. 

KHAB 

KHAPB 

The blocking of the phenolic OH groups was further 
investigated by FTIR spectroscopy. IR absorption 
bands pointing to the formation of phenyl methyl ethers 
were identified in the spectra of the modified HA with 
blocked phenolic OH groups. However, a clear identifi- 
cation of these absorption bands is difficult because of 
the overlapping of IR bands of different functional 
groups, resulting in a few broad absorption bands. 

0.9 it 0.3 

2.3 it 0.4 
0.6 I 0.1 

0.6 I 0.3 

OH 
blocked 
orisinal 

From the charactenzation resultc it can be concluded 
that it is pocsible to synthesize HA with partially blocked 
phenolic OH groups. 

1.2 20.1 

4.1 I 0.1 
O.la 

3.2 it 0.1 

'radiomettically detemined /4/; detemined by calcium acetate 

perrnethylated 
phenol. OH 

blocked 
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THE INFLUENCE OF PHENOLIC HYDROXYL GROUPS ON THE COMPLEXATION BEHAVIOR OF 
SUBSTANCES WlTH URANYL(V1) IONS: II. PREPARATION OF URANYL HUMATES OF VARIOUS 

MODIFIED AND UNMODlFlED NATURAL AND SYNTHETIC HUMlC ACIDS FOR STRUCTURAL 
INVESTIGATIONS 

M. Bubner, K. Schmeide, S. Pompe, K. H. Heise, G. Bernhard 

Uranyl humates were synthesized with nearly tWenty percent meta1 loading of the humic acid carboxyl groups. The humic 
acids used for complexation with uranium(V1) are the natural humic acid of Kranichsee, the commercial humic acid frorn 
Aldrich and fhe synthetic humic acids type M1 and M42 as well as their modified analogues with blocked phenolic hydroxyl 
groups. 

lntroduction 
The goal of our syntheses was to obtain well-defined, 
representative and comparable solid uranyl hurnates 
frorn natural and synthetic humic acids and from their 
analogues rnodified by blocking the phenolic hydroxyl 
functionality, for structural investigations by EXAFS, 
FTlR and thermoanalysis. We used the natural 
Kranichsee hurnic acid (KHA), the cornrnercial purified 
Aldrich hurnic acid (A2/97), the synthetic hurnic acids 
type M1 and M42 and their rnodified analogues 
KHAPB, A2/97PB, MIPB and M42PB /I/ for this 
investigation.The reaction conditions for all hurnates 
were cornparable. The rnetal loading of all hurnic acids 
was camed out at pH 2 and was lirnited to 20 %. Thus, 
the forrnation of uranyl hurnic acid complexes with 1 : 1 
stoichiornetry is unlikely /2/. 

Experiments 
The characteristics of the hurnic acids (HA) used are 
surnrnarized in Table 1. Solid uranyl(V1) hurnic acid 
complexes were prepared by reacting aqueous suspen- 
sions of previously deaerated hurnic acids with solu- 
tions of 0.1M uranyl perchlorate having rnetal ratios 
(rneq COOH : meq UO?) of 1 : 0.2. The pH 2 of the 
reaction rnixture was achieved by repeatedly adjusting 
the pH in the supernatant which had rneanwhile been 
separated with 0.1 M NaOH or 0.1 M HCIO„ respectiv- 
ely. After the reaction the products were isolated by 
centnfugation, washed with purified water, dialyzed and 
lyophilized. The products were characterized by deter- 
rnining their elernental composition by elemental analy- 
sis and ICP-MS after digestion with HNO, in a rnicro- 
wave oven. The arnount of bound rnetal was also deter- 
rnined by therrnogravirnetry. 

Results 
The results are sumrnarized in Tab. 2. The loading of 
the HAs with uranyl was calculated frorn the uraniurn 
and carbon contents of the synthesized hurnates in 
relation to the carbon content in the free hurnic acids. 
Saturated solutions of various uranyl humates with 15 
to 19 % uranyl loading differ in pH although the pH of 
the reaction rnixtures was exactly 2.0 in each case. 
This corresponds to the varying COOH content of the 
humic acids and to the solubilitv of fhe uranyf humates. 

Functionality [rneqlg] 
HA C[%] 

COOH phen. OH COOH/phen.OH 

KHA 4.2 3.9 1.1 49.9 

KHAPB 2.8 1.6 1.7 54.9 

MI97 4.4 3.4 1.3 58.7 

Tab.1: Characteristics of hurnic acids 

Tab. 2: Elernental cornposition, uranyl loading and pH of the 
HA and uranyl hurnates 
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THE INFLUENCE OF PHENOLIC HYDROXYL GROUPS ON THE COMPLEXATION BEHAVIOR OF 
HUMlC SUBSTANCES WITH URANYL(V1) IONS: 111. EXAFS INVESTIGATIONS OF SOLID 

UOF-COMPLEXES WITH MODlFlED AN0 UNMODIFIED HUMlC ACIDS 

S. Pompe, K. Schmeide, M. Bubner, T. Reich, A. Roßberg, C. Hennig, H. Funke, K.H. Heise, G. Bemhard 

Uraniurn L,-edge EXAFS spectra of solid uranyl humates with rnodified hurnic acids containing blocked phenolic OH groups 
and of uranyl hurnates with unmodified humic acids are compared. The structural Parameters for the first two uranium 
coordination shells show no significant differentes in dependence on the phenolic 0 H  group content of fhe hurnic acid. 

To study the influence of phenolic OH groups on the 
short-range order surrounding of uranium(Vl) in uranyl 
humate complexes we investigated solid uranyi 
humates of the modified synthetic humic acid (HA) type 
M1 PB and of the modified natural HA Aldrich (A2197PB) 
and Kranichsee (KHAPB) I11 with blocked phenolic OH 
groups. These samples were compared to uranyl 
humates of the original HA type MI, MI97 and KHA. 

Experimental 
The preparation of the solid uranyl humates as well as 
their uranyl loadings are described in /2/. The samples 
dispersed in Teflon were pressed as 1.3 crn diameter 
pellets. U L,„-edge EXAFS transmission spectra were 
measured at room temperature at the Rossendorf 
Beamline at the ESRF in Grenoble. The monochroma- 
tor, equipped with a Si(ll1) water cooled double-crystal 
System was used in the channel-cut rnode. 

Results 
As examples, the k3-weighted U L„,-edge EXAFS and 
the corresponding Fourier transforms for the investi- 
gated uranyl humates of HA type M1 and M1 PB as weil 
as HA W 9 7  and A2197PB are depicted in Fig. 1 and 2. 

Fig. 1 : P-weighted U L,,,-edge EXAFS spectra of solid uranyl 
humates of modified and unmodified HA. Solid lines: 
experimental data, dashed lines: fit results. 

0 1 2 3 4 6 1 
R+a I @ )  

Fig. 2: Fourier transforms of the EXAFS shown in Fig. 1. 

The EXAFS oscillations of all samples as well as the 
Fourier transforms are similar. The EXAFS oscillations 
were fitted to the EXAFS equation using a structural 
model with two coordination shells containing oxygen 
atoms as backscatterer and including multiple scatter- 
ing effects along the uranyl unit (Tab. 1). 

I U-0, U-OW 
Sample 

R (A) 1 4 (A2) N 1 R (A) I 4 (A2) 

Tab. 1 : EXAFS structuml Parameters. AE, = -13.6 eV, N z 2 ,  
errors in bond length (R) and coordination numbers 
(N) are 10.02 A and -10 %, recpectively. 

The modified HA show a smaller amount of phenolic 
OH groups than the unrnodified HA /I/. Therefore, the 
spectra of the modified HA are more dominated by the 
interaction of U 0 F  with carboxylic groups. The deter- 
mined U-0, bond distances correspond to monoden- 
tate coordination of the carboxylic groups 131. The struc- 
tural parameters obtained for the solid uranyl humates 
of the unmodified HA do not differ from that of the mod- 
ified HA. This indicates a comparable short-range order 
surrounding of the U 0 p  ion. One can conclude that in 
the solid complexes the phenolic OH groups have only 
a small or no influence on the complexation of the 
U 0 F  ions. 
However, a con'tribution of phenolic OH groups to the 
complexation of UOpcan not fully be excluded by the 
EXAFS results, because the obtained structural para- 
rneters represent an average over all interactions bet- 
ween HA and UOp. From EXAFS investigations con- 
ceming the complexation of pyrogallol with UOF at pH 
4.8 I41 it is known that phenolic OH groups can complex 
to the U0,2" ion with distances of 2.40 A, which can not 
be distinguished from R„ of the hurnates. 
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COMPARISON OF THE MODEL HUMlC ACIDS M1 AND M42 WlTH ALDRICH HUMlC ACID AND 
THElR URANYL COMPLEXES BY INFRARED SPECTROSCOPY 

K.H. Heise, R. Nicolai ', S. Pompe, M. Bubner, H. Nitsche 
' Institute of Bioinorganic and Radiopharmaceutical Chemistry 

The infrared spectra of synthetic HA of type M1 and M42 and their uranyl cornplexes shows good agreement with natural 
Aldrich HA in the ranae frorn 4000 crn-' to 50 cnil. For the first time, the UO, -vibrational bending frequencies were measured 
in the far infrared. 

lntroduction 
Humic acids (HA) are instable and chemically not well- 
defined substances. Therefore, it is impossible to accu- 
rately describe HA containing Systems. This fact often 
limits systematic environmental studies on the interac- 
tion between HA and heavy metals. It has been sug- 
gested to study stable, hurnic-acid-like substances 111. 
We have introduced melanoidins as rnodel humic acids 
(MHA) 121. In this study we have compared the infrared 
spectra of MHA's M1 and M42 with purified natural 
Aldrich HA (M), and their corresponding uranyl humic 
complexes. A Perkin-Elmer FTlR Spectrometer Mod. 
2000 was used. 

Model Humic Acids 
The condensation reaction of reducing Sugars and a- 
amino acids leads to melanoidins. The HA-like rnela- 
noidine fractions where isolated by alkaline extraction 
and acidic precipitation. 
M1 was synthetisized from a phenyl alaninelglycine rnix- 
ture and xylose. M1 had 1.0210.06 rneojg of carboxylic 
groups, and 2.310.1 meojg phenolic OH-groups. M42 
was synthetisized from glutamic acid and xylose. M42 
had 4.1 010.1 1 meqlg of carboxylic groups, and 2.310.4 
meqlg phenolic OH-groups. The purified natural HA A2 
had 4.41 10.1 1 rneojg of carboxylic groups, and 3.410.4 
meqlg of phenolic OH-groups. 

1706 4 

Fig. 1 : FTlR spectra (MIR and FIR) of the rnodel hurnic acids 
M1 and M42, and Aldrich hurnic acid A2 

lnfrared spectra in the range frorn 4000 cm" to 50 cm-' 
of the three hurnic acids are fundamentally the sorne 
(Fig. 1). However, in rniddle infrared (MIR), M1 exhibits a 
clear 6(C-H) out of plane-vibration which stearns from 
the aromatic structures of the phenyl alanine precursor. 
M42 and A2 show rnore pronounced C=O stretehing 
vibrations than M1 due to their higher earboxyiic group 
content. In addition, bands frorn aliphatic chain stwc- 
tures can be Seen. As exy>ected, the spectra in far infra- 
red (FIR) are exhibit no bands. 

Uranyl Humic Complexes 
Preparation of uranyl humic complexes of MI, M42, and 
A2 have been described before 131. The infrared spectra 
frorn 4000 cm-' to 50 cm-' are shown in Fig. 2. 

J . . . . . . . . . . . . . . ,  
4000 3200 2400 M00 1600 1200 800 400 50 cm-1 

Fig. 2: FTlR spectra (MIR and FIR) of uranyl cornplexes of the 
rnodel humic acids M1 and M42, and Aldrich humic 
acid A2 

The asymmetric UO, stretching vibration is observed in 
the MIR range at 923.1 cm-I (MI), 928.3 cm-I (M42), 
and 933.1 cm-' (M). They shift significantly to higher 
wavenumbers with decreasing aromatic character of 
hurnic acids. The characteristic 110, bending frequen- 
cies were detected in the FIR at 265.1 cm4 (MI), 262.0 
cm-' (M42), and 258.4 cm-' (M). These bands shiits 
significantly to lower wavenurnbers with decreasing of 
the arornatic character of humic acids. 

Conclusions 
This infrared spectroscopic study show that the uranium 
(VI) coordination is comparable for the MHAs and the 
Aldrich HA. Shifts of the vibrations associated with the 
uranyi unit in MIR and FIR can be ascribed to differ- 
ences in the aromaticity of the HAs; however, these dif- 
ferences indicate no significant differentes of the ura- 
niurn (VI) coordination. These results agree with our 
previous investigations and confirm once rnore the suit- 
ability of melanoidins as stabfe and chernically well-de- 
fined rnodels for basic environrnental research on hu- 
rnic acids. 
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REDUCTION OF HEXAVALENT URANIUM BY NATURAL POLYELECTROLYTES 

A. Abraham, L. Baraniak, G. Bernhard, H. Nitsche 

The reduction of uranium(V1) by natural polyelecfmIytes such as lignin, humic acid and wood degradation products was studied. 
The reducing capacity of these substances was obtained from the spectrophotometric determination of (/V) with arsenazo-111. 

lntroduction 

The process of wood degradation in the flooded ura- 
niurn rnines consurnes oxygen and therefore anoxic and 
reducing conditions are prevailing in deeper rnine water 
layers. Natural polyelectrolytes such as wood degrada- 
tion products (WDP), lignin (LIG) and hurnic acids (HUA) 
are redox active and rnay be able to change the oxida- 
tion state of dissolved rnetals. 

Experimental 

The Uwl) reduction by lignin, hurnic acid and wood deg- 
radation products was studied by the spectrophotornetnc 
deterrnination of U(IV) with arsenazo-lll /I/. The rnea- 
surements were carried out with a diode array spectro- 
photorneter (Hewlett Packard, Type 8452A). The lignin 
and the wood degradation products were prepared at 
the Institute of Plant and Wood Chernistry, Tharandt 
(Saxony) and the hurnic acid was a comrnercial product 
(Aldrich). 
The sarnples contained 1.0x10~M U(VI) and 0.3 to 
2.0 g/L organic matter. They were prepared under nitro- 
gen to prevent disturbances by dissolved oxygen. The 
reduction was studied in the pH range frorn 2 to 8. Be- 
cause the reaction is very slow, the equilibration time 
was about four weeks. After that, the sarnples were 
treated with 10 M HCI to precipitate the polyelectrolytes 
and dissolve the formed U(IV) hydroxide. The concen- 
tration of U(IV) was determined spectrophotornetrically. 

Results 

Tetravalent uraniurn formed at pH > 4.5 (Fig. 1). The 
arnount increases with the pH. A given amount LIG 
(0.4 g), for exarnple, reduced 7.5~1 0*7 rnol U(VI) at pH 
4.5 and 2.2~10-~ rnol at pH 7, rneaning a three-fold in- 
crease in U(IV). 

PH 
Fig. 1: pli-dependency of the U(VI) reduction by lignin (I), 

hurnic acid (2) and wood degradation products (3) 

For WDP, we find 8.1~10-~ rnol at pH 4.5 and 1.1~106 
rnoi at pH 7, and for HUA 3.5x10-' rnol at pH 4.5 and 
7 .5~1 OW7 rnol at pH 7, which is an increase by a factor of 
2. Frorn these dates, we calculated reducing capacities 
(Tab. 3 )  between 7.6~1 O4 and 4.4~1 O9 mmoVg. 

Lianin 

P- 

Tab. 1 : Reducing capacities of natural polyelectrolytes 

Hurnic acid 

WDP 

We deterrnined the following reducing capacities 
(rnrnollg): 

U(lV) [rnrnollg] 
pH 4.5 

1.87+0.05~1 0-3 

pH 7: 
LIG (5.5~1 U3)» WDP (3.0~1 U3) > HUA (1 .9x10m3) 

U(IV) [rnrnollg] 
pH 7.0 

5.5310.20~1 O3 

6.3012.17~10~ 

1.9210.12~10" 

pH 4.5: 
LIG (1.9~1 U3) > WDP ( I  .9x1 u3) > HUA (0.63~103 

1.89rtO.21 xID3 

3.0210.47~1 03 

Discussion 

The interaction was studied in the pH range 2 to 8. Re- 
duction starts at pH > 4.5. At lower pH no U(IV) was 
found. This corresponds with the Eh-pH dependency of 
the uranium System 12/ and that of the organic 
matter 131. 

Large arnounts of wood rernain in the uranium mines, 
that are currently being floodes as a rneasulre of 
rernediation. For exarnple, the arnount of wood at the 
flooded rnine at Schlerna, Saxony, produces several 
hundred thousend tons of lignin by wood degradation. If 
we assurne a uraniurn(Vl) reducing capacity of 2x1 O9 
rnrnollg, as we have determined in our study, and a total 
arnount of 100 tons of dissolved U(VI) in the mine, it is 
quite lively that the total U(VI) inventory could be re- 
duced to U(IV) by the lignin and thus precipitate as 
U(OH), 141. This process would possibly irnrnobilize 
U(IV) and substantially lirnit the availability of uraniurn 
that can be transported to the environrnent. 
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URANIUM(V1) REDUCTION BY HYDROTHERMAL WOOD DEGRADATION PRODUCTS 

A. Abraham, L. Baraniak, G. Bernhard, H. Nitsche 

The reducfion of uraniurn(V1) by wood degradation products as weil as by fheir phenolic and saccharic consfituenfs was 
studied. The reducing capacities of fhe organic degradation product fractions were obfained from specfrophofometric 
deferrninafion of U(IV). 

lntroduction 
The process of wood degradation in flooded uranium 
mines consists of hydrothermal decomposition of cellu- 
lose and lignin, with subsequent release of the break- 
down products the water. The degradation products 
have reducing properties which are caused by phenolic 
units of the lignin fragments and by alcoholic groups of 
saccharic compounds. They are able to change the 
oxidation state of dissolved metals in the flood waters. 

Experimental 
The hydrothermal wood degradation process was simu- 
lated out (1) by boiling wood chips in water under reflux 
and (2) by treating in an autoclave at 9 Mpa and 70°C 
under nitrogen (Institute of Plant and Wood Chemistry, 
TharandtlSaxony) 111. In treatment (I), 7 to 14 wt % of 
the wood was dissolved resulting in a weakly acidic 
hydrothermal extract with a pH of 3-4. The anaerobic 
treatment (2) resulted in a DOC content of up to 1400 
mgA. The leachates contained carbohydrates and phe- 
nols. Parts of the degradation products were separated 
in a phenolic (PHF) and a saccharic fraction (SAF) by 
extraction with dichlormethane. The phenolic fraction 
mainly consists of polymers. Monomeric compounds 
are formed to a lesser extent. Among them vanillin, 
guaiacol, coniferyl alcohol and their oxidation products 
(diverse hydroxybenzoic acids) were produced. The 
saccharic fraction contained cellulose fragments and 
monosaccharides such as arabinose, glucose, xylose, 
mannose, galactose and saccharic acids /1,2/. 
Uranium(V1) reduction was carried out by equilibrating 
5.0.10-5M U(VI) solution with different amounts of dis- 
solved organic matter in the pH range 2-8. The samples 
were gently agitated over 4 to 6 weeks under nitrogen 
at room temperature. Then, the samples were treated 
with 12 M HCI to precipitate the organic compounds 
and dissolve the formed U(IV) hydroxide. The concen- 
tration of U(IV) was determined by spectrophotometry 
with arsenazo-lll (666 nm) 131. The rneasurements were 
carried out with a diode array spectrophotometer 
(Hewlett Packard, Type 8452A). 

Results and Discuccion 
About one percent of the initial uranium was reduced by 
both fractions of the wood degradation products. The 
reducing capacity of the DOC was determined as (1 -7- 
2.2)-10" mequivlg (Tab. 1). 

The reducing capacity of the phenolic fraction is by a 
factor of 1.2 higher than that of the saccharic fraction. 
The results show that the total amount of reduced ura- 
nium of the wood degradation sample is about the sum 
of the phenolic and saccharic fractions (Fig. 1). 

4 5 6 7 8 9 
PH 

Abbr.: WDP wood degradation product, PHF phenolic fraction, SAF 
saccharic fraction 

Fig. 1: U(VI) reduction by wood degradation products as ai. 
function of pH 

For the wood degradation products the amount of re- 
duced uranium(lV) increases with increasing pH. No 
significant pH dependence was found for the separated 
fractions. 
These experiments show that not only phenolic groups 
but also saccharic compounds with special redox active 
groups, such as endiol units, are involved in the reduc- 
tion of uranium. In these processes, the phenols are 
oxidized under radical forrnation that undergo coupling 
reactions, and the Sugars are oxidized to the corre- 
sponding acids. 
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DOC Reducing capacity 
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Tab. 1: Reducing capacity of phenolic artd sacchanc wood 
dearadation oroducts 

PHF 'I 

SAF 
" phenolic fraction ') sacchanc fraction 

1 

38.0 

56.3 

2.08-1 0" 

1 .75.l C2 

2.22.1 0" 

1.87-1 Oe' 



COMPLEX FORMATION OF HEXAVALENT URANIUM WlTH PROTOCATECHUIC ACID 

L. Baraniak, G. Bernhard, H. Nitsche 

The stability of the U(V1) complexes with 3,4-dihydroxybenzoic acid in canbonate-free solutions was determined from potentio- 
metric pH titration curve fitting using the multi-equilibria code USCOGSn. 

lntroduction 
3,4-Dihydroxybenzoic acid occurs in nature as a rnono- 
rneric interrnediate of lignin degradation. It influences 
the radionuclide rnigration at uraniurn rnining sites. The 
stabilities of the rnain cornplex species were deterrnined 
by recalculation of potentiornetric pH titration experi- 
rnents I11 with the non-linear curve fitting code "Stabilify 
Constants of General Speciesn (version 2) /2/ assurning 
that acidic species are forrned and considering the 
U 0 3  hydrolysis. 

Results 
Cornplex forrnation starts above pH 3 with the occur- 
rence of the acidic I :I-cornplex (Fig. 1) according to 

U0: + H,L' = [U0,H2Ll+ (1 

- 
PH 

Fig. 1: Speciation of uranium(V1) in the presence of protocate- 
chuic acid (10" M U0p and lU3 M organic complex- 
ant) 

This equilibriurn is charactenzed by log K = 2.1 ; the for- 
mation constant for the cornplex is log B„, = 23.811.6 
(Tab. 1). This cornplex is followed by the formation of 
the acidic l:2-species frorn the free UOZ2+ in the pH 
range 5-6 as well as frorn a second ligand addition onto 
the 1 :I -cornplex at pH 5-5.5 according to: 

UO: + 2H2L = [Uo2~LJ3- + H+ (2) 

[UO,H,L]' + H,L' = [U0,HLJ3 + 3H' (3) 

The constants for the two equilibna arnount to -10.8 
and to -12.9, respectively, and the cornplex stability is 
log B„, = 32.611.8. 

Between pH 5 and 7 a polynuclear species can occur in 
that the ligand bridges two UO? ions at high rnetal ion 
to the ligand concentration ratio: 

[UO,H,L]+ + U 0 3 =  [(UO,),L]' -F 2H+ (4) 
with log K = -5.5 and log ß„ = 18.311.2. 
If the pH increases further, the acidic 1:2-cornplex 
changes to the neutral complex: 

[UO~HLJ~ = EUO,L$ + H+ (5) 
that is dorninating above pH 7; the equilibriurn constant 
amounts to log K = -7.2 and the stability to log ß„ = 

Under alkaline condition, a 1 :3-cornplex can be deduced 
frorn the experirnents; the forrnation of that species can 
be described by 

[UO,L,]" + HL2- = [UO2L3]'- + H+ (6) 
with log K = -4.5 and log ß„ = 34.011.6. 

Tab. 1: Formation constants of U0,2'complexes with proto- 
catechuic acid computed by the "SCOGS code (ura- 
nyl hydrolysis was considered in the calculations) 

Using these stabilities, the speciation (Fig. I )  was calcu- 
lated for 10" M U0,2' (-2.4 pprn U) and I O" M protocat- 
echuic acid by the "RAMESESncode 131. 

Up to pH 5.5, the free U0,2' and the acidic 1 : I  -cornplex 
are dorninating together with sorne UO: hydrolysis 
products, such as UO,OH+, (UQk(OHk, UQ(OHk, 
(UOJ3(OH),2', (UO,),(OH)," and (UO,),(OH),+. Above 
pH 5.5 the rnain species are l:2-cornplexes and the 
experirnentally not confirrned I :3-cornplex. 

Discussion 
The dissociation of the 3,4-dihydroxybenzoic acid starts 
with the release of H+ frorn the carboxyl group (pK, = 
4.26), followed by the stepwise dissociation of the phe- 
nolic OH-groups (pK,= 8.64 and pK, = 13.1). The 1 : I  - 
cornplex with U(VI) has a bidentate carboxyl coordina- 
tion in the equatorial plane of the linear UO, arrange- 
rnent. In the I :2cornplex, however, the U0: is coordi- 
nated by the phenolic groups of the ligand under forrna- 
tion of a five-rnernbered chelate ring of high stability. 
The change of the carboxylic to the o-diphenolic coordi- 
nation was experirnentally confirmed by EXAFS rnea- 
surernents 141. The coordination of the I :I -cornplex is 
cornparable to that of succinic acid, and the coordina- 
tion of the I :2-species corresponds to the cornplexation 
with 1 P-dihydroxybenzene (catechol). 

The rnain complexes were determined by the curve 
fitting. lntroducing the species [UO,H,Ll+, [UO,HLJ3- 
and [U0,LJ4. the fit showed the highest accuracy (q„i 
0.5%). The species [(UO,),L]'and [U0,LJ7-are fit-indif- 
ferent and the introduction of the neutral I :I-cornplex 
and further acidic cornplexes reduce the quality of the fit. 
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COMPARISON OF REDOX CONDlTlON IN A HIGHLAND BOG OF THE ERZGEBIRGE AND: A 
FLOODED URANIUM MINE 

L. Baraniak, A. Abraham, G. Bernhard, H. Nitsche 

Cornparison of the redox conditions in the "Kranichsee" bog with deep waters of a wood reinforced flooded uraniurn rnine 
shows significant sirnilanties. The moor can be considered as a natural analogue to predict the changing of redox ~on~ditions 
in flooded rnines. 

Introduction 
The uranium mines in Saxony and Thuringia were rein- 
forced with large amounts of structural wood to stabilize 
the mining shafts and galleries. The flooding of these 
defunct mines by ground and surface waters exposes 
large amounts of wood to hydrothermal and microbial 
wood degradation processes. These processes gener- 
ate an anoxic condition, which most likely leads to the 
reduction of heavy meta1 ions present in the water. We 
used the Saxon highland bog "Kranichsee" as a natural 
analogue to determine how the natural degradation of 
submerged wood influences the redox chemistry as a 
function of depth. The bog contains organic matter 
coming from submerged brush and other woodcontain- 
ing vegetation. 

Results 
In the bog's surface water, a mean redox potential (Eh) 
of 550 mV and an oxygen content of 10 mg/L (Tab. 1) 
was measured. In the ground at a depth of 1 meter the 
redox potential decreased to 156 mV and no oxygen 
was detected. Sampling of water from the deeper lay- 
ers was accompanied by ascending gas bubbles 
spreading an intensive smell for hydrogen sulfide. Sul- 
fate and sulfide in the subsurface water was found to 
be 9.3 mg/L and less than 0.1 mg/L, respectively. 

surface 4.3 1012 

marsh a0.1 

Tab. 1 : Redox potentials and oxygen content in the highland 
bog's surface water and in a rnarsh depth of 1 rn 

Redox potential calculation 
The water's Eh at the surface is mainly determined by 
the dissolved oxygen. From 

ig[O,(aq)] - 4 pH - 4 pe = - 93.7 
a pe = 18.2 and Eh = 1002 mV was calculated, which 
corresponds to 950 mV at pH 7. Assuming the poten- 
tial in the subsurface water is only controlled by the 
redox pair SHlSOt- and no methane formation takes 
place, the redox potential can be calculated frorn 

fg[HS'] - lg[SOA + 9 pH + 8 ps = 37.0. 
For I pg/L of sulfide pe = -0.537 and Eh = -29.4 mV 
are obtained. If the sulfide concentration in-creases to 
10 pgIL the redox potential is decreased to -43.3 mV. 
That means, strongly anoxic conditions are maintained 
if the microbial wood decomposition (the oxidation of 
natural carbon to CO,) causes the sulfate reduction. 

Discussion 
The discrepancies betvveen the measured and calcu- 

lated Eh can be attributed to not reached equilibria in 
the water as well as at the electrode inter-face during 
the measurement. Lindberg and Runnels 121 reviewed 
over 600 analysis of natural waters. They found that 
the potentials measured under aerobic conditions are 
too low by an average of half a volt and Eh values from 
anoxic environments are about 350 mV to high. Redox 
potentials should, therefore, be calculated from analyti- 
cal data. 

Conclusions 
Comparing the redox situation in the bog ground with 
that in the flooded mines (Tab. 2) a considerable de- 
creased Eh is found in both cases. That means, iron(ll1) 
is reduced and the uranium(V1) reduction (immobiliza- 
tion as U(OH),) takes place in the mine water. But the 
Eh in the mine water is so far not low enough to reduce 
sulfate and arsenic(V) in order to remineralize arsenic 
as aunpigment (As,S,). 

I SchlemalAlberoda mine 
I I 

depth 
Lml 

Tab. 2: Redox potentials and oxygen content in the watered 
rnines of the saxon western ore rnountains /3/ 

pH 

Pöhla mine 

Until now the attainment of reducing conditions in the 
flood waters of uranium mines was solely attributed to 
the oxidation of pyrite. Our study of the highland bog 
shows that the degradation of wood causes highly an- 
oxic conditions, indicating that the influence of the deg- 
radation of structural wood reinforcements in uranium 
mines must be considered when evaluating the redox 
processes in the mining waters. 

- 20 
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IRON(I1I) REDUCTION BY SYNTHETIC AND NATURAL HUMIC ACIDS 

B. Mack, K.H. Heise, L. Baraniak, G. Bernhard, H.Nitsche 

The reducing capacity of various synthetic and natural humic acids was studied with iron(ll1) at pH 3. It was found that the 
reducing capacity is not directly correlated with the number of phenolic groups. 

Synthetic humic acids are used as model compounds 
for a better understanding of the chemical behavior of 
natural humic acids (HA) 111. The ability of natural HA to 
reduce several metal ions is well known whereas the 
mechanism is not understood in detail. We studied the 
reducing behavior of various synthetic and natural HA 
against iron(ll1). 
Two types of synthetic and natural HA were examined. 
The first, gallic acid based HA (GALOP), was synthe- 
sized by oxidation of gallic acid using sodium periodate 
at pH 8 121, the second, M 1 humic acid, via the Maillard 
reaction of xylose, glycine and phenylalanine 111. The 
natural humic acids were a purified commercial HA 
(Aldrich) I31 and an HA isolated from a bog in Saxony 
(Kranichsee) 141. 

Experimental 

Results and discussion 

The reducing capacity (RC) was determined at pH 3, an 
ionic strength of 0.1 M (KCI) and an initial iron(lll) con- 
centration of 5 mmol1L. The HA concentration varied 
from 0.10 g/L to 0.27 g/L for technical reasons. The 
solutions were prepared under nitrogen and gently 
shaken in the dark at room temperature over 6 weeks. 
The iron(lll) reduction was monitored by spectrophoto- 
metric determination of iron(ll) with 1 ,I 0-phenanthroline 
after separation of the humic acid by precipitation with 
sulfuric acid. The content of phenolic and carboxyi 
groups was radiometrically detemlined. The results are 
listed in Tab. 1. 

The RC of the hurnic acids ranges from 1.9 to 11.5 
meqlg (Tab. 2). 

Humic acid 

GALOP 

M 1 

Kranichsee HA 

Aldrich HA 

Tab. 2: Reducing capacity of various hurnic acids 

The following sequence of decreasing reducing capacity 
was found: 

Tab. 1: Functionalities of various hurnic acids 

4 

Functionality [meqlg] 

GALOP-HA >> M1 -HA > Kranichsee-HA > Aldrich-HA. 

phenolic OH 

4.8 

2.3 

3.9 

3.4 

The GALOP - HA shows the highest RC. This corre- 
sponds to the high content of phenolic OH in the matrix 
unit. These OH groups remained from the 3,4,5-trihyd- 
roxy benzoic acid after radicalic polymerization. Since 
the OH - groups are in o-position to each other on the 
aromatic ring, the major part of the reducing properties 
occurs in the oxidation to the o-quinonoid Systems. 
The natural HA's are characterized by an RC of 2 to 3 
meqlg and a phenolic content of 3 to 4 meq/g, relating 
to a RC I OH ratio of 0.7. This value is low when com- 
pared to then GALOP - HA (- 2.4). This can be 
explained by the prevailing single-positioned OH groups, 
i.e., by a small fraction of o-diphenolic groups. The aro- 
matic content of natural HA'S from the lignin degrada- 
tion is generally much lower than of HA that are synthe- 
sized from a higher-valent phenol. 
The Maillard type HA (M 1) with an RC 1 OH ratio of 2.0: 
resembles the GALOP - HA rather than natural HA. 
Since o-diphenolic groups are not incorporated into the 
matrix, other mechanisms have to be considered in or- 
der to the explain the reducing properties. 
The time dependencies (Fig. 1) show a steady slight 
increase in the RC's. The values discussed here were 

COOH 

2.2 

1.2 

3.9 

3.9 

calculated after a reaction time of 6 weeks. 

Fig. 1 : Reduction of iron(1ll) by humic acids 
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REDUCTION OF IRON(II1) BY NATURAL AND SYNTHETIC MELANOIDINE-TYPE HUMlC ACIDS 

B. Mack, L. Baraniak, K.H. Heise, G. Bernhard, H. Nitsche 

Iron(lll) reduction by naturalal and synthetic humic acids was studied at pH 3.0. The reducing capacity and the content of 
carboxylic groups and phenolic QH groups were determined for the pure humic acids and the products resulting from 
methylation and saponification. The reducing properties are ascnbed to the phenols in the natural humic acids and to the 
endiol groups in fhe sythetic hurnic acids. 

lntroduction 

The reducing capacity of humic acids (HA) is commonly 
attributed to phenolic groups. In /I/ various HA were in- 
vestigated but no direct correlation between the pheno- 
lic group content and the reducing capacity (RC) toward 
iron(lll) was found. Therefore, we studied the influence 
on the iron(lll) reduction by gradually blocking the func- 
tional groups. Two types of natural HA (one isola-ted 
from the bog "Kleiner Kranichsee" and a purified com- 
rnercially available HA) and two synthetic HA (melan- 
oidins M1 and M42) were examined. The HA charac- 
terization is described elsewhere 11, 21. 

Experimental 

The main functional groups such as carboxylic and 
phenolic hydroxyl groups, were blocked by penne- 
thylation and saponification of the resulting esters ac- 
cording to Bubner et al. 131. The IRC was determined at 
pH 3.0 at an ionic strength of 0.1 M (KCI) and an initial 
iron(lll) concentration of 5.0 mrnolIL. The HA concen- 
trations varied from 0.1 to 0.3 glL for the untreated and 
the saponified HA as well as 0.5 to 0.7 g/L for the per- 
rnethylated sarnples. The experimental techniques 
used are described by Mack et al. /I/. The determined 
contents of carboxylic and phenolic OH groups are - .  

listed in Tab. 1. 

Humic acid I- 
I Functionality 

eq/g) 
phenolic OH 

Tab. i: Content of carboxylic and phenolic hydroxyl groups 
of the native and synthetic hwmic acids 

The amount of ironflil) reduced to ironfll) was deter- 
rnined after a six weeks equilibration with the hurnic 
acid. 
The calcuIated reducing capa~ities are shown in Tab. 2. 

Results and Discussion 

Permethylation of HA with subsequent saponification 
leads to free carboxylic groups and to methylethers of 
the phenols. The esterfication blocks the phenolic hy- 
droxyl groups and prevents the formation of phenolate 
ions and phenoxy radicals. 

Humic acid 

I permethylated I 0.29 i 0.01 
'I n.d.: not detected 

Reducing capacity 
(meq/g) 

Aldrich, untreated 
saponified 
permethylated 
Kranichsee, native 
saponified 
permethylated 
M 1, untreated 
saponified 
permethylated 
M 42, untreated 
saponified 

Tab. 2: Reducing capacity of native and synthetic humic ac- 
ids after six weeks equilibration with iron(lll) 

1.99 + 0.07 
1.38 I 0.02 

n.d. ') 

3.14 I 0.09 
1.95 I 0.02 
0.1 9 I 0.01 
3.85 I 0.1 1 
2.58 I 0.01 
0.25 I 0.01 
6.14 rt 0.30 
3.61 I 0.1 3 

The results show the tendency that RC of all HIA de- 
crease with decreasing phenolic group content. In case 
of the natural HA (AldrichIKranichsee) one third of the 
phenolic OH surprisingly remains unblocked. The RC 
of the Same HA, however, amounts to about two third 
after blocking. We therefore conclude that groups 
other than phenolic hydroxyl are also redox active. For 
example, the artificial HA synthesized by Maillard reac- 
tion of phenylalanine and glycine (M 1) and glutamic 
acid and xylose (M 42) do not contain any phenolic 
groups and shows a significant RC. We belive that the 
reducing properties are caused by endiol groups 
("reducton" groups) that are forrned as a result of the 
amino acid degradation via formation of intermediate a- 
dicarbonyl compounds according to Strecker 14.1. Endiol 
groups can easily be oxydized by iron(lll) to the corre- 
sponding carbonyl compounds. L(+)-ascorbic acid rep- 
resents a classic example for our assurnption. 
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EXPERIMENTAL STUDIES FOR THE DISPOSAL OF CARBON-14-LABELED 
ORGANIC MATERIAL: IV. RESULTS OF THE PHOTOCATALYTIC MlNERALlZATlON 

E. Förster, S. Heller, K.H. Heise, H. Nitsche 

The decomposition of carbon-14-labeled organic material with UV-illuminafed titanium dioxide is monitored by on-line measuring 
of the ß-radiation of the produced '4C02. 

lntroduction 

Heterogeneous photocatalysis has been established as 
an effective method for the mineralization of organic 
compounds in aqueous media. We reported earlier the 
results of the mineralization of different non-labeled 
organic model compounds 111. 

Experimental 

The photocatalytic oxidation of aqueous solutions or 
suspensions of two carbon-14-labeled organic com- 
pounds (4-hydroxy benzoic acid [ring UL-14C] and ace- 
tic acid [2-14C] sodium salt) was studied in a gas recy- 
cling reactor using suspended TiO, (Degussa P 25) as 
photocatalyst in the presence of hydrogen peroxide. 
The samples were irradiated with a 420 W UV-high 
pressure lamp (Osram Ultratech 400) having a wave- 
length range from 315 to 380 nm (UV-A). The reactor 
consists of a cylindrical vessel with a cooling jacket. 
The lamp is placed in a quartz tube in the Center of the 
vessel. About 370 kBq (10 pCi) of the carbon-14-la- 
beled substance is diluted with the Same non-labeled 
organic substance to obtain an equivalent of 12 milli- 
moles of carbon. The organic compound and a suspen- 
sion of 0.5 g TiO, in 250 mL water are transferred into 
the vessel. The reactor is equipped with a magnetic 
stirrer, a gas inlet tube, and a reflux condenser. The 
condenser is connected to a cupric oxide filled quartz 
tube (catalyst) followed by a gas flow cuvette, an air 
filtration unit (Midisart 2000, Sartorius), and two gas 
traps each containing 50.0 mL of 0.5 M sodium hydrox- 
ide. The cupric oxide catalyst is heated to about 650°C. 
To measure the radioactivity of 14C0, on-line, the gas 
flow cuvette is connected to a commercial proportional 
counter tube (type LB 6280, Berthold) which is con- 
nected to the radiation counter 20046 (VEB Messelek- 
tronik) and a printer. Oxygen gas is essential for the 
photo mineralization process and it is also used to trans- 
fer the produced 14C02 from the reactor to the gas traps. 

The recovery of radioactivity is determined by LSC 
(liquid scintillation counter, Beckman model LS 6000 LL) 
of the solution containing the educt and the 14C02- 
containing sodium hydroxide solution from the gas tmps. 
Ultima Gold (Packard Instr. Comp.) liquid scintillation 
cocktail was used. 

The results are shown in Tab. 1 and Fig. I. Excess elec- 
trons in the conduction band of the semiconductor TiO, 
react with oxygen to form in a first step an oxygen radi- 
cal: 

I i recovery of activity 
substance ............................................. 

i [MBq] f % I 
I 4-Hydroxy benzoic acid ] 0.34 ] 95,5 

[ring ULJ4C] ....................................................................................................... I 
I a. Sodium acetate [2-I4C] 0.64 i 110.1 1 
I b. Sodium acetate 12-I4C] 1 0.39 1 106.1 1 
Tab. 1: Measured recovery of carbon-14 by photocatalytic 

rnineralization of organic cornpounds 

Hence oxygen is consumed during the mineralization 
process. A directly proportional correlation exists be- 
tween the loss of oxygen and the oxidation number of 
the organic compound and the reaction Course. The 
time progression of the mineralization is shown in Fig. 1. 
The conversion is completed after approximately 4 
hours. No radioactivity was detectable in the remaining 
reaction mixture. 

1 , a .  S o d i u m  a c e t a t e  [ 2 - 1 4 C ]  I1 
y d r o x y b e n z o i c  a c i d  [r ing " L - ?  4ClY 

0 6 0  1 2 0  1 6 0  2 4 0  $ 0 0  360 
i r r a d i a t i o  n t im e [m in] 

Fig. 1: Kineiics of photocatalytic rnineralization of some 
carbon-14-labeled organic substances by the on-tine 
measuring of the ß-radiaiion of the produced %0, 
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SAVE DISPOSAL OF CARBON-14 LABELED ORGANIC MATERIAL: 
I. PROCESS AND APPAMTUS FOR THE ABSORPTION OF I4CO, AND ITS CONVERSION T 0  

BARIUM CARBONATE- 14C 

E. Förster, S. Heller, K.H. Heise 

The carbon dioxidemi4C resulting from a mineralization process is trapped in caustic solution and finally recoveredas 
barium carbonatemi4C in a special apparatus. 

I4CO2 resulting from the mineralization 111 of the 
carbon-14 labeled organic compounds and waste is 
absorbed and precipitated as barium carbonate 121 for 
disposal or recycling. A special closed apparatus was 
designed for this purpose. The schematic diagram of 
the apparatus is illustrated in Fig. 1. 

Fig. 1 :  Schematic diagram of the set-up for absorption of 
'4C0, and subsequent isolation of Bai4CO3 

It is possible to combine this apparatus modular with 
other mineralization equipments. The set-up consists 
of the following components: 

Gas traps (WF) 
The quantitative retention of the 14C02 contained in the 
gas stream is ensured by a special design (Fig. I )  of 
the gas traps. No activity was delectable in the effluent 
purge gas stream from the outlet tube of the second 
gas trap. The saturation of the trapping agent ( 2 ~  
NaOH) is monitored by the following methods: 
- Measuting of the pH-value: It is not necessary to de- 
termine the exact value for this purpose. The absorp 
tion curve is shown in Fig. 2. In the area of absorption 
the pH decreases stightly and in the area of saturation 
(pH 41.3) pH decreases distindvely. 

g,0 - t -'-f-"-'+-~- *-,-LLL-+'-"-+-"-L+L-LA-ffff - t 9,o 
0 20 40 60 80 100 120 140 160 180 

rnineralized mlllimols carbon 

Fig. 2: pH-dependence of 2M NaOH (150 mL) on the miner- 
alized carbon (CO,-absorption) 

- In the area of saturation the poorly soluble s'odium 
hydrogen carbonate precipitates. The solution be- 
Comes cloudy. 

Precipitation of barium carbonate 
The saturated N~'4C0,-containing solution is vacuum- 
transferred to the precipitation vessel FA. A freely filtra- 
ble barium carbonate-I4C is obtained by means of the 
dropwise addition of an excess of 1 M barium chloride 
solution and subsequent Ostwald ripening . The disper- 
sion is permanently agitated by a gas-bubble pump 
(MP). The carbon dioxide contained in the air has an 
advantageous effect for the complete precipitation of 
the barium carbonate. 

Isolation of barium carbonate 
The cock H6 is closed and the valve H4 is opened. 
Now the precipitate is collected by filtration in a special 
ampule A with a glass frit. The resulting filtrate in V 0  
shows only a low activity (measuring by LSC). This 
ampule has on the top a screw thread (GL 18) for seal- 
ing with a plastic screw cap wntaining a PTFE seal. At 
the other end of the ampule a seal-off capillary is 
melted off. For final Storage, the ampule is embedded 
in cement. Otherwise it is possible to reprocess the 
Ba'4C0, contained in the ampule. 
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THE STRUCTURAL trans-INFLUENCE - 6-COORDINATION vs. 5-COORDINATION 

U. Abram 

On the basis of a series of rhenium nitrido complexes mainiy electronic in favor of steric factors have been found to be 
responsible for the strong structural trans influence of the multiply bonded "N3" ligand. 

Metal nitrides play an important role in the solid state 
chemistry where a number of novel compounds with 
extraordinary properties have been developed. Rela- 
tively less is known about the reactivity of covalent 
bonded nitrido ligands which belong to the strongest n- 
donor ligands and cause a strong structural trans influ- 
ence which weakens the bond to the ligand coordinated 
trans to the multiply bonded "N3". Generally, steric and 
1 or electronic reasons are discussed to be responsible 
for this result 11,21 and discussed separately for 5-coor- 
dinate and 6-coordinate metal complexes 131. 
The present communication summarizes the results of 
structural studies on about 20 couples of 5- and 6-coor- 
dinate rhenium complexes containing terminal nitrido 
ligands (I) and covalent nitrido bridges between Re and 
LEWlS acidic compounds (11) which can be prepared 
from complexes of type I with LEWlS acids (LA). 

The terminal nitrido ligands in I cause a strong trans 
influence which results in a lengthening of the bond to 
the trans situated donor atom (X) by about 0.3-0.4 A 
compared with the equatorial ligands. The addition of a 
LEWIS acid on the coordinated nitrido ligand results in 
an only slight increase of the Re-N triple bond length 
(1.1-5.3%). The distance to the trans coordinated li- 
gand, however, decreases up to 17% and can not be 
correlated with the size of the LEWIS acid used (com- 
parably small boron halides have been used as well as 
the bulky tris(pentafluorophenyl)boron). This suggests, 
that steric factors should be negligible and the structural 
trans influence should rnainly be detemined by the 
electronic situation in the corresponding rnolecules. The 
result is supported by N-Re-Y bond angles which are 
mainly determined by the individual bonding situation in 
the regarded cornplexes (rnonodentate ligands vs. che- 
late ligands). Even in cases, where the N-Re-Y angles 
increase, the Re-X bond decreases which clearly 
disfavors steric effects to cause the trans influence in 
the nitrido complexes under study. 
In 5-coordinate nitrido cornplexes the formation of 
nitrido bridges which is coupled with a decrease of the 
trans influence results in an "activationn of the non-oc- 
cupied sixth coordination position and allows Zhe cou- 
pling of solvent rnolecules. When the reactions are 
performed in non-coordinating soivents, the formation 

of binuclear, 6-coordinate compounds has been ob- 
served. This can exemplarily be demonstrated on 
bis(diethyldithiocarbamato)nitridorheniurn(V), 
[ReN(Et,dtc),], which forms a Scoordinate, nitrido- 
bridged compound upon reaction with B(C,F,),. This is 
achieved by dimerisation via a dithiocarbamato ligand. 

Details of the bonding situation in the dimer can be 
obtained from Fig. 1 which represents the results of the 
crystal structural determination. 

Fig. 1 : Representation of the [Re{NB(C,F,),}(Et,dtc)& dimer. 
C,F5 rings have been omitted for clarity. Bond lengths 
in A: Re(1)-N(10) 1.67, Re(1)-S(92) 2.86, Re(2)-N(20)i 
1.69, Re(2-S(41) 2.84. 
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SYNTHESIS, CHARACTERIZATION AND STRUCTURE OF 
AMMINETRIS(DIMETHYLPHENYLPHOSPHINE)DIIODORHENlUM(lll) TRllODlD 

B. Schmidt-Brücken, U. Abram 

The reaction of [ReNCl,(Me,PhP)J with an excesc of trimethylsilyl iodide results in protonation of the nitrido ligand and the 
formation of [Re(NHJl,(Me~hP)J133 

Generally it is not easy to protonate coordinated nitndo 
ligands. Only a few examples have been reported 111. 

The formation of coordinated NH, has been observed 
during the reaction of [ReNC12(Me2PhP)J with Me,Sil. 

[ReNC12(Me2PhP)J was dissolved in dry dichloro- 
methane and a twentyfold excess of trimethylsilyl iodide 
was added. After refluxing for one hour under an atmo- 
sphere of dry nitrogen and cooling, the mixture was 
evaporated to dryness. The residue was dissolved in 
dichloromethane and put in the refrigerator over night to 
obtain redbrown crystals (yield >60%). 

The IR spectrum shows v(NH) vibrations. The elemen- 
tal analyses confirms the presence of nitrogen (calc.: 
1 .I%, found: 1 .I%). The mass spectrum (FAB+) shows 
many fragments of the cation [Re(NH,)I,(Me,PhP)J+, 
including the M+-peak (m/z = 871). The compound is 
expected to be paramagnetic. Its magnetic moment 
was determined to p, = 2.74 B.M. This result agrees 
with the value calculated for two unpaired electrons 
(pspim,,, = 2.83 B.M.). The difference between the theo- 
retical and the experimental value can be explained by 
a considerable spin-orbit-coupling, which is usually 
observed for heavy elements. 

Fig. 1: Ellipsoid plot of [Re(NH,)I,(Me2PhP)3]13' H atoms of 
the phosphines have been omitted for cfarity. Se- 
lected bond lengths [pm]: Re-N 223.6, Re-P(1) 248.4, 
Re-P(2) 242.6, Re-P(3f 247.6, Re-l(1) 264.1, Re-1(2) 
266.5, i(3)-1(4) 294.0, k(3)-I(5) 288.4. 

The X-ray structure detemination (Fig.1) finally con- 
firms triiodide as counter ion, All bond lengths and an- 
gle& are located in the expected range. The Re-N dis- 
tance (223.6 pm) agrees with the value expected for a 
Re-N single h n d  and the significant frans influence 
caused by a nRrido Iigand is no ionger observed. This is 
shown by the Re-P(2) distance of 242.6 pm, Mich  is 
shorter than öie Re-P bonds in the equatorial positions. 

The title compound is the first rtienium amine comptex 

being prepared from a nitrido complex. This is only 
possible, when the solvent takes part in the reaiction 
and acts as source for the Protons: 

Further studies to elucidate the mechanism of the reac- 
tion and to analyze the side products are in Progress. 
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SYNTHESIS, CHARACTERIZATION AND STRUCTURE OF 
DICHLOROBIS(TRIPHENYLPHOSPHINE)PYRIDINE-2-THlOTORHENlUM(lll) AND 

DICHLOROBIS(TRIPHENYLPHOSPHINE)PYRIMIDINE-2-THlO~TORHENlUM(lll) 

B. Schmidt-Brücken, U. Abram 

Two different routes are shown leading to novel rhenium(ll1) complexes with the heterocyclic Iigands. The structure of the 
pyridine-2-thiolato complex is discussed. 

Pyridine-2-thiol and pyrimidine-2-thiol are known as 
very flexible ligands forming countless complexes with 
transition metals. 
[ReCI,(PPh,),(pyrS-S,N)] (pyrS-S,N = pyridine-2-thio- 
late) and [ReC12(PPh3)2-(pyrmS-S,N)] (pyrmS-S,N = 
pyrimidine-2-thiolate) have been prepared by the reac- 
tion of [ReOCI,(PPh,),] with two equivalents of the thiol 
in dichloromethane or acetone. The reduction of the 
0x0 compound is caused by the well known reaction of 
a displaced triphenylphosphine with the coordinated 
0x0 ligand, resulting in the formation of the phosphine 
oxide and a Re"' center. Due to the mechanism the 
maximum yield is 50%. 

A second route is the ligand exchange reaction with the 
Re"' precursor [ReCI,(CH,CN) (PPh,),] and the thiols in 
a 1 :1 molar ratio in acetonitrile, where better yields have 
been obtained (Fig.1). 

0 

Or I SH 
ac et one 

Fig. 1 : Reaction scheme 

IR spectra and elemental analyses confirm the forma- 
tion of the products. 
[ReCI,(PPhJ,(pyrmS-S,N)] is finally identified by the M+- 
peak in the mass spectrurn (FAW), which shows an 
identical isotopic pattern with the calculated M*-peak. 

The X-ray structure detemination of [ReCl,fPPh,),- 
(pyrS-S,N)] (Fig.2) shows the coordinated phosphines 
in trans position to each other. Re, the two chlorine 
atorns and the thiolate ligand form a rnirror plane. The 
thiolate ligand shows a very m a l l  chelate angle S(1)- 
Re-N(3) (67.1') due to the stnictural restrictions of the 
pyfldine-2-thiolate. 

Fig. 2: Ellipsoid plot of [ReCI,(PPh,),(pyrS-S,N)]. H atoms 
have been omitted for clarity. Selected bond lengths 
[pm]: Re-S(l) 244.7, Re-N(3) 209.5, Re-CI(1) 238.1, 
Re-Cl(2) 236.7, Re-P(l) 245.0, Re-P(1') 245.0. 
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SYNTHESE, CHARACTERIZATION AND STRUCTURE OF F-OXOBIS[BIS(PURINE-6- 
THIOLATOS,N)OXORHENlUM(V)] 

B. Schmidt-Brücken, U. Abram 

The title corn~ound is fomed by the reaction of (Bu,N)[ReOCI,] with purine-6-thiole in rnethanol. It is the firct rhenium 
compound cohaining purine-6-fGole as ligand. 

Purine-6-thiole, purinSH, is a biologically interesting 
ligand and shows a wide spectrum of potential applica- 
tions /I/. Up to now, there are known only a few crystal 
structure analyses of metal complexes containing 
purinSH as monoanionic, chelating ligand /2,3/. 
Stirring of (Bu,N)[ReOCI,] and purinSH (molar ratio 
1:2.5) in methanol at room temperature results in the 
formation of H-O[ReO(purinS-S,N)J2 (Fig. 1) as an 
ocher coloured powder, which is insoluble in water and 
most common organic solvents (yield relative to Re: 
96%; elemental analysis found: C 23.7; H 1 .O; N 21.8; S 
13.0%; calculated for Re2C,H„N10,S4: C 23.4; H 1 .I; 
N 21 -9; S 12.5%). 

Fig. 1 : Ellipsoid plot of p-O[ReO(punnS-S,N)&. Selected 
bond lengths [pm] and angles ["I: Re-O(1) 191.1 (I), 
Re-O(2) 168.9(7), Re-S(1) 239.9(3), Re-S(l1) 
239.2(3), Re-N(9) 21 8.6(8), Re-N(19) 21 8.4(9), O(1)- 
Re-O(2) 167.8(2). 

From the IR spectrurn the following bands can be as- 
signed: v(NH) 3392 cm-'; v(C=C) and v(C=N) 1637, 
1620 and 1591 crn'l; v(Re=O) 977 cm-I. The v,(Re-O- 
Re) band cannot be assigned without doubt, since in 
the sarne range the B(C-H) frequencies are observed. 
Crystals suitable for an X-ray rneasurement were grown 
frorn hot dirnethyisulfoxide. yO[Re0(p~rinS-S,N)~]~ 
crystailizes in the rnonoclinic space group P2,ln as 
dmso colvate. The bridging oxygen atom is piaced on a 
center of inversion. The bond lengths Re-O(1) and Re- 
O(2) and the neariy linear angle O(1)-Re-O(2) well 
agree with the values obcerved in other oxo-bridged 
rhenium compounds /4,51. The sfnicture determination 
confirrns that there are hydrogen atoms located at N(7) 
and N(17), what is assumed from the IR spectrurn, At1 
bond iengfhc and angtec within the purine-6-thiolate are 

in the expected range. The bond lengths S(1)-C(2) 
(174(1) pm) and S(11)-C(12) (172(1) pm) are losnger 
than the C-S double bond of purinSH (167 pm) and 
shorter than the distance expected for the C-S single 
bond (177 pm, /6/), what is expected for the delocalized 
System. For the sulfur and the nitrogen donor atotins a 
cisarrangement is found. The solvent molecules sepa- 
rate parallelly arranged layers built by the complex mol- 
ecules (Fig. 2) in a way, that no stacking via the purine 
rings can be observed as is described in 121. 

Fig. 2: Packing diagram of pO[ReO(purinS-S,N& 
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[Re(NGaCI,)CI(Me,PhP),(H,Et$cb)][GaC1 J 
(H,Et$cb = N,N-DIETHYLTHIOCARBAMOYLBENZAMIDINE) - A COMPLEX WlTH A COVALENT Re-N-Ga BRIDGE - 

U. Abram, S. Ritter' 
'University of Tübingen, Institute of lnorganic Chemistry 

The reaction of [ßeN(CI)(Me,PhP),(HEt,tcb)] (HEf,fcb-= N, N-diefhylthiocarbarnoylbenzarnidinafe, Me , PhP = dirnethylphenyl- 
phosphine) with GaC13yields a nifrogen-bridged binuclear cornplex with a covalent bond between fhe nifrido ligand and 
galliurn. This goes along with protonation of the coordinated chelate ligand. 

Nitrido ligands belong to the strongest n-donor ligands 
and stabilize transition metals in high formal oxidation 
states. "N3"' can coordinate terminally or bridging be- 
tween transition metals and Lewis-acidic compounds 
11 I. 
A covalent Re-N-Ga bridge is formed upon reaction of 
the Rep) mixed-ligand complex chloro(N,N-diethylthio- 
carbamoylbenzamidinato)-bis(dimethylphenylphos- 
phine)nitridorhenium(V), [ReN(CI)(Me,PhP),(HEt,tcb)] I, 
with GaCI,. 

When this reaction is performed in dry dichloro- 
methane, red crystals of [Re(NGaC13)CI(Me,PhP)2- 
(H,E&tcb)][GaC14] are obtained in good yields. 

The use of other solvents decreases the yield dramati- 
cally or yields other products. 
This result and the high yield of the reaction suggests 
CH,CI, as source of the H and CI atoms which are used 
to protonate the coordinated chelate ligand and to form 
the GaC14 anion. The exact mechanism of the obvi- 
ously complex reaction has not yet been elucidated. 
During attempts with CD,CI, the expected product 
[Re(NGaC13)Ci(Me2PhP)2(HDE&tcb)][GaC14] could only 
be isolated in very low yields (about 5 per cent). 
The most remarkable structural feature is the bonding 
situation inside the chelate ring. This is due to the 
protonation of N(3) which results in a non-planar che- 
late ring. [Re(NGaCI,)CI-(Me2PhP),(H2EtJcb)][GaCI,] is 
the first example of a metal complex containing a neu- 
tral, chelate-bonded N,N-dialkythiocarbamoylbenzami- 
dine ligand. The extended rr-electron system Mich can 
be found in 1 121 is disturbed and the N(1)-C(2) and 
C(4)-S bonds are shortened. 

This is in accordance with a formulation as given in II. 

Comparison with the situation in [ReN(CI)(Me,PhP),- 
(HEt,tcb)] 121 shows that the equidistance of the C-N 
bonds and the planarity of the chelate ring disappeared 
upon protonation. The sum of the bond angles inside 
the six-membered ring in [Re(NGaCI,)CI(Me,PhP),- 
(H,E&tcb)I+ is 690.8" which is lower by about 20" than in 
the chelate ring of I. 
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Fig. 1: Ellipsoid representation of the complex cation of 
[Re(NGaCl,)Cl(Me2PhP),(H2E&t~b)][GaCW. 
Bond lengths in A. 



[Re(NBH,SBH,)(Me,PhP)(EQdtc)], 
A NOVEL RHENIUM DIMER WlTH THE UNUSUAL BRlDGlNG (NB H,SBH,)'- LIGAND 

U. Abram 

An unusual dimer is fomed during the reaction of IReN(Me,PhP)(Et,dtc),] with excess BH, in tetrahydrofurane. Two Re" 
atorns are linked by Wo (NBH,SBHJ%nits which act as three-dentate ligands via N, S and H forming an 8-membered 
metallacycle with additional CO-ordination of a hydndo H atom trans to the nitrogen atom. 

A variety of complexes containing a nitrido bridge be- 
tween rhenium and boron has been deccribed 111, but in 
non of them the N-B-R unit acts as bridging ligand be- 
tween two metal centers. 
The dimeric title compound is formed from [ReN 
(Me2PhP)(Ebdtc)J (I) (E&dtc'= diethyldithiocarbamate, 
Me2PhP = dimethylphenylphosphine) and BH, in THF. 

The formation of the unusual [NBH,SBHJ4- ligand can 
be described by an electrophilic attack of BH, at a sulfur 
atom of a dithiocarbamate ligand with the formation of 
thioformic acid diethyiamide and the [BH,S-BHJ anion 
which rapidiy reacts with the multiply bonded nitrogen 
atom to form the Re-N-B bridge. With this, the reported 
reaction is another example for a preferred attack of an 
electrophilic compound on sulfur /2/. 
The recorded NMR spectra (in THF) agree with the 

structure of the compound. Hydride signals of the termi- 
nal H atoms have been observed at 1.05 ppm, whereas 
the signals of the CO-ordinating H atoms could not be 
resolved. Two signals at 17.99 and -15.74 ppm have 
been observed in the "B NMR spectrum correspond- 
ing to the N-BH2-S and the SBH, moieties. 

Fig. 1: Ellipsrrid representation 05 fRefNBH2SBHJ(Me2PhP) 
(Et2dtc)i,. Ethyl groups, phenyl rings and CH hydro- 
gen atamc have been ornitted for cfarity. 

The structure of [R~(NBH,SBH,)(M~,P~P)(E~,~~C)]~ 
(Fig. I )  shows two [~e(~e,Ph~)(Et,dtc)]~+ units which 
are linked by two [N-BH,-S-BH3l4- ligands forming a 
dimeric complex with an 8-membered (ReNBS), met- 
allacycle. The sixth CO-ordination sites of the rhenium 
atoms are occupied by bridging hydrido ligands giving a 
distorted octahedral environment for the rhenium at- 
oms. Main distortions are due to the restricting bite 
angle of the 4-membered dithiocarbamate chelate ring 
and the angles between N(l) or N(5) and the corre- 
sponding donor atoms in the equatorial CO-ordination 
spheres of the metals which (with the exception af the 
N-Re-P angles) are all larger than 90". The latter fact 
can be explained by the steric requirements of the mul- 
tiple bond to the nitrogen atom andlor electronic repul- 
sion between the Re=N bond and the equatorial lig- 
ands. The nitrido bridges are almost linear with Re-N-B 
angles of 175.4(4) and 175.9(4)". Long distances of 
2.3(1) and 2.13(6) A have been found between Re(1) 
and H(8A) and Re(2) and H(4A), respectively, indicating 
only weak bonding interactions. This may be due to the 
bonds between the rhenium atoms and S(3) and S(7) 
which cause the 4-membered Re-S-B-H chelate rings 
with unusually small Re-H-B angles. Only monodentate 
CO-ordination can be derived for both terminal -BH, 
units. 
The short N-B bonds of 1.51 O(7) and 1 .5l 8(8) A are in 
the range which has been previously observed for com- 
pounds containing nitrogen bridges between rhenium 
and boron /I/ and indicate covalent bonds between 
boron and nitrogen. 
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THE REACTION OF URANYL NITRATE WlTH ACETYLPYRIDINE THIOSEMICARBAZONE 

U. Abram 

[UOAAPTSC)(MeOH)(MeO)], is forrned upon reaction of U02(N0J2 with HAPTSC and Et$ in methanol. The solid state 
sfructure of the complex is characterized by an unusual hydrogen bonded dimer. The hydroxo-bridged dimer [(U02)2(p2- 
0H),(NOJ4]" can be isolated when the Same reaction is carried out without addition of a base. 

The CO-ordination chemistry of uranium with sulphur- 
containing ligands is comparatively less developed and 
most structural studies deal with dithiocarbamate or 
dithiophosphinate ligands 111. Complexes with thiosemi- 
carbazones have not yet been reported whereas only 
one uranium semicarbazonato complex is known 121. 
A uranium(V1) complex containing a chelating thiosemi- 
carbazone is formed when uranyl nitrate and acetyl- 
pyridine thiosemicarbazone, HAPTSC (I), are heated 
under reflux in methanol and a few drops of triethyl- 
amine are added. Red-brown crystals of [UO,(APTSC) 
(MeOH)(MeO)], deposit upon cooling. 

The parent ion in the FAB+ mass spectrum of the com- 
plex is represented by rnlz = 463 which can be as- 
signed to the [UO,(APTSC)I+ unit. The IR spectrum 
clearly shows the U=O band at 91 0 cm". This falls into 
the expected range for uranyl compounds. Additional 
bands at 2822 and 2932 cm-' suggest hydrogen bonds 
in the solid state structure of the product. This is con- 
firmed by an X-ray structure detennination. 

Fig. 1 : Ellipsoid representation of the [UO,(APTSC)(MeOH) 
(MeO)l, dimer. Hydrogen atom which do not contnb- 
ute to the H bonds have been omitied for clarity. 
Selected bond lengths (A): U-O(1): 1.763(3), U-O(2): 
1.767(4), U-O(20): 2.263(3), U-O(30): 2.353(3), U- 
S(12): 2.813(1), U-N(1): 2.639(4), U-N(9): 2.622(4); U- 
U' distance: 5.13 A. 

[U02(APTSC)(MeOH)(MeO)f2 clysi.allizes as a hydro- 
gen bonded dimer (Fig. 1). Two [UO,I,APTSC)(MeOH) 

(MeO)]units are linked by the H atoms of the methanol 
ligands which are situated between O(20) and O(30)' 
(O(20)-H(20): 1.16(7) A, O(30)'-H(20): 1.33(7) A). The 
environment of the uranium atom is best described as 
a pentagonal bipyramid. The thiosemicarbazone is 
deprotonated and CO-ordinates via N(1), N(9) and S(12) 
to the metal. 
Deprotonation of the thiosemicarbazone and its co-ordi- 
nation to uranium is prevented when the reaction is 
done without addition of triethylamine. The pyridine 
function of the proligand is protonated as a conse- 
quence of the acidicity of the uranyl nitrate solution and 
(H~PTSC)2[U02(N0,),(OH)2]2 is formed in almost 
quantitative yield (Fig, 2). The uranium atoms are 
bridged by OH- ligands which could doubtlessly be 
shown by the detection of all hydrogen atoms in the 
final Fourier map of the structure calculation. 

Fig. 2: Ellipsoid representation of the complex anion of 
(H&PTSC),[UO2(NOJ,(OH)2j,. Selected bond lengths 
(A): U-(01): 1.776(4), U-O(2): 1.772(4), U-O(3): 
2.314(4), U-(021): 2.540(3), U-O(22): 2.521, U-O(31): 
2.524(4), U-O(32): 2.550(3), U-U': 3.892(1). 
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U. Abram 

(BU~N)~[UO~(NCS),(H,O)] is formed in quantitative yield frorn (Wr,N),[UO,CI,] and tnrnethylsilyl isothiocyanate. The U-N bond 
lengths range between 2.401(7) and 2.478(8) A. 

Trimethylsilyl derivatives are valuable synthons in the 
CO-ordination chemistry of numerous transition metals. 
In order to obtain information about their ligand ex- 
change capabilities in the uranium(V1) chemistry, first 
reactions with (Bu4N),[U02C14] have been performed. 

the Sulfur sites of isothiocyanato ligands and the coun- 
ter ions have been observed for both crown ether salts. 
This is, of Course, not possible for the tetrabutylammo- 
nium compound under study. Nevertheless, interm,olec- 
ular H bonds can be observed between the co- 
ordinated water and two isothiocyanato ligands of the 
neigbouring molecule (H-S distances: 2.57 and 2.64 A, 
0-H-S angles: 169 and 172"). This results in infinite 
columns of complex anions along the crystallographic b 
axis. Fig. 2 illustrates this arrangement which is unwsual 
with regard to the bulky tetrabutylammonium cations. 

The reaction of bis(tetrabuty1ammonium) tetrachlorodi- 
oxouranium(V1) with Me3Si(NCS) (I) in dichloromethane 
gives yellow crystals of (Bu,N)~[UO~(NCS)~(H,O)] in 
almost quantitative yield. The driving force for the com- 
plete replacernent of the chloro ligands is the formation 
of the volatile Me3SiCI which rapidly evaporates from 
the reaction mixture at room temperature. Moist sol- 
vents and the hygroscopic M%Si(NCS) are sources of 
the CO-ordinated water. No evidence was found for an 
attack on the tightly bound 0x0 ligands of the uranyl 
unit. 

Fig. 2: Unit cell representation of the anion packing in 
(Bu,N),[UOz(NCS)~H,011 illustrating the formation of 
infinite chains by H bonds along the crystallographic 
b axis. Bu4N+ cations have been omitted for clarity. 
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Fig. 1: Ellipsoid representation of the [UO,XNCS)&H,O)]" 
anion. Selected bond lengths (A): U-O(10): 1.7i2(7), 
U-O(20): 1.771 (8), U-O(1): 2.475(6), U-N(1): 2.401 (8), 
U-N(2): 2.421 (8), U-N(3): 2.441 (7), U-N(4): 2.478(8). 

The uranium atom in the sevencoordinate [UO,(NCS), 
(H20)I2- anion (Fig. 1) has an almost ideal pentagonal 
bipyramidal co-ordination environrnent with bond angles 
of 69.512) - 74.6(3)" between neighbouring equatorial 
donor atoms. The H68 ligands are linear and the 
O(10)-U-O(20) angle is l79.2(3)". 

Structural data of Wo uranium complexes are available 
which can be compared with the title compound, 
{NH,(l ~-c~ow~-G))~[UO~(NCS)~{H~O)J 11/ and (K(18- 
crown-6)]JU02(NGS),(H20)] W. Interactions between 



STABlLlZATlON OF Au' AND Au"' IN THE SAME COMPLEX MOLECULE 

U. Abram, K. Ortner', L. Hilditch2, J.R. Dilworth2 
'University of Tübingen, Institute of lnorganic Chemistry; 'University of Oxford, lnorganic Chemistry Laboratories 

The reaction of the organometallic complex[Ad"(damp-Cq,N)CIJ (damp-= dimethylaminomethylphenyl) with PhP(C, H,SH-2- 
SiMe,-3)„ H&, results in the formation of [AU"'LCI] and the first binuclear complex where Adand Au" is stabilized by fhe Same 
ligand, [ALI"L#ul]. 

Relativistic effects which play an important role in the 
chemistry of the heavy actinide elements have also 
been observed in the gold chemistry. This encouraged 
us to study some gold complexes with ligand Systems 
which are scheduled for future actinide studies. 

During the reaction of [Au(damp-C1,N)CIJ I with the 
potentially tridentate phosphinothiolate ligand 
PhP(C6H3-SH-2-SiMe3-3)„ H,L 11, two different products 
have been isolated, the Au"' complex [AuLCI] which 
possesses a strongly distorted Square structure (95% 
yield) and [Au l ' '~u ' ]  (Fig. 1) which contains gold atoms 
in the formal oxidation states "+3" and "+1" (5% yield). 

Fig. 1 : Ellipsoid representation of [Au '~u ' " ]  (methyl groups 
of Me,Si have been ornitted for clarity). Selected bond 
lengths (A) and angles P): Au(1)-P(1) 2.317(5), Au(1)- 
P(2) 2.312(5), Au(I)-S(1) 2.331(4), Au(I)-S(3) 
2.343(4), Au(2)-S(2) 2.276(5), Au(2)-S(4) 2.275(5), 
Au(1)-Au(2) 2.919(1), P(1)-Au(1)-P(2) 172.1(2), S(1)- 
Au(1)-S(3) 178.4(2), S(Z)-Au(2)-S(4) 173.1(2). 

/I/. The Au"' coordination environment is square-planar 
with a maximum deviation from a least-square plane 
formed by P(l), S(l), P(2) and S(3) of 0.074(2) A. The 
gold atom is displaced from this plane by 0.081(2) A 
towards Au(2). The Au-Au distance is 2.919(1) A. This 
contact is comparable with values found in other bi- and 
multinuclear gold compounds /2/ and is consistent with 
an aurophilic bonding interaction. The S(2)-Au(2)-S(4) 
System is in an eclipsed arrangement relative to the 
P(1)-Au(1)-P(2) unit of the square-planar coordination 
sphere of Au(1). The atoms P(l), S(2), Au(l), Au(2), 
P(2) and S(4) fit a plane with a rms. deviation of 0.06 A 
resulting in a paddle-wheel like arrangement of the 
phenyl rings C(1)-C(6) and C(20)-C(25) with the Au(1)- 
Au(2) vector as hub. 

The low yield of the binuclear compound could not be 
increased by changing the reaction conditions and stoi- 
chiometric corresponds. Its formation as opposed tol 
[AuLCI] must depend on the fate of the assumed inter- 
mediate 111 which is formed by the displacement of the 

NMe, group by P and chlotide by thiolate S. The forma- 
tion of [AuLCI] by replacement of the cis phenyl ligand 
by thiolate is then clearly the preferred reaction. How- 
ever, there appears to be a small competing reaction 
involving the reaction of 111 with a second ligand mole- 
cule to give a species with two pendant thiolate groups 
which then coordinate Au' to give the dimeric compound 
[Au"'L#d]. 
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The linear Au' coordination is accomplished by two 
thiolate groups. The Au(2)-S bond lengths are stightly 
shorter than those for Au(1)-S, but are in the Same 
range as found in the gold(1) thiolate complexes 
[{(2,4,6-Pr',C,H~)~u)~ and [NHJ-[(214,6-PGC6H2S)2A~] 
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BACTERIAL DIVERSIN IN TWO URANIUM MINE WASTE PILES IN SAXONY 

S. Selenska-Pobell, K. Flernrning 

Rep-APD analysis was used to study bacterial diversity in soil samples from two different uraniurn waste piles in Saxony. 
ßesults obtained by this method are in agreement with our previously published observations that in both waste piles a large 
number of highly diverse bacteria occurs. There are indications that both wastes may also share common bacterial species. 

Recently, the presence of a large nurnber of diverse 
bacteria was dernonstrated in soil and water sarnples of 
two uraniurn rnining waste piles near the region 
Gittersee (Gitt) and the town Johanngeorgenstadt (JG) 
in Saxony by the use of ribosornal intergenic spacer 
amplification (RISA) analysis /I/. 
In the present work another rnolecular method was ap- 
plied for more precise investigation of bacterial diversity 
in the Same sarnples. The rnethod narned repetitive 
prirner arnplified polyrnorphic DNA (rep-APD) is based 
on PCR amplification by the use of prirners correspond- 
ing to the repetitive consensus sequences in bacterial 
genomes 12, W.  This rnethod is rnuch rnore informative 
than RISA due to the fact that it derives infonation frorn 
the whole bacterial genorne and not only from a particu- 
lar part of it as it is the case of RISA 131. Two exarnples 
of this analysis using an ERIC- and a BOX-prirner are 
shown in Fig. 1 and Fig. 2. 

W r 'ab 

Fig. 1 : ERIC-rep-APD in total soil DNA recovered frorn Gitter- 
seelCoschütz (Gitt.) and frorn "Haberiand-Halden 
Johanngeorgenstadt (JG). 1: Gitt.2,2: Gitt.6,3: GittJ, 
4: JG-C 1-2, 5: JG-B 3-4, 6: JG-B 2-3,7: JG-B 0-1, 8: 
JG-A 4-5 

As Seen in Fig. 1 the ERIC-rep-APD patterns for the soil 
sarnples studied are sample specific. Sarnple specific 
are also the BOX-generated fingerprints, however, for 
the sarnples drawn from the Same site and depth they 
share significant sirnilarity (cornpare Gitt. 2, Gitt. 6, 
Gitt. 7 in Fig. 2). Less sirnilarity was found between the 
samples drawn frorn different depths (one to four me- 
ters under the surface) of the sarne site (cornpare JG-B 
0-1, JG-B 2-3, and JG-B 3-4). Interestingly, cornmon 

bands, dernonstrating presence of cornrnon bacterial 
genornic structures, were found in the BOX-patterns of 
rnany DNA sarnples (see the black arrows in Fia. 2). 

Fig. 2: Box-rep-APD in total soil DNA recovered from Gitter- 
see1Coschütz (Gitt.) and frorn "Haberland-Halden 
Johanngeorgenstadt (JG). 1: Gitt.6,2: Gitt.7,3: Gitt.2, 
4: JG-C 1-2, 5: JG-B 3-4, 6: JG-B 2-3, 7: JG-B 0-1, 8: 
JG-A 4-5, 9: 1 kb plus ladder (Gibco BRL) 

Moreover, in sorne cases sirnilarity between the BOX- 
patterns of the sarnples frorn the two geographically 
different waste piles investigated was observed (see the 
white arrow in Fig. 2). This result is in agreernent with 
those obtained recently in our laboratoly by the use of 
the 16s rDNA retrievall41. The latter has dernonstrated 
that, on the background of the high bacterial diversity in 
the soil sarnples frorn the two uraniurn waste piles stud- 
ied, several dominant bacterial types rnight be distin- 
guished. 
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DlVERSlTY IN NATURAL BACTERIAL COMMUNlTlES IN URANIUM WASTES AS EXAMINED BY 
16s rDNA RETRIEVAL 

G. Satschanska', S. Selenska-Pobell 
Institute of Molecular Biology, Bulgarian Academy of Sciences, 11 13 Sofia, Bulgaria 

A 16s rDNA clone bank was constructed for three different uranium waste piles in Saxony. An analysis of several hundred 
clones of this bank has indicated an extremely high bacterial diversity in the soil and water samples studied. The presence of 
16s rRNA genes representing several dominant bactenal groups was demonstrated in the soil samples of the wastes. 

A very important approach to study bacteria in soil and 
water environments is to extract and directly analyze 
their DNA, because at present only a few percent of the 
bacteria living in nature can be handled in laboratory 
conditions. Using ribosomal intergenic spacer amplifica- 
tion - RlSA I11 and repetitive prirner amplified polymor- 
phic DNA - rep-APD 121 methods, we have demon- 
strated a high bacterial diversity in a large number of 
soil and water samples of three different uranium 
waste piles in Saxony. 

Two of the waste piles - GitterseeICoschütz (Gitt) and 
Schlerna (Schl) are "uranium mill-tailings" from the for- 
mer uranium production. The third pile near the town 
Johanngeorgenstadt (JG) stems from uranium rnining 
but no production of uranium was performed there. All 
of them are highly polluted with uranium and other 
heavy metals and radionuclides. 

In order to investigate which are the main bacterial 
groups present in these environments, several of the 
above-mentioned samples were analyzed using 16s 
rDNA amplification, Cloning, RFLP typing, and sequence 
analysis 13, 41. 

Several hundred clones were obtained possessing bac- 
terial specific 16s rDNA fragments amplified by the use 
of Wo alternative prirner pairs (see Tab. 1). They repre- 
sent the bacterial composition of several soil and water 
samples drawn frorn different sites and depths of the 
wastes. 

L 

Tab. f : 16s rDNA clone library 

About 250 of these clones were grouped in RFLP w e s  
by the use of the frequently cutting restriction 
endonuclsases ffaeill, Mspl and Rsal (see Tab. I, last 
colurnn). Many unique 16s RFLP patterns were ob- 
tained. However, there were several dominant RFLP 
types shared by the soil samples drawn frorn the piles 
GitterseeICoschütz and Johanngeorgenstadt [see 
Tab. 2). These RFLP types were studied in particular. 

Geographic origin 

I JG-B 0-1 m I 7f- ::92r 1 1 

Schllwater 

JG- B 2-3m 

Gitt 0-1 m 

I not yet found I 
Tab. 2: RFLP-typing of the 16s rDNA fragrnents 

24 
7f- 1492r 

29 
7f- 1492r 

The most dominant 16s rDNA group was affiliated to 
the species Thiobacillus ferrooxidans (99,6% identity). 

3 

2 

Two other groups were affiliated to the Pseudomonas 
group, one as P. veronii- 99% identity, and another one 
as P. anguilliseptica - 99% identity. 

This is the firct report of a direct 16s rDNA retrieval that 
resulted in an exact deterrnination of several dominating 
bacterial groups that are common to several uranium 
waste piles. We suggest that these groups play a signifi- 
Cant role in the biotransformation and migration of ura- 
nium and other radionuclides in the studied ecosystems. 
They should be further studied and considered for the 
development of bioremediation procedures of these 
polluted environrnents. 
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INVESTIGATION OF BACTERIAL DlVERSlTY IN A SOlL SAMPLE OF A DEPLETED 
SAXONIAN URANIUM MlNlNG AREA VIA SEQUENCING OF PCR-AMPLIFIED AND TA-CLONED 

16s rRNA GENES 

C. Puers, S. Selenska-Pobell, H. Nitsche 

The bacterial divers@ of a coil sarnple frorn site af, 4-5 m depth of the uraniurn mining area near Johanngeorgenstadt, Saxony, 
was investigated by sequencing of 100 TA-cloned 16S-rDNA-PCR-amplicons. Affiliations to reference bacterial sequences were 
determined by BLAST-GenBank and by Sequence Match-RDPII-database comparisons and phylogenetic analyses. 

lntroduction 

One of our approaches to gain rnore information about 
bacterial radionuclidelheavy rnetal interactions and to 
assess associated environmental problerns is to identify 
bacterial comrnunity rnembers that are weil adapted to 
radionuclidelheavy-rnetal-containing environments. For 
this purpose, we investigated the bacterial diversity of a 
soil sarnple isolated in a pseudo-sterile rnanner frorn 
four-to-five rneters depth at the so-called "Site Au of a 
forrner Saxonian uraniurn rnining area near Johann- 
georgenstadt, Saxony, Germany ("Haberland uraniurn 
mining waste pile"). On the surface above "Site A" exists 
relative acidic (pH 4.5) water which contains an elevated 
uraniurn concentration (58 mgIL). We applied the 
1 6S-rDNA PCR arnplicon clone library sequencing 
rnethod I11 for our study. The pCRII-TOPO-vector was 
used for cloning and 100 randornly selected soil bacte- 
ria 16s-969-1406-rDNA clone sequences were corn- 
pared against GenBank and RDPll (Ribosornal Data- 
base Project II) data base reference sequences using 
'Blast 2.0' and 'RDPII Sequence Match 2.7', respectively. 
Through RDPII-'Chirnera-Check' detection nine appar- 
ently chirneric sequences, which are PCR arnplification 
artifacts, were excluded frorn further analyses. For 
phylogenetic cornparisons sequences of 29 representa- 
tives (or equivalents of these) of the bacterial dornain 
were chosen frorn the RDPII-list with the title "Srnall 
Subunit rRNA: Representative Prokaryotic Listing (July 
31, 1998)". Twenty seven additional reference se- 
quences were chosen based on the results gained via 
cornparisons against the sequence data bases (data not 
shown). Hypervariable regions were excluded frorn rnul- 
tiple sequence alignrnents essential for phylogenetic 
tree analysis 121. 

Results 

The bacterial affiliations obtained by cornparison of 
clone insert sequences with sequence data bases were 
rnainly identical to the phylogenetic analysis results (not 
shown). Table 1 shows the distribution of the soil rDNA 
clones in the Bacteria dornain for the investigated soil 
sarnple 'A,4-5rn' 16s-rDNA-library. Three rnajor taxa are 
highly represented: Purple bacteria (24 74); 
Green-non-sulfur bacteria (41 %) and bacteria of the 
Fibrobacter, Acidobacteriurn subdivision (19 %). Only 
5.5% of the clones belong to the Grarn-positive phylurn. 
Eight percent of the clones cluster with the DA052-clone 
13. Felske et al. /W found that the 16s-rDNA-sequence 
of the DA052 clone is not closely related to any other 
known bacterial sequence. 
Only one clone each was found for the Fusobacterium 
and relatives division and for the Paraphyietic assern- 
blage, Leptospirillurnf Nitrospira subdivision. The rnajor- 

ity of the Purple bacteria belongs to the y-Subdivision 
(15.4 %), while 4.4 % each of the clones are associated 
with the a- and ß-subdivision. Within the Grarn-positive 
phylurn clones, three of the five clones (3.3 %) are High- 
G+C-subdivision rnernbers. The phylogenetic affiliation 
of nine clones rernains uncertain (Tab. 1). 

Gremncm-& bactena, Cnlorofiexus Subkvincn 31 40.66 

Fnrabalteria and relaiim 1" 1.1' 

Thmoanacr03ac.nanddah~es I ., , . 
Total 91 100 

Tab. 1: Distribution of bacteria identified in the rDNA library 
rnade from the soil sample "A, 4-5m" DNA .The DA052 
clone /W couid not be afflliated to any known taxon jet. 
It branches of the Fibrobacter phylurn, Acidobacterium 
subdivision. (': uncertain affiliation). 
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COMPARISON OF ENVIRONMENTAL DESULFOVlBßlO ISOLATES USlNG 
RAPD AND rep-APD ANALYSES 

J. Wober, S. Selenska-Pobell 

The genomic relafionship befween five Desulfovibrio isolates was studied using RAPD and rep-APD analyses. All isolates are 
able to grow on medium with pH 4 and fhey form a group with high genomic similarity. The sfrains of this group have genomic 
fingerprints which differ significanfly from those of fhe phylogenetically related strain D. vulgaris (oxamicus) 1925T. 

lntroduction 

Five natural strains, anaerobic sulfate-reducing bacteria 
belonging to the genus Desulfovibrio, isolated from soils 
and sediments of different environments, were analyzed 
by Random Amplified Polymorphic DNA (RAPD) and 
Repetitive Primer Amplified Polymorphic DNA (rep- 
APD) analyses. Two of them, JG-1 (UFZ 8490) and 
Sediment 5, were recovered from a uranium waste pile 
near Johanngeorgenstadt in Saxony, Germany. Two 
isolates, UFZ B378 and UFZ B406, were isolated from 
waste water ponds. The isolate UFZ B393 was obtained 
from a copper mine in Averay, Norway 111. 

Experimental 

The reference strain Desulfovibrio vulgaris (oxamicus) 
1 925T was obtained from the Deutsche Stammsamm- 
lung. The environmental isolates were supplied by UFZ 
Leipzig-Halle. The total bacterial DNA was isolated by 
NucleoSpin C+T Kit (Macherey-Nagel). 
RAPD and rep-APD were performed as described by 
Selenska-Pobell et al. 12.. For the RAPD analysis the 
primers AP1, AP21, and AP22 were used. The rep-APD 
analysis was performed using single repetitive primers 
corresponding to the A subunit of the BOX element 
(BOX), to the enterobacterial repetitive intergeneric con- 
sensus (ERIC), and to the REP Consensus (REP). The 
resulting pattems were analyzed by the software RFLP- 
ScanJTreecon. 

Results 

The genomic fingerprints of the five natural isolates 
were compared to that of the reference strain 
Desulfovibrio vulgaric (oxamicus) 1 WsT. The choice of 
the strain D. vulgaffc (oxamicus) 1925T as a reference 
strain was based on the fact that this strain was phylo- 
genetically affiliated together with the strains JG-1 and 
Sediment 5 131. 

Fig. 1: Dendrogram showing the genomic relationships be- 
tween the strains studieci by RAPD analycis with the 
primers AP1, AP21, an$ AP22. 

The resulting dendrograms of RAPD (Fig. 1) and rep- 
APD (Fig. 2) show high relatedness between the strains 
compared. It was demonstrated that all isolates are 
members of a group with high genomic similarity. D. 
vulgaris (oxamicus) 1925T is not very related to these 
strains, whereas the pile isolates JG-1 and Sediment 5 
are very closely related to each other. They have identi- 
cal pattems in the RAPD analysis with the primer AP21, 
and in the rep-APD analysis with the primers BOX and 
ERIC. UFZ B378 is the next related strain to these iso- 
lates from the uranium waste pile. The strains 
UFZ B393 and UFZ B406 form a particular group. 

dissimilarity 
0.4 0.3 0.2 0.1 

JG-1 (UFZ 6490) 

L Sediment 5 

-----I I UFZ 6378 

I I UFZ B406 

I D. vulgaris (oxamicus) 192ST 

Fig. 2: Dendrogram showing the genomic relationships be- 
tween the strains studied by rep-APD analysis with the 
pnmers BOX, ERIC, and REP. 

The close genomic relationships between the five strains 
studied may be explained by the fact that all of them 
were cultured from their environmental samples using 
the Same Postgate derived medium with pH 4 as modi- 
fied by Hard and Babel 141. 
Our analyses demonstrate that the five natural 
Deculfovibrio isolates form a particular genomic group 
which is related to the subspecies Desulfovibrio vulgaris 
(oxamicus). 
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CLASSIFICATION OF DESULFOVIBRIO ISOLATES RECOVERED 
FROM A URANIUM WASTE PILE 

K. Flernrning, J. Wober, B. Hard', S. Selenska-Pobell 
'UFZ-Center for Environrnental Research Leipzig-Halle, 04301 Leipzig, Gerrnany 

Two Desulfovibrio isolates from a uranium waste pile were wmpared to 25 Desulfovibrio reference strains by the use of 
ARDREA. Both strains were very closely related to the reference sfrain D. vulgaris (oxamicus) 1925~. 

lntroduction 
A large variety of bacteria was dernonstrated to be pres- 
ent in soil and sedirnent sarnples of a uraniurn waste 
pile near the town Johanngeorgenstadt in Saxony, Ger- 
rnany. Anaerobic sulfate-reducing bacteria belonging to 
the genus Desulfovibrio were found arnong thern. These 
Desulfovibrio isolates which are indigenous for the 
waste, were classified by the use of the Arnplified Ribo- 
sornal DNA Restriction Endonucleases Analysis 
(ARDREA) of the 16s rDNA /I/ and the intergenic 
spacer region (IGS) between the 16s and 23s rDNA 
genes 121. 25 reference strains (frorn the Deutsche 
Starnmsarnrnlung (DSM) and the Arnerican Type Cul- 
ture Collection (ATCC)) and the two natural isolates 
were involved in these analyses. The latter, JG-1 (UFZ B 
490) and Sediment 5, represent a large number of pile 
isolates recovered frorn the uranium waste pile. 

Results 
The phylogenetic relationship between the strains stud- 
ied, evaluated on the basis of the highly conservative 
16s rDNA, is shown in Fig. 1. The dendrograrn pre- 
sented in the figure was obtained by the unweighted pair 
group rnethod with averages (UPGMA). The RFLP pat- 
terns of the pile isolate Sediment 5 were identical to 
those of the reference strain D. vulgaris (oxamicus) 
1925T. However, it was possible to discrirninate these 
two strains by the ARDREA of the rnore variable IGS 
region (shown in Fig. 2) and by Randorn Arnplified Poly- 
rnorphic DNA (RAPD) and Repetitive Prirner Arnplified 
Polyrnorphic DNA (rep-APD) analyses 131. The other pile 
isolate (JG-1) - frorn a different site of the sarne pile - is 
very closely related to Sediment 5 and D. vulgans 
(oxamicus) 1 EsT. 
Interestingly, sorne of the known Desulfovibrio strains, 
classified as very closely related on the basis of their 
physiological and biochernical properties, showed lower 
phylogenetical relationship (e.g. D. desulfuricans 
(desulfu~fcans) 642T and D. desulfwfcans (aestuanl) 
29578T). On the other hand in both dendrograrns the 
strains D. halophilus 5663T and D. oxyciinae 1 1 
were very closely related. 
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Fig. 1: Dendrogram showing the phylogenetical relationship 
between the Desulfovibrio reference strains and the 
isolates obtained by 16SARDREA 

Fig. 2: Dendmgram showing the phylogenetical relationship 
between some Desutiooibrio reference strains and the 
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MOLECULAR CHARACTERIZATION OF THIOBACILLUS STRAINS RECOVERED 
FROM A URANIUM MlNlNG WASTE PILE 

S.Kutschke, V.Groudeval, S.Selenska-Pobell 
I Departrnent of General and Industrial Microbiology, University of Sofia, Sofia, Bulgaria 

Thiobacillus strains, isolated frorn a former ~ ran i~ rn  mint? in Saxonia, Germany, were characterized by pulsed-field gel 
electrophoresis and repetitive primer-amplifiedpolyrnorphic DNA as Thiobacillus ferrooxidans. The six pile isolates show a high 
relation to the strain Thiobacillus fermxidans ATCC 33020 recovered from a uraniurn waste pile in Japan. 

Bioleaching involves solubilization of metals frorn rniner- 
als by rnetabolic activity of rnixed microbial populations. 
Thiobacillus ferrooxidans is the most frequently used 
bacterium for cornrnercial leaching of rnetals such as 
copper, uraniurn, and gold frorn sulphide-containing 
ores. Thiobacilli as well as rnany other acidophilic che- 
rnoautotrophic and heterotrophic bacteria have been 
found in uraniurn rnines/l/. Thiobacillus-strains recov- 
ered frorn a former uranium rnine in Saxony, Germany, 
were characterized using pulsed- field gel electrophore- 
sis (PFGE) 121 and repetitive prirner-arnplified polymor- 
phic DNA (rep-APD) fingerprinting 131. 
These rnethods yield information from the whole bacte- 
rial genome. In the case of PFGE, the ernbedded bacte- 
rial cells were lysed and the intact genome DNA was 
digested by the use of a rarely cutting endonuclease 
Xbal. The obtained DNA fragments were separated in 
an alternating electrical field. Genomic fingerprinting by 
rep-APD is based on the use of special oligonucleotide 
prirners cornplementary to interspersed bacterial repeti- 
tive sequences and PCR. As a result DNA fragrnents of 
different size consisting of sequences laying between 
these elernents will be obtained. The latter are fraction- 
ated by electrophoresis 141. 
Using the above- rnentioned methods, six newly iso- 
lated Thiobacillus isolates were characterized. As shovvn 
in Fig. 1, the PFGE fingerprints of the waste isolates 
were sarnple specific. The sampling sites had different 

Fig. 1: PFGE- Fingerprint of the strains: 
1, Thiobacillus femxröans ATCC 19859; 2, Thid?acillus 
ferrooxidans ATCC 21 834; 3, ThHTbaciilus f8n~oxidan~ 
ATCC 23270; 4, Thiobacilius femxidans ATCC 33020; 5, 
h iadder PFG Marker; 8, Pik isalate TFSS1; 7, Pile isolate 
T FSS2; 8, Pile iwlate TFSSG; 9, Pile icolate TFSS3; 10, 
Pile isolate TFSSIF; Z l ,  Pife imlate TFSSB; $2, h Ladder 
PFG Marker 

depths and rnetal cornpositions. Three of the isolates, 
TFSS1, TFSS2, and TFSSG were recovered from a 
sample drawn frorn a depth of about one meter below 
the surface where the concentration of uraniurn was 
low. The three other sarnples TFSS3, TFSS4, TFSS5 
were recovered from a depth between two and three 
rneters. The concentration of uranium at this site was 
estimated to be three tirnes higher than that in the other 
above-mentioned sarnple. 
The six novel Thiobacillus ferrooxidans isolates are frorn 
a pariicular rep-APD group which is closely related to 
the strain Thiobacillus ferrooxidans ATCC 33020 that 
was recovered frorn a uranium rnine in Japan (see 
Fig. 2). 

Fig. 2: Genornic rep-APD fingerprint of the strains: 
1, E. coli; 2, Thiomonas cuprina DSM5495; 3, Pile isolate 
TFSS6; 4, Pile isolate TFSS2; 5, Pile isolate TFSSI; 6, 
Thiobacillus fertooxidans ATCC33020; 7, Thiobacillus 
femxidans ATCC23270; 8, Thiobacillus ferrooxidans 
ATCC21834; 9, Thiobacillus ferrooxidans ATCC 1 9859; 
10,1 Kb Plus DNA Ladder 
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l NTRASPECIES DlVERSlTY 0 F ThiobaciII1us ferrooxidans STRAINS RECOVERED FROM 
URANIUM WASTES 

K. Flemming, S. Kutschke, T. Tzvetkoval, S. Selenska-Pobell 
' Department of Geomicrobiology, University of Sofia, 1426 Sofia, Bulgaria 

Sequence analysis of the 16s rßNA genes of several uraniurn waste pile isolates of Thiobacillus ferrooxidans revealed 
specific signatures which distinguish three groups wifhin the species. 

Recently, using ARDREA, we described Wo phylogen- 
etic groups within the species Thiobacillus femoxidans: 
one related to the type strain of the species, ATCC 
23270T, and one represented by the uranium mining 
pile isolate ATCC 33020 111. 
In this study the 16s rRNA genes of the following T. 
ferrooxidans strains were sequenced and analyzed: 
ATCC 33020, ATCC 23270, ATCC 21834, TFSS-4, 
TFSS6, and TFK2. The strain 21384 has the same 
ARDREA pattems as the type strain 23270 121. 
TFSS4 and TFSS6 represent Wo RFLP types of natusal 
isolates recovered from the uranium mining waste pille 
near Johanngeorgenstadt 131. The strain TFK2 was 
cultured from an oxic sediment sample of a uranium 
mill-tailing named Weiße Elster B1 and kindly provided 
to us by E. Ondruschka and H. Seidel, UFZ Leipzig. In 
addition, a sequence of a clone (No. 22) from the 16s 
rDNA clone library in the Forschungszentrum Rossen- 
dorf I41 was included in the analysis. 
The comparative analysis of the above-mentioned 16s 
rRNA gene sequences demonstrates intraspecies di- 
versities called signatures. 
In Fig. 1 three regions of the gene possessing specific 
signatures are presented. These signatures distinguish 
three types of T. ferrooxidans strains: Type I includes 
the type strain 23270, and the strains 21384 and 
TFSS4, type I1 the strains 33020 and TFSS6, while the 
strain TFK2 is discriminated in type 111. Two of the sig- 
natures possess variations which influence the Rsal 
Consensus. The latter may be used for fast discrimina- 
tion of the three T. ferrooxidans groups using the 16s 
Rsal-ARDREA. 

P.457 (V3; helix 1 8 )  
... T.f .23270 T. .  ................. .A. .. 

T.f .21834 .. .T. .  ................. .A.. . 
TFSS4 ... T .  ................... A... 
c l . 2 2  ... T..  .................. A. .. 

P.647  (be tween  h e l i c e s  21-1 and 22) 

As Seen in Fig. 1, the clone 22 represents a strain be- 
longing to type I. This clone possesses an additional 
transition from T to C in position 838 in front of the third 
signature. However, it cannot be ruled out that this 
difference is due to wrong incorporation of the nucleo- 
tide by direct amplification of the gene from the total soil 
DNA. Interestingly, the clone 22 was obtained from the 
same soil sample from which the group of natural iso- 
lates represented by the strain TFSS4, which also be- 
longs to the type I, was recovered. The fact that both 
the 16s rDNA retrieval and the culturable method dem- 
onstrate the presence of 16s rDNA of type I in the 
same sample may be an indication that this type of T, 
ferrooxidans is dominating in the sample. As expected 
from the ARDREA analysis 121, the strain 21384 pos- 
sesses type I signatures. 
The group of isolates belonging to type II, represented 
by the strain TFSS6, was recovered from another soil 
sample drawn from the surface of the uranium waste 
pile near Johanngeorgenstadt. This sample was three 
times less contaminated with heavy metals than the 
above-mentioned sample, which was abounded with 
type I and was drawn from a depth of 3 m. 
At the moment the strain TFK2 is the only represen- 
tative of type III. The sediment sample from which this 
strain was cultured was extremely contaminated with 
heavy metals /E. Ondruschka, personal communica- 
tion/. 
It is possible that the described 16s rDNA signatures 
reflect the genetic adaptation of the three particular T. 
ferrooxidans types to different concentrations of heavy 
metals, oxygen, and/or other compounds in their natural 
environments. It seems that these signatures correlate 
with heavy metal dependent growth rates of the strains 
(work in Progress in our laboratory). 
This is the first report on microdiversity between the 
strains of the species Thiobacillus femxidans. 

I 

T.f  -23270 .. .T.T.. . 
T.f .21834 .. .T.T.. . 
TFSS4 ... T.T ... 
c1.22 .. .T.T.. . 

P.838  (VS; helix 27) 
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CLASSIFICATION AND GENOMIC FlNGERPRlNTlNG OF SEVERAL NATURAL Thiobacillus 
ferrooxidans ISOLATES RECOVERED FROM A URANIUM MlNlNG WASTE PILE 

S. Kutschke, S. Selenska-Pobell 

Sk natural isolates of T. ferrooxidans were classified in Mo groups of this bacterial species. The genomic relationship 
beMeen fhe strains sfudied was invesfigafed by fhe use of RAPD and rep-APD. 

Six T. ferrooxidans strains were recently recovered 
from two soil samples contaminated to various degrees 
with heavy metals, from the uranium waste pile near 
Johanngeorgenstadt 111. In the present work the strains 
were affiliated to the two recently described 121 groups 
of the species T. ferrooxidans by the use of 16s ampli- 
fied ribosomal DNA restriction enzyme analysis (16s- 
ARDREA) (See Fig.1). The reference strains of T. ferro- 
oxidans were obtained from the American Type Culture 
Collection. The environmental T. ferrooxidans isolates 
were recovered and kindly provided by V. Groudeva, 
Department of Geomicrobiology, University of Sofia, 
Bulgaria. The total bacterial DNA was isolated by the 
NucleoSpin C+T Kit (Machery-Nagel GmbH & Co. KG, 
Düren, Germany). The length polymorphism of the fin- 
gerprints was analysed by the Software RFLP-Scanl 
Treecon (Scanalytics, Billerica, USA). 

} Pile isolateTFSS 1 

Pie isolateTFSS 2 

Pie isolateTFSS 6 

T. Tsrmoxifans ATCC 33020 

Pile isoldeTFSS 3 

Pile isolateTFSS 4 

Pile isdateTFSS 5 

r femxaans  ATCC 21834 

I E. coii 

Fig. 1: Dendrogram showing the relationship between the 
natural T. ferrmxidans isolates and the reference 
strains as determinated by 16s- ARDREA 

In oder to study the interaction of the above-mentioned 
strains with heavy metals in natural environments it is 
important to distinguish and characterize them individu- 
ally. Genomic PCR methods, such as random amplified 
polymorphic DNA (RAPD) and repetitive primer ampli- 
fied DNA (rep-APD), are powerful tools for diccrimina- 
tion and monitoring of individual bacterial strains 131. 

5.5 5,6 0,7 5.8 0.9 Similarity 
V Ii ! E 
I 

Pik isolate TFSS 1 
__i 

Pik  isolate TFSS 6 
T. ferrooxid7ns ATCC 33020 

I 
Pik  isolate TFSS 2 

I .- T. femxid7ns ATCC 21834 1; Pik isolate TFSS 3 ---- - Pik isolate TFSS 4 
L- - Pile isolate TFSS 5 

Fig. 2: Dendrogram showing the relationship between the 
natural T.femoxidans isofates and the reference 
strains as determined by RAPD 

By the use of RAPD (Fig. 2) and rep-APD (Fig. 3) it was 
possible to study the individual characteristics of the 
strains and to evaluate their relatedness on the basis of 
the information derived from their whole genomes. 
Ac seen in Figs. 1 and 2, the clusters of the pile isolates 
and the reference strains in the ARDREA and the 
RAPD dendrograms have the Same structure. In the 
RAPD dendrogram, however, the homology between 
the individual strains is much lower due to the strain- 
specific nature of the fingerprints derived by this 
method. 
The rep-APD fingerprints also strongly discriminate the 
pile isolates from the reference strains, but, in addition, 
the structure of the clusters is changed. Ac seen in Fig. 
3, the pile isolates TFSS 1 and 6 remain related to the 
strain 33020, and also the isolates TFSS and 5 remain 
related to the strain 21834. But the strains TFSS 2 and 
3 are discriminated in a particular group, outside both 
clusters. This may be explained by the fact that in this 
analysis the genomic fingerprinting technique involves 
genomic sequences located between specifically inter- 
spersed repetitive elements 131. The function of the 
latter is not yet clear, but it has been suggested that 
these elements possibly propagate by gene conversion 
and in this way they reflect the genetic adaptation of 
the natural strains to various environmental conditions 
in a better way than the 16s rDMA or the random ge- 
nomic sequences. lt is not ruled out that in their past 
the strains TFSS 2 and 3 were adapted to similar con- 
ditions which differed from those relevant for the other 
two groups. 

0,s 0,7 0,8 0,9 Similarity - 
Pik isolate TFSS 4 

Pik isolateTFSS 5 

T. femxidans ATCC 21834 

Pik isolateTFSS 1 

T. ferrooxidans ATCC 33020 

Pik isolateTFSS 6 

Pik isolate TFSS 2 
Pik isolate TFSS 3 

Fig. 3: Dendrogram showing the relationship between the 
natural T. ferrooxidans isolates and the reference 
strains as determined by rep-APD 
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DIRECT DETECTION AND DlSCRlMlNATlON OF DIFFERENT Thiobacillus ferrooxidans TYPES 
IN SOlL SAMPLES OF A URANIUM MlNlNG WASTE PILE 

S. Selenska-Pobell, K. Flemming, G. Radeval 
'Institute of Molecular Biology, Bulgarian Academy of Sciences, 11 13 Sofia, Bulgana 

The presence of T. ferrooxidans strains with different 16s rDNA types was dernonstrated in a large number of soil samples 
fmrn two uranium waste piles in Saxony. We cmsider fhe abserved coexisfence of several ecofypes insfead of one homoge- 
nous population an advaniage for the survival of the species over a broader range of environrnental conditions . 

Microdiversity is a newly recognized kind of bacterial 
diversity demonstrated for the strains of the Same spe- 
cies which were isolated from different natural environ- 
ments /1,2,3/. The 16s rRNA genes of such strains or 
ecotypes possess specific short sequence stretches 
narned signatures which represent genetically distinct 
populations, adapted for optimal growth under different 
light, temperature, nutrient, andlor other environmental 
conditions. In some environments several ecotypes 
acclimatized to various past conditions rnay CO-occur, 
due to factors which are favorable for all of them 111. 
In order to study the distribution of the three recently 
described T. femoxidans ecotypes 131 in the uranium 
mining waste pile "Haberland Halde" near Johanngeor- 
genstadt and in the mill-tailing Gitterseel Coschütz, the 
following strategy was developed and applied: 
1) T. ferrooxidans+pecific 16s rDNA fragments were 
amplified in total DNA recovered from a large number 
of soil samples drawn from various sites and depths (up 
to 5 m) of the pile. Two species specific primers 16S„„ 
and 16S„, were used for this 141. 
2) The resulting amplicons were then digested, using 
the frequently cutting endonuclease Rsal. On the basis 
of the 16s rDNA sequences of the three ecotypes, 
three Rsal patterns were predicted (see Fig. 1). 

Type 1 Type 11 Type III 

(T.f.23270) (T.f.33020) (TFK2) 

Fig. 1 : RFLP-profiles of the three T.fe1~0oxidans types. 
I 

Several examples of direct molecular analysis of the 
soil samples are presented in Fig. 2. In many samples 
only one 16s rüNA type was demonstrated. There were 
samples in which two types CO-occurred (see lanes 2 
and 5 in Fig. 2), but one of them was always predomi- 
nant. In 35 of 42 samples analyzed T. femoxidans 
was detected. In 24 samples type I was predominant 
and in 1 1 type II. In general, type 1 was found in sam- 
ples from larger depths, which were rnore polluted with 
heavy metals, whereas type II was found in less mn- 
taminated samples from the surface. 
In oder to achieve better discrirnination of the T. 
ferrooxidans types an analysis of the IGS of their rm 

operons was started. It was demonstrated that the IGS 
of type I is 14 nucleotides longer than the IGS of type II. 
Ac expected, the sequence variability of the IGS is 
much higher than that of the 16s rDNA (see Fig. 3). 
Analysis of the IGS of type III is in Progress. 

Fig. 2: Rsal - RFLP types in the uraniurn waste sarnpies 
M:rnarker (bp), 1: JG-B 0-1,2: JG-B 2-3,3: JG-A 4-5, 
4: JG-A 2-3, 5: JG-A 0-1, 6: Gitt.7, 7: Gitt.6, 8: Gitt.2 

Type I TTTAGGGTTTAGT----- GTG--TAGT-CTGAATAAC 
Type I1 TGTAGGGTTGAGGATGTACTGCGTAGTGCTGAATAAC 

Type I GCTTTAGGGATGTAGGAAGTM------ GTGCTATT 
Type 11 GCTTTAGGGATATAGGAAGTAAAAATAAAGTGCTATI 

Type I GATCACTGCCCACTCGGAAGA"ETGAGTGCGTTAGITTG 
Type 11 GATCACTGCCCACTCGGAAGGTCGAGTGTG~PTAGSTCG 

Fig. 3: A highly variable part of type I and type I I  IGS. 

The strategy presented here is a straightforward way of 
analyzing of the structure and dynarnics of the natural 
T. ferrooxidans populations. As the various types of T. 
femoxidans interact with uranium in various ways 15f 
monitoring their distribution in polluted environments 
may be useful for modelling migration of this radionu- 
clide. 
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RECOVERY AND CHARACTERIZATION OF Leptospirillum ferrooxidans IN SOIL SAMPLES OF 
TWO URANIUM MlNlNG WASTE PILES 

T. Tzwetkova', K. Flemming, V. Groudeva', S. Selenska-Pobell 
'Department of Geomicrobiology, University of Sofia, 1426 Sofia, Bulgaria 

Eighteen iron-oxidizing bactenal isolates recovered from soil samples from the uranium mining waste pile "Haberland Halde" 
and Mo isolates from a sediment sample from the uranium mill-tailing BI, Weiße Elster, were categorized as Leptospirillum 
ferrooxidans. A method for monitonng of L. ferrooxidans strains in environments polluted with heavy metals is suggested. 

For many years Thiobacillus ferrooxidans was consid- 
ered to be the most important bacterium in commercial 
biooxidation of rnetals and their bioleaching. However, 
recently it was demonstrated by the use of PCR ampli- 
fication directly in leachate plant samples that another 
bacterium - Leptospirillurn ferrooxidans - is predomi- 
nant there /1,2/. Applying the imrnunofluorescent anti- 
body microscopic count detection technique, Rawlings 
et al. I31 dernonstrated that in the continuous-flow 
biooxidation tanks from various bioleaching plants the 
proportion of bacterial types is: 48-57 % Leptospirilum 
ferrooxidans, 26-34 % Thiobacillus thiooxidans, and 1 0- 
17 % T. ferrooxidans. 
The reason why L. ferrooxidans was "'overlooked for 
such a long time is that most procedures for isolation 
and purification of bacterial cultures from natural and 
cornrnercial biooxidation samples are based on plating 
on solid media, and L. ferrooxidans has difficulty to 
grow on such rnedia. Hence, classical recovery and 
analysis of bacteria frorn the bioleaching samples have 
resulted in a strong selection for T. ferrooxidans for 
years. 
It was dernonstrated that L. ferrooxidans strains are 
involved in the biooxidation of pyrite and other related 
ores /2,3/ and that they possess a higher affinity to 
ferrous iron than T. femoxidans 131. The Same authors 
dernonstrated that, in contrast to T. ferrooxidans, L. 
ferrooxidans tolerates higher concentrations of ferric 
iron. They suggested that the domination of L. ferro- 
oxidans in the industrial circulation bioleaching Systems 
may be explained by the fact that the latter allow Fe(lll) 
accurnulation. In addition, the authors speculated that 
under natural leaching conditions T. ferrooxidans and 
not L. ferrooxidans is probably predominant, because of 
the constant renewal of the leaching solution and the 
washing of the ferric iron by the natural water percola- 
tion. 
Our observations, however, are in contrast to the 
above-rnentioned speculation. Using the natural soil 
sarnples drawn independently frorn the uranium mining 
waste pile near Johanngeorgenstadt and the uraniurn 
rnill-tailing B1 we were able to culture a larger number 
of L. ferrooxidans than of T. ferrooxidans strains . The 
B1 strains were kindly supplied to us by E. Ondruschka 
and H. Seidel, U F i  Leipzig. By the use of the 16s 
ARDREA we dernonstrated that both of the known L. 
ferrooxidans 16s Rsal-RFLP types (type I and type II) 
are present in the sarnples shrdied (see Fig. 1). HOW- 
ever, we cultured several other Leptospinllumlike 
strains which possess Rsal profiles unrelated to the 
known types. An exact affiliation of the iaZter are in 
Progress. 
The cequence analysis of the 16s rRNA gene of one 
strain from the uranium rnill-tailing B1 - Lf K4(B1), 

which possesses an ßsal-ARDREA profile of type I 
(see Fig. 1) demonstrated significant differencec from 

Fig. 1: 16s rDNA ßsal-RFLP profiles of the two known L. 
ferrooxidans types. 

the reference strain 2705 in one particular patt of the 
gene, which corresponds to helix 18 of the variable 
region 3 013) (see Fig. 2). In the Same region the high- 
est variability was found between two strains of type II - 
Lf MIM30 and Leptospinllum sp. 2391 (see Fig. 2). 
Interestingly, one of the group-specific signatures of the 
strains of the species T. ferrooxidans which are also 
widely distributed in the heavy-metal-polluted sarnples, 
was found in the helix 18 141. 

p. 465 013; helix 18) 
L.f.K4(Bl) A...GCGT.A...T.CGGCGCTT. 
L.f.2705 A...ATAT.-...C.AATATCCC. 
L.f.MIM30 G...GGGC.T ... T-AGGTCACC. 
L.sp.2391 A...ATGT.A...C.CGGCATTT. 

Fig. 2: 16s rRNA signatures of the Leptospirillum strains. 

The signatures presented in Fig. 2 can be used for 
dir& detection and discrirnination of L. ferrooxidans in 
the environrnents polluted with heavy metals. The high 
potential of these bacteria for interaction with rnetals 
makes their rnonitoring important for understanding the 
processes which occur in the uranium mining waste 
piles. 
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MOLECULAR ANALYSIS OF BACTERIAL POPULATIONS IN GROUND WATER POLLUTED 
WlTH HEAVY METALS 

G. Radeva', K. Flemming, S. Selenska-Pobell 
'Institute of Molecular Biology, Bulgarian Academy of Sciences, 11 13 Sofia, Bulgaria 

An analysis of rDNA in the drain waters from the uranium mill-tailings Schlema/Alberoda, Gittersee/Coschütz, and the 
disposal site- Deponie B I  - Weiße Elster, and from the waste pile from a tin production mine demonstrated the presence of 
various bacterial species. Three predominant groups belonging to the Holophaga/Acidimicrobium phylum, to the green-sulfur 
bacteria, and to a novel candidate phylum OP6 were found. Interestingly, the latter two were also found in another extreme 
lithotrophic environment - a hot spring in the Yellowstone National Park. 

The use of the 16s rDNA retrieval in bacterial ecology 
during the last decade has revealed a tremendous pro- 
karyotic diversity, which was overlooked by traditional 
culture enrichment techniques /I/. One of the limitations 
of this technique is that the PCR amplicons derived 
from the environmental samples possess the Same size 
due to the highly conservative nature of the 16s rRNA 
genes. Only after additional RFLP and sequence analy- 
sis, which are time-consuming and rather expensive, 
can the variety of members of the bacterial communi- 
ties in the samples studied be judged. 
Here we present an alternative molecular approach 
which provides information about bacterial diversity in 
a faster and more reliable way. The method is an ex- 
tension of the so-named ribosomal intergenic spacer 
amplification (RISA) analysis and is based on direct 
amplification and cloning of enlarged RlSA amplicons 
which, in addition to the IGS region, include about one 
third of the 16s rRNA gene (cee Fig.1). Due to the 

Fig. 1 : Structure of the RlSA arnplicons. 

great length and sequence variability of the IGS it is 
possible to evaluate immediately after amplification 
how abundant and diverse the bacterial populations 
present in the investigated environrnental samples are 
(See Fig. 2). 

M 1  2 3 4  5 6 7 8  9 1 0 1 1  

Fig. 2: RlSA profiles of the sarnples: 1, R-2; 2, B-1 G; 3, Gi- 
33; 4, Gitt-39; 5, B-1 U; 6, Schl-I; 7, Schl-2; 8, Schl-3; 
9, Schl-4; 10, Schl-5; 11, Gitt-59. 

By the additional sequence analysis of the RlSA clones, 
which have about 570 bp from the 16s rDNA, it is pos- 
sible to perform an exact affiliation of each amplicon. 
Even more, analyzing the 16s rDNA sequences ob- 
tained by the RISA approach in comparison with those 
derived by the traditional 16s rRNA retrieval, one may 
collect rnore exhausting information about the structure 
of the analyzed bacterial community, because the use 
of Wo different prirner pairs makes it possible to over- 
corne one of the biases of the PCR, the preferential 
amplification of particular sequences, which is strongly 
influenced by the ternplate flanking regions 121. 
The above-described approach was used in the analy- 
sis of aquatic sampies drawn from three uranium mill- 
tailings (Schlema-Alberoda ISchll, disposal site Depo- 

nie B1 /BI/, Gittersee-Coschütz IGiW), and one tin mill- 
tailing near Rothschönberger /W. As Seen in the exam- 
ple presented in Fig. 2 the RlSA profiles abounded with 
various DNA bands representing various bacterial 
groups in the water samples studied. 16s rDNA park of 
nine of the 70 RlSA clones constructed were se- 
quenced and compared with the available databases by 
the use of BLAST (basic local alignment search tool) to 
determine phyiogenetic affiliations. By this analysis two 
clones were affiliated to Holophaga/Acidomicrobiun 
phyllum. Only a few organisms have so far been cul- 
tured from this division 131. One of them, Acidomicm- 
bium capsulatum, an acidophilic chemo-organotroph, 
was recovered from an acidic mineral environment. 
Two other pairs of 16s rDNAs of the RlSA clone library 
were affiliated to the green-sulfur bacteria (strain 
OPS77), and to the candidate phyllum OP6 (strain 
OPS152). These two pairs of clones originate from an 
aquatic sample from SchlemdAlberoda which was 
drawn 20 m below the surface and had a temperature 
of 38°C. Interestingly, the two reference strains (OPS77 
and OPSI 52) were recovered from a 75°C hot spring 
(Obsidian Pool-OP), which was described as fertile 
ground for the discovery of novel rnicrobial diversity in 
communities based on lithotrophy 141. The OP is sur- 
rounded by the Yellowstone caldera, which is rich in 
reduced iron and metal sulfides. The latter are present 
in the region of SchlemdAlberoda as well. From the 
sarne sample of this rnill-tailing one additional clone 
was affiliated to delta-Proteobacteria (the closest spe- 
cies Desulforhabdus amnigenus), and another to the 
Bacillus/CIostridium g rou p (Melissococcus plutonius) . 
The RiSA clone of the Rothschönberg sample was 
aff iliated to Brevibacteria (Brevibacterium helvolum). 
Our results demonstrate the presence of a large variety 
of bacteria in Zhe drain waters of the mill-tailings stud- 
ied. The predominant bacterial species are related to 
those recovered frorn other environrnents with similar 
mineral and geologic properties. 
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CHARACTERIZATION OF THE SURFACE LAYER PROTEIN OF TH E BACILLUS SPHAERICUS 
ISOLATE JG A-12 FROM A URANIUM WASTE PILE 

J. Raff, R. Kirsch', S. Kutschke, T. Maiet2, M. Mertigl,S. Selenska-Pobell, G. Bemhard, U. Hahn2, W. Pompel 
'Institute of Material Science, Technische Universität Dresden, 01062 Dresden, Germany 

21nstitute of Biochemistry, Universität Leipzig, 041 03 Leipzig, Germany 

The bacterial sutface layer of a natural Bacillus isolate JG A-12, which was recovered from a uranium waste pile near the town 
Johanngeorgenstadt in Saxony, was analyzed and compared to the sutface layer of a reference strain (Bacillus sphaericus 
NCTC 9602). 130th protein monomers show equal chemical and physical properfies. 

Many bacteria pocsess a crystalline protein or glycopro- 
tein surface layer (S-layer) as the outermost component 
of their cell wall. The function of this protein lattice in 
different bacteria is not uniform and has been studied in 
detail only in some cases. The protein layer may act as 
a protective coat, molecular sieve, ion trap. It may also 
represent a framework or a structure for cell adhesion 
and surface recognition 11, 21. In addition, it was dem- 
onstrated that the isolated lattice interacts with metal 
ions by forming metal clusters 131. The latter may be 
used for developing biotechnological procedures to 
remediate heavy-metal-contaminated wastes. In this 
work natural bacterial isolates, recovered from the ura- 
nium waste pile "Haberland", were analyzed for the 
presence of surface layer proteins. 

The natural isolate JG A-12 was phylogenetically affili- 
ated to the species Bacillus sphaericus by use of the 
RFLP analysis of the PCR-amplified 16s rDNA. The 
genornic macro-fingerprints of the two B. sphaencus 
strains obtained by pulsed-field gel electrophoresis 
were strain specific. 

B. sphaericus NCTC 9602 and the isolate JG A-12 
were grown in batch culture until the end of their expo- 
nential growth, hawested by centrifugation, and stored 
at -20 "C. S-layers were isolated as follows: first the 
cells were disrupted with glass beads in a mixer mill. 
After that the pure S-layer sheets were produced by 
centrifugation of the crude extract and successive treat- 
ment of the pellet with Triton X-100 and lysozyme. The 
purity and the apparent molecular weight were exam- 
ined with a denaturating polyacrylamid gel electrophore- 
sis. The molecular weights of the S-layer proteins of 
both, the reference strain NCTC 9602 and the strain JG 
A-12, were estimated to be approximately 135 kDa. 
This size is about 10 kDa larger than the one published 
for the S-layer protein of another B. sphaericus strain 
2362 151. The first 20 amino acids at the N-termini of 
the 135 kDa proteins of the strains 9602 and JG A-I2 
were identical. However, no similarity to the oblique 
B. sphaericus 2362 S-layer protein was found 11, 31. 
Interestingly, in the case of the uranium waste isolate, 
in addition to the S-layer a cecond, smaHer protein with 
a size of 30 kDa was co-purified. The amino acid se- 
quence of the N-terminus of the 30 kDa protein was 
significantly different from those of the S-layer proteins. 
This small protein possesses a similarity to many 
flagellins of different bacteria. The highest similanty was 
found to flagella protein from Leptospira intemgans 
and B. subfilis. The lattice structures of the S-layers of 
the reference strain B. sphaericus NCTC 9602 and of 
the uranium waste icofate JG A-12 were also character- 
ized using transmission efectron rnicroccopy. 

Fig. 1 shows the isolated and negatively stained (with 
uranyl acetate) tetragonally arranged S-layer from the 
isolate. 

Fig. 1: S-layer of the Bacillus sphaericus isolate JG A-12. 

JG A-12 is the first B. sphaericus-strain recovered from 
an uranium-contaminated environment and tested for 
the presence of S-layer. Surprisingly, both B. sphae- 
ricus strains 9602 and JG A-12 seem to possess the S- 
layer protein with the Same structure. Proteolytical 
cleavage and sequencing of the internal protein frag- 
ments will be applied to prove this first obsewation. 
Further studies of S-layers from other isolates (espe- 
cially thiobacilli) recovered from the uranium waste pile 
"Haberland are in Progress. 
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COMPLEX FORMATION OF THIOBACILLUS FERROOXIDANS WlTH U(VI) 

P. Panak, S. Kutschke, S. Selenska-Pobell, G. Bernhard, H. Nitsche 

Uranium (Vl) accumulation of several strains of Thiobacillus ferrooxidans recovered from different environments was studied. 
Extraction with sulfuric acid and EDTA provided information on the strength and reversibiliw of the binding. 

In uranium deposits a number of acidophilic chemo- 
lithoautotrophic bacteria have been identified which are 
able to oxidize sulphide minerals, elemental sulfur, fer- 
rous iron, and in presence of uranium minerals also 
U(IV). The mechanism of the uranium oxidation was 
extensively studied, but only little information is available 
on the complexes formed with U(VI) 111. We studied the 
bioaccumulation of U(VI) by several strains of 
Thiobacillus ferrooxidans drawn from environments with 
different mineral cornpositions. Strains T. ferrooxidans 
ATCC 23270T and ATCC 21834 were recovered from 
two different coal mines in USA and Japan, T. 
ferrooxidans ATCC 19859 from a Canadian copper 
mine, and T. ferrooxidans ATCC 33020 from a uranium 
mine in Japan. We compared the results obtained 
with T. ferrooxidans strains to those obtained with an- 
other acidophilic strain, Thiomonas cuprina DSM 5495T, 
which does not belong to the genus Thiobacillus but was 
isolated from a German uranium mine. Sorption studies 
have shown that the origin of the strains has a significant 
influence on their capability to accurnulate uranium. The 
amount of uranium bound to the biornass increases in 
the order Thiobacillus ferrooxidans ATCC 19859 (cop- 
per mine), ATCC 23270T (coal mine) and ATCC 33020 
(uranium mine). Thiomonas cuprina shows the highest 
uranium uptake (Fig. 1). 

Fig. 1: Accumulation of U(VI) by Thiobacillus fermxidans 
strains and Thiomonas cuprina at pH 1.5 

In order to get inforrnation on the binding strength and 
the reversibility, we tried to remove the accumulated 
uranium from the biomass by different extractants. First 
we rneasured the distribution of the U(VI) between the 
solution and the cell material by washing the biomass 
with H,SO, at pH 1.5. After separating the cells by cen- 
trifugation and removing one half of the washing solu- 
tion, an equivalent volume of sulfuric acid was added to 
the bacterial suspension. This procedure was repeated 
five times. Fig. 2 shows the results of the extraction stud- 
ies for the strain Thiobacillus femxidans ATCC 33020. 
The U(V1) concentration in the solution decreases 
quickly with each dilution step whereas the amount of 
uranium fixed to the biomass does not Change, not even 
after five extraction steps. 
Extraction with EDTA reieased a small fraction of ihe 
U(V1) accumulated by Thiobacillus femxidans strains 

Thiobacillus ferrooxidans 

Q (['JLo„iion [u l , i omasJ  
ATCC 33020 

Number of extractions 

Fig. 2: Distribution of U(VI) between l+SO, (pH 1.5) and the 
cell material as a function of the number of extractions 

(Fig. 3). For higher uranium concentrations, a saturation 
of sorption sites on the surface responsible for the weak 
binding of uranium was observed. The results of the 
extraction studies show that the main part of the uranium 
forrns strong complexes with the bacteria. Thiomonas 
cuprina has different surface properties which lead to a 
different complexation behavior towards uranium. The 
total amount of accumulated U(V1) for this strain is 
higher than for the Thiobacillus ferrooxidans strains, but 
the binding is weaker. A larger amount of the uranium 
could be released from the biomass by EDTA-treat- 
ment. 

- - Throbacillus ferrooxrdans ATCC 19859 (coppmr rnine) 

Thiobacillus ferrooxrdmna ATCC 23270' (cosl rnins) - Thiobacillus ferrooxrdans ATCC 33020 (uranlurn mins) - Thiomones ouprinm DSM 5405' (urinium m i m )  / 
Extraotlon with 0.01 M EDTA 

. - L------ -- -* 
3 ---- *- !I I 

Fig. 3: U(VI) extracted from the biomass with 0.01M EDTA 
solution 

In accordance with genetic results 121, the two strains 
isolated frorn uranium mines show a substantially higher 
uptake than the strains from coal and copper mines. 
Therefore, natural isolates from the contaminated areas 
are of particular importance for bioreme-diation pur- 
poses because they are already adapted to harsh condi- 
tions in the natural system and to high concentrations of 
the contaminants. 
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SPECTROSCOPIC CHARACTERlZATlON OF U(VI>COMPLEXES WlTH THIOBACILLUS 
FEßßOOXIDA NS 

P. Panak, S. Kutschke, S. Selenska-Pobell, G. Geipel, G. Bernhard, H. Nitsche 

The formation of stable inner-sphere complexes of three Thiobacillus ferrooxidans strains and a Thiomonas cuprina strain with 
U(V1) was proved by time-resolved laser fluorescence specfroscopy. The spectroscopic properties of the formed U(V1)- 
complexes correspond well to the accumulation capability of the strains. 

Experimental 
The uranyl fluorescence was measured in aqueous 
biomass solutions (0.27-0.30 g dry weighüL) with 
1.671 0'5 M U(V1) in 0.032 M HCIO,. For a better deter- 
mination of the fluorescence properties of the bacterial 
U0,2"-complexes, we removed the uranyl in solution and 
uranyl weakly adsorbed to the surface of the cells by 
extracting the biomass with 0.01 M EDTMRIS solution. 
For TRLFS-measurement, a Nd-YAG (model GCR, 
Spectra Physics, USA) pumped OPO-system (MOPO 
730, Spectra Physics, USA) was used. The details of the 
TRLF-spectrorneter are given elsewhere 111. Emission 
spectra were recorded from 408 to 634 nm using an 
excitation wavelength of 266 nm and a delay time from 
0.1 ps to 20 ps. 
Results 
Fig. 1 shows the emission spectra of U(VI) bound to 
bacterial cells of the strains Thiobacillus ferrooxidans 
ATCC 19859,21834,33020, and Thiomonas cuprha in 
comparison to the spectrum of the aqueous uranyl ion. 
The spectroscopic results are summarized in Tab. 1. 

Tab. 1 : Emission maxima/HaIfwidths(nm) Lifetime (ns) 

uo& 488.6 510.2 533.4 559.8 
(11.4) (11.5) (15.6) (14.1) 1540i139 

Thiobacillus femxidans 
ATCC 19859 493.6 514.9 537.1 565.7 

(1 3.9) (13.1) (17.0) (14.3) 2778 I 250 
ATCC21834 494.3 515.7 538.3 567.4 

(12.3) (14.0) (16.3) (1 3.4) 31 16 I 280 
ATCC33020 495.1 516.5 539.5 568.4 

(13.9) (12.5) (16.0) (13.1) 391 1 I 352 
Thiomonas cuprina 
DsM~495~  494.1 516.5 538.5 566.9 

(12.7) (1 1 .O) (13.0) (1 3.0) 2314 I 208 
The interaction with the biomass causes a strong 
bathochrome shift of the emission bands between 3.7 to 
8.5 nm, indicating the formation of inner-sphere com- 
plexes for all strains examined. Additional important 
infomation can be obtained from life time measure- 
ments. The decrease of fluorescence intensiv can be 
fitted by a bi-exponential function. The bacterial uranyl 
complexes show a fast decaying time component z, in 
the range of 86 to 373 ns that is much smaller than the 
Iife time of the aqueous uranyl ion. This is due to a 
quenching process via intramolecular energy transfer 
from the metal ion to electronic levels of the ligand. The 
second life time , calculated from the bi-exponential 
fit, describes the fluorescence decay of the respective 
bacterial UOT-complex. The complexation with the 
cells causes an increase of Iife time by a factor of 1.8 for 
Thiobacl!lus ferrooxidans ATCC 19859, 2.0 for 
Thiobacillus ferrooxidanc ATCG 21834, 2.5 for 
Thiobacillus ferrooxidans ATCC 33020, and 1.5 for 
Thiomonas cupnna DSM 5495f. 

Furthemiore, the analysis of the time dependence of the 
fluorescence spectra demonstrates that the samples 
contained only one complexed uranyl species. The 
wavelength of the emission spectra did not shift with 
increasing delay time as it is expected if several corn- 
plexes with different life times coexist. Therefore, the 
formation of vanous complexes with chemically different 
functional groups of the cells or a different number of 
binding sites can be excluded. The results of the laser 
fluorescence rneasurements are in good correlation with 
the quantitative studies on the U(VI) accumulation 121. 
Except for Th. cuprina, the red shift of the emission 
bands and the fluorescence life time of the bacterial 
complexes increase in the Same order as the capability 
of the strains to accumulate uranium. Given that these 
changes of spectroscopic Parameters are a conse- 
quence of the influence of the ligands on the coordina- 
tion sphere of the uranyl ion, the binding strength in- 
creases in the order T. ferrooxidans ATCC 19859 (cop- 
per rnine), ATCC 23270T (coal mine) and ATCC 33020 
(uraniurn rnine), whereas Thiomonas cupnna forrns less 
stable complexes with U(V1). 

m 

450 500 550 

Wavelength / nrn 

Fig. 1: TRLF-spectra of the UOP-bactenal oomplexes 
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INTERACTION OF BACILLUS ISOLATES FROM A URANIUM MlNlNG WASTE PILE WlTH U(VI) 

P. Panak, V. Miteva, I. Boudakov, S. Selenska-Pobell, G. Bernhard, H. Nitsche 

The accurnulation of U(V1) by three different Bacillus isolates from a uranium rnining waste pile in Saxony, Gerrnany, classified 
as B. cereus, B. sphaericus, and B. megateriurn, was studied. lnforrnation on the binding strength and the reversibility were 
obtained from extraction studies with 0.07 M EDTA-solution 

The genus Bacillus consists of more than 70 species of 
Gram-positive, aerobic or facultatively anaerobic spore- 
forming rod-shaped bacteria /1,2/. Because of the high 
resistance of their spores, Bacilli were found in a large 
variety of natural habitats. Recently, various Bacillus 
species have been isolated from a uranium mining 
waste pile in Saxony, Germany (Haberlandhalde, Jo- 
hanngeorgenstadt) 131. For our accumulation studies 
with U(VI), we used vegetative cells and spores of three 
Bacillus isolates (JG-A 30, JG-A 12, JG-A 22, classified 
as Bacillus cereus, Bacillus sphaericus, Bacillus 
megaterium) frorn this uranium mining waste pile and 
their corresponding reference strains . 
The sorption studies have shown (Fig. 1 and 2) that Ba- 
cillican accurnulate high arnounts of uranium. 

-P - - - 
L - B a c i l l u s  cereus 

s 
.- J G - A  3 0  

- - Bacillus sphaericus 
Z - r JG-A 1 2  

150 - 0 Baci i iusmegaterium 
U + J G - A  22 
m . 

100 - vegetat ive calls 
E . - 5 0  - 

2. 

Fig. 1: Accurnulation of Uwl) by the vegetative cells of the 
Bacilli isolates and their reference strains 

In the concentration range exarnined (1 1 - 214 mg/L), 
the uranium is taken up lineariy with increasing initial 
uraniurn concentration by the isolate JG-A 22 and its B. 
megaterium reference strain (vegetative cells and 
spores). In the cases of the other strains, the amount of 

- - P- - - - -- - 
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E - - J G - A  3 0  

250 - - Bacrilus sphaerrcus 
- r J G - A  12 
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Fig. 2: Accurnulation of U(VI) by the spores of the Bacilii ico- 
lates and their reference strains 

uraniurn bound to the biomass approaches a limiting 
value for higher uraniurn concentrations (> 80 rng/L). 
Cornparing the sorption behavior of the vegetative cells 
and the spores, for JG-A 30 and Bacillus cereus no 
significant differences could be observed. In the case of 
JG-Al2/Bacillus sphaericus, the spores show a higher 
uranium accurnulation related to the dry weight of the 

biomass. For Bacillus megateriom, sorption properties of 
the vegetative cells and the spores are almost identical 
whereas in the case of the corresponding isolate the 
capability to accumulate uranium increases with sporu- 
lation. 
Contrary to the results of the Thiobacilli 14, the uranium 
bound to the vegetative cells was released almost quan- 
titatively by EDTA-extraction. Fig. 3 shows the percent- 
age of the extractable uranyl for an initial uranium con- 
centration of 214 mg/L. In agreement with the similar 
sorption behavior of the vegetative cells and the spores 
of the pair JG-A 30lBacillus cereus, also comparable 
amounts of uranium were extracted. 

Fig. 3: Arnount of uraniurn (%) extracted with 0.01 M EDTA 
(initial uraniurn concentration: 214 mg/L) 

For the other strains, the part of the non-extractable 
uranium on the biomass increased with the fomation of 
the spores. Especially in the case of JG-A 121 Bacillus 
sphaericus, strains forrning very srnall circular spores, 
the fraction of extractable uranium was srnaller than 
40% I 50 %, respectively. 
The characterization of the forrned bacterial-UOP-corn- 
plexes by time-resolved laser fluorescence spectros- 
copy has proved the fomation of inner-sphere com- 
plexes with the biomass for all strains exarnined. In ac- 
cordance to the results of the Thiobacilli, the fluores- 
cence spectra of the bactenal complexes show a strong 
red shiit compared to the hydrated uranyl ion, and the 
life time of the fluorescence ernission increases. 
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SELECTIVE ACCUMULATION OF METAL IONS IN A DRAIN WATER OF A URANIUM MlNlNG 
WASTE PILE BY INDIGENOUS BACILLUS ISOLATES 

P. Panak, V. Miteva, I. Boudakov, S. Selenska-Pobell, G. Bernhard, H. Nitsche 

The interaction of three Bacillus isolates recovered fr0m a uraniurn rnining waste pile and of their reference strains with different 
rnetal ions in an original groundwater of the pile was studied. Selective accurnulation of U, Pb, Cu, Cd and Al was observed for 
all strains exarnined. 

Bacteria in soil, sedirnent, and water can have a signifi- 
cant influence on the transport of radionuclides and 
other heavy rnetals in nature. Certain bacterial strains 
can selectively take up various rnetal ions frorn aqueous 
Systems, and are therefore irnportant for the regulation 
of environrnental pollution and rernediation purpose. In 
order to exarnine which rnetal ions are accurnulated by 
the Bacilli isolates (JG-A 30, JG-A 12, JG-A 22, classi- 
fied as Bacillus cereus, Bacillus sphaericos, Bacillus 
megaterium 114 recovered frorn the uraniurn rnining 
waste pile "Haberlandhalde", Johanngeorgenstadt, Sax- 
ony, Germany, an original drain water of the pile was 
used for accurnulation studies. The pH of the water 
sarnple was 4.6. It was air-saturated and contained the 
following rnetal ions: Al (1018 pgIL), Si (9460 pg/L), Cr 
(1.9 &L), Fe (C 20 PUL), Mn (1050 pg/L), Co (43.2 
pgk), Ni (247 pg/L), Cu (124 pg/L), Zn (3975 pg/L), Ga 
(7.0 @L), As (C 0.5 pgIL), Rb (1 8.6 pgIL), Sr (65 vg/L), 
Cd (15.4 pg/L), Sn (1.6 pgIL), Cs (1.7 ~glL), Ba (17.7 
pgIL), Pb (18.6 pg/L), and U (72.1 pg/L). The interac- 
tions with the rnetal ions of the drain water were studied 
using vegetative cells and spores of the isolates and 
their corresponding reference strains. 
U, Cu, Pb, Al and Cd were preferably accurnulated by 
the vegetative cells of alt strains exarnined (Fig. 1) which 
is in agreernent with the results of Nakajirna et al. 121, 

Fig. 1 : Selective accumulation of metal ions of a drain water by 
vegetative cells of Bacilli 

except for Cd. Cornpanng the accurnulation properties 
of the corresponding pairs, B. cereudJG-A30 accurnu- 
lated higher arnounts of Ba, Cd, and Ga, whereas the 
pair B. megateriudJG422 accurnulated rnore Co, Mn, 
Ni, and Zn. All these elernents were only weakly accu- 
rnulated by B. sphaericusJJG-A 12. 
Cornparing the corresponding rnernbers of the pairs, B. 
cereudJG-A30 and B. sphaericudJG-A 12 have shown 
alrnost the sarne binding capability to each parücular 
rnetal ion. In the case of B. rnegateriudJG-1422 the 
isolate accurnulated Ba, Ga, and Zn to a higher, and Al 
and Cu to a srnaller extent cornpared to the B. 
megatetfum reference strain. 

Fig. 2: Selective accurnulation of metal ions of a drain water by 
spores of Bacilli 

The spores of the strains followed a very sirnilar ten- 
dency. Ga, Cd, Al, Pb, Cu, and U were selectively re- 
rnoved frorn the drain water. In cornparison to the 
spores of the other strains and to their own vegetative 
cells, the spores of B. cereudJG-A3O possess a lower 
capability to accurnulate Cd, whereas the spores of B. 
sphaencusJJG-A 12 were able to bind rnore Ba than the 
vegetative cells. In good agreernent with the results of 
the vegetative cells, the spores of the corresponding 
rnernbers of the pairs B. cereudJG-A30 and B. 
sphaericudJG-A 12 have shown a very similar accurnu- 
lation behavior, whereas the spores of B. megateriuml 
JG-A22 interacted differently to the rnetal ions studied. 
The spores of the isolate accurnulated srnaller arnounts 
of Sr, Ba, Ni, Zn, Ga, and Cd, and higher arnounts of Cs, 
Rb, Mn, and Co than those of the reference strain. In 
general, the spores of the pair B. megateriunJJG-A22 
possess a higher binding capability than the spores of 
the other four strains. In order to get inforrnation on the 
binding strength, desorption studies with 0.01 M EDTA- 
solution were performed. According to the results of the 
interaction of these strains with uraniurn 131, rnost of the 
rnetal ions were easily released frorn the vegetative cells 
by EDTA-extraction. Sorne of the rnetals, however, were 
irrevercibly bound by the spores. Significant arnounts of 
Ba, Ni, Cd, and U could not be extracted frorn the 
spores with EDTA. Especially strong was the binding of 
U, Al, and Cd observed for the spores of the isolate JG- 
A 22. 
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Application of X-Ray Absorption Spectroscopy 



THE RADIOCHEMISTRY END STATION FOR XAS MEASUREMENTS AT THE 
ROSSENDORF BEAMLINE (ROBL) 

T. Reich, G. Bemhard, M.A. Denecke, S. Dienel', H. Funke, C. Hennig, H. Krug1, W. Neumannl, 
W. Oehme', H. Nitsche 

Department for Experimental Facilities and Information Technology 

e radiochernistry end Station at ROBL has been designed to perform a variety of x-ray absorption spectroscopy experirnents 

Design goals 
The end station has been designed for x-ray absorption 
spectroscopy of solid and liquid samples containing the 
following radioactive elements: Tc, Po, Ra, Th, Pa, U, 
Np, Pu, and Am. Their absorption edges to perform 
EXAFS spectroscopy are in the energy range of 9 - 
21 keV. Therefore, concentrated samples can be mea- 
sured in transmission. Environmental samples often 
contain the radionuclide at low concentrations. The XAS 
spectra of these samples have to be recorded in fluo- 
rescence mode. The anticipated capabilities of the ra- 
diochemistry end station can be summarized as follows: 
XANES and EXAFS spectroscopy between 5 - 35 keV; 
spectrum measurement in transmission or fluorescence 
modes; sample temperature control between 10- 295 K; 
remote control of sample positioning; time-resolved 
XAFS measurements (Quick-EXAFS); spatially resolved 
XAFS using a focused beam. 
For the measurements the following equipment is avail- 
able: gas ionization chambers of various lengths 
(OHOYO KOKEN KOGYO); four pixel Ge solid state 
fluorescence detectors (Lawrence Berkeley National 
Laboratory); fluorescence x-ray ion chamber detector 
(Lytle detector, EXAFS Company); closed-cycle He 
cryostat (Oxford Instruments); various remote controlled 
sample positioners (FZR). 

Description of the construction 
According to the safety requirements, the radioactive 
samples are positioned inside a glove box (Mbraun, 
FZR). The glove box is equipped with five 125 vm thick 
polyimide windows which are transparent to the incom- 
ing and transmitted x-ray beams and the fluorescence 
radiation. All detectors, e.g., gas ionization chambers 
and fluorescence detectors, are mounted on an optical 
bench outside the glove box. This arrangement allows a 
direct and easy access to the detectors. 
Inside the glove box three different rernote controlled 
sample positioners can be used depending on the sam- 
ple geornetry and type of experiment. The first sample 
positioner can hold up to eight solid andor liquid sam- 
ples for transmission andor fluorescence rneasure- 
ments. With this sample holder it is possible to switch 
automatically from one sample to another without need 
for the experimenter to enter the Radiochemistry Hutch. 
The second sample positioner holds the closed-cyde 
He cryostat. For measurements of very dilute samples, 
a third sample holder can incline the sample 45" with 
respect to the beam between two polyirnide windows 
which are perpendicular to the bearn. These windows 
allow the simultaneous recording of the fluorescence 
spectrum by two Ge solid state fluorescence detectors, 
Since the sarnples are safely contained in the glove box, 
it is possible ta modify the chernical conditions of liquid 

samples just before or during the XAS measurement by 
adding non-radioactive substances like acid, base, or 
complexing agents. 
For energy calibration purpose, the XAS spectrum of a 
non-radioactive reference sample is recorded simulta- 
neously with the sample using the gas ionization cham- 
bers or the Lytle detector outside the glove box. 
The glove box is mounted on a support frame which 
allows to move the glove box in horizontal direction out 
of the beam leaving the position of the optical bench and 
the detectors unchanged. This has the advantage that 
non-radioactive samples do not need to be brought into 
the glove box for XAS measurements since they can 
easily be mounted on the optical bench outside the 
glove box. 

End station commissioning 
First XAFS measurements using metals foils to calibrate 
the energy in the range of 5 - 35 keV were done in 
March 1998. 

Fig. 1: Ti K-edge XANES spectrum of a 6 pm thick metal foil. 

The pre-edge feature in the Ti K-edge XAFS spectrum 
given in Fig. 1 indicates the good energy resolution of 
the Si(ll1) double-crystal rnonochromator. After instal- 
lation of the radiochernistry end-station (glove box, opti- 
cal bench, support frame, detectors, sarnple positio- 
ners) in May 7998, the commissioning of the end-station 
components started. The movement of the second 
Si(l1 I )  crystal in fixed-exit mode parallel to the beam 
introduced beam intensiv variations on the sample. To 
avoid distortions in the UCAFS signal, the beam stability 
was significantly improved using a monochromator 
feed-back syctern developed at Hasylab Ill. The quality 
of the obtained EXAFS spectnim can be judged by the 
exarnples given in this report. In the immediate future 
the end-station commissioning will continue and the 
XAFS measurements will be extended to Np and Tc. 
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THE RADIOCHEMISTRY SAFETY SYSTEM AT THE ROSSENDORF BEAMLINE (ROBL) 

H. Funke, G. Bernhard, V. Brendler, J. Claußner ,' G. Hüttig, K. Jansen I W. Oehme :T. Reich, D. Rollig 
' Department of Experimental Facilities and Information Technology 

Nuclear Engineering and Analytics Inc. (VKTA) 

The Radiochemistry Safety System is a necessary andindependent part of the radiochemistry experimental station at ROBL. 
lt was designed and built in collaboration with several FZR and VKTA groups. 

lntroduction 
The Radiochemistry Hutch (RCH) at ROBL is a unique 
experimental endstation for X-ray spectroscopy with 
radioactive samples, including liquids. In addition to the 
usual X-ray safety regulations for synchrotrons it was 
necessary to have a safety system in accordance with 
all legal requirements for a radiochemical laboratory. 
The installation had to satisfy specific laws and regula- 
tions conceming environmental protection, personnel 
and nuclear safety. In addition, the transport and dis- 
posal of radioactive waste also had to satisfy require- 
ments. 
The regulations agreed upon ESRF are documented in 
the "Declaration of the ROBL Project" and have to be 
confirmed and controlled by the French control authority 
CIREA 111. The legal basis for all procedures are the 
German and French laws on radionuclide laboratories 
as well as the EURATOM /21 transport and Storage 
regulations. Only specially trained staff are allowed to 
operate this experimental station. 

Nuclides 
The safety regulations are determined by the allowed 
radionuclides. These are the actinides Th-nat, Pa-231, 
U-nat, Np-237, Pu-239, Pu-242, Am-241, Am-243 as 
well as Ra-226, Po-208, Po-209 and Tc89 with a maxi- 
mal activity of 185 MBq (5 mCi) of all samples at the 
Same time. These elements have no stable isotopes 
which could be used for equivalent chemical studies. Ac 
far as possible the most stable, i.e., the least radioac- 
tive, isotopes of these elements are always chosen. 

Principles 
The construction of the Radiochemical Safety System 
(RCSS) is based on the principles of multilayer contain- 
rnent of the samples and redundancy and automation 
of all safety components. 
The radioactive compounds are heat-sealed in X-ray 
transparent polyethylene foils serving as the first bar- 
rier. For transport these samples are enclosed in a 
polyethylene "sample container". Outside the glovebox 
it must always be locked in a "working container" 
shielded with 1 cm lead walls to absorb all radiation up 
to 5 pSv/h. Outside the hall the working container is 
transported in certified "transport containersw made of 
steel. Dunng experiments the second and third barriers 
are the glovebox and the RCH. 
The RCH and the lockroom are made airtight by an 
inner wall of steel panels sealed with silicon. The floor 
is resictant compound filled with a tight epoxy resin 
layer. 
An uninterruptible power suppfy (UPS) guarantees a 
controlled shutdown of the expenment in m e  of an 
electrical power cut. 

Ventilation 
A separate ventilation system guarantees graduated 
negative pressure differences of about -1 0 Pa beiween 
the hall and the RCH and of -200 Pa between the RCH 
and the glovebox, where the samples are handled. The 
filtering system for the ingoing and outgoing air is 
equipped with high absorption absolute filters. 
The filters and ventilators for the RCH and the glovebox 
as well as the vacuum valves around the glovebox exist 
in duplicate and work in an automatically controlled 
redundant regime. 
Before the air leaves the hall, a final filter is inserted as 
a last barrier to the environment. 

Monitoring 
The a - ß activity as well as the dose rate in the outgo- 
ing air are continuously controlled by an automatic 
aerosol monitoring system outside the RCH. 10% of the 
outgoing air is isokinetically separated to register the 
radioactive background and all possible deviations from 
it. A similar movable aerosol monitoring device con- 
stantly controls the air inside the RCH. 
A y-spectrometer is incorporated into the glovebox 
floor. For a unique identification and documentation of 
the activity a y-spectrum has to be recorded for each 
individual sample. 
The radiation monitoring equipment is complemented 
by a hand-foot monitor in the lockroom, movable a - ß - 
and dose rate monitors, and an a - ß measuring sta- 
tion, e.g., for analyzing wipe tests. 

Signaling 
All safety-related data are collected in a signaling sys- 
tem which optically and acoustically indicates all 
changes, failures and deviations from standard values 
of the safety system. The worst case, an emergency, 
means either that the radiation limits have been ex- 
ceeded, failure of the box-ventilation or fire. In case of 
an emergency in the RCH the signaling System will 
cause the beam shutter and the vacuum valves toi close 
via the interlock system of the ESRF. 
The combined status sig,nals emergency, failure, warn- 
ing, maintenance are given for the main components of 
the RCSS: ventilation, monitoring, count-gas supply, 
and UPS. Signaling boxes are installed in the control 
cabin, the RCH, and the lockroom. They allow a quick 
overview of the RCSS status. 
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AN EXAFS STUDY OF URANIUM(V1) SORPTION ONTO FERRiHYDRlTE 

T. Reich, T. Amold, C. Hennig, M.A. Denecke, G. Bernhard, H. Nitsche 

The structural Darameterc for the uranium coordination shells indicate forrnation of inner-sphere, mononuclear uranyl complexes 
at the ferrihy&ite surface. 

Experimental 
Three sarnples labeled Fel-Fe3 were prepared in air at 
roorn ternperature frorn 2 L suspensions of six-line 
ferrihydrite (10-3 M as Fe). Samples Fe1 and Fe2 were 
obtained at pH 5.8 and sarnple Fe3 at pH 7.8. The ura- 
nium(V1) concentration in suspension Fe1 was adjusted 
to lU4  MolIL. For suspensions Fe2 and Fe3, the ura- 
niurn(V1) concentration was 10-' MoIIL. Before and after 
adding uranyl nitrate stock solution to the suspensions, 
the pH was adjusted to the desired values. After 50 
hours of continuous stirring, the pH of the suspension 
had not changed. 

For the EXAFS rneasurernents, the sarnples were sepa- 
rated by centrifugation and transferred as a wet paste 
into polyethylene cuvettes of 3 mrn diarneter. The 
cuvettes were hermetically sealed to prevent the pastes 
frorn drying. Uraniurn L„,-edge x-ray absorption (XAS) 
spectra were collected sirnultaneously in transrnission 
and fluorescence rnodes at room ternperature at the 
Stanford Synchrotron Radiation Laboratory (SSRL) and 
at Hamburger Synchrotronstrahlungslabor (HASYLAB) 
using Si(220) and Si(311) double-crystal rnonochrorna- 
tors, respectively. Further details on sarnple preparation, 
EXAFS rneasurements, and data analysis are given in 
111. 

Results 
To obtain the structural parameters given in Tab. 1, a 
four-shell fit to the experimental EXAFS data was uti- 
lized. 

In sarnples Fel-Fe3 uraniurn is surrounded by two 0, 
atorns at 1.8110.02 A. Approximately five 0, atorns are 
coordinated to the uranyl group at 2.36-2.39 A in the 
equatorial plane. The large Debye-Waller (DW) factor 
observed for this shell indicates a rather broad distribu- 
tion of U-0, distances. For sarnple Fe3, one iron atorn 
is detected at a U-Fe distance of 3.42 A. For sarnples 
Fe1 and Fe2, the coordination nurnber of the U-Fe shell 
was held constant at unity to obtain a stable fit. Note that 
the U-0, MS interaction at 3.6 A, which was accounted 
for in all fits, interieres with the U-Fe interaction. As Ta- 
ble l shows, the U-Fe DW factor for sarnples Fe1 and 
Fe2 is twice that of sample Fe3. Since the U-Fe coordi- 
nation nurnber was the sarne in all fits, one can argue 
that the disorder in the U-Fe shell of sarnples Fe1 and 
Fe2 results frorn the presence of more than one suriace 
species. However, the observation of U-Fe interaction 
for all sarnples indicates the forrnation of an 
inner-sphere surface cornplex. Since this shell could not 
be fit as U-U interaction, we conclude that rnultinuclear 
uranyl species are not sorbed at the surface. 

was included. The U-OIC distance of about 2.9 A found 
in this study is too large for a direct bond between ura- 
niurn and oxygen or carbon. In case of carbon, 
2.9310.02 A matches the U-C distance observed for a 
bidentate coordination of the CO," group to UO?. De- 
tection of the U-C interaction may indicate the formation 
of a ternary complex such as (J Fe0,)U02C03 121. 

I Sarnple I Shell I R(A) I N I d(A2) I 

I I U-C 1 2.93 1 1. 1 0.002 I 

*) N was held constant at the closest integer value determined 
in a fit to the kz-weighted data. 

Tab. 1: EXAFS structural parameters for uranyl sorbed onto 
ferrihydrite. 

Based on the U-Fe interaction and the absence of a U-U 
interaction, we conclude that a mononuclear inner- 
sphere cornplex is forrned at the ferrihydrite suriace. 
Additionally, the EXAFS results show evidence of U-CI0 
interaction at 2.9 A. 

Future studies will determine if this interaction results 
frorn the forrnation of temary suriace cornplexes involv- 
ing CO:. 
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EXAFS INVESTIGATIONS OF URANYL SULFATE COMPLEXES 

H. Moll1, T. Reich, C. Hennig, A. Roßberg, I. Grenthe 
The Royal Institute of Technology (KTH), Stockholm, Sweden 

W F S  analysis of uranyl sulfato complexes in solution indicate a bidentate coordination of sulfate to the linear uranyl mit. 

Experimental 

Samples were prepared by taking aliquots of an acidic 
U02(CI04),stock solution to get a final uranyl concen- 
tration of 0.05M. The sulfate concentration in the acidic 
test solutions were adjusted using H2S04 or NqSO,. 
The solid, U0,S04.2.5H20, was prepared as described 
in /I/. The EXAFS spectra were recorded at the new 
Rossendorf Beamline (ROBL) at the ESRF in 
Grenoble. The transmission spectra were measured at 
room temperature using a cooled Si(ll1) double crys- 
tal monochromator of fixed-exit type (E= 5-35 keV). 
The higher harmonics were rejected by two Si and Pt 
coated rnirrors. For energy calibration of the sample 
spectra, the spectrum from a Zr foil was recorded si- 
multaneously. The ionization energy of the U L,,, elec- 
tron, E„ was arbitrarily defined as 17185 eV. The data 
were treated using the WinXAS software /2/. Theoreti- 
cal backscattering phase and amplitude functions, 5(k) 
and F(k), used in data analysis were calculated using 
the FEFF7 program 131. 

Results 

The isolated SAFS oscillations and the corresponding 
Fourier transforms for samples A to D are shown in 
Fig. 1. 

Fig. 1 : Raw U &, edge k3-weighted EXAFS data for carnples 
A-D and corresponding Ws. 

The FT peaks below 1.5 A (without phase-shift) are 
artifacts of the spline removal and are not associated 
with any ooordination distance. The obtained structural 
Parameters are given in Tab. 1. 
Tbere are no EXAFS results about uranyl sulfate corn- 
plexes published yet. In all samptes uranium is sur- 
rounded by Wo 0, atoms at 1 .?7*O.Q1 A. Approxi- 
mately fivo 0, atom are coordinated to the linear ura- 
nyl group at 2.39-2.41 A in the equatonal plane. The 

large Debye-Waller (DW) factor observed for the third 
shell in samples A-B indicates the difficulties to localize 
the S backscatterer and may be due to a broad distribu- 
tion of U-S distances. In sample C, where U02(SOl,)," is 
the dominant species, a proximately two sulfur atoms 
were measured at 3.1 1 bl Blatov et al. reported an U-S 
distance of 3.07 A in the solid U02S04-2CH3CON((SH3)2, 
where SO:- is bidentate coordinated to UO? J41. If 
sulfate is bridging and monodentate bonded to the ura- 
nyl ion, like in U02S04.2.5H,0, one expects a longer U- 
S distance. The EXAFS results confirm this assumption. 
And a U-S distance of 3.63 A was measured. The struc- 
tural Parameter determined for U02S04 - 2.5H20 are 
consistent with XRD measurements 151. 

Sarnple 

A 
82% U02S02+@q) 

12% uo, 

Tab. 1 : EXAFS structural Parameters for uranyl sulfate com- 
plexes in solution and in U02S04.2.5H20 

D 
U02S04-2.5H20 

By considering both previous structure information and 
the EXAFS data, we conclude that SO4 is bondsd in a 
bidentate mode to the uranyl unit in solution. The results 
of these study provide necessary structural information 
to interpret ongoing reaction dynamic investigations in 
the binary uranyl sulfate system. 

Shell 
U-0, 
U-0, 
U-S 
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A STRUCTURAL COMPARISON OF URANYL PERCHLORATE IN SOLUTION AND SOLID PHASE 

L. Semonl, I. Billard1, I. Rossinil, C. Hennig, K. Lützenkirchenl, T. Reich, A. Roßberg 
' Institut de Recherches Subatomiques, Universite Louis Pasteur, F-67037 Strasbourg, France 

I Uranyl perchlorate in solid and solution has been measured using EXAFS spectroscopy. In both cases outer-sphere 
complexes have been found. 

The aim of this investigations was to determine the 
coordination of uranyl perchlorate in solution. For com- 
parison, a solid uranyl perchlorate sample was investi- 
gated. 

Uranium L„,-edge extended X-ray absorption fine struc- 
ture (EXAFS) spectra were measured in the transmis- 
sion mode at the Rossendorf Beamline (ROBL) at the 
European Synchrotron Radiation Facility (ESRF) using 
a Si(ll1) double-crystal monochromator. The EXAFS 
spectra were analyzed according to standard proce- 
dures using the program EXAFSPAK and theoretical 
scattering phases and amplitudes calculated with the 
scattering code FEFF /I/. 

Results and spectra of the EXAFS study are listed in 
Tab. 1 and shown in Fig. 1, respectively.- 

I 
15 I 

- Data 

0 2 4 6  
R-A [AI 

Fig. 1: k3-weighted uranium L„,-edge EXAFS spectra (left) 
and the corresponding Fourier transform (right) of a 
uranyl perchlorate solid sample a and solution b. 

Tab. 1 : EXAFS structural parameters forthe solid samples a 
and solution b. 

b 

The uranium in the solid sample is surrounded by two 
axial oxygen atoms (0,) and five equatotial oxygen 
atoms (0,). The crystal structure oi uranyl perchlorate 
heptahydrate /2/ shows five different distances for the 
bond lengths between uranium and the equatotial oxy- 

gen atoms with 2.36A, 2.38A, 2.48& 2.51A and 2.55.k 
An identical crystal structure was assumed for the in- 
vestigated solid sample. For the EXAFS analysis on the 
solid sample, these 0, bond lengths were split into two 
groups with fixed coordination numbers to obtain a sta- 
ble fit. The resulting U-0, distances for the solid sam- 
ple a were determined as 2.36A and 2.47A. 

value was kept constant 

U-0, 

U-0, 

In contrast, for the solution sarnple b (1 O4 M UOP in 
5 M HCIO,), the U-0, bond length difference disap- 
pears. That means, that the U-0, bond lengths are 
clearly uniform. Therefore, the U-0, fine structure con- 
tribution was calculated only as one shell. In the case of 
the solid, 12 perchlorate tetrahedra are coordinated 
isolated from the uranium with U-CI distances of 5.40- 
6.17A. Owing to these long distances, no chlorine scat- 
tering contribution is obsewed at room temperature 
EXAFS measurements. 

Since the EXAFS of the solution also shows no indica- 
tion of a chlorine scattering contribution, we conclude 
that uranium is coordinated by 5 water molecules and 
that the electrostatic interaction with the perchlorate 
ions takes place over longer distances. 

1.76 

2.41 
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EXAFS INVESTIGATION OF U(VI) COMPLEXES WlTH BACILLUS STRAINS 

C. Hennig, P. Panak, T. Reich, A. Roßberg, S. Selenska-Pobell, G. Bernhard, H. Nitsche 

The average bond length of U(V1) complexes of four bacillus sfrains and fheir spores was measured by ~raniumL,~edge 
EXA FS. 

Bacteria in soil, sediment, and water have a significant 
influence on the transport of radionuclides and other 
heavy metals in nature. Certain bacterial strains can 
selectively take up various meta1 ions from aqueous 
systems and are therefore important for the regulation 
of environmental pollution and for remediation pur- 
poses. Because of the high resistance of their spores, 
bacilli are found in a large variety of natural habitats. 
Recently two bacillus strains (JG-ASO and JG-A12) 
were isolated from a uranium mining waste pile in Sax- 
ony, Germany, and classified as B. cereus and B. 
sphaericus /I/. The bacterial strains were grown with 
intensive aeration in 300 mL nutrient medium (8 g/L 
nutrient broth, Difco) at 30% and harvested by centrifu- 
gation. For preparation of the EXAFS samples, thor- 
oughly washed biomass was treated for two days at pH 
5 with 50 mL 0.9 % NaCl solution containing 1 O4 mol/L 
U(V1). After washing with 5 mL 0.9 % NaCl solution, 
most of the solution was removed by centrifugation. 
The samples were cells from: B. cereus 4415 a, B. 
cereus JG-A30 b, B. sphaeticus 9602 C, B. sphaericus 
JG-Al2 d, and spores from: B. cer. 4415 e, B. Cer. JG- 
A30 f ,  B. sph. 9602 g and B. sph. JG-Al2 h. Uranium 
L„-edge EXAFS spectra of wet paste samples were 
measured in fluorescence mode at the Stanford Syn- 
chrotron Radiation Facility. 
The spectra are shown in Fig.1. 

- - 

"r - Data 

8 
X - .  Fit 

J 6 8 1 0  12 14 0 1 2 3 4 5 6  

L [A-'1 Rt3 [Al 
Fig. 1: P-weighted U &,-edge EXAFS spectra (left) and the 

corresponding Fourier transforms (right). 

The results of the data analysis are listed in Tab. 1. 

I Sample I Shell I R[A] I N I CJ7A2~ I 

Tab. 1: EXAFS structural parameters for samples a-h. 

In all samples the uranium is coordinated b two axial 
oxygen atoms (0,) at a distance of 1.79 dI The dis- 
tance between uranium and the equatorial oxygen at- 
oms (0,) is 2.27-2.29 A. The coordination number for 
0, is approximately four. This may be indicative of 
monodentate complex formation of uranium on the 
bacterial surface. The short U-0, bond length and its 
low Debye-Waller factor point to a strong interaction 
with the substrate. No significant structural differences 
were observed between the vegetative cells and the 
spores. An additional weak peak appears in the Fourier 
transform at approximately 3 A (Fig. 1). This peak can- 
not result from a U-0, multiple scattering interaction 
because for this case the theoretical R value is shorter 
than the ones observant. The peak can be modelled as 
a U-P interaction giving a U-P bond length of 3.62 A. 
Both the U-0, and the U-P bond lengths agree with the 
corresponding bond lengths observed in uranyl phos- 
phates. Sinnilarly short U-0, bonds as for the bacteria 
were observed for uranium after its uptake by plants 121. 
For a better understanding of the obtained structural 
parameters EXAFS studies on model systems are 
needed. 
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EXAFS INVESTIGATIONS OF THE COMPLEXATION BEHAVIOR OF U 0 P  WITH 
MODEL COMPOUNDS OF PHENOLIC WOOD DEGRADATION PRODUCTS 

A. Roßberg, T. Reich, C. Hennig, L. Baraniak, G. Bernhard, H. Nitsche 

Uranium L,-edge EXAFS was studied on the of aqueous uranyl complexes with protocatechuic acid (3,4-dihydroxy-benzoic 
acid, PCS), catechol (2-hydroxyphenol, BCT), pyrogallol (1,2,3-trihydroxybenzol, PYR), vanillin (4-hydroxy-3-methoxy- 
benzaldehyde, VAN), and with vanillic acid (4-hydroxy-3-methoxy-benzoic acid, VNS). The structural parameters of these uranyl 
complexes are m p a r e d  and the infloence of the phenolic hydroxy and carboxy groups on the uranyl(V1) binding is determined. 

Experimental 
Baraniak et al. 111 determined the complex formation 
constants of uranium(V1) with PCS, VAN and VNS. The 
complex formation constants of uranium(V1) with PYR 
and BCT are from /U. The speciation of the complexes 
in absence of CO, was calculated with the computer- 
program RAMESES at 0.1 M ionic strength (NaCIO,) and 
25 "C. The metal concentration was 1 mM U02(C10J, 
and the ligand concentrations for PCS, BCT, PYR and 
VAN were 50 mM. To avoid precipitation in the VNS 
solution, the metal concentration was 0.5 mM and the 
ligand concentration was 5 mM. U 0 2  hydrolysis was 
included in the calculations. The U L „,- edge spectra of 
these complexes were rneasured at the HASYLAB 
bearn line RÖMO II and at the SSRL beam line 4-1. 
Because of the low U0,2" concentration, the fluores- 
cence Signal was measured using a 4-pixel-germanium 
detector. 

Results and Discussion 
Uranyl complexes with PCS, BCT and PYR: 
The EXAFS spectrum and the coordination parameters 
of the 1:3 uranyl BCT complex are identical with the 
EXAFS spectrum of the 1 :3 uranyl PCS complex at pH 
10 and comparable with the EXAFS spectrum of the 1 :2 
uranyl PYR complex at pH 8 (Fig. 1, Tab. I). 

I VNS. 1:1 1 4.1 1 0 1 2.44 1 5 1 4.8 1 

Tab. 1: Fit results for the second coordination shells, (N - 
coordination number, R - radial distance in A, cr? - 
Debye-Waller factor in A2 

EXAFS results of the 1:l uranyl PCS complex at pH 5 
indicate that the carboxylic group coordinates in a 
bidentate fashion with the uranyl cation (Tab. 1). Struc- 
tural elements of uranyl triacetate, detected by EXAFS 
spectroscopy 131, are comparable to this 1 :1 uranyl PCS 
complex. The EXAFS results shows that the carboxylic 
group frorn PCS is not involved in the cornplexation be- 
havior at pH 10 and only the neighboring phenolic OH 
groups interact with the uranyl cation. 

Uranyl complexes with VAN and VNS: 
The equatorial oxygen is not visible in the Fourier trans- 
form of the EXAFS spectra of the 1 :2 uranyl VAN com- 
plex at pH 6.7 and a second coordination shell exist with 
uranium as backscatterer (Fig. 2). A destructive interfer- 
ence between equatorial oxygen with large different 
radial distances is not improbable. The long radial U- 
0„ distance in the 1:l uranyl VNS complex at pH 4.1 
indicates a bidentate coordination behavior of the ligand 
with the uranyl cation (Tab. 1). 

Liaand. DH 
' ' ' ' kxpekment 1 

al 7 r j '  ,::: PYR 8.0 

L , ~ ~ ~ 4 4 . 8  

C l  J : < %  L---_-_-_ 

:;: VNS 4.1 

k [A"] R + A[A] 

Fig. 1: Raw P-weighted EXAFS spectra of uranyl compiexes 

Fourier filtered U-U seatter 

Fig. 2: Raw k3-weighted EXAFS spectra with Fi filtered U-U 
scatter from the VAN complex 
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PRELlMlNARY INVESTIGATION T 0  DETERMINE THE MAlN COMPLEX SPECIES IN THE 
AQUEOUS SYSTEM OF U 0 F  WlTH PROTOCATECHUIC ACID BY EXAFS SPECTROSCOPY 

A. Roßberg, T. Reich, C. Hennig, H. Funke, L. Baraniak, G. Bernhard, H. Nitsche 

Uranium LI/,-edge EXAFS of aqueous uraniurn(Vi) complexes with rnodel cornpounds of wood degradation products was 
studied. According to the speciation in aqueous solution, uranium(VI) cornplexes with protocatechuic acid (3,4-dihydroxy- 
benzoic acid, PCS) were studied as a function of pH by EXAFS. Uraniurn(V1) PCS EXAFS spectra above pH 6 were sirnilar 
to those of 2-hydroxyphenol (BCT) complexes. 

Experimental 
The speciation of the complexes on ionic strength of 
0.1 M (NaCIO,) and 25°C in the absence of CO, was 
calculated with the Computer program RAMESES. The 
meta1 concentration was 1 mM U0,(CI04), and the PCS 
concentration was 50 mM. Uranium(V1) hydrolysis was 
taken into account in the calculations. The U L„,-edge 
spectra of the uranium(V1) complexes were measured 
at the Rossendorf Beamline using a Si(l1 I )  double- 
crystal monochromator in channel-cut mode. The fluo- 
rescence signal was measured with a 4-pixel germa- 
nium detector. The ionization potential of the U L„,-edge 
was defined as 17,185 eV. The weights of the four de- 
tector channels were calculated according to their sta- 
tistical signal-to-noise ratios. The dead-time corrected 
EXAFS spectra were analyzed with the standard proce- 
dures using the suite of programs EXAFSPAK and the 
theoretical scattering phases and amplitudes calculated 
with the scattering code FEFF6 /I/. 

Results and Discussion 
The raw k3-weighted U L„,-edge EXAFS of the complex 
systems and their corresponding Fourier transforms 
(FT) are shown in Fig. 1 and the fit results in Tab. 1. 

U0,2':L, %U0,2+:L I U-X equatorial 1 
PCS(L) pH Atom R &0" N 

?:I, 53% 4.30 0 2.45 8 5.7 
C 2.88 3 2.4 

1:1,46% 4.45 0 2.40 12 7.0 

L 

Tab. 1 : Fit results for the second coordination shell (N - coor- 
dination nurnber, F? - radial distance in A, (12 - Debye- 
Waller factor in A2). 

During the fitting procedure the coordination number 
(N) of the axial oxygen of the uranyl unit was kept con- 
stant at N = 2. The average of the radiai U-O, distance 
between uranium and axial oxygen is 1.79 t 0.02 A. 
The average Debye-Waller lactor is 0.002 A2. The fea- 
tures in the k range from 6 A-' to 8 Am' and the radiai 
distance of the erquatonal axygen change with the pH 
values fFig. 1). The great dictance of the equatonaf 

k [A"] R + A [AI 
Fig. 1: Left: Raw k3-weighted EXAFS spectra of PCS com- 

plexes sorted by pH values. Right: Corresponding 
Fourier- transforms without phase corrections. 

oxygen of the 1:l PCS complex at pH 4.3 indicates that 
the carboxylic group coordinates with the uranyl cation 
in a bidentate fashion (Tab. 1). The coordination num- 
ber of carbon in the PCS complex is 2.4 atoms, at pH 
4.3, it is possible that at pH 4.3 two PCS ligands bind 
with the uranyl ion in a bidentate fashion. With increas- 
ing pH value, the bond distance of the equatorial oxy- 
gen decreases. At higher pH, the PCS ligands coordi- 
nate with the uranyl cation in an o-diphenolic boinding 
fashion and the carboxylic group is not involved in the 
complexation. The calculated speciation of the PCS 
systems shows at pH 4.8 the change from carboxylic to 
o-diphenolic coordination. At this pH, the Debye-Waller 
factor for the equatorial oxygen has a maximurn 
(Tab. 1). The similarity of the EXAFS spectra and coor- 
dination Parameters of the uranium(V1) PCS and BCT 
complexes increases with the pH 121. The possible main 
complex species of PCA with the uranyl cation should 
be confirmed by principal component analysis of the 
M F S  measurements. This can be used to vadidate 
the complexation constants for calculation of the speci- 
ation 131. 
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EXAFS STUDY OF THE INTERACTION OF URANIUMO(I) WlTH HUMlC SUBSTANCES 

K. Schmeide, S. Pompe, M. Bubner, T. Reich, A. Roßberg, C. Hennig, H. Funke, K.H. Heise, G. Bernhard 

The interaction of uranyl(V1) with hurnic substances was studied by rneans of extended X-ray absorption fine structure 
(EXAFS) analysis at roorn ternperature to obtain inforrnation on the coordination structures of the cornplexes. 

lntroduction 
The objective of this study was to obtain information 
about the binding of uranium(Vl) onto functional groups 
of humic substances. Uranyl complexes of Kranichsee 
humic and fulvic acid (KHA and KFA: isolated from 
surface water of the mountain bog 'Kleiner Kranichsee' 
114, Aldrich humic acid (A2197) as well as a synthetic 
HA type M42 121 were therefore investigated. 

Experimental 
The samples were prepared according to 131. The ura- 
nyl loading was between 18 and 19 % of the carboxylic 
group capacity of the humic substances. Complex for- 
mation was confirmed by IR spectroscopy. The sam- 
ples were dispersed in Teflon and pressed as 1.3 cm 
diameter pellets. The U content of the resulting pellets 
was 11 to 22 mg U. The EXAFS measurements were 
carried out at the Rossendori Beamline at the Euro- 
pean Synchrotron Radiation Facility in Grenoble. Ura- 
nium L„,-edge X-ray absorption spectra were colleclted 
in transmission mode. The Si(ll1) double-crystal 
monochromator was used in the channel-cut mode. 

Results 
The k3-weighted EXAFS spectra and the corresponding 
Fourier transforms are shown in Figs. 1 and 2. 

I ,  , , 
, . , . I '  

4 6 8 10 12 14 16 18 

k [A"] 
Fig. 1: k3-weighted U L„,-edge EXAFS spectra of uranyl 

complexes with KHA, KFA, 1W97 and M42 

0 1 2 3 4 5 6 
R+A [Al 

Fig. 2: Fourier transforms of the EXAFS spectra of uranyl 
complexes with KHA, KFA, M 7  and M42 

In both figures the solid lines represent the experimen- 
tal data and the dotted lines the theoretical fit of the 
data. A two-shell fit to the experimental EXAFS data 
was used with oxygen atoms as backscatterers. The 
multiple scattering along the uranyl unit at 3.6 A was 
also included in the fit. The coordination number (N) for 
the axial oxygen atoms and AE, were kept constant at 
2 and -13.6 eV. The EXAFS structural parameters of 
the uranyl humates are compiled in Tab. 1. 

U0,-M42 1.78 
Error: N I  1 0 % ,  R 1 0 . 0 2 A  

Sample 

U02-KHA 

Tab. 1: Structural parameters of the uranyl humates 

Axial U-0 bond lengths (R) of 1.78 A were determined 
for all uranyl humates. In the equatorial plane approxi- 
mately five o gen atoms were found at a mean dis- 
tance of 2.40 1 . Since carboxylic groups are generally 
considered the main functional groups of the humic 
substances involved in the complexaZion of meta1 ions 
at pHa4, the results of this EXAFS study were com- 
pared with the mean values of the bond distances 
found for crystalline uranyl carboxylate complexes of 
known structures given in 141. It tumed out that the 
rnean bond distance of 2.40 A in the equatorial plane 
determined for the humates is the Same as that found 
for the carboxylates where the uranyl ions are bound 
monodentately. 

Conclusion 
Both for natural humic substances (KHA, KFA, A2/97) 
and for the synthetic HA type M42 comparable struc- 
tures of uranyl complexes were found with predomi- 
nantly rnonodentate coordination of the humic acid car- 
boxylic groups onto uranium(Vl) ions. 

U-0 ,  
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EXAFS INVESTIGATIONS OF URANlUM COMPLEXES IN PLANT SAMPLES 

A. Gunther, A. Roßberg, T. Reich, G. Bernhard, H. Nitsche 

We determined the structure of uranium complexes in various contaminated plant samples by EXAFS. 

Experiments 

To investigate the chernical speciation on and in plant 
materials, uranium-containing aqueous solution was 
injected into selected roots and shoot axes of blue lupin 
and dandelion which were grown in uranium-containing 
solution. Then the plants and the appropriate pieces of 
plants were washed, dned and pulverized. EXAFS rnea- 
surements were perfomed on beam line 4-1 at the 
Stanford Synchrotron Radiation Laboratory (SSRL). The 
samples were measured in fluorescence mode by a 4- 
pixel-Ge-fluorescence detector. The EXAFS spectra 
were analyzed according to standard procedures using 
the suite of programs EXAFSPAK and theoretical scat- 
tering phases and amplitudes calculated with the scat- 
tering code FEFF7/1/. 

Results 

The sample treatment conditions and the results of the 
EXAFS study are listed in Tab.1 and shown in Figs. 1 
and 2. 

'' 1 V M  UO,INO,L solution iniected 
2' grown in Üo,(&~~coo), soiution 

grown in U02(N03), solution 
Tab.1: EXAFS structural Parameters for samples A - D 

In all sarnples, the first and second coordination shells 
were cleariy identified as uranium-oxygencoordination 
in axial (U-Osx) and equatorial (U-0,) position. The 
equatorial U-0 distance of the complexes formed in 
samples A and B is clearly srnaller than fhat in samples 
C and D. The differente in the Parameter sets may be 
due to the vatying influence of the plant metaboiism 
or/and the type of pfants. Samples C and D have an 
equatorial cmrdination distance of 2.sA wtiich is typical 
for a rnonodentate coordination of U0,2" with cahxy1ic 
gfoups. The third coordination sheli of the samples A 
and B is quite distinguished, but we cannot assign any 
physicai meaning tu it at thjs time. 

One can assurne direct sorption of uranium (V!) or 
cornplexation with rnetabotic or plant growth products 
&Y. Thraugh EXAFS investigatiwrs of rnodel compounds 

with variously arranged functional groups and by 
cornparising with the results obtained frorn the plant 
sarnples, it's possible to determine the ligands which are 
able to form complexes with uranium in or at the plants. 

Fig. 1: Raw P-weighted EXAFS-spectra of plants samples 
A) root, injected with 10-%l UO,(NO,),-solution 
B) shwt axis, injected with 1 @M U0,(N03), solution 
---- Experiment - - - Fit 

Fig. 2: Raw P-weighted EXAFS-spectra of root samples 
C) root, plantgrown in 10-'M UO,(CH,COO), so~iution 
D) root, plant grown in 1O9M U02(N03), solution 
---- Experiment - - - Fit 
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CRYSTAL STRUCTURE COMPARISON OF URANYL ARSENATES USlNG EXAFS 

C. Hennig, T. Reich, M. Rutsch, A. Roßberg, H. Funke, G. Geipel, G. Bernhard, H. Nitsche 

The crystal structures of natural meta-zeunente and synthetic hydrogen uranyl arsenate hydrate were compared using EXAFS 
I spectroscopy. The different interlayer cations have no influence on the bond length in the uranyl arsenate layers. 

Experimental 

First EXAFS measurements were taken on the new 
Rossendorf Beamline (ROBL) at the European Syn- 
chrotron Radiation Facility (ESRF) in Grenoble. The 
monochromator, equipped with a Si(ll1) water cooled 
double-crystal system, was used in the cannel-cut 
mode. Higher harmonics were rejected by Pt coated 
mirrors. U L„,-edge and As K-edge EXAFS spectra 
were collected in transmission. The Cu K-edge EXAFS 
spectrum was measured with a multichannel Ge fluo- 
rescence detector 111. Two or three scans were ob- 
tained in transmission mode and 32 single accumula- 
tions were taken for the Cu K-edge fluorescence spec- 
tra. The measurements were carried out with a sample 
onentation of 0" and 45" to the beam direction to inves- 
tigate the influence of polarization effects (not dis- 
cussed here). For energy calibration of the uraniurn 
spectra, we used the first inflection point of Zr at 
17996eV. The samples are natural meta-zeunerite from 
Wheal Basset, Comwall, and hydrogen uranyl arsenate 
hydrate, prepared according to the literature 121. 

Results 

Uranyl arsenates like meta-zeunerite, Cu[UO.&OJ,. 
8H20, and hydrogen uranyl arsenate hydrate, 
H[UO&OJ . 4H20, are built of stable layers of [UO2I2+ 
and [AsOJ3 units. The charge neutrality is achieved by 
different interlayer cations like Cu2', H+ and H30+. We 
used EXAFS measurements to compare the crystal 
structures. The results of the curve fitting to the 
k3-weighted EXAFS data are shown in Figs. 1-3. 

Fig. 1 : U L„,-edge W F S  spectra of H[UQAs041.4Y0 da), 
and Cu[UO&O J,-8H20 (b) 

All figures show at the left the k3-weighted EXAFS 
spectra and at the right the corresponding Fourier 
transforms, the solid lines are measured data, the dot- 
ted lines are calculated values. The first shell of the U 
L„,-edge EXAFS of meta-zeunerite fFig. l ) ,  represents 

the axial oxygen atorns (0,) at a distance of 1.79A. 
The second shell corresponds to the equatorial atoms 
with a distance of 2.28A, and the third shell originates 
from the arsenic atoms with a distance of 3.67A. Using 
As as absorbing atom (Fig. 2), the As-U distance was 
confirmed to 3.68A and the As-0, distance was deter- 
mined to 1.68A. The measurements at two near-neigh- 
bor absorber atoms allows to calculate the bond angle 
U-0,-As to 135.34". The interlayer Cu-0 distance in 
meta-zeunerite was measured by Cu K-edge EXAFS 
(Fig. 3) to 1.95A. The EXAFS data of the uranyl arse- 
nate layer on H[UO&OJ*4H20 are quite similar within 
the error of 0.02A. In conclusion, the uranyl arsenate 
layer structure is neariy independent from the interiayer 
cation arrangement. Furthermore, our investigation 
demonstrates the possibility to compensate the lost 
angle infonnation in EXAFS using the radial distribution 
functions at various absorption edges. 

Fig. 2: As K-edge EXAFS spectra of H[U0&sO41~4H,O (a), 
and Cu[UOfis04],.8H,0 @) 

k CA-'] R+A [A] 
Fig. 3: Cu K-edge EXAFS spwtrum of Cu[U0,AsO&~8H2Q 
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COORDINATION GEOMETRY OF FERRIHYDRITE 

C. Hennig, T. Reich, H. Funke, T. Arnold, H. Nitsche 

EXAFS spectra on ferrihydrite show a preferred octahedral coordination in the first shell and a shott range disorder in the 
semnd shell. The structural Order in 6-line ferrihydnte is higher than in 2-line ferrihydrite. 

Experimental 

The coordination geometry in femhydrite was studied by 
EXAFS measurements at the new Rossendorf Beamline 
(ROBL) at the European Synchrotron Radiation Facility 
(ESRF) in Grenoble. lron K-edge EXAFS spectra were 
collected in transmission mode. 

Results 

Femhydnte (FH) occurs during weathering processes of 
iron-containing rocks as a metastable compound which 
transforms into crystalline and stable goethite 
Ca-FeOOH) andlor hematite (G-Fe,O,). FH precipitates 
frorn aqueous Fe(ll1) solutions in particles of various 
nanometer sizes. Differences of Peak numbers in X-ray 
diffraction Patterns lead to a distinction between two 
general FH structure types: the so-called 2-line (2L-FH) 
and the &Eine (6L-FH) ferrihydrite. The structural and 
genetic relationship between 2L-FH and 6L-FH is still 
under discussion. Several structural models have been 
suggested for FH based on similanties with hematite 
structure /I/. Therefore, we compared the EXAFS of 
2L-FH and 6L-FH with hematite (Fig. 1). 

Fig. 1 : Left P-weigMed Fe K-edge W F S  spectra of U-Fe,03 
fa), 2L-fenihydrite (b) and GL-femhydrite (C). Righf: the 
corresponding Fourier transfomed EXAB. Only fhe 
meacured cpacira are chown here. 

in hematite. the iron is octahedrafly crgordinated by oxy- 
gen. The firct coardination shell includes twa bonding 
distancec: Fe-01 =1.5t4A and Fe-02=2.11A /21. These 
bond lengih differentes are toa small to be distinguish- 
able by EXAFS. Femhydnte in companm shows a very 
sinilar radial distiibution functiiran for the Fe0 distance 
and Zhe coarcfinatian number. Thic feads to the ascump- 

tion of a preferred octahedral coordination geometry in 
FH. But the radial distribution function for the Fe-0 in FH 
is broadened to higher R-values, which indicates addi- 
tional longer Fe-0 bonds. The Fe-0 octahedra in he- 
matite are connected about 1 face (~,.„=2.89A), 
3 edges (~„2.97&, 3 Corners (FlFeFe3.36A) and 
6 comers (FlFeFM=3.70A) 121. This coordination gives a 
splitting of the second feature in the EXAFS radial distri- 
bution function of hematite into two asymmetric peaks 
(Fig. 1 a). It is difficult to isolate these bond distances by 
numerical fits. However, Fourier filtering shows, that the 
first peak corresponds to the 2.89A and 2.97A shells 
and the second peak results mainly from the 3.70A shell 
including additional Fe-0 distances. In contrast, the 
rnaxirnum of the second shell in FH is located at 
R+A=2.7A with a shoulder at R+A=~.oA, which gives 
affer phase correction Fe-Fe distances of 3.1A and 
3.414. This is a significant difference to hematite. The 
lowered peak height in the EXAFS Fourier transforrn of 
FH results from a short range disorder. Therefore, in 
connection to the broadened Fe-0 Fourier transformed 
peak, a simple octahedral coordination geometty is not 
expected. In contrast to hematite, preferred bond 
lengths of 3.1A to 3 . d  are obtained. Only small differ- 
ences are found between the EXAFS spectra of PL-FH 
and 6L-FH. In the spectra of the 6L-FH, the peak height 
. of the second shell is slightly increased in companson to 
the 2L-FH. This is due to a lowering of the Debye-'Waller 
factor and means that the structural ordering increases 
frorn 2L-FH to 6L-FH. 
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CHROMIUM(III) SULFATE - COLLAGEN INTERACTION: AN EXAFS-STUDY 

T. Reich, A. Roßberg, C. Hennig, M.A. Denecke, G. Reich' 
' Forschungsinstitut für Leder- und Kunstledertechnologie, Freiberg 

First experimental evidence has been obtained for the crosc-linking of collagen fibrils in leather due to the formation of binuclear 
chromium complexes. 

lntroduction 

Chrome tanning of animal hides and skins for the pro- 
duction of high-quality leather is a well established in- 
dustrial process. About 90% of the leather produced 
worldwide is chrome tanned. Therefore, an understand- 
ing of the rnultistep process whereby cornplex salts of 
trivalent chrornium cross-link collagen fibrils is of great 
interest. 

Frorn a theoretical point of view it has been confirmed 
that the cross-linking effect is based on the forrnation of 
a bi- or polynuclear chrorniurn cornplex bound to the 
carboxylate side chains of asparaginic and glutaminic 
acids 111. Computer rnodeling /2,3/ showed that such a 
reaction should be possible at an intrafibrilar level. Up to 
now there has been no direct evidence that such a pos- 
tulated rnechanism takes place in leather. 

Experimental 

We rneasured Cr K-edge EXAFS spectra in transrnis- 
sion rnode at 20 K of the following sarnples using the 
Si(ll1) double-crystal rnonochrornator EXAFS II at the 
Hamburger Synchrotronstrahlungslabor (HASYLAB): 
chrornium alurn (solid I and 0.2 rnol CrlL solution 3, a 
technical chrome tanning agent (solid 3 and 0.2 rnol 
CrlL solution 4 of a 33% basic chrorniurn sulfate 
„Chrornosal"), chrorne leather 5, and gelatin 5, both 
treated with "Chrornosal". The chrorne leather was 
tanned with an offer of 1.5% Cr& per pelt weight, inten- 
sively washed and acetone dehydrated. The gelatin was 
,,tanned8 with different offers of Cr@,. The airn of our 
EXAFS experirnents was to deterrnine the structural 
pararneters of the chrorniurn near-neighboring environ- 
rnent and to See whether a Cr-Cr interaction indicative of 
binuclear complexes is present. 

Results and Conclusions 

The EXAFS structural pararneters of the leather sarnple 
5 are given in Tab. 1. - 
The first cwrdination shell consists of six oxygen atorns 
surrounding the chromiurn atorn at a distance of 
1.98102 A. The second coordination shell corresponds 
to one chrorniurn atorn at a distance of 2.97*02 A f r m  
the absorbing chrorniurn atorn. The detection of one 
Cr-Cr interaction at 2.97 A is direct evidence of the pres- 
ence of a binuclear chrorniurn complex in the leather 
sarn ple. 

Tab. 1 compares the obtained EXAFS structural pararn- 
eters with values rneasured for the dirneric unit 
(H,O),Cr(p-OH),Cr(OHJ4& 1 in a crystalline salt by XRD 
141. Our structural pararneters are in excellent agree- 
rnent with the interatornic distances measured by XRD 
for the binuclear complex. 

agreernent with the value of 2.71 A obtained by corn- 
puter rnodeling /2,3/. Our results confirm the assurnp- 
tions frorn cornputer rnodeling and are in so far the first 
experimental proof of the cornmon opinion about chro- 
miurn cornplex binding on collagen in leather. 

a) o2 in u n k  of 1u3 A2. b) averacie value of 2 X 1.94 A and 
4 x  1.98 A calculated using XRD r&utts /4 
Tab. 1 : EXAFS data of sarnples 14 compared with XRD data 

of sample 2 141 

Additional conclusions can be drawn frorn the EXAFS 
structural pararneters given in Tab. 1. 

1) Chrorniurn alurn both as solid I and in solution 2 
does not show evidence of a Cr-Cr interaction and 
therefore exists as a rnononuclear chrornium cornplex. 
2) In solid Chrornosal3, the coordination nurnber for the 
Cr-Cr interaction at 3.07 A is Wo. Therefore, solid 
Chrornosal is polynuclear, in solution 9 ihe Cr-Cr coordi- 
nation number is approximately ane, indicative of a binu- 
clear chrorniurn cornplex. 
3) The sarne rnechanisrn of crocs-linking as in leather 
occurs in gelatin 6 nowithstanding the complete other 
structural conditions, 

In conclusion, the first exarnples given here show how 
EXAFS as a modern and highly sophisticated method 
can contribute to elucidate the chrorne tannage mecha- 
nism at a rnolecular tevel. 
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EXAFS ANALYSIS QF A RHENIUM(1) CARBONYL COMPLEX 

H. Funke, S. Seifert', J.-U. Künstler', A. Roßberg, C. Hennig, T. Reich, G. Bemhard, B. Johannsen' 
'Institute of Bioinorganic and Radiopharmaceutical Chemistry 

First expenrnents with rhenium carhony~ cornplexes were perfomed to prepare future measurements on TC complexes. The 
B A F S  spectra of Re and Br as central atorns are compared with X-ray d~ffraction results of similar compounds. 

lntroduction 

First EXAFS measurements of a rhenium(1) carbonyl 
complex were performed using the Rossendorf beam- 
line (ROBL) at the European Synchrotron Radiation 
Facility(ESRF) Grenoble. Being a collaboration between 
the Institutes of Radiochemistry and Bioinorganic and 
Radiopharmaceutical Chemistry this analysis serves as 
a stepping stone into preparing future EXAFS experi- 
ments with 99Tc carbonyl complexes. 
Rhenium and technetium carbonyl complexes with the 
general formula [M(CO)$L] (M = Re, Tc; X = Br', CI-; 
L = bidentate thioether or Schiff base ligand) are at 
present under study for the development of neutral 
receptor-affine complexes which are able to Cross the 
blood-brain barrier and to bind to receptors of the cen- 
tral nervous System. Some of the rhenium carbonyi 
thioether complexes are fully characterized by X-ray 
analysis and other chemical methods, whose data may 
be used for comparison with EXAFS results. 

Experimental 

The EXAFS spectra of the Re L,,, - and Br K-edges of 
the same sample were measured in transmiccion mode 
using the Si(ll1) double-ctystal monochromator in 
fixed-exit mode. The sample consists of 20 mg of the 
following rhenium complex: 

mixed with Teflon powder as matrix material and 
pressed into a pellet. The EXAFS spectra were evalu- 
ated using the program package EXAFSPAK, and 
phases and amplitudes were calculated with the scat- 
tering code FEFF6. 

Results 

To obtain a satisfactory fit-result for the Re spectra, the 
single scattering paths Re-C, Re-S, and Re-Br and the 
multiple-scattering path along the carbonyl group, i.e., 
Re-C-0, have to be included (see Fig. 1, Tab. 1). 
The EXAFS scan of the same eompound with bromine 
as the central atom gives a more complicated spec- 
trum, which is dominated by the heaviest phcsible back- 
scatterer rhenium. Apart from the main scattering path 
Br - Re, the neariy linear multiple ccattering paths Br - 
Re - C: and Br - Re - C - 0 yield the most important 
contributions to the radial distribution function. The 
evaluated bond length Br - Re is 2.60 A. 

Fia. 1 : Re L„, edae EXAFS s~ectrum and Fourier-transform 
of the ~h'enium(l) carbonyl complex (1) 
(solid line: experimental data, dotted line: fit) 

I EXAFS 

2, R ~ ( c o ~ ~ B ~ ( c I - c ~ H ~ ~ - c ~ H ~ - s - ~ ~ H ~ - c I )  12. 
Debye Waller factors in 10" A2 
The degeneracy of 2 was taken into account 

Tab. 1: Comparison of bond distances obtained by EXAFS 
measurement and X-ray analysis data (XRD) of simi- 
lar complexes (AR„ C 0.02 A) 

Measurements of the inner coordination spheres of 
rhenium carbonyl complexes which differ in dithioether 
ligands using X-ray crystal structure methods, lead to 
Re - Br distances between 2.61 and 2.64 A /1,2/. The 
presented EXAFS results are consistent with these 
data. 
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TEXTURE ANALYSIS OF POWDER SAMPLES USlNG THE RIETVELD METHOD 

C. Hennig, W. Kraus', G. Nolze' 
' Federal Institute for Materials Research and Testing, Unter den Eichen 87, D-12205 Berlin 

Texture in oowder M ~ R I ~ S  influences oolarization de~endent EXAFS measurernents. The Rietveld method was used to 
analyze the'texture of such powder sarn$es. 

Many EXAFS measurements are carried out on poly- 
crystalline samples. It is known that powdered samples 
are characterized by a more or less strong texture 
caused by an axial pressure during sample preparation. 
Due to the polarized synchrotron radiation, this leads to 
an incorrect determination of the coordination number 
Ni, in particular for compounds with an anisotropic coor- 
dination center. Exemplarily, a strong polarization de- 
pendence can be detected in EXAFS spectra for ori- 
ented single crystals containing a uranyl coordination 
center 111. The effect of the preferred orientation in 
EXAFS measurements on powder samples using linear 
polarized synchrotron radiation will be shown for 
polycrystalline uranyl phosphate. The effect in EXAFS 
measurements is demonstrated by an angle variation 
between the beam direction k respective to the sample 
normal vector n about ß=eO and 0". A strong difference 
at the Fourier transform (FT) peak height is obtained by 
coarse-grained powder of Ba[UO,PO&.nH,O in boron 
nitride (Fig. I ) .  

Fig. 1: Left k3-weighted U L„,-edge EXAFS spectra of 
Ba[UO,PO&-nH,O and right: the corresponding Fou- 
rier transformed EXAFS. The solid line is the experi- 
mental data, and the dashed line represents the theo- 
reticai fit of the data. 

The amplitude function of the EXAFS formula describes 
this polarization dependency with the term 

where Oj is the angle between the polarization vector g 
of the synchrotron radiation and the interatomic vector 1 
between the absorber and backscatterer. For simplifica- 
tion, this term is often Set to 1, which is strictly only cor- 
rect for perfect statistics. Especially the exact calculation 
of the coordination number Nj is difficult because of its 
strong correlation with the Debye-Waller factor. Addi- 
tional difficulties will be caused by an anisotropic orienta- 
tion distribution of the crystallites in powder samples. A 
way to deterrnine this texture is to use X-ray diffraction 
measurernents. One of the commonly used descriptions 
of a simple preferred orientation is given by March and 
Dollase 121. There, the preferred onentation is character- 
ized by a single vector and the degree of preferred oti- 

entation: 

For a given reflection hkl, this formula describes the 
relation between the corrected intensity I, and the inte- 
gral intensity I, resulting from well-known crystal struc- 
ture data. I, will be corrected by the preferred orienta- 
tion in dependence of the orientation parameter G and 
the angles a, between the scattering vectors H, of all 
symmetry-equivalent lattice planes and the preferred 
orientation vector HP assumed as lattice vector. In 
contrast, the orientation parameter G is valid for all re- 
flections and must be fitted in a special refinement pro- 
cedure. The March-Dollase function can be used in 
Rietveld refinement calculations 13. As an example, the 
8128 diffraction Pattern is obtained on a Cu[U0,POJ2= 
nH20 sample with 200 mg h-BN. 
The experimental and calculated diffractogramms are 
shown in Fig. 2. These calculations give a preferred 
orientation H, of 001 and an orientation parameter G of 
0.53. Both the preferred orientation vector HP and the 
orientation parameter G should be introduced as addi- 
tional amplitude correction terms in the calculation of 
polarization sensitive EXAFS measurements on powder 
samples. 

Fig. 2: Experimental and calculated X-ray diffractogramms of 
CU[UO,PO,],~~H,O, metatotbernite (MT), and boron 
nitride (BN) in a pellet carnple (Cu-Ku radiatin) with hkl 
indices. 
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FIRST XANES AND EXAFS MEASUREMENTS OF TECHNETIUM MODEL COMPOUNDS AT THE 
ROSSENDORF BEAMLINE ROBL 

T. Reich, H. Funke, C. Hennig, A. Roßberg, H.-J. Pietzsch', S. Seifert', J.4. Künstler', G. Bernhard 
Institute of Bioinorganic and Radiopharmaceutical Chemistry 

Technetium K-edae EXAFS measurements On model compounds demonstrate the superb quality of the radiochernistry 
endstation of R O ~ L  for x-ray absorption specfroscopy. 

Experimental 
The structure of novel Tc complexes has been studied 
successfully in the framework of a collaboration be- 
tween the Institute of Radiochemistry and the Institute 
of Bioinorganic and Radiopharmaceutical Chemistry 
over the last few years /1,2/. 
In order to evaluate the possibilities of the new Ros- 
sendorf Beamline (ROBL) for Tc EXAFS studies, we 
prepared four samples for a first experiment with "Tc at 
ROBL. The samples were 127 mMolR NaTcO,(aq), 1.3 
mMoVL NaTcO,(aq), KTcO,(s), and Tc0,-nH,O(s). Ex- 
cept for the 1.3 mMoK Tc solution, the amount of Tc in 
the samples yielded an edge jump of -1 across the Tc 
K absorption edge at 21 keV. These samples were 
measured in transrnission mode at ROBL using the 
Si(l1 I )  double-crystal monochromator in fixed-exit 
mode with an additional feedback system to minimize 
beam intensiv fluctuations. The Tc K-edge EXAFS 
spectrum of the dilute solution was recorded using a 
four pixel Ge fluorescence detector. The energy scale 
of the XANES %ans was calibrated with a Mo metal foil 
(Mo K edge at 20004.3 eV). For the EXAFS analysis, 
the first inflection point of the pre-edge absorption peak 
for the NaTcO,(aq) sample was defined as 21044 eV 
131. 

Results and Discussion 
Fig. 1 displays the raw Tc K-edge k3-weighted EXAFS 
spectrum of NaTcO,(aq). The spectrum of the 127 
mMol1L Tc solution was recorded in a single sweep up 

II bhr 

Fig. 1 : Raw k3-weighted Tc K-edge EXAFS spectra Oeft) and 
corresponding Fourier transforms (right) of experi- 
mental data (solid line) and theoretical fits (dots) for 
127 mMoVL NaTc04(aq) (top) and 1.3 mMoVL 
NaTc04(aq) (b~ttom) 

to k=21 k'. During this sweep the counting time per 
data point was gradually increased from 2 to 20 sec. To 
our knowledge, this ic the first Tc EXAFS spectrum of a 
liquid sample where it was pocsible to obsewe the fine 
structure of the x-ray absorption spectrum over an en- 
ergy range of 1700 eV. In addition, this spectrum is an 
impressive demonstration of the superb quality and 
stabil@ of all beamline components. It follows from the 
best thearetical fit to the data (Fig. 1) that Tc is sur- 
rounded by 4 oxygen atoms (N=4.1I0.1) at a distance 
of I.~~I~.oIA(&o.wI W.&"). ne EXAFS spec- 

trum of the 100 times more dilute NaTcO,(aq) sample 
is also shown in Fig. 1 and represents an average of 
four sweeps measured in fluorescence mode. The in- 
tensity of the Tc Ku fluorescence line was l.2.105 
countslsec. The total Count rate processed by the fluo- 
rescence detector was 6.4.1 O5 COU~~SIS~C. Under these 
conditions, it was possible to analyze the Tc K-edge k3- 
weighted EXAFS spectrum of the 1.3 mMol1L Tc solu- 
tion up to k=15 A-'. The structural parameters obtained 
are the Same as for the TcO, ion in the concentrated 
solution, i.e., N=3.910.2, R=1.7210.01 A, and r3= 
0.001610.0003 A2. Our structural parameters agree 
with a previous Tc K-edge EXAFS measurement of a 
0.2 MolIL NH,TcO,(aq) sample 131. 
Fig. 2 displays the Tc K-edge XANES spectra of 
KTcO,(s), and TcO,.nH,O(s). The energy of the main 

Enerhy (=V) 

Fig. 2: Raw Tc K-edge XANES spectra of Tc0,-nH,O(s) (top) 
and KTcO,(s) (bottom) 

absorption edge defined by the first-derivative method 
increases from 21061.6 eV to 21065.8 eV as the Tc 
valence increases from IV to VII. This energy slhift of 
4.2 eV is in qualitative agreement with previous mea- 
surements 131. The shape of the Tc K-edge XANES 
spectra reflects the syrnmetry of the oxygen atom~s sur- 
rounding Tc. The most distinct feature of the TcO, ion, 
which has T, syrnmetry, is the pre-edge peak at 
21 050.8 eV. The XANES features can been used as a 
probe to determine the Tc speciation as it has been 
shown, for example, in cement waste forms 131. 
In Summary, the Tc K-edge x-ray absorption measure- 
ments on Tc model compounds showed that high-qual- 
ity data can be obtained for liquids and solids at the 
new Rossendorf Beamline. We conclude that ROBL 
provides excellent experimental conditions to study the 
structure of Tc complexes with a large variety of or- 
ganic and inorganic Iigands covering a Tc concentration 
range of at least two orders of magnitude. 
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FIRST EXAFS MEASUREMENT OF NEPTUNIUM SOLUTIONS AT ROBL 

T. Reich, G. Geipel, H. Funke, C. Hennig, A. Roßberg, G. Bernhard 

This is a report On our fircf Np L,,,-edge W F S  measuremenfs of Np(lv, Np(V), and Np(V1) solufions in acid media af the new 
Rossendorf Beamline ROBL. 

Experimental 
Two series of aqueous solutions containing 50 and 5 
mMol1L neptunium in three different oxidation states 
were prepared for EXAFS measurements at the new 
Rossendorf Beamline (ROBL) at the European Syn- 
chrotron Radiation Facility (ESRF) in Grenoble, France. 
Solution 1 consisted of 50 mMol1L Np(IV) in 0.1 M 
HNO, and 2 M H2S0,. The composition of solutions 2 
and 3 was 50 mMol1L Npw) and Np(VI), respectively, in 
0.1 M HNO,. Solutions 4 - 6 were identical to solutions 
1 - 3 except for the lower Np concentration of 5 - 
m ~ o ? ~ .  The starting material for the sample prepara- 
tion was solid Np02(N0,) (AEA Technology, QSA 
GmbH). It was dissolved in 0.1 M HNO,. The different 
oxidation states of Np were obtained by electrochemical 
oxidation/reduction in a conventional H-formed electrol- 
ysis cell with a diaphragm between anode and cathode. 
The oxidation state of neptunium and its stability with 
time were determined for the 5 mMollL Np solutions by 
UV-Vis spectroscopy using the characteristic absorption 
bands of Np(lV), Np(V), and Np(Vl) at 967 nm, 980 nm, 
and 1223 nm, respectively 111. 

For the measurements, 4 ml of the solution were filled 
in a polyethylene cuvette, which was sealed and put in 
a polyethylene bag. Multiple scans of the Np L„,-edge 
EXAFS of solutions 1 - 6 were collected in transmis- 
sion rnode at room temperature at ROBL using the 
Si(ll1) double-crystal monochromator in fixed-exit 
mode. The energy scale was calibrated using the first 
inflection point of the absorption spectrum of a Zr foil 
(17998 eV). The scattering phases and amplitudes 
where calculated for hypothetical clusters of Np0,S2, 
NpO,O„ and NpO,O, using FEFF6. 

Results 
The raw EXAFS data and the best theoretical fit for 
solutions 1 - 3 are shown in Fig. 1. 

k(X5 R- iA) 

Fig. 1: Raw Np L„,-edge P-weighted EXAFS spectra (left) 
and corresponding Fourier transfoms (right) of 50 
mMoVL Np solutions. 
Solid line - experiment; dots - theoretical fit. 

The obtained structural parameters are given in Tab. 1. 

In solution I Np(IV) is surrounded by 11 oxygen atoms 
at a distance of 2.39 A. In the second coordination 
sphere we obsewed two sulfur atoms with a Np-S dis- 
tance of 3.07 A. This distance corresponds to a 
bidentate coordination of the SO:- ion to the Np. Using 
the Np-0 distance of 2.39 A and the structural parame- 
ters of the SO:- unit (S-0 = 1.51 A, angle 0-S-0 = 109" 
124, the calculated Np-S distance of 2.93 b, is in good 
agreement with the measured value. 

Both Np(V) and Np(VI) solutions 2 and 3 show the 
structural parameters of the actinyl ion. In case of 
Np(? the distance to the axial oxygen atoms, 0 ,  is 
1.82 . In the equatorial plane the Np is surrounded by 
4 water molecules with a Np-0, distance of 2.49 A. 
The increase of the Np oxidation state from Np(V) to 
Np(VI) leads to a shortening of the axial and equatorial 
oxygen bonds by 0.07 b, and an increase of the number 
of water molecules attached to the neptunyl from four to 
five. The bond distances Np-0, and Np-. of the 
Np(VI) solution are 1.75 A and 2.42 A, respectively. 

The analysis of the 5 mMol1L Np solutions 4 - 6 gave 
results (not shown here) similar to the 50 mMollL solu- 
tions. There is only a small increase of the coordination 
number of sulfur from 2.2 to 2.8 when going from 50 
mMol/L to 5 mMollL Np(lV). 

The abserved structural parameters for the Np-0 bond 
distances of Np(lV) and Np(V) are in good agreement 
with the values reported for 5 mMol1L Np in chlorine 
solution 131. The structural parameters for Np(lV) sul- 
fate and Npwl) hydrate given in Tab. 1 are reported for 
the first time. 

I Sample I Shell I R(A) I N 1 da' I 

Tab. 1: EXAFS structural parameterc for 50 rnMoiiL Np solu- 
tions. 
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DYNAMIC LIGHT SCATTERING ON FILTERED HUMlC ACID SOLUTIONS 

H. Zänker, G. Hüttig, M. Böttger, H. Nitsche 

PCS dernonstrates that Wo out of four particle classes observed by SFM are existing also in solution: subrnicron chunks and 
the hurnic acid rnolecules. This is in contrast to the rnicelle hypothesis. 

Twohundred ppm solutions of purified Aldrich humic 
acid were investigated by photon correlation spectros- 
copy (PCS). In I11 we had shown that scanning force 
microscopy (SFM) on deposits obtained by spin-coating 
of such solutions on freshly cleaved mica yields four 
particle classes with the following spherical equivalent 
diameters: 
Submicron chunks (Class 1): 100to150nm 
Elongated agglomerates (Class 2): 30 to 40 nm 
Disk-like agglomerates (Class 3): 10 to 25 nm 
Subunits (Class 4): 1.5 to 8 nm. 
The aim of our light scattering experiment was to eluci- 
date which of these objects found on the mica are rep- 
resentative of states in solution and which are only 
formed on the substrate during the spin-coating pro- 
cess. Particle Class 1 can be classified relatively easy 
as to exist also in aqueous solution. These particles 
show physico-chemical properties different from those 
of the other particle classes: they are chemically inert, i. 
e., they do not change when humic acid concentration 
or solution pH are changed. Fig. 1 shows particles of 
the remaining classes: elongated agglomerates (Class 
2) and dick-like agglomerates (Class 3) that consist of 
small subunits (Class 4). If the concentration of the 

Fig. 1 : SFM irnage of spin-coated hurnic acid. Height of the 
deposits: 1.5 to 2 nm. 

humic acid solution is low enough, the subunits appear 
in their fully disintegrated state (not shown in Fig. 2; See 
/I/). We classify the subunits as the humic acid mole- 
cules. The still Open question was if the Class 2 and 
Class 3 agglomerates exist in solution or if the original 
humic acid solution consists of the individual rnolecules. 
PCS on the unfiltered solutions gives particle sizes of 
100 to 150 nm, i. e., PCS finds exclusively the submi- 
cron chunks (Class 1). This is because the srnailer 
particles are optically masked by the chunks, although 
these chunks provide only about 10 % of the humic 
material. The idea was to investigate the humic acid 
solution after removing the distutbing subrnicron 
chunks. Fig. 2a shows an example of the autocorrela- 
tion functions obtained on a 1000-nm filtrate whose 
deconvolution yields the 700- to 150-nm particles. The 
shape of the autocorrelation function changes com- 

pletely after the filtration through the 50-nm filter (Fig. 
2b). 

Fig. 2: Autocorrelation functions. Ordinate: autocorrelation 
function, C(T); abscicsa: delay time, ~(range 5 ps to 1 
s). (a) 1000-nrn fibrate of hurnic acid. (b) 50-nrn fil- 
trate of hurnic acid. (C) 28-nm polystyrene latex parti- 
cles. (d) 12-nrn silica particles. (e) Toluene. 

The deconvolution of this autocorrelation function, how- 
ever, is not possible for mathematical reasons: the de- 
cay is rnuch too small compared to the quality of the 
counting statistics. Nevertheless, the upper lirnit of the 
particle size can be deduced indirectly from PCS mea- 
surements on sucpensions of standard particles. Figs. 
2c to 2e show the results for 28-nm and 12-nrn parti- 
cles, and for toluene. The autocorrelation function of 
the 50-nm filtrate is different frorn those of the 28-nm 
and the 12-nm standard particles and resembles the 
autocorrelation function of pure toluene, a Rayleigh 
scatterer that consists of particles (rnolecules) of less 
than 1 nm. We conclude that the hurnic acid particles 
in the 50-nm filtrate must be significantly smailer than 
12 nm. It follows that the elongated and the dick-like 
particles (Classes 2 and 3) do not exist in solution. The 
Class 2 and 3 particles result frorn agglomeration pro- 
cesses during the deposition On the rnica surface. 
Thus, the particles representative of the aqueous solu- 
tion are the chemically inert submicron chunks and the 
humic acid rnolecules. Several authors (see, e. g. 
hypothesized that rniceliec are formed in hurnic acid 
solutions. Micelles react veiy sensitively to changes in 
the solution conditions. Our experiment does not sup- 
port the micelle hypothesis (for humic acid concentra- 
tions 5 500 pprn). 
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THE ADSORPTION OF URANIUM T 0  THE COLLOIDS OF A MlNlNG WATER 

H. Zänker, W. Richter, V. Brendler, G. Hüttig, U. Schulte-Ebbert' 
'Institut für Wasserforschung GmbH Dortmund, Zum Kellerbach 46, 58239 Schwerte 

Carbonat0 and aquo complexes prevent fhe uranyl from being adsorbed to the colloids of the gallery water. Acidification 
destroys these complexes: up to 50 mass % of the uranyl is attached to the colloids in the slightly acidic pH region. Further 
acidification, however, makes the uranyl "non-colloidal" again. 

The water of the rnain drainage gallery of the Freiberg 
mining area contains above all dissolved sulfates and 
carbonates of Ca, Mg, and Na /I/. The pH of this water 
is 7.3; the electrical conductivity is 1,000 to 1 ,I 00 PS/ 
Cm. As we showed in /I/, there are also colloids in this 
mining water. Their concentration is about 1 mgR; their 
size is 100 to 300 nrn. They consist of a matrix of Fe 
and Al compounds (probably ferrihydrite and alumogel 
or alkaline aluminum sulfate) that bears trace elements 
such as As, Pb, and Cu. Alrnost 100% of the As and 
Pb is colloid-borne. An element that showed stnctly 
"non-colloidal" behavior was uranium. This was some- 
what surprising uraniurn normally has a pronounced 
tendency to adsorb onto fernhydrite /2/. We wanted to 
test the behavior of uraniurn in the gallery water under 
the influence of pH variations. Thus, we acidified the 
water step by step with nitric acid. The rationale behind 
this experiment was elucidation of uraniurn behavior in 
the acidic rnining waters in Saxony. 
We investigated the behavior of 25 elements by filtra- 
tion and ICP-MSIAAS. 

Fig. 1: lnfluence of pH on the colloid-bome fraction of sev- 
eral heavy rnetals. Error bars: 20 confidence intewals 
of the rneasured uraniurn concentration 

Fig. 1 shows 5 exarnples. Given are the fractions of the 
elements that passed through a 50 nrn Nuclepore filter 
versus pH. Most of the elernents behaved like Cd and 
Zn: they were "non-colloidal" over the whole pH range. 
For the "colloidal" elements, as represented by Fe and 
As, the tendency to occur as colloids decreased with an 
increasing degree of acidification. This is obviously due 
to both the disappearance of the colloidal particles by 
dissolution of the colloid rnatrix and the decrease in the 
adsorption affinity of the trace elernents in the acidic 
region. 
Uraniurn shows a specific behavior. The fraction of 
uraniurn that is not filterable by a 50 nrn filier has a 
minirnurn in the slightly acidic pH region (Fig. 1). We 
explain this minirnum by the occurrence of competing 
processes: changes in the uranyl speciation and in the 
average electrovalency of the uranyl cornpounds, on 
the one hand, and changes in the electncal surface 
charge and the chemical solubility of the colloid parti- 
cles, on the other. 

Fig. 2 shows the calculated uranyl speciation in the 
gallery water as a function of pH and Fig. 3 the Course 
of the particles' measured Zeta potential on acidifica- 
tion. 

Fig. 2: Uranyl speciation in kater of the rnining gallery for 
varying pH values. Computed with EQW6 131 

It becornes obvious frorn Fig. 2 that neutral and nega- 
tively charged uranyl species prevail in the original wa- 
ter (pH 7.3). Here the charge of the colloid particles is 
negative; a Zeta potential of -13 rnV was measured. 
Adsorption of uranyl is obviously prevented in the origi- 
nal water by a lack of attractive forces. 
On acidification positive uranyl species play an increas- 
ing part (Fig. 2). In the slightly acidic region a signifi- 
cant fraction of the U is adsorbed to particles due to 
opposite electrical charges. Up to 50 rnass % of the 
uraniurn is attached to the colloids. 

Fig. 3: Zeta potential of the colloidal particles in the gallery 
water for varying pH. (Laser Doppler electrophoresis) 

When pH decreaces kirther, the negative charge of the 
particles disappears (Fig. 31, i.e., the attractive forces 
vanish. The colloid particles are moreover dissolved in 
the rnore acidic pH region. The uranyl species again 
lose their "colloidal" properties in this region. 
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CHARACTERIZATION OF COLLOID PARTICLES IN MlNlNG WATER 
(ROTHSCH~NBERGER STOLLN) 

W. Richter, H. Zänker, H. Nitsche 

Abstract: Measurements in a rnining wafer of the Elzgebirge proved that wafer contains approximafely 1 mg/L colloid particles. 
These submicron partices were characterized by photon ~0rrelati0n spectrosc~py (P CS), scanning electron microscopy (SEM) 
and ICP-MwAA~ 

Experimental 

Water from the mouth of the Rothschönberger Stolln I11 
was filtered through filters of varying pore size to charac- 
terize submicron particles. The filtrates were investi- 
gated by PCS (BI-90 from Brookhaven Instruments 
Corp.) and by ICP-MS andlor AAS (Perkin Elmer) to 
analyze the particle size distribution and the concentra- 
tion of cationic elements, respectively. The dried filters 
were weighed, coated with carbon and examined by 
SEM with energy dispersive X-ray analysis (EDX). 

Results 

The gravimetric analysis of the filter cake revealed that 
the colloid concentration in the drainage water amounts 
to about 1 mg/L. According to the elemental analysis by 
ICP-MSIAAS of the filters and the filtrates, the elements 
Fe, Al, As, Pb, and Cu are colloid-borne 111. The ele- 
ments Mg, Si, Ca, Mn, Zn Cd, Sn, U, pass through all 
filters and are consequently ionic. The measurement of 
the particle size distribution by PCS is intricate for natu- 
ral waters because of the strong dependence of the 
scattered light intensity on the particle radius (P depend- 
ence) 121. Due to this relation, large particles should be 
removed by filtration (5 pm filter) prior to PCS measure- 
ment. Fig.1 shows a typical PCS result of the 5 pm fil- 

Diameter nn 
Fig. 1: Typical PCS particle size distribution of a water from 

Rothschönberger Stolln. Prefiltration through a 5 Pm 
filter. Particles were found in a range from 100 to 300 
nm with the light intensity Peak at 180 nm. 

trate. The presence of particles of about 180 nm in di- 
ameter is obvious. Fig. 2 gives a scanning electron rni- 
crograph of fhe deposits on the 5 prn filter that confins 
the existente of particles of the size range of 100 to 300 
nm found by PCS. They are arranged on the filter in the 
form of agglomerates of several prn. These agglomer- 
ates are probaMy forrned during the filtration caused by 
self-coagulation of colloids on the membrane's surface 
131. PCS shows that fhe rnicron-sized agglomerates do 
not exist in solution. The filtered particles were further 
characterized by detailed EDX investigations. Fig. 3 
shows an EDX-spectrum of an agglornerate of typical 

Fig. 2: SEM micrograph of a particle agglomerate on a 5 Pm 
Nuclepore filter 

particles depicted in Fig. 2. Corresponding to the results 
of ICP-MSIASS 111, the elements Fe and Al are the main 
constituents of the oxidhydroxide colloid particles. This 
Fe-AI matrix contains adsorbed trace elements like Pb, 
Cu, and Zn. The high carbon peak in Fig. 3 is caused by 
the filter surface and is thus an artifact. 

Fig. 3: EDX-Spectrum of the particle agglomerate in Fig. 2 
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CHARACTERIZATION OF COLLOID PARTICLES IN ACID ROCK DRAINAGE FROM THE MINE 
AT FREIBERG, SAXONY 

W. Richter, H. Zänker, G. Hüttig 
Significant fmctions (> 20 rnass %) of the heavy rnefals in the acid rock drainage sarnple studied occur as colloid particles of 
1 to 5 nrn. Colloids, obviously, play an irnportant role in acid rock drainage waters. 

lntroduction 
Gangues of clay minerals (so-called "Letten") that are 
impregnated with finely-divided sulphide ores play a key 
role in the sulphide oxidation and water mineralization 
process in abandoned ore mines. Highly mineralized, 
red-coloured solutions are formed in the pores of these 
gangues. They result in acid rock drainage (ARD) 111. 
Solutions of pH values of 0.7 to 2.5 that are in equilib- 
rium with products of sulphide oxidation such as jaro- 
site and scorodite have been observed in the pores of 
clay mineral gangues at Freiberg 121. The ARD ("Letten- 
wasser") often gathers in pools in front of the clay 
gangues. We took a sample from an ARD pool at a clay 
gangue in the Himmelfahrt Fundgrube mine at Freiberg 
and investigated it for its colloid content. The sarnple 
had a pH of 2.7 and contained 39.5 g/L of sulphate, 4.5 
g/L of Fe, 4.8 g/L of Zn, 2.1 g/L of Mg, 1.3 g1L of Al, 470 
rng/L of As, 13 mgR of Pb, 14 mgR of Cd, and a variety 
of further heavy metals. 

Experimental 
The sample was filtered through Nuclepore filters of the 
Pore sizes 5 Fm and 50 nm and through ultrafilters of 
rnolecular weight cutoffs of 100 kD, 30 kD, 10 kD, and 
3 kD (geometrical pore sizes of about 5 nm, 2.2 nm, 1.6 
nm, and 1.2 nm). The filtrates were investigated for 
their particle sizes (photon correlation spectroscopy) 
and heavy metal concentrations (ICP-MS andlor AAS). 
The filter cake of a 5pm Nuclepore filter was washed 
three times, dried, coated with carbon and examined 
with SEM and EDX. 

Results 
Photon correlafion spectroscopy (PCS) 
It indicates the presence of particles from 70 to 250 nm. 
After the removal of these particles by filtration through 
a 50nm filter, PCS still indicates the presence of parti- 
cles of C 10 nm. 
SEM and EDX 
SEM confirms that there is a small fraction of particles 
in the size range from 70 to 250 nm (Fig.1). The ag- 
glomerate visible in the micrograph was probably 
formed from the nanoparticles on the filter membrane 
during the filtration process (self-coagulation) 131. PCS 
shows that micron-sized agglomerates do not exist in 
solution. Fig. 1 also gives an EDX spectrurn of the parti- 
cles. Fe and As are identified as the main constituents, 
which is in accordance with the ICP-MSIAAS results. 
The high carbon peak in Fig. 1 is caused by the filter 
material and thus an artifact. The sulphur peak can 
probably be attributed to the sulphate ion. We suppose 
that the particles contain sulphate rninerals such as 
jarosite or schwettmannite. 
Ultrafiltmtion 
The ultrafiltration experiments show that significant 
fractions of the elements Fe, As and Pb occur as colloid 
particles of C 10 nrn in size. The 3-kD filter retains 25- 
30 mass % of the Fe, 60 mass % of the As and 90 
mass % of the Pb. 

Fig. 1: SEM rnicrograph and EDX spectrurn of a particle ag- 
glornerate on a 5-prn Nuclepore filter 

Conclusions 
Very small fractions of the constituents of the ARD 
sample (< 0.5 mass % of the heavy metals) occur as 
relatively coarce nanoparticles of 70 to 250 nm in diam- 
eter. However, significant fractions of the constituents 
exist in the form of very fine colloids. The major com- 
ponents of these fine colloids are iron minerals. About 
25 to 30 mass % of the sample's iron are colloid parti- 
cles in the size range from 1.2 to 5 nm. These particles 
carry most of the As and Pb. The experiment demon- 
strates that colloids in flooded mines are not only 
formed by precipitation processes in the bulk of the 
mine water 141. They obviously play an irnportant part 
already at the first stage of mining water mineralization, 
i.e. during the formation of ARD. 
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COLLOID-BORNE HEAVY METALS IN THE WATER OF A MlNlNG DRAINAGE GALLERY 
(ROTHSCHÖNBERGER STOLLN) 

H. Zänker, V. Brendler, W. Richter, H. Nitsche 

The colloid-borne heavy metals in the water of a rnining drainage gallery are distinguished from the dissolved ones. The 
experiment demonstrates how EQ6 calculations can be made more realistic. 

The Rothschönberger Stolln is the rnain drainage gal- 
lery of the Freiberg (Saxony) abandoned rnining area. 
The water at its mouth contains about 1 rnglL of colloi- 
da1 particles with a size of 75 to 300 nm 111. We tested 
25 elernents for their colloidallnon-colloidal states in the 
drainage water by fitrationlultrafiltration through filters of 
varying Pore size and by centrifugation at varying cen- 
trifugal forces. Tab. 1 gives a comparison between the 
concentrations of several cornponents in the raw water 
and in the 3-kD (about I-nrn) ultrafiltrate. The results 
show that the elernents Fe, Al, As, Pb, and Cu are 
coiloid-borne. They also show that the colloids consist 
obviously of a Fe-AI matrix that contains certain trace 
elements. This was confirmed by using filters of larger 
Pore size (50-nrn filters) and by centrifugation experi- 
ments. 

U I 7.0 ,10E-09 
42.10E-05 

Sulohate 3.65 - 10E-03 I 

Component 

Fe 
Al 
Pb 

n [Molii] 

3-kD Filtrate 

C 1.8 .I OE-07 

Concentri 

Raw Sample 
1.5 .1  OE-05 
1.1.1OE-05 
12.1OE-07 

I carbonate I 1.75 ,I OE-03 I 
na: not analyzed 
Tab. 1: Results of ICPIMS, AAS and Ion Chrornatography on 

the Raw Water and on the 3-kD Ultrafiltrate 

Tab. 2 presents the results of calculations with the geo- 
chernical code EQ6 for the raw sarnple analysis given in 
Tab. 1. EQ6 predicts that the chernical cornpounds n 
colurnn 1 of this table are oversaturated. 

- 

Cemssite (PbCO,) 
CoF%O, 
Diaspore (U-AiOOH) 
Nonfronite-Ca (Fem- 
Montmorillwiite) 
Pyrdusite (pMnO2 
Qua- 
Rutil PO2) 
Hernatite (FGOJ 

Amount of Precipitate [MoüL] I 
Resuits after 

3xclusion on all 
igh-temperaturc 

PhaceS 

3.7.10E-08 

8.6 .10E-06 
7.4 . I OE-06 

4 2 '  1OE-05 
6.1 - 10E-05 

Rssuts after 
ixclusion of all 
;i and Mn spe- 

cies 

3.7 .1  OE-08 

1.1 .$OE45 

7.4.10E-06 

Tab. 2: Overcaturated Species in the Drainage Water Accord- 
ing to EQ6 

However, high-temperature phases such as mtile and 
CoFe,O, are very uniikely to oceur because the colloid 
formation process in the Rothschönberger Stolh is the 
precipitation of heavy metat oxidhydroxides due to 
changes of the oxygen content and the pH. When these 

phases are excluded, the substances in colurnn 2 are 
identified ac oversaturated. Given our experimental re- 
sults, howewr, the EQ6 calculations shown in column 2 
rnust be further corrected. In column 3 the undissolved 
species of Si and Mn are also excluded because Si and 
Mn proved 'to be non-colloidal in the experirnent. The 
erroneous calculations for Si and Mn are obviously at- 
tributable to insufficient consideration of the kinetics h 
the chernical model. Under the colloid forrnation condi- 
tions of the Rothschönberger Stolln (precipitation of 
secondary minerals), the system is far from its therrno- 
dynarnic equilibrium. Thus, the equilibriurn solubility of 
nontronite-Ca or quartz, for instance, is probably not 
solubility-deterrnining for Si. Natural waters often show 
stable silica concentrations of 5 . 10" MolIL or even 
rnore govemed by the solubility of arnorphous silica 121. 
For Fe and Al, too, the calculations underestirnate the 
solubility. They predict the presence of the therrnody- 
narnically rnost stable cornpounds, i. e., of hernatite and 
diaspore. However, the precipitation of these products is 
kinetically harnpered; their formation proceeds via inter- 
mediates such as ferrihydrite, goethite, gibbsite or 
boehrnite. Nevertheless, the error is negligible in this 
case because the solubility of these interrnediates is 
also extremely low. This does obviously not apply to 
Mn. Here, the calculations result in the forrnation of 
pyrolusite. A frech precipitate of Mn(ll) in the presence 
of oxygen, however, does not consist of pyrolusite; the 
forrnation of hausrnannite (Mn,OJ, feitknechtite (ß- 
MnOOH) etc. that rapidly age to y-MnOOH is to be ex- 
pected /3/. These products are still non-colloidal at the 
Mn concentrations given. The comparison between the 
rnodel calculations and the experiment also allows con- 
clusions on the binding states of typical toxicants onto 
the colloids. Oversaturated and, thus, actual sources of 
colloids are only the toxicants Al and Pb. As and Cu are 
not oversaturated. Their colloidal behavior is exclwsively 
attributable to the adsorption onto existing colloidal parti- 
cles (pseudocolloids). The experirnent demonstrates 
how EQ6 calculations applied to a real geochemical 
problern can be made rnore realistic. 
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ROTHSCH~NBERGER STOLLN: MODELING OF REACTION PATHWAYS WlTH EQ316 

V. Brendler, H. Zänker, W. Richter 

We rnodeled fhe developmenf of speciation patfems in fhe gallery "Rothschönberger Stolln" with the reaction path opfion of 
fhe EQ3/6 speciafion soffware. The reducing environmenf at fhe origin of fhe gallery changes fo oxidizing condifions af ifs 
juncfion into an Open nver sysfem. The calculated uranium speciafion was cwmpared with analytical resuits frorn tesf samples. 

Methodology 

The gallery "Rothschönberger Stolln" is the main drain- 
age of the mining area around Freiberg / Saxony. It 
collects drainage and surface waters of various origin. 
After a distance of 13.5 km, the outflow to a tributary of 
the river Elbe is reached. In connection with the investi- 
gation of colloids (see previous article), the change in 
composition of both the aqueous phase and the accom- 
panying minerals along the flow path was also of inter- 
est. To obtain further insights into basic processes, the 
reaction-path modeling feature of the geochemical 
speciation software EQ3/6 /I/ was utilized. Another aim 
was to find explanations of the pH-dependence of ura- 
nium sorption in such waters. 
The basic model setup for the water composition at the 
mouth of the gallery with regard to the presence of vari- 
ous minerals was explained in the previous article. 
There also a Summary of the analytical results and the 
filtering experiments is given. 

Results 

A pH scan for the uranium distribution (with EQ3NR 
and a revised COM thermodynamic data base) pro- 
duced the speciation pattems shown in Figure 1. 

PH 
Fig. 1 : Uranyl speciation in waters leaving the gallery "Roth- 

schönberger Stolln", computed with EQ3NR 
Whereas negatively charged uranyl carbonate species 
make up a considerable part of the uranyl species at 
pH 7.3 (as measured at the gallery mouth), at pH 5.1 
the speciation shifk to mostly positively charged spe- 
cies. The latter sorb much better onto hydrous ferric 
oxides and aluminium oxides, See, e.g., Dzombak and 
Morel/2/, which are the major colloidal particles in the 
investigated solutions as pointed out in fhe previous 
article. This explains the much stronger binding of ura- 
nyl ions onto colloids at pH 5.1, as found in filtenng 
experiments aiter acidification of the original pH 7.3 
water. Whereas the original water did not contain any 
uranium attached to the colloidaf particles, after acidifi- 

cation only 26.5 % of the total uranium remained dis- 
solved. 
The reaction path is inversely modeled with EQ6, start- 
ing from the known final composition of the gallery wa- 
ter at its mouth. Oxygen is defined as a reactant with a 
negative reaction rate, leading to the depletion of oxy- 
gen from the solution, which in turn decreases the re- 
dox potential. The Eh changed from the initial 816 mV 
to a value of -200 mV, which represents the anoxic 
waters leaving the mines. This decrease in Eh is ac- 
companied by a slight increase in pH. Figure 2 shows 

7 . 0 ] 8 , . , , , . , L , -  
-200 0 200 400 600 800 

Eh in mV 
Fig. 2: Waters from the "Rothschönberger Stolln" gallery: pH 

as a function of the redox potential Eh, computed with 
EQ6 

the Eh-pH dependence. The following modeling results 
were obtained for the main metal ions: 
- manganese is fully dissolved at Eh C 570 mV, pyro- 

lusite is the thermodynamically stable (but kine- 
tically hindered) mineral phase at higher Eh. - aluminium will quantitatively precipitate over the 
whole redox range as diaspore, boehmite or gibbs- 
ite. 

- iron will precipitate as ferrihydrite (which slowly 
transfoms into more stable phases such as hema- 
tite) for Eh > -1 00 mV 

- several sulfide minerals will dissolve when the re- 
dox potential approaches -1 00 mV: chalcocite is 
stable for Eh C -1 10 mV, sphalerite for Eh C -120 
mV, and galena for Eh < -1 10 mV. 
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DETECTION OF IRON AND ALUMINIUM HYDROXIDE COLLOIDS IN A SUSPENSION OF 
GROUND PHYLLITE 

H. Zänker, G. Hüttig, T. Arnold, T. Zorn, H. Nitsche 

Colloidal submicron panticles of Fe and Al hydroxides could be characterized in fhe presence of large amounts of coarse rock 
pariicles. Toxic trace metals such as U, Ac, Pb, and Cu can adsorb onto such pariicles. 

One of the mineralogical constituents of phyllite is chlo- 
rite, a mineral containing ferrous iron. The iron be- 
Comes partly oxidized during the weathering of phyllite. 
It is an Open question if all freshly formed ferric iron is 
kept at the site of its generation or if some forms a rela- 
tively stable colloid in the water. Ten grams of ground 
phyllite from the Western Erzgebirge mountains were 
suspended in 250 mL of water. This mixture was 
shaken for 1 day. The detection of fine heavy metal 
colloids in such a System is a non-trivial colloid-chemi- 
cal problem. Most methods of colloid characterization 
(dynamic or static light scattering, laser breakdown 
spectroscopy, throughflow single particle counting, 
scanning or transmission electron microscopy, atomic 
force microscopy) would fail under the conditions of a 
turbid slurry. To solve the problem, a separation tech- 
nique had to be applied to remove the coarse pariicles 
from the submicron ones prior to identifying the hypo- 
thetical small pariicles. We decided to remove the 
coarse particles by centrifugation. The concentration of 
Na, K, Mg, Ca, Mn, Si, Fe, and Al in the centrifugates at 
varying centrifugal acceleration were determined by 
ICP-MS andlor AAS. Fig. 1 gives some examples. The 
behavior of these elements divides them into 3 groups: 

Group 1 : Na; 
Group 2: K, Mg, Si, Ca, Mn; 
Group 3: Al, Fe. 

The Group 1 element, Na, shows hardly any response 
to the centrifugations. Obviously, the sodium occurs 
primarily as the Na+ ion in the phyllite suspension. The 
Group 2 elements reach a constant concentration at the 
first centrifugation step and are not further influenced 
when applying higher centrifugal force. These ele- 
ments represent the behavior of the undissolved 
ground rock particles. Most of the rock particles are 
removed by the 500 X g centrifugation. The remaining 
concentrations of Mg, Si, Ca and Mn, that can not be 
further decreased, represent the chemically dissolved 
ions of these elements. Two of the rock-forming ele- 
ments, Fe and Al, cleariy deviate from the scheme of 
the Group 2 elements. The Fe and Al remaining after 
the removal of the rock particles does not primariiy exist 
in the form of ions. From the centrifugal behavior of Fe 
and Al at higher centrifugal accelerations, a particle size 
of the Fe and the Al submicron particles of 6 to 25 nm 
for Fe and 13 to 33 nm for AI, assuming spherical parti- 
des and densities of 2.7 and 4.0 g cm" for the Al and 
Fe patticles, respectively, were obtained. The experi- 
ment demonstrates that ferric iron produced by the 
weathering of phyllite can form a stable colloid in the 
CQntact water. Moreover, also Al forms a stable cof- 
bid. Mineralogically, the Fe and Al colloids should 
probably be classified as ferrihydrite and gibbs- 
itelboehmite. The existence of fine hydraxide colloids 
in oxie waters from phyliite environments should be 
taken into account when assessing the transport of 

toxic heavy metals via the water path through a phyllite 
environment because they may significantly influence 
the transport behavior of certain trace elements. U(VI), 
for instance, is described to be attached to ferrihydrite 
111. As, Pb, and Cu, too, are very prone to adsorption 
onto Fe or Al hydroxide colloids 121. 

in- - -  - - - 

Conditions of ~entrifu~aion . 

Fig. I: EIemental concentration of the centrifugates in de- 
pendence on the centrifugal acceleration and the cen- 
trifugation time (examples). 
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PHOTOLYSIS OF SlLlClC ACID AND NEW PARTICLE FORMATION 

D. Rettig, V. Berghof', P. Merker, N. Schwentner' 
'Freie Universität Berlin, Institute of Experimental Physics 

The emission of charge-free particles from fused silica that was UV-irradiated in a moist gas environment was examined as a 
function of residence time, relative humidity of the gas, and photon energy and flux density. Conclusions are drawn on the 
importance of the process for atmospheric reactionsi 

Recently, we noticed a particle emission from fused 
silica surfaces which were irradiated by a low pressure 
mercury lamp in a humid gas environment 111. In the 
present work, we investigated the dependence of the 
particle production rate on the following Parameters: 

Residence time of the gas in a fused silica vessel 
irradiated with a mercury lamp (8W electric power, 
wavelengths 185 nm + 6.7eV and 254 nm + 5eV). 

Gas humidity at a residence time of 108s and irradi- 
ation with the Same lamp (Fig.1). Filtered air or high 
purity N,or He were used as gases without showing 
any significant differences on the results. 

Photon flux density from three different lasers (ArF 
193 nm + 6.4 eV, KrF 248 nm + 5eV, XeCl308 nm 
+ 4eV) applying a small vessel, a small beam Cross 
section and a residence time of 8s (Fig.2). 

0.0 0 1  0 
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Relative Humidity [O%] 

Fig. 1: Dependence of volume and number concentration of 
the particles on the humidity of nitrogen 

At mean residence times ranging between 20 and 200s, 
aerosol particles with median diameters between 10 and 
20 nm were forrned. They could be measured without 
significant losses. The aerosol volume concentration 
increased linearly with the humidity of the gas, whereas 
the number concentration reached a constant value at 
high hurnidity (Fig.1). The aerosol is in the accumulation 
mode under these conditions. At low humidities (Fig.1) 
and at residence times below 20s, which also prevailed 
in the laser experiments (Fig.2), the particles are in the 
nucleation mode. In addition, the smallest particles 
were lost in the tubing connected to the particle Counter. 
The aerosol particles are sphenc, arnorphous, electrical 
charge-free, and contain silicon as the main constituent 
as was found by SEM, TEM, XRD, XRF, EDX and 
ICPMS analysis of filtered particles. 
In Summary, the findings are discussed in the following 
way: The formation of charge-free particles is in accor- 
dance with the high band gap energy of amorphous 
silica (8.9eV) which cannot be supplied by the irradiation 
to form ions. However, three-fold coordinated silicon 
and pararnagnetic electrons near oxygen are well 
known defects forrned by UV radiation. Single =Si(OW)„ 

or -Si(OH), groups are reported to be formed by water 
chemisorption at the SiO, surface. 60th processes can 
be combined to formulate a photolytic dissociation pro- 
cess with formation of -Si(OH), or -0-Si(0HX radicals 
or Si(OH), molecules. These are emitted into space 
and can travel like gas molecules. lf they meet each 
other in a collision-controlled process, they can form 
nuclei without serious hindrance and grow in the accu- 
mulation process. In this step voluminous spheric parti- 
cles are formed by the loss of water molecules. 
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Fig. 2: Concentration of the generated particles vs. photon flux 

density from the ArF, KrF, and XeCl laser 

First conclusions on the importance of the reaction were 
drawn in /1/ for particle generation and UV lamp degra- 
dation. In addition, the process should be taken into 
consideration to fill a gap in recent interpretations of 
meteorological and climatic observations. Silica is al- 
ways found in upper atmospheric layers in the form of 
coarse particles. Radiation from the sun can reach the 
stratosphere in the window (180-220 nm) between the 
oxygen and the ozone absorption bands. The photolytic 
process, the reverse nucleation and accumulation pro- 
cess, and the nature of the amorphous loosely packed 
spheric particles may offer the properties which are 
looked for the interpretation of many phenomena. The 
particles can develop from the gas like radicals during 
night time or in polar winter. They may again be photol- 
yzed under sun irradiation. They have catalytic proper- 
ties for the photolytic decomposition of chloro- 
methanes, they can take up water and hydrochloric acid, 
and they enable chemical reactions in their electrolytic 
phase. They are cloud condensation nuclei. 
In the global modeling of aerosol live cycles involving a 
gas-to-particle conversion step, only sulkir cornpounds 
and carbon have been considered so far /2L Silica 
should be involved in this group. 
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PHYSICO CHEMICAL CHARACTERIZATION OF SEABORGIUM AS OXIDE HYDROXIDE 

C. Hübener, A. Vahle, S. Taut, H. Nitsche for a University Bern - FLNR Dubna - GSI Darmstadt - TU Dresden - 
GH Kassel - University Mainz - Forschungszentrurn Rossendorf - PSI Villigen coliaboration 

High-temperature on-line gas chromatography of oxidehydroxides was used to characterize the physico-chemical propetties of 
seaborgium. The results indicate the formation of a low volatile seaborgium oxide hydroxide. 

In continuation of experiments with seaborgiurn oxy- 
chlorides I11 the goal of the present gas chernistry ex- 
periment of the seaborgium-collaboration was to show 
that Sg forrns low volatile oxide hydroxides. 
The Hlgh-Ternperature on-line Gas chrornatography 
ApparatuS HITGAS developed for studying low volatile 
oxide hydroxides is shown schernatically in Fig. 1. Con- 
sidering the low rate of the basic reactions of the gas 
chrornatography of group 6 oxide hydroxides in quartz 
glass columns 121, reasonable short Open tubular chro- 
matography colurnns were used and directly coupled 
with the GSI ROtating Wheel Multidetector Analyzer 
ROMA: The chrornatography furnace was flanged onto 
the ROMA and a separate deposition charnber was 
placed between colurnn and rotating wheel, as de- 
scribed earlier in detail 131. In test experirnents with 
short-lived Mo- and W-isotopes retentioln times as short 
as 8 s and chernical yields of about 60 % were achieved 
/3,4/. On-line alpha spectroscopy was carried out with a 
resolution of 25 keV. However, 1 prn collection foils, to 
be applied for 4n alpha spectroscopy, which were stable 
in pure He carrier gas, were irn-rnediatly destroyed 
when the reactive gas H20/02 was added. Considering 
the results of the test experirnents and potential interier- 
ences of short-lived Po-isotopes, we decided to study 
"%g (TlE = 21 s) instead of the shorter-lived 26559 (TlE = 
7.4 s) and detect it in 2n geornetry by registration of 
266Sg a-decay and time correlated spontaneous fission 
events of the '"Rf daughter. 
The seaborgiurn experirnents were periormed at the 

GSI UNILAC accelerator with a rnixed 248Cm/'52Gd target 
(GSI, 820 pg/crn2 '%n, 85 pg/crn2 '=Gd) at a "Ne 
bearn energy of 118 - 120 MeV. Assuming a Cross sec- 
tion of 80 pb for the "Cm ("Ne,4n) =Sg-reaction the 
production rate was about one2%g atorn per hour. A 
HeIMo0,-jet was used to transport the nuclear reaction 
products with a gas flow rate of 2.0 Vrnin to the HITGAS. 
The ternperature of the chrornatography colurnns was 
1325 K in the reaction and 1300 K in the isothermal 
zone. At the colurnn entrance, 0.5 Ilrnin 02, rnoistened 
with H20 at 323 K, were added as reactive gas. 25 prn 
Al-foils were used to collect the species under study. 
The ROMA was operated with a cycle-time for collection 
and detection of 10 s. 15 equidistantly positioned PlPS 
detectors were used to detect spontansous fission and 
a-decay events 151. Short-lived W-isotopes were rnoni- 
tored with a HPGe detector. The yield of W oxide hy- 
droxides and the separation of interfering spontaneously 
fissioning actinides were watched cc~ntinuously. The 
quartz-glass colurnns were replaced when the sponta- 
neous fission rates were above 2 cph andlor W-yields 
were lower than 40 %. 
The spectrurn in Fig. 2 was sumrnarized frorn the single 
spectra of 10 PlPS detectors, accurnulated during 43 h 
beam time. We detected two correlated 286Sg-mRf-de- 
cay chains : 

chain E, life time 266Sg life time 262Rf 
[Mevl [SI [SI 

1 8.66 84.9 7.0 
2 8.70 4.8 3.7 

A careful statistic evaluation of the background events in 
the spectra yielded 0.4 randorn chains. 

We interprete this result with the formation of a low vola- 
tile seaborgium oxide hydroxide as typical for group 6 
elernents. 

Fig. 1 : On-line gas chrornatography apparatus, schernatically 

Fig. 2: Summary alpha spectrum of 43 h bearn time 
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THERMOCHROMATOGRAPHIC ADSORPTION STUDIES OF BERKELIUM 

S. Hübener, S. Taut, A. Vahle, B. Eichler 1 N.Trautmann 5 J.R. Peterson 
lPSI Villigen, 'Universität Mainz, 3University of Tennessee, Knoxville 

The adsorption of 250Bk atoms On niobium was studied thermochromatographically at temperatures as high as 1850 K at the 
starfing position of the column. The trivalency in the adsorbed state is concloded from the adsorption behavior. 

In continuation of therrnochromatographic adsorption 
studies of the heavy actinides /1,2/ and envisaging ex- 
periments with the heaviest actinide element lawren- 
cium the goal of the present studies was to measure 
adsorption enthalpies for berkelium on niobium and to 
test the experimental setup at temperatures as neces- 
sary for studying lawrencium. 

The experimental setup used in the present studies 
resembles the one described in /I/. We chose a tem- 
perature of 1850 Kat the starting position in the column 
and a sapphire support tube for the thermochromato- 
graphic columns made of niobium foils. 254Es electro- 
plated on tantalurn was used as the 250Bk source. The 
=Bk source was placed at the starting position into the 
column. Then the column was flushed with helium used 
as the carrier gas at a flow rate of 50 cm3 per minute. 
To Start chromatography the hot oven was rnoved into 
working position. In this work we used a mobile oven 
whereas the sapphire tube was stationary. Afier 30 rnin 
therrnochromatography time the therrnochromatograrn 
of berkelium was measured with a resolution of 1 cm by 
garnrna ray spectrometry of the =Bk 989 keV and 1022 
keV lines. 

Fig. 1 shows a decay-corrected therrnochromatogram 
of ""Bk (tlR = 3.217 h). The position with the maximurn 
berkelium concentration determines the deposition tern- 
perature which was found to be 1535 K in two identical 
experirnents. 

Colurnn Position [cm] 
Fig.1: Therrnochromatogram of 2JOBk On a Nb column 

The standard enthalpy of adsorption, AHO„ was calcu- 
lated frorn the deposition temperature and the experi- 
mental Parameters as descnbed in 111. To calculate the 
standard entropy of adsorption, Asoe, the penod of 
oscillation of the adatom, T ~ ,  was taken to be 0.8t.10"' 
s as determined for the adcorption of Es on niobium 131. 
We obtained AHO, = -332 kJimol and ASO* = -152 
JI(K.mal). 

As Seen from Fig. 2, there is a regular trend in the ad- 
sorption enthalpies frorn berkelium to californium and to 
the divalent actinides einsteinium, fermium, and nobel- 
ium. In analogy to the electronic properties of the acti- 
nide rnetals we interpret the value of the adsorption 
enthalpy of berkelium having the [Rn]5fg7s2 ground 
state with an adsorption on niobiurn in the trivalent 
5fa6d17s2 state. 

Element 
Fig. 2: Adsorption enthalpies on niobium. Values for Cf, Es, 

Fm, and No f rom 121 
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CORA - A NEW CONTROL PROGRAM FOR THE ROMA DETECTION SYSTEM 

S. Taut 

The new computer program CORA has been developed for fhe COnfrol of the GS1 Rofating Wheel Multi Defector Analyzer 
( R O M )  running under Windows 95 and Windows NT 4.0. Jt can be customized with high flexibility to many different detection 
tasks. 

The ROMA apparatus I11 has been used 
successfully for many chemical investiga- 
tions of heavy elements. In preparation of 
our seaborgium experiment at GSI in the 
Summer of 1998 121, a new control pro- 
gram had to be developed, because the 
old code could not fulfill our experimental 
demands. This new program is written in 
C++ based on the Virtual Component Li- 
brary using the Borland C++ Builder 1.0 
programming environment. 

The program has to carry out the following 
tasks: 
- control of the ROMA wheel movements 

according to the actual experiment; 
- start and stop of the nuclear spectros- 

copy data acquisition; 
- sending information about the actual 

ROMA status to the spectroscopy data 
acquisition hardware; 

- processing control requests of the data 
Fig. 2: Main Window of the Program 

acquisition hardware (e. g., switching in 
"daughter mode" 134; 

- processing user input (e. g., experiment and wheel Thus, the program can be adopted to similar detection 
setup dialog boxes). Systems with very low programming effort: only the 

Hardware-lO.dll must be adapted to the other hard- 
The program consists mainly of four software modules Ware. This is planned for the new GSI multi detector 
as shown in Fig. 1 .  The DLL Hardware-lO.dll imple- apparatus which is currently in development. 
ments an interface for all interactions with the hard- T,,, program has vew comfortable interface, 
Ware. All Parts, organizing the experiment On Fig. 2 shows the main application window, It is almest 
more abstract level, use exclusively this intetface for self explanatow. ~~~~~~l can be accessed ,,,ith controlling the hardware. dialog boxes, even bv inexlierienced Users. Critical 

hardware seiings are hidden, but all pronram settinns 
can be modiiiedin initialization files NindÖws 3.x style) 
with a normal editor. 
It is possible to control the experiment related parts of 
the program compleiely by a digital I10 interface without 
direct user input. With this feature, the program can be 
used in fully automated Systems. 

In our seaborgium experiment 121 the program con- 
trolled the ROMA apparatus for the first time. The fol- 
lowing ROMA configuration was used: 15 PIPS detec- 
tors were mounted in the vacuum chamber equidis- 
tantly over the whole wheel circumference. The cycle 
time for each collectionldetection period was 10 sec- 
onds. 
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